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1 Introduction

Revealing the impact of CO, exposure during
calcination on the physicochemical and
electrochemical properties of LiNig gCog1Mng 1O,

*3 Elias Martinez Moreno, (22 Leif Olaf Jgsang,”
@ and Jordi Jacas Biendicho (2 *@

Marc Nel-lo Pascual,
Maximiliano Merlo

The synthesis atmosphere plays a fundamental role in determining the physicochemical properties and
electrochemical performance of NMC811 cathode materials used in lithium-ion batteries. This study
investigates the effect of carbonate impurities generated during synthesis by comparing three distinct
samples: NMCB811 calcined in ambient air, NMC811 calcined in synthetic air to mitigate carbonate for-
mation, and NMC8L11 initially calcined in ambient air followed by annealing in synthetic air to eliminate
carbonate species. Physicochemical characterization through XRD, SEM, FTIR, and TGA techniques
revealed noticeable differences in the structural and chemical properties among the samples.
Electrochemical assessments conducted via coin-cell testing demonstrate superior performance for
materials synthesized in synthetic air, exhibiting an enhanced discharge capacity of 145.4 + 4.8 mA h g’1
compared to materials synthesized in normal air (109.4 + 4.3 mA h g™%) at C/10. More importantly, sample
annealing in synthetic air after air calcination partially recovers the electrochemical performance of the
cathode (142.1 + 4.6 mA h gt at C/10) and this is related to the elimination of carbonate species from the
ceramic powder. These findings highlight the importance of controlling synthesis conditions, particularly
the atmosphere, to tailor the properties of NMC811 cathode materials for optimal lithium-ion battery
performance.

For the NCM materials, the general understanding is that
Ni provides high capacity but poor thermal stability, that Mn

Li-ion batteries (LIBs) have become the main power source for
the next generation of electric vehicles (EVs) because of their
high energy density and long cycle life."”> Among the state-of-
the-art cathode active materials (CAMs) for lithium-ion bat-
teries, the classic LiCoO, (LCO), and LiFePO, (LFP) are still at
the heart of nearly all portable electronic devices. For instance,
while LFP cathodes are known for their safety, cycle life, and
thermal stability, they typically offer lower discharge capacities
(160-170 mA h g™"),®> which can be a limiting factor for high-
demand energy density applications. Similarly, LCO
(140-150 mA h g™"),* provides excellent cycle life but suffers
from safety concerns and higher costs due to the extensive use
of cobalt. Nevertheless, mixed metal layered oxides, such as
LiNi,Mn;Co,CO, (a + b + ¢ = 1) with various compositions have
acquired popularity in the last years.”
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maintains good cycle life and safety, and that Co offers struc-
tural stability and high electronic conductivity resulting in a
better rate capability.®” To boost the energy density and mini-
mize the dependence on Co, current development focuses on
Ni-rich compositions.®® Nowadays, considerable research
effort is devoted to NCM811 (180-200 mA h g™*),’® which is
being envisaged as a potential CAM for high-energy battery
packs in the next generation of electric cars.'>'?

Despite its advantages, NMC811 faces several significant
challenges that must be addressed to ensure its widespread
adoption and reliable performance. One of the primary issues
is that the high nickel concentration can lead to increased sus-
ceptibility to microcracking and structural instability during
charge and discharge cycles,'® negatively impacting the bat-
tery’s longevity and performance consistency. Another chal-
lenge is the complexity and cost of production; since these
materials are also more challenging to synthesize, requiring
oxygen-rich calcination conditions, and are more prone to
lithium/transition-metal ~site exchange.'*"® This metal
exchange occurs principally between Li and Ni ions due to the
similar ionic radii of Ni** (0.69 A) and Li* (0.76 A).*®

This journal is © The Royal Society of Chemistry 2024
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Preparation of Ni-rich NMC cathode material is usually a
two-stage process, first involving the formation of the precur-
sor species (co-precipitation, sol-gel, hydrothermal, etc.) or the
raw material (spray pyrolysis process) both of them then fol-
lowed by calcination. Calcination requires temperatures up to
750-900 °C for prolonged dwelling times.'”'® Synthesis con-
ditions play a critical role in the morphology of the final
cathode, which strongly affects its rate performance and
cyclability. Several competing processes occur at high tempera-
tures, where cation mixing and particle growth depend on cal-
cination temperature and dwelling time."®

