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ABSTRACT: Nickel-rich layered oxides are promising positive electrode materials for lithium-ion batteries due to their high
capacity and decreased cobalt content. The application of surface coatings is a common approach to slowing or potentially stopping
deleterious reactions at the electrode—electrolyte interface of lower-Ni content layered oxides. However, their efficacy on Ni-rich
LiNiysMng;Coy;0, (NMC811) is less certain, and knowledge on how to design effective coatings with favorable properties is
sparse. In this work, we develop a convenient solution-based deposition method for the synthesis of aluminum oxide coated
NMCS811 secondary particles and we study the effects of annealing temperature on their structure and electrochemical lifetime in
lithium-ion batteries. Using energy-dispersive X-ray spectroscopy and X-ray fluorescence spectroscopy, we quantify the amount and
distribution of aluminum oxide on the cathode particles. Changes in the coating phase and composition as a function of annealing
temperature are tracked with solid-state nuclear magnetic resonance and X-ray photoelectron spectroscopy. ’Al NMR spectroscopy
at very high fields (23.5 T) provides direct evidence that after annealing up to 400 °C, 4-, S-, and 6-coordinate aluminum is present,
here assigned to an amorphous alumina coating, but after annealing to 600 °C, a y-LiAlO,-like coating is observed. We further
differentiate between Al in the bulk and surface phase and identify, for the first time, the critical temperature at which doping occurs
in NMC811. Surface/bulk doping starts to occur in the range of 500—600 °C, with considerable bulk doping being found at 800 °C.
The onset of Al diffusion coincides with the decrease in capacity retention, contradicting previous studies and giving new insight into
the relationship between lifetime and lithium-ion conductivity.

B INTRODUCTION capacities.”” For example, by synthesizing and testing NMC
materials with varying amounts of nickel, Noh ef al. found that
higher nickel content led to higher capacity but at the cost of
faster capacity fade and safety issues.” Subsequent studies of
Ni-rich materials such as NMC811 (where x =0.8 and y =z =
0.1) have shown that degradation becomes particularly

Developing cathodes with higher capacities and lower costs is a
key challenge in lithium-ion battery research. The strategy
most widely used in batteries designed for the electric vehicle
(EV) market is to replace Co by Ni in the parent cathode
material, LiCoO, (LCO). LiNiO, (LNO) achieves higher
capacities at similar voltages as compared to LCO, and Ni is
also cheaper and associated with fewer environmental/mining Received: August 22, 2022 ==
concerns than Co. On the other hand, the stability of LNO is Revised:  September 22, 2022 o
worse than that of LCO, particularly as more Li is removed Published: October 17, 2022
during battery operation. This has led to the development of a

wide range of Li[NiMn,Co,]O, (NMC) compounds to

improve upon the stability of LNO whilst maintaining high
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pronounced when cycling to upper cutoft voltages where more
than 80% of Li is removed (above 4.2 V for NMCS811 vs
graphite).”” Accordingly, excellent lifetimes are achievable in
NMCB811/graphite cells operated under more moderate
conditions (e.g., 3.00—4.06 V and 20—30 °C).° Improvements
in battery lifetime can also be attained by modifying the NMCs
through surface coatings’~'> or by using electrolyte
additives.'*™'® Even with these strategies, it is not yet clear
whether it is possible to obtain satisfactory performance at
temperatures above 25 °C or with increased voltage windows
for practical applications.

One proposed major mechanism for degradation of NMC
materials is related to the exergonic loss of lattice oxygen at
delithiated states of charge and the formation of densified
phases such as spinel (M;0,, with M = Ni, Mn, and Co) and
rock salt (MO) on the surface of the cathode particles upon
exposure to the electrolyte.'””’ These insulating and electro-
chemically inactive layers grow with cycling, particularly at
high voltages, leading to a decrease in capacity.” One potential
strategy to mitigate this is to modify the positive electrode by
coating its active surface with a protective layer to limit
exposure to the electrolyte. A plethora of coating materials
have now been investigated. Some of the most common
materials used to coat NMC cathode particles include metal
oxides such as ALO,,"~” TiO,,”* ZrO,,"” and SiO,'° but also
metal phosphates and fluorides like AIPO,,>* FePO,,"" AlF,,'*
CaF,,”" and LiAlF,."”> These coatings can be deposited using
vapor-deposition techniques such as atomic layer deposition
(ALD)'**>?° or solution-based methods which do not require
sop7h_i§tzi$§ged equipment and tend to be easier to scale
up.” 7V

AL, O; has a number of desirable properties compared to
other oxides that make it stand out as a coating material.
Aluminum is non-toxic and the most abundant metallic
element in the Earth’s crust. Al;O; coatings lead to the in
situ formation of LiPO,F,, a well-known electrolyte additive,
by reaction with LiPF, and in contrast with other oxide
coatings such as Nb,O; and TiO,, it has been shown to inhibit
the reactions involving ethylene carbonate (EC), which limits a
cascade of degradation mechanisms.”>*’

Despite Al,O; being one of the most extensively studied
cathode coating materials, there is still a need for practical
methods to synthesize Al,Oj;-coated nickel-rich particles.
There is also a limited understanding of the effects of synthetic
conditions, such as annealing temperature, on the structural
and electrochemical properties of the material. The coatings
are proposed to protect the outer surface from contact with the
electrolyte,”” and surface doping may suppress the near-surface
rearrangements that lead to rock-salt formation and growth
without sacrificing specific capacity as bulk doping with
aluminum increases the thermal stability and capacity retention
of lower nickel-content NMCs by delaying oxygen loss and
retarding transformation to spinel.’’ >* However, these
hypotheses still need further experimental verification. While
some previous studies have found that the Al,O; coatings
improved capacity retention in NMCs with a 70% nickel
content or lower, there is more divergence of opinions about
the effect that Al,O; coatings have on the degradation of NMC
cathodes with 80% nickel or higher. For example, Han et al.
found that AL,O; coatings had a negative effect in overall
capacities and capacity retention in NMC811 cathodes and
that annealing further deteriorated performance, which they
ascribed to the diffusion of aluminum cations from the coating
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into the bulk of the material>> Others, like Neudeck et al.,
observed an increase in capacity retention after coating
NMC811 with Al,O; from solution using trimethyl aluminum
(TMA) as a precursor.®

Several coating methods have been developed to deposit
Al,Oj; coatings onto cathode materials. ALD is one of the most
common methods to coat NMC and LCO with a layer of
Al,Oj; and generally leads to improvement in capacity retention
and stability."******” Another possibility is to use solution-
based coating methods (wet chemistry), with early work in this
area showing that the deposition of Al,O; coatings onto LCO
has a positive effect on capacity retention. Cho et al.’®*’ coated
LCO with ALO; using an alkoxide precursor (aluminum
ethylhexanodiisopropoxide) solution in isopropanol following
a sol—gel route. The coating process was explained in terms of
hydrolysis of the precursor by either ambient moisture or
—OH groups present on the surface of LCO. They found that
annealing of the coated LCO led to the diffusion of the coating
into the particles as well as surface doping. Others used
aluminum and lithium salts to coat LCO. For example, Chen et
al. used an Al(NO;);-9H,0 and LiNO; solution in ethanol to
coat nano-LCO with LiAlO,/ALO;.* Similarly, Han et al.
used an aqueous Al(NO,); solution to coat both LCO and
NMCS23 and studied the evolution of the coating layer as a
function of annealing temperature.”’ Dogan and co-workers
have, in extensive and careful studies, built on this work and
examined a variety of different nitrate and alkoxide precursors
dissolved in different solvents and have compared the resulting
coatings with those deposited with ALD.””*>*"** Other recent
studies have used TMA in organic solvents as the precursor
solution.”**® TMA forms aluminum oxide by reaction with
water through cleavage of the Al-C bonds (hydrolysis)
generating methane.

