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Abstract: Lithium-ion batteries (LIBs) are fundamental for the energetic transition necessary to
contrast climate change. The characteristics of cathode active materials (CAMs) strongly influence
the cell performance, so improved CAMs need to be developed. Currently, Li(NiggMng 1Cog 1)O>
(NMC811) is state-of-the-art among the cathodic active materials. The aim of this work is the
optimization of the procedure to produce NMC811: two different syntheses were investigated, the co-
precipitation and the self-combustion methods. For a better understanding of the synthesis conditions,
three different types of atmospheres were tested during the calcination phase: air (partially oxidizing),
oxygen (totally oxidizing), and nitrogen (non-oxidizing). The synthesized oxides were characterized
by X-ray Powder Diffraction (XRPD), Scanning Electron Microscopy (SEM), Energy Dispersive X-ray
(EDX), Inductively Coupled Plasma (ICP), and Particle Size Distribution (PSD). The most promising
materials were tested in a half-cell set up to verify the electrochemical performances. The procedure
followed during this study is depicted in the graphical abstract. The oxidizing atmospheric conditions
turned out to be the most appropriate to produce NMC811 with good electrochemical properties.

Keywords: lithium-ion batteries; cathode active materials; synthesis methods; co-precipitation
method; self-combustion synthesis

1. Introduction

The capabilities of LIBs extend far beyond their conventional applications in smart-
phones or laptops. Their potential has garnered growing attention in diverse fields, in-
cluding Electric Vehicles (EVs), Hybrid Electric Vehicles (HEVs), and grid applications [1].
This stems from their remarkable attributes, such as a high energy density facilitated by
elevated cell voltages (~4 V), superior cycle performance, and exceptional power den-
sity, all of which surpass those of alternative rechargeable battery technologies [2]. To
increase the energy storage capacity of LIBs, transition metal (TM) oxides have been pro-
posed as a promising positive electrode material [3]. The most popular cathode material
is nickel manganese cobalt oxide (NMC), a layered transition metal oxide with composi-
tion LiNixMnyCo1_x—yO; and rhombohedral R-3m crystallographic structure. Different
materials can be prepared using different ratios (x- and y-values) among Ni, Co, and Mn.
The most popular are NMC111 [4], NMC532 [5], NMC622 [6], and NMC811 [7]. The use of
nickel-rich compositions as the positive electrode in batteries offers numerous advantages:
one of the key benefits is the high energy storage capacity compared to other TMs, allowing
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for a high energy density in the battery [7]. On the other hand, the thermal stability of the
structure decreases with the increasing of the nickel content [8].

As far as synthesis of NMC material is concerned, different approaches are available
including Spray Pyrolysis, Sol-Gel, co-precipitation (CPT), Solid-State, self-combustion
(S5CS), and others [9].

The CPT technique has gained popularity in synthesizing NMC due to its straight-
forward procedure, capacity to control morphology, and capability of generating a highly
homogeneous mixture at the atomic level. Moreover, this synthetic process is currently
used for industrial production, thanks to the possibility of being scaled up [9].

On the other hand, the SCS synthesis method is a simple technique, it is rapid, and it
does not need expensive equipment. It has a minimal external energy requirement, which
translates into low carbon emissions, making it eco-friendly and sustainable [9,10].

The first step of the CPT technique consists of the precipitation of a hydroxide precur-
sor: Li(NiggMng 1Coq1)(OH),, that is prepared adding a chelating agent (NH;OH) and a
precipitation agent (NaOH) to the transition metals solution. The role of pH in hydrox-
ide precipitation holds significant importance as it affects the chemical properties of the
various species formed in the solution. Moreover, the hydroxide ion acts as the principal
precipitation agent, and an increase in pH levels results in a higher driving force for nu-
cleation and growth [11]. However, the pH level of a solution has a significant impact on
hydroxide precipitation, which affects the size and shape of the particles. Formation of the
fine particles is usually associated with a high supersaturation and fast precipitation rates.
Achieving a high tap density is crucial as it can enhance the properties and performance
of materials. In particular, the tap density of electrode materials significantly affects their
capacity and cycling stability. Therefore, obtaining spherical particles with smooth surfaces
through synthesis at optimum pH values can be advantageous in improving the overall
quality and effectiveness of the final product [12].