The high surface reactivity of Ni-rich positive electrodes can
lead to the formation of surface impurity species upon reac-
tions with carbon dioxide and water, which can cause pro-
blems during electrode slurry preparation, battery storage, and
cycling.>**® These impurities have been documented to have
the potential to compromise the electrochemical performance
of the material>"**?>*>?® as well as induce CO, evolution during
cycling.>”*° Despite that, the role of carbonates on battery per-
formance is still under debate. On one hand, insulating
materials can be produced on the cathode from these surface
impurities reacting with the electrolyte leading to increased
kinetic barriers in the Li" insertion/desertion process. On the
other hand, Li,COj; has been explored as an electrolyte additive
or as one component of a coating layer to mitigate side reac-
tions at the cathode surface.****

In general, three processes can be responsible for the pres-
ence of surface carbonates, which include (i) residual impuri-
ties stemming from unreacted precursors during synthesis, (ii)
a higher equilibrium coverage of surface carbonates required
to stabilize the surface of Ni-rich materials after the synthesis
process, and/or (iii) impurities formed during ambient
storage.”® The vast majority of the reported studies are cen-
tered on studying the evolution and effect of carbonate species
due to storage on commercial material,>>?***>*3 and there is
little literature concerning the presence of this species after
the synthesis of the material in atmospheres with different
CO, content.

In this context, this study aims to elucidate the influence of
carbonate species on samples produced with different carbon-
ate content. These differences are caused by calcining the raw
NMC811 powders in atmospheres with different CO, contents.
Two distinct atmospheres were considered: air with an average
of =400 ppm of CO, concentration and commercial synthetic
air with CO, content <2 ppm. The former is expected to
promote the formation of carbonate species during synthesis,
and the latter is aimed at preventing their formation.
Furthermore, to gain a better insight into the impact of car-
bonate species on material performance, a third sample was
prepared: the air-calcined sample underwent subsequent
annealing in synthetic air at 700 °C for 6 hours to effectively
eliminate potential carbonate species. Through extensive
physicochemical analyses, including X-ray diffraction (XRD),
scanning electron microscopy (SEM), Fourier-transform infra-
red spectroscopy (FTIR), and thermogravimetric analysis
(TGA), the variance in carbonate species content between the
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samples and their structural impact was evaluated.
Electrochemical tests were subsequently conducted to assess
the influence of carbonate species on the performance of
NMC811.

2 Experimental
2.1 Material synthesis

LiNig gC0 1Mny, ;0, cathode material was synthesized via spray
pyrolysis. The precursor solution was prepared by dissolving
designed amounts of transition-metal nitrates in distilled
water. The droplets were aerosolized from the precursor solu-
tion by a nebulizer inside a pyrolysis furnace (700-1200 °C).
The resulting precursor was collected in a stainless-steel con-
tainer. The mixture was annealed at 850 °C for 6 h in two
different atmospheres: air and synthetic air (Linde, 20:80
0, : N,, high purity mixture). The calcination temperature was
set at 850 °C since it was selected based on optimization
studies conducted through calcination tests. Some concluding
results of this study can be observed in Fig. S1 in ESIL.t A third
sample was prepared to disclose the effect of carbonate species
on the material’s performance: the air-calcined sample was
annealed in a synthetic air atmosphere at 700 °C for 6 hours.
This temperature was selected based on thermogravimetric
analysis (TGA) of Li,CO; (Fig. S27), as it corresponds to the
onset of mass loss. The choice of 700 °C, the lowest tempera-
ture at which decomposition begins, was made to minimize
potential alterations to particle morphology. A diagram of the
synthesis process for each of the samples under study is
shown in Fig. 1.

2.2 Physicochemical characterization

X-ray diffraction (XRD, Cu-Ko radiation: 4 = 0.15406 nm) was
performed with a Bruker D8 Advance instrument to character-
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Fig. 1 Graphical representation of the synthesis process for the
NMC811 samples.
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ize the crystal structure of the samples. FT-IR analyses were
performed with a Bruker Alpha-P instrument. TGA analyses
were performed with a PerkinElmer TGA 4000. Finally, micro-
structure studies were performed with a ZEISS GeminiSEM
scanning electron microscope (SEM).

