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erm capacity retention of NMC811
via lithium aluminate coatings using mixed-metal
alkoxides†

V́ıctor Riesgo-González, ‡ab Christopher A. O'Keefe, a Clare P. Grey *a

and Dominic S. Wright *a

Ni-rich LiNixMnyCozO2 (NMC)materials such as NMC811 (80%Ni) are promising Li-ion battery cathodes due

to their high energy density and low cost. However, their reactive surfaces pose a practical challenge for

their handling and storage, due to their fast degradation under operation or storage in ambient air. To

tackle these problems, lithium aluminum alkoxides are used here for the first time to coat NMC811 with

lithium aluminate (Li1−xAl1+x/3O2). This method allows the controlled deposition of lithium aluminates on

the surface of NMC811 by hydrolysis of the alkoxide precursor with transition metal TM(O)–OH surface

groups. Of the series of alkoxides investigated, Li[Al(OtBu)4] was found to have the best coating/

deposition properties in terms of solubility, thermal decomposition, phases formed and reactivity with

NMC811. The effects of different NMC811 particle morphologies and surface treatments on the solution

deposition of lithium aluminate were carefully evaluated by testing two different substrates: pristine

polycrystalline NMC811 (PC-NMC811) and Al2O3-coated single-crystal NMC811 (SC-NMC811). A 17%

increase in capacity retention at C/2 was seen for Li1−xAl1+x/3O2/Al2O3 coated SC-NMC811 compared to

Al2O3 coated SC-NMC811 after 100 charge–discharge cycles. Furthermore, coating PC-NMC811 that

was degraded by soaking in water led to an impressive recovery of 50% of its C/20 capacity retention

after 300 charge–discharge cycles while also showing higher specific capacities (25 mA h g−1 more on

the 2nd cycle) due to surface Li enrichment and regeneration of degraded surfaces. This coating method

is a significant step forward in the scalable processing of new-generation battery cathodes with higher

energy density and longer useful life.
Introduction

In order for lithium-ion batteries to successfully replace fossil
fuels in a wider range of transportation, their energy density
and cycle life need to increase and their cost should be reduced
without compromising on safety.1 To this end, Ni-rich LiNix-
MnyCozO2 (NMC) cathode active materials (CAM) were devel-
oped from the parent LiCoO2 (LCO) by partial substitution of Co
by Ni and Mn. High-Ni content NMCs such as LiNi0.8Mn0.1-
Co0.1O2 (NMC811) have high energy densities, thermal stability
and low cobalt content, which should reduce costs, toxicity and
ethical mining concernsmaking them promising candidates for
applications in electric vehicles.2
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One obstacle for the use of Ni-rich NMCs such as NMC811 is
their poor stability in air, exposure of the powder and the
preparation of electrode coatings outside a dry room leading to
poor capacity retention and thus difficulties with practical
handling, storage, transportation and electrode fabrication. The
underlying reasons for this have been investigated in detail. A
host of chemical and electrochemical reactions occur at the
surface of NMC811 such as electrolyte oxidation during
cycling,3,4 reaction with CO2 and moisture from air,5 transition
metal dissolution,6,7 and reduction of the surface with the
formation of an insulating rock-salt layer (NiO) accompanied by
oxygen evolution.8–10 In addition to the surface reactivity, Ni-rich
NMC materials have undesirable chemomechanical properties.
In particular, they display large anisotropic volume changes in
the unit cell at high states of charge (SoC), which causes
mechanical strain and leads to secondary particle cracking,
exposing fresh surfaces to electrolyte, which aggravates the
surface degradation.11–14

As noted above, when NMC811 is exposed to air it reacts with
CO2 and moisture forming surface impurities such as Li2CO3

and LiOH.5 This leads to a decrease in specic capacity and
capacity retention by depletion of surface Li, which in turn
This journal is © The Royal Society of Chemistry 2024
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encourages reduction of Ni3+ to Ni2+, the formation of rock-salt
layers,5,15 and increased gassing during cycling.5 Furthermore,
these surface impurities can increase the pH of the slurry
during electrode preparation, which prevents gelation and leads
to poor casting properties.16 To fully prevent the formation of
these impurities, exposure to air should be minimized during
storage, handling and electrode manufacturing. However, this
is not always feasible in industrial-scale battery manufacture
where large amounts of material are used.

To mitigate surface degradation, synthetic modications of
the cathode surface, via coating and surface doping, have been
developed.17–19 However, it is still unclear whether coating with
monometallic oxides or surface doping can prevent interfacial
processes that lead to a loss of capacity in Ni-rich NMC mate-
rials effectively.20–22 Washing and annealing steps have also
been explored as strategies to eliminate the surface impurities
and regenerate the surfaces of air-exposed CAMs.16,23–31 The
most common approach to remove surface impurities involves
washing the CAMwith water, which was shown to be effective in
improving capacity retention in LCO.25 However, it is unlikely
that this strategy alone will work for NMC811 due to its sensi-
tivity to water,16 and the increased Li leaching observed when
soaking NMCs with higher Ni content in water, which further
deteriorated the capacity retention.27,32 To address this issue,
washing methods involving simultaneous coating deposition
from aqueous solutions have been recently applied to high Ni-
content NMCs with some success.33,34 Treating Ni-rich NMC
with water leads to a decrease in capacity retention due to
lithium extraction by Li+/H+ exchange, forming LiOH and
TM(O)–OH species on or close to the surface,16 and the removal
of surface impurities by washing, which creates more exposed
surfaces.30 Since delithiated surfaces are thought to be more
reactive with the electrolyte,35 this may lead to more electrolyte
degradation and rock-salt formation on cycling.30 Adding an
annealing step aer soaking NMC in water only leads to the
formation of a NiO rock-salt layer which further reduces the
long-term capacity retention.16 However, if excess lithium is
added during this annealing step (for example in the form of
Li2CO3), a more favorable surface which is less reactive with the
electrolyte can be obtained.35 Washing NMC811 with water also
affects its mechanical properties. In one study of polycrystalline
NMC, stirring in water led to signicant particle cracking.29

Furthermore, immersion without stirring did not cause
cracking but led to a decrease of the compressive load for failure
to half of the value of pristine NMC811.29

From these studies on NMC811 degradation and washing it
becomes clear that coating Ni-rich NMC with a lithium-rich
layer should improve its capacity retention and recover
surfaces that were degraded due to exposure to air, which is
unavoidable when processing NMC811 industrially. One way of
achieving this is by coating NMC811 with lithium rich mixed-
metal oxides,36–41 uorides,42 phosphates,43 or silicates.44,45 In
one study, ZrxPOy and LixZryPOz were deposited on NMC811 by
atomic layer deposition (ALD).43 While both increased capacity
retention at low cycling rates, the lithium-rich coating allowed
higher initial capacities and improved rate capabilities.43

Li2ZrO3 coating has also been tested on a NMC with 70% Ni.40
This journal is © The Royal Society of Chemistry 2024
Despite the fact that using two separate lithium and zirconium
sources led to inhomogeneous distribution of the elements on
the surface, both by sol–gel and co-precipitation methods,
improved capacity retention and rate capability were observed.40

LiAlF4 was also deposited by ALD onto NMC811 and showed
good stability and improved capacity retention over 300 cycles
in half cells without compromising rate capability.42 Ternary
oxides were coated onto Ni-rich NMCs too using mechanical
mixing of nano-powders of the coating material with the CAM,
generally obtaining positive results in capacity retention and
rate capability.39,41 In a recent report, improvements in cycle life
of an NMC with 85% Ni content and LNO were seen by solution
deposition of an aluminosilicate using trimethyl aluminum
(TMA) and tetraethylorthosilicate (TEOS) as precursors.45

However, it was necessary for the CAM to be wet in order for the
coating reaction to take place, limiting the use of this method.45

Furthermore, these studies focused on coating pristine NMC
cathodes, so the effect of coating Ni-rich NMC that has been
degraded by moisture exposure using a Li-rich coating remains
unknown.