In this work, we develop a scalable and cheap method for
coating cathode particles with Al,O; using a solution
deposition route and a molecular precursor, aluminum
isopropoxide. This precursor is deposited over the surface of
the NMC811 particles and is decomposed by annealing,
leading to a layer of oxide coating. Our coating method differs
from previously reported ones: as discussed above, many
previous studies have used conventional sol—gel approaches in
which aqueous solutions with aluminum nitrate or aluminum
alkoxides in organic solvents are used to coat cathode particles
with ALO; by slow evaporation of the solvent.”?”*>**
However, because NMC811 is carbon dioxide- and moisture-
sensitive, this can potentially lead to degradation during the
deposition process if it is not done under inert conditions.* In
contrast, our method allows the deposition directly from
solution by using molecular precursors that react with the
surface of the NMC under nitrogen and that can be
decomposed later by annealing, leading to the metal oxide
coating.*® This allows us to avoid water and carbon dioxide
completely and should produce thinner and more homoge-
neous coatings since, unlike in other synthesis routes, we
remove the solution containing the unreacted precursors.
Here, we use aluminum isopropoxide (AIP) in toluene as the
precursor solution. AIP is an aluminum alkoxide which forms
aluminum oxide by hydrolysis (eg., by reaction with surface
OH groups) or thermolysis but is not pyrophoric, making it
safer than TMA and more suitable for large-scale production.
Compared to the aluminum ethylhexanodiisopropoxide used
by Cho et al,*® AIP should hydrolyze more readily as alkoxide
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ligands are more basic than carboxylates. Furthermore, our
coating process is followed by annealing of the coated particles.

We present a detailed characterization of the Al,O; coatings
deposited on NMC811 using the synthesis method described
above, focusing especially on the effects of different annealing
temperatures. Scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), energy-dispersive X-ray
spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS),
and *’Al nuclear magnetic resonance (NMR) spectroscopy are
applied to uncover the structural, morphological, and composi-
tional changes of the coatings that take place at different
annealing temperatures. Finally, we relate these changes to the
electrochemical performance of the coated cathode materials
by performing long-term galvanostatic cycling of half cells and
compare our results to previous coating studies.

B EXPERIMENTAL SECTION

Synthesis of Al,0;-Coated NMC811. This procedure was
carried out under an inert, dry nitrogen atmosphere. 10 g of
NMC811 (Targray) and 100 mg of aluminum isopropoxide (AIP,
Sigma-Aldrich) were loaded into two separate Schlenk tubes inside a
glovebox. The two flasks were connected to a nitrogen line, and 50
mL of dry toluene was added to each flask. The precursor solution
was then added to the NMC811 suspension, and the mixture was left
to react for 48 h at 80 °C stirring. The mixture was allowed to cool to
room temperature, and the solvent was removed using a syringe. The
solid was washed three times with dry toluene in order to remove any
unreacted precursor by adding 10 mL of toluene, stirring, and
removing it with a syringe. The product was then dried at 100 °C
under vacuum (107> atm, 1 h). For samples annealed at higher
temperatures, the annealing was performed for 4 h under air at
temperatures between 200 and 800 °C. As a control, one sample was
also annealed at 800 °C under oxygen. Further control samples were
synthesized following the same procedure described above, but
without the addition of AIP.

Electrode Fabrication. Electrodes were prepared by mixing 88 wt
% NMC811 powder with 6 wt % carbon black (Super-P Carbon,
Timcal) and 6 wt % PVDF binder (Kynar, HSV-900). The total
amounts of the coated and uncoated solids ranged between 250 and
400 mg. The solid mixture was ground for 5 min under air using a
pestle and mortar. Then 0.85 mL of N-methyl-2-pyrrolidone (NMP)
per gram of solid was added; the slurry was mixed in a planetary
centrifugal mixer (Thinky, ARM/310 CE) at 2000 rpm for 10 min
and transferred to a nitrogen-filled glovebox. Here, the slurry was cast
on aluminum foil with a doctor-blade to 150 ym thickness. The cast
electrode was then dried under vacuum at room temperature
overnight and cut into electrode disks of 12.7 mm diameter. These
were dried under vacuum at 120 °C for 24 h before being transferred
to an argon-filled glovebox with oxygen and water levels below 10
ppm. The resulting electrodes had active mass loadings of 6.4 + 1.4
mg/ cm?.

Cell Assembly and Galvanostatic Cycling. Coin cells were
assembled inside an argon-filled glovebox with water and oxygen
levels below 10 ppm. The cell components were a lithium disk of 16
mm diameter, purchased from LTS Research Laboratories, Inc. as the
counter electrode, one 0.5 mm thick spacer, a steel spring, a glass fiber
separator (GF/B, Whatman, 16 mm diameter) soaked with 100 uL of
electrolyte, and the cathode disk. The electrolyte used was 1.0 M
LiPF in ethylene carbonate (EC) and ethyl methyl carbonate mixed
in a 3:7 w/w ratio (SoulBrain, USA). The cells were cycled between
3.0 and 4.3 V. After two formation cycles at C/20, the cells were
cycled at C/2 for 250 or 300 cycles, with two diagnostic cycles at C/
20 every 50 cycles. In this work, 1 C refers to the current needed to
charge or discharge the cell in 1 h with an upper cutoff voltage of 4.3
V (corresponds to a cathode capacity of ~200 mA h/g). After
electrochemical testing, the cells were stored in the discharged state
for post-mortem analysis for 15 months.
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X-ray Fluorescence Measurements. Measurements were
performed using an Epsilon 4 Malvern Panalytical X-ray fluorescence
(XRF) spectrometer with a Ag anode (an X-ray energy of 50 kV) and
a SDD30 silicon drift detector.

Solid-State NMR Experiments. Measurements were carried out
on a 16.4 T Bruker Avance III spectrometer (700 MHz 'H Larmor
frequency) using a Bruker 1.3 mm magic-angle spinning (MAS)
probe. All samples were as-coated powders, except for the one
annealed at 800 °C under air which was scraped from an electrode.
Sample quantities ranged between 7.6 and 9.3 mg. Experiments were
performed at SO kHz MAS frequency using a Hahn-echo pulse
sequence with a 100 ms recycle delay and a total echo length of two
rotor periods (40 us). Between 372,000 and 402,000 scans (free
induction decays) were acquired, leading to experimental times
between 14 and 17 h. AIF; (—17.0 ppm) was used as an external
reference to calibrate the *’Al chemical shift.

The high-field NMR measurements were performed on a 23.5 T
Bruker Avance Neo spectrometer (1 GHz 'H Larmor frequency) with
a Bruker 1.9 mm MAS probe. All samples were as-coated powders.
Experiments were performed at 40 kHz MAS frequency for the
samples annealed at 200 and 600 °C and at 38 kHz MAS frequency
for the sample annealed at 400 °C. Again, a Hahn-echo sequence was
used with a recycle delay of 100 ms and a total echo length of two
rotor periods. Between 684,416 and 715,520 free induction decays
were collected, leading to experimental times between 21 and 23 h.
The spectra were simulated and fitted using a Czjzek distribution”
(Gaussian isotropic model, d = S) as implemented in the DMFit
software (“CzSimple” model).**

Scanning Electron Microscopy. Images were taken with a
TESCAN MIRA3 Field emission gun (FEG) (for SEM) in the
secondary electron (SE) mode with beam voltages ranging from 2 kV
for the pristine NMC and 5 kV for the coated samples. The working
distance was 6 mm for all images. All samples were coated with 10 nm
of Cr before imaging using a Quorum Technologies QIS0T ES
Turbo-Pumped Sputter Coater/Carbon Coater. For the elemental
quantification using energy-dispersive X-ray spectroscopy (EDS),
between 20 and 100 point scans were taken on different regions of
each sample. All EDS measurements were performed using a 15 keV
electron beam and with a working distance of 15 mm. To prepare the
cycled samples for SEM, the coin cells were opened inside an argon
glovebox, and the electrodes were washed with dimethyl carbonate
three times to remove the electrolyte and dried under vacuum, and
the electrode material was scraped off the current collector.

Transmission Electron Microscopy. The samples for TEM
imaging were prepared by drop-casting a suspension of the NMC811
particles in ethanol onto a lacey carbon-coated copper grid (EM
Resolutions, 300 mesh), followed by solvent evaporation. For the
cycled samples, this was preceded by opening the coin cells inside an
argon glovebox, washing the electrodes with dimethyl carbonate three
times to remove the electrolyte, drying under vacuum, and scraping
the electrode material off the current collector. TEM images, scanning
TEM (STEM), and EDS spectra and maps were collected using a
Thermo Scientific (FEI) Talos F200X G2 TEM operating at 200 kV
with a spot size of S and 70 um aperture for the bright-field (BF)
imaging. TEM images were acquired using a Ceta 16M CMOS
camera. EDS was performed in the STEM mode with images acquired
using the high-angle annular dark field (HAADF) and bright field
(BF) detectors and EDS spectra/maps collected using the Super-X
EDS detector system which consists of four windowless silicon drift
detectors. Between 1 and 3 maps were collected in different regions of
the sample for the as-coated and cycled samples. Surface and bulk
AL:Ni ratios were extracted from relevant areas of those maps. The
thickness of the coatings was estimated by measuring the coating
thicknesses from TEM images taken on different regions of the
sample and using both HR-TEM and STEM images (Figures S37—
S40 and Table S7 for the thickness measurements).

X-ray Photoelectron Spectroscopy. The XPS spectra were
measured using an Escalab 250Xi spectrometer. An aluminum Ka X-
ray source was used. The spot size was 500 ym for all measurements.
For the high-resolution spectra, 20 eV of pass energy and 0.1 eV step

https://doi.org/10.1021/acs.chemmater.2c02580
Chem. Mater. 2022, 34, 9722—-9735


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02580/suppl_file/cm2c02580_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02580/suppl_file/cm2c02580_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c02580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

size were used. A total of 60 and 20 scans were measured for the Al 2p
and the C 1s spectra, respectively.

Powder X-ray Diffraction. The powder X-ray diffraction
(PXRD) data were collected on a Panalytical Empyrean powder X-
ray diffractometer using Cu Ko radiation (4 = 1.541 A) over the 20
range of 5—80° for 1 h. Rietveld refinements were performed to
obtain lattice parameters and site occupancies using the TOPAS
program (ve).*”

B RESULTS

Coating Synthesis. To study the effect of Al,O; coatings
on the degradation of NMC811, we started by developing a
solution-based method for the deposition of Al,O; onto the
surface of NMC secondary particles, which were roughly
spherical aggregates of the NMC811 primary particles. The
NMC811 particles were suspended in a solution of AIP (1% of
the total solid weight) in toluene and mixed for 2 days at 80 °C
before removing the excess solvent. After washing the sample
with toluene to remove the excess AIP, the product was dried
at 100 °C for 1 h under vacuum. Next, the particles were
annealed under air for 4 h (Figure 1). Since AIP is known to

L.
Al
Y
\r A, Air
—_— R —
Toluene Annealing
80 °C, 2 days
NMC811 Coating Doping

Figure 1. Coating process consists of two steps; the deposition of the
precursors onto the surface of the NMC811 secondary particles from
solution and the annealing of the resulting product.

react with water, the aim here was to exploit the trace amounts
of water or hydroxyl groups, present on the NMC811 particles,
to deposit an aluminum-based layer. Several weight % of AIP
(1, 2, and 40%, the latter primarily for NMR studies) were
tested initially, but it was found that the electrochemical
performances of the 2 wt % and especially the 40 wt %
precursor samples were poor, so only the results for the 1 wt %
samples are reported here. Several temperatures were used for
the annealing step (200, 300, 400, S00, 600, 700, and 800 °C);
this step is introduced to ensure the full decomposition of the
precursor, to induce changes in the structure of the coating,
and to explore the diffusion of the aluminum ions into the sub-
surface of the particles to achieve surface doping. Uncoated
samples annealed at 400 and 800 °C under air were also
prepared to investigate the effect of annealing under air on the
structure and electrochemical cycling of NMC811, allowing us
to separate this contribution from the effect the coating on the
degradation of the material. These samples were treated with
toluene at 80 °C for 48 h under nitrogen but without adding
AIP and then annealed at either 400 or 800 °C under air for 4
h. Finally, since NMCS8I11 is synthesized under an oxygen
atmosphere,” a coated sample annealed at 800 °C under
oxygen was synthesized to test whether annealing under air at
high temperatures may be degrading the material, leading to
faster capacity fade, and if the capacity retention of coated
NMCS811 can be improved further by annealing under oxygen.

Surface Characterization. In order to verify the presence
of a coating and to determine its thickness, morphology, and
composition, a variety of surface-sensitive techniques were
used. First, the coating morphology and the changes it
undergoes at increasing annealing temperatures were deter-
mined by SEM. Representative SEM images of the pristine and
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coated secondary particles discussed in this work are shown in
Figure 2, with further images shown in the Supporting

Figure 2. SEM images of uncoated (pristine) NMC811 particles and
of NMCS8I11 particles coated with Al,O; and annealed at different
temperatures, as given in the figure. The sample labeled as “100 °C”
was only dried for 1 h under vacuum and not annealed under air.
Images of samples annealed at 200—500 °C show a layer of material
that has been deposited, changing its surface morphology with
annealing temperature. After annealing at temperatures of 600—800
°C, the primary particles become again more visible. This is attributed
to a densification of the coating layer and its diffusion into the bulk of
the material.

Information (Figures S1—S19). From the SEM images, we
can see that the NMC811 primary particles are 100—200 nm
in diameter and that they are agglomerated into spherical
secondary particles of 5—20 ym in diameter. After coating and
annealing up to 500 °C, the primary particles are covered by a
thin layer of material, with the surface becoming smoother and
the primary particles being no longer as clearly visible. Small
coating particles of 0.5—1 pm are also observed on top of the
thin layer. At higher annealing temperatures, there is a further
change in the surface morphology of the particles. The surface
becomes rougher, and the primary particles are more clearly
resolved. SEM images of the samples annealed at 200 and 400
°C after 250 and 300 electrochemical cycles show full
secondary particles that retained the smooth morphology
observed for the non-cycled samples (Figures S20 and S21).

Next, TEM imaging was performed on the samples annealed
at 200, 400, 600, and 800 °C to investigate the morphology of
the coating layer further and to determine the thickness of the
coating (Figures $22—526 and $37—540 and Table S7). TEM
shows the presence of a layer of material on top of the coated
particles regardless of the annealing temperature but not in the
pristine samples. The thickness of the coating was estimated by
measuring the length of the coating at selected areas in
different TEM and STEM images for each sample. It was
found that the thickness varies greatly depending on the region
of the sample under examination, but overall, fewer thick
coating regions were found in the high-temperature annealing
samples (Table S7).

To prove that the deposited films are aluminum-based and
to study if there is diffusion of the coating into the bulk of the
particles, we next determined the surface composition of the
coated and annealed samples using a combination of surface-
sensitive techniques, XRF, SEM-EDS point scans, STEM-EDS
maps, and XPS measurements.
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Both SEM-EDS and XRF results confirm the presence of
aluminum on the surface of the coated NMC811 and that the
pristine NMC811 does not contain aluminum (Figures S10
and S11 and Tables S1, S8 and S9). This was further verified
by STEM-EDS, which shows that the coating layer contains
aluminum (Figures 3a, $S29—S36 and Tables $S3—S6). To

a [ L EDS ma b — ' I ' I ' f ' I —
0.025 i o s
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200°C Annealing temperature / °C
Figure 3. (a) EDS map and STEM image in the bright field mode of
the coated NMC811 annealed under air at 200 °C; (b) changes in
aluminum to nickel atomic ratio as a function of annealing
temperature as determined by EDS and XRF. The error bars are
the 95% confidence intervals of measurements taken across several
particles. Similar levels of aluminum content are detected up to a 500
°C annealing temperature, but a decrease in aluminum content is seen
at higher temperatures. Since both EDS and XRF measure the near-
surface composition of the sample, this provides evidence for diffusion
of aluminum into the bulk of the particles.

compare the aluminum content between samples, Al:Ni ratios
were derived from SEM-EDS and XRF. To obtain Al:Ni ratios
by SEM-EDS, between 20 and 100 EDS spectra were
measured at multiple positions for each sample (Figures
S12—S821 for location of the SEM-EDS point scans). The
SEM-EDS Al:Ni ratios were then calculated by averaging the
values from these spectra. The XRF Al:Nj ratios were obtained
directly from a duplicate of the XRF measurement, and they
show ratios between 0.012 + 0.001 and 0.015 + 0.002 (Table
S7) for samples annealed at temperatures up to 500 °C (Figure
3b). The ALNi ratios derived from EDS for this temperature
range lie between 0.010 #+ 0.002 and 0.022 + 0.002, being
generally larger compared with XRF except for the sample
annealed at 200 °C. This is not surprising considering that the
measurement depth of XRF is larger and so the relative
amount of aluminum compared to the bulk that is being
analyzed is lower.”””' The larger fluctuations in aluminum
content between samples seen by EDS are attributed to
inhomogeneities in the samples at a microscopic level. At 600
°C, both EDS and XRF show a decrease in aluminum content
with XRF measuring an Al:Ni ratio of 0.0079 + 0.0001 at 600
°C and EDS measuring 0.014 + 0.001. The aluminum content
measured by both techniques decreases further as the
annealing temperature increases, reaching comparable values
for both techniques at 800 °C of 0.004 + 0.001 for XRF and
0.0052 + 0.0009 for EDS (Tables S6 and S7). This strongly
suggests that the coating is diffusing into the bulk of the
particles beyond the depth of analysis of these techniques.
Having proved that the coating process leads to the deposition
of a rough layer on the surface of NMCS811 and to the
presence of aluminum in the particles, the composition of this
coating layer was then studied using TEM in STEM modes
(Figures $29—S33 and Tables $S3—SS5). The TEM-EDS maps
were measured allowing the aluminum content at the surface
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coating region (20—100 nm) to be determined, confirming
that the aluminum signal seen in SEM-EDS and XRF comes
from the deposited layer, which has a much higher aluminum
content compared to the bulk (Figure $36). Al:Ni ratios of
0.50 + 0.07 and 0.40 + 0.05 were calculated for the 200 and
400 °C samples with a large decrease in aluminum content in
the surface regions detected for the 600 and 800 °C (0.02 +
0.04 and 0.02 + 0.05) samples.

XPS was then performed as a surface-specific technique to
understand the composition and chemical environments
present and their temperature-induced changes in the coating
in more detail. High-resolution XPS spectra of the aluminum
2p region contain peaks corresponding to the transition metals
(Ni, Co, Mn), lithium, and aluminum (Figure 4). This region
was hence fitted to eight components (Al 2p, Mn 3p, Li 1s, Co
3p, Co 3p satellite, Ni 3p3/,, Ni 3p,/,, Ni 3p satellite, see
Tables S10 and S11 for details on the XPS fittings). Small
variations were detected in the binding energies of the nickel,
cobalt, and manganese peaks between the samples, which are

800 °C

600 °C

400 °C

80 70 60

Binding Energy / eV

Figure 4. Al 2p region of the XPS spectra of Al,0;-coated NMC811
annealed at different temperatures; see Table S10 for the intensities
and binding energies obtained by fitting these spectra. The binding
energies of the Al 2p peak (purple) support the presence of aluminum
oxide. Furthermore, the decrease in intensity of this peak supports the
diffusion of the aluminum ions into the bulk of the particles.
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likely attributable to imperfect charge correction (the carbon
1s signal arising from surface C—H, C—C was set to 284.8 eV
in this work). Such minor variations are typical of powders and
complex nonuniform materials, where differential charging can
occur.”” That there are no clear trends or significant changes in
the binding energies indicates that the oxidation states of the
transition metals on the surface remain the same after coating
and annealing.

Relative to the intensities of the peaks corresponding to Ni,
Mn, and Co 2p orbitals, the Al 2p peak decreases in intensity
with a higher annealing temperature (Figure 4). In contrast,
the intensity ratio of the Ni, Mn, and Co 2p peaks remains
approximately constant, corresponding to the expected 8:1:1
elemental ratio. This is again consistent with the diffusion of Al
from the coating into the bulk of the particles and is mirrored
by the lower aluminum contents detected at higher temper-
atures (600 and 800 °C) from the survey scans. As a result of
the lower measurement depth of the XPS measurement (as
determined by the inelastic mean free paths of the photo-
electrons), the aluminum contents determined by XPS were 2
orders of magnitude higher than those determined by SEM-
EDS and XRF and an order of magnitude higher than the
TEM-derived values, with Al:Ni ratios of the order of 2.76—
2.77 up to 400 °C (Figure 4 and Table S13). Above 400 °C,
the AL:Ni ratio decreases sharply to 0.87, decreasing further at
800 °C to 0.14. This again shows that the proposed diffusion
process does not occur below 400 °C and that at 600 °C, there
is significant diffusion taking place with even greater diffusion
at higher temperatures (Table S13).

The binding energy of the main Al 2p peak (74.45 eV)
confirms that the material deposited onto the samples annealed
at 200 and 400 °C is aluminum oxide.”® A shift in the
aluminum 2p peak to lower binding energies (approximately
73.09 eV) is observed at 600 °C. This binding energy is only
an approximation because the overlap with the nickel 3p
satellite, which gives rise to a broad peak centered at 73.72 eV
(blue), makes it difficult to determine the exact position of the
Al 2p peak in this sample. Nevertheless, this value matches well
with the Al 2p binding energies that Appapillai et al>*
measured for LiAlO,, suggesting that lithiation of the coating
has taken place at 600 °C. Consistent with the XRF and EDS
results, most of the aluminum has diffused past the
measurement depth of XPS into the NMC at 800 °C. The
residual XPS signal could arise from either small amounts of
coating that has not diffused into the particles or surface Al-
doped NMC phases. Lebens-Higgins et al. assigned the Al 2p
signal from a LiNiygAl,,0, (LNA) electrode with a binding
energy of 72.7 €V to a doped nickel oxide phase of the form
Li;_,Ni,_,AL O,, suggesting that the signal from our Al-doped
NMC phase would be shifted to lower binding energies
compared with Al 2p signal arising from a coating. This would
increase the overlap with the Ni 3p peak complicating the XPS
analysis of aluminum species in this case.

Z7Al Solid-State NMR Spectroscopy. 27Al solid-state
NMR (SS-NMR) spectroscopy was next performed to examine
the local structures in more detail. While *’Al SS-NMR is a
useful technique to characterize the local structure, the
interpretation of the results can be challenging due to the
fact that *’Al (I = 5/2) is a quadrupolar nucleus and broad
signals are often observed. This, coupled to the small amount
of aluminum present in our alumina-coated NMC811 particles,
leads to difficulties in extracting accurate structural informa-
tion. Furthermore, the presence of transition-metal ions Ni**,
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Ni**, and Mn*, which have unpaired electrons and are
therefore paramagnetic, can cause shifts in the aluminum
signals via the Fermi contact interaction.”> One way of
overcoming these problems is to measure the samples at
different magnetic fields: at low magnetic fields, the effects of
the paramagnetic ions are minimized, while at high magnetic
fields, the second-order quadrupolar interaction is reduced,
leading to sharper lines for the *’Al diamagnetic signals.

The *’Al NMR spectra of Al,O;-coated NMC811 samples
measured on a 700 MHz spectrometer (16.4 T) are shown in
Figure S. Aluminum oxides have three possible coordination

*

800 °C

0 -1000 -2000

5(?Al) / ppm

Figure 5. *’Al solid-state NMR spectra of Al,O;-coated NMC811
annealed at various temperatures in air, as indicated in the figure. The
spectra were recorded at a magnetic field strength of 16.4 T and an
MAS frequency of 50 kHz and are scaled by the sample mass and the
number of scans acquired. Spinning sidebands are marked with
asterisks in the 200 °C spectrum. All samples except the 800 °C
sample were as-coated/annealed powders. The 800 °C sample was
scraped from an electrode, with the small residues of the aluminum
current collector in the sample leading to an aluminum metal signal at
1636 ppm (the isotropic resonance and spinning sideband being
marked with filled and empty diamonds, respectively).>® The intensity
of the diamagnetic signal decreases as the annealing temperature is
increased, and a broad feature at negative ppm caused by aluminum
near transition-metal atoms grows at high annealing temperatures.

2000 1000

environments for the aluminum atom [4-, 5-, and 6-coordinate
sites (A1, BJAl, and [®'Al)] that depend on the number of
oxygen atoms coordinating to the aluminum. These environ-
ments give rise to distinct resonances with isotropic chemical
shifts of approximately &,,(\¥Al) = 60 ppm, &,,("'Al) = 30
ppm, and 5150([6]Al) =0 ppm,57 allowing the relative
concentration of each site to be determined. No difference
in signal intensity in the diamagnetic region is seen on going
from an annealing temperature of 200 to 400 °C, but changes
in relative intensity at 600 °C are seen and very little signal
from diamagnetic species remains by 800 °C, again confirming
that the diffusion process starts at temperatures higher than
400 °C.
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A very broad signal centered at approximately —1000 ppm is
seen in the spectrum of the 800 °C sample. This signal is
assigned to aluminum doped into the transition-metal layer of
NMC811, with the shift with respect to the signal from the
alumina coating arising from Fermi contact interactions with
the paramagnetic transition-metal ions Ni**, Ni**, and Mn*".*®
To confirm this assignment, a spectrum of the same sample
was also acquired at a lower magnetic field of 4.7 T (Figure
$45). The position of the more clearly resolved 2’Al resonance
(approximately —1200 ppm) compares well with literature 2’Al
spectra of NCA (LiNil_y .Co Al 0,), confirming that the
aluminum observed here is located in the TM layer largely
nearby Ni?*/3* jons, with the Ni**/** jons in the first cation
coordination shell of AI** giving rise to negative shifts.”® The
presence of some aluminum in the bulk NMC phase is also
inferred from the spectrum of the 600 °C sample where a
broad signal is observed under the diamagnetic signals (Figure
5). The *Al SS-NMR spectrum of the sample annealed in
oxygen at 800 °C was almost identical to that of the air-
annealed sample, confirming migration of most of the Al into
the bulk (Figure S46).

Figure 6 shows the central (isotropic) resonances of *’Al SS-
NMR spectra measured on a 1 GHz spectrometer, performed
at the higher magnetic field (23.5 T) to reduce the second-
order quadrupolar interaction and increase the srgnal to -noise
ratlo The three peaks corresponding to the Al [¥Al, and

[6JAl environments nearby diamagnetic cations can be
identified. There is a significant amount of aluminum in a
five-coordinate environment in the 200 and 400 °C samples,
which proves that the coating is amorphous, since no
crystalline phase of aluminum oxide contains this local
environment.*”

In order to deconvolute the spectra and quantify the amount
of AL, BJAL and JAl aluminum present in the samples, the
NMR spectra were modeled using the Czjzek model®” for each
peak (Figure 6), with the parameters summarized in Table
S14. The Czjzek model accounts for the distribution of
quadrupolar interactions present in amorphous alumina due to
its disordered structure; it describes the distribution of local
environments and thus quadrupolar interactions, leading to
characteristic NMR signals with tails toward lower ppm
values.*’

The percentages and absolute 1ntegrated 1ntensrt1es of the
observed signals assigned to the [41A1, 1AL, and [9)Al sites are
derrved directl from the fit and shown in Flgure 7. An increase

“JAl and ''Al and a decrease in the (YAl signals are
observed going from 200 to 400 °C. A previous report on
temperature-dependent structural evolution of amorphous
alumina grown by chemical vapor deposition (CVD) methods
also using AIP as a precursor shows an evolution of the
aluminum environments with 1ncreasmg deposition temper-
atures similar to what we observe.”” The intensities in the 200
and 400 °C spectra remain comparable, while at 600 °C, a
sharp decrease in signal intensity is seen, suggesting that a
significant amount of aluminum diffusion has occurred at this
temperature.

As the annealing temperature is increased, an increase in
crystallinity of the aluminum oxide is normally expected,
generally leading to y-AlL,O; a process whlch should be
accompanied by an increase in intensity of the (Al signal.>”
Instead however, an increase in the relative intensity of the

(41A1 signal is seen, which is coupled to a marked decrease in

[61A] signal and a slight increase in [SIAT at 400 °C. At 600 °C,
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Figure 6. Central resonance of 2’Al solid-state NMR spectra (black)
of Al,Oz;-coated NMC811 annealed at various temperatures, as
indicated in the figure, along with fits applying the Czjzek model
(orange dotted line).*” The three aluminum environments are plotted
under the curve and correspond to 4 (green)-, S (blue)-, and 6 (red)-
coordinated aluminum. The spectra were acquired at 23.5 T and at an
MAS frequency of 40 kHz for the samples annealed at 200 and 600
°C and of 38 kHz for the sample annealed at 400 °C.

the relatrve mtensrty of the Al peak increases even further,
while the 1Al and %Al environments remain low, with [¥1Al
decreasing and [¢Al i 1ncreasm% in relatlve intensity with respect
to the 400 °C spectrum. The Al and [®/Al peaks shift from 75
to 82 ppm and from 13 to 19 ppm, respectively (Table S14),
supporting the formatlon of lithiated alumina that contains a
large proportion of AL

The low-pressure phase of LiAlO,, y-LiAlO,, contains
tetrahedrally coordinated Al sites and gives rise to shifts
between 82 and 80 ppm.°>" The monoclinic phase 5-LiAlO,
also contalns 4-coordinated Al and gives rise to signals at 83
ppm, ? while the high-pressure phases a-, 5-LiAlO, contam 6-
coordinated Al sites with isotropic shifts of 15—17 ppm.®" Our
results are, therefore, consistent with a disordered/nano-
particulate y-LiAlO, phase or an amorphous phase with the
local structure similar to that found in y-LiAlO, and a small
amount of an a-alumina-like phases.’”®" This formation of
lithiated alumina phases after annealing Al,O;-coated NMCs
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Figure 7. Evolution of the three aluminum coordination environ-
ments in the alumina-coated NMC811 particles as a function of
annealing temperature as obtained from the simulation of the *’Al SS-
NMR spectra shown in Figure 6. The signal integration is shown in
the top panel, indicating the evolution of the total quantity of */Al,
(51Al, and [®JAl sites in the samples, and the relative distribution of the

three alumina sites is shown in the bottom panel.

to higher temperatures has also been observed by others”>*®

and could potentially lead to better lithium conductivity
through the coating.

Powder X-ray Diffraction. We next turned to PXRD to
determine whether the coating/annealing processes have an
effect on the long-range structure of the material (with patterns
and refinements reported in Figures S47—S53 and Tables
S15—822). Pristine samples and coated samples annealed at
200, 500, and 800 °C were compared with a coated sample
annealed under oxygen at 800 °C and with an uncoated sample
annealed under air at 400 and 800 °C. For all these samples,
except for the coated NMC annealed under air at 800 °C,
Rietveld refinement shows that the reflections can be indexed
to a single R3m phase with no significant differences in the
lattice parameters. The degree of anti-site mixing was also
similar, increasing at higher annealing temperatures for both
the coated and uncoated samples. This matches well with the
"Li SS-NMR measurements carried out at 4.7 T (Figure S44)
in which no significant changes were seen between samples,
suggesting that the bulk did not change considerably after the
coating and annealing processes up to 500 °C. However, the
coated sample annealed under air at 800 °C shows a splitting
of the 003, 101, and 104 reflections, and the XRD pattern
could not be fit to a single phase (Figure S50). The
introduction of the secondary aluminum-doped NMCS811
phase with a larger c lattice parameter (14.3845 A vs 14.2457
A) in which AP* ions substitute into the transition-metal
sites® gave a good agreement with the measured data. The
amount of this secondary phase was estimated to be 5% of the
total in the material, suggesting that this new phase is likely a
near-surface modification and that the bulk of the NMC
remains intact. No preference for substitution of a specific
transition metal (cobalt, nickel, or manganese) by aluminum
could be identified by PXRD due to the similar scattering
factors of the transition metals.

No significant changes in (bulk) lattice parameters were
observed for any of the control samples or the oxygen-annealed
sample. An increase in cation mixing was seen after annealing
under air at 800 °C, with or without the coating, indicating
that annealing under air at 800 °C has, in itself, an effect on the
structure of the material. The degree of mixing could be
reduced by annealing under oxygen at 800 °C (3.2% vs 4.5%
for O,vs air, respectively), with the O,-annealed sample
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showing no evidence of a secondary phase. Annealing at 400
°C under air did not lead to an increase in cation mixing.
Electrochemistry. The next step involved an investigation
of how the coatings affect the electrochemical properties of the
NMC811 cathode and whether coatings or surface doping
increases the capacity retention of the material. For this,
galvanostatic cycling was performed for the coated and
uncoated materials using a half-cell configuration (Figures 8,
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Figure 8. Selected long-term cycling data. After two formation cycles
at C/20, the cells were cycled at C/2 between 3.0 and 4.3 V, with two
slow cycles at C/20 every 50 cycles. Similar discharge capacities and
capacity fade are observed for the pristine NMC811 and the coated
samples up to 400 °C, while lower capacities are observed at higher
annealing temperatures.

9, SS4, and SSS and Tables S23 and S24). Cells were cycled
between 3.0 and 4.3 V at C/2 for 250 cycles. The upper cutoft
voltage of 4.3 V was chosen since cycling above 4.2 V results in
more aggressive battery degradation.” Two slow cycles at C/20
were included every 50 cycles to assess if the observed capacity
loss was intrinsic to the material or caused by slow kinetics.

The control (uncoated) sample annealed at 400 °C has
similar initial capacities compared to the pristine NMC811,
with an average of 186 and 179.9 mA h g~" at C/2 and 206 and
199.9 mA h g~" at C/20 for the pristine and control samples,
respectively (Figure SSSa and Table S23). However, the
control sample has a better capacity retention than the pristine
material at C/2 current rates after 200 cycles (19.7% less C/2
capacity loss, Table S23), suggesting that washing with dry
toluene and heating to 400 °C under air have a beneficial effect
on the capacity retention. In contrast to the 400 °C control
sample, the 800 °C control sample showed a substantial
decrease in initial capacity, both at C/2 (30.9 less mA h g™')
and at C/20 (29.6 less mA h g™*), which could result from the
2.9% increase in Ni occupancy in the Li layer seen between
control samples annealed at 400 and 800 °C under air (Tables
$20 and $21).°% Nevertheless, better capacity retention than
the pristine NMC811 (4.5% less capacity loss at C/2) is still
observed for this sample, again consistent with the idea that the
coating process in itself (rather than the coating per se) results
in better capacity retention (See Table S24 for full data on the
initial specific capacities and capacity loss of the 800 °C
annealed samples). These improvements could be caused by
the washing step, or by the heating, as it has been shown that
Li,CO; decomposes forming CO, at temperatures below 400
°C for NMC811.%

Having studied the effect of the solvent treatment and
annealing on uncoated particles, we then studied the effect of
the coating on the electrochemistry of the material. The
pristine NMC811 was compared to the as-coated sample and
the coated samples annealed under air at 200—600 °C and 800
°C. Electrochemical testing of the 700 °C sample was
inconclusive due to the much faster degradation observed for
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this sample, possibly in part due to the lower amount of active
material (approximately 50% less), meaning that it was difficult
to produce good films for the electrochemistry, and the results
are therefore not reported here. A selection of the specific
capacity versus cycle data is shown in Figure 8 (see Figures S54
and S5S and Tables S23 and S24 for the full data).

The pristine NMC and the samples annealed at 200 and 400
°C show similar initial discharge capacities ranging between
188.5 and 181.4 mA h g™! at C/2. The sample annealed at 600
°C has a slightly lower initial capacity of 175.5 mA h g~', while
the sample annealed at 800 °C presents a significantly lower
initial capacity of 147.3 mA h g'. The rate of capacity fade
also changes as a function of annealing temperature. At slow
rates (C/20), the capacity fade is similar for the pristine
NMCS811 and for the coated electrodes annealed at 200 and
400 °C, while at faster rates (C/2), the coated sample annealed
at 400 °C shows similar capacity retention to the 400 °C
control sample, with slightly better capacity retention
compared to the pristine sample which loses 47% of its
specific discharge capacity after 250 cycles and samples
annealed at 200 and 400 °C losing SO and 37% of their
capacity, respectively. The samples annealed at higher
temperatures show noticeably lower capacity retentions, with
the samples annealed at 600 and 800 °C losing 77 and 66% of
their C/2 specific discharge capacity, respectively. Further-
more, the fade rate seems to be accelerated substantially after
25 cycles in the samples annealed at 600 °C, while for the
samples annealed at 800 °C, there is a more gradual decay. The
capacity of the 800 °C sample fades at a similar rate to the
pristine sample up to cycle 150, at which point it starts
degrading faster than the pristine sample. The rapid
degradation even at slow rates for the 600 °C sample is
tentatively ascribed to the formation of a more crystalline, y-
LiAlO,-like coating phase at this temperature, as seen in the
SS-NMR spectra. Crystalline y-LiAlO, phase is a poor Li"
conductor,’’ and given the coating thicknesses of 19—34 nm
observed by TEM, we suggest that transport through the
poorly conducting phase impacts capacity. Furthermore, the
fact that the surface morphology becomes rougher at this
temperature may also have an effect on the capacity retention
by increasing the surface area and possibly promoting
electrolyte degradation.

By comparison with the uncoated sample annealed at 800
°C, it is clear that the poor capacity and capacity retention
observed for the coated sample annealed at 800 °C cannot be
attributed only to the heating under air and that the Al doping
has a negative effect on the material’s initial capacity and
capacity retention (this is nearly 10 mA h g~ less initial
capacity at C/2 and C/20 for the coated material and 22.7%
more capacity loss at C/2 after 200 cycles for the coated vs
Noncoated materials annealed in air at 800 °C). The fact that
the coated sample annealed at 800 °C shows less capacity
retention than the pristine sample at (C/2) rates but not at
(C/20) suggests that the capacity loss observed at high rates is
a kinetic effect. This is surprising, given that at this
temperature, a large fraction of the Al" ions have diffused
into the particles, but it may be associated with the secondary
phase seen by XRD.

To test if better capacity retention can be accessed by
annealing under oxygen, a coated sample annealed under
oxygen at 800 °C was synthesized. The PXRD results (Figure
S53 and Table S22) now showed no secondary phases.
Furthermore, less cation mixing was found compared to the
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sample annealed at 800 °C under air (3.2% of Ni in Li sites for
the O,-annealed sample and 4.5% for the air-annealed sample).
Electrochemically, this sample shows higher initial capacities
compared to the sample annealed at 800 °C under air (21.4—
26.5 mA h g™' difference) (Figure S55 and Table $24), which
is attributed to the lower amount of cation mixing and possibly
the lack of a secondary phase. It shows similar rates of
degradation compared to the air-annealed sample at C/2 but
faster degradation at C/20 (10% more degradation for the
sample annealed under O,).

Given the very different electrochemical performances of the
samples annealed at 400, 600, and 800 °C, we then
investigated the samples annealed using smaller temperature
steps of 100 °C. The voltage profiles and their corresponding
dQdV~! plots are plotted in Figure 9. Since there are only
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Figure 9. Voltage profiles and dQdV~'vs voltage for half cells made

with pristine NMC811 or Al,O;-coated NMC811 annealed at

different temperatures. Cycles 2 (left), 103 (middle), and 203
(right) are shown, which were all performed at C/20.

small differences in the dQdV™" profiles of the pristine sample
and the samples annealed between 100 and 300 °C, only the
samples annealed at 400 to 800 °C are compared in this figure.
The decrease in specific capacities is negligible in cycle 2 for
the 200 and 400 °C samples and small for samples annealed
from 500 °C up to 600 °C, but a much larger decrease in
specific capacity is seen for the sample annealed at 800 °C. By
cycle 203, the poor performance of the 600 °C sample is
clearly visible, with even poorer performance seen for the 600
°C sample along with a partial recovery in capacity for the 800
°C sample.

The slow cycle rate data (C/20) were used to carry out the
dQdV™! analysis and to separate the different electrochemical
features and minimize impedance effects on the observed
profiles. All samples show four peaks (labeled 1—4) on charge
and discharge in their dQdV~" as expected for NMC811.%*
The dQdV " profiles are quite symmetric between charge and
discharge in cycle 2, showing good reversibility of the charge/
discharge cycle. Peak 4, which is associated with the flatter
voltage process at close to 4.2 V, shifts to higher voltages on
charge and decreases in intensity as the annealing temperature
increases, especially at 800 °C, where it almost vanishes. It is
particularly clear from the dQdV ™" plot of cycle 2 that much of
the loss in capacity comes from the capacity associated with
peak 4. This trend is also observed at higher cycle numbers.
This peak is only observed in the nickel-rich NMCs and LNO

https://doi.org/10.1021/acs.chemmater.2c02580
Chem. Mater. 2022, 34, 9722—-9735


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02580/suppl_file/cm2c02580_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02580/suppl_file/cm2c02580_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02580/suppl_file/cm2c02580_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02580/suppl_file/cm2c02580_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02580/suppl_file/cm2c02580_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02580?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02580?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02580?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02580?fig=fig9&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c02580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

and has been associated with lattice collapse which occurs for
NMC materials at high states of charge. It is at and above this
voltage where much of the degradation is observed.®®
Interestingly, the sample annealed at 800 °C shows a recovery
of capacity retention and a partial merging of peaks 1 and 2 in
its dQdV .

Post-Mortem Analysis. To understand the evolution of
the coating with cycling, SEM-EDS, TEM, and STEM-EDS of
the coated materials annealed at 200 and 400 °C after 250 or
300 cycles in half cells were measured. SEM showed the
presence of decomposed material (containing fluorine) and
fragments of the glass fiber separator on the surface, which
made it difficult to characterize the surface morphology in this
material. Less closely attached primary particles compared to
the pristine samples are seen in both SEM and TEM. SEM-
EDS shows similar AL:Ni ratios after electrochemical cycling,
while TEM shows lower Al:Ni ratios. Furthermore, less coated
regions and thinner coatings were found using TEM after
electrochemical cycling, suggesting that thicker regions of the
coating can delaminate or detach after extensive cycling or
undergo chemical reaction during cycling (Tables S2 and S6
and Figures S20, S21, S27, §28, and S34—S36).

Bl DISCUSSION

We now discuss the differences in the electrochemical cycling
behavior in the context of the structures of the alumina
coatings and AP** migration achieved with our coating method
and via previous approaches. All characterization data obtained
here for the sample annealed at 800 °C are consistent with
diffusion of AI** into the bulk NMC phase and the formation
of a secondary phase with a larger lattice c-parameter. Dogan
and co-workers have also observed a *’Al NMR signal from
aluminum nuclei nearby paramagnetic ions in Al,Oz-coated
NMC811 annealed at 800 °C,*° consistent with AI**
incorporation into the bulk. In this earlier work, the aluminum
oxide coating was deposited by evaporation of an aqueous
AI(NO,); solution at 80 °C.*> We observed a broad peak
centered around —1200 ppm with a linewidth of more than
600 ppm at 4.7 T (Figure S45) at a peak position close to that
seen for NCA samples with composition LiNi,gCoy 5Al 05O,
and on that basis assigned this geak to a local environment
nearby predominantly Ni>*/3*3*°° In contrast, the earlier work
observed an even broader signal with discrete resonances at
less negative ppm values (between 0 and 1000 ppm), with the
peaks being assigned to local environments containing more
Co> ions in their local coordination shells.”® The presence of
these environments was ascribed to Co segregation at the
surface of the NMC811 particles in the pristine material.
However, we see no evidence for Co>* segregation in the
NMC811 sample used in our work. Small amounts of (*Al,
[5]Al, and [9Al were also detected after heat treatment at 800
°C in the earlier study”® where the /Al peak was observed at
69 ppm and thus cannot be assigned to crystalline y-LiAlO,
(Al peak at 80—82 ppm).®> On the other hand, this shift is
higher in ppm than expected for Al in ALO;,°” and in the
previous work, the authors assigned the peak to y-LiAlO, at
grain boundaries.”> The residual diamagnetic species likely
arise from the higher wt % Al contents of their films and the
coating method, which likely leads to less uniform deposition.
Finally, we note that a distinct second Al-rich phase with larger
cell parameters (a=b=2.88 Aand c = 1425 Avsa=b=12.89
A and ¢ = 14.38 A for the expanded phase) was seen in our
work. Previous coating studies reported a single phase and only
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an increase in unit cell volume after annealing at 800 °C for
AlL,Os-coated LCO and NMCS532 in one report’ and
NMC622 and 811 in another (this study seeing additional
peaks that were ascribed to stacking faults at high Al
contents””). This behavior may be due to the lower solubility
of Al in high nickel-content materials.>> Furthermore, this
secondary phase does not form on annealing in oxygen.

In their Al,O; coatings of NMC532, 622, and 811 annealed
at 400 °C, Dogan and co-workers observed a broad peak
between 0 and approximately 25 ppm that was assigned to
(JAl in an ALO, phase or @-LiAlO,.” Their *’Al NMR spectra
are very different from those observed in our work, where the
large fraction of aluminum ions in ¥/Al and [S/Al sites indicates
the amorphous nature of our coatings. Typical amorphous
alumina materials contain peaks at approx. 0 ppm for [*/Al, 30
ppm for DAL, and 60 ppm for “AL>”®" Furthermore,
amorphous alumina generally reacts first to form a y-Al,O;-
like phase, which contains both [¢JAl and Al and much
higher temperatures are required to form crystalline phases
such as a-Al,O3, which are formed of octahedrally coordinated
aluminum sites only. This suggests that the coatings that form
in wet coating methods, and that likely contain /Al ions
coordinated to hydroxyl groups and water molecules before
drying, evolve differently on annealing. Perhaps more
surprisingly, the same researchers observed only (SJAl environ-
ments in coatings prepared when using 2 wt % AIP dissolved in
either xylene or methanol as a solvent and annealed at 400
°C,* albeit on NMC532, suggesting perhaps that the removal
of excess AIP (as in our method) may also be important in
controlling the evolution of the AI** environments within the
coatings.

Our results show the presence of y-LiAlO,-like local
environments in the sample annealed at 600 °C. Although
the reaction of the Al,O; coating with surface impurities such
as Li,CO; and LiOH will contribute to an extent to the
formation of LiAlO,, it is unlikely that these impurities would
provide enough lithium for the conversion of ALO; into
LiAlO, on their own. On the other hand, previous reports
suggest that Al,O; coating under a variety of conditions leads
to the extraction of bulk Li* from NMCs to form LiAlO, after
an annealing step.*"*” Furthermore, the evidence presented in
this work of diffusion of the coating into the bulk of the NMC
suggests that diffusion of Li* from the bulk into the coating
also occurs. If this lithiation of the coating proceeds by
delithiation of the NMC, there are at least two possible
reaction pathways

xAlL,O; + LiIMO, + x/2 O, — 2x LiAlO, + Li(;_,,,MO,
(1)

)
The NMC could be oxidized (eq 1) or densified at this high

annealing temperatures (eq 2). While the lithium removal from
the NMC bulk (eq 1) might explain any lower capacity of a
sample on the first charge, it should not result in a decrease in
capacity on discharging in a half cell. Furthermore, XPS
provides no clear evidence for any change of oxidation state of
the transition-metal ions. Thus, the reaction likely occurs viaeq
2, but reactions with surface lithium carbonates may also occur
in this temperature regime, providing another source of Li'.
Annealing in O, may favor reaction 1, perhaps explaining why
no secondary phase is seen on annealing at 800 °C in O,. This
work highlights the fact that different coating conditions

xALO; + LIMO, — 2x LiAlO, + Li;_,y,MO(,_,
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(solvents, precursor, wt % of precursor, reaction times,
atmosphere, temperatures, and the surface chemistry of the
substrate) can have a noticeable effect on the structure of the
resultant coating and its degree of crystallinity.

The electrochemical trends can be partially explained by
considering the insulating nature of the coating and the
electrochemistry of aluminum-doped NMC phases. The
coating is an electronic and ionic insulator and may hinder
the extraction/insertion of lithium ions during the first charge/
discharge. However, the NMC811 electrodes with amorphous
coatings formed on annealing at 200 and 400 °C show good
electrochemical performance at both high and low rates, with
the 400 °C coating process resulting in marginally improved
capacity retention over the uncoated at higher rates. This
suggests that the amorphous alumina coating is better able to
support Li" transport through it. By comparison, the AIP
coatings formed in MeOH and xylene in earlier work at the
same temperature, which contained /Al only, were associated
with poor capacity retention.”” We note, however, that these
results were obtained for NMCS532, and the materials were
cycled to 4.5 V, with a higher voltage being needed to extract a
similar amount of Li.

The worst electrochemical performance is seen for 600 °C at
both low and high rates. The fact that capacity at both high
and low rates is only slightly worse than that of the uncoated
electrode in the first 20 cycles further supports the idea that the
LiAlO, formation alone does not cause the faster capacity fade
at 600 °C. The 600 °C particle surfaces are rougher and the
primary particles appear more distinct in the SEM images
(Figure 2), and this morphology change may be associated
with the y-LiAlO, crystallization process. One hypothesis,
which requires further experiments to confirm, is that the
morphological changes may promote more electrolyte
degradation reactions and possibly more mechanical degrada-
tion. What is clear is that the y-LiAlO,-like coating formed here
does not prevent a significant growth in the Ohmic resistance
during cycling.

When the aluminum from LiAlO, has been incorporated
into the transition-metal layers, a recovery in the capacity
retention is observed at low cycling rates, and both pristine
NMCS811 and the sample annealed at 800 °C in air retain 91—
92% of their initial C/20 capacity after 203 cycles. The drop in
the first and second capacity retention can be ascribed to Al
substitution as the aluminum-doped NMC phase will have
lower capacities than the pristine NMC because aluminum is
electrochemically inactive. This is consistent with essentially all
the literature on NMC alumina-coated samples heated to 800
°C.3»*> However, the Al substitution into the bulk and the
formation of a second phase (as seen by XRD) again do not
prevent the gradual increase in Ohmic resistance and reduced
capacity seen at higher rates with cycle number, also consistent
with prior work.” This suggests that AI>* substitution into the
bulk does little to reduce the extent of rock-salt formation in
these high-nickel materials, which is one source of NMC
degradation.”

Finally, we should compare our coating method to that of
Neudeck et al,* who saw an improvement in capacity retention
after coating wet (1000—1200 ppm of water) NMC811 with
TMA in toluene, removing the unreacted precursor before
drying, but with no annealing step. Neudeck et al. tested their
material in full (NMC811/graphite) pouch cells at 1C cycling
rate and 45 °C and obtained impressive behavior, extending
the lifetimes of their batteries from 600 to over 1100 cycles
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(based on an 80% capacity retention). They speculate that
their process removes water from the surface of the NMCs,
improving capacity retention. Their coating must similarly be
amorphous, and their work motivates further studies of our
200 and 400 °C annealed samples in full cells. More recent
work on TMA coatings on Li(Nij70Cog15sMng5)O, by Negi et
al. has also seen good performance for amorphous alumina
coatings, but they see improved performance for a mixed
amorphous Al,O;/LiAlO, coating layer, which they ascribed to
increased lithium-ion conductivity.”® These authors similarly
use NMR to characterize their coatings, and the broadness of
their 2’Al signals is consistent with an amorphous coating and
the formation of LiAlO, at 600 °C.

B CONCLUSIONS

Although alumina coatings have been shown to increase the
lifetime of a range of lower-nickel content NMCs, their efficacy
for Ni-rich materials such as NMC811 is less clear with various
studies producing contradictory results. Since this could be a
consequence of the different coating methods used in these
studies, which result in different phases and uniformity of the
alumina coatings, we developed a new wet-chemistry method
to deposit alumina on NMC811. The result was a 30—100 nm
thick coating, whose structure and electrochemistry were
explored as a function of annealing temperature. High-field
solid-state NMR spectroscopy, supported by XPS and
microscopy, was used to track the development of the alumina
coating with temperature, with an amorphous alumina-like
coating being seen at low temperatures and a p-lithium
aluminate-like coating at 600 °C. Essentially, all the Al
migrated into the bulk on annealing at 800 °C. This evolution
differs from a previous report on alumina coating of NMC811,
albeit using a different wet-chemistry coating method, which
found the presence of [¥/Al environments at lower annealing
temperatures, assigned to AI(OH)s or a-LiAlO,, and the
presence of (YAl environments with lower-frequency Al
NMR shifts than found in y-LiAlO, at 800 °C, which they
tentatively assigned to environments in grain boundaries.’

The electrochemical findings were linked to the evolution of
the coating induced by the annealing step by identifying the
critical temperature at which doping of aluminum ions occurs
in NMC811 and comparing samples that were not coated but
still underwent the same annealing and washing steps.
Annealing at 200—400 °C resulted in similar capacity fade to
pristine NMC811 on cycling the coated NMC materials in half
cells to 4.3 V, with the washing and annealing steps but
without the coating, yielding similar results. Higher annealing
temperatures led to faster degradation in half cells, with
annealing at 600 °C, resulting in the greatest capacity fade.
Interestingly, the degradation at 800 °C was slower than at 600
°C, but the overall capacity was reduced. This work highlights
the need to control the whole coating processes and suggests
that alumina coatings do little to prevent degradation in half
cells, motivating further studies of full cells and the role that
coatings play in cross-over phenomena. Overall, our study
provides fundamental information which should be of value in
the development and analysis of NMC811 coatings. Future
studies in this area will be focused on the exploration of
bimetallic alumina coatings with better lithium-ion conductiv-
ity and on the evaluation of these materials in full cells.
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