Rietveld refinement of NMC crystal structures was per-
formed using GSAS® software. The background was fitted
using the Chebyshev-1 function in GSAS®. Structural models
involved refining lattice parameters, atomic positions, and
occupancies to obtain the best fit. Thermal displacement para-
meters were fixed at 0.0200U;,, for all the elements and refine-
ments. Structural constraints were added to evaluate Li-Ni site
exchange: occupancy on the 3a site and 3b site were fixed to 1,
where Li occupancy considering both sites had to be equal to
1.0 and Ni equal to 0.80. Co and Mn occupancies were fixed at
0.1 in all the refinements.

2.3 Electrochemical characterization

To prepare the samples’ cathodes, the NMC811 powders were
mixed with carbon black Super-P as a conducting agent and
polyvinylidene fluoride (PVDF, MTI, >99.5%) as a binder in a
ratio of 90:5:5 (wt%). The mixture was then dispersed in
N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, >99.0%). All the
mixing and dispersing steps were performed using a Mixer
Mill MM400 (Retsch). The obtained NMC slurry was coated by
applying 150 pm wet thickness on Al foil and dried at 110 °C
under vacuum overnight. Finally, the aluminum foil was cut
into 12 mm diameter disks to form the cathode. The resulting
cathodes had a mass loading of around 3.8 mg cm™> + 0.3 mg.
Coin cells with dimensions 2032 were fabricated using a
Celgard® 2400 membrane as a separator and a lithium disc
(@: 12 mm) as an anode. The electrolyte consisted of 1 mol L™*
LiPF¢ solution in EC: DEC (50/50 vol%, Sigma-Aldrich, battery
grade). All the operations, except the cutting of the discs and
its posterior drying at 110 °C under vacuum, were carried out
in an argon-atmosphere glovebox (MBRAUN, <0.1 ppm H,O
and 0,).

Room temperature (RT) galvanostatic charge-discharge
experiments were conducted using a CT-4008T Neware battery
testing system. Two testing protocols in the voltage range of
3.0-4.3 V vs. Li/Li" were used for electrochemical characteriz-
ation. The cycling protocol included two formation cycles at C/
20 (Qmax = 200 mA h g™*), followed by 50 cycles at C/10. Every
charge (C/10) was performed in constant current — constant
voltage (CC-CV) mode with a C/20 current cutoff at 4.3
V. Electrochemical impedance spectroscopy (EIS) measure-
ments were also conducted on the cycled cells before and after
the 50 cycles. Experiments were performed with a BCS-805
potentiostat/galvanostat system from BioLogic in a frequency
range from 10 kHz to 100 mHz with an AC amplitude of
10 mV. Data analysis was performed using ZView® software.
The second protocol included testing at different C-rates,
which consisted of two C/20 formation cycles, followed by 5
cycles at C/10, C/5, C/2, 1C, C/5, and C/2. This second proto-
col’s charge and discharge were carried out in CC mode. At
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least two replicates were conducted for each of the electro-
chemical experiments.

3 Results and discussion

NMC811 characterization results have been grouped into two
distinct parts. The first part involves a physicochemical investi-
gation of the materials to assess the impact of the gas atmo-
sphere on its morphological, structural, and chemical pro-
perties. The second phase of this study focuses on the
materials’ electrochemical performance and how it correlates
to the previous physicochemical studies.

3.1 Physichochemical characterization

NMC811 raw material obtained from spray pyrolysis was cal-
cined at 850 °C for 6 h in two gas atmospheres: air (NMC811
AIR) and synthetic air (NMC811 SA). A third sample was
included in these studies to elucidate the effect of carbonates
on the NMC811 material. Since more carbonate species will be
expected on the NMC811 AIR sample, this was thermally
treated a second time at 700 °C for 6 h in synthetic air
(NMC811 AIR + SA) to decompose these potential impurities.
Fig. 2 presents a series of scanning electron microscopy
images, offering a comprehensive view of the ceramic
materials’ morphology and particle characteristics under the
different gas atmospheres and temperature programs.