Ammonia works as a chelating agent, and it is able to regulate the growth of precipitate
particles [13], according to Equations (1) and (2):

M?* + xNH,OH(aq.)—»M(NH3), 2*(aq.) + xH,O (1)

M(NH3), 2*(aq.) + YOH™ — M(OH); (s) + nNH3 2)

According to the suggested mechanism, ammonia first creates complexes with TM
ions in the solution. These complexes then undergo a gradual reaction with hydroxide
ions, leading to the formation of precipitates. The final particles obtained from this process
are spherical and composed of primary particles. Nevertheless, Ying et al. [14] discovered
that increasing the concentration of ammonia resulted in more spherical particles with a
narrower size distribution that resulted in a higher tap density for the particles.

During the synthesis of NMC materials, the final step involves a calcination process
conducted at elevated temperatures to achieve a micrometric crystalline structure. It is
crucial to ensure that the temperature does not exceed 1000 °C to avoid any potential
lithium volatilization [9].

For the purposes of this investigation, two synthesis techniques (i.e., CPT and SCS)
were selected. The processes adopted in this work are reported in Figure 1. The main
goal is to determine the influence of a partially oxidizing atmosphere, a totally oxidizing
atmosphere, and non-oxidizing atmosphere on the properties of the synthesized NMC811.
So, during the calcination process, three different atmospheric conditions (air, oxygen, and
nitrogen) were used.
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Figure 1. Workflow and processes adopted in the present work.

2. Materials and Methods
2.1. SCS Approach

In this method, lithium nitrate and TMs (transition metals) nitrate were the starting
materials, sucrose was needed as ignition fuel, and deionized (DI) water was the solvent.
Ni(NO3),-6H,0 0.12M, Mn(NO3),-4H,0 0.015 M, and Co(NO3),-6H,0 0.015 M were
added in a stirring beaker with DI water at room temperature, followed by the addition of
LiNO3-4H,0 0.30 M and sucrose 0.15 M. The ratio between Li and TMs was fixed to 2:1 to
compensate for the loss of lithium during the combustion step. The solution was stirred for
three hours, then the temperature was increased to 70 °C to facilitate water evaporation.
After approximately 12 h, most of the water evaporated, leaving a syrup-like solution with
a high viscosity. The material was then exposed to a furnace at 110 °C for 2 h, producing a
cake-like mass. To transform the resulting sponge-like structure into a powdery form, the
temperature was raised up to 320 °C for 30 min. In this step, because of the self-ignition of
reactants, an intense exothermic reaction [15] led to the formation of porous and powdery
materials [10].

2.2. CPT Approach

In this approach, TM sulfates and lithium hydroxide were the starting materials. A
stoichiometric quantity of TM sulfates (8:1:1) was selected and mixed with DI water to
create a solution composed of NiSO4-6H,O 1.6 M, MnSO4-H,O 0.2 M, and CoSO4-7H,0O
0.2 M [16]. An alkaline solution was prepared mixing 180 mL of DI water, 18 mL of NH;OH
1.5M, and 0.333 mL of NaOH 4 M in a three-necked round flask. The solution was kept in
an inert atmosphere (Ny) in continuous stirring and at a constant temperature of 55 °C. The
pH was periodically checked and adjusted by adding NaOH drop by drop to be maintained
at 11.5 [17]. Once the temperature and pH were stabilized, the TMs solution was added to
the flask. Then, 30 mL of each NaOH 4 M and NH4OH 1.5 M was slowly poured. During
the stirring process overnight, the precursor Li(Nig gMng 1Cog 1)(OH), started to precipitate.
The solid product was separated, washed with DI water, and dried overnight in a vacuum
furnace at 110 °C. Finally, before the calcination step, Li(Nig gMng 1Cog 1)(OH), was mixed
with Li(OH) H,O at a ratio of 1:1.15 M (precursor: Li source) under the Ar atmosphere in a
glove box. Also in this case, a lithium excess was used to compensate for the lithium loss
during the synthesis process.

2.3. Calcination

The final stage in the synthesis of NMC811 consisted of a two-step calcination. During
the process, a specific gas was flushed inside the tube furnace. Three different atmospheric
conditions were tested: air, pure oxygen, and pure nitrogen with 0.2 L/min flow rate for all
the batches.
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Initially, samples were heated up to 500 °C for 5 h to melt the lithium source by using
a tube furnace to ensure a good distribution within the precursor [9]. The first annealing
step can assist in eliminating any possible organic residual or other impurities present in
the precursor, thus improving the overall purity of the final cathode material [10].

Subsequently, in the second step, batches were cooled back down to room temperature
and finely ground. The resulting samples were then subjected to a further calcination at an
elevated temperature (900 °C for 16 h) to ensure the uniform arrangement of lithium and
TM atoms into a layered structure [18].

Finally, all batches were finely grounded using a pestle and mortar. The quality
of the cathode materials was influenced by calcination parameters like sintering time,
temperature, and atmospheric conditions.

From now on, the batches which were synthesized through the CPT method and
calcinated under air, oxygen, and nitrogen flow are named CPT-Air, CPT-O;, and CPT-Np,
respectively. The batches which were synthesized using the SCS approach and calcinated
under the same atmospheric conditions are named SCS-Air, SCS-O;, and SCS-N,. A
commercial NMC811 (MTI Corp., Richmond, VA, USA) was used for comparison.

2.4. Slurry Preparation—Coating—Calendaring—Drying

To prepare cathode electrodes, the synthesized NMC811 samples were used to pro-
duce suspensions (slurries) that were deposited on an aluminum current collector. The
tested slurries were composed of a ratio of 90:5:5 in weight of active material (NMC811),
polyvinylidene-difluoride (PVdF) as binder, and carbon black 65 (CB65) as conductive agent.
The presence of carbon black was necessary because it enhanced the electric conductivity
of the electrode [19]. The selection of PVAF stemmed from its high electrochemical stability,
electrolyte wettability, and satisfactory interfacial adhesion between electrode laminates
and current collector. PVAF was previously dissolved in NMP (N-Methyl-2-pyrrolidone),
forming a solution of 8%wt. NMP was also used as solvent for the slurry [20]. For each
batch, 0.6 g of NMC811 was combined with 0.033 g of CB65 and 0.416 g of PVAF and mixed
with 300-500 uL of NMP in an Eppendorf tube. Two magnetics balls were added in the tube,
and it was placed inside a ball-milling device to enhance the homogeneity of the slurry: the
milling process was performed at a frequency of 15 Hz for a period of 30 min. Following
that, the prepared slurries were coated on an aluminum foil with a thickness of 200 um,
using blade-coating equipment. Afterward, the electrodes were placed in an oven set at
a temperature of 55 °C for 90 min. After this step, each electrode sheet was cut to fit coin
cell (16 mm diameter) and then subjected to the calendaring process, for which a manual
laboratory cold press was utilized, applying a pressure of 8 tons on the electrodes. The aim
of the calendaring process was to enhance the energy density and electronic conductivity
of the electrode, while also determining its final porous microstructure [21]. Finally, the
electrodes were dried at 110 °C under vacuum overnight.

2.5. Assembling Process

The assembly of half-cells was carried out in a glove box under an argon atmosphere.
Lithium metal was used as the anode and cut with the same diameter of cathode electrodes
(16 mm). The separator employed was a polypropylene disc with the diameter of 19 mm
and thickness of 16 & 1.5 um. The electrolyte composition was 1M LiPFg in EC: EMC
(ethylene carbonate: ethyl methyl carbonate) 50:50 ratio. At first, the separator, the lithium,
and cathode were soaked by 25 uL of electrolyte. Then, the assembling process of the
coin cells took place with the following steps: negative cover, spacer, lithium electrode,
separator with 75 uL of electrolyte, cathode electrode, spacer, spring, and positive cover,
which closed all the package. The coin cells were sealed with a specific tool under a pressure
of 1000 kg/cm?. In Figure 2, the components of a coin cell within the assembling process
are shown.
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Figure 2. Components of a coin cell with NMC811 cathode and lithium metal anode. The cell is
composed of a metallic lithium anode and the cathode materials deposited on an aluminum current
collector. The two electrodes are divided using the polymeric separator impregnated by the electrolyte.
The spacers and the spring are used to apply pressure and to keep the cell components in good
contact. The cell is enclosed into a metallic case composed of two parts (negative and positive) that
are not electrically connected.

2.6. XRD

The structural analysis of prepared samples was performed using X-ray Diffraction
(XRD) with a INI FLEX 600 (Rigaku Corp., Tokyo, Japan) with a Bragg-Brentano flat geom-
etry, using Cu-K« radiation (A = 1.5406 A:40kV, 15 mA). The analyses were performed
within 15° < 20 < 90° with a scanning speed of 1.0 °/min and step size of 0.020°. The recog-
nition of crystal phases was performed using PDXL, integrated X-ray Powder Diffraction
software by Rigaku, and the PDF-4+ 2023 database [22]. Rietveld refinement was obtained
using Material Analysis Using Diffraction (MAUD) software version 2.9993 [23].

