Open Access Article. Published on 04 December 2024. Downloaded on 12/6/2025 6:45:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Advances

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2025,
6, 298

Received 3rd October 2024,
Accepted 3rd November 2024

DOI: 10.1039/d4ma00994k

Synthesis and characterization of core—shell NMC
microparticles as cathode materials for Li-ion
batteries: insights from ex situ and in situ
microscopy and spectroscopy techniquesf
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The achievement of lithium ion batteries (LiBs) with improved electrochemical performance requires
advances in the synthesis of cathode materials with controlled composition and properties. In
particular, NMC core-shell materials formed by a Ni-rich core and a Mn-rich shell are recently gaining
interest as they allow the achievement of increased energy density and high discharge capacity values.
In order to overcome some of the limitations of these NMC compounds and broaden their
applicability, controlled synthesis and detailed analysis of their properties are required. In this work,
NMC in the form of core and core—shell microparticles have been synthesized by an oxalate-assisted
co-precipitation synthesis method which allows control of the final composition. The morphology,
crystalline structure and composition of the particles have been investigated as a function of the
synthesis parameters and the presence of the Mn-rich shell, by means of diverse microscopy and
spectroscopy techniques. Additionally, in situ SEM and XPS measurements allow analysis of the NMC
particles in variable operation environments. Aspects such as the cationic mixing in the NMC
compound or the formation of a rock-salt phase as the annealing temperature increases are
discussed. Finally, preliminary electrochemical tests have been performed using NMC particles as

rsc.li/materials-advances cathodes in LiBs.

1. Introduction

In the search for improved electrochemical behaviour and more
efficient devices, modern lithium ion batteries (LiBs) increas-
ingly demand higher rate capabilities, stability and long-term
cyclability. Among the diverse components of LiBs, the appro-
priate selection of active cathode materials plays a key role in
the development of devices resulting in better electrochemical
behaviour and performance. Hence, efforts are invested in the
design, synthesis and study of diverse cathode materials.'™
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In the last few years, layered lithium and transition metal (TM)
oxides in the form of Li(Ni,Mn,Co,)O,, known as NMC, are
considered as one of the most promising cathodes for the next
generation of LiBs based on their high energy density, specific
capacity and reduced use of Co.** NMC compounds exhibit a
layered NaFeO crystalline structure with the R3m space group in
which TMO, layers are separated from Li layers by oxygen.’ In
this structure, Li and TM cations are located in the octahedral
Wyckoff 3a and 3b sites, respectively. Hence, this layered
structure enables Li diffusivity in the Li slab space between
strongly bonded TMO, layers, which involves improved battery
performance. Actually, NMC-based cathodes can outperform
conventional LiCoO, and lithium iron phosphate (LFP) ones in
terms of operational voltage, stability during cycling and
capacity.”®® In particular, NMC cathodes with high Ni con-
tents, such as NMC 631, 622, and 811, are gaining increasing
attention in the battery market owing to the reduced use of
critical Co in combination with the higher discharge capacity,
increased energy density and reduced costs.” However, increas-
ing the Ni content can involve decreased stability and larger
Li/Ni cationic mixing as well, which can deteriorate the electro-
chemical performance of the layered electrodes. It is commonly
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reported that a certain degree of cation disorder is frequently
present in Ni-rich NMC materials, owing to the tendency of Ni**
to occupy Li" 3b sites due to the similar ionic radii of Li
(0.76 A) and Ni** (0.69 A), which eventually limits the Li*
mobility and rate capability of the layered cathodes and can
even produce a phase transition into a non-layered structure. In
order to overcome some of the drawbacks related to Ni-rich
NMC cathodes, diverse strategies are pursued including the
design and development of NMC materials with controlled
doping, core-gradients and core-shell structures by cost-
effective and scalable methods such as solvothermal, spray-
pyrolysis, hydrothermal and solid-state reactions, among
others.* "

Different studies have demonstrated the achievement of
improved structural and electrochemical performance in LiBs
with cathode materials formed by NMC layered oxides in the
form of core-shell particles with a Ni-rich core in combination
with a Mn-rich shell.™®* In that case, the Ni-rich core ensures
high specific capacity, while improved structural and thermal
stability is provided by the Mn-rich shell. A redesign of the
NMCs must be undertaken not only to improve the electro-
chemical performance but also to widen their applicability in
other research fields. Therefore, special attention should be
paid during the synthesis and subsequent characterization of
core-shell particles for the achievement of the best control of
their composition, dimensions and crystalline structure. In that
sense, so far in the literature, diverse experimental techniques
have been employed in order to achieve deeper knowledge of
the crystalline structure and the properties of the Ni-rich NMC
materials, including recent in situ and in operando approaches
under variable conditions, such as temperature and
humidity,'>™*® which allows the analysis of the materials under
operation conditions. A combination of modern approaches by
in situ techniques, able to reveal real time information on the
morphology, microstructure and electronic properties, with
more conventional ex situ microscopy and spectroscopy tech-
niques can lead to gaining relevant insights into the optimiza-
tion of the synthesis and subsequent performance of NMC
materials. However, the associated investigation of all these
aspects, i.e. synthesis, microstructure, phase constituents and
cathode performance in a LiB, has been commonly missing in
the literature.

In this work, for the fabrication of core-shell structures, a
two-staged oxalate-assisted co-precipitation synthesis method
is employed in order to form cathode particles having a Ni-rich
core, NMC 811, and a Mn-rich shell, NMC 631. The co-
precipitation route offers advantages to obtaining particles with
a homogeneous structure and controlled composition and is a
simple and scalable method. For the characterization of these
particles various microscopy and spectroscopy techniques have
been employed, also including in situ analyses which can shed
light on the variations in the properties of the probed particles
in diverse LiB operation environments. Additionally, LiB coin
cells are produced with these synthesised NMC particles in
order to carry out preliminary electrochemical tests and to
identify the performances of NMC-based electrodes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Flow diagram of NMC core/shell powder synthesis.

2. Materials and methods

This work analyses the core and core-shell NMC microparticles
produced by means of a co-precipitation method (Fig. 1).
Li-incorporation was carried out simultaneously during the
co-precipitation process.

To obtain NMC core particles of the 811 composition (80%
Ni, 10% Mn and 10% Co), Ni, Mn, Co and Li acetate solutions
were prepared, and co-precipitation of mixed oxide was per-
formed by dropwise addition of oxalic acid solution. The
resulting mixture was stirred continuously at 65 °C for 1 hour.
Afterwards the obtained precipitate was dried at 80 °C for 2 h,
to remove absorbed water, and calcined in air under required
heat treatment conditions, as described in Table 1.

To obtain the core-shell structure, the dried NMC core
particles were suspended in a mixed metallic solution giving
the shell composition with the adequate acetate ratio to achieve
the formation of the NMC 631 shell composition (60% Ni, 30%
Mn and 10% Co). Oxalic acid was added to this, and all further
steps were repeated as those used in the synthesis procedure of
core particles. The obtained core-shell precipitate was dried at
80 °C for 2 h and calcined at 750 °C in air for 8 hours. As is
known, the lack of oxygen during the synthesis procedure can
accelerate degradation mechanisms such as phase transitions
or the formation of additional undesired phases, which can
significantly impact the quality of the material and, as a result,
its battery performance. Therefore, the heat treatment of NMC
powders has been performed with constant air circulation in
the furnace.

Table 1 List of samples including core and core-shell particles

Sample Structure (NiMnCo) Treatment
Core_Pre Core (811) —

Core_5 Core (811) 500 °C/8 h
Core_75 Core (811) 750 °C/8 h
Core_9 Core (811) 900 °C/8 h
CS-75 Core (811)/shell (631) 750 °C/8 h
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X-ray diffraction (XRD) measurements were performed using
PANalytical X'Pert Powder equipment with the Bragg-Brentano
geometry using Cu Ko. radiation (1 = 1.541874 A). A FEI-Inspect
S50 scanning electron microscope (SEM) and a ThermoFisher-
Prisma E-SEM using acceleration voltages in the range of
2-15 kV were employed for the morphological study. In situ
SEM observation at variable temperatures of up to 750 °C was
performed with the ThermoFisher-Prisma E-SEM by using a
specific sample holder and cooling/heating stage control with
a chamber feedthrough plate for water connections, thermo-
couple connections and power connections. Energy dispersive
X-ray spectroscopy (EDS) analysis was carried out in a Leica 440
Stereoscan SEM equipped with a Bruker AXS 4010 detector and
in a ThermoFisher-Prisma E-SEM equipped with an EDS ultra-
dry detector, using an acceleration voltage of 18 kV.

A Horiba Jobin-Yvon LabRam HR800 confocal microscope
with a He-Ne (1 = 633 nm) laser as an excitation source was
employed for micro-Raman spectroscopy measurements at
room temperature. Inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES) was employed for the detection
and semi-quantification of lithium in ARCOS equipment from
SPECTRO with an excitation source (ICP, PerkinElmer Optima
3300DV). In that case, three specimens for each sample were
analysed to minimize the statistical error in Li quantification.
X-ray photoelectron spectroscopy (XPS) measurements were
performed at the CIRCE line at ALBA Synchrotron (Spain) using
a Near-Ambient Pressure Photoemission (NAPP) endstation
which allows in situ analysis. A PHOIBOS 150 NAP energy
analyzer (SPECS GmbH) was used to analyse the emitted
photoelectrons. The source is a pure permanent magnet APPLE
II helical undulator and the hemispherical electron energy
analyzer is a PHOIBOS 150 NAP from SPECS, with four differ-
entially pumped stages connected by small apertures, which
can operate at sample pressures ranging from an UHV up to
25 mbar. The analyzer axis is at 54.7° with respect to the
incident beam. The photon flux is ~1023 ph s™' and the
analysis spot on the sample is 20 x 100 pm?. The energy used
was in the 190-1486 eV range in order to assess the electronic
properties of the surface of the particles, based on the high
surface sensitivity of this technique. Survey scans were acquired
using a pass energy of 20 eV and a step size of 1 eV and high-
resolution scans were acquired using a pass energy of 10 eV and
a step size of 0.1 eV at different dwell times depending
on signal to noise ratios. Transmission electron microscopy
(TEM) investigations were performed with a Philips Tecnai F30
STEM (Philips, the Netherlands) operating at 300 keV. The
microscope was equipped with a Gatan 794 CCD camera
(Gatan, USA) and a high-angle annular dark-field (HAADF)
detector (Fischione, USA) for scanning transmission electron
microscopy (STEM). Furthermore, for energy dispersive elec-
tron spectroscopy (EDS), a windowless silicon drift detector
(Apollo XLT, EDAX, USA) was installed. For electrochemical
measurements, electrodes with a composition of 80% active
material, 10% carbon black (Timcal Super C65) and 10%
polyvinylidene fluoride (PVDF) were prepared for electrochemi-
cal analysis. The electrode sheet was cut into 15 mm diameter
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coin cell electrodes. The electrodes were assembled in a 2032
coin cell containing a Li metal counter electrode and a com-
mercial 1 M LiPF6 EC: DEC (50: 50) electrolyte. Electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV) were
performed using a Gamry reference 3000 potentiostat/galvano-
stat. EIS measurements of the prepared electrode were carried
out in the range of 1 MHz to 0.1 Hz at a constant current of
10 mA. CV measurement of the electrodes was performed at a scan
rate of 1 mV s~ ' in the range of 2 V to 4.6 V. The galvanostatic
charge/discharge (GCD) cycling test was performed using a Neware
battery testing system (4000 series model 5 V 50 mA).

3. Results and discussion

3.1. XRD

Firstly, the core particles without a shell were studied by XRD as
a function of thermal annealing employed during the synthesis
process (Fig. 2). Prior to the application of additional thermal
annealing, the XRD pattern of as-synthesized Core_Pre particles
showed maxima related to the presence of diverse transition
metal (TM) oxalates, based on Ni, Mn and Co, as well as Li
oxalate formed during the co-precipitation process which is
accompanied with peaks coming from the residual oxalic acid
in the precursors.

After annealing at 500 °C, the metal oxalates and oxalic acid
disappeared and new XRD maxima related to NiO in the rock-
salt phase (Fm3m) and Li,CO; became visible, as marked in the
diffractogram from Core_5. Based on the profile of the XRD
maxima, contributions associated with spinel phases (Fm3m)
are also considered for this sample, as confirmed by the
presence of the peak at 18.7° related to spinel oxides based
on Ni, Mn and Co. It is only when the temperature of the
thermal treatment is increased up to 750 °C that XRD maxima
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Fig. 2 XRD patterns from core and core-shell samples.
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related to the presence of Li(Ni,Mn,Co,)O, compounds corres-
ponding to the R3m group, named NMC, are observed in
the XRD patterns, as indicated in Fig. 2. In that case, peaks
associated with Li,CO; are not observed in the XRD patterns.
Expectedly, the increase of temperatures higher than 725 °C
leads to the decomposition of these Li-based compounds."® The
diffractogram from Core_75 exhibits intense and well-defined
maxima dominated by (003) and (104) reflections from NMC
layered R3m. In this case, XRD signals corresponding to spinel
oxides, lithium carbonate and other related compounds are not
detected, within the resolution of the technique, and therefore
XRD patterns confirm the achievement of well-crystallized NMC
compounds in these samples.

Finally, thermal annealing at 900 °C induces the formation
of a rock-salt phase in addition to the NMC layered phase for
the sample Core_9, as higher cation diffusion and mobility are
induced at this temperature leading to the formation of Ni-rich
rock-salt domains in the NMC compounds. It should be con-
sidered that the formation of a rock-salt phase in NMC-based
cathodes employed in LiBs can induce lower electrochemical
behaviour during cycling. Additionally, a very reduced peak
such as the one at 27.0° can also be associated with the
formation of highly Li doped areas indexed to the orthorhom-
bic phase of Li,NiO,.?°

Based on these XRD measurements, it is outlined that the
optimization of the NMC synthesis requires thermal annealing
at 750 °C, otherwise the segregation of a Ni-rich rock-salt phase
is promoted at higher temperatures. Therefore, annealing at
750 °C was preferred to be employed during the synthesis of
core-shell particles analysed in this work. The XRD pattern
from the core-shell sample CS_75 is also dominated by maxima
related to NMC, as shown in Fig. 2. However, in this case (104)
maxima from R3m dominates the diffractograms, contrary to
the XRD signal from the counterpart core-particles (Core_75)
where higher relative intensity was observed for the (003) maxima.
Added to this, some maxima from the core-shell sample are wider
than those from the core samples treated at 750 °C, which could
indicate the presence of a Ni-rich rock-salt phase (Fm3m), although
in a lower amount as compared to Core_9 particles.

According to the literature, the ratio of the (003) and (104)
reflections, Iyos/l104, can be related to the Ni and Li cation
mixing and the associated lattice disorder in the R3m layered
NMC compound.® It is commonly accepted that Ni**/Li* mixing,
and hence cationic disorder, increases with higher Ni content
in the NMC lattice. Despite the fact that this aspect and
the mechanisms underlying cationic exchanges are still under
debate, low Iyp3/I104 values are commonly associated with
structural deviations from NMC layered towards cubic symmetry.
The disordered phases commonly involve lower Li diffusivity and
worse electrochemical behaviour as cathodes in LiBs. Besides, the
splitting of the (006)/(102) and (018)/(110) reflections can be
associated with a well-layered crystalline NMC structure. In this
work, changes in the Iyo3/104 ratio have been appreciated among
the samples; however, splitting of the (006)/(102) and (018)/(110)
peaks is hardly noticeable. According to the XRD results shown in
Fig. 2, the sample Core_9 treated at a high temperature of 900 °C
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shows lower Ing3/I104 values than Core_75 samples, together with
the presence of a rock-salt structure, which could involve a R3m
layered lattice disordered towards cubic Fm3m promoted by high-
temperature annealing. Previous works also reported increased
cationic migration between Li and TM slabs leading to the
formation of a NiO rock-salt phase with high content of Mn and
Co promoted at high temperatures.'®*" These results confirm
that, despite the fact that thermal treatments are required to
achieve a layered NMC structure, temperatures higher than 750~
800 °C should be avoided during the proposed synthesis route in
order to inhibit the formation of a rock-salt structure, as observed
in Core_9 samples.

Due to the possible presence of various phases in the
samples treated at 750 °C, especially for the core-shell sample,
Rietveld refinements were performed in this work, as they allow
for a more in-depth analysis of the (003) to (104) relative
intensity ratio. The refinement results from samples Core_75
and CS_75 are presented in Fig. S1 (ESIt), while the parameters
obtained from the Rietveld refinement are included in Table S1
(ESIY). Rietveld refinement results confirm that sample Core_75
consists of a single phase NMC layered oxide (R3m) structure, as
expected from the cationic ratio used during synthesis. On the
other hand, an additional rock-salt Ni-rich phase should also be
considered, in combination with the NMC one, in the analysis of
the CS_75 core-shell sample. Similar lattice parameters are
estimated for the NMC compounds both for the core and the
core-shell samples, although slightly larger a and c values, as well
as c/a ratio, are observed for CS_75. In addition, the interslab
distance in the TM slab (dy_overt,) decreases for the CS_75 sample
in the vertical direction probably due to the variations in the
cationic ratio. Based on the Rietveld refinement, core-shell par-
ticles exhibit notably lower Ni (3a) occupancy in the layered R3m
structure, and hence reduced cationic mixing, as compared to
Core_75 (Table S1, ESIt). This is in accordance with the expected
presence of the shell portion at the core-shell microparticles with
a cationic ratio of 631 and hence a lower Ni content, although the
presence of Ni*" which reduces Ni migration to Li slabs should
also be considered. The notable Ni migration to the Li (3a)
positions observed for the core sample might be directly related
to the use of a high Ni content to obtain the NMC 811 composi-
tion while the CS_75 particles present a much lower Ni migration.
Ni-rich NMC compounds are known to present a much higher
possibility for Ni migration to the Li positions especially when
treated at high temperatures compared to their counterparts
presenting less Ni content."®*>

3.2. SEM

SEM analysis was employed to study the dependence of the
morphology and dimensions of the particles on the synthesis
parameters. Particles of the Core_Pre sample exhibit an irre-
gular appearance and variable size distribution with average
dimensions of around 2 pm, as shown in Fig. 3a. The surface of
these microparticles shows a grainy appearance with irregular
roughness. According to the corresponding XRD patterns, these
irregular particles should mainly consist of transition metal
oxalates with a lower amount of Li oxalate and oxalic acid.

Mater. Adv., 2025, 6, 298-310 | 301
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Fig. 3 SEM Core_5,

images from core samples (a) Core_Pre, (b)
(c) Core_75, (d) Core_9, and (e) and (f) the core—shell sample CS_75.

Particles of the Core_5 sample, heat-treated at 500 °C, show a
more homogeneous rounded appearance with smoother sur-
faces and lower average dimensions down to 1.5 um (Fig. 3b),
as compared to the Core_Pre ones. Occasionally, Core_5 micro-
particles exhibit cracks at their surface, as observed in the inset
in Fig. 3b, together with regions with variable contrast which
could be associated with residues from the chemical synthesis,
in agreement with the XRD analysis.

The cracks can be related to volume changes that occurred
during the formation of the oxides and spinel compounds.
Upon increasing the temperature up to 750 °C, the Core_75
particles, which should consist of NMC compounds based on
the corresponding XRD results, show slightly higher average
dimensions of 1.8 pm and surfaces with a grainier appearance,
as observed in Fig. 3c. Finally, treatment at 900 °C increases the
surface roughness and the grainy appearance of the micro-
particles of the Core_9 sample, the surface of which is formed
by groups of small grains of around 500 nm, some of which
exhibit a faceted appearance. The formation of Ni-rich rock-salt
at 900 °C, confirmed by XRD, should be related to the morpho-
logical variations observed at the surface of these particles
(Fig. 3d).

Regarding the core-shell sample CS_75 treated at 750 °C, the
microparticles show average dimensions of 2.2 um (Fig. 3e),
which represents an increase in size of 300-400 nm as compared
to the Core_75 core particles treated at the same temperature.
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Furthermore, the surface of these core-shell particles exhibits a
more porous appearance (Fig. 3f) as compared to the grainy
surface of the Core_75 particles. This increase in the dimensions
together with the promoted porous surface can be possibly related
to the NMC 631 shell formation in the core-shell particles.

In order to gain deeper insights into the influence of the
thermal treatment on the core and core-shell particles, in situ
SEM analysis at temperatures up to 750 °C was carried out,
leading to an innovative approach to study the diverse steps
occurring during thermal treatment. Dried Core_Pre particles
have been placed in an environmental SEM which allows
control of the temperature and pressure conditions during
SEM observation. In this case, the temperature was increased
up to 750 °C at a rate of 10 °C min~* and then maintained at
750 °C for 3 hours, to replicate the intermediate steps during
the formation of the particles. Multiple sets of particles have
been studied in the SEM following this process in order to
assess changes in their morphology promoted during heating.
Representative results are shown in Fig. 4.

SEM images show an initial decrease in the dimensions of
the particles as the temperature increases, with a drastic change
occurring at 500 °C, as observed in Fig. 4a and b, where a
reference particle has been marked with a circle. This volume
contraction, which in some cases is accompanied by changes at
the surface of the particles, is in agreement with the lower sizes of
the particles from sample Core 5 as compared to Core_Pre
(Fig. 3), and could be related to the oxidation of the TM oxalates
to spinel and NiO, as confirmed by XRD, as well as dehydration
and crystallization effects promoted by temperature. The contin-
uous temperature increase from 500 °C to 750 °C only induces
slight changes in the final size of the NMC particles, as compared
to the particles annealed at 500 °C (Fig. 4b and c). Variations at the
surface of the particles are also noticed as a function of thermal
annealing. In addition to higher surface roughness, some cracks
are observed in the particles treated at higher temperatures, as
marked with an arrow in Fig. 4a and b, possibly due to the volume
changes that occurred during this process. These cracks are in
agreement with those observed in the Core_5 particles (Fig. 3b),
which can be related to the volume contraction that occurred at
500 °C. Similar phenomena are observed in the in situ SEM study
of core-shell particles, included as the ESI{ (Fig. S2).

3.3. Compositional analysis

Compositional analysis of the microparticles has been
carried out by EDS and ICP-OES. Regarding Li detection and

5 um

Fig. 4 In situ SEM images of the Core_Pre sample (a) without annealing
and by annealing at (b) 500 °C and (c) 750 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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quantification, ICP-OES is required as this light element cannot
be detected by conventional EDS.

The analysis of the averaged EDS spectra acquired at diverse
regions of the probed samples indicates that the particles are
formed by Ni, Mn, Co and O, with a variable presence of C in
some samples, within the resolution of the technique.

Similar EDS spectra have been obtained among the different
probed regions in each sample which confirms the composi-
tional homogeneity of the particles and the lack of clusters or
regions with significant variable composition. Fig. 5 shows two
representative EDS spectra acquired on the samples Core_75
and CS_75 where variations in the presence of the elements can
be clearly observed. In particular, a higher presence of Mn is
detected in CS_75 as compared to Core_75, as expected due to
the presence of a Mn-rich shell in the former. The average
composition values estimated from the EDS analysis, together
with the Ni/Mn/Co ratio from each sample, are included in
Table 2. The amounts of oxygen and carbon, not shown in
Table 2, are higher in the particles from the Core_Pre sample,
where NMC is not yet formed and the presence of residues from
the synthesis has been confirmed by XRD. After thermal treat-
ments, Core-5, Core_75 and Core_9 samples exhibit a similar
Ni/Mn/Co ratio around the expected 8/1/1. A further decrease in
the oxygen content is observed for the Core_9 sample.

Regarding the core-shell particles, the average amount of Ni
decreases in CS_75 particles, as compared to the core samples,
leading to a Ni/Mn/Co ratio closer to the 6/3/1 value expected
for the Mn-rich shell. The deviations of the 6/3/1 shell composi-
tion can be explained based on the micrometric penetration
depth of the EDS technique which involves the Ni-signal both
from the shell and the Ni-rich core regions of the particles. The
core-shell formation was also studied in the CS_75 particles by
means of EDS line scans, as shown in the ESIt (Fig. S3).
An increase in Ni is observed towards the centre of the particles,
in combination with the corresponding increase in Mn near
the edges, which indicates the formation of a Ni-rich core and
Mn-rich shell composition.

According to the EDS-SEM measurements, the average thick-
ness of the shell is approximated to be around 350 nm in
particles with average sizes around 2 pm.

Table S2 (ESIt) includes the Li, Ni, Mn, and Co contents, as
well as the corresponding Ni/Mn/Co ratio, estimated from the
ICP-OES study. In this case, only core and core-shell samples
treated at 750 °C, Core_75 and CS_75, have been analysed
as representative samples with the NMC crystalline structure.
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Fig. 5 EDS spectra of (a) Core_75 and (b) CS_75.
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Table 2 Atomic% concentrations and the corresponding Ni/Mn/Co ratios
of core and core-shell samples, based on EDS analysis

Sample  Ni (at%) Mn (at%) Co (at%) O (at%) Ni/Mn/Co
Core_Pre 11.7 £0.6 1.3 +0.1 1.2+0.1 858+ 4.6 8.2/0.9/0.8
Core_5 322+09 34+01 33401 61.2+2.6 8.3/0.9/0.8
Core_75 31.5+11 41+01 3.7+0.1 60.5%3.0 8.0/1.1/0.9
Core_9 43.6 £1.3 6.0x02 56+02 447+ 1.7 7.9/1.1/1.0
CS_75 271+11 99+04 32402 59.8+3.6 6.7/2.5/0.8

Contrary to the EDS analysis, the signal from ICP-OES corre-
sponds to the whole particle including core and shell regions,
without surface sensitivity distinction. ICP-OES confirms the
presence of Li in all the probed samples. Both core and core-
shell particles show a Li concentration around 37-39 at%,
although slightly larger values are observed for the core parti-
cles. According to the obtained results, the in-bulk Li infiltra-
tion approach allows the effective incorporation of Li ions into
the NMC structures. Besides, Ni/Mn/Co ratio values estimated
from ICP-OES (Table S2, ESIf) are in agreement with those
obtained from EDS. However, higher deviations from the
expected 6/3/1 values from the shell are observed in the
compositional ratio from the CS_75 sample, as in that case
the ICP-OES signal is related to the whole particle leading to a
higher Ni contribution from the core region, as compared to
the EDS analysis.

Finally, the formation of a Mn-rich shell around a Ni-rich
core has been confirmed by TEM and EDS investigations of the
core-shell NMC powders CS_75, after focused-ion beam (FIB)
preparation, as observed in Fig. 6. Compositional images
acquired with the Ni, Mn, and Co signals, as well as combined

Fig. 6 TEM-EDS study of a Ni-rich core/Mn-rich shell particle.
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Mn-Ni signals corresponding to the TEM image from a CS_75
particle, are shown in Fig. 6. Based on the TEM-EDS measure-
ments, shell dimensions of around 300-320 nm are estimated
in the probed particles with a size of around 1.9 pm, in
agreement with the SEM-EDS analysis (Fig. S3, ESIt).

3.4. Raman spectroscopy

Micro-Raman spectroscopy measurements have been carried
out to study the vibrational modes of the layered R3m structure
in NMC microparticles and analyse the presence of other
crystalline phases. As no large variations in the Raman signal
were observed during the analysis, in agreement with the EDS
compositional homogeneity, averaged Raman spectra from the
probed samples are shown in Fig. 7. Adequate filters were used
to reduce the power of the laser in order to avoid any possible
phase transition during Raman signal acquisition.

Raman spectra acquired with a red laser are shown in
Fig. 7a. All the spectra are dominated by a signal centred at
around 550 cm ™', although some variations in the Raman
signal are observed among the probed samples. Contributions
to the Raman signal associated with TO and LO modes from
rock-salt NiO,?>*?® in combination with vibrational modes from
spinel phases (Fd3m)***” and NMC compounds (R3m) are
observed in Fig. 7a, in agreement with XRD results (Fig. 2).

The analysis of the Raman spectra is not straightforward as
in most cases these contributions overlap and are not easily
identified. Actually, despite the fact that Raman spectroscopy is
a powerful technique to characterize the local structure of NMC
compounds, Raman studies based on NMC are scarce as
vibrational modes from layered R3m, spinel oxides and rock-
salt can be found in a similar range of wavenumbers which
hinders their study and can lead to misleading and controver-
sial conclusions. In this work, deconvolution of the Raman
signal from NMC samples in Lorentzian components has been
carried out in order to shed light on the understanding of the
vibrational modes of the samples under study.
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Fig. 7 (a) Averaged Raman spectra obtained on the core and core-shell
particles using a red laser (Lex = 633 nm). (b) Deconvolution of the Raman
signal from samples Core_75 and CS_75.
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It is commonly accepted that NMC compounds present six
active vibrational modes as pairs of A;; and E; Raman modes
associated with each of the TM cations at 3b positions in the
R3m layered structure.’”?® E, vibrational modes can be related
to TM-O stretching in the TM slab, while A,, modes are usually
associated with TM-O-TM vibrations between TM cations and
oxygen located in the interslab space along the c-axis of the R3m
structure.

As some of the TM cations in NMC present similar mass,
especially Ni and Co, the identification of the Raman modes
still remains under debate, although for a given cation the
wavenumber of the A;; modes is usually higher than for E,
modes. Based on space group theory and previous works,?>>°7
in this case six Raman modes have been considered in the
analysis of the Raman signal from NMC, named Ni(E,), Co(E,),
Co(A;g), Ni(A;g), Mn(Ey) and Mn(A,), from lower to higher
frequencies. Owing to the lower mass from Mn, the Mn(E)
and Mn(A;;) modes are located at higher frequencies. Fig. 7b
shows Raman spectra and the corresponding deconvolutions
from samples Core_75 and CS_75, as representative examples
of core and core-shell particles. In the analysis of the Raman
signal from Core_75 particles, only six active modes from NMC
have been considered, while LO modes from the rock-salt phase
were also considered in the study of the Raman signal from
core-shell particles from the CS_75 sample, based on the
corresponding XRD results (Fig. 2). The details of the compo-
nents considered in the deconvolutions are included as the
ESIf (Table S3). Contributions related to Mn(A,) and Co(A;g)
dominate the Raman signal from Core_75, where Co(Ey) and
Mn(E,;) also exhibit relevant contributions, as reported in
similar works.>* On the other hand, the relative intensity of
Mn(A,,) and Mn(E,) increases for the CS_75 particles while the
relative areas of the Ni(A,;) and Ni(E;) modes are reduced,
compared to the deconvolution of the signal from Core_75.
This can be directly attributed to the Ni reduction and Mn
increase associated with the compositional variation in these
samples. Additionally, for the CS_75 sample, the analysis of the
deconvolution parameters needs to include an additional LO
mode from the Ni-rich rock-salt phase, indicated in Fig. 7b, in
agreement with XRD results. The relative areas of the Co modes
in the CS_75 sample are slightly reduced as compared to those
of Core_75. Variations in the position of the different Raman
vibrational modes are also observed between samples. Among
other factors, these shifts can be associated with the variations
in the distance between the transition metal cations and the
oxygens inside the layered structure either inside of the transi-
tion metal slabs (dy-o1mt-), Eg, OF between slabs (dy-overt.); Aigs
already observed through the Rietveld refinements (Table S1,
ESIt). When comparing the core and core-shell signals the
position of the E; vibrational modes of the three cations
remains nearly unshifted as expected from the similar M-O
intraslab distances. In the case of the A;, modes an increase in
the wavenumber is observed for the CS_75 sample, possibly
associated with the reduction in the interslab distance
(dm-overt.), as compared to Core_75. Additionally, effects related
to defects and strain can be also considered in the analysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.5. APXPS

Ambient Pressure XPS (APXPS) measurements have been per-
formed at the CIRCE beamline using photon energies in the
range of 190-1486 eV to assess the electronic properties of the
surface of the particles, based on the high surface sensitivity of
this technique. In this case, XPS spectra were acquired only on
the CS_75 sample, which exhibits a clear layered NMC compo-
sition and core-shell structure (811-631) as expected, together
with a low amount of rock-salt phase. Prior to XPS analysis, the
powder was pressed into pellets in order to ease the study. XPS
spectra were calibrated using the C 1s peak at 284.6 eV from
adventitious carbon, while Shirley background -corrections
and Voigt functions were used for the fitting of the XPS signal.
Fig. 8 shows core levels from Ni 2p, Mn 2p, Co 2p, O 1s, and
Li 1s acquired under UHV and room temperature conditions.
Core levels shown in Fig. 8 are similar to some others reported
in the scientific literature for NMC compounds,®*® which
supports the presence of this layered compound at the surface
of the probed particles. Ni 2p core levels, shown in Fig. 8a and
measured with a photon energy of 1486 eV, are dominated by
contributions at 854.7 and 856.0 eV associated with Ni** and
Ni**, respectively, in the NMC compound.****> Both contri-
butions exhibit similar relative intensities. Satellite peaks were
also considered during the deconvolution of the XPS spectra at
861.2 and 863.3 eV. In this case, a simplified fitting method has
been used to illustrate the variation in the Ni**/Ni*" ratio
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Fig. 8 XPS spectra from (a) Ni 2p, (b) Mn 2p, (c) Co 2p, (d) O 1s and (e) Li 1s
core levels acquired under UHV and room temperature conditions for the
CS_75 sample.
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providing a qualitative description. Quantitative information
would require a more complex fitting. Besides, the fitting of the
Ni 2p core level does not require the inclusion of an additional
contribution at lower binding energies related to Ni in the NiO
rock-salt lattice. As this phase was detected by XRD and micro-
Raman, and based on the higher surface sensitivity of the XPS
technique, this fact could be related to the lack or reduced
presence of a Ni-rich rock-salt phase at the surface of the
probed particles. Besides, the notable presence of Ni*" at the
surface of the particles can decrease Li*/Ni** cationic mixing,
thus improving Li migration and, as a consequence, the possi-
ble electrochemical behaviour. Fig. 8b shows Mn 2p core levels
measured with a photon energy of 984 eV, in which the close
proximity of the Mn®*" and Mn** contributions, only separated
by 0.3 eV, usually hinders the identification of the oxidation
state in the NMC compounds.? The positions of the 2p;/, and
2py/, peaks at 641.7 and 653.3 eV, respectively, in combination
with the multiplet splitting observed for the Mn 3s core level,
not shown here, suggest a dominant Mn*" oxidation state in the
probed samples, in agreement with other authors.***® In this
case, the employed photon energy allows avoiding the Auger
Nipm, contribution in this range of energies, which facilitates
the study. The presence of Mn*" at the surface of the particles
can stabilize the NMC structure during long-term cycling. Co 2p
core levels, measured with a photon energy of 984 eV, as shown
in Fig. 8c, exhibit dominant contributions at 779.5 and 794.6 eV
which can be related to mixed Co**/Co*" states in the layered
NMC compounds.***” A majority of Co** states can be assumed
due to the signal similar to that of LiCoO, which presents a
dominant Co** oxidation state.*>*®* The presence of Co with
mixed valence states at the surface of NMC compounds is
commonly reported in the literature. The O 1s XPS signal,
measured with a photon energy of 984 eV, is mainly formed
by three contributions at 528.9, 530.8 and 532.3 eV commonly
associated with oxygen in the NMC lattice, -OH and C-O
contributions, respectively. In this case, the contribution from
lattice oxygen dominates the XPS spectrum (Fig. 8d).

XPS measurements confirm the effective incorporation of Li
ions into the NMC structures by in-bulk Li infiltration during
the synthesis (Fig. 8e). Previous ICP-OES results (Table S2, ESIT)
determined the presence of Li in the particles, without surface
sensitiveness. In this case, XPS measurements acquired with a
photon energy of 190 eV confirmed that Li is present at the
surface of the probed CS_75 particles. In particular, two main
contributions are observed in the Li 1s signal at 54.9 and
55.8 eV which can be related to Li in the NMC lattice, together
with LiOH compounds, respectively.*® The dominant contribu-
tion at 54.9 eV confirms that Li has been introduced in the
NMC lattice, in agreement with XRD, ICP-OES and Raman
spectroscopy analyses, and it is present at the surface of these
core-shell particles. Besides, some works also reported the
tendency of Li at the upper atomic layers of NMC to interact
with H through a Li'/H" exchange mechanism leading to LiOH
formation, as observed in this case.***!

In order to investigate the evolution of the surface of the
samples under heating and humidity environments, APXPS
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measurements have been performed. Variable temperature and
atmosphere conditions have been selected during the analysis
in order to study the evolution of the XPS signal under heating
and humidity environments, to mimic potential LiB operation
conditions. These variables can affect the electrochemical
behaviour of the LiBs based on NMC cathodes during battery
operation.

In this work, Ni 2p, O 1s and Li 1s core levels have been
analyzed at room temperature and 500 °C, either under UHV or
0O, atmosphere (1 mbar), as shown in Fig. 9. XPS results from
Mn 2p and Co 2p are included as the ESIt (Fig. S4), as lower
variations in the XPS signal are observed for those elements
during in situ XPS measurements.

In particular, annealing at 500 °C promotes an increase in
the Ni**/Ni** ratio of the samples, both under UHV and O,
(Fig. 9a). In that case, a possible presence of Ni-OH and/or
NiCO; compounds could be also considered, as Ni-rich NMC
compounds present high reactivity for Ni cations at the
surface.*" More noticeable variations are observed in the O 1s
during in situ observation (Fig. 9b), as expected. In this case,
contributions at a higher binding energy of around 532.3 eV
associated with carbon species and oxygen deficiency increase
their relative intensity as the temperature of the sample increases
up to 500 °C under UHV, which can be due to adventitious carbon
from the sample and/or outgassing of the sample holder, as well
as the formation of oxygen vacancies, as this increase is not
observed under an O, atmosphere. Expectedly, -OH contributions
are also promoted under an oxidizing atmosphere, mainly at
500 °C, as shown in Fig. 9b. Strong variations in the Li 1s signal
are also observed during in situ analysis, as shown in Fig. 9c. The
Li-OH contribution is promoted at high temperature and under
an oxidizing atmosphere, as expected. Furthermore, a new signi-
ficant contribution at a higher binding energy of around 57.7 eV,
commonly related to Li,CO3, appears in the XPS spectra from the
samples treated at 500 °C, mainly under UHV conditions. The
increase of the presence of the Li,CO; compound for the samples
treated at 500 °C points to possible surface segregation of Li
promoted at high temperatures in combination with carbon
desorption.

Therefore, high temperature and oxidising conditions can
promote the formation of hydroxide and carbonated compounds,
mainly related to Li and Ni-based compounds, at the surface of
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the particles. On the other hand, the stability of the spectra of the
three transition metal cations under different temperature and
atmospheric conditions suggested good stability of the NMC
compound within the parameters considered in in situ analysis.
These aspects should be considered while optimizing the
potential electrochemical behaviour of these NMC particles, being
part of LiBs.

3.6. Electrochemical performance

Both Core_75 and CS_75 powders were selected for preliminary
electrochemical performance tests based on their above-
mentioned in-depth analysis. These NMC powders were employed
in the electrodes of coin cells for their analysis.

Initially, the electrochemical analysis of Core_75 NMC811
powders was performed. Electrochemical impedance spectro-
scopy (EIS) of the Core_75 half-cell was measured before and
after cyclic voltammetry (CV) analysis (Fig. 10a). It was found
that the charge transfer resistance of Core_75 before CV was
111.8 Q, and the charge transfer resistance of the electrode
decreased to 13.36 Q after CV due to the current flowing into
the cell during CV which activated the internal ion movement
of the cell. The cyclic voltammetry results at a rate of 0.1 mvV s~
is shown in Fig. 10b. According to CV measurement, Core_75
particles showed the oxidation peak of transition metal ions at
3.95 V in the first cycle. Following the first cycle, this oxidation
peak reduced to 3.85 V in the second cycle and continued to
decrease. The reduction peak started at 3.57 V and continued to
decrease with each step.

The operating voltage range of the Core_75 half-cell was
determined in the range of 4.2-2 V by CV measurement and the
galvanostatic charge-discharge (GCD) test was performed.
Fig. 10c shows the first cycle at the formation step. The specific
capacity-voltage graph of the GCD test result showed a low
coulombic efficiency of 68%. After the formation step, the first
6 cycles of which are shown in Fig. 10d (3 cycles @C/25 and
3 cycles @C/10), the GCD test was continued @C/5. The
Core_75 particles’ half-cell showed 77.9% capacity retention
after 200 cycles. Even though the capacity retention of the cell
was promising, the specific capacity of the material was low
compared to some of the literature-based results of NMC811.**

The same electrochemical investigation was also carried
out for the CS_75 material based on core-shell NMC particles.
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In situ XPS spectra of (a) Ni 2p, (b) O 1s and (c) Li 1s core levels acquired under UHV at 500 °C, and under an O, atmosphere at room temperature
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formation test.

EIS analysis showed that the electrode formed by CS_75 parti-
cles exhibited higher resistance before the CV measurement as
shown in Fig. 11a. However, after the CV measurement, it was
observed that the overall impedance decreased, and most of it
was due to the cathode-electrolyte interface (CEI). This means
that due to the core-shell structure, high interfacial resistance
occurs between the electrode and the electrolyte (1 M LiFP6
EC:DEC (50:50)) before any current flows into the cell. CV
results in Fig. 11b show that the operating voltage is stabilized
after shell coating compared to the Core_75 electrode. Although
the oxidation voltage of the electrode formed by CS_75 particles
decreased by 0.05 V compared to Core_75, no decrease in
oxidation voltage was observed in subsequent cycles. Like the
oxidation step, the reduction voltage also decreased by 0.05 V,
but the electrode reduction voltage became more stable com-
pared with the Core_75 electrode. The rate capacity test was
performed to investigate the specific capacity of the CS_75
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Fig. 11 Electrochemical analysis of the CS_75 sample. (a) Before CV and
after CV EIS spectra comparison. (b) CV analysis. (c) C-Rate result. (d) GCD
test result at 0.2C.
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cathode material at high C rates (Fig. 11c). A highly irreversible
capacity loss (58% coulombic efficiency) was observed in the
first cycle of the velocity-capacity test at C/25. Although CS_75
microparticles’ cathode exhibited a high charge specific capa-
city of 206.5 mA h g™, its discharge capacity was observed to be
120.1 mA h g~" due to the irreversible capacity loss.

After this irreversible capacity loss, the electrode showed low
capacity performance as a half-cell. The long-term GCD cycle
test at C/5 is shown in Fig. 11d. The CS_75 half-cell started to
perform at 86 mA h g~ in the first cycle and retained 77% of its
capacity after 200 cycles. Despite the fact that there is still room
for improvement in the optimization of the electrochemical
performance of LiBs based on NMC cathodes, promising
results have been obtained. In particular, after Mn-rich shell
coating, improved electrode reduction voltage was achieved
together with stabilized operation voltage.

4. Conclusions

In this work, NMC samples in the form of core and core-shell
microparticles have been synthesized following an oxalate-
assisted co-precipitation synthesis method which allows the
achievement of the expected core NMC811 and core-shell NMC
811-631 compositions. XRD measurements confirm that
annealing at a temperature of 750 °C is required to achieve
the formation of well-crystalized NMC particles, while anneal-
ing at higher temperature promotes the segregation of the Ni-
rich rock-salt phase. Additionally, XRD and Rietveld analyses
indicate increased cationic Li*/Ni** mixing in the particles
treated at 900 °C, while the presence of a Mn-rich shell in the
particles treated at 750 °C hinders Ni migration to the Li slab,
which could improve their electrochemical performance in
LiBs. SEM analysis reveals that the particles exhibit a homo-
geneous and rounded appearance within the range of 1.5-2.5 pm,
with surfaces showing either a grainy or porous appearance in
the core- or core-shell particles, respectively. A combination
of SEM-EDS and TEM-EDS confirms the formation of a Ni-rich
core-Mn-rich shell structure in the particles. In situ SEM
analysis contributes with relevant insights into the evolution
of the particles during the annealing process monitored in real
time. In particular, in situ SEM confirms that the main volume
contraction of the particles occurs at 500 °C, together with the
formation of cracks at the surface of some of the annealed
particles. Raman spectroscopy confirms the presence of NMC
in the probed particles which exhibit dominant A;, and E,
Raman modes related to the TM cations at 3b positions in the
R3m layered structure. Deconvolution of the Raman signal
reveals variations in these Raman modes among core and
core-shell particles, possibly due to changes in the distance
between TM cations and oxygen ions in the NMC layered
structure. EDS and ICP-OES confirm the achievement of the
NMC 811/631 composition, together with the successful incor-
poration of Li in the NMC particles. The presence of Li at the
surface of the particles is further confirmed by XPS analysis,
which also determines the oxidation states of the TM in the
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NMC in the core-shell particles. In situ XPS analysis under
variable temperature and atmospheric conditions demon-
strates variations in the core levels as a function of the condi-
tions, as well as the formation of additional compounds, such
as Li,COj3, at the surface of the particles treated at 500 °C and
under an O, atmosphere, which can alter their electrochemical
performance in LiBs. Finally, preliminary electrochemical tests
have been performed in LiBs with cathodes formed by NMC
core and core-shell particles treated at 750 °C. In that case,
differences were observed due to the presence of a Mn-rich
shell in the particles, which leads to more stabilized operation
voltage and improved electrode reduction voltage stability
after shell coating. There is still room for improvement, as
the electrochemical behaviour of the LiBs with NMC-based
cathodes can be further optimized not only with improvements
in the cathode material but also by considering aspects such as
the quality of the electrode prepared with NMC powders.
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