All NMC811 samples demonstrated a similar morphology,
showing particles between 100 and 500 nm. Some aggregates
could be observed with sizes ranging from 1 to 10 pm. It is
worth mentioning that the annealing in synthetic air had no
significant impact on the morphology of the air-calcined
material, as intended. PSD analysis was also performed on the
samples to have better insight into the particles’ sizes and dis-
tribution. The analysis results are shown in Fig. 3 and Table 1.

From the analysis, most particles had an average particle
size close to 1 pm. The only appreciated difference was that
NMC811 SA had a larger aggregation, around 10 pm.
Nevertheless, the d(0.9) of the sample indicated that 90% of
the particles were below 7 pm, and 50% below 1.2 pm. These
values were also valid for NMC811 AIR. The results confirmed
SEM’s observations, depicting that all materials showed a
similar particle size.

XRD measurement was required to determine the impact of
each calcination condition on the final crystallographic struc-
ture. The three NMC811 samples could show differences in
their crystal structure due to Li/Ni cation mixing, carbonate
impurities, or even the samples’ crystallinity. The resulting
XRD data is shown in Fig. 4.

All the powders exhibited a well-defined layered structure
based on a hexagonal a-NaFeO, structure with a space group
R3m and no impurity phases. The clear peak splits in the
(108)/(110) doublets observed for the calcined sample in
NMCS811SA indicated a slightly higher crystallinity. The Iyos/
Iy, ratio was evaluated since it indirectly indicates cation
mixing between Li* and Ni*" in the lithium layer. Usually, a

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 SEM images at x10 000 and x25 000 magnifications of the NMC811 calcined in (A and B) air, (C and D) synthetic air, and (E and F) air and

annealed in synthetic air.

lower Iyo3/I104 ratio is related to increased cation mixing. It is
important to minimize this crystallographic defect since the
Ni*" ions in the Li layer decrease discharge capacity and
impede Li" ionic diffusivity. Such structural defect is known as
the leading cause of poor electrochemical performance for Ni-
rich NMC materials.®?"3*

This journal is © The Royal Society of Chemistry 2024

From the XRD spectra results, significant differences could
be appreciated in these peak intensities’ ratios (Table 2). It has
been reported that a quotient of the intensities (Iyp3/104) below
1.2 describes a significant Li/Ni cation mixing (10% or more),
implying a significant impact on the performance of the
electrode.
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Fig. 3 PSD analysis for the NMC811 AIR, AIR + SA, and SA sample
powders.

Table 1 PSD volumetric percentiles for the NMC811 AIR, AIR + SA, and
SA sample powders

NMC AIR NMC AIR + SA NMC SA
d (0.1) 0.315 0.336 0.418
d (0.5) 1.132 0.973 1.170
d (0.9) 3.675 3.500 6.942
Counts
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Fig. 4 XRD spectra of the NMC811 calcined in (A) air, (B) synthetic air,
and (C) air and synthetic air.

Table 2 Intensity ratios of the NMCB811 AIR, SA, and AIR + SA materials
Sample Toos/T10a
NMC811 AIR 0.88
NMC811 SA 1.17
NMCS811 AIR + SA 1.14

Despite that, all materials exhibited values lower than 1.2; a
major difference could be observed between the values
obtained for the NMC materials calcined or annealed in SA
and the just air calcined. The cation mixing improved signifi-

22330 | Nanoscale, 2024, 16, 22326-22336
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cantly from the annealing process: from 0.88 (NMC811 AIR) to
1.14 (NMC811 AIR + SA), and the final refined value for the
two samples thermally treated in SA was of the same order of
magnitude.

As mentioned, a higher I3/I104 ratio indicates lower cation
mixing.*> However, the best approach to analyze and quantify
this defect is by performing a refinement of the crystal struc-
ture using diffraction data. The results of the structural refine-
ment are presented in Table 3.

The refinement results followed the previously evaluated
Inoa/lio4 ratios trend. NMC811 AIR material had the highest
cation mixing: 10.5%, while the materials thermally treated in
synthetic air had cation mixings of 8.7%. It was further demon-
strated that the SA treatment appeared to improve the cation
mixing phenomenon. Overall, the samples’ cation mixing
could be considered high, but this was principally related to
the gas atmosphere employed during the calcination.'”*®

It is also worth noting that there was a difference between
the materials’ lattice parameters. The materials calcined in air
showed a more similar ¢ value, which was smaller than that of
the synthetic air material. Despite that, there was no signifi-
cant impact on the cell volume.