The following sequence was applied for the refinement of parameters: (1) scale factor,
(2) background parameters, (3) lattice parameters, (4) crystallite size, (5) micro strain, and
(6) atomic site occupancies. For the air- and oxygen-treated samples, the cation mixing was
estimated using Rietveld simulation as follows. The 3a (0,0,0) site of the NMC structure
was populated by Li and Ni, whereas Li, Ni, Mn, and Co were placed at the 3b (0,0,1/2)
site. The occupancies were refined according to the materials stoichiometry supported by
ICP-AES, therefore, applying the following constraints:

OLig,a + OLi3b =1

ONig, + ONig, = 0.8

where O indicates the occupancies of different sites. The refinement was also used to
determine the weight fraction of the different phases present in the sample.

2.7. SEM and EDS

The morphology of prepared samples was observed using Scanning Electron Mi-
croscopy (SEM). The accelerating electron high voltage was set to 20 kV, and the secondary
electron detector was used. To compare sizes and shapes of particles, the magnification
was set to 5.00 Kx. Energy Dispersive X-ray (EDS) maps were obtained for all the elements
except lithium, due to the low energy of lithium characteristic X-ray emission.

2.8.ICP

Inductively Coupled Plasma (ICP) analysis was performed to investigate the composi-
tion of the prepared materials. For measurements, 0.25 g of powder was weighed using
an analytical balance (0.0001 g), transferred to a volumetric flask (250 mL), and etched
using hot aqua regia on a hot plate (HCl, HNOj3 with the ratio of 3:1). Once brought to
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volume, an aliquot was subsequently diluted (5-10 times depending on the concentrations
of the elements). All the metals were quantified using a method with 3 calibrated solutions
at certified concentration (0 ppm, 25 ppm, and 50 ppm), and the results were expressed

in % [m/m].

2.9. PSD

A Particle Size Distribution (PSD) analysis was carried out with an Anton Paar PSA
1090 LD (Anton Paar Australia Pty. Ltd., North Ryde, NSW, Australia), which is based on
static light laser diffraction technology.

2.10. Cycling and C-Rate Performance

Electrochemical performances of the cathodes were evaluated in half-cell versus a Li
metal anode using a coin cell configuration and a CTS-LAB battery testing station (BaSyTec,
Asselfingen, Deutschland). The temperature was set to 25 °C and controlled using an
FALC climatic chamber. The cycling test consisted of three charge—discharge cycles at
0.1 C-rate, followed by 50 charge-discharge cycles at 0.5 C-rate. The C-rate test consisted
of 21 charge—discharge cycles with the charge at 0.1 C-rate and the discharge at different
C-rate: 0.1C,0.2C,0.5C,1.0C, 2.0 C, and 5.0 C (three cycles for each one).

3. Results and Discussions
3.1. XRD

Figure 3 shows the distinct peaks of commercial NMC811, corresponding to the
rhombohedral R-3m space group. The compound is isostructural to the layered x-NaFeO2.
XRD data from the literature report that NMC cathode materials with a variable Ni content
from 0.6 to 1.0 do not yield any noticeable variation in the crystallographic structure [24].
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Figure 3. XRD of the commercial NMC811.

The XRD results of CPT-O, and CPT-Air, as well as SCS-O, and SCS-Air, demon-
strated a strong agreement with the XRD analysis of the commercial NMC811, as de-
picted in Figures 4 and 5, respectively. Results of Rietveld refinement are reported in
Figures S1 and S2 in Supplementary Materials, and obtained crystallographic values are
summarized in Table 1. We added the cubic and hexagonal cobalt oxides in the Rietveld
refinements to explain the presence of the less intense peaks in the 20 range between 30°
and 38°, but these phases account for less than 2% by weight.
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Figure 5. XRD results of SCS-O, and SCS-Air.
Table 1. The lattice parameters and site occupancies of Li in 3b Wickoff position and Ni in 3a

Wickoff position for the CPT-O,, CPT-Air, SCS-O,, and SCS-Air samples obtained using the Rietveld
refinement method. Rexp is the statistically expected R value, and Ry, is the weighted-profile R value.

Sample a(A) cA) 1(003)/1(104) OLig, ONis, Rexp Ruwp
CPT-O, 2.685 13.274 1.58 0.056 0.072 0.77 7.54
CPT-Air 2.685 13.284 1.52 0.017 0.076 0.73 6.81
SCS-0, 2.684 13.273 1.76 0.051 0.072 0.73 7.70
SCS-Air 2.690 13.337 1.72 0.041 0.075 0.72 7.78

The change in intensity of diffraction peaks could be a result of altered atomic ar-
rangements and changes in the scattering factors associated with the different cations [16].
Concerning the intensity of XRD peaks, many studies [7,16,25,26] demonstrated for NMC
that when the intensity ratio of the (003) to the (104) diffraction peaks exceed 1.2, there is a
minimal level of Ni?* /Li* cation mixing. In fact, the degree of cation mixing decreases as
this ratio increases. This change in intensity ratio is the result of changes in the structure
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factors associated with the different cation arrangements [16]. The intensity ratio R of
(003)/(104) peaks for CPT-O, and CPT-Air are 1.58 and 1.52, respectively, and for SCS-O,
and SCS-Air, the values are 1.76 and 1.72, respectively.

Results obtained from Rietveld refinements on the oxygen- and air-treated samples
support (see Table 1) these conclusions since the Ni?* occupation of the 3a sites is in the
range between 7 and 9% and it is coherent with previous works (see [27] and the references
therein). So, it can be concluded that the presence of oxygen generates quite pure samples,
composed mainly of NMC811 with reduced cation mixing between Li* and Ni?*.

A distinct difference was observed in samples calcinated under nitrogen: their XRD
patterns do not correspond to the R-3m hexagonal structure, as shown in Figures 6 and 7
for CPT-N; and SCS-Nj, respectively. The results of Rietveld refinement are reported in
Figures S1 and S2 in Supplementary Materials, and the weight phase fraction observed in
the samples, as derived from the Rietveld refinement, is reported in Table 2.
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Figure 7. XRD results of SCS-Nj.
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Table 2. Composition of CPT-N; and SCS-N; samples obtained from Rietveld refinement. Rexp is the
statistically expected R value, and Ry, is the weighted-profile R value.

Sample NiO c-CoO h-CoO MnO, MnO MnyCo3_4O4 LizN Rexp Rwp
CPT-N» 89.7 0.1 4.8 54 - - - 0.77 10.09
SCS-N, 69.6 1.7 53 2.1 5.1 0.5 15.7 0.76 7.48

Figure 6 reports the XRD result for CPT-N,. Different phases were found in this sample:
NiO, with the cubic crystallographic structure (h-CoO, Fm-3m space group), MnO,, with
the orthorhombic crystallographic structure (Pnma space group), as well as CoO, with
the cubic crystallographic structure (c-CoO, F-43m space group) and with the hexagonal
one (P63mc space group). Obtained results indicate that, instead of the formation of a
mixed oxide, separate TM oxides are formed when a non-oxidizing atmosphere is used
during calcination. The phase fraction is linked to the relative amount of TMs fixed in the
synthesis procedure.

Similarly, in the sample SCS-N; (Figure 7), MnOj,, c-CoO, h-CoO, and NiO are present.
Additionally, we can see in Figure 7 that peaks corresponding to MnO, with the cubic
crystallographic structure (F3-3m space group), are also present. A mixed cobalt manganese
oxide, with the general formula Mn,Co3z_,O4, with the cubic crystallographic structure
(Fd-3m space group) is identified as well, but the quality of experimental data is not
sufficient to allow for determining the correct TM occupancies in the compound. Moreover,
its weight fraction is rather low. Finally, observed XRD peaks with low intensity have
been attributed to the formation of lithium nitride during the calcination. When the non-
oxidizing atmosphere is used for calcination in the SCS synthesis, a set of various phases
has been observed, likely out of equilibrium conditions. This can be due to the calcination
treatment performed in SCS at higher temperatures with respect to CPT.

3.2. SEM and EDS Maps

SEM results, which are shown in Figure 8, highlight the effect of calcination under
various atmospheric conditions on the particle morphology. In fact, particles prepared
using the CPT method exhibit a preference for a more spherical and smoother morphology
in comparison to particles synthesized using the SCS method, which show a flake-like
shape. The spherical shape achieved through the CPT method may be attributed to the
continuous control of parameters, such as temperature and pH, which ensures a balanced
process of nucleation and growth. On the other hand, the SCS method, characterized by
an exothermic reaction [15], leads to a rapid increase in temperature, which can accelerate
the nucleation process without allowing sufficient time for particle growth. Consequently,
particles produced by this method tend to be flaky and smaller in size when compared to
those produced through the CPT method [9,28]. Nevertheless, following the calcination
process at high temperatures, the smaller and flakier particles have a greater tendency
to form agglomerates, compared to the larger and more spherical ones. This could be
attributed to the fact that spherical particles have a smaller surface area-to-volume ratio
in comparison to non-spherical particles of the same volume [29]. The reduced surface
area limits the opportunities for particle-to-particle contact, bond formation, and attractive
forces that contribute to agglomeration.



Crystals 2024, 14, 137 10 of 15

Figure 8. SEM images of (A) SCS-O,, (B) SCS-Air, (C) SCS-N,, (D) CPT-O,, (E) CPT-Air, and
(F) CPT-N,.

Concerning the EDS maps, the distribution of TMs was uniform across all samples,
regardless of synthesis process and calcination environment applied. Results for CPT-O,
are reported in Figure 9, whereas maps for other samples are reported in Figures 53-57 in
Supplementary Materials.

Ni Kal Mn Kal Co Kal

O Kal

50pm

Figure 9. EDS map of CPT-O,.

With the CPT method, sulfur and sodium were detected, and this may be attributed
to the use of TM sulfates and sodium hydroxide during the material synthesis process
(Figure 9). According to Jouanneau et al. [30], employing TMs in the sulfate form leads to
higher tap density of the oxide product compared to that obtained using the nitrate form.
However, the inclusion of sulfur can potentially have detrimental effects on the brittleness
and tendency for crack growth in cathode materials.

3.3. ICP

The ratio between the TM ions and lithium ions corresponds to the expected nominal
ratio for the samples synthesized using the CPT method. On the other hand, the ICP
data for samples synthesized using the SCS method reveal a different trend. In this case,
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obtained results indicate that, while the ratio between the TMs remains consistent with
the nominal one, the ratio of lithium deviates significantly from the expected one (Table 3).
The difference in Li content between samples obtained by CPT and SCS could be attributed
to the fact that CPT takes advantage of a controlled environment. In fact, with CPT, the
addition of lithium to the precursor was performed in a glove box filled with Ar as an
inert atmosphere, while in the SCS approach, starting materials got exposed to an intense
exothermic reaction [15] without any possibility of controlling the lithium evaporation.
Therefore, the CPT method shows lower Li wastage compared to SCS, indicating its
superior efficiency.

Table 3. ICP results of the different NMC811 cathode materials synthesized by the CPT and SCS
synthesis methods and calcinated under oxygen, air, and nitrogen atmospheres at 900 °C.

Sample ID Non}ina'l Stoic.hiometric Icp Resul.t in St(.)ichiometric
atio of Li:TMs Ratio of Li:TMs
CPT-O, 1.15:1.00 1.07:1.00
CPT-Air 1.15:1.00 1.10:1.00
CPT-N, 1.15:1.00 0.96:1.00
SCS-O, 2.00:1.00 1.54:1.00
SCS-Air 2.00:1.00 1.41:1.00
SCS-N, 2.00:1.00 1.29:1.00
3.4. PSD

Table 4 displays the results of particle size analysis, which underlined that only D50 of
CPT-O; and CPT-Air is less than 15 um. Normally, the suggestion for the size distribution
for the NMC particles is to obtain D90 lower than 20 um and the D50 at approximately
10 pm, preferably not exceeding 15 pm [9]. Small particles have a high probability of
undergoing side reactions, contributing to particle agglomeration, which can result in
an increased diffusion pathway for lithium ions, leading to a decrease in the efficiency
of the battery. On the contrary, for large particles, the ion diffusion is hindered, and the
electrode/electrolyte interface tends to be less favorable due to a decrease in available
surface area for efficient electrochemical reactions [31].

Table 4. Particle Size Distribution in D10, D50, and D90 for the samples synthesized through the CPT
and SCS, sintered at different atmospheres at 900 °C.

Sample ID D10 (um) D50 (um) D90 (um)
CPT-Air 3.08 13.57 32.53
CPT-O, 3.46 14.19 28.25
CPT-N, 9.18 20.81 37.99
SCS-Air 9.35 18.99 33.02
SCS-0O, 12.99 25.05 42.29
SCS-N, 10.46 25.05 44.34

3.5. Cycling and C-Rate Performance Test

Figure 10 shows the results of the electrodes tested with a cycling performance test,
compared to the results obtained with a commercial electrode (with NMC811 as cathode
active material), called reference, and an electrode prepared with the commercial NMC811
powder. The electrodes produced with CPT-O; and CPT-Air powders exhibited a higher
specific discharge capacity, compared to those synthesized using the SCS approach. Regard-
ing the atmospheric conditions during the calcination process within the CPT method, the
sample calcinated under oxygen atmosphere showed a higher specific capacity compared
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to that obtained with air atmosphere. The electrodes CPT-N, and SCS-N; did not display
any discharge capacity. The explanation for their behavior can be traced back to their XRD
results: the mixture of oxides of which they are composed is not able to intercalate the
lithium ion during the charge/discharge processes. So, the corresponding results are not
included in Figure 10.

] = Reference ® Commercial NMC811
200 | mm= A CPT-O, v SCS-O,
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Figure 10. Cycling performance of prepared electrodes.

Figure 11 displays the C-rate performances of prepared electrodes. Among all samples,
the CPT-O; electrode exhibits the highest specific discharge capacity at any C-rate with
respect to SCS-O,, CPT-Air, and SCS-Air. Considering the cycling performances, various
parameters can be examined and analyzed to reach a definitive conclusion. One parameter
is the morphology of the active material, which has the potential to impact the overall elec-
trochemical outcomes. The CPT particles have a small Particle Size Distribution, allowing
an easy intercalation and deintercalation of lithium ions [32]. Considering all mentioned fac-
tors, it can be concluded that, between the two considered preparation methods, the NMC
samples synthesized through CPT are the best candidate for electrochemical applications.
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Figure 11. C-rate performance of the electrodes.
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4. Conclusions

The influence of a partially oxidizing atmosphere (air), a totally oxidizing atmosphere
(oxygen), and a non-oxidizing atmosphere (nitrogen) on the properties of NMC811 synthe-
sized by two different methods (CPT and SCS) was investigated.

e  The SEM and PSD characterization tests showed that NMC811 synthesized through
the CPT approach displayed a finer morphology, with particle sizes similar to those of
commercial NMC811.

e  Asevidence of the XRD analysis, the samples which were treated under the nitrogen
atmosphere are composed of a mixture of not layered Mn, Co, and Ni oxides. Therefore,
nitrogen-treated samples are not able to intercalate lithium ions and they do not show
any charge/discharge capacity during the cycling performance test.

e  While the electrochemical performance of coin cells can be influenced by various fac-
tors including the electrolyte, anode material, and assembling process, it is noteworthy
that CPT-O, exhibited the highest discharge capacity and capacity retention compared
to all other samples, which is correlated to the morphology of the cathode particles.

The results of the electrochemical testing should be evaluated considering that the
commercial cathode materials were used as a reference and were optimized by the pro-
ducer to reach good performances. The preparation procedure was not disclosed. On
the other hand, our goal was to study the effect of the calcination atmosphere on the
structure, morphology, and performances. So, we do not expect to obtain results equal or
superior to the benchmark materials since we know that we must optimize many other
synthesis parameters.

The two synthesis procedures (SCS and CPT) are very different in terms of economic
investment and sustainability. In future investigations, it is advisable to give precedence
to the CPT approach over the SCS one. Furthermore, employing an oxygen atmosphere
during the calcination process is recommended. Within the CPT approach, it is suggested
to adjust parameters such as pH, temperature, synthesis duration, and stirring rate to attain
a more optimized particle morphology. Moreover, other gases such as water vapor could
be used to modify the oxidizing calcination atmosphere.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ cryst14020137/s1: Figure S1. Rietveld analysis for CPT
samples obtained in O, atmosphere (top), air atmosphere (middle), N, atmosphere (bottom). Figure S2.
Rietveld analysis for SCS samples obtained in O2 atmosphere (top), air atmosphere (middle), N2
atmosphere (bottom). Figure S3. EDS map of SCS-O2. Figure S4. EDS map of CPT-Air. Figure S5.
EDS map of SCS-Air. Figure S6. EDS map of CPT-N2. Figure S7. EDS map of SCS-N2.
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