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For the first time, a one-pot synthesis of LIAlO,-coated LiNig sMng 2Cog 20, particles, using a continuous
stirred-tank reactor, is reported. Two methods of surface coating were compared with the pristine
sample. The composition and morphology of the coated and uncoated cathode materials were
characterised by MP-AES, XPS, SEM, and EDX. 2’Al MAS NMR coupled with structural characterisation of
the materials confirms the presence of a coating layer of LIAlO, on the surface of the NMC particle with
partial diffusion of A" from the surface coating to the NMC structure. By comparing electrochemical
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performances and thermal stabilities of the coated and uncoated NMC particles at high temperature
(45 °C) and at high cut-off voltage (3.0-4.4 V vs. Li*/Li), the coated samples indicate a significant
improvement in cycling performance (specific capacity, capacity retention, and rate capability). EIS con-
firms that the LIAlO, coating layer prevents side reactions resulting in reduced cathode electrolyte inter-
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1. Introduction

Lithium-ion batteries (LIB) have developed rapidly and are
considered as the technology of choice in the market of
batteries for electric vehicles (EV). The success of LIBs is mostly
due to their high energy density, long cycling life and power
characteristics."” Likewise, EVs are a green replacement to
internal combustion engine vehicles, and their success is
mostly due to their higher energy efficiency, low operating cost,
and eco-friendliness compared to gasoline powered vehicles.?

For EV batteries, a wide range of cathode materials have
been developed such as LiFePO, (LFP), LiCoO, (LCO), LiMn,0,
(LMO), LiNiO, (LNO) and Li[Ni, _, ,Mn,Co,]O, (NMC). Among
them, Ni-rich NMC offers lower cost than LCO and higher
thermal stability than LNO.”> On the one hand, there is a drive
to reduce the amount of cobalt in LIBs due to its high cost and
unsustainable production.? On the other hand, the high nickel
content provides superior battery specifications through higher
energy density and enhanced safety.””

However, Ni-rich NMC exhibits several limitations, which
lead to decreased cell performance over time. One reason for
that is its undesired interfacial side reactions with the electro-
lyte. It has been reported that when charging the battery to
4,3 Vvs. Li*/Li, the oxidation of Ni** to Ni** is accompanied by a
release of oxygen that causes the degradation of the electrolyte
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phase formation and charge-transfer resistance.

and the production of heat.® Another reason can be attributed
to Li*/Ni®* cation mixing which manifests as Ni** ion occupying
3b Li sites in the Li slab because of their similar radii (0.076 nm
for Li* and 0.069 nm for Ni**).” This cation mixing leads to a
higher activation energy barrier for Li" diffusion and causes
mechanical stress in the secondary particle structure, which
reduces the specific capacity of the battery.

To address these pitfalls, different strategies have been
developed such as elemental doping,® core-shell structure,’
and surface coating. Surface modification via coating is an
effective method to prevent several degradation processes
including transition metal dissolution and side reactions
between the cathode surface and the electrolyte. Additionally,
the coating layer can prevent phase transformation from layered
to spinel/rock-salt phase during cycling. Indeed, a plethora of
compounds have been investigated as cathode treatments such as
metal oxides (e.g., ZrO,,'® ZnO,"" Ti0,,"* Al 05" Si0,"), metal
fluorides (e.g, LiF,"” LiAlF,,'® AlF;"), metal phosphates (e.g,
AlPO,,"® FePO,," LizP0,>°), carbon,”® and polymers.>* They all act
as a physical barrier between the electrolyte and the cathode
material to suppress side reactions.*?

With respect to the coating of LiAlO,, the most common
methods used are wet-chemical deposition,* sol-gel deposition,*
atomic layer-deposition,”® and dry powder coating.>” Hence, in the
present study, we aim to develop a simple, scalable, cost-effective
and one-pot LiAlO, coating by using only a continuous stirred-tank
reactor (CSTR).

In this article, we present the preparation and the surface
and structural modification of Li[Niy ¢Mng ,C0g ]0, (NMC622)
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through a one-pot synthesis followed by the annealing process
which successfully coats the material with LiAlO,. Notably, the
significant effect of the coating is underlined by an improve-
ment of the cycling performance at high temperature (45 °C)
and at high cut-off voltage (3.0-4.4 V vs. Li'/Li). The results also
reveal an enhancement in terms of specific capacity, capacity
retention, rate capability as well as the polarisation behaviour.
Two synthesis methods have been compared and one of the two
reveals that an excess of aluminium can harm the cycling
performance of a battery.

2. Experimental

2.1. Synthesis of cathode materials

The reagents used for the synthesis of the Niy ¢Mn, »,C0g »(OH),
include nickel(n) sulfate hexahydrate (NiSO4-6H,0, 98%, Strem
Chem.), manganese sulfate monohydrate (MnSO,-H,0, >98%,
Sigma Aldrich), cobalt sulfate heptahydrate (CoSO,-7H,O >
98%, Sigma Aldrich), sodium hydroxide (NaOH, >98%, Sigma
Aldrich), and ammonium hydroxide (NH,OH, 32%, Merck).

The Niy¢Mn, ,C0,,(OH), precursors were prepared via co-
precipitation in a CSTR (Radleys Reactor-Ready™ Lab Reactor,
1 L capacity). The details of the synthesis of similar precursors
was described by Van Bommel et al.*®

Briefly, an aqueous solution of NMC sulfate (2 M) and
NH,OH (2.6 M), used as a chelating agent, are pumped into
the CSTR using peristaltic pump systems. Simultaneously, an
aqueous solution of NaOH (3 M) is pumped into the CSTR as
necessary to maintain a pH of 11 required for optimal
precipitation.

Nitrogen gas is bubbled into the CSTR at 4 L min~'. The
vessel is kept at 60 °C and the contents are stirred using an
overhead stirrer at 1500 rpm. The pumping rates are set to
achieve approximately 10 h of residence time. After this time,
the peristaltic pumps are stopped and the contents of the CSTR
remain at the same temperature with stirring for a duration
of 12 h.

The coating is applied to the material remaining in the CSTR
by pumping 2 M of aluminium sulfate hydrate (Al,(SO,4);-H,0,
98%, Sigma Aldrich) for 1 h. As shown in Fig. 1, two ways of
adding Al precursor were performed. The sample NMC-P stands
for the pristine sample, which follows the preparation proce-
dure described previously. The sample NMC-A represents the
synthesis where aluminium precursor is pumped just before
the 12 h-stirring. The sample NMC-B represents the synthesis

Stirring

12h NMC-P
Stirring

12h NMC-A

Stirring NMC-B
12h

Fig. 1 Synthesis process for different Al(OH)s-coated NiggMngo-

Co002(OH), precursor samples.
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where aluminium sulfate is pumped right after the 12 h-
stirring.

Following the synthesis, the precursors are washed with DI
water, filtered, and dried under vacuum at 80 °C. They are then
mixed with ground lithium hydroxide monohydrate (LiOH-
H,0, 98%, Strem Chem). LIOH was added in excess, with a
molar ratio of (1:1.05), to ensure the lithiation of NMC as well
as the coating precursors. The mixture is then annealed in air at
450 °C and 850 °C for 4 h and 12 h, respectively, as schematised
in Fig. 2.

2.2. Characterisation techniques

Powder X-Ray diffraction (XRD) was carried out in a PanAlytical
Empyrean 3 equipped with a Cu target X-Ray tube, CuKa, 4 =
1.54178 A operated at 45 kV and 40 mA. Diffraction patterns
were collected in the scattering angle (260) range of 10-80 at
0.0131° step size for 1 h measurement. XRD patterns were
collected and sequentially Rietveld-refined by HighScore v.4.9.

A Hitachi Tabletop microscope TM3030 Plus scanning elec-
tron microscope (SEM) and a Thermo Scientific Quattro envir-
onmental scanning electron microscope (ESEM) in high
vacuum mode (10-15 kV) were used to study the morphology
of precursors and sintered samples. The SEM is equipped with
a Bruker QUANTAX EDS for SEM energy-dispersive X-Ray
spectrometer (EDX) that was used to confirm the composition
of the coating.

A VG Escalab 220i XL X-Ray Photoelectron Spectroscopy
(XPS) was used to study the chemical bonds and the electronic
structure of the surface coating. The X-ray source used was an
achromatic Al Ko radiation (1486.6 eV), under a pressure of 1 to
3 x 10~° mbar. Survey spectra were recorded with a pass energy
of 100 eV and, for high-resolution spectra, a pass energy of
20 eV was used. For the deconvolution of the spectra, the
Thermo Avantage software was used.

A 4210 MP-AES Agilent Microwave Plasma Atomic Emission
Spectrometer was used to quantify elements of interest: Al, Ni,
Mn, Co, and Li. The samples were digested in an aqua regia
solution at 80 °C for 1 h. As shown in Table 1, two wavelengths
were used for the detection of each of the elements, with 5 read
replicates per wavelength.

*’Al Magic Angle Spinning Nuclear Magnetic Resonance
Spectroscopy (*’Al MAS NMR) Experiments were performed at
a field of 9.4 T, Larmor frequency of 104 MHz, and a rotor-
synchronised echo pulse sequence with a pulse width of 3.6 ps.
Diamagnetic species were determined at a pulse delay of 10 s

1:1.05
NMC(OH),:LiOH
—_— —_—
Co-precipitatio Calcination

@ NipsMnj,Cop,(0H),
o Al(OH),

@ LiNipsMn,,Co,,0,
® LiAIO,

Fig. 2 Synthesis process for LIAlO,-coated Li[Nig sMng 2C0g 2]O>.
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Table 1 Wavelengths used for the analysis of elements of interest with
MP-AES

Al Ni Mn Co
2, (nm) 394.401 310.155 279.482 340.512
A (nm) 396.152 361.939 403.076 350.631

while paramagnetic species were identified with 0.0002 s. A
spinning speed of 5 kHz was used at 298 K with a 4 mm probe.

Electrochemical measurements were carried out via galva-
nostatic charge/discharge cycling using standard CR2032 coin
cells with lithium metal (99.9%, Alfa Aesar) as the anode.
Electrodes were formulated with a ratio of 90 wt% Active
Material to 5 wt% super C-65 conductive carbon black (TIM-
CAL) to 5 wt% PVDF binder (polyvinylidene fluoride, Sigma
Alrich) with NMP (1-methyl-2-pyrrolidone, Sigma Aldrich) as
the solvent. The cathodes were made by casting the slurries on
aluminium foil and drying them in a vacuum oven at 120 °C
overnight. The loading of the cathodes was about 4.3 mg cm™>.
The electrolyte contained 1 M LiPF, dissolved in ethylene
carbonate: ethyl methyl carbonate (3EC:7EMC), with 5% v/v of
vinylene carbonate (VC), purchased from Sigma Aldrich. The
coin cells were assembled in an argon-filled glove box, with
lithium foil as the counter electrode and a Celgard separator.
The cells were cycled at two different voltage ranges (3.0-4.2 V
and 3.0-4.4 V vs. Li/Li") at the desired C rate (1C = 160 mA g~ ),
at room temperature and at high temperature (25 and 45 °C)
with an Arbin BT2000 Cycler. For the rate performance tests,
the cells were charged and discharged at a voltage range of 3.0-
4.2 V vs. Li'/Li with current densities ranging from 0.1 to 10C.
Electrochemical impedance spectroscopy (EIS) measurements
were performed on VMP potentiostat with a frequency range of
200 kHz to 100 mHz with an AC voltage of 10 mV amplitude.
EIS measurements were taken at room temperature on cells
that were fully discharged. The setup was composed of three
electrodes, using NMC as the working electrode and Li as the
reference and the counter electrodes.

3. Results and discussion

The XRD diagrams of pristine and coated NMC-A and NMC-B
powders are presented in Fig. 3(a). The structures found for all
samples are in good agreement with the hexagonal o-NaFeO,
layered structure, belonging to the R3m space group.

The NMC peaks are present in all three XRD spectra. In
addition, coated samples exhibited new diffraction peaks
corresponding to the LiAlO, structure, Fig. 3(b).

Sample NMC-A shows the presence of two LiAlO, phases
(0-LiAlO, and v-LiAlO,), while only the o-LiAlO, phase is found
in NMC-B.

The distinct splitting of the (006)/(102) and (108)/(110)
doublets of all samples indicate good crystallinity and a well
developed layered structure.”® To investigate the structural
properties of the different samples, Rietveld refinement was
performed in this regard, and the results are reported in
Table 2. The parameters ¢/3a and the Iyys/I;04 ratios of coated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD patterns of NMC-P, NMC-A and NMC-B (a), and the zoom
plot of the region showing the main LIAlO, peaks (b).

samples are all larger than 1.6333 and 1.2, respectively. This
indicates that the structures are well ordered, and the cation
mixing between Li* and Ni** is almost negligible.>®

The other indicator generally used to confirm the hexagonal
structure is the R factor (R = (Ipos + l102)/1101)- The lower the R

Table2 Summary of the Rietveld refinement results for coated samples in
comparison to pristine sample

NMC-P NMC-A NMC-B
a (A) 2.8719(6) 2.8674(7) 2.8670(1)
c(A) 14.2354(4) 14.2362(4) 14.2377(7)
c/3a 1.6522 1.6549 1.6554
1((,(,5%/1(104) 1.07 1.23 1.31
V(A% 101.7 101.4 101.3
R 0.475 0.479 0.434
Trm 2.159 2.19 2.154
Tii 2.586 2.555 2.592
R (expected)/% 9.7763 7.1949 7.3662
R (profile)/% 7.9338 7.1602 6.8918
R (weighted profile)/% 10.6542 9.4677 9.1462
GOF 1.0898 1.3159 1.2416
d-Statistic 0.4908 0.4057 0.2891
Occupancy factor
Li 0.938 0.924 0.928
Ni 0.636 0.636 0.56
Mn 0.21 0.21 0.239
Co 0.214 0.21 0.238
Al 0 0 0.021
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factor, the better the hexagonal ordering, and it would suggest
better electrochemical performance.*

As shown in Table 2, sample NMC-B has a lower R, which
stipulates better hexagonal ordering of its lattice than that of
NMC-A, which in turn is better than that of NMC-P.

The cell parameters show that a decreases by 0.15% and
0.17% in NMC-A and NMC-B respectively compared to that of
the pristine sample. On the contrary, ¢ increases by 0.0056%
and 0.016% in NMC-A and NMC-B respectively compared to the
reference sample.

As mentioned previously, NMC-A displays the presence of
two phases of LiAlO,.

These two phases have been quantified, and the results
obtained after refinement are 7.8% of «-LiAlO, and 2.2% of
v-LiAlO,. While only the «-LiAlO, is found at 1.8% in NMC-B.
The formation of this coating requires the consumption of
lithium from the NMC lattice, referred to as lithium loss.
Hence, lithium loss is slightly more pronounced in NMC-A
than in NMC-B. This is confirmed, notably in Table 2, by the
occupancy factor of lithium which is lower in NMC-A compared
to that of NMC-B. To shed light on the obtained lattice para-
meters, we will use the concept of charge compensation as well
as the radii of the ions in the lattice.>*** Thereby, the decrease
in lattice parameter a can be explained by the oxidation of Ni**
(0.69 A) to Ni** (0.56 A). This oxidation may be due to a charge
transfer that can be induced by the charged AI** of the LiAlO,
coating. Another possible explanation is the non-faradaic
migration of Li* from NMC lattice to the LiAlO, coating.**
Meanwhile, the TM slabs become positively charged and repel
each other along the c-axis causing the lattice parameter ¢ to
increase, justifying the variation in cell parameters.*’

To better comprehend these variations, another variable
must be considered, namely the possibility of substitution of
TM ions by AI** ions in the TM slab.

The Rietveld refinement of the diffracted patterns was
carried out considering the possible occupancy of AlI*" in the
TM planes of the lattice structure of NMC. It is known that
dopant ions would be inserted on sites that minimise the cost
in Coulombic energy, meaning that AI’* can substitute trivalent
ions. It is therefore possible that AI** substitutes Ni** and Co*".
Also, since the ionic radii of Ni** (0.56 A), Co*" (0.545 A), and Mn*"
(0.54 A) are close to that of AI** (0.53 A), substitution may occur.***”
Due to a large difference in ionic radii between AI** (0.53 A), Li"
(0.76 A, 3a) and Ni*" (0.69 A), the substitution in these cases cannot
occur. Refinement of the occupancy factor also confirms this
hypothesis since the occupation of Co, Mn, and Ni is reduced,
which means that they have been substituted by another element,
in this case AI’*. As the radius of the latter is the smallest among the
elements it can substitute, its introduction into the lattice structure
induces a small shrinking in the cell volume of NMC.

Essentially, the variation observed in the cell parameter of
NMC-A could be explained by a loss of lithium for the for-
mation of two phases of LiAlO,. Regarding the NMC-B sample,
the variation is slightly more pronounced due to both lithium
loss for the formation of the ¢-LiAlO, phase and the AI**
diffusion.
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Fig. 4 SEM micrographs of NMC-P (a and d), NMC-A (b and e) and NMC-
B (c and f) at 10 kV. SEM/EDX mapping of NMC-A (g and h) and NMC-B
(i and j).

Additional information was extracted from the Rietveld
refinement such as the thickness of the TM-O, planes (Try)
and the inter-slab space (Ty;). In the case of NMC-A, the Ty
increased, whereas the T1; decreased compared to that of NMC-
P. In contrast, in NMC-B, the Ty, decreased, whereas Ti;
increased compared to that of NMC-P. It has been reported
that an increased Ty; could enable Li" intercalation/deintercala-
tion kinetics.*” This property is obviously beneficial for the
electrochemical behaviour observed in NMC-B, leading to
expected better performances in NMC-B compared to NMC-A
and NMC-P.

The morphology of the coated and uncoated samples was
investigated via SEM. As shown in Fig. 4, the synthetized
samples present a homogeneous particles’ morphology for each
material. Moreover, the appearances of all three NMC samples
are similar, and they exhibit spherical secondary particles that
are 10-14 pm in diameter, which is the standard particle size
found in literature.*®

Correspondingly, Fig. 4(g and h) shows the EDX mapping of
a single particle for both coated samples presenting the ele-
mental distribution. The elements Ni, Mn, Co, and O are
uniformly distributed all over the particles. In both cases, the
presence of aluminium on the surface is evidenced. The cross-
section of NMC-B, Fig. 5 demonstrates the coating layer on
secondary particles. The coating is distinguishable from the
NMC particle by the difference in chemical contrast observed
using a backscattered electron detector. The coating is probably
inhomogeneous in thickness (20-150 nm), but is well distrib-
uted across the NMC secondary particle surface.

However, NMC-A shows the presence of Al agglomerates on
the surface, unlike the NMC-B sample which presents a homo-
geneous distribution of Al over the entirety of the surface.

Aluminium sulfate was pumped into the reaction mixture
during a period of one hour in both cases, meaning that we

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM of a cross-sectioned NMC-B particle (a), the dotted lines
represent the LIAlO, coating layer. The framed region shows a zoom on
the LiAlO, coating layer (b). Cross-section of another NMC-B particle (c).
The framed region shows a zoom on the LIAlO, coating layer (d and e).

expected to find the same percentage of aluminium in both
samples. However, the amount of aluminium found in the two
samples varied. Table 3 represents the concentrations of the
elements of interest in all three samples analysed by MP-AES.
The concentrations of Ni, Mn and Co agree with the desired
composition of NMC622. However, the amount of Al found in
NMC-A is higher than that of NMC-B.

The method used for the preparation of the NMC-A sample
initiates a complex mechanism of precipitation/dissolution of
aluminium on the surface of the particles. The pH of the
solution, being very high (pH 11), induces dissolution of
aluminium sulfate in the CSTR.*’ In parallel, continuous
stirring for a period of 12 hours causes precipitation of alumi-
nium hydroxide nanoparticles on the germination sites formed
at the surface of NMC particles.***° In addition to forming a
thin coating layer, aluminium hydroxide also heterogeneously
agglomerates on the surface of NMC-A particles as shown in
Fig. 4.

In contrast, the NMC-B method yields smoother particle
surface due to increased collisions during the stirring period,
after which, the dissolved aluminium precipitates on the ger-
mination sites of secondary particles’ surface. Firstly, the
Al(OH); precipitates by filling the pores between the primary
particles, then by precipitating on the surface of primary
particles, it covers the entirety of the secondary particles
homogeneously. The precursor thus synthesised is recovered
directly after the injection of aluminium, which prevents
agglomeration. Then, by reacting Al(OH); with LiOH during
the precursor heat treatment, the produced LiAlO, forms a
crystalline dense layer.*"

Table 3 Elemental composition of the cathode active materials resulting
from MP-AES analysis per mol of coated material

Al Ni Mn Co x y (mol)

(mol) (mol) (mol) (mol) (mol)LiAlO, Li(NMC)O,
NMC-P  0.00 0.61 0.21 0.21 0.00 1.00
NMC-A 0.13 0.60 0.20 0.20 0.13 0.87
NMC-B  0.05 0.56 0.24 0.24 0.05 0.95

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XPS Survey spectra (a). Contribution of Ni and Al found on the
surface of coated samples (b). O 1s spectra (c). Ni 3p and Al 2p XPS spectra
of NMC-P (d), NMC-A (e) and NMC-B (f).

XPS surface analysis was conducted to study the electronic
state of Al in the coating on the synthesised cathode material.

The survey spectrum of NMC-P shown in Fig. 6(a) displays
the main electronic state of d-ions in the surface layer of
particles corresponding to Ni, Co, Mn, and O. No impurity
other than the carbon used for XPS spectrum calibration
(284.6 eV) was detected. The survey spectrum of coated NMC
displayed peaks ascribed to Al 2p, which proves the presence of
Al species on the surface of NMC-A and NMC-B. A detailed
spectrum in the region between 80 and 65 eV is shown in
Fig. 6(d, e and f). Further deconvolution reveals that this region
includes the Al 2p core levels and the Ni 3p peaks. The
contribution of the peak’s Ni 3p was fit into 2 components,
one at binding energy of 67.48 eV (Ni 3ps/,) and the other at
71.58 eV (Ni 3pyy3)-

Coated samples indicate the presence of AI*" at 73.7 eV and
73.8 eV for NMC-A and NMC-B respectively.**** The area under
the deconvoluted curves was used to quantify the coating on the
particle’s surface by comparing signals of Nickel versus that of
Aluminium, Fig. 6(b). Nickel was found in lower concentration
on the surface of NMC-B, indicating that the surface has been
well coated. Also, according to the survey spectra, the relative
intensity of O 1s peak, Fig. 6(c), at around 530 eV was higher for
the coated samples. This supports the claim that the LiAlO,
coating layer is present on the particles’ surface.**

Energy Adv., 2023, 2, 701-711 | 705
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To get deeper insight into the chemical structure of the
coating and the possible aluminium insertion from the surface
to the bulk, >’A1 MAS NMR spectroscopy measurements were
performed.

The first analysis was conducted to study the diamagnetic
Aluminium species at the particle surface by using a delay time
of 10 s, as shown in Fig. 7(a and c). According to Han et al.,
4-coordinate *’Al peaks at ~ 69 ppm represent the formation of
v-LiAlO,, and 6-coordinate *’Al peaks at ~15 ppm can be
assigned to the presence of o-LiAlO,.*> Both coated samples
NMC-A and NMC-B show the presence of a broad and distorted
peak at ~15 ppm which can be assigned to the presence of
o-LiAlO, coating. Nevertheless, only NMC-A showed a peak at
~ 69 ppm which can be attributed to the formation of y-LiAlO,.
These results corroborate the XRD analyses discussed further.

Additionally, the study of the paramagnetic species on the
AI’" was performed to evaluate the possibility of Al diffusion
from the surface to the lattice core, Fig. 7(b). The signature of
A" diffusion into the bulk is detected at —200, —400, —600 and
—1000 ppm which correspond to a lattice composed of Al-1Ni-
5Co, Al-2Ni-4Co, Al-3Ni-3Co and Al-5Ni-1Co respectively.*®

Fig. 7(d) shows that there is no peak related to the diffusion
of AI** into the lattice of NMC-A, or that it is below the limit of
detection.

Nevertheless, the NMC-B spectrum shows broad peaks cen-
tered around —600 ppm, revealing the presence of an Al lattice
within the transition metal layers.

This is due to the insertion of AI’" from the coating surface
into the core of the NMC particle during high temperature
annealing.
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Fig. 7 27Al MAS NMR spectra of coated samples. Diamagnetic Al species
at the particle’s surface (a). Paramagnetic A diffused from the surface to
the lattice core (b). Zoom-in plot of the diamagnetic region (c) and the
paramagnetic region (d).
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perature from 3.0 V to 4.2 V vs. Li*/Li (a). Charge/discharge curves for
NMC-P (b), NMC-A (c) and NMC-B (d).

Electrochemical testing of all samples is carried out to
elucidate the influence of the coating on the cyclability. Long-
term cycling experiment was carried out at 3.0-4.2 Vvs. Li*/Li at
room temperature, Fig. 8(a).

The cells were initially cycled at C/20 for one cycle. There-
after, the long-term cycling stability was evaluated at C/5 in the
same potential range.

Fig. 8(b, c and d) shows the galvanostatic charge/discharge
profiles of pristine, NMC-A and NMC-B materials after the 10th,
20th and 30th cycle. All three electrodes display similar curves,
with a typical plateau at 3.75 V, which indicate that LiAlO,
coating layer does not affect the electrochemical behaviour
of NMC.

Pristine NMC shows initial discharge specific capacity of
162.4 mA h g ' and the corresponding coulombic efficiency is
99.5%. While the initial discharge capacity of NMC-A and NMC-
B are 152.4 mA h g7' (99.4%), and 174.6 mA h g~' (99.2%)
respectively, the coated NMC-B sample shows a higher initial
discharge capacity when compared to the pristine sample. This
may be the result of the AI** diffusion observed for the NMC-B
sample, which increased the thickness of the inter-slab space,
Ty, and allowed a higher delivered specific capacity. NMC-A
electrode shows a lower specific capacity when compared to the
pristine sample. This may be the result of the dense agglomer-
ate particles of the coating, which isolate some of the primary
particles. This also explains the lower capacity for NMC-A in
comparison with NMC-P.

Increasing temperature and cut-off voltage during cycling
accelerate undesirable side reactions that occur at the NMC
interface. Under these conditions, on one hand, transition
metals in the positive electrode can be oxidized and dissolve
into the electrolyte. On the other hand, the electrolyte can be oxidized
at the positive electrode causing the depletion of the electrolyte’s
lithium-ion inventory. In both cases, the electrochemical performance

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ya00061c

Open Access Article. Published on 20 March 2023. Downloaded on 3/16/2026 4:00:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy Advances

a) 250 T ARSI, 100
200 90 £
s [ z
=
£ Lso §
=150 - \ £
= (5]
8 a 70 S
§' = NMC-P i E
100 e NMC-A 3
+ NMC-B 60 ©
50 T T T T 50
0 20 40 60 80 100
cycle number
b) 250 L L 100
200 %0 g
&S
g 80 5
> 150 g
‘c L
g (70 g
® 100{ * NMC-P 3
e NMC-A 60 ©
-~ NMC-B
50 T T T T 50
0 20 40 60 80 100
Cycle number
c) 200
c/1o c/10 c/10 c/10 C/10 C/10
180—._“_MMA aa Pos pos aa aa a4
a ee - L L L L} [ 1] L L] L L
E 160 ::/;0 (3.1.1.0"""..“---..%.. o® o® o9
I3 140 Cl ®0ece mEmmm Asaaa
£ Cl2  ecooe mp
‘a- 120 4 -o::: LTV
S 100 2 o
=% 5C° a4
i ...-I
© 807 . Nmc-P 106"
604 <« NMC-A
40] * NMC-B
0 10 20 30 40 50

Cycle number
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3.0 Vto 4.2 Vvs. Li*/Li(a), at room temperature and high potential window
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of the cell is affected by the loss of its capacity.”’” In order to evaluate
the effect of LiAlO, coating on NMC electrodes, cells were cycled
under these conditions.

To evaluate the thermal stability of the different cathodes,
long-term cycling was carried out at a higher temperature of
45 °C, at 3.0-4.2 V vs. Li'/Li, as shown in Fig. 9(a).

High temperature cycling shows very clearly the fading
capacity of the pristine sample due to the acceleration of
undesirable side reactions and demonstrates the need to
improve the thermal stability of NMC. Among the two coated
samples, NMC-B shows the best cycling properties with great
cell polarisation.

The capacity retention obtained by the NMC-B (96.3%) is
higher than that of the NMC-A (70.1%) and the pristine (70.2%)
samples. The crucial role of the LiAlO, coating layer is high-
lighted by the better capacity retention exhibited by NMC-B. In
fact, it may be due to the prevention of side reactions between
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the cathode material surface and the electrolyte. On the other
hand, we hypothesized that the high-capacity retention may be
explained by the mechanical toughness of the well-coated
secondary particles, which improves the cycling performance.
Using a chemical approach, the structural stability between the
layers may have been improved by the presence of an Al-O
bond bringing a higher energy to the Metal-Oxygen bonds.*®
When compared to the performance of NMC-P, NMC-A shows a
slight loss in capacity retention demonstrating the importance
of a uniform coating.

Fig. 9(b) shows a cycling experiment at a higher potential
window, 3.0-4.4 V vs. Li'/Li at room temperature. Both coated
samples showed a better capacity retention. The calculated
capacity retention after 100 cycles equals 86.4% for NMC-P,
93.5% for NMC-A and 96.4% for NMC-B. These results are
mainly due to the protection of the cathode surface and
demonstrate the important role of the LiAlO, coating layer,
which consists in stabilising the interface structure when
charged to higher cut-off voltage.

Fig. 9(c) shows a comparison of the rate capability plot of all
electrodes from 0.1 to 10C in the voltage window of 3.0 to 4.2 V
versus Li'/Li. The NMC-B coated material shows a higher
specific capacity than the pristine and the NMC-A electrodes
for each discharge rate. Moreover, the NMC-B electrode showed
faster discharge performance than the pristine electrode.
Indeed, according to the initial capacity delivered at 0.05C
discharge rate, NMC-P delivers capacities equal to 97, 93, 86,
80, 73, 63 and 52% at 0.1, 0.25, 0.5, 1, 2, 5, and 10C discharge
rate, respectively. Meanwhile, NMC-B electrode delivers capa-
cities equal to 97, 94, 87, 81, 75, 66 and 56% at corresponding
discharge current densities, respectively. This demonstrates
that the coating on the NMC-B affects the kinetic positively by
providing a much more stable interface for charge transfer.
This could be attributed to the improved Li* ion conductivity
due to the presence of Li ion sites inside the coating layer thus
allowing the Li" intercalation/de-intercalation. Nonetheless, the
coating method used on NMC-A showed lower specific capa-
cities than the pristine electrode for each discharge rate.
However, the NMC-A electrode showed a slight improvement
in discharge performance compared to the pristine electrode.
Indeed, according to the initial capacity delivered at 0.05
discharge rate, NMC-A delivers capacities equal to 97, 93, 86,
80, 74, 64 and 53% at corresponding discharge current densi-
ties, respectively. This may have stemmed from the agglomer-
ates of LiAlO, found on the surface of the particles.

Since the cells were programmed to go back to C/10 rate
after each test, the results showed that full capacities were
recovered for all 3 cells, indicating their excellent rate perfor-
mance and a great restorability.

To better understand the effect of LiAlO, coating on NMC,
electrochemical impedance spectroscopy (EIS) was performed.
As shown in Fig. 10.

The first impedance measurements were taken after 5 hours
of OCV, before cycling. The second impedance measurement
was taken after 2 hours of OCV, after 100 cycles. The cells were
compared at the same fully discharged state, before and after
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100 cycles. The setup was composed of three electrodes, using
NMC as the working electrode and Li as the reference and the
counter electrodes.

Fig. 10(a and b) shows the Nyquist plot of all three electrodes
before and after cycling. All spectra show two distinct semi-
circles attributed to the cathode electrolyte interphase resis-
tance (CEI), and the charge-transfer resistance.

The equivalent circuit used is composed of four resistance
components: ohmic resistance of liquid electrolyte (Rs), high-
mid frequency related to the interfacial resistance from the CEI
layer (Rcgi), a mid-low frequency charge-transfer resistance
which represents Li-ion migration at the surface of material
(Rcr) and a low-frequency mass transfer resistance (W). The
Rcer and Rer resistance values according to the fitting results
from the equivalent circuits are shown in a column graph in
Fig. 10(c and d).

The values obtained for Ry resistance are almost similar,
before and after cycling for all three electrodes. This is reason-
able since the same electrolyte was used in all cells.

The Rcg; of the pristine electrode before cycling is 5.45 Ohm
and it increases to 9.03 Ohm after 100 cycles. This increase can
be interpreted as the oxidative decomposition of the electrolyte
and the formation of the ion conductive CEI layer. In contrast,
the Rcg; values for both coated electrodes decrease from 23.85
and 86.75 Ohm before cycling to 17.24 and 12.05 Ohm after
cycling, for NMC-A and NMC-B respectively. These values are
relatively higher than those obtained with the pristine electrode
due to the presence of a coating layer on their surface and the
activation of the material. However, the Rcg; increased with the
pristine electrode and decreased with both coated electrodes,
after cycling. This may be related to a decrease of the oxidative
decomposition of the electrolyte, less passivation of the NMC
surface and therefore better surface protection by the LiAlO,
coating.

On the other hand, the decrease of Rgg; is more considerable
in NMC-B compared to that of NMC-A. Before cycling, NMC-B
shows a higher Rqgr than NMC- A due to higher thickness of its
coating layer. After cycling, NMC-B shows a lower Rcg; than
NMC-A due to better protection of the interface while forming a
more stable and conductive CEI layer.

The same trend was observed with the charge transfer
resistance, Rcr. The Rer of the pristine electrode before cycling
is 26.81 Ohm and it increases to 98.66 Ohm after 100 cycles.
This could be interpreted as the formation of the CEI layer, as
confirmed by the Rcgr obtained. In contrast, the Rqr values for
both coated electrodes decrease from 12.36 and 15.99 Ohm
before cycling to 10.31 and 5.51 Ohm after cycling, for NMC-A
and NMC-B respectively. The lower charge-transfer resistance of
both LiAlO, coated samples, compared to NMC-P, after cycling,
shows that the coating enhances the charge-transfer kinetics
upon prolonged cycling. The NMC-B electrode shows better
results for Rcgr and Rer over the cycle life of the electrode,
demonstrating the effectiveness of the method used to perform
the LiAlO, coating on NMC. However, the chemistry, morphol-
ogy and growth mechanism intricacies of the CEI formation are
still far from being completely understood. Thus, to have a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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better fundamental understanding of the effect of the LiAlO,
coating layer and AI** ions on the CEI formation, it is important
to devote a complete separate study to it in the future.

To summarize, the method used for the synthesis of NMC-A
sample, where the aluminium sulfate solution is pumped
before the stirring period of 12 hours, causes the formation
of an uncontrollable excess of LiAlO, on the surface of the
NMC. It appears that such excess can harm the electrochemical
performance of the batteries. This effect was noted more
particularly during long-term cycling at high temperature.

The method used for the synthesis of the coated NMC-B
material, where the aluminium sulfate solution is pumped
right after the stirring period of 12 hours, gives better electro-
chemical results reflected by greater specific and retention
capacities at higher potential window and higher temperature.

4. Conclusions

One-pot LiAlO,-coated Li[NiyeMn,,C0y,]O, material with
excellent cycling performance was successfully synthetized. In
this study, two synthesis methods have been investigated to
determine the one that allows better electrochemical properties
of the cathode material.

The NMC-A sample was synthetized following the same
process as that adopted for the pristine sample, adding a step
of pumping an aluminium sulfate solution into the CSTR
before the stirring period of 12 hours. This method causes
the formation of an excess of LiAlO, agglomerates on the
surface, and this can harm the electrochemical cycling of the
battery.

The NMC-B sample was synthetized following the same
process as that adopted for the pristine sample, adding a step
of pumping an aluminium sulfate solution into the CSTR right
after the stirring period of 12 hours. The best method allowing
the synthesis of a homogeneous LiAlO, coating layer on
NMC622 is that used for the NMC-B sample.

Various techniques were used to study the surface and
structural modification of NMC622 by the LiAlO, coating layer.
EDX, XPS, and *’Al MAS NMR results confirmed the presence of
a coating layer on the surface of the particles on both coated
samples. XRD results confirmed the maintenance of the struc-
tural integrity of the NMC. A slight A" diffusion from the
surface coating to the lattice core of NMC-B was observed using
*’A1 MAS NMR and this led to a positive effect on the cycling
properties.

Coating improved the material’s long-term cycling perfor-
mance at high temperature (45 °C) and at high cut-off voltage
(3.0-4.4 V vs. Li'/Li) reflected by both better specific and
retention capacities. EIS confirmed that LiAlO, coating layer
prevents side reactions, resulting in reduced cathode electrolyte
interface formation and charge-transfer resistance during cycling.

LiAlO, coating layer enables the formation of a physical
barrier between the cathode active material and the electrolyte.
This acts as an efficient protection against the electrolyte
decomposition and the degradation of the oxide structure.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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This one-pot synthesis method is a useful methodology to
adopt not only for modification of the cathode surface, but also
as a simple and cost-effective way for large-scale production.

Considering the excellent results obtained with our one pot
coating on NMC particles, this method can be simply trans-
posed to other types of coatings for cathode materials using
a CSTR.
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