Clearly the deposition of ternary coatings poses a synthetic
challenge for conventional methods such as ALD, sol–gel,
mechanical mixing, and co-precipitation. Most importantly, the
need to use two precursors as the source of each of the metals
leads to an inhomogeneous composition of the coating. A
suitable single-source precursor (SSP)46 for the solution depo-
sition of mixed-metal oxides onto NMC811 would overcome this
problem since it would already contain the two metals in the
desired stoichiometry and mixed at the atomic level.46 The SSP
must display a series of properties: it should decompose at a low
temperature to avoid its diffusion into NMC811 (T < 500–600 °C)
and should be reactive with functional groups and/or adsorbed
species present on the surface of NMC811 to allow selective
surface deposition. Finally, the precursor should be soluble in
innocent solvents (which do not react with the cathode).

In our previous work,20 we showed that an amorphous Al2O3

coating deposited by a solution-based method was not very
effective at improving the capacity retention in half cells due to
the insulating nature of Al2O3, which led to kinetic limitations,
the extraction of Li from the NMC811 during annealing and the
formation of a secondary phase containing electrochemically
inactive Al3+ ions. This challenge prompted the search for other
coating materials with more favourable properties. In this
context, LiAlO2 emerges as a promising option. Like Al2O3, it
contains cheap, non-toxic, and abundant elements. However, it
is, in principle, a much better Li-ion conductor than Al2O3,
specially in its amorphous form.47 More importantly, since it
already contains Li, it is unlikely to extract Li from the surface of
the NMC811 during annealing. Furthermore, it may be possible
to reverse rock-salt formation by a surface Li treatment followed
by annealing-induced Li diffusion and oxidation of Ni2+ to
Ni3+.48 Therefore, by annealing NMC811 coated with a Li-rich
layer, it may be possible to recover some of the capacity that
has been lost due to exposure to air or water while also
beneting from having a surface coating.

Heterobimetallic alkoxides have been used extensively in
other areas for the synthesis of ternary oxide coatings.46 This
J. Mater. Chem. A, 2024, 12, 22248–22261 | 22249
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class of molecule is attractive due to their oen simple
synthesis, and favourable properties as SSPs such as the
tendency to hydrolyse in the presence of water or thermolyze at
relatively low temperatures. In this paper, a new method for
coating NMC811 using these heterobimetallic alkoxides is
developed as an effective strategy to improve the capacity
retention of NMC811. Specically, a lithium aluminate coating
is prepared by developing appropriate mixed-metal alkoxides
for use as SSPs for coating deposition. The coating of single-
crystal NMC811 (SC-NMC811) and polycrystalline NMC811
(PC-NMC811) particles were then studied. SC-NMCs tend to
show slower degradation compared to polycrystalline NMC,49

due to their reduced surface area compared to PC-NMC811.50,51

They also show less tendency to crack upon cycling – cracking in
PCs primarily occurring between the fused primary particles
that make up the larger secondary agglomerate. This cracking is
proposed to be one of the degradation mechanisms of high Ni
content NMC, exposing more NMC surfaces to the electrolyte.52

Of relevance here, these freshly exposed surfaces will not be
coated by the aluminate coating.

Importantly, this coating method is then applied to SC- and
PC-NMC811 samples that had been soaked in water and then
dried. This was performed in order to explore whether coating
a sample that had been exposed to extreme moisture conditions
– and thus showed poor electrochemical performance – might
help to recover its electrochemical activity and to see if soaking
in water might affect the coating deposition.
Results and discussion
Precursor synthesis

Lithium aluminum alkoxides LiAl(OR)4 were prepared by reac-
tion of LiAlH4 with different alcohols in dry THF. This was done
to test the effect of different alkoxy groups (–OCH2Ph, –O

iPr, –
OtBu) on the properties of the resulting molecules as precursors
to LiAlO2 coatings. By changing these groups, it is possible to
change critical properties of the precursor such as solubility,
decomposition temperatures and coating properties. The
synthetic route employed in the current work was rst used by
Pauls et al. to synthesize Li[Al(OCH2Ph)4] (1),53 and in this work
is extended to two other heterobimetallic alkoxides: Li[Al(OiPr)4]
(2) and Li[Al(OtBu)4] (3). The products are obtained by
exothermic reactions (Scheme 1) of LiAlH4 (1 M solution in
THF) with the appropriate alcohol, dissolved in THF at room
temperature giving H2 and the mixed-metal alkoxide as the
product. This simple, one-step reaction is appealing from
a practical perspective; it generates useful heat, requires simple
Scheme 1 Synthesis of the three lithium aluminate precursors used in
this work. A 1 M solution of LiAlH4 in THF is reacted with 4 equivalents
of the alcohol to give hydrogen gas and the heterobimetallic alkoxide
containing Li and Al. The yields of each of the products are stated in
parenthesis.

22250 | J. Mater. Chem. A, 2024, 12, 22248–22261
and widely available starting materials and yields H2(g) as the
only side-product, which is essential for many industrial
processes such as the synthesis ammonia and methanol.54 It
was found that the choice of ligand affects the solubility, ther-
molysis and reactivity with the surface of NMC811 with
compound 3 displaying the best properties as a SSP for LiAlO2

deposition onto NMC811.
Compounds 1–3 were characterized by elemental analysis

and nuclear magnetic resonance (NMR) spectroscopy (in solu-
tion, when possible, Fig. S3(1.1)–S3(1.9),† and in the solid state,
Fig. S3(2.1)–S3(2.4) and Table S3(2.1)†). Elemental analysis
(Synthetic procedures, Section S2(1)†) indicates that the
formulae of complexes 1–3 is LiAl(OR)4 (with OR]OCH2Ph,
OiPr or OtBu) without any THF from the synthesis remaining
aer drying at 40 °C under vacuum. The use of bulkier groups
such as tBuOH or PhCH2OH led to products that were soluble in
THF, but not fully soluble in any other solvents tested, sug-
gesting that THF coordination to Li+ is playing an important
role in solubilizing these compounds (most likely by forming an
ion-separated Li(THF)4

+ Al(OR)4
− pair). However, using

a smaller alkoxy ligand (iPrOH) led to a product that was
insoluble in THF. The 1H and 13C solution NMR spectra of the
two soluble precursors (1 and 3, Fig. S3(1.2)–S3(1.7)†) show the
expected presence of the alkoxy groups in the products (–
OCH2Ph and –OtBu groups, respectively), with THF being
absent in their 13C DEPT 135 NMR (Fig. S3(1.4) and S3(1.7)†)
and solid-state NMR (SS-NMR) spectra (see Section S3(1)†)
(consistent with elemental analysis).

7Li (Fig. S3(1.1) and S3(1.8)†) and 27Al solution NMR
measurements (Fig. S3(1.9)†) in d8-THF conrmed the presence
of both elements in 1 and 3. Aluminium is typically found in 4-,
5- or 6- coordination environments (denoted here as [4]Al, [5]Al,
and [6]Al). No peaks from LiAlH4 (sharp peak at 98 ppm)55 were
observed in these samples indicating that the LiAlH4 is fully
consumed during the synthesis. For precursor 1, 27Al solution
NMR shows a single resonance centred at 69.76 ppm indicating
the presence of a single [4]Al environment in solution.56 The 7Li
solution NMR spectrum of 1 (Fig. S3(1.1)†) shows the presence
of a main peak at −0.23 ppm and a broad peak at 0.35 ppm
possibly indicating fast exchange between Li(THF)n

+ cations of
varying coordination number.55 In contrast with 1, compound 3
shows a single sharp resonance in the solution 7Li NMR spec-
trum at −0.26 ppm (Fig. S3(1.8)†) but three aluminium envi-
ronments (77.68, 60.26 and 53.1 ppm, Fig. S3(1.9)†) indicating
the presence of two [4]Al and potentially one [5]Al environment in
solution.56 The presence of more than one aluminium or
lithium environment in 1 and 3 suggests complicated equilibria
in d8-THF solutions, which are not uncommon for aluminates
of this type (e.g., involving ion-pairing of Li(THF)n

+ with
Al(OR)4

−, and potentially coordination of THF to Al3+).55

Due to the insolubility of compound 2 (which prevented in-
depth solution NMR studies), and in order to further charac-
terize 1 and 3, SSNMR measurements were carried out on the
three compounds (Fig. S3(2.1)–S3(2.4) and Table S3(2.1)†).
SSNMR measurements conrmed that all of the precursor
compounds have the formula LiAl(OR)4 in the solid state and
also allowed an assessment of minor impurities and other
This journal is © The Royal Society of Chemistry 2024
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phases present. The 7Li SSNMR spectra are shown in
Fig. S3(2.1).† Compounds 1 and 2 show single resonances at
−0.73 and −0.65 ppm, respectively. The main 7Li NMR reso-
nance of 3 was shied to higher frequency compared to the
other two (0.23 ppm). The 27Al SSNMR spectra also show clear
differences between the three compounds. The spectra were
tted as quadrupolar line shapes (Fig. S3(2.1)–S3(2.4) and Table
S3(2.1)†) to obtain information about the number of environ-
ments present, their quadrupolar parameters (quadrupolar
coupling constant, CQ and the asymmetry parameter, hQ) as well
as the isotropic shi (diso). The

27Al SSNMR spectrum of 3 is
dominated by one major [4]Al environment at 79 ppm
(Fig. S3(2.4)†) with a high CQ of 6 MHz – higher than the [4]Al
environments found in 1 and 2 (Table S3(2.1)†). Aluminium
alkoxides can deviate signicantly from ideal tetrahedral
geometries,55 which would explain the large electric eld
gradient (EFG) and corresponding CQ values for the main peak
at 79 ppm.57 Furthermore, deconvolution of the 7Li SSNMR
spectrum of 3 (Fig. S3(2.4(b))†) shows that there is only one
major Li environment at 0.23 ppm. Therefore, the SSNMR
results are consistent with the presence of Li[Al(OtBu)4], in
agreement with elemental analysis.
Precursor thermolysis

The NMC811 coating process involves the deposition of the
precursors onto the surface of NMC811 particles from solution
and the annealing of the coated materials under air to form
LiAlO2 by thermolysis of the precursors. The thermolyses of 1–3
Fig. 1 (a) PXRD patterns of compound 3 decomposed by annealing und
a single phase g-LiAlO2 material (rietveld refinement shown, see Section
amorphous product and annealing to 500 °C results in a disordered ma
under air at 400 and 500 °C. The spectra were recorded at a magnetic fi

(isotropic) resonances are shown.

This journal is © The Royal Society of Chemistry 2024
were studied using thermogravimetric analysis (TGA), powder
X-ray diffraction (PXRD), SSNMR and inductively coupled
plasma optical emission spectroscopy (ICP-OES). TGA per-
formed under N2 (Fig. S4(1.1)†) shows that the % mass loss for
the three compounds at 800 °C corresponds to the formation of
LiAlO2 (Table S4(1.1)†), conrming that all three can success-
fully form the desired coating material. The thermolysis could
proceed by elimination (LiAl(OR)4 / LiAlO2 + 2OR2) in dry
atmosphere, although in ambient conditions this is likely to
occur by reaction with ambient moisture (following the equa-
tion LiAl(OR)4 + 2H2O / LiAlO2 + 4ROH).

Samples for PXRD, SSNMR and elemental analysis were
prepared by annealing the precursors in an alumina crucible at
400–800 °C for 4 h under air (Fig. 1, Sections S4(2) and S4(3)†).
The aluminium and lithium content in samples aer thermol-
ysis was determined by ICP-OES. The ICP-OES results clearly
show that precursor 3 forms a solid with 1 : 1 Al to Li ratio, as
expected for LiAlO2. Compounds 1 and 2, however, showed
a Li : Al ratio of slightly less than 1 (0.876–0.976). Since lithium
does not sublime under these conditions, the Li deciency
could result from a lower Li : Al ratio than 1 : 1 in 1 and 2 or the
formation of volatile [Li(OR)]n oligomers.

Generally, the PXRD patterns show broad peaks below
800 °C, indicating signicant disorder (Fig. 1 and Section
S4(2)†). However, annealing 3 to 500 °C led to the formation of
sharper peaks in the PXRD pattern compared to 1 and 2, sug-
gesting that 3 starts to crystallise at this temperature
(Fig. S4(2.1.1)†). There are three conrmed polymorphs of
LiAlO2; a-, d-, and g-LiAlO2 which crystallize forming hexagonal
er air for 4 h at 400, 500 and 800 °C. Annealing at 800 °C produces
S4(2)† for refinement parameters). Annealing to 400 °C produces an

terial. (b) Solid-state 27Al-MAS NMR spectra of compound 3 annealed
eld strength of 16.4 T and a MAS frequency of 50 kHz. Only the central

J. Mater. Chem. A, 2024, 12, 22248–22261 | 22251
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(R�3m), tetragonal (I41/amd), and tetragonal (P41212) structures,
respectively.58,59 Of these only g-LiAlO2 does not have [6]Al
environments. 27Al-MAS SSNMR results showed almost exclu-
sively [4]Al environments aer annealing at 500 °C (Fig. 1b).

Thus, if the crystalline phase forming at this temperature
retains the 1 : 1 Al : Li ratio of 3, then the NMR suggests that it is
g-LiAlO2. Furthermore, formation of crystalline Al2O3 poly-
morphs can be discarded since all of them contain [6]Al envi-
ronments.60 Other stoichiometries were also considered:
LiAl4O8 (cubic, P4332),61 metastable b-Li5AlO4 (orthorhombic,
Pbca) and a-Li5AlO4 (orthorhombic, Pmmn).62 Of these, only
Li5AlO4 is consistent with the 27Al-MAS SSNMR, but its forma-
tion is unlikely since its typically synthesized under lithium
excess (Li : Al ratio of 9 : 1).62 PXRD peak positions (Fig. 1a)
suggest the presence of g-LiAlO2 aer annealing at 500 °C but
the disordered nature of the material (which led to peak
broadening) prevented full Rietveld renement of the PXRD
pattern.

On the other hand, Rietveld renements obtained from
compounds 1–3 aer annealing at 800 °C conrmed unam-
biguously the formation of g-LiAlO2 at this temperature (Section
S4(2.1)† and Fig. 1a). Materials 1 and 3 could be indexed to
a single P41212 g-LiAlO2 phase while for 2, a secondary a-LiAlO2

phase in the R�3m space group (1.4% by weight) was detected
(Tables S4(2.2.2), S4(2.2.3) and S4(2.2.5)†). Of these poly-
morphs, g-LiAlO2 is particularly interesting as a lithium-ion
conductor owing to the diffusion channels created by the 3D
network of edge-sharing MO4 tetrahedra.59 Li+-ion diffusion
experiments have shown that the presence of defects, or even
a mixture of amorphous and crystalline LiAlO2, leads to an
increase in lithium conductivity.58,59

TGA and PXRD results show that the three precursors can be
used to synthesise g-LiAlO2 by a simple thermolysis route at
800 °C (see Table S4(2.2.5)† for rened phases and lattice
parameters). This is in contrast to more conventional synthetic
methods using alkoxide precursors via sol–gel or using ceramic
synthesis which generally proceeds at 900–1000 °C.63–66 This
presents advantages in the synthesis of pure LiAlO2 samples,
which is usually hampered by lithium sublimation at the
temperatures at which the solid-state reaction takes place.66 The
lower temperature of g-LiAlO2 formation seen here can be
attributed to the use of SSPs in which there is atomic mixing of
Li and Al in the required 1 : 1 ratio before the start of the
annealing process, which should eliminate diffusion limita-
tions. Furthermore, precursor 3 showed greater crystallinity
aer thermolysis at 500 °C compared to 1 and 2 (Fig. S4(2.1.1)†),
demonstrating that the nature of the precursor can have
a noticeable impact on the temperature at which the desired
oxide phase (g-LiAlO2) starts to crystallise, which for 3 is ca.
500 °C.

The compositions of the products of 1–3 formed below 800 °
C are of interest since these are the temperatures at which the
annealing of the coated NMC811 particles will proceed.
However, the fact that these materials are disordered and poorly
crystalline/amorphous when annealing at these temperatures
prevented the study of their structure by PXRD. For this reason,
22252 | J. Mater. Chem. A, 2024, 12, 22248–22261
SSNMR spectroscopy was next used to determine their struc-
tures aer annealing 1–3 at 500 °C (Fig. 1b and S4(3.1)†).

Compounds 2 and 3 form a material with very similar
aluminium local environments (Fig. 1b and S4(3.1)†) at 500 °C.
Both have mostly [4]Al and a small amount of [6]Al as expected
for the formation of a largely g-LiAlO2 type material. The tailing
of [4]Al peaks to lower frequencies is a clear signature of
disorder, in agreement with PXRD results, which showed broad
peaks at annealing temperatures below 800 °C. Heating 3 to
400 °C clearly leads to an amorphous phase with a distribution
of [4]Al, [5]Al and [6]Al environments similar to those found in
amorphous Al2O3.20 Finally, the product formed from decom-
posing 1 at 500 °C has a very different structure from that of the
other two (Fig. S4(3.1)†). [6]Al environments are present that
only convert to the [4]Al characteristic of g-LiAlO2 at tempera-
tures higher than 500 °C (see Section S4, Fig. S4(2.1.1) and
S4(3.1)†); the use of higher temperatures for coating annealing
is avoided in this work, so as to avoid the coating (the Al3+ ions)
diffusing into the NMC811, as observed previously for Al2O3

coatings.20,21,67
Coating deposition

A solution deposition method similar to that employed in our
previous work was used here to prepare the LiAlO2-coated
NMC811, with the whole process being carried out under inert
atmosphere (Scheme 2).20 First, the SSP and NMC811 were
loaded in a Schlenk ask (SSP being 1% of the total solid
weight). Dry THF was added, and the reaction mixture stirred
under N2 for 2 days at 60 °C. In this step, the alkoxy groups in
the SSP react with metal-bonded hydroxyl groups or water
molecules present on the surface of NMC811 by protonolysis,
releasing the alcohol and covalently bonding to the surface of
NMC811 (Scheme 2a).68 Then the coating layer grows by
hydrolysis or slow thermolysis followed by condensation.68,69

For the coating layer to homogeneously cover the surface of the
particles, the solvent needs to be dry to maximise surface
deposition and limit hydrolysis which would promote the
formation of aggregates and localised precipitates. To remove
any unreacted precursor, the solvent was taken out by syringe,
aer which the sample was washed three times with dry THF
(Scheme 2b). Finally, the coated NMC811 was dried under
vacuum at 100 °C for 2 h and then calcined at 400 °C under air
for 4 h to remove organic groups and form lithium aluminate.
This annealing temperature (400 °C) was selected as it was
previously found to lead to the best performing coatings,20 due
to the formation of an amorphous oxide layer, which should
help with Li-ion conductivity without increasing the cation
mixing of the material or diffusing the coating in the near
surface region.

Coating of both SC-NMC811 and PC-NMC811 particles were
then studied using energy-dispersive X-ray spectroscopy (EDS,
Fig. 2 and Section S5(1.2)†), and SS-NMR (Fig. 4 and Section
S5(4)†). The pristine SC-NMC811 used in this work was already
coated with a thin Al2O3 layer. Furthermore, SC- and PC-
NMC811 samples were then soaked in deionized water for 2 h
while stirring and then dried under vacuum for 2 h at 50 °C.
This journal is © The Royal Society of Chemistry 2024
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Scheme 2 (a) Proposed surface reaction between NMC811 and heterobimetallic alkoxides. (b) Coating deposition: pristine and water-treated
NMC811 materials are coated by reaction with precursors 1–3 in dry THF for 2 days followed by annealing at 400 °C under air for 4 h.

Fig. 2 Representative SEM images of (a) pristine PC-NMC811, (b) PC-NMC811 coated with 3, (c) PC-NMC811 soaked in water and coated with 3,
(d) pristine SC-NMC811, (e) SC-NMC811 coated with 3, (f) SC-NMC811 soaked in water and coated with 3, (g) bar-chart showing the Al : Ni ratios
determined for each of the samples using energy-dispersive X-ray spectroscopy (EDS) data.
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These were also coated following the same procedure (Scheme
2b).

The SEM images in Fig. 2 show that the pristine PC-NMC811
is formed of 10–20 mm secondary particles that contain smaller
0.5–1 mm primary particles. Coating with 3 led to subtle differ-
ences in the morphology of the PC-NMC811 particles with some
areas covered by “patches” of coating (Fig. S5(1.1.4)–S5(1.1.6)†).
EDS showed that there is a consistent, although small, level of
aluminium across different samples suggesting that the coating
process was successful (Fig. S5(1.2.2)†). SEM and EDS provided
no evidence of coating deposition taking place on PC-NMC811
when using 1, potentially due to the lower basicity of
PhCH2O-compared to aliphatic groups (Fig. S5(1.1.2)†). Coating
with 2 on the other hand, led to inhomogeneous coverage of
some of the PC-NMC811 secondary particles with chunks of the
insoluble precursor of 0.5–5 mm (Fig. S5(1.1.3)†). Based on this
assessment and on the solubility of the SSPs, 3 was selected as
the best candidate for the water soaking/coating experiments,
coating of pristine SC-NMC811 and battery testing.
This journal is © The Royal Society of Chemistry 2024
Fig. 2 shows SEM images of PC-NMC811 and SC-NMC811
coated with 3 with and without a pre-soaking step in water.
From the SEM images it can be seen that SC-NMC811 is formed
of monolithic 1–4 mm primary particles that do not form
secondary aggregates. PC-NMC811, on the other hand, is
formed of smaller (<1 mm) primary particles aggregated forming
10–20 mm secondary particles. In comparison to the PC-
NMC811 sample, the SC-NMC811 material showed less
obvious changes in morphology aer coating with 3. The most
striking change in morphology is seen for the PC-NMC811
sample soaked in water and coated using 3. The surface of the
particles is clearly covered by a thick surface layer and the
NMC811 primary particles can no longer be clearly distin-
guished. This suggests that the pre-soaking in water is
promoting coating deposition either by increasing the moisture
levels on the surface of the NMC811 or by forming surface
TM(O)–OH species that are more reactive with the precursor.
This change in morphology was not observed for the pre-soaked
SC-NMC811 (Fig. 3f and S5(1.1.14)†).
J. Mater. Chem. A, 2024, 12, 22248–22261 | 22253
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Fig. 3 The Al 2p region of the XPS spectra of pristine PC-NMC811 and
LiAlO2 coated PC-NMC811 (with and without a pre-soaking in water).
The signals correspond to transition metals (nickel, cobalt, and
manganese in turquoise, green and yellow, respectively), lithium
(brown) and aluminium (blue). Nickel and cobalt show multiple peaks
due to spin–orbit splitting (3p3/2 and 3p1/2) and the presence of
a satellite peaks (see Table S5(3.2.3)†).20 The coating step results in the
simultaneous deposition of aluminium and lithium on the surface of
the particles as shown by the increased intensity of the Li 1s signal and
the appearance of an Al 2p signal. The aluminium content of the
coated NMC that was soaked in water is larger.
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EDS was used to determine the changes in aluminium
content aer coating using 3 for the samples shown in Fig. 2.
First, the Al : Ni ratios in the pristine materials were measured
to determine the baseline levels. No Al was detected for the
pristine PC-NMC811. On the other hand, the commercially
supplied sample of SC-NMC811 showed an aluminium signal
(Al : Ni ratio of 0.012 ± 0.002) suggesting that it had already
been coated or doped with aluminium. Coating PC-NMC811
using 3 led to a consistent, small increase in aluminium
content (Al : Ni ratio of 0.009 ± 0.001). For the SC-NMC811,
similar Al : Ni values were observed for the pristine and coated
samples using 3. Control samples were prepared where both
SC- and PC-NMC811 were soaked in THF and subjected to the
same treatment as in the coating process but without addition
of 3, i.e., they were stirred in THF at 60 °C for 2 days and then
dried under vacuum at 100 °C and annealed under air at 400 °C
for 4 h. This was done to determine what the effect of THF
soaking and annealing under air on its own would be, this
procedure itself leading to a decrease in the aluminium content
in the case of SC-NMC811 (0.012 ± 0.002 vs. 0.008 ± 0.001).
Since the Al : Ni ratio of the SC-NMC811 coated using 3 is
greater than that of the SC-NMC811 soaked in THF (Fig. 2g), this
suggests that coating material has been deposited. The increase
in Al content aer coating is greater for PC-NMC811 than for
22254 | J. Mater. Chem. A, 2024, 12, 22248–22261
SC-NMC811, which could be because the pre-existing coating on
the SC-NMC811 surface hinders further deposition but also
because the PC materials have larger effective surface areas.50

EDS analysis of the coated samples pre-soaked in water showed
that, compared to the coating of the pristine materials, a larger
amount of aluminium is deposited for the soaked samples
(both for the SC-NMC811 and the PC-NMC811) under the same
conditions suggesting that soaking in water and drying at 50 °C
under vacuum modies the surface of the NMC811 and makes
it more reactive with 3.

X-ray photoelectron spectroscopy (XPS) was next used to
obtain a more detailed picture of the chemical species and
elemental compositions of the surfaces (Fig. 3). The Al 2p region
of the XPS spectra (85–45 eV) is of particular interest as it
contains information about the transition metals (Ni, Co, and
Mn) as well as the aluminium- and lithium-bearing species
present on the surface. High-resolution spectra of the Al 2p
region were recorded for pristine PC-NMC811, PC-NMC811
coated using 3 and PC-NMC811 soaked in water and coated
using 3 (Fig. 3 and Tables S5(3.2.3) and S5(3.4.2)† for details on
the tting procedure). The transition metal peaks remain in the
same positions and relative intensities across the different
samples indicating that there has not been any signicant
change in transition metals content or oxidation state induced
by the washing or coating procedures. The predominant
oxidation states present on the surface of PC-NMC811 before
electrochemical cycling are Ni2+, Ni3+, Co3+, and Mn4+.70 The Al
2p component is present in the sample coated with 3 further
conrming the EDS results that the coating procedure results in
the deposition of an aluminium-containing layer. The binding
energy of the Al 2p peak is 74.18 eV, conrming the presence of
Al3+ oxide species which typically appear at 73–74.5 eV.38,47,71,72

The literature values for the Al 2p binding energy of LiAlO2

coatings on NMC materials vary between 73.2 and 74.2 eV,
whereas the values of Al2O3 coatings range between 73.0 and
73.5 eV.38,47,71,72 These small differences in binding energy are
typical for non-ideal surfaces where imperfect charge correction
can occur. Nevertheless, higher binding energies tend to be
observed for LiAlO2 than for Al2O3,38,72 which is consistent with
the assignment of the signal seen here (74.18 eV) to a lithiated
alumina. More importantly, a sharp increase in the intensity of
the Li 1s peak is observed for the sample coated using 3
compared to the pristine NMC811material. This provides direct
evidence that this precursor can successfully deposit Li and Al
simultaneously, owing to its bimetallic nature.

Aer washing with water and annealing at 400 °C under air,
a decrease in organic species is observed in the O 1s spectrum,
which also shows the emergence of a lattice oxygen peak, sug-
gesting that this treatment cleans the surface of impurities
(Fig. S5(3.1.1)†). Furthermore, the C 1s spectrum shows that
there is no Li2CO3 on the surface of the PC-NMC811 washed
with water (Fig. S5(3.1.1)†). Coating PC-NMC811 that has been
soaked in water leads to a much higher aluminium content
compared to the unwashed, LiAlO2 coated PC-NMC811 (Fig. 3).
This is in line with the SEM/EDS measurements which showed
that the soaking step induces the deposition of a thicker, more
homogeneous coating layer. The binding energy of the Al 2p is
This journal is © The Royal Society of Chemistry 2024
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74.28 eV in this sample, indicating that the same Al3+ bearing
material is deposited regardless of water pre-treatment.
Furthermore, the O 1s spectrum of the PC-NMC811 soaked in
water and then coated using 3 is very different from that of the
pristine PC-NMC811 or the pre-soaked NMC811 annealed
without a coating step (Fig. S5(3.1.1)†). Since these differences
cannot be attributed to the change inmeasurement parameters,
they must be due to the coating deposition. In fact, the position
of the main O 1s component is 531.4 eV, close to literature
values for LiAlO2 O 1s peak position (530.6 eV).71

Finally, it is observed that the lithium content of the coated
PC-NMC811 soaked in water is lower than that of the coated,
untreated PC-NMC811 and similar to that of the pristine
PC-NMC811. This may appear surprising considering that this
precursor should lead to the simultaneous deposition of Li and
Al. However, it should be remembered that the previous water
treatment removed most of the Li-bearing impurities from the
surface and may have delithiated some of the sub-surface bulk
phase, so the Li signal observed in this case comes solely from
the coating whereas in the case of the coated, untreated
PC-NMC811 the lithium signal had contributions from both the
coating, the impurities and bulk NMC811. Furthermore, surface
water could induce the preferential deposition of Al, leading to
an Al2O3/LiAlO2 coating in which the Al : Li atomic ratio is
Fig. 4 27Al MAS NMR of polycrystalline NMC811 materials coated
using 3. The spectra were recorded at a magnetic field strength of 16.4
T and a MAS frequency of 50 kHz and normalized to the sample mass
and the number of scans. The spinning sidebands are marked with
asterisks.

This journal is © The Royal Society of Chemistry 2024
higher than one. Finally, if the annealing step is promoting re-
insertion of lithium from the coating into the bulk of the de-
lithiated PC-NMC811,48 this would decrease the surface
lithium content detected by XPS.

A multinuclear SSNMR approach was then used to investi-
gate the changes occurring in the surface and bulk of the
material aer soaking, annealing, and/or coating. 27Al SSNMR
spectroscopy was rst used to investigate the coatings produced
with 1–3 (Fig. 4 and S5(4.3.1)–S5(4.3.3)†). Coating with any of
the three precursors leads to the deposition of Al but the
amount and structure of the coating changes signicantly
depending on the precursors used. Heating 3 at 400 °C led to
a material with [4]Al, [5]Al and [6]Al environments in which the
[4]Al signal appeared at 71.5 ppm (Fig. S4(3.1)†). Coating
PC-NMC811 with 3 leads to the deposition of a coating layer
with a single [4]Al environment at 68.2 ppm (Fig. 4). Although
the presence of [4]Al is indicative of g-LiAlO2, this compound
gives rise to a [4]Al signal at 80–82 ppm,58,73 so the coating seen
here is assigned to an amorphous “LiAlO2” phase bearing
mostly [4]Al environments. The lower chemical shi suggest that
this phase is likely lithium decient in comparison to stoi-
chiometric LiAlO2. Coating with 2 leads to two intense signals at
71 and 12.1 ppm, corresponding to [4]Al and [6]Al environments
(Fig. S5(4.3.1)†) which result from the agglomeration of insol-
uble precursor particles on the NMC while coating with 1 result
in two weak 27Al resonances at 67.1 and 10.3 ppm which are
most likely due to a localized precipitate since no Al was
detected by XPS on the NMC particles (Fig. 3).

1H and 7Li SSNMR spectra of the pristine PC-NMC811 and
PC-NMC811 soaked in water with and without an annealing
step were then measured to study how the proton environments
change aer the water-soaking treatment and if Li is extracted
during soaking (Fig. S5(4.1.1)†). Aer soaking in water and
drying at 50 °C for 2 h a drastic increase in the intensity in 1H
NMR environments corresponding to TM(O)–OH and carbonic
acid (LiHCO3) is seen (Fig. S5(4.1.1)†). These changes indicate
that water soaking promotes the formation of TM(O)–OH sites
and that drying does not fully remove adsorbed water from the
surface (Fig. S5(4.1.1)†). Lithium NMR is applied next to
investigate the surface chemistry of these materials. This tech-
nique allows to distinguish between lithium in diamagnetic
environments (surface) which resonates close to 0 ppm and
lithium in paramagnetic environments (bulk), which are shied
by more than 100 ppm due to hyperne interactions with the
paramagnetic TM ions.74,75 Here, an increase in Li-containing
surface species is seen in the 7Li NMR aer soaking, suggest-
ing that the soaking step extracts Li from the particles forming
surface Li species (Fig. S5(4.1.1)†). Aer heating PC-NMC811
soaked in water at 400 °C, the 1H and 7Li (diamagnetic) reso-
nances become less intense, as most of the surface water has
been desorbed and surface lithium species have been re-
incorporated in the lattice (Fig. S5(4.1.1)†).

Compared to the unsoaked PC-NMC811 coated with 3,
coating the water-soaked PC-NMC811 with 3 results in a much
more intense signal in the 27Al SSNMR spectrum (Fig. 4) in good
agreement with the EDS and XPS results. The results do not
support the presence of g-Al2O3, which would have an [6]Al : [4]Al
J. Mater. Chem. A, 2024, 12, 22248–22261 | 22255
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Fig. 5 (a and b) Long-term electrochemical cycling data (specific
discharge capacity/mA h g−1 vs. cycle number). (a) Results for the
pristine PC-NMC811, PC-NMC811 coated using 3 and control
uncoated sample. (b) Results of PC-NMC811 soaked in water with and
without a further coating step. These electrochemical measurements
were carried out in half cell configuration (vs. Li) between 3 and 4.3 V.
The cycling was performed at C/2 rate and slow C/20 cycles were
included every 50 cycles. (c–f) dQ/dV profiles measured for the slow
(C/20) cycles of PC-NMC811 samples. (c) Pristine PC-NMC811, (d)
PC-NMC811 coated with 3, (e) PC-NMC811 soaked in water and then
annealed at 400 °C under air. (f) PC-NMC811 soaked in water, coated
with 3 and annealed under air at 400 °C.
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ratio higher than 1.60 Furthermore, our previous work showed
that amorphous Al2O3 coatings deposited onto NMC811 by
a solution method had an [6]Al : [4]Al ratio higher 1 but lithiation
of those coatings by reaction with surface lithium impurities at
400 °C led to in an increase in [4]Al intensity so that [6]Al < [4]Al.20

The distribution of aluminium environments of the water-
soaked PC-NMC811 coated with 3 is different from previous
Al2O3 coatings formed by annealing at the same temperature
(400 °C), with this coating showing a higher [4]Al content, as
expected for LiAlO2.20 Two Al environments are seen at 72.6 and
14.1 ppm which are assigned to [4]Al and [6]Al, respectively
(Fig. 4). Based on the peak positions ([4]Al signal expected at
80–82 ppm58,73 in g-LiAlO2), the fact that annealing the
precursor under air at this temperature led to an amorphous
phase as determined by PXRD, and the higher Al content
detected by XPS in the pre-soaked sample, these spectra are
assigned to an amorphous LiAlO2/Al2O3 coating with the
aluminium occupying [4]Al and [6]Al sites with [6]Al < [4]Al.

Pristine and coated SC-NMC811 materials were also studied
by 27Al SSNMR (Fig. S5(4.3.3)†). In agreement with the EDS
results, SSNMR shows that the pristine SC-NMC811 material
contains aluminium. The line shape of the pristine SC-NMC811
spectrum is dominated by the [6]Al environments at 9.4 ppm,
consistent with the presence of a (likely poorly) crystalline form
of aluminium oxide, most likely boehmite (g-AlOOH) based on
the chemical shi.76 Furthermore, an extremely broad reso-
nance centred at −800 ppm is present. The position and width
of the peak is consistent with diffusion of Al3+ ions from the
Al2O3 coating into the NMC811 induced by high-temperature
annealing. This was further conrmed by PXRD which
showed that there was splitting of all the reections in the
pristine SC-NMC811 material, which was particularly clear in
reections 108 and 110 (Fig. S5(2.3.4)†). This is indicative of the
presence of two phases and becomes more pronounced aer
coating and annealing at 400 °C for 4 h under air
(Fig. S5(2.3.6)†). The PXRD data was tted to two phases by
Rietveld renement, and the two phases were assigned to
NMC811 and an Al-doped NMC811.20,77 These results show that
aluminium is present both in the surface of the pristine
SC-NMC811 as a coating and in the bulk as dopant, suggesting
that the as-received SC-NMC811 either have undergone a post-
annealing treatment, or Al was introduced during mixing of
the precursor starting materials.20 The 27Al SSNMR of the
SC-NMC811 coated with 3 and dried at 100 °C under vacuum
shows a new [4]Al environment at 67.4 ppm that was not
observed in the pristine SC-NMC811 material. This, combined
with the EDS results, which showed a uniform increase in
surface aluminium content compared to the SC-NMC811
washed in THF, conrms that the coating deposition has
taken place successfully. When the coated SC-NMC811 is heated
under air at 400 °C for 4 h, the paramagnetic Al signal increases
in intensity indicating growth of the Al-doped NMC811 phase.20
Electrochemical cycling

Long-term galvanostatic cycling of PC-NMC811 treated under
the various conditions described in this study is shown in Fig. 5.
22256 | J. Mater. Chem. A, 2024, 12, 22248–22261
First, the trends in capacity retention at slow (C/20) and fast
(C/2) cycling rates will be discussed. Testing of the control
sample prepared from PC-NMC811 soaked in THF but with no
addition of 3 (Fig. 5a and four repeats, Fig. S5(5.1(b))†) consis-
tently showed a reduction of capacity retention at both C/2
(13.7% less) and C/20 rates (10% less) as compared to the
pristine NMC811 material. This is in contrast to the previous
toluene washing experiments which showed that washing in
toluene leads to a small improvement in capacity retention
which was attributed to the removal of surface impurities.20

Unlike toluene, THF is a coordinating solvent with high affinity
towards lithium so it could extract some of the lithium from the
material. However, 7Li SSNMR does not support this hypothesis
(Fig. S5(4.2.1)†) as the surface lithium peak does not change in
intensity aer soaking in THF. Alternatively, trace protic species
This journal is © The Royal Society of Chemistry 2024
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present in the THF or the pristine material could be further
reacting with NMC upon annealing reducing its capacity.

Coating PC-NMC811 with 3 led to discharge capacities and
capacity retention values at C/2 and C/20 rates that were higher
than or equal to that of pristine NMC811 (Fig. 5b, d and
S5(5.1(d))†). For the data shown in Fig. 5, similar capacity
retention is seen at C/20 for the coated and pristine sample
(82.7 and 86.2% respectively) whereas a small improvement in
capacity retention is seen at C/2. Compared to the control THF
samples, there is a clear improvement in capacity retention for
the coated materials which showed 6.5% more capacity reten-
tion at C/20 and 5.3% at C/2 (Fig. 5a). Furthermore, PC-NMC811
coated using 3 delivers higher capacity on charge and discharge
on the second cycle without an increase in overpotential
(Fig. S5(5.3(b))†). The coating process allows more Li to be
extracted and re-inserted in the NMC811 without showing any
sign of interfacial resistance in the C/20 cycling prole of cycle
2. These results provide evidence that coating polycrystalline
NMC811 with LiAlO2 has a positive effect on the long-term
capacity retention of the material during cycling in Li-ion half
cells.

To investigate if long-term cycling had any effect on the
coating structure, 27Al SSNMR was measured on cycled elec-
trodes (Fig. 4 and S5(4.3.2)†). These were obtained aer 300
charge–discharge cycles in half cells (more details on the elec-
trochemical cycling in Section S2(2)†). The 27Al SSNMR spectra
of the cycled samples is almost identical to that of the as-coated
materials both in intensity and in chemical shi and distribu-
tion of aluminium environments, suggesting that the coating is
quite stable under cycling conditions. The only difference was
the appearance of a [6]Al environment in the cycled PC-NMC811
coated using 3 (not soaked) which could be the result of
scraping some Al2O3 from the current collector or the deposi-
tion of some Al that was dissolved from the current collector
into the electrolyte during cycling. In any case, the [4]Al peak
remains unchanged.

Compared to the coating and THF soaking experiments,
coating of the water-soaked NMC811 led to larger changes in the
capacity retention of the materials. Soaking PC-NMC811 in water
for 2 h at room temperature, followed by drying at 50 °C under
vacuum led to a decrease in initial capacities (Fig. S5(5.1(c))†).
Including an annealing step further decreases the capacity
retention of the material with a 70.2% loss at C/2 and 47.3% at
C/20 (Fig. 5b). These changes have been observed in the litera-
ture,16,29,30 and can be understood based on the lithium extrac-
tion that was seen by SSNMR. The long-term effect in the capacity
retention indicates that the lithium extraction is accompanied by
an irreversible structural change in the NMC811, presumably
due to the evolution of Ni(O)–OH sites into NiO (giving H2O and
O2 as side products).16 Furthermore, ion exchange of protons for
lithium ions during soaking and subsequent drying may also
contribute capacity fade.5,78 Although the rate of degradation is
substantially increased both at C/2 and C/20 aer soaking in
water, it is much more marked at C/2 indicating that this loss of
capacity is at least in part a kinetic effect, pointing to the
formation of a resistive NiO (rock salt) layer on the surface.
This journal is © The Royal Society of Chemistry 2024
If water-soaked PC-NMC811 is then coated, an impressive
recovery of the capacity is observed (Fig. 5b, 37.8 vs. 78.8%
capacity retention at C/20 and 22.8 vs. 58.2% at C/2). To ensure
reproducibility, a duplicate of the measurement was performed
on two different batches of PC-NMC811 materials subjected to
the same soaking and coating treatment, and the same results
were obtained (Fig. S5(5.1(e–h))†). To the best of our knowledge,
this is the rst example of regeneration of NMC degraded via
exposure to water by using a surface coating. In order to see this
recovery of capacity, our coating treatment must be reversing
some of the structural changes happening during the water
soaking and annealing. It is proposed that the improved
capacity retention seen here proceeds by NiO oxidation (Ni2+ to
Ni3+) and Li re-insertion,48 and possibly by removal of ion-
exchanged protons and insertion of Li+ into the bulk of
NMC811. Compared to previous work,48 which used LiOH to
lithiate pristine NMC622 by annealing at 800 °C under oxygen,
our method allows surface regeneration of degraded NMC811 at
much lower temperature (400 °C) under air, and with the
simultaneous formation of a benecial amorphous “LiAlO2”

coating. The formation of a lithium decient lithium alumi-
nate, which was promoted by water soaking (Fig. 4), was sup-
ported by 27Al SSNMR (and the observation of an [4]Al resonance
at 58 ppm, i.e., at a chemical shi that is too low for stoichio-
metric LiAlO2, Fig. 4) and XPS (lower Li 1s : Al 2p ratio compared
to unwashed PC-NMC811 coated with 3, Fig. 3). This is consis-
tent with the idea that part of the lithium deposited from
LiAl(OtBu)4 is inserted into PC-NMC811 beyond the depth of
analysis of XPS, potentially explaining the recovery in electro-
chemical performance.

The pristine PC-NMC811 shows good reversibility in the dQ/
dV prole (Fig. 5c) with highly symmetric charge–discharge
curves. Clearly, most of the capacity fade comes from processes
2 and 4, which coincide with the start and end of charge states.
The dQ/dV plot of cycle 2 of PC-NMC811 coated with 3 shows very
similar features to the pristine PC-NMC811 suggesting that the
coating treatment has not changed the electrochemistry of the
material signicantly on the rst cycles. The dQ/dV peaks are
more intense in cycle 2 (particularly processes 1 and 4, Fig. 5d)
compared to the pristine NMC811 sample meaning that more
capacity is obtained from these processes. The LiAlO2 coating
may be enhancing this Li transport across the NMC/electrolyte
interface thereby allowing higher specic capacities. Process 4
is suppressed aer 210 cycles in both the pristine and the coated
samples and the prole becomes less symmetric with the
discharge peaks shiing to lower voltages. These results suggest
that the coating is doing little to prevent the rock-salt formation
which occurs spontaneously upon cycling, especially in PC-
NMC811 where signicant particle cracking is expected
(exposing fresh surfaces to electrolyte). The improvements in
capacity retention seen for PC-NMC811 coated with 3 (Fig. 5a) are
likely to come from an initial rearrangement of the structure,
with Li re-insertion and possibly less electrolyte oxidation, as the
surface of the CAM is at least partially covered by LiAlO2.

The dQ/dV analysis of the PC-NMC811 soaked in water and
annealed under air shows that the loss in capacity comesmainly
from the suppression of the high voltage process while process
J. Mater. Chem. A, 2024, 12, 22248–22261 | 22257

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta03795b


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 1
0:

21
:5

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
1 is shied to higher voltages (Fig. 5e). Furthermore, signicant
polarization is observed even at cycle 2. This is all consistent
with the hypothesis of the washing treatment creating a thick
rock-salt/disordered and protonated NMC layer on the surface.
At cycle 214, a completely different dQ/dV prole is observed,
suggesting that the material is fully degraded. The peaks cor-
responding to processes 1 and 4 are almost fully suppressed on
charge with the presence of a broad peak only at low voltages on
discharge. Coating the PC-NMC811 soaked in water using 3
leads to a recovery of the capacity and an electrochemistry that
is again much closer to that of the pristine PC-NMC811 (Fig. 5f).
The recovery of capacity comes from processes, 2 and 4 which
were suppressed aer soaking in water but reappear aer
coating with 3. Furthermore, reversible electrochemical behav-
iour with the expected NMC811 peaks is observed at cycle 210,
in contrast to the water-soaked, uncoated PC-NMC811.

Finally, the electrochemical cycling performance of pristine
SC-NMC811, SC-NMC811 coated with 3 and the soaked in water/
coated SC-NMC811 were also compared in half cells (Fig. 6,
S5(5.2), S5(5.4) and S5(5.5)†). Specic discharge capacities as
a function of cycle number are shown in Fig. 6. The y-axis has
been changed to 100–250mA h g−1 (as opposed to 0–300mAh g−1

in the previous gure) to visualize the smaller changes in specic
capacity and capacity retention better. Since the SC-NMC811 is
already surface coated with Al2O3 and also because of the differ-
ences in morphology, the response to the soaking and coating
treatments is quite different from that observed for PC-NMC811.

In contrast to PC-NMC811, soaking in THF does not harm
the capacity retention of the SC-NMC811. The capacity retention
was the same at C/20 (84.3–84.4%) for the pristine and THF-
soaked SC-NMC811 and slightly higher for the THF soaked
SC-NMC811 at C/2 (78.2 vs. 75.6%). Since SC-NMC811 was
already coated and surface doped, it is possible that it has
Fig. 6 Long-term cycling of SC-NMC811 materials over 100 cycles.
Pristine, soaked in THF, soaked in water, coated with 3 and soaked in
water/coated with 3 (all annealed at 400 °C) are shown in the figure.
The y axis (specific capacity/mA h g−1) starts at 100 mA h g−1 in this
figure to better visualize the differences in capacity retention between
the samples.

22258 | J. Mater. Chem. A, 2024, 12, 22248–22261
a surface that is less reactive towards THF or moisture that
could have been introduced during the annealing step at 400 °C
in air. The specic discharge capacities were ca. 10 mA h g−1

higher for the THF soaked SC-NMC811 over three repeats
(Fig. S5(5.2(b))†). The EDS results (Fig. 3) showed lower Al
content in SC-NMC811 aer washing in THF suggesting partial
removal of the insulating Al2O3 layer, which may be helping
with the cycling performance.20–22

Soaking SC-NMC811 in water following the same procedure
as for PC-NMC811 led to a larger gap in between the C/20 and
C/2 rst cycles indicating that the surface of SC-NMC811 has
become more resistive aer soaking in water, kinetically
limiting the discharge capacity at C/2 (Fig. 6). Although this
SC-NMC811 is less affected by water soaking than PC-NMC811,
these results again suggest that the Al2O3 coating does not fully
prevent the formation of rock-salt. Nevertheless, the capacity
retention improved aer soaking in water compared to pristine
SC-NMC811, both at C/2 and C/20 C-rates (87.9 and 85.9% for
the soaked SC-NMC811 at C/20 and C/2 vs. 84.4 and 75.6% for
the pristine SC-NMC811). It is thought that the mechanism of
degradation of PC-NMC811 by soaking in water proceeds by
a combination of lithium leaching due to H+/Li+ exchange (with
formation of LiOH as determined by HCl titrations),16 decreased
mechanical strength as measured by load-compression
testing,29 and cracking, since PC-NMC811 particle sizes ob-
tained by SEM were observed to decrease aer prolonged mix-
ing in water.29 It is therefore possible that SC-NMC811 is less
prone to degradation by soaking in water due to its better
mechanical integrity. Furthermore, the Al2O3 coating and
surface doping of the as-received SC-NMC811 may be prevent-
ing delithiation by H2O and formation of TM(O)–OH sites
therefore reducing the degree of degradation caused in this
soaking step. Finally, soaking in water may be removing some of
the soluble surface lithium salts (Li2CO3, LiOH) which are
known to cause capacity fade in NMC materials.

The SSNMR studies showed that coating SC-NMC811 using 3
leads to the deposition of an amorphous LiAlO2 layer on top of
the Al2O3 coating (Fig. S5(4.3.3)†). This double coating is ex-
pected to cause a kinetic limitation during cycling owing to the
two interphases present and the resulting increase in coating
thickness. This is consistent with the cycling data, where
a larger gap between the rst C/2 and C/20 cycles is seen for the
material coated using 3 compared to the pristinematerial (Fig. 6
and S5(5.2(d))†). Interestingly, the capacity retention improves
both at C/2 and C/20 compared to both the pristine SC-NMC811
and the SC-NMC811 soaked in water (6.9% more capacity
retention at C/2 and 6.1% more at C/20 compared to the
SC-NMC811 soaked in water). It is possible that the coating
deposition is covering regions of the particles that were not
originally coated improving the surface coverage. Furthermore,
the addition of surface Li+-ion containing species may stabilize
the structure, improving the performance. SC-NMC811 coated
with 3 showed 95% capacity retention aer 100 cycles (17%
improvement over the pristine material), placing it among one
of the best performing LiAlO2 coated NMC materials with Ni
>60% in terms of capacity retention, only matched by the work
of Yu et al.,79 which reported a capacity retention of 97.4% for
This journal is © The Royal Society of Chemistry 2024
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LiAlO2-coated LiNi0.9Co0.1O2 aer 100 cycles in half cells
although with a higher initial capacity of 199 mA h g−1 owing to
the higher nickel content and lack of aluminium doping (see
Tables S5(5.4.1) and S5(5.4.2)† for a full literature comparison).
Finally, in the same way as with PC-NMC811, soaking
SC-NMC811 in water induces more coating deposition (as
shown by EDS, Fig. 2). This thick coating deposited on a coated
NMC811 material leads to a very substantial kinetic limitation
in the electrochemical cycling with a large gap in C/2–C/20
discharge capacity. This material still showed 3% more
capacity retention than the pristine SC-NMC811 and the
SC-NMC811 soaked in water at C/20, but similar capacity
retention and lower specic capacities at C/2, owing to the
thicker double coating present.

Conclusions

In this paper, the surface of NMC811 is coated with a LiAlO2-like
amorphous coating to mitigate NMC811 degradation under
electrochemical cycling conditions. LiAlO2 is an excellent
coating material, as it creates a lithium-rich surface and is
a Li-ion conductor composed of cheap, non-toxic elements.
However, current methods to deposit ternary oxides present
limitations in terms of scalability, and homogeneity of the
deposited layer. To overcome these problems, a new solution
deposition method using a heterobimetallic SSP is developed.
First, the synthesis of the known alkoxide Li[Al(OCH2Ph)4] (1)
was extended to two new compounds: Li[Al(OiPr)4] (2) and Li
[Al(OtBu)4] (3). A study of the structure of the precursors as they
thermolyze was then undertaken using solution and solid-state
NMR, TGA, PXRD and elemental analysis. The –OR group
(–OCH2Ph, –OiPr and –OtBu) was found to have a decisive
inuence on properties of the precursors such as solubility,
thermal decomposition mechanism, crystallization tempera-
ture, phases formed upon decomposition and reactivity with the
NMC surface. Although the three precursors formed g-LiAlO2 at
800 °C and amorphous phases below this temperature, only Li
[Al(OtBu)4] (3) had the required properties to act as a precursor
to LiAlO2 coatings of NMC811, namely: it was soluble in an inert
solvent, reacted with NMC811 forming a coating layer by
a hydrolytic route, and decomposed at low temperatures
(<400 °C) allowing the formation of an amorphous, LiAlO2-like
coating without causing surface aluminium doping.

The coating method was developed and tested on NMC811
materials with different morphologies (single-crystal vs. poly-
crystalline NMC) and surface chemistries (Al2O3 coated vs.
pristine surface). By a combination of electron microscopy, XPS,
PXRD and SSNMR, the changes in the surface and bulk of the
material with soaking in THF and H2O, and aer annealing at
400 °C under air were systematically investigated, in parallel to
the surface changes due to the coating. 1H and 7Li SSNMR
measurements showed that the surface of NCM811 is deli-
thiated aer soaking in water and that the number of TM(O)–
OH sites increases. This surface change increased the amount
of LiAlO2 deposited under the same conditions providing direct
evidence that LiAlO2 deposition proceeds via hydrolysis of the
alkoxides with surface TM(O)–OH groups and adsorbed water.
This journal is © The Royal Society of Chemistry 2024
Finally, the electrochemical properties of the materials were
evaluated in Li-ion half-cells by long-term galvanostatic cycling.
It was found that the coating improved the specic capacity and
capacity retention of Al2O3 coated single-crystal NMC811
signicantly (17% more capacity retained at C/2 aer 100
cycles), while having only a small effect on the polycrystalline
material. Interestingly, coating polycrystalline NMC811 that was
soaked in water allowed an impressive recovery of 50% of the
capacity retention while also showing higher specic capacities,
possibly by regeneration of the surface layered structures that
were reduced to rock-salt by the water treatment.

This work represents the rst example of using hetero-
bimetallic precursors to coat battery materials with a LiAlO2-like
amorphous coatings. Our method is straightforward and uses
environmentally benign and cheap precursors and should be
easily scalable. This coating strategy improves the capacity
retention of Al2O3 coated SC-NMC811 as well as regenerating
fully degraded PC-NMC811. Furthermore, the work provides
insight into the complex relationship between morphology,
surface chemistry and electrochemical lifetime in Ni-rich
cathode materials for Li-ion batteries. The most important
implication of this work is that it provides a potential method
for regenerating and recovering NMC811 that has been exposed
to ambient moisture, potentially allowing its large-scale pro-
cessing without the need for strict humidity control. The
approach can readily be applied to other reactive Ni-rich layered
cathode materials or more generally to lithium–metal oxides
that suffer from similar degradation mechanisms.
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