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Abstract

Metal-oxide coatings are a favoured strategy for mitigating surface degradation problems in
state-of-the-art lithium-ion battery Ni-rich layered positive electrode materials. Despite their
extensive use, a full, fundamental understanding of the role of coatings in reducing
degradation and extending cycling lifetimes is currently lacking. In this work, the interactions
between an atomic layer deposited (ALD) alumina coating on polycrystalline LiNipsMng 1C0g.1-
O, (NMCB811) and a carbonate-based battery electrolyte are studied. Solid-state nuclear
magnetic resonance (ssNMR) heteronuclear experiments show that the Al.Osz coating
transforms by reacting with electrolyte species present before and during electrochemical
cycling, scavenging protic and acidic species. Density-functional theory calculations highlight
the additional chemical effect of the coating in locally stabilising the structure of the NMC811,
limiting oxidation of the oxygen atoms coordinated to both Al and Ni, thereby limiting the
surface reconstruction process and improving the electrochemical performance. Improved
NMC811 surface stability is confirmed by monitoring gaseous degradation species by
operando electrochemical mass-spectrometry and via X-ray spectroscopic analysis of the
electrochemically aged samples to examine changes in Ni and O oxidation state and local
structure. The combination of this experimental and theoretical analysis suggests that Al;Os
coatings have a dual role: as a protective barrier against attack from chemical species in the
electrolyte, and as an artificial passivating layer hindering oxygen loss and surface phase
transformations. This holistic approach, which provides a fundamental understanding of how
the surface stability is improved by the coating, will aid the design of the state-of-the-art and

future positive electrode materials.
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Introduction

Ni-rich layered oxide positive electrode materials such as LiNixMn,C0,0- (x > 0.6,y < 0.2 and
z=1-x-y; NMCxyz) are the state-of-the-art choice for the positive electrode in high-energy
density rechargeable Li-ion batteries and used in the electrification of vehicles.}® However,
accessing the higher energy density comes with challenges, affecting the lifetime and safety
of these materials; this includes cracking of the secondary particles (the agglomerates of
primary nanoparticles that are present in polycrystalline NMC samples),**® increased reactivity
with electrolytes, which leads to cross-talk of transition metals (TM)’~° and electrolyte
degradation species,®® and surface and sub-surface phase changes (for example,
reconstruction of the surface layered structure to rock salt), following reactions that in general
increase impedance.**®* One proposed strategy for addressing these surface degradation
phenomena in Ni-rich layered materials is to modify the NMC surfaces with a thin layer of

metal oxide such as Al,O3.14-16

Al,O3 coatings improve the capacity retention during electrochemical cycling and improve the
rate performance of high Ni NMC materials.*”-1° However, a fundamental understanding of the
mechanism is lacking — in particular, the structural evolution of Al,Os; on electrochemical
cycling and its impact on the NMC patrticle surface and sub-surface is unclear. Moreover, the
variety of coating methods adds uncertainty to the analysis of the coating’s function. Coating
methods include wet-chemistry based processes like solution deposition?°~?? or sol-gel*2°,
dry coating processes?®-?° and deposition processes such as atomic layer deposition (ALD).3%-
32 Compared with wet-chemistry based methods, in which the subsequent annealing
temperature determines the structure and uniformity of the coating and doping into the
subsurface,® ALD offers a route to synthesise nanometre thin, highly conformal, continuous
and dense coatings even when the underlying host material has a complex surface
morphology.t639:34=36 A carefully controlled coating limited to the surface is advantageous

when deconvoluting the mechanisms behind the protective effect of the coating.

Al;O3 coatings on NMC811 (by ALD) extend the lifetime and reduce the growth in charge-
transfer resistance impedance.'*!® This improvement in electrochemical cycling performance
is concomitant with mitigated layered-to-rock salt transformation (surface reconstruction) of
the NMCB811 as seen in the Ni L-edge and O K-edge electron energy loss spectroscopy
(EELS) of electrodes in the discharged state after extended cycling.* That is, the layered
structure of NMC811 is well-preserved by the coating, resulting in little chemical difference in
the Ni-O bonding environment between Ni on the surface and sub-surface of a particle.'
However, different findings were seen in Ni K-edge X-ray absorption spectroscopy (XAS) of

layered oxides charged to high states-of-charge (SoC)3” — the Ni edge energy of Ni ions close
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to the surface (approximately ~20 nm) was not seen to shift to the higher energies seen for
the Ni in the sub-surface (~150 nm), even when an Al;O3 coating was present. The authors
concluded that the surface Ni, susceptible to surface reconstruction, was not oxidised to the

same extent as bulk Ni and this instability was not improved by coating with Al,Os.

Whilst these previous X-ray spectroscopy studies have characterised the surface transition
metal chemistry of layered oxides to understand the effect of coatings on surface degradation,
changes to the chemical environment of the coating were not clearly identified. Analysing the
evolution of the coating with solid-state nuclear magnetic resonance (ssNMR) could reveal
unique insights into its function. ssNMR is sensitive to the local chemical and structural
environments around an observed spin (i.e. 2’Al), allowing structural characterisation of the
different Al coordination environments found in Al,Oz; coatings® to be linked to the
electrochemical performance of the coated Ni-rich layered oxide.***? Post-mortem analysis of
Al,O3 coated NMC after electrochemical cycling with ssSNMR to determine the role of the
coating has been more scarce in the literature. The 2’Al spectra in past studies**** suggest
that little structural and chemical evolution of the Al,Os; coating have occurred, in contrast to
reported HF scavenging reactions that might be expected to occur given the degradation
mechanisms proposed in the literature.** It should be noted that these 2’Al spectra were
measured on coatings deposited using wet-chemistry methods where the “bulk” alumina
signals likely dominate the signal rather than the signals from alumina surface species. The
use of double-resonance NMR experiments, not widely employed to study these systems,
provides a strategy to obtain more detailed local chemical information. For example, the
proximity of ’Li to 2’Al spins in Al-F based coatings deposited by ALD, as found in 2’ A{’Li} and
"Li{*°F} rotational echo double resonance (REDOR) NMR experiments, suggest the formation

of a lithiated coating.*?

In this study we characterise the ALD Al,O3; coatings formed on polycrystalline NMC811 and
how the coatings evolve with cycling. This is achieved by using a combination of single and
double-resonance ssNMR experiments that monitor the local coordination environment of Al,
measuring gaseous and solution electrolyte degradation species arising from NMC811-
electrolyte interactions at high potentials, and density functional theory using a Hubbard
correction (DFT+U) to examine the surface Ni/O electronic states to explore improved capacity
retention and surface stability. The coating is shown to have a dual protective role: namely,
the coating plays a key role in scavenging electrolyte decomposition species (from the

commonly used LiPFes-based carbonates) and in stabilising the surface oxygen of NMC811.
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Experimental methods

0] Materials

Commercial polycrystalline NMC811 (Targray) stored in an Ar-filled glovebox (GB, MBraun,
Germany; O; and H»,O < 0.1 ppm) was used as a baseline material. The polycrystalline
NMC811 powders were coated by Forge Nano via a proprietary ALD process after keeping
the powders at 120 °C overnight in a fluidised reactor bed. The ALD reaction proceeded at
120 °C in the same reactor bed with cycles of trimethyl aluminium (TMA) precursor gas
followed by water vapour and then purging with N> — the resulting concentration of Al after
coating the NMC811 was 223 ppm (baseline powder, uncoated, had 34 ppm of Al) as
determined by inductively coupled plasma mass spectrometer (ICP-MS). Powders were
transported under N2 before taking them into the Ar-filled glovebox (GB). The polycrystalline
Al,Os-coated NMC811 is referred to as ALD NMC811 herein.

(i) Characterisation of the pristine powders
ALD Al,O; coated and uncoated NMC811 powders were pressed onto carbon tape for
scanning electron microscopy (SEM) or onto carbon-coated Cu grids for transmission electron
microscopy (TEM) imaging inside the Ar-filled glovebox but samples were briefly exposed to
air during loading into the microscopes. SEM (TESCAN MIRA3 FEG-SEM) coupled with
energy-dispersive x-ray spectroscopy (EDX) mapping (5.0 kV operating voltage) was used for
elemental analysis — at least 8 area scans for 3 different secondary particles were averaged
to obtain a representative value. TEM (Thermo Scientific Talos F200X G2 TEM) coupled with
EDX mapping was also performed at 200 kV for elemental comparisons (averaged across 3
secondary particles) between the edge and bulk (100 - 200 nm further in) regions of the

secondary particle.

X-ray powder diffraction patterns collected at RT on a PANalytical Empyrean diffractometer
(Cu Ka irradiation, 1 = 1.5406 A with a Ni filter) for the uncoated NMC811 and the ALD Al,Os
coated NMC811 (material just referred to as ALD NMC811 henceforth). Rietveld refinements*®
were performed with Academic TOPAS (v.6.1) software® to obtain structural parameters and
determine bulk structural changes, if any, after the coating process. A R3m space group with
transition metals (TM) at the 3a Wyckoff positions, Li on the 3b sites and O on the 6c¢ sites
was used with the oxygen positions, lattice parameters and Li/TM anti-site occupancies being
allowed to iterate (details in ES1). Displacement parameters were assumed isotropic and

given values of 1.
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(i)  Soaking experiments of the pristine material
For soaking experiments of the pristine material, ethylene carbonate (EC) and ethyl methyl
carbonate (EMC) (EC.EMC = 3:7 (v/v), SoulBrain MI) solvents and lithium
hexafluorophosphate (LiPFs) salt (Solvionic, 99.99%) were used. Polypropylene vials were
initially dried at 60 °C before transferring into the glovebox to reduce introduced moisture. 30
mg of active material (ALD NMC811 or uncoated NMC811) were soaked for 24 h in 600 pL of
either the EC/EMC solvent or freshly mixed 1 M LiPFs in EC/EMC electrolyte. After soaking,
400 L of the solvent (electrolyte) was pipetted out for analysis by *H and °F solution NMR
using a CsDg capillary for shift referencing to avoid any contamination from trace H:O in
deuterated solvents. The remaining solvent (electrolyte) was pipetted out and the residual
slurry was rinsed with excess dimethyl carbonate (DMC, Sigma- Aldrich, anhydrous, = 99%)
before drying in-vacuo. After drying, the NMC811 powders were packed for ssNMR

measurements in 1.3 mm rotors. All sample handling was done inside the Ar GB.

(iv)  Assembly of Swagelok cells for solid-state NMR
Ex-situ ssNMR studies were performed after electrochemical cycling on materials (without
binder and current collector to minimise background signals) in oven-dried Swagelok cells.
ALD NMCB811 and the Super P conductive carbon were dried at 120 °C under vacuum before
being mixed (80:20 wt%) using an agate mortar and pestle (dried at 100 °C in a vacuum oven
prior to use) inside the Ar GB. This mixture was transferred into a %-inch swagelok cell with
the cell stack and completed with borosilicate glass fibre separators (Whatmann, GF/B, 0.68
mm thick, 1 ym pore size, dried at 120 °C for 12 h under vacuum) flooded with freshly mixed
300 pL of 1 M LiPFs in EC/EMC electrolyte and a Li metal disk (12 mm diameter; MTI
Corporation, 99.9%). The inside of the cell was lined with Kapton polyimide film (DuPont) film
to ensure that no loose positive electrode powder would be displaced and come into direct
contact with the Li metal leading to a short circuit. The entire Swagelok cell was
(dis)assembled inside the Ar GB. After electrochemical cycling, the positive electrode powder
mix was soaked in 1 mL DMC for 5 min before in-vacuo drying. Analogous cells with the
uncoated NMC811 were also (dis)assembled for electrochemical cycling comparisons. Details
of coin cell preparation for electrochemistry and ex-situ experiments are in provided in ESI 2:

Fabrication of coin cells.

(V) Electrochemical measurements
Electrochemical cycling of (ALD) NMC811|Li Swagelok cells was performed on a MPG2
potentiostat (Biologic) using the EC-lab software at room temperature (RT, 20 + 2 °C). The
cell was rested for 4 h at the open-circuit voltage before galvanostatic (dis)charging at C/20 to

different cut-off voltages (assuming a practical capacity of 200 mAhg™). A potentiostatic hold
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was applied at the upper cut-off voltage (4.4 V. until the current decayed to the C/40 value to

account for Li-ion concentration gradients in the NMC811 particles.

Electrochemical cycling of LFP|Li and (ALD) NMCB811|delithiated LFP coin cells was
performed on a BT-2000 potentiostat (Arbin) running the MITS Pro software at RT. LFP|Li
cells were rested for 4 h before galvanostatic charging at a C/20 rate (practical capacity of 127
mAhg?) to 4.0 Vy with a hold until the current decays to the C/40 value followed by
galvanostatic discharge until 3.8 Vi; and were then disassembled for the delithiated LFP.
(ALD) NMC811|delithiated LFP cells were rested for 4 h before C/10 charging (assuming a
practical capacity of 200 mAhg™) up to 1.16 V (~4.6 V.). The cells were held at this potential
for 60 h before C/10 galvanostatic discharge -0.46 V (~3.0 V.) with this protocol being
repeated for 5 cycles.

Electrochemical cycling of NMC811|graphite coin cells were performed on a BT-2000
potentiostat at RT. Cells were first charged to 1.5 V at C/20 (assuming 200 mAhg™ practical
capacity) and held for 15 min before resting at OCV for 6 h to passivate the Cu current collector
of the graphite. Cells underwent formation cycles (C/20) between 2.5 — 4.3 V for 2 cycles to
form a stable SEI on the graphite and diagnose the available capacity. Extended
electrochemical cycling was conducted over 1040 cycles in sets with each set consisting of
48 ageing C/2 cycles (UCV holds until the current decays to the C/20 value) followed by 3
diagnostic C/20 cycles (UCV holds until the current decays to C/40). All NMC811|Li cells (with
pristine or aged electrodes) were charged to 4.4 V. with a UCV hold until the current value
decayed to the C/100.

(vi)  Solid state NMR characterisation
'H rotor-synchronised Hahn-echo (g — 17— m — 1 —acquire) NMR experiments under magic-

angle spinning (MAS, 50 kHz) conditions were acquired at 16.4 T using a Bruker 1.3 mm
double-resonance (DR) probe. Excitation was achieved with 125 kHz applied radio frequency
(rf) field strength i.e. = pulse of 4 us. Evolution and refocusing times, t, were set to five rotor
periods to filter out broad background signals (with fast spin-spin T, relaxation), and a recycle
delay of 1 s was used. *H chemical shifts were referenced externally to the lower frequency

peak of adamantane (1.85 ppm).

1F Hahn-echo NMR experiments were acquired at 4.7 T with a 1.3 mm DR probe whilst
spinning with a MAS frequency of 50 kHz (1.3 mm rotor). 1°F pulses of 263 kHz rf field strength,
T was one rotor period and 250 ms recycle delays were used. °F chemical shifts were

referenced externally to AlFsz (-172.0 ppm).
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27Al Hahn-echo NMR experiments were acquired at either 23.5 T with a 1.9 mm triple
resonance (TR) probe at a 40 kHz MAS frequency and 156 kHz rf field strength or at 16.4 T

with a 1.3 mm DR probe at a 50 kHz MAS frequency and 179 kHz rf field strength. A% pulse

length is normally used to excite all environments with different quadrupolar couplings
uniformly and be quantitative.>® However, the short pulse length results in lower excitation

compared to g pulses so to achieve sufficient signal-to-noise ratio (SNR) in these very low Al
concentration samples, longer g pulse lengths at the cost of being fully quantitative. 75 ms

recycle delays were used (see ESI 3: Details about NMR parameters for further details about

additional recycle delay times). 2’Al chemical shifts were referenced externally to AlF; (-17

ppm).

Double resonance REDOR and TRAPDOR experiments®253 were also used to obtain detailed
chemical information — signal attenuation indicates that two spins (different elements) are in
close proximity. Calibration curves were first performed on Gibbsite Al(OH)3, a-AlF; and y-
LiAIO; to determine appropriate dipolar evolution times — experimental times on the samples
take ~3 days per spectrum, ruling out obtaining a full REDOR curve for the sample. Further
experimental details on the double resonance experiments can be found in ESI 4:

Experimental details for double resonance experiments.

(vii)  Solution state NMR characterisation
Cycled (ALD) NMC811|LFP coin cells were disassembled in the Ar GB and the glass fibre
soaked in 1 mL of DMSO-ds (Sigma-Aldrich, 99.9 atom % D, 99 % CP) for 5 min. 0.7 mL of
solution was then transferred to an NMR tube fitted with a J-Young tap.

One-dimensional *H and F{*H} NMR spectra and two-dimensional 'H-'H correlation
spectroscopy (COSY) were collected at 11.7 T (500 GHz 'H Larmor frequency) on a Bruker
AVANCE Ill HD spectrometer with a BBO probe. 'H was referenced internally to the DMSO-
ds solvent at 2.50 ppm whilst '°F was referenced internally to LiPFs at -74.5 ppm.

(viii)  On-line electrochemical mass spectrometry (OEMS)
Gas evolution from (ALD) NMC811|Li cells with 1 M LiPFe in EC:EMC (3:7, v/v) electrolyte
were investigated using OEMS. The experimental setup has previously been described
elsewhere.>**® The cell is cycled using an Ivium Vertex potentiostat with the following protocol:
6 h rest at OCV, C/10 galvanostatic charge to 4.6 V\; coupled with a potential hold at 4.6 V,;
for 1 h, C/10 galvanostatic discharge until 3.0 Vi, an OCV rest for 2 h and then the cycle is
repeated at C/5.
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(ix)  X-ray Absorption Spectroscopy (XAS)
XAS measurements on the NMC811|Li samples charged to 4.4 Vi were conducted at the 109
beamline using the total electron yield (TEY) mode. All transition metal L-edge spectra were
background corrected with a straight-line baseline and then normalised to the L; pre-peak
intensity. O K-edge spectra on the other hand was only baseline corrected with a straight line
through the pre-peak region and then normalised to the pre-peak at ~528.0 eV seen in a

reference commercial LiNiO2 (BASF).

x) First-principles calculations
First-principles calculations were carried out on the plane-wave basis as implemented in the
Vienna Ab-initio Simulation Package (VASP)%657 version 5.4 with Projector-Augmented Wave
(PAW)®8 potential. The exchange-correlation functional was chosen to be that of Generalised
Gradient Approximation (GGA) implemented following the Perdew—Burke—Ernzerhof*®
prescription for solids (PBESol).%° For ionic relaxations, the internal positions of the atoms
were allowed to relax until the forces became less than 0.005 eV/A. An energy cutoff of 550
eV, and 8 x 8 x 1 Gamma centred k-point mesh (for the slab calculations with vacuum on top)
were found to provide a good convergence of the total energy in self-consistent field

calculations.

The NMC811 cell was constructed based on a 5 x 4 x 1 supercell of the rhombohedral LiNiO»
(LNO) unit cell. In each layer 2 Ni ion was replaced by Mn and 2 by Co, with all dopant atoms
surrounded only by Ni atoms, and the maximum possible separation between dopant ions in
each layer possible within the supercell was considered, to prevent unphysical clustering of
dopant ions. 75 % of the Li was removed from the pristine NMC811 structure to achieve an
experimentally relevant state of 75 % delithiation, and both pristine as well as 75 % delithiated
structures were studied to decouple the effects of coating from the effects of delithiation. Three
different structures were created, in each case, each with a vacuum of ~20 A along the b
direction to mimic the effect of a coated/uncoated surface. One structure was uncoated, and
the surface was left exposed to vacuum, while in the other two structures, surface TM atoms
were patrtially (56.25 %) and fully replaced by Al atoms to mimic the effect of a coating on the
surface. These structures were fully relaxed using the PBESol functional,?® as it is considered
to reproduce the experimental lattice constants of solids accurately. The choice of the surface
was motivated by the active surface chosen in a previous study by Genreith Schriever et al,%*
who showed that the O loss was most profound in the (012) facet of LNO. In this case, the
plane perpendicular to the b-direction is chosen as it is analogous to the (012) plane in this

rhombohedral unit cell.

https://doi.org/10.26434/chemrxiv-2024-xnw4h ORCID: https://orcid.org/0000-0002-5700-5959 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-xnw4h
https://orcid.org/0000-0002-5700-5959
https://creativecommons.org/licenses/by-nc-nd/4.0/

To account for the correlation effects at Ni, Mn, and Co sites beyond GGA, a Hubbard U
correction was incorporated (following the DFT+U as implemented by Liechtenstein et
al.)®2, where we use a Hubbard interaction parameter of Uni = 6 eV, Uun = 4.5eV, and Uco =
5eV and a uniform Hund's coupling parameter J = 0.75 eV. Integrated crystal orbital Hamilton
population (ICOHP)® were calculated based on the LOBSTER®* package to estimate the Ni-
O hybridisation in each case. O p charges were calculated following the Bader charge

partitioning method.%®

Results

1. Characterisation of the Coating

() The Al,O3; coated NMC811: Microscopy and diffraction
To confirm the successful deposition of an Al-based coating and identify the morphology and
structure of the NMC811, particles are first imaged with electron microscopy and their
diffraction patterns are collected. The SEM (Figure 1 (a - b)) demonstrates that the secondary
particle morphology (spherical agglomerates of primary nanocrystals) of the NMC811 is well-

preserved after the ALD process.

(e) - NMC811
ALD NMC811

(Y

_——.ui-—!—ﬂ_h—&—h—
\ v Data |
Fit
- Difference
| Reflections

20 30 40 5 60 70
20/ °

Figure 1: SEM images of the as-synthesised (a) NMC811 and (b) the ALD NMC811 secondary particles. High-
resolution (HR) TEM image of the (c) ALD NMCB811 particle with a corresponding EDX map of Ni (blue) and Al
(red) for the (d) ALD NMC811 particle. The X-ray (1 = 1.5406 A) diffraction patterns (e) of the NMC811 (black) and
ALD NMC811 (red) are compared, showing the experimental data (solid line), the Rietveld refinement (open
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circles), the difference between the data and fit (grey line) and the position of the expected reflections of the R3m
space group (vertical ticks).

Closer inspection with HR-TEM (Figure 1 (c)) coupled with EDX mapping (Figure 1 (d))
shows that the coating (~1 nm thick) has a disordered structure that is conformal to the
secondary particles. Crystalline fringes in the NMC811 particle indicate the ordered, repeating
transition metal layers of the layered oxide structure. Overlaying the Al elemental map with
the Ni shows that the Al is concentrated at the edge of the particle, supporting the assignment
of the Al,O3 coating being surface-limited. The microscopy observation agrees with ICP-MS
measurements, whereby the ALD NMC811 has an Al concentration (by weight) of 223 ppm
which indicates successful coating (34 ppm for the baseline NMC811 with no coating). A

detailed structural analysis of the disordered coating is performed below with NMR (Figure 2).

XRD analysis (Figure 1 (e) and Table S1) of the powders confirms that the bulk crystal
structure is unaffected by the coating process, where the a- and c- lattice parameters from
Rietveld refinements of the ALD NMC811 and uncoated NMC811 were 2.8715(3) A, 14.205(2)
A and 2.8716(3) A, 14.205(2) A respectively. Therefore, any changes to the NMC811

electrochemical performance must be due to the presence of the coating.

(i) NMR to chemically characterise the coating and interactions with the electrolyte
The disordered Al-based coating (seen in TEM (Figure 1 (c)) and its interactions with the
electrolyte are first characterised with NMR. Revealing structural changes in the absence of
electrochemical cycling provides a foundation for understanding the effect of the coating on

cycling performance.

10
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Figure 2: 27Al MAS NMR spectra of the ALD NMC811 in the (a) as-synthesised/pristine state, (b) the material after
soaking in the EC/EMC (3:7 (v/v)) solvent for 24 h (then dried under vacuum) and (c) the material after soaking in
1 M LiPFs in the EC/EMC (3:7 (v/v)) electrolyte for 24 h (then dried under vacuum). The spectrum from a reference
AlF3 with a chemical shift at -17 ppm is included. The spectrum obtained in (a) was acquired at 23.5 T whilst spectra
in (b) and (c) were acquired at 16.4 T. Spectra were fitted using Czjzek models and the Al(IV), Al(V) and Al(VI)
components are plotted in blue, red and black respectively (fits found in ESI 5: Supporting NMR experiments).
The grey dashed lines mark the average isotropic chemical shift extracted from the fits; these are offset from the
centre of mass due to the second order quadrupolar interaction. Mass-normalised *H MAS NMR spectra of ALD
NMC811 in the (d) pristine state, (e) the ALD NMC811 after soaking in the EC/EMC solvent for 24 h and (f) the
ALD NMCB811 after soaking in 1M LiPFe in the EC/EMC electrolyte for 24 h. Spectra are fitted with
Gaussian/Lorentzian line shapes and incorporate chemical shift anisotropy to model spinning sidebands (see ESI
5: Supporting NMR experiments for further fitting details). Isotropic chemical shifts of each fitted component are
marked with a dashed line. Spinning sidebands are marked with asterisks (*).

2TAl NMR of the pristine ALD NMC811 in Figure 2 (a) shows that the coating consists of
tetrahedral (Al(IV)), penta-coordinated (Al(V)) and octahedral (Al(VI)) local environments for
the Al** ions. The presence of the Al(V) environments and broad peaks indicate an amorphous
or disordered phase® (in agreement with the TEM in Figure 1 (c)) meaning each type of
environment will have a distribution of second order quadrupolar interactions and isotropic
chemical shifts, resulting in the asymmetric lineshape with a tail at lower chemical shifts. The

size of the quadrupolar interaction, C,, measures the interaction between the local electric
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field gradient and the quadrupole and is therefore indicative of local distortions around the Al®*
ions — this interaction is reduced at higher magnetic field strengths. Quadrupolar nuclei in
disordered solids can be fit with a Czjzek model; where the distribution of quadrupolar
interactions and isotropic chemical shifts are given by averaged values (C_Q and i,
respectively).®”®8 Fitting the spectrum with a Czjzek model (see ESI 5: Supporting NMR
experiments for the fit parameters) gives approximate proportions for Al(IV):Al(V):Al(VI) of
47:37:16 whilst the grey dashed lines in the spectrum indicate the extracted average isotropic
chemical shifts of each Al environment (&5, ;,v= 83 ppm, ;5= 47 ppm and &5, ;= 17 ppm).
The fit in the Al(IV) region in particular is poor and there are likely further species at lower
frequencies (but still in the chemical shift range of Al(1V)). A range of possible Al(IV) sites (with
chemical shifts ranging from 50 — 100 ppm) was observed in our previous work investigating
amorphous ALD alumina deposited on a silicon wafer — the Al(IV) region was dominated by
signals at a lower frequency of ~70 ppm3 and could justify the inclusion of other Al(IV)
components in the fitting in Figure 2 (a). In this previous work,*® the Al(IV):Al(V):Al(VI)
proportion in the ALD alumina deposited on a silicon wafer was approximately 50:38:12 which
gives similar populations of Al environments to the ALD alumina-coated NMC811 studied in
this work. No Al signal was observed at negative frequencies (~-900 ppm)®7° in the region
expected for Al substitution in the bulk®:" indicating that the ALD process does not result in

any Al doping into the NMC811 crystal structure.

Exposing ALD NMC811 to the EC/EMC carbonate-based solvent (Figure 2 (b)) shows that
the saturated AI(VI) coordination environments increase at the expense of the
undercoordinated Al(IV) sites (i.e. Al(IV):AI(V):Al(V]) changes to 32:36:32). However, the
chemical shifts remain similar to the pristine case with Sisor,v = 81 ppm, &5y = 46 ppm and
Sisoyr = 14 ppm. When the material is exposed to the electrolyte (LiPFs in EC/EMC), Al
environments show a similar proportion of environments (Figure 2 (c)) to the EC/EMC soaked
sample (AI(IV):Al(V):Al(VI) now 31:30:39). However, the 2’Al NMR shows on average lower
chemical shifts of §;5,,;y = 63 ppm, ;50 = 38 ppm and &5, 1, = 4 ppm. These changes indicate
the coating is affected by both, the solvent (salt-free soaking in Figure 2 (b)) and salt

components of the electrolyte (Figure 2 (c)), but in different ways.
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Al-OH type: I ly (Piedra, 1995
2.3-2.9ppm Al,—OH Al,—OH Fitzgerald, 1997)

Al,-OH type: la H I, H
5.0-88ppm Aly—O—Al, Al,—O—Al,, (Piedra, 1995)

1]l H
Al;-OH type: Al,—0O—Aly, (Piedra, 1995)

10.8 ppm
Aly,

Scheme 1: The five different types of hydroxylated Al environments on the surface of y-Al.Os proposed by Peri.”
The references mentioned have assigned chemical shifts for these environments based on experimental data:
Piedra et al.”? and Fitzgerald et al.”® Al denotes Al with tetrahedral coordination whilst Alvi denotes octahedral
coordination.

The relation between Al and H at the surface, before and after the material is soaked in
EC/EMC solvent (or the LiPFg in EC/EMC) is probed with *H NMR. To separate out the species
(and respective resonances) not associated with the coating, the *H spectrum of the uncoated
NMC811 (Figure S7) was first fit. Three diamagnetic resonances were seen at 1.2 (most likely
grease from glove-box or tentatively terminal TM-OH groups with hydrogen bonding), 3.8
(tentatively organic carbonates, 3.6 — 4.5 ppm®!° or physisorbed water) and 6.1 ppm
(tentatively lithium bicarbonate). Additional broad features centred around -5.0 — -6.7 ppm
(tentatively ascribed to OH groups nearby a TM ion)™ and -93.2 ppm (Ni:M-OH groups where
M=TM or Al ions, based on the shifts seen for layered nickel metal hydroxides)™® are
observed, with further discussion on their assignment in ESI 5. Supporting NMR
experiments. On the other hand, three different diamagnetic resonances related to the Al,Os
coating are observed at 4.5, 7.5 and 9.5 ppm in pristine ALD NMC811 (Figure 2 (d)). Previous
NMR characterisation of aluminium oxide hydroxide and aluminium hydroxide phases’?7*77
has shown that protic species nearby Al can have a range of chemical shifts from
approximately 2.3 ppm for terminal OH groups and in the range 5.5 — 10.8 ppm for protons on
bridging oxygens (Al-O-Al/Al>-O or Al>-O-Al/Als-O) with hydrogen bonding (Scheme 1).
Therefore, the 'H resonances at 7.5 and 9.5 ppm of the amorphous Al.Os; coating are
tentatively assigned to OH groups chemisorbed to Al (Al.-OH and Al;-OH respectively). *H
resonances at around 4.8 ppm are normally assigned to the bulk water’®® but based on the
IH{?’Al} TRAPDOR experiment below, the resonance at 4.5 ppm for the coating appears to
contain a contribution from an Al-bonded OH. In amorphous aluminium hydroxides, bound OH
groups have previously been reported at 4.5 ppm whilst physisorbed water on these aluminium
hydroxides had a resonance around 5 ppm.”” A broad paramagnetic resonance is also
observed at -50.0 ppm which is tentatively assigned to ALNi-OH environments.”>® The
27Al{*H} REDOR spectra for the pristine ALD NMC811 (Figure S9 (a)) shows an overall
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attenuation in signal intensity of the Al(1V), Al(V) and Al(VI) environments. This indicates that
at least a subset of Al** ions in all three Al coordination environments are experiencing dipolar
interactions with *H and are thus nearby protons. The REDOR experiments are supported by
IH{Z’Al} TRAPDOR (Figure S9 (b)) experiments showing the influence of *H-2’Al dipolar
coupling on the 'H spectrum: two dominant peaks (4.9 and 9.5 ppm) are seen in the
TRAPDOR difference spectrum along with a broad peak at -7.0 ppm. Therefore, these
resonances belong to protic species that are located within a few A to AIP* cations.
Furthermore, these experiments suggest that the broad peaks at -5 to -7 ppm are likely due
to alumina environments nearby both paramagnetic and Al ions, possibly in configurations
involving H-bonding to an oxygen nearby a TM or in environments such as (NiMnAl)-OH (see
SI); the difference in chemical shift between the peak at 4.5 ppm of the Hahn-echo experiment
(Figure 2 (d)) and the peak in the difference spectrum of the H{?’Al} TRAPDOR at 4.9 ppm
(Figure S9 (b)) suggests that there may be more components (configurations of Al,-OH) than

fit but see further discussion in Sl.

EC/EMC solvent-soaked ALD NMC811 shows an evolution of H signals likely resulting from
reactions between trace water in the solution and the undercoordinated Al(IV) and Al(V) sites
in the Al,O3 coating, increasing the proportion of Al(VI) sites without significantly changing the
chemical shift (Figure 2 (b)). This is correlated with the increase in overall *H signal intensity
of the spectrum (Figure 2 (e)), three new resonances appearing at 1.5, 3.6 and 6.0 ppm.
Probing the ?’Al-*H dipolar interactions with 2’Al{*H} REDOR (Figure S9 (c)) shows that (at
least some of) the species giving rise to the Al(VI) signal are closer to protons than the Al(1V)
and Al(V) environments. Thus the growth of the Al(VI) sites, with adsorption of protons, is
concomitant with a decrease in the undercoordinated Al environments. The difference
spectrum of the *H{?’Al} TRAPDOR experiment (Figure S9 (d)) shows two distinct (5.8 and
1.4 ppm) resonances that can be matched to those found in the Hahn-echo experiment
(Figure 2 (e)). Therefore, the resonance at 5.8 ppm is tentatively assigned to Al,OH like
clusters with hydrogen bonding between Al,OH groups whilst the 1.4 ppm is assigned to
terminal Al-OH groups based on the chemical shifts discussed above. The resonance at 3.6
ppm in the Hahn-echo spectrum (Figure 2 (e)) was not clearly observed in the TRAPDOR
difference experiment (Figure S9 (d)) so is assigned to the organic carbonates as for the
uncoated NMC811 samples (Figure S7). Analysis of the EC/EMC solvent with *H solution
NMR (Figure S10), after soaking the (un)coated NMC811 powder for 24h, shows a reduction
in normalised signal intensity ascribed to water in the solvent. This supports the assertion that
chemisorption of trace water occurs on soaking and results in an increase in *H signal intensity
of the ALD NMC sample.
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The diamagnetic *H environment (Figure 2 (f)) of the ALD NMC811 material continues to
evolve after soaking in the electrolyte, with an increase in the H signal intensity of the
resonances at 3.1, 5.8 and 7.7 ppm. ?’A{*H} REDOR (Figure S9 (a)) show that (some of the)
Al(VI) sites are still protonated whilst *H{?’Al} TRAPDOR (Figure S9 (b)) verifies the
persistence of Al,OH species. The same three resonances are observed in the difference
spectrum with the range in chemical shifts indicating that Al,OH types of protons can be
structurally different. However, these H-2’Al heteronuclear experiments do not explain the
origin of the decrease in the 2’Al chemical shifts observed for the electrolyte-soaked ALD
NMC811 material. This indicates that the Al,O3 coating also interacts with the LiPF¢ salt (or its
products) in the electrolyte. LiPFe readily undergoes hydrolysis to form HF®-82 and this acid
can react with the Al,Oz or the NMC811.44-%648 Unsurprisingly, the °F NMR spectra (Figure
S15) of the pristine ALD NMC811 and EC/EMC-soaked material show no resonances; i.e. no
fluorine-containing surface species are observed. In the electrolyte soaked ALD NMC811
(point I in Figure 3 (a)), the resonances are assigned to residual LiPFg salt (-76 — -80
ppm),21281 difluorophosphate species from hydrolysis of the salt (-88 ppm)*°, an aluminium
oxyfluoride species (-184 ppm),®2 and LiF (-206 ppm).3 Fluorination of the Al,O3 coating could
explain the decrease in 2’Al chemical shifts of the electrolyte-soaked ALD NMC811 (Figure 2
(c), e.q. Siso_w = 4 ppm) but the extent of fluorination does not reach AlFs (§y; = -17 ppm).
2TAl{**F} REDOR (Figure S13 (c)) shows a decrease in the signal of the Al (VI) intensity when
the °F irradiation is applied during the dipolar evolution. This supports the proposed
fluorination of the coating; further investigation of the 1°F-2’Al dipolar interactions with *°F{?>’Al}

TRAPDOR (Figure S13 (d)) was not possible due to the poor signal to noise.

In conclusion, exposure of the ALD-coated NMC811 surface to the electrolyte results in a
reduction of the concentration of lower-coordinated (and more reactive) Al sites, along with
partial fluorination of the coating. Fluorination is ascribed to reactions of the hydroxyl/water
groups in the coating and trace water in the electrolyte with LiPFe generating species (such as

HF) that can react with the undercoordinated Al sites.
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2. Electrochemical cycling of ALD NMC811
() Cycling vs. Li metal
Specific capacity / mAhg™
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Figure 3: (a) Voltage profile of the first charge (C/20 rate assuming 200 mAhg* practical capacity) for NMC811
(black) and ALD NMC811 (red) where crosses indicate sample states analysed with post-mortem NMR: pink cross
() indicates the ALD NMC811 soaked in 1 M LiPFes in EC/EMC, the red cross (ll) indicates the ALD NMC811
charged to 4.4 Vi (rinsed with DMC), and the black cross (lll) is the NMC811 charged to 4.4 Vy; (rinsed with DMC).
Discharge capacities over long-term cycling in sets of 49x ageing cycles at C/2 and 2x diagnostic cycles at C/20
are presented in (b) for the NMC811 and ALD NMC811.

Whilst the HF scavenging reaction is chemical in nature, electrochemical cycling of NMC811
has been observed to generate water from the chemical oxidation of carbonate solvents at
high potentials (> 4.3 V.),2°8 which can lead to LiPFs salt degradation. ALD NMC811 | Li
cells (binder-free) were charged up to 4.4 V| at a C/20 to simulate operating conditions of high
energy density cells. Figure 3 (a) shows that the voltage profile of ALD NMC811 on charging
has the same voltage slopes and plateaus as the uncoated NMC811, i.e. the NMC811 still
undergoes its known solid-solution delithiation behaviour. However, the presence of the
coating introduces an overpotential, which decreases the accessible capacity for the same

C/20 charge rate.

Further binder-free (i.e., initially fluorine-free) samples were then prepared to assess the

evolution of coating structure as a function of state-of-charge (SoC) using NMR spectroscopy.
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One sample was discharged until 3.0 V; after reaching an upper cut-off voltage of 4.4 V|,
(point IV in Figure S17) whilst a second sample was charged back to 4.4 V; after one cycle
(3.0—-4.4V,, pointVin Figure S17). This subsequent discharge and charge continue to show
the typical voltage-capacity profile during (de-)lithiation of NMC811 and indicates unchanged
solid-solution behaviour of the bulk structure as seen with other Al,Os; coated Ni-rich
NMCs.1433

(i) Impact of the coating on long-term electrochemical performance

Electrochemical cycling to a high cut-off potential of 4.3 V (~4.4 V.)) for 1042 cycles was
performed using ALD NMC811 and NMC811 vs. a graphite negative electrode. A vinylene
carbonate additive in the electrolyte was used to stabilise the SEI of the negative electrode
and ensure the capacity loss is mainly attributed to the high potential degradation processes
outlined above. In the electrochemical ageing of the NMC811|graphite cells (Figure 7 (a) and
Table S14), the lower initial discharge capacity of the ALD NMC811 (168 mAhg™) compared
to the NMC811 (193 mAhg?) is attributed to the overpotential of the Al,O3 coating as seen in
the first cycle voltage profile (Figure 3 (a)). However, after electrochemical ageing (Figure 7
(a) and Table S14), the Al,O3 coating enables higher capacity retention after 1042 cycles (101
mAhg? (60 % of the initial capacity) in the ALD NMC811 compared to 94 mAhg* (49 % of the
initial capacity) in the NMC811). Reduced capacity fading of the NMC811 due to the coating
is confirmed by the discharge capacity observed in diagnostic cells reassembled with the aged
positive electrode but now with a Li electrode and fresh electrolyte to replenish the Li inventory
(120 mAhg* (71 % of the initial capacity) for ALD NMC811 compared to 99 mAhg? (51 % of
the initial capacity) for NMC811, Table S14).

3. Analysis of Cycled Samples — Theory and Experiment

(i) Electronic structure: Density of States and Bader charge analysis
First-principles calculations with density functional theory were pursued to examine the root-
causes for less chemical oxidation observed with the electrolyte solvents. Three different
supercell structures of NMC811 were created (Figure S21) and in each case, a vacuum of
~20 A was applied along the b-direction to mimic the effect of the (010) surface. One structure
was uncoated and the surface was left exposed to vacuum, whilst in the other two structures,
surface Ni atoms along the (010) plane were partially (56.25 %) and fully substituted with Al
atoms for one layer (extending ~1.7 A beneath the surface). These structures are terminated
on the (010) facet with oxygen ends and one exposed cation. Two scenarios for each structure
are considered — fully lithiated supercells and supercells with 75 of the Li removed to simulate
high SoC. This treatment of the surface is an approximation of the interface between the
amorphous alumina coating and the bulk NMC crystal given that the ssNMR spectra shows

that the coating structure is amorphous and modelling amorphous structure is non-trivial.
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Observing the average O electronic density of states (DOS) (Figure S22) in the supercell
shows a large contribution from O p orbitals near the Fermi energy due to hybridisation with
Ni d orbitals. No significant difference in the average O p orbital populations, which are
dominated by O in the bulk structure, for these (de-)lithiated structures are observed between
the uncoated, partially coated and fully coated cases. This highlights that Al present at the
surface does not influence the electronic structure of bulk oxygen. This is further demonstrated
by calculated averaged crystal orbital overlap population (COOP) values, in which lower
values indicate relatively higher covalency in the average Ni-O bonds of the bulk of the (de-
)lithiated structures. Both the pristine as well as the 75 % delithiated case were analysed using
averaged COOP values for NiOs octahedra in the bulk of the structures. Average COOP
values for Ni-O bonds in the uncoated, 56.25 % partly coated, and fully coated NMC811
structures with full Li inventories are 1.93, 1.95, and 1.92 respectively. Average COOP values
of 2.87, 2.86, and 2.86 are obtained for Ni-O bonds after 75 % delithiation in the uncoated,
56.25 % coated, and 100 % coated NMCB811 structures respectively. The comparisons show
that coating the surface has a negligible effect on the average Ni-O bonds within the bulk
structure (~1.93) but there is a significant increase in covalency on charging (~2.87). Similar
conclusions can be drawn from charge analysis of oxygen in the NMC811 structure. For
example, Wannier projections of LNO (end member of Ni-rich NMC)® have indicated that the
charge on O is closer to 2s? 2p°* (i.e. 7.5 e°) due to covalency and charge transfer (from O p
orbitals to Ni d orbitals) as opposed to 8 e for an idealised O% (2s? 2p°®). Given that the VASP
software only considers the valence shell and Bader charge partitioning is more simplistic than
Wannier projections, the estimated Bader charges are 7 e for the bulk oxygen (< 5 A below
the surface) in the fully lithiated NMC811 (irrespective of any coating, Figure 4 right).
Delithiating the structures results in a decrease in average Bader charge (6.75 e°) that can be
explained by oxidation/ligand hole formation on the O 2p orbitals of the hybridised Ni 3d — O
2p bond at high SoC as calculated in LNO.®'# Bader charge densities on the surface O p

orbitals are discussed below.
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Figure 4: Electronic density of states and Bader charges: the Projected DOS (PDOS, left panel) for surface oxygens
in both pristine and 75 % delithiated (charged) NMC811 structure with either no Al present (green), Al partially
(56.25 %) substituting the surface transition metals (blue) or fully substituting the surface transition metals (purple).
A vacuum (extending up to 20 A) above the surface in the b-direction is applied to the surface. The black dashed
line indicates the Fermi energy. On the other hand, the right panels show the Bader charges as a function of
distance in the b-direction going from the bulk (0 A) to the surface (10.8 A, marked by the brown dashed line). The
charges of the valence electrons around an idealised O would give 8 electrons but is underestimated in Bader
partitioning (ranging from ~7 in the bulk for the fully lithiated structure to ~6.75 in the bulk of the delithiated case).

The effect of the coating is seen in the projected DOS (obtained by projection of DOS onto
scaled spherical harmonics in VASP) of the surface monolayer of oxygen atoms bonded to
the coating layer (Figure 4, left). For the uncoated NMC811, a large population of O p orbitals
is filled near the Fermi energy — indicative of the hybridisation with Ni d orbitals. However, in
both the fully lithiated and 75 % delithiated cases of the 56.25 % coated and the 100 % coated
structure, there is a significant decrease in energy states near the Fermi energy, and a shift of
surface O DOS to lower energies is observed. Increasingly filled lower energy states of O p
orbitals, as Al substitutes Ni, imply a lower degree of hybridisation with the Ni d orbitals, and
a higher and more stable oxidation state of O. Incidentally, computed electronic DOS of
amorphous Al,O3 in our previous work®® indicated that the material is a wide bandgap insulator.
The Al-bonding results in the O p orbitals of the valence and conduction bands being well
separated (~2.6 eV) and this trend is mirrored in the change in surface O DOS for these Al,Os

coated NMC. Looking at the Bader charge of O near the surface (from 6 — 10.8 A at the very
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surface, Figure 4 right) shows an increase in charge density, compared to the bulk oxygen
anions, when the Al is present in either partially or fully coated structures. This confirms the
highly local effect that Al has on decreasing Ni d — O p orbital hybridisation in both the fully
lithiated and 75 % delithiated structures.

The formation of ligand holes in LNO® and NMC? has previously been proposed as being
responsible for the redox of the oxygen into an unstable peroxide state that leads to O gas
loss at high SoC and concomitant surface reconstruction from the layered to rock salt
structure.®1° Therefore, the action of Al in locally increasing the charge around O (reduced Ni
3d — O 2p hybridisation) suggests that coatings using Al have an additional effect of improving

the resilience of NMC811 against oxidation of surface O to reactive oxygen species.
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(i) NMR characterisation of electrochemically cycled ALD NMC811
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Figure 5: The (a) °F MAS NMR (4.7 T, 50 kHz MAS, 250 ms recycle delay) of the three samples I, Il and IlI
presented in the voltage profile shown in Figure 3 (a). The *°F{#’Al} TRAPDOR in (b) is for sample Il (ALD NMC811
at 4.4 Vij): a spectrum with no ?’Al adiabatic irradiation (So, cyan) over 25 us dipolar evolution period and with 27Al
irradiation (S, magenta with 122 kHz 27Al rf) for the same period are compared to yield a difference spectrum (A,
black). Experiments with other dephasing times can be found in ESI 5: Supporting NMR experiments. In (c) is
the corresponding ?’Al MAS NMR spectra of sample Il acquired at 23.5 T. This spectrum is fitted using a Czjzek
model with Al(1V), Al(V) and Al(VI) components plotted in blue (and cyan), red and black respectively. Isotropic
chemical shifts of each fitted component are marked with a dashed line. The 2’Al{**F} REDOR (23.5 T) in (d) shows
the experiment without the °F irradiation (So, cyan) during the total dipolar evolution period of 269 us and with °F
m pulses (S, magenta) during the total dipolar evolution period. Spinning sideband are marked with asterisks (*).

-180

In the ALD NMC811 charged to 4.4 V. °F resonances belonging to the electrolyte salt, LiF
and aluminium oxyfluoride are observed (point Il in Figure 3 (a)) too with the oxyfluoride signal
higher in signal and better resolved than in the electrolyte-soaked sample. This reaffirms the
greater extent of HF scavenging occurring with electrochemical cycling at high potentials due

to the chemical oxidation of the solvent. Other resonances can also be resolved; resonances
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at -129 and -149 ppm fall within the range of polymeric or silicon/boron fluorides (from
reactions between HF and the glass fibre separator)®° whilst -161 ppm is assigned to HF with
hydrogen bonding.8 The difference °F{?>’Al} TRAPDOR spectrum (Figure 5 (b)) of the charged
sample (point Il) shows a weak peak at -180 ppm, supporting the assignment of this resonance
to an aluminium oxyfluoride species. None of the other peaks are attenuated (within the signal-

to-noise of this experiment), indicating those are not associated with the coating.

The 2’Al NMR features in the charged sample (Il, Figure 5 (c)) show resonances at lower
chemical shifts than the samples without exposure to LiPFs related products. 2’ Al{*°*F} REDOR
(Figure 5 (d)) shows a clearer attenuation in the signal of the Al(VI) site after the ALD NMC811
material has been charged to 4.4 V. (compared to the electrolyte-soaked sample in Figure
S13 (c)). These results are consistent with the °F{*’Al} TRAPDOR spectrum, confirming
fluorination of the Al,Os; coating to form aluminium oxyfluoride species as the LiPFs salt
undergoes hydrolysis to generate HF. The rate of hydrolysis is proposed to increase at high

potentials due to the chemical oxidation of EC that produces water.8-1084

Interestingly, fitting the 2’Al spectrum (Figure 5 (c)) reveals a shoulder peak to the main Al(IV)
environment at higher chemical shifts (8;, = 75 ppm). This resonance contributes 17 % to the
total signal (AI(IV):AI(V):Al(VI) ratios from this fit yield 41:27:32). The additional Al(IV)
component was not clearly observed in the spectra of the uncycled materials acquired at lower
fields amongst the three other major components. Fitting the 2’Al spectra of further
electrochemically cycled samples indicates irreversibility of the structural evolution as the
original Al(IV):AI(V):Al(VI) ratios (47:37:16) are never recovered and resonances remain at
lower chemical shifts. Analysing the spectra (acquired at 16.4 T) of the ALD NMC811 in the
discharged state (IV, Figure S18 (a)), the Al(IV):Al(V):Al(VI) ratio of 48:18:34 whilst the sample
charged to 4.4 V,; on the second cycle (V, Figure S18 (b)) had an Al(IV):Al(V):Al(VI) ratio of
44:14:42. Interestingly, secondary Al components (&;5, = 15 ppm and &;5, > 70 ppm) were
only required when fitting spectra of samples charged to 4.4 Vy; (Il, Figure 5 (¢) and V, Figure
S18 (b)), indicating these components may be SoC dependent and are not observed in the
fully lithiated states (Figure 2 (a-c) and IV, Figure S18 (a)).

27Al-"Li double-resonance experiments were performed on the materials at high SoC to identify
any lithiated alumina phases that could be attributed to the additional fitted components. The
delithiated state also offers the additional benefit that the Li signal of Li within the NMC811
structure is suppressed and the surface Li species will increasingly dominate. A shift in the "Li
resonance to -0.4 ppm was observed in the “Li spectrum of the ALD NMC811 charged up to
4.4 Vi in the second cycle (Figure S19 (c)), which suggests that different species are present

in the cycled ALD NMC811 sample compared to y-LiAIO2 (0.5 ppm). Negligible signal
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attenuation of the -0.4 ppm ’Li resonance was observed in the ‘Li{?’Al} TRAPDOR experiment
(Figure S19 (c)), using the same parameters as used for the reference material y-LiAIO,
indicating that weaker “Li-?’Al dipolar interactions are present in the ALD sample. A #’Al{"Li}
REDOR experiment was performed (in which a train of ’Li  pulses is applied, see Figure S19
(b and d)) to explore these couplings further. The much stronger (21 %) signal attenuation of
the 2’Al resonance of y-LiAlIO,, compared to the cycled ALD NMC811 sample (where
negligible attenuation was seen) supports the hypothesis of weaker ’Li->’Al interactions in the
cycled ALD NMC811. Thus, these double resonance experiments are not consistent with the

formation of a LiAlO;-like phase in the coating during charge.

(i) Electrolyte decomposition with at high potentials: gas evolution and solution NMR
The additional interactions with the electrolyte during early cycling stages by the ALD NMC811
at high potentials are probed by monitoring the electrolyte decomposition. NMC811|Li
operando cells were cycled and the evolution profile of CO- (purple), CO (pink), O (blue) and

H (grey) are presented in Figure 6.
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Figure 6: Online-electrochemical mass spectrometry (OEMS) and the corresponding voltage profiles of NMC811|Li
(a) without and, (b) with an Al2O3 coating. Operando cells are cycled between 3 — 4.6 Vi at a C/10 rate (assuming
200 mAhg! practical capacity) with a 1 h hold at the top of charge and Ar being used as the carrier gas.

For NMCB811, the ratio of CO:CO; at high potentials (~4.31 V\;in Figure 6 (a)) is approximately
1:2.5. This CO:CO, emission has previously been attributed to the chemical oxidation of
carbonate solvents by either evolved singlet oxygen from the NMC811 surface reconstruction,
or directly via reaction with surface oxygen.®® The growth in gas evolved on cycle 2 (Figure
S20) is proposed to be a result of increased surface area in these polycrystalline NMC811
particles as a result of cracking.* H, evolution has an onset potential after the CO/CO;
evolution, suggesting that it originates from cross-talk and anodic reduction of soluble products

generated during electrolyte oxidation at the NMC811 surface. On the other hand, the ALD
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NMCB811 electrode shows a 1:1.2 CO:COx ratio in the first cycle (onset at ~4.41 V. in Figure
6 (b)). The release of H> now precedes the onset of CO/CO;, suggesting that soluble protic
species are released by the coating (chemisorbed water/hydroxyls) at potentials lower than
4.3 Vi (potentially reacting with LiPF¢ to form other acidic species), which are all reduced on
the Li metal counter electrode. The presence of the coating reduces the total gas evolution
associated with the chemical oxidation of the carbonate solvents, but results in the generation

of more protic species at lower potentials.

The impact of the coating on electrolyte degradation was also analysed after electrochemical
cycling at high potentials (3.0 - 4.6 V\; with a 60 h hold at 4.6 Vy;, Figure S25) with solution
NMR. Delithiated LiFePO. (LFP) was used as the counter electrode to avoid the reduction of
any generated species due to its high operating potential of ~3.5 V... Rinkel and co-workers
have previously reported reactions between carbonate solvents in the electrolyte and reactive
oxygen on the surface of layered transition metal oxides.?° Linear carbonates readily undergo
hydrolysis resulting in alcohols that can be chemically oxidised by the reactive oxygen to form
aldehydes. These aldehydes can undergo hydrolysis by either alcohols or the water to acetals
and these acetals can also react with the reactive oxygen to form carboxylic acids. *H NMR of
the ALD NMC811 (Figure S26 (b)) after one cycle shows Li formate/formic acid (8.25/8.19
ppm) whereas the uncoated NMC811 (Figure S26 (a)) only shows acetals (5.69 and 5.80 ppm
for methoxymethanol and methanediol respectively). After five cycles, the *H solution NMR
(Figure S27) shows that the range and relative concentrations of solution degradation
products (including alcohols, aldehydes, acetals and formic acid) are similar between the
NMC811 and ALD NMC811. A detailed summary of the H solution NMR assignments can be
found in the ESI 5: Supporting NMR experiments. The apparent lack of impact of the coating
on the degradation of the electrolyte from the perspective of solution NMR after more than one

cycle is explored further in the discussion.

(iv) X-ray absorption spectroscopic analysis
The XAS spectra of (ALD) NMCB811 in the pristine state and at the end of first charge up to
4.4 V\; are compared with aged cells that have been charged back to 4.4 V. and then

disassembled.
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Figure 7: The O K-edge (a) and (c) Ni L-edge X-ray absorption spectroscopy of the NMC811 (black) and ALD
NMCB811 (red) electrodes charged to 4.4 Vi on the first cycle are presented with spectra from reference samples
of y-Al203 (magenta) and NiO (blue). Dashed lines denote the O K-edge positions of the reference samples: 531.3
eV for y-Al203 and 532.2 eV for NiO. O K-edge and Ni L-edge spectra of the materials in the electrochemically
aged state (after cycle 1042) and charged up to 4.4 V. are presented in (b) and (d) respectively. Ratios of the Ls
high energy (I2, 855.8 eV) : low energy (l1, 853.7 eV) integrated areas are expressed with R for the Ni-Ledge.

The electronic state of the uncycled (ALD) NMC811 electrodes was first probed via Ni L-edge
and O K-edge XAS in the total electron yield (TEY) mode. Two peaks (528.8 and 529.8 eV)
previously assigned to the excitation of electrons from O 1s to the hybridised TM 3d - O 2p
orbital are observed in the O K-edge (Figure S23).8889 A clear rise in the O K-edge pre-edge
feature (531.3 eV) is also observed for the ALD NMC811, corresponding to a y-Al,Os-like
environment and confirming the presence of the coating. In the Ni L-edge (Figure S24), the
main L3 peak has two components; a low energy peak at 853.7 eV is associated with low-spin
Ni* with a 3d’ electronic configuration (and to a lesser degree Ni** if present) whilst the higher
energy peak at 855.8 eV is present for all Ni?*, Ni®* and Ni**.°%% The observed L3 splitting
(1.87 eV) for the uncycled (ALD) NMCB811 is consistent with the covalent nature of the
hybridised Ni 3d — O 2p bond.®? As the 855.8 eV peak of the Ni L-edge is associated with
oxidised Ni chemical states, the delithiated state of NMC811 (4.4 V,)) is selected to maximise

changes in this feature.

On the first charge up to 4.4 Vi, the O K-edge spectra (Figure 7 (a)) shows the peak
corresponding to the excitation of O 1s electrons to the hybridised TM 3d — O 2p orbital (528.8
and 529.8 eV).888% The O K-edge signature of y-Al,Os-like environments (531.3 eV) is still
present for the ALD NMC811. A new peak at 532.2 eV is observed for both the ALD NMC811
and uncoated NMC811 which is tentatively assigned to oxygen in reduced surface layers

(during surface reconstruction)®°® since it matches with the reference NiO. The Ni Ls-edge
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(Figure 7 (c)) also evolves as the high energy feature (855.8 eV) becomes more prominent

than the lower energy feature (853.7 eV), consistent with oxidation in the hybridised Ni 3d —

O 2p bond.®** Analysing the Lz high energy:low energy (855.8 eV: 853.7 eV) area ratio (5—2 in
1

Figure 7 (c)) can therefore be a proxy for assessing the change of electron density in the
hybridised Ni-O bond. The increased Lz ratio of the (ALD) NMC811 is consistent with the
reported oxidation of the hybridised Ni 3d — O 2p bond at high SoC.8%°2 Table S15 compares
the Ls ratio for different SoC to highlight how a large Ls ratio for samples in the charged state
are an indicator of continued redox activity in the hybridised Ni 3d — O 2p bond. In addition,
the growth in the Ls-L; splitting from 1.87 eV to 2.34 eV for the samples (with and without the

Al,Os3) with charging indicates an increase in the ionic nature of the hybridised bond.®?

After extended electrochemical cycling, the O K-edge of the aged NMC811 charged to 4.4 Vi
(Figure 7 (b)) differs from the first charge, with the 532.2 eV peak (assigned to NiO-like
species) growing dramatically. This growth suggests that both the NMC811 and ALD NMC811
materials have undergone further surface reconstruction and degradation. In the Ni L-edge
spectra (Figure 7 (d)), extensive cycling resulted in smaller area ratios relative to early cycling
life. The values complement the O K-edge analysis of the aged samples showing a more
reduced surface Ni environment compared to the early cycle stages. However, the ALD
NMC811 shows the least reduced environment as it has a relatively high area ratio of 2.40
(initially 2.96). The electronic density in the surface Ni-O bonds of the Al.O3s-coated NMC811
therefore indicates electrochemical activity is preserved after the electrochemical ageing and
less surface degradation has occurred in the presence of the Al,Os. This is in agreement with
the higher available capacity for the ALD NMC811 after 1042 cycles (Figure 3 (b)).

4. Discussion

(i) Evolution of the coating structure
Atomic layer deposition produces an amorphous AlO3; coating on NMC811 with Al(IV), Al(V)
and Al(VI) environments as seen by ?’Al NMR spectroscopy (Figure 2 (a)). This disordered
structure will contain Lewis acid sites (undercoordinated Al sites) — such sites are well-reported
in so-called transition alumina phases (e.g. §,n,y- phases).®>*" It should be noted that the
uncoated NMCB811 has pre-existing proton-containing species like (bi)carbonates,
physisorbed water, LiOH and terminal hydroxyl groups on the transition metals (Figure S7).
The ALD synthesis process inherently introduces new OH groups now within or on the coating
as confirmed by the ?’Al{*H} REDOR experiments (Figure S9 (a)). A signal attenuation for all
coordination environments indicates that A** in all coordination environments in the coating

are near 'H.
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Peri’t, Knozinger and Ratnasamy® have previously studied the *H resonances of transition
alumina phases and proposed five types of hydroxylated Al surface environments (Scheme
1). Case I, is for tetrahedral Al with a terminal OH group; case |, is for octahedral Al with a
terminal OH group, case ll, consisting of a hydroxyl group that bridges one tetrahedral and
one octahedral Al, case Il with a hydroxyl group bridging two octahedral Al, and finally case
Il with an OH bridging three octahedral Al. The H chemical shift is extremely sensitive to the
coordination number of the O in the O-H bond and the nature and number of Al ions
coordinated it, along with any hydrogen bonding between clusters in aluminium
hydroxide/aluminium oxide hydroxide phases.”? The three 1% cation coordination sphere Al®*
ions (relative to the proton) found within the AlsOH clusters are proposed to provide an
induction effect that deshields these protons the most of all five cases (resulting in the most
positive shift).”? In addition, hydrogen bonding to a nearby oxygen also results in positive
shifts: the shorter the H-bond, the larger the degree of deshielding: Piedra and co-workers
showed that the AlLOH clusters in Gibbsite Al(OH)z have interlayer hydrogen bonds of 1.98 A
and an associated 'H resonance at 5.8 ppm, whilst environments with a longer intralayer
hydrogen bonding (average of 2.3 A) show resonances at 4.3 and 2.9 ppm.”? Therefore the
highest frequency 'H resonances observed for the pristine ALD NMC811 (Figure 2 (d)) at 9.5,
7.5 and 4.5 ppm are tentatively assigned to case Il (AlzOH clusters, 9.5 ppm vs. 10.8 ppm in
Diaspore)’? and lower frequency resonances at 7.5 and 4.5 ppm to case ll, (or case llp) type

sites (Al,OH clusters), with varying degrees of H-bonding.

The Al sites in the ALD NMC811 show Lewis acidity®®1 in allowing chemisorption of Lewis-
base trace water onto the NMC811 after exposure to the solvent (or electrolyte). Non-
dissociative adsorption of water onto an Al** Lewis acid site followed either by a reaction of
more water or by dissociative chemisorption of the OH- and H* has previously been proposed
as the mechanism for this reaction (Scheme 2).%¢° More generally, a model based on partial
charges, entitled the multi-site complexation (MUSIC) model can be used to predict the affinity
of a proton to bond to oxygen based on the expected electrostatic repulsion from nearby cation
centres®21% and the partial charges contributed by each bonded cation to the Al-O bond (see
discussion in ESI 7: Multi-site complexation (MUSIC) model. As such, the ability of the Al,O3
coating to sequester species like water from the electrolyte can be explained (using the MUSIC
model as a framework) in terms of chemical characteristics of the coating i.e. the Lewis acid
(undercoordinated Al) and Lewis basic (appropriate O) sites. Scheme 2 illustrates one
possible series of reactions (of many possible sequences of reactions) involving dissociative
chemisorption of water, cleavage of Al-O bonds in a OxAI-O-AlOy cluster to form a new
hydroxylated site (red, case | type Al,-OH), and ultimately higher coordinate Al sites.

Alternative mechanisms involving protonating nearby O (rather than Al-O-Al cleavage) are
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also possible, since protonation of bridging oxygens between two Al(V) sites in Al,OH clusters
(Al-O-Al reported in dehydrated y-Al,O3)!® are more favourable than protonation of terminal
hydroxyl oxygens (Al-OH). These bridging oxygens are more basic than the terminal hydroxyl
oxygens when considering a simple model that is based on oxygen partial charges (see ESI
7: Multi-site complexation (MUSIC) model). However, the remaining undercoordinated Al
site would be susceptible to further reactions with water as illustrated in Scheme 2, eventually
forming two Al(VI) sites.

"o
H (‘)/ i H
oH / _H OH OH |/54":)0H OH ‘/ OH OH OH
— P\ O\\
\\|| .il/ —;-\A||/® ,‘) ‘;':u/ NS " oH ‘.a|u/ \L/ o HZO\AL/
/|““~o/‘\ /|\6/|\ A one” | NS T Nonne” | N
o 0 0 0 o)

A
Scheme 2: One example illustrating how water could adsorb onto a Lewis acidic Al(V) site. The dissociation and
subsequent chemisorption of the molecule fragments (OH- in red and H* in blue) results in the formation of a new
Al(VI) site with new hydroxyl groups and an Al(V) site which can further react with other Lewis bases (as indicated
by two purple H20 shown in the next steps). Additional hydroxyl groups not involved in the reaction are omitted.

These models are supported experimentally by the 2’Al NMR with an increase in Al(VI) sites
from the pristine ALD NMC811 to the EC/EMC-soaked material (Figure 2) with chemisorption
even of trace water. 2’Al{*H} REDOR shows that the signal attenuation (from the *H-2”Al dipolar
interactions) of the Al(IV), Al(V) and AI(VI) coordination sites changes depending on the
sample state. In the pristine state, all AI** coordination sites are near *H (Figure S9 (a)), but
after the ALD NMCB811 is soaked in the carbonate solvent and electrolyte, only the Al(VI) sites
are close to *H (Figure S9 (c) and Figure S13 (a)). A concomitant change is observed in the
normalised *H NMR (Figure 2 (d) — (f)) with the signal intensity growing from 600 a.u. (case
II (AI,OH) at 4.5 ppm) to 1500 a.u. (case | (Aly,OH) at 1.5 ppm) which is consistent with

Scheme 2.

Soaking the ALD NMCB811 in the electrolyte (1 M LiPFes in EC/EMC (3/7)) introduces acid-base
reactions between the hydrated Al>O3 coating and species such as trace HF (generated upon .
PF; hydrolysis). Fluorination of the coating is supported by the 2’Al resonances shifting to
lower values (Figure 2 (c), closer to AlF3 at -17 ppm), some of the Al(VI) being fluoridated as
shown via the 2’Al{*°F} REDOR spectrum in Figure S13 (c)), and a °F resonance appearing
at -180 ppm. Evidence of the involvement of protons from HF during this acid-base reaction is
also reflected in the normalised H signal intensity increasing to ~8000 a.u. (case II, Al,OH at
5.8 ppm in Figure 2 (f)). These 'H protons are also close to Al(VI) sites as demonstrated in
2TA{*H} REDOR and H{?#’Al} TRAPDOR (Figure S13 (a) — (b) respectively).
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Two reaction mechanisms describing the HF scavenging reaction are presented below —
Scheme 3 (I) involves an increase in the coordination number of Al sites that neighbour
hydroxylated 6-coordinated Al which can undergo neutralisation with HF. During
neutralisation, an Al-F bond forms in place of the Al-OH with cleavage of this bond releasing
a water molecule: Al-F is more thermodynamically favourable with a bond dissociation energy
of 675 kJmol?! compared to 547 kdmol™ for Al-OH.1% If there is a nearby under-coordinated
site, the generated water can chemisorb to this site, thereby increasing the coordination
number of that site and preventing further reactions triggered by “free” water. The second
proton on the bound water has a greater affinity for bonding to bare bridging oxygens (in an
Al-O-Al) than to the generated terminal Al-OH based on the simple MUSIC model analysis
(ESI 7: Multi-site complexation (MUSIC) model). This first scheme therefore enables both
the formation of protons in an Al OH environment (case Il) and explains the fluorination of
Al(VI).

DFT calculations by Tebbe et al. of both bare (in their case LiCoO,) and alumina-coated
surfaces?*’ showed that an Al-F(-OH) environment is formed in the acid-base reaction between
HF and an undercoordinated Al-OH site on the alumina surface. They found that, unlike
reactions with TM-OH groups on the bare Co oxide surface, reactions between HF and an
undercoordinated Al-OH site nearby an undercoordinated Al-F site generate two Al-F(-OH)
sites, rather than releasing water (water release triggering further reactions). We note that the
energies they calculate are based on the highly reactive three-coordinate Al species, which
we do not be believe to be present (on the basis of our NMR experiments) and thus the driving
forces maybe smaller than calculated. Our second proposed reaction type (Scheme 3 (ll)) is
qualitatively similar to that of Tebbe et al.*#” and results in no change to the coordination
number. The proton generated binds to an oxygen atom in a nearby AlOy group and again no

un-dissociated water is generated to cause further reactivity.

A chemical reaction (Eq. 1) is presented to describe the HF scavenging by the Al,Os coating
which is consistent with HF scavenging. It should be stressed that the illustrated mechanisms
do not cover the full permutation space or possible reactivities, and further reactions between
HF sites shown below likely also occur. However, the reactions do not proceed as far as to

produce AlFs.

Al,0,(0H), + x HF - Al,0,(0H),_,F,(0OH,), Eq. 1
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Scheme 3: Two different scenarios in which HF scavenging could occur on the hydrated Al2O3 coating: (1) involves
reaction with a terminal OH group that results in fluorination of an Al group with no change in coordination number
but and an increase in the coordination number of a nearby Al site via water scavenging and (1) a reaction involving
fluorination of an undercoordinated site to increase its coordination number. The mechanisms presented here are
based on basicity arguments, Al-F bonds strengths and the DFT predictions from Tebbe and co-workers.*’.
Hydroxyl groups on the Al groups not involved in the reaction are omitted.

A more well-defined *°F signal (-184 ppm) for the Al oxyfluoride appears in the sample charged
to 4.4 Vi (Figure 5 (a)) compared with the electrolyte-soaked material (Figure 5 (a)). The
reported chemical oxidation of EC by NMC811 at potentials > 4.3 V; that forms CO,, CO and
water®-1984 js verified in the gas evolution (Figure 6 (a)). This water participates in hydrolysis
of LiPFe to produce HF and this will react with the coating, forming more Al oxyfluoride than in
the electrolyte-soaked state of the ALD NMC811. The chemisorbed protic species on the Al,Os
coating are not necessarily inactive with ion exchange between Li* and H* on the coating
liberating protons into the electrolyte. H* (or HzO") could diffuse to the Li counter electrode
and electrochemically reduce during cycling of the ALD NMC811 as evidenced by H; evolution
as soon as charging begins (Figure 6 (b)). Hz evolution was only detected at high potentials
(> 4.3 V) for the NMC811 when water was is generated (Figure 6 (a)).

Fitting the 2’Al spectra of the ALD NMC811 at high SoC (ll, Figure 5 (b) and V, Figure S18
(b)) showed additional minor Al(IV) and Al(VI) components (8;so aiqvyii > 70 ppm and
&SO,AI(V,)& = 15 ppm). These were only required for in the charged state (not the sample
discharged to 3.0 Vy;, IV in Figure S18 (a)) and occur at higher chemical shifts than the major
components (major components at &SO,A,(,V)i ~ 61 ppm and Siso,Al(VI)i ~ 0 ppm), indicating
these environments are not fluorinated and there is some dependency of the Al local structure

on SoC. Li*-H* exchange on the coating is a chemical process, independent of electrochemical
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cycling, so the apparent SoC dependency suggests Li*-H* exchange is not the underlying

cause. Two hypotheses to account for these observations are discussed.

One hypothesis is the lithiation of alumina to form a new phase during electrochemical
cycling.1942105106 Gince this cannot be a redox process it would have to involve Li*-H*
exchange and possibly structural rearrangements. In this study, reference y-LiAIO, (82
ppm)*®” was compared to a cycled ALD NMC811 (charged to 4.4 V. on cycle 2) to test for
lithiation; y-LiAlO; is appropriate as it crystallises first from an amorphous state of precursor
materials.’® Unlike for the y-LiAIO, sample (Figure S19 (a) and (b)), the "Li->’Al double
resonance experiments of the ALD NMC811 charged up to 4.4 Vi in second cycle showed
very little evidence for any ?’Al-’Li dipolar couplings and thus no close Li-Al proximity (Figure
S19 (c) and (d)). The magnitude of dipolar interactions (and thus signal attenuation when
similar REDOR/TRAPDOR conditions are used) have an inverse cube relationship with the
internuclear distance (« 1/73). y-LiAIO, consists of LiO,4 tetrahedra corner shared with AlO4
tetrahedra resulting in 2’Al-"Li internuclear distances in the order of 3.09 or 3.17 A (calculated
from the structure).1°® Therefore the lack of signal attenuation for the ALD NMC811 charged
to 4.4 V. in the second cycle in both REDOR and TRAPDOR indicates that any ?’Al-"Li
interactions present are likely occurring over distances much greater than 3.17 A. It is thus
unlikely that the ?’Al resonances at 70 and 15 ppm correspond to phases structurally related
to y-LiAIO2 (83 ppm*®, r = 3.09 or 3.17 A)1%°, a-LiAlO, (17 ppm, r = 2.87 A)** or LiAlsOg with
r = 2.76 A.1*2 Haber and co-workers also used ssNMR to investigate their Al-F based coating
on LiNiosMn1504.#2 They similarly performed ‘Li{*°F} and ?’Al{’Li} REDOR experiments to
investigate the nature of the Li ions formed on the surface upon electrochemical cycling, which
suggested a proximity of these interfacial Li ions to both F and Al sites. The authors propose
Li intercalation into the coating/the formation of Li-Al-Ox phases to explain their experimental
observations. We note that their coatings are more highly fluorinated and there will be a
stronger driving force for the more acidic protons in the Al(OH)Fx groups to ion-exchange with
Li (potentially also re-leaving protons), potentially explaining the differences between the two
NMR studies.

Finally, the apparent SoC dependent resonances at higher chemical shifts (Siso,A,(,V) i>70
ppm and SiSO_Al(V,)ii = 15 ppm) could be attributed to the effect of the paramagnetic ions on

the Al ions at or on the NMC811-Al,0; coating interface. These Al atoms, located within 5 A
of some Ni?®* or Mn3"/4* cation centres, would experience through-space dipolar or through-
bond interactions with unpaired electron density. However, reduced paramagnetism at high
SoC (formally, Ni**) may enable the observation of some of these resonances and the

apparent SoC dependent behaviour of the 27Al spectra. Furthermore, some of these
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resonances may simply have been buried under the major, undercoordinated Al(IV)
environments, and they become more visible as the sites nearer the surface of the coating

react with water and fluoride ions and their coordination environments increase.

(i) Stabilisation of the surface environment

Previous DFT work on the surface stability of LiNiO, (considered the parent material for Ni-
rich NMC) highlighted that there was significant covalency between the Ni 3d and O 2p
orbitals. Determination of charge states using Wannier projections and subsequent treatment
of the correlated states within dynamical mean-field theory shows little involvement of Ni in
the redox process and a much larger involvement of O.% This is due to the highly entangled
nature of the hybridised Ni-O bands and the high energy of the O 2p band relative to the Ni d
orbitals.

Al appears to be responsible for a lowering of energies away from the Fermi edge in the DOS
of surface O (Figure 4 left) compared to the uncoated case, whilst Bader charge analysis
indicates an increase in the surface O charge with the Al (Figure 4 right). Both observations
suggest that the coating reduces the covalency between Ni 3d and O 2p, for O ions that are
also coordinated to Al. The coating helps to hinder the phase transformation of the delithiated
layered structure (e.g. NiO-) at high potentials to the more thermodynamically favourable rock
salt (NiO) or rock salt like (NizO.,) structure®®113 concomitant with oxygen loss. The products
of organic carbonate oxidation are a sign of reactive oxygen at the surface of the NMC811

particle.

Ni L-edge XAS provides experimental evidence of the stabilised surface with the Al,O3 coating

when correlating features of the Lz peak (ratio of I, peak at 855.8 eV and I; peak at 853.7 eV,

R = ;—2) to the health of the surface chemical state (capability to be redox active). In the first
1

charge up to 4.4 V\;, the coating does not affect the ratio (R = ;—2 > 2.75) and becomes the
1

fingerprint for a charge transfer insulator in a mixed d®L/d®L? ligand hole state (Figure 7 (b),
i.e. ~Lio2NiO; in a non-degraded state). This notation is used rather than Ni®*/Ni** to convey
the oxidation of the hybridised Ni 3d — O 2p bond at high SoC. However, after electrochemical

ageing, the uncoated NMC811 charged to 4.4 Vi (R = j—z = 1.62) shows a dramatic difference
1
to the ALD NMC811 (R :;—2:2.40) in Figure 7 (b). This suggests that the surface
1
environment of the uncoated NMC811 can no longer achieve the oxidised d®L/d®L? state (~80
% delithiation), presumably due to surface reconstruction behaviour. In contrast, the ALD
NMCB811 shows preservation of the redox activity in the hybridised Ni-O bond. This implies
that the additional charge on surface O, due to the presence of Al (Figure 4 right), has

stabilised the surface against the O, evolution and surface reconstruction behaviour.
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Further evidence for reactive surface oxygen and surface reconstruction behaviour being
affected by the Al,Os coating can also be tracked via gas evolution at high potentials (> 4.3
V).89114 As detailed in the previous work by Jung and co-workers® and Rinkel and co-
workers®, the reactive oxygen is a strong electrophile can react with the organic carbonates
(such as ethylene carbonate, EC). An overall reaction is presented in Eq. 2, where the formate
formed in Eqg. 3 continues to react further to generate a second CO; molecule and water. The
water generated in this reaction can contribute to hydrolysis of the LiPFs, adsorb to the

NMC811 surface or hydrolyse the linear carbonate.®

OEMS measurements of the NMC811 (Figure 6 (a)) show a CO:CO; ratio of 1:2.5 for the
uncoated NMC811 in cycle 1 supporting the chemical oxidation reaction in Eq. 2 — excess
CO- from EC chemical oxidation has also been observed in the literature.®° On the other hand,
the lower volume of gases evolved for the ALD NMC811 is evidence that the coating has
reduced the extent of EC chemical oxidation (Figure 6 (b)). Furthermore, the CO:CO; ratio
detected during electrochemical cycling of ALD NMC811 up to 4.6 V; was 1:1.2, indicating a
different oxidation pathway or extent of oxidation. Jung and co-workers® previously suggested
that the EC-intermediate formed from 1 mole of EC reacting with 1 mole of 'O, (Eq. 3) could
decompose into 1 mole of CO, 1 mole of CO; and 1 mole of formaldehyde, but this reaction
was not observed in their work. A lower extent of available oxidised oxygen sites in the
presence of the Al,O3 coating may allow this reaction to out-compete the full reaction with both

CH: groups in EC via Eq. 2.

EC+210, > 2C0,+ CO +2 H,0 Ea. 2
[o]
g
o\j b/o —) CO, + CO + ﬁ Eq.3
C
HZCT"C\\O H/ \H

Further evidence for this reaction could be found by looking for formaldehyde (and its by-
products) in solution. However, formaldehyde is susceptible to further reactions in these Li-ion
electrolyte systems with the release of 1O, from the NMC811. Rinkel and co-workers have
reported that the formaldehyde can undergo hydrolysis to an acetal and the acetals
subsequently react with reactive surface oxygen to produce formic acid/Li formate.® Formic
acid can also be formed by direct oxidation of formaldehyde. After the first cycle, the uncoated
NMC811 only showed acetals whereas the ALD NMC811 showed Li formate/formic acid
(Figure S26). This appears to indicate oxidation of the aldehydes to the carboxylic acid®!'>-

117 in the ALD NMC811, and not complete oxidation to form CO,. However, extensive
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electrochemical cycling resulted in minor differences between the *H solution NMR spectra of
the uncoated and the Al,O; coated NMC811 (Figure S27). This is ascribed to the fresh
surfaces that form from the cracking caused by volume expansion and then contraction of
NMC811 (=5 %)**® during electrochemical cycling in polycrystalline NMC materials*®, resulting
in dramatic increases of surface area. In some cases, charging polycrystalline materials to 4.4
Vi resulted in a 200 % rise in surface area.* A growth in unprotected NMC811 surface that is
exposed to electrolyte during the extended electrochemical cycling of the polycrystalline
material could explain the lack of difference as the coating protection is a localised effect

(Figure 4, right), and ultimately continued electrolyte oxidation even in the coated material.

Conclusion

In this work, a mechanistic understanding of the evolution of Al>Oz coatings on cathode
material NMC811 and the effect on the NMC811 surface stability was developed. Solid-state
NMR has been instrumental in highlighting the changing nature of the coating as it responds
to trace water and HF in the electrolyte system. The capability to scavenge such species is
highly dependent on the presence of undercoordinated cation sites — namely tetrahedrally and
penta-coordinated Al sites in Al,Os (as seen by ?’Al NMR) and the stronger Al-F vs. Al-OH
bond. These sacrificial sites are important as water initiates a cycle of salt degradation that
reduces the performance of Ni-rich layered oxides. Generation of water is especially
concerning at high potentials for the Ni-rich layered oxides with oxidation of the electrolyte.
Interestingly, the evidence indicates that in-situ formation of lithium aluminate upon

electrochemical cycling does not occur.

The influence of the coating on the NMC811-electrolyte interactions was also demonstrated,
with the coating lowering the amount and ratio of evolved CO and CO, gases observed on
charging. These gases are associated with the reaction between EC and reactive oxygen at
the surface of NMC811 during surface reconstruction behaviour. Oxidation of the hybridised
Ni 3d — O 2p bonds above 75 % SoC generates reactive oxygen but different pathways to
have been proposed to explain this degradation phenomenon of Ni-rich layered oxides.®*113
This prompted analysis of Bader charges and the surface O density of states in this work. Both
metrics indicated a decrease in covalency of the surface Ni 3d — O 2p hybridised bonds for O
due to charge transfer from the bonded Al. The reduced covalency at high SoC indicates a
lower probability of formation of ligand holes on O and hence a reduction in O loss. Therefore,
it appears that the AlLOs; coating fundamentally increases the chemical stability of nearby
surface oxygens (< 5 A) by reducing hybridisation in the related Ni-O bonds. The localised

protection offered by the coating could be expected to be compromised when degradation
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phenomena like cracking in polycrystalline particles occurs and dramatic increases in

unprotected surface area arise.

These results highlight the dual chemical role of Al,Os; coatings on NMC811: scavenging
species in the electrolyte and the local passivation of surface oxygen. Extended cycling to high
potentials for more than 1000 cycles confirms the importance of these protective mechanisms.
Despite the initial lower capacity, the Al>03 NMC811 retained ~71 % capacity (and higher
absolute capacity after electrochemical ageing) compared to ~51 % for no coating. Such
insights mean that careful material design choices are needed to optimise the benefits to
electrochemical performance. Desired chemical characteristics of coatings are that the cations
can favourably form fluorinated bonds while also scavenging water, and the chemical bonding
to the NMC surface oxygen should be ionic in nature. Additionally, the morphology of the
electrode material also plays a role, single crystals potentially benefiting over polycrystalline
agglomerates, due to a much reduced tendency for crack formation thereby resulting in

smaller increases in unprotected surface area.
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