Since different atmospheres were used, the samples might
differ in their amount of carbonate species on the surface of
the material, caused by the reaction between Li,O or LiOH
with CO,.%° It has been reported that surface impurities of
lithium carbonate are notably involved in parasitic surface
reactions®® as well as in CO, gas evolution during cycling.””*®
To determine the presence of carbonates, an FT-IR analysis
was performed. Fig. 5 shows the attained transmission spectra
along with the Li,CO; transmission spectrum for reference.

The most intense absorbance bands for Li,CO; are observed
at 1410-1450 cm™* corresponding to the CO;>~ ion asymmetric
stretching vibration and the 850-880 cm™" corresponding to the
CO;>" ion bending out of plane vibrations.”” All NMC811
sample spectra showed a small absorbance close to 860 cm™,
indicative of the CO;>~ ion bending out of plane vibrations.
Among these spectra, notable differences in signal transmittance
could be observed (Fig. 5). The highest intensity was determined
in the powder calcined in AIR, most likely due to the greater con-
centration of CO, in the calcination gas. Conversely, both
NMC811 samples calcined and annealed in SA showed smaller

Table 3 Rietveld refinement’s results for the NMC811 AIR, SA, and AIR
+ SA samples

NMC AIR NMC SA NMC AIR + SA
alA 2.87845(5) 2.878614(24) 2.87682(4)
c/A 14.19449(16) 14.21275(8) 14.19326(14)
Volume/A®>  101.8515(18) 101.9942(9) 101.7277(16)
Oxygen,z  0.25604(12) 0.25604(8) 0.25752(9)
3b Li/Ni, 0.8949(9)/0.1051  0.9135(6)/0.0865  0.9132(7)/0.0868
occ. 9) (6) (7)
3a Ni/Li, 0.6949(9)/0.1051  0.7135(6)/0.0865  0.7132(7)/0.0868
occ. 9) (6) (7)
Uiso 0.0200 0.0200 0.0200

8.59 6.08 5.01

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 FT-IR spectra of NMC811 AIR, SA, and AIR + SA samples. FT-IR
spectrum of commercial Li,COsz (Alfa Aesar, 99%) is included for
comparison.

peaks. The presence of carbonates in these two samples was
attributed to potential impurities in the gases used or to a reac-
tion with atmospheric CO,, which could have occurred during
the brief handling of these materials outside the glovebox.

To obtain a more precise determination of the carbonate
content within the materials, TGA analysis was conducted on
all three NMC811 materials. The procedure consisted of two
identical sequential thermal programs using two different
atmospheres: first N, gas and second synthetic air. The first
thermal program with N, was used to decompose all carbon-
aceous species. However, with this thermal program, the
material could also decompose, releasing O, gas.">?® The
second thermal program in synthetic air was used to reintro-
duce the oxygen into the ceramic." Taking both programs into
consideration, the difference between the initial and final
weight corresponded to the liberated CO, content (Fig. 6).

The highest content in CO;>~ species was measured for the
sample calcined in the air: 1.2% (w/w). This agreed with the pre-
viously shown FT-IR results (Fig. 5). The samples thermally
treated in SA showed significantly lower values: 0.1% and 0.3%,
respectively. Thus, the annealing in synthetic air at 700 °C for
6 hours substantially reduced the air-calcined sample’s carbon-
ate content.

This event was further confirmed upon assessing the
thermal decomposition of Li,CO; using a similar thermal
process. In this case, a small sample of this salt was examined
using TGA instrumentation, exposing it at 700 °C for 6 h in
synthetic air (Fig. 7).

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 TGA results of (A) NMC811 AIR, (B) NMC811 SA, and (C) NMC811
AIR + SA.

After 6 hours of thermal treatment, the sample experienced
around 40% weight loss. This value indicated that almost 70%
of the carbonate content had been decomposed from the
sample. The latter demonstrated that the procedure was
sufficient to remove the samples’ carbonate content, which
was closer to 1% of the sample weight for NMC811Air.

