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ABSTRACT: Layered transition metal oxide cathode materials
can exhibit high energy densities in Li-ion batteries, in particular,
those with high Ni contents such as LiNiO2. However, the stability
of these Ni-rich materials often decreases with increased nickel
content, leading to capacity fade and a decrease in the resulting
electrochemical performance. Thin alumina coatings have the
potential to improve the longevity of LiNiO2 cathodes by providing
a protective interface to stabilize the cathode surface. The
structures of alumina coatings and the chemistry of the coating−
cathode interface are not fully understood and remain the subject of investigation. Greater structural understanding could help to
minimize excess coating, maximize conductive pathways, and maintain high capacity and rate capability while improving capacity
retention. Here, solid-state nuclear magnetic resonance (NMR) spectroscopy, paired with powder X-ray diffraction and electron
microscopy, is used to provide insight into the structures of the Al2O3 coatings on LiNiO2. To do this, we performed a systematic
study as a function of coating thickness and used LiCoO2, a diamagnetic model, and the material of interest, LiNiO2.

27Al magic-
angle spinning (MAS) NMR spectra acquired for thick 10 wt % coatings on LiCoO2 and LiNiO2 suggest that in both cases, the
coatings consist of disordered four- and six-coordinate Al−O environments. However, 27Al MAS NMR spectra acquired for thinner
0.2 wt % coatings on LiCoO2 identify additional phases believed to be LiCo1−xAlxO2 and LiAlO2 at the coating−cathode interface.
6,7Li MAS NMR and T1 measurements suggest that similar mixing takes place near the interface for Al2O3 on LiNiO2. Furthermore,
reproducibility studies have been undertaken to investigate the effect of the coating method on the local structure, as well as the role
of the substrate.

KEYWORDS: Li-ion batteries, protective coatings, layered cathodes, Ni-rich cathodes, local structure, solid-state NMR spectroscopy

1. INTRODUCTION

Lithium (Li)-ion batteries are playing an important role in the
transition toward a sustainable future. In particular, Li-ion
batteries are widely used in portable electronic devices and
hybrid and electric vehicles, and are gaining interest as
potential energy storage solutions for renewable energy
sources. However, there are still challenges that need to be
overcome, e.g., improving energy density and cycle life.1−3

Recently, cathode materials with high nickel contents have
attracted interest for their high energy densities.3,4 For layered
transition metal oxides, as the nickel content is increased, from
LiCoO2 (LCO) through LiNixMnyCo1−x−yO2 (NMC) to
LiNiO2 (LNO), an increase in energy density is observed as
a result of increasing the degree of (de)lithiation achieved
during cycling and thus leading to higher reversible specific
capacities at practical operating voltages. Indeed, LNO has
gained considerable recent attention as it has the highest
specific capacity of the series within a stable electrochemical
window.5−8 However, LNO can be challenging to synthesize
and suffers from significant capacity fade over a number of
charge−discharge cycles. There are several compounding

factors that contribute to this capacity fade, including phase
changes and degradation due to unwanted reactions occurring
at the cathode−electrolyte interface.9

Protective coatings, such as ZrO2, TiO2, and Al2O3,
10 can be

used to improve the electrode longevity and increase the
lifetime of the battery. Al2O3 coatings are particularly
noteworthy due to their low cost, compatibility with a wide
range of systems, and ability to be coated onto cathodes using
a range of techniques, including wet chemical methods and
atomic layer deposition.11 The layer of chemically stable Al2O3

protects the cathode from unfavorable reactions occurring
between the active material and the electrolyte during
electrochemical cycling and has been reported to react with
and/or scavenge HF.12,13 As such, alumina coatings have been
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reported to improve the capacity retention of a range of
electrodes including LCO, NMC, and LiMn2O4 (LMO).

13−15

For Al2O3 coatings on LCO, an optimal mass loading of 0.2 wt
% resulted in a capacity retention of over 95% after 50 cycles.16

Additionally, in some cases, Al2O3 coatings have been shown
to improve cell safety and increase rate capability.12

In order to optimize these coatings, it is important to
understand the role their structure plays in their performance
as a protective coating. At optimal loadings of around 0.2 wt %,
the coatings are very thin and yield low sensitivity for many
characterization techniques. The structure is largely amor-
phous as a result of the sol−gel synthesis, which limits the
utility of many diffraction-based structure characterization
methods. Furthermore, the coating−cathode interface, which is
of particular interest, is buried within the system, making it
more challenging to study via traditional surface-sensitive
techniques.
When first reported as a coating for LCO, it was noted that

the powder X-ray diffraction (PXRD) data showed no
indication of a crystalline Al2O3 phase.

14 This is commonly
observed for thin oxide coatings due to the lack of long-range
order and the thin nature of the coatings. However, rather than
a distinct coating, Auger electron spectroscopy (AES) and
XRD suggested the presence of LiCo1−xAlxO2 and a composi-
tional gradient (0 < x < 0.5) at the surface. When compared to
Al-doped LCO and uncoated LCO, Al2O3-coated LCO
showed significantly improved electrochemical performance.14

Despite the observed improvement in the performance, the
precise structure of this coating remained unclear.
Since the initial reports, there have been a number of studies

on alumina-coated cathode materials. Electron microscopy
paired with electron-dispersive X-ray (EDX) analysis has been
used to map where elements such as Al are located within the
sample,13,17−19 while X-ray photoelectron spectroscopy (XPS)
provides information about the chemical and bonding
environments.15,18,20 However, the information provided by
these surface-sensitive techniques may not be representative of
the bulk and cannot provide insight into the buried interfaces.
If a cross section is taken through the sample, it is possible to
examine the interfaces via electron microscopy and EDX.
However, this process can introduce contamination. Hence,
the structures of Al2O3 coatings and the nature of the coating−
cathode interface remain underexplored and are still debated.
Solid-state NMR spectroscopy is a versatile technique that

has no requirement for long-range order, making it ideally
suited to the study of disordered systems, such as coatings and
interfaces.21,22 The relationship between the 27Al chemical shift
and the Al coordination environment is well reported in the
literature.23 Typically, solid-state NMR studies for coatings on
LCO suggest that the coating is made up of four- and/or six-
coordinate Al environments.20,24−27 Additionally, a number of
studies indicate the presence of a LiCo1−xAlxO2 phase, in
agreement with the initial study.20,25,27 For Al2O3 coatings on
NMC, the reported structure is dependent on the NMC
compositions. For coatings of Al2O3 on NMC532 (Li-
Ni0.5Mn0.3Co0.2O2), a LiAlO2 phase was identified as forming
at the coating−cathode interface.27 However, changing the
compos i t i on f rom NMC532 to NMC662 (L i -
Ni0.6Mn0.2Co0.2O2) and NMC811 (LiNi0.8Mn0.1Co0.1O2) en-
abled the diffusion of Al into the bulk of the cathode in
addition to the formation of a LiAlO2/Al2O3 coating.

28,29

In this work, we use solid-state NMR spectroscopy to study
the structure of Al2O3 coatings on LCO and LNO. The main

focus of this work is on the structural characterization of Al2O3

coatings, although electrochemical data is presented to confirm
that a coating enhances capacity retention in LNO as
compared to an uncoated cathode. We perform a systematic
structural study as a function of alumina mass loading and use
LCO as a model substrate to guide our interpretation of the
results acquired for the more challenging paramagnetic LNO.
Although the impact on the chemical shift range observed in
the NMR spectrum could help provide information about
species in the coating versus dopants in bulk LNO, this
paramagnetic interaction often also results in fast relaxation
times and broadened resonances. Paired with the small sample
volume and disorder present in these coatings, the para-
magnetic nature of LNO has the potential to make acquiring
and interpreting NMR data more challenging. It is noted that
in previous studies of NMC systems reported, the transition
metals present can affect the coating−cathode interface;
however, Han et al. suggest that it is the Mn content of the
NMC systems that result in the differences observed.28 Thus,
by utilizing variations in coating thickness, and combined LCO
and LNO analysis, it is possible to study the structure of Al2O3

coatings and gain insight allowing for future coating
optimization to preserve the high capacity and rate capability
of the material.

2. EXPERIMENTAL SECTION

2.1. Synthesis. LiNiO2 (synthesized via the method below),
LiCoO2 (Sigma-Aldrich�99.8%), and MgO (Alfa Aesar�99.96%)
were coated in 10, 2, and/or 0.2 wt % coatings of Al2O3 via a solution
method. LiNiO2 was synthesized by mixing together Ni(OH)2 and
LiOH·H2O powders together using a mortar and pestle. The mixture
was transferred to a tube furnace and preannealed at 480 °C for 5 h
followed by a final annealing step at 710 °C for 15 h, with heating
rates of 5 °C min−1. Both steps were carried out under a continuous
flow of O2. After annealing, samples were held at 200 °C before
transfer to an Ar-filled glovebox to minimize air exposure and
moisture uptake to the substrate before coating. To create a coated
particle, the substrate is added to a solution of Al(NO3)3.9H2O (Alfa
Aesar) in ethanol. Solution concentrations ranged from 1 to 20 mg
mL−1 depending on the required coating weight and the need to
produce a volume of solution that could be easily handled. The
desired mass of Al2O3 (thus volume of solution needed) was
calculated from the mass of substrate used in the coating process: i.e.,
for the 10 wt % coating, if using 100 mg of LiNiO2, then 10 mg of
Al2O3 is required with the appropriate volume of solution calculated
from the solution concentration. While stirring, it is then heated to
50−60 °C to gently evaporate the ethanol. The resulting gel/powder
is heated at 400 °C for 3 h in air to form a Al2O3 coating. For a 0 wt %
coating control, the same procedure was carried out using pure
ethanol rather than a solution of Al(NO3)3.9H2O in ethanol. To
create a control sample of Al2O3, the coating procedure was carried
out without the addition of a substrate to the precursor solution.

2.2. Powder X-ray Diffraction. Powder X-ray diffraction
(PXRD) data was acquired using a Rigaku Miniflex diffractometer
in reflection mode using Cu Kα (λ = 1.5406 Å) radiation. Data was
acquired from 2θ = 10 to 90° with a step size of 0.02°.

2.3. Electron Microscopy. 2.3.1. LiNiO2. Powder samples were
sonicated for 5 min in ethanol before being drop-cast onto lacy
carbon Cu TEM grids (EMR). These were then transferred to a JEOL
JEM F200 transmission electron microscope (TEM). Transmission
electron microscopy (TEM) images were acquired at 200 kV using a
Gatan OneView Camera, while Gatan high-angle annular dark-field
(HAADF) and bright-field (BF) detectors were used to acquire
HAADF and BF scanning transmission electron microscopy (STEM)
images, respectively.

2.3.2. LiCoO2. Powder samples were sonicated for 5 min in acetone
before being drop-cast onto holey carbon Cu TEM grids (EMR).
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These were then transferred to a JEOL STEM 2100Plus transmission
electron microscope. Transmission electron microscopy (TEM)
images were acquired at 200 kV by using a Gatan Orius Camera.

2.4. Electrochemical Characterization. LiNiO2 powders were
mixed with C65 conductive carbon (Imerys) and poly(vinylidene
fluoride) (PVDF) (Aldrich) in a weight ratio of 90:5:5 before being
dispersed in N-methyl-2-pyrrolidone (NMP) solvent (Merck) and
mixed in a planetary mixer to obtain a slurry. The slurry was cast onto
carbon-coated Al foil using a doctor blade set at a height of 150 μm.
The slurry was dried at 100 °C to evaporate the NMP before further
drying at 80 °C overnight in a vacuum oven. Electrodes of 10 mm
diameter were punched from the dried film and transferred to an Ar-
filled glovebox. Coin cells (CR2023 type) were constructed using the
punched LiNiO2 disks as cathode, a 15.8 mm diameter Li metal anode
(Cambridge Energy Solutions), and a Whatman glass microfibre
separator. 100 μL of 1 M LiPF6 in ethylene carbonate (EC):ethyl
methyl carbonate (EMC) (EC:EMC 3:7 by weight) with 2% vinylene
carbonate (VC) additive (Solvionic) was used as electrolyte.
Galvanostatic charge−discharge tests were carried out in a

temperature-controlled chamber (25 °C) connected to an Arbin
LBT21084 cycler. For both cells, two formation cycles were initially
carried out at a rate of C/20 (where 1C was defined as 220 mA g−1)
between 3.0 and 4.3 V vs Li/Li+. The cycling rate was then increased
to C/3 for 100 cycles with the same voltage window as those for
previous cycles.

2.5. Solid-State NMR Spectroscopy. Solid-state NMR data was
acquired using a Bruker Avance Neo spectrometer equipped with a
23.5 T standard-bore magnet or a Bruker Avance III HD spectrometer
equipped with either a 16.4 or 9.4 T wide-bore magnet. Larmor
frequencies of 260.6 and 182.4 MHz were used for 27Al (I = 5/2) at
23.5 and 16.4 T, respectively. Larmor frequencies of 58.9 and 155.5
MHz were used for 6Li (I = 1) and 7Li (I = 3/2) at 9.4 T, respectively.
Powdered samples were packed into conventional 1.9, 2.5, and 3.2
mm ZrO2 rotors, and magic-angle spinning (MAS) rates between 40
and 18 kHz were employed. 27Al chemical shifts were referenced to
Al(NO3)3 (aq) using Al(acac)3 (s) as a secondary reference (δiso =
−0.13 ppm, CQ = 2.99 MHz, and ηQ = 0.16), while

6,7Li chemical
shifts were referenced to 1 M LiCl (aq) using a secondary reference of
Li2CO3 (s) (δ = 0.11 ppm).

27Al MAS NMR spectra were acquired using a single-pulse
experiment with typical pulse lengths of 2.75 and 1.5 μs at 23.5 and
16.4 T, respectively, and an experimentally optimized recycle interval
of 0.5 s was used. For spectra acquired using a Hahn echo experiment
(90-τ-180) at 23.5 T, a low power π/2 pulse length of 30 μs was used.
27Al cross polarization (CP) MAS NMR spectra were acquired using
CP from 1H using a contact pulse duration of 100 μs (ramped for
1H). Two-pulse phase modulation (TTPM) 1H decoupling was then
applied during acquisition. At 16.4 T, 27Al multiple-quantum
(MQ)MAS NMR experiments were acquired using a phase-
modulated split-t1 pulse sequence with whole-echo acquisition.

30 7Li
MAS NMR spectra were acquired at 9.4 T using conventional single-
pulse experiments with a pulse length of 3 μs. 6Li MAS NMR spectra
were acquired by using a Hahn echo experiment with 90 and 180°
pulse lengths of 3 and 6 μs, respectively. Additional experiment-
specific parameters are available in the relevant figure caption.

3. RESULTS AND DISCUSSION

3.1. Initial Characterization. Al2O3 coatings were
deposited via a solution method, as described in the
Experimental Section. PXRD data was obtained for unpro-
cessed LNO as well as 0.2, 2, and 10 wt % coatings of Al2O3 on
LNO and LCO, as shown in Figure 1 (LNO) and Figure S2
(LCO). 0.2 wt % is representative of typical coatings used in
battery cells; 2 and 10 wt % were also studied here for
comparison to provide additional structural insight. Data were
also obtained for an LNO sample that was subjected to the
same solution process but without the addition of Al-
(NO3)3.9H2O (hereafter referred to as 0 wt %). Comparison

of the unprocessed LNO with the 0 wt % coated LNO suggests
that LNO is unaffected by the coating procedure as no change
in the PXRD pattern is observed. For both the 0.2 and 2 wt %
coatings of Al2O3 on LNO, no additional Al2O3 phases are
observed in the PXRD pattern. This suggests that the coating is
disordered and too thin to observe. A PXRD pattern of pure
Al2O3 prepared by the same solution method (Figure S14) also
indicates an amorphous structure. It is noted that for the 2 wt
% Al2O3 coating, additional very low-intensity reflections
consistent with Li2CO3 (indicated with * in Figure 1b) are
observed. Indeed, Ni-rich layered oxides, especially LNO, are
reported to be particularly susceptible to residual lithium
species, such as Li2CO3.

31,32 However, the PXRD pattern for
the 10 wt % Al2O3 coating on LNO indicates the presence of
multiple additional phases alongside broadening of peaks with
hk character which can happen due to strain in the ab plane.
The interlayer spacing appears unaffected, as evidenced by the
(003) and (006) peaks not undergoing the same broadening.
In addition to Li2CO3 (indicated with * in Figure 1b), there is
at least one unidentified phase. It is likely that due to the
sensitive surface chemistry of LNO, the coating process with a
large amount of Al2O3 leads to a degree of surface
reconstruction where Li leaching from LNO can occur that
can act to partially delithiate LNO near the surface and lead to
the formation of Li-containing phases at the Al2O3-LNO

Figure 1. (a, b) Powder X-ray diffraction patterns for unprocessed
LiNiO2 and 0, 0.2, 2, and 10 wt % coatings of Al2O3 on LiNiO2.
Additional Li2CO3 phases are highlighted (*). Part (b) shows an
expansion between 20 and 34° 2θ of (a).
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interface. This phase could be close in composition to LiAl5O8

or crystalline α-Al2O3 (corundum, Figure S15), although
differences in peak positions compared to reference patterns
obtained (ICSD 66941 for Al2O3, 10,480 for LiAl5O8) indicate
some deviation in lattice parameters that could be explained by
partially lithiated species instead of ideal stoichiometry. For
LCO, the PXRD patterns of all coatings (0.2, 2, and 10 wt %)
of Al2O3 show no significant differences as compared to the
uncoated sample. The differences in behavior observed for the
10 wt % coatings on LNO and LCO are most likely due to the
increased surface instability associated with LNO compared to
LCO.
In order to confirm the amorphous nature of the coating and

to investigate the thickness and distribution, electron
microscopy studies were carried out for the 2 wt % coating.
Figure 2 shows the TEM images collected for a particle of

LNO coated in 2 wt % Al2O3. The TEM images obtained show
an amorphous coating of 6−8 nm on crystalline particles,
suggesting that the Al2O3 coats the LNO. For the 2 wt %
coating on LCO, an amorphous coating of 20 nm is observed.
While no separate amorphous particles were observed, some
thicker, bunched regions of coating were observed by TEM.
This is in agreement with Al2O3 coatings on LCO/NMC
reported in the literature.13,16,27,28 Furthermore, it is noted that
Al2O3 does not coat the entire particle surface, which is
expected for coatings with low mass loading.

3.2. Electrochemical Characterization. Galvanostatic
cycling measurements were conducted on half-cells with
uncoated LNO and 0.2 wt % Al2O3-coated LNO to examine
the influence of the alumina coating on the electrochemical
behavior. Clear changes are observed in the electrochemistry
upon coating. The charge−discharge profiles for cycle 2 (after
the first conditioning cycle) are shown in Figure S1. While the
typical plateaus associated with (de)lithiation of LNO (as a
result of phase transitions) are observed across both samples, a

clear drop in specific capacity at C/20 is noted for coated LNO
(∼177 mAh g−1) compared to uncoated LNO (∼228 mAh
g−1). An increase in polarization is also evident from the higher
voltages upon charge and lower voltages on discharge exhibited
by the coated sample compared to the uncoated one. This
suggests that the coating layer may increase the Li+ charge
transfer resistance at the surface. Furthermore, the possibility
of LiNi1−xAlxO2 phases at the Al2O3−LiNiO2 interface is likely
to decrease the capacities as a result of the presence of
electrochemically inactive Al3+. Similar observations have been
reported on Al2O3-coated LiNi0.5Mn0.3Co0.2O2 (NMC532),
where it is suggested that possible Li loss from the bulk forms
Li-containing surface species during the wet coating process.27

Such Li leaching from the electrochemically active cathode
structure compounded with the formation of resistive surface
species leads to the capacity drop on coating. We suspect that
the more severe capacity drop we observe here is attributed to
the much increased surface sensitivity of LiNiO2 compared to
NMC532, where surface reconstructions are likely to occur to
a much greater extent.42 However, an improvement in cycling
stability is clearly highlighted in Figure 3a, with the coated

sample exhibiting stable capacities and losses of only ∼10 mAh
g−1 after 200 cycles at C/3. For comparison, the uncoated
LNO suffers from losses of ∼90 mAh g−1 under the same
conditions. We note that the initial capacity of the coated LNO
is significantly lower than that of the uncoated LNO,
suggesting that the coating process could be further optimized.
However, the capacity of the uncoated electrode drops below
that of the coated electrode after ∼150 cycles and continues
dropping. This is further evidence that the coating protects
against unwanted reactions that continue even when the
number of intercalated Li ions is reduced. There is additionally
a larger drop in capacity from C/20 to C/3 observed for
coated LNO (∼35 mAh g−1) compared to uncoated LNO
(∼20 mAh g−1), which confirms the increase in charge transfer

Figure 2. (a, b) TEM images of the 2 wt % Al2O3 on LiNiO2 showing
the 6−8 nm thick film. (c) High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of Al2O3

coated LiNiO2 showing the inhomogeneous nature of the Al2O3

coating. (d) TEM image of the 2 wt % Al2O3 on LiCoO2 showing a
20 nm thick film.

Figure 3. Comparison of (a) specific discharge capacity stability and
(b) normalized capacity retention for uncoated LiNiO2 and LiNiO2

with 0.2 wt % Al2O3 coating obtained from galvanostatic cycling of
half coin cells between 3.0 and 4.3 V.
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resistance brought on by the Al2O3 coating. The superior
normalized capacity retention of coated vs uncoated LNO in
Figure 3b further substantiates the stability of coated LNO
with 96% retention as compared to 57% retention of uncoated
LNO after 200 cycles.

3.3. Local Structural Characterization. In order to
further characterize and understand the structure of the
coatings, solid-state NMR spectroscopy was carried out. As
described above, due to the additional challenges introduced
by paramagnetic systems, Al2O3 coatings on LCO were initially
studied as a diamagnetic analogue to LNO.
The 27Al MAS NMR spectrum for 10 wt % Al2O3 coated on

LCO is shown in Figure 4a. The spectrum exhibits two
resonances at δ ≈ 73 and 9 ppm corresponding to tetrahedral
and octahedral Al−O environments, respectively. This is in
agreement with data previously reported for alumina coatings
synthesized via wet chemical methods.24,25,27 The resonance
observed at δ = 9 ppm does not conform to a single second-
order quadrupolar-broadened line shape and is asymmetrically
broadened with a shoulder at δ ≈ 13 ppm, suggesting the
presence of multiple octahedral environments. The other
resonance, observed at δ = 73 ppm, is broad, with no
significant features. A 27Al MQMAS spectrum (Figure S3) also
shows broad overlapping lineshapes indicating disorder. These
results are consistent with the amorphous nature of the coating
observed by TEM.
The loading level for the 10 wt % coating is much higher

than typically used for battery cathodes, and it is possible some
of the Al2O3 exists as separate particles rather than as a coating
on the LCO substrate. However, when compared to the
spectrum acquired for bulk Al2O3 synthesized via the coating
method (Figure S4), significant differences are observed. Most
notably, for the coating, no distinct resonances are observed in
the five-coordinate chemical shift, although there is possibly
weak intensity in this region at ∼40 ppm. This suggests that
the presence of a substrate results in the formation of a local
structure different from that of alumina even via the same
synthetic approach. The precise influence of the substrate on
the coating structure is unclear, although it is noted that Al2O3

coatings on MgO also show an absence of five-coordinate
environments (Figure S5). While it is not possible to assign a
single structure to the coating, the local Al environments are
similar to those observed in other Al2O3 phases, such as γ-, χ-,
and η-Al2O3.

23 In particular, the spectrum is similar to that
reported for α-Al2O3 in the literature.

33,34

To further probe the structure, a 1H−27Al cross-polarization
(CP) MAS NMR spectrum was recorded (Figure 4b) to
identify Al species in close proximity to protons. The spectrum
shows a single resonance at δ = 8 ppm corresponding to at
least one six-coordinate Al environment. The lack of
shouldering suggests that only some of the six-coordinate
environments within the coating are in proximity to protons.
While the location of the protons within the coating is
unknown, we note that for other alumina phases, such as α-
Al2O3, protons have been shown to be present in the form of
OH groups on the surface.33−35 However, this does not rule
out the possibility for protons to be present within the bulk of
the coating structure.36

Figure 4c shows a 27Al MAS NMR spectrum for a 0.2 wt %
coating on LCO. The spectrum displays a number of distinct
resonances, together with broad intensity centered at
approximately δ ≈ 68 ppm. Due to the similarity with
resonances observed for the thicker coating and the Al2O3

synthesized via the coating method, the intensity at 68 ppm is
attributed to disordered four-coordinate Al−O species within
the coating. Two distinct resonances are observed in the six-
coordinate Al chemical range (at δ = 0 and 9 ppm). The 0 ppm
resonance is consistent with six-coordinate Al environments
and assignments made for 0.5 wt % coatings on NMC532 in
ref 37. The 9 ppm resonance exhibits a slight shoulder at 14
ppm. To assist in assignment, NMR data were acquired for a

Figure 4. (a) 27Al MAS (23.5 T) NMR and (b) 1H−27Al CPMAS
(16.4 T) NMR spectra of a 10 wt % coating of Al2O3 on LiCoO2 and
27Al MAS (23.5 T) NMR spectra of (c) 0.2 wt % coating of Al2O3 on
LiCoO2, and (d) LiCo0.5Al0.5O2. Each spectrum is the result of
averaging (a) 320, (b) 7200, (c) 29696, and (d) 320 transients with
recycle intervals of (a, c, d) 0.5 or 3 s. MAS rates of (a, c, d) 40 or (b)
18 kHz were used.
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range of model Li−Al−O phases (Figure S7). The main
candidate phase is LiAlO2, for which a resonance at δ = 9 ppm
was observed in Figure S7. The presence of LiAlO2 has
previously been reported in the literature for coating of Al2O3

on NMC cathodes.27,28,37,38 However, it was not observed
previously for similarly synthesized coatings on LCO.27 We
note that the identification of this resonance was only possible
by the increased resolution at a high magnetic field (23.5 T).
At lower fields, the overlap between resonances meant that it
was not possible to separate the distinct environments. The
shoulder at 14 ppm could be due to α-Al2O3 or another Li−
Al−O phase.
Within the intermediate chemical shift range, there are at

least seven additional features between δ = 64 and 18 ppm
separated by approximately 7−8 ppm. These features are in
good agreement with those in the spectrum acquired for
LiCo0.5Al0.5O2 (Figure 4d) where compositional disorder
results in Al environments with a variety of next-nearest
neighbors, as previously reported for the LiCo1−xAlxO2 series
by Gaudin et al.39 and previously observed in coatings on
LCO.27 However, it is not possible to determine the exact
Co:Al ratio for the phase present in the coating due to the low
intensity of these features. The presence of the additional Al-,
Co-, and Li-containing phases in the 0.2 wt % coating indicates
mixing of Al, Li, and Co occurs at the coating−cathode
interface during synthesis when the sample is heated to 400
°C.
These additional phases, observed in the 0.2 wt % coating,

were not observed in the NMR data for the 10 wt % coating.
However, it is noted that a broad bump was observed in the
spectrum acquired at 23.5 T (Figure 4a) and in the spectrum
(Figure S6a) acquired at 16.4 T, and broad low-intensity
features are present in the chemical shift region assigned to
LiCo1−xAlxO2. This could suggest the presence of additional
phases which are masked by higher-intensity signals.
Figure 5a shows the 27Al MAS NMR spectrum acquired for

a 10 wt % coating of Al2O3 on LNO. The spectrum is much
broader than those recorded for coatings on LCO due to the
presence of paramagnetic Ni3+ species in the LNO substrate.
Here, two broad resonances are observed centered at δ ≈ 66
and 12 ppm with a large manifold of spinning sides. These
resonances are very similar to those observed for the 10 wt %
coating on LCO; however, these resonances are much broader
and we hypothesize these are the result of the paramagnetic
interaction. The resonance at δ = 12 ppm exhibits a small
shoulder at δ ≈ 18 ppm, suggesting multiple overlapping
lineshapes. However, due to the broad nature of the lineshapes,
it is challenging to assign individual Al environments beyond
being four- and six-coordinate Al−O environments, as was the
case for the 10 wt % coating on LCO. The 27Al MAS NMR
spectrum acquired for a 2 wt % coating of Al2O3 on LNO, as
for the thicker coating, exhibits two broad resonances at δ ≈ 70
and 12 ppm (Figure 5b). Again, the resonance at δ ≈ 12 ppm
exhibits slight shouldering at a lower frequency, suggesting
possible multiple overlapping lineshapes.
In addition to these, there are possible features between the

two resonances (35 and 70 ppm) for the 2 wt % coating.
However, there is a poor signal-to-noise ratio, which makes
assignment challenging. It is noted that for other 2 wt %
coatings on LNO, these features are not observed (see
discussion below). It is possible that, based on the results
observed for coatings on LCO, cation mixing may occur at the
coating−cathode interface. If this were the case, we would

expect to observe LiAlO2 and LiNi1−xAlxO2 phases similar to
those in Figure 4c. However, it is not possible to identify any
LiAlO2 phases as the broad line shape at δ ≈ 12 ppm overlaps
with the expected chemical shift. The features observed
between the two resonances exhibit a chemical shift similar
to that of the 27Al MAS NMR spectrum acquired for
LiNi0.95Al0.05O2 (Figure S9). However, the broadened nature
of the lineshapes and the poor signal-to-noise ratio means that
the features cannot be identified as signal or assigned to
additional phases.
For a 0.2 wt % coating of Al2O3 on LNO, very low signal

intensity was obtained even with a long experimental time of
approximately 37 h and it was not possible to determine the
number of resonances due to baseline distortion from pulse
breakthrough (Figure S10a). Spectra acquired using a Hahn
echo pulse sequence show either four- or six-coordinate
environments depending on the applied magnetic field (Figure
S10b,c). It is likely that the challenges in acquiring data for this
sample are a result of the paramagnetic interaction with Ni3+ in
the LNO structure. As the coating is very thin, the majority of
the coating will be in close proximity to the paramagnetic
LNO.

6,7Li MAS NMR experiments were performed for the Al2O3-
coated LNO samples (Figure 6). Typically, 6,7Li has a narrow
chemical shift range for diamagnetic species centered around 0
ppm, which can make resolving individual Li environments
challenging. However, Li+ ions within the LNO structure will
experience a strong interaction with the paramagnetic Ni3+,
resulting in significant broadening of the line shape and a
chemical shift of δ ≈ 700 ppm.40 As a result, 6/7Li within

Figure 5. 27Al MAS NMR (23.5 T) spectrum of (a) the 10 wt %
coating of Al2O3 on LiNiO2 and (b) the 2 wt % coating of Al2O3 on
LiNiO2. Each spectrum is the result of averaging (a) 960 and (b)
6400 transients with a recycle interval of 0.5 s. In both spectra, an
MAS rate of 40 kHz was used.
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additional (diamagnetic) phases present at the coating−
cathode interface could appear as resonances either in the
diamagnetic chemical shift range, e.g., LiAlO2, or shifted due to
the incorporation of paramagnetic species, e.g., LiNixAl1−xO2.
The 7Li MAS NMR spectrum, shown in Figure 6a−c, shows

two distinct resonances exhibiting large manifolds of spinning
sidebands characteristic for systems containing paramagnetic
species. Thus, to obtain better resolution, 6Li MAS NMR

spectra were also acquired. While the low natural abundance of
6Li (7.6%) can make it challenging to acquire data, its lower

gyromagnetic ratio makes it more favorable for acquiring
higher-resolution spectra in the presence of paramagnetic
interactions. In the 6Li MAS NMR spectra (Figure 6d−f), two
distinct resonances are observed at approximately δ = 742 and
0.2 ppm. The resonance at δ = 742 ppm is assigned to LNO

Figure 6. 7Li and 6Li MAS (9.4 T) NMR spectra for (a, d) 10 wt %, (b, e) 2 wt %, and (c, f) 0 wt % Al2O3 coatings on LiNiO2. Each spectrum is
the result of averaging (a, b, c) 160 or (d, e, f) 96000 transients with recycle intervals of (a, b, c) 0.5 or (d, e, f) 1 s. MAS rates of (a, b, c) 25 kHz
and (d, e, f) 20 kHz were used. Spinning sidebands are denoted by *, while the isotropic resonance is denoted with a ◆.
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based on its chemical shift, broad line shape, and fast
relaxation.
The resonance at 0 ppm is in the chemical shift range

expected for diamagnetic species and may correspond to
additional phases resulting from mixing at the coating−cathode
interface. However, it is noted that Li2CO3 has a similar
chemical shift (δ = 0.1 ppm) and is commonly observed as an
impurity in LNO samples. While PXRD data for the 0 wt %
coating suggest LNO has no impurities, an additional phase is
observed in the NMR data. This phase could be disordered or
present in very low quantities unobserved by lab-based PXRD.
It is noted that due to the long relaxation time of the
diamagnetic species (see discussion below), spectra were
acquired with a recycle interval optimized for the paramagnetic
resonance. As a result, the experimental parameters favor the
resonance assigned to LNO and, thus, the experiment is unable
to directly quantify the amount of diamagnetic species present.
It is still possible, however, to compare samples to each other
and comment on the change in the ratio of Li in paramagnetic
and diamagnetic environments as the coating mass loading
increases.
The intensity of the diamagnetic resonance increases relative

to that assigned to LNO as the mass loading of the coating
increases. This may indicate that the thicker coatings contain
more Li2CO3 or the presence of other diamagnetic lithium-
containing phases formed during the coating process. It is
noted that in the PXRD data of the 10 wt % coating, both
Li2CO3 and another phase are observed. However, as the line
shape (3.2 ppm wide at full width at half-maximum) covers a
large portion of the chemical shift range of lithium, we are
unable to resolve individual Li environments such that we
distinguish other diamagnetic Li-containing species, e.g.,
LiAlO2, from Li2CO3. For the 10 wt % coating, the signal
associated with LNO is very low intensity. This observation
suggests that as the diamagnetic component increases, Li is
being removed from LNO and supports the hypothesis that Li
is able to migrate across the coating−cathode interface during
the coating process.
To probe this diamagnetic phase in more detail, T1

relaxation studies were carried out (Figure S11). For the
resonance associated with LNO, saturation recovery experi-
ments estimate T1 values of 4.3 and 4.9 ms for the 0 and 2 wt
% coated samples, respectively. Fast relaxation is expected for a
phase containing paramagnetic species. For the 10 wt % coated
LNO, the low intensity of the LNO resonance and its overlap
with a spinning sideband from the diamagnetic resonance
meant that a meaningful T1 could not be extracted. For the
diamagnetic resonances, multiple components are required to
fit the relaxation data suggesting the presence of multiple local
environments and perhaps overlapping lineshapes. It is
possible to fit the T1 build curve with a variety of
multicomponent models; however, this does not always
provide a realistic representation of the system. For the 0 wt
% Al2O3 coating on LNO, two components provide a good fit
with T1 relaxation times of 7 ms and 9 s. When compared to
that of the 0 wt % coating, the relaxation data for both the 2
and 10 wt % coated samples are fitted best with three
components, at least one of which is significantly longer. For
the 0 wt % coating, the diamagnetic phases are believed to be
present either within the LNO as an impurity or on the surface
of LNO. In both these cases, the Li is still in relatively close
proximity to the paramagnetic Ni species. The observation of
environments with much longer relaxation times could suggest

environments further from the paramagnetic center, e.g., Li
that has migrated across the coating−cathode interface and
into the alumina coating. This is in agreement with the
decrease in the intensity of the LNO resonance as the
diamagnetic resonance increases in the NMR spectra.
Furthermore, this additional diamagnetic environment may
correspond to the additional unidentified phase observed in
the PXRD data for the 10 wt % coating on LNO.

3.4. Effect of Coating Processes on Local Structure.
Previous reports highlight the challenges of reproducibility of
coating via wet chemical methods.41 This represents a
significant challenge when considering industrial scale
applications. Either the wet chemical methods must be fully
understood and reproducibility improved, or more expensive
coating processes must be applied. We examined this further
by exposing a sample of coated LNO to air to evaluate the
effect of oxygen and moisture on the coating. Figure S12 shows
the spectrum acquired for a coating when it had been packed
in a glovebox compared with when it had been left in air. No
noticeable change was observed. It is worth noting that while
no change was observed in the coating via NMR spectroscopy,
the electrochemical performance of uncoated LNO is expected
to be affected when exposed to air.42 Second, a sample of LNO
was split into three portions, and each was coated with 2 wt %
Al2O3 following the same procedure.

27Al MAS NMR spectra
were then acquired (shown in Figure 7). Each spectrum
contains resonances corresponding to four- and six-coordinate
Al−O species, consistent with previous samples (Figure 5).
The first two spectra acquired (Figure 7a,b) are very similar,

with subtle differences observed in the ratio between the
overlapping lineshapes in the six-coordinate chemical shift
range. This is similar to the differences observed between
samples for which the LNO synthetic method was altered
(Figure S13). This suggests that the differences are not due to
the synthetic method of the LNO but are a consequence of the
coating itself, which is consistent with the observation for
similar Al environments formed for both LCO and MgO.
Furthermore, the spectrum acquired for batch three has
significant differences when compared to the other samples. In
this spectrum (Figure 7c), an additional narrow resonance is
observed in the four-coordinate chemical shift range at δ = 82
ppm. This could possibly be an γ-LiAlO2 phase or another
similar tetrahedral Al environment. This suggests that the
coating process can result in significant variations in the local
environment of the coating. However, it is challenging to be
more specific about the changes in structure due to the broad
nature of the lineshapes. Our work highlights the need for
further studies to understand the cause of these structural
differences, as they could form during the drying step or during
the high-temperature heating.

4. CONCLUSIONS

With the aim of improving the longevity of nickel-rich cathode
materials, the structures of a series of protective alumina
coatings have been investigated using solid-state NMR
spectroscopy. This greater understanding of the coating’s
local structure and the coating−cathode interface will provide
valuable insight when improving and optimizing these coatings.
Here, a full systematic study (including LiCoO2) was
particularly important as the structure of the coatings reported
in the literature are highly dependent on the coating method.
Both PXRD and TEM data support the successful coating of

LNO with an amorphous alumina coating. For the 2 wt %
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Al2O3 coating on LNO, a thickness of 6 to 8 nm was measured.
Electrochemical characterization shows that although there is a
drop in the initial capacity as the result of a 0.2 wt % coating,
an improvement in capacity retention of 40% is observed.
The solid-state NMR studies presented here support a

disordered structural model composed of four- and six-
coordinate Al−O environments. The local Al environments
are similar to those seen in other aluminum oxides. The local
structure of alumina coatings on LNO has not previously been
studied and shows similar structural behavior to coatings on
LCO (a diamagnetic analogue).
Without the additional challenges of a paramagnetic

substrate, additional information can be obtained for coatings
on LCO. In particular, information about the distribution of
these environments has been obtained from cross-polarization
experiments which suggests that of these environments a
subset of the six-coordinate species are in close proximity to
protons, likely at the coatings surface. Furthermore, NMR

studies also identified that additional phases (LiAlO2 and
LiCo1−xAlxO2) are present. These phases are likely formed by
the migration of Li and Al across the coating−cathode
interface during synthesis. In particular, this is at the elevated
temperatures (400 °C) required for forming the coating.
Although both these additional phases have previously been
identified,27,28,37,38,43 the acquisition of high-field NMR data
allowed the presence of LiAlO2 to be observed for LCO, which
had previously been observed for NMC systems.27

The presence of these additional phases has important
implications for further study of protective coatings. The
authors believe that these additional phases are formed at the
coating−cathode interface. Thus, instead of a simple coating
model, where the Al2O3 forms a protective shell around the
cathode, it may be more accurate to consider a gradual
gradient where multiple phases exist within the coating−
cathode interface. If this is the case, it should be taken into
consideration when designing, tailoring, and improving future
coatings.
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