3.2 Electrochemical characterization

The cathode samples were assembled into half cells and sub-
jected to cycling between 3.0 V and 4.3 V vs. Li'/Li, as depicted
in Fig. 8. Two experiments were conducted: C/10 cycling of the

Nanoscale, 2024, 16, 22326-22336 | 22331
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Fig. 7 FT-IR spectra of NMC811 AIR, SA, and AIR + SA samples. FT-IR
spectrum of commercial Li,CO3z (Alfa Aesar, 99%) is included for
comparison.

materials to assess their stability and capacity retention, and
C-rate measurements to correlate the materials’ capacities with
different charge and discharge currents. It is important to
highlight that after the cycling tests, post-mortem analysis of
the samples revealed no significant differences between the
fresh and cycled electrodes, as observed through SEM
imaging. A direct comparison of the fresh and cycled electro-
des is presented in Fig. S3.1

Fig. 8A displays the dQ.,/dV plots of the second C/20 for-
mation cycle. The primal distinction among the materials is
the peak separation observed for the principal contributing
peaks on the charge and discharge process. All materials show
a similar oxidation peak position around 3.7 V typical of nickel-
rich NMC materials, where Ni is the principal element
oxidized,"****° Co only starts to oxidize by the end of the peak.
At this first potential (~3.7 V), since Li is being removed, there
is a slight volume contraction, causing an anisotropic change
in the host lattice, where the a parameter contracts and the ¢
parameter expands. This change in the lattice can be described
as a hexagonal (H1) to hexagonal (H2) transition.**"** It is
worth noting that the H1 and H2 phases are crystallographi-
cally equivalent in terms of space group and atomic sites and
are only distinguished by their different unit cell dimensions.

Despite that, the materials heat-treated in SA (NMC811 SA
and NMC811 AIR + SA) originate at a lower potential: 3.61
V. On the other hand, the peak for the NMC811 AIR material
starts at higher potentials (3.66 V). Conversely, reduction
peaks show the opposite trend; the materials calcined and
annealed in SA appear at the highest potentials, while the air-
calcined material discharges at a lower potential. From these,
both materials heat-treated in SA depict larger reversibility.
The peak differences for each sample are 70 mV, 156 mV, and
229 mV for NMC811 SA, AIR + SA, and AIR, respectively.
Furthermore, these materials show a broader area on their
charge and discharge peaks, indicating larger oxidation and
reduction capacities.

Upon further charging, a second oxidation peak should be
reached at ~4.2 V. At this point, there is a much more signifi-
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Fig. 8 (A) dQ,,/dV plots of the second formation C/20 cycle, (B) cycle

stability at C/10, and (C) C-rate capability from C/20 to 5C of NMC811
calcined in air, in synthetic air (SA), and in air and synthetic air (AIR + SA).

cant volume contraction caused by a drastic decrease in the ¢
parameter. At this point, nickel and cobalt are further oxi-
dized. Nickel experiences the most significant redox, oxidizing
up to +3.9 at 4.3 V. Similarly, cobalt also oxidizes but to a
lesser extent, from +3 to +3.5. Manganese was found to have
an oxidation state of +3.9 for all cells and states of charge.*®
The degree of Li depletion and the Ni and Co oxidation trigger
different H2-M1-H3 phase transitions. Note that, these tran-
sitions are reversible but affect the cycling stability of the
layered oxides.">**

This second peak at ~4.2 V did not appear for any of the
studied materials. Given the possibility that the electro-
chemical process could be experiencing a significant overpo-
tential, one electrode from each material was tested using the
formation protocol (C/20) up to 4.7 V. The resulting graph (see

This journal is © The Royal Society of Chemistry 2024
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Fig. S41) shows an oxidation peak for all materials above 4.3
V. This finding supports the overpotential hypothesis, explain-
ing why this peak is not visible in Fig. 8A.

Overall, it could be appreciated that the materials with
almost no CO;>~ presence showed a better charging and dis-
charging performance. The higher charging potential and the
lower discharging potential may be attributed to the presence
of carbonates, which have been described to have a notorious
impact on the SEI'" and on the electrochemical
performance.>®** However, the published information is more
related to the content of these species in the electrolyte rather
than on the cathode material. In this case, the carbonate
species appear to impede an appropriate migration of lithium
ions, resulting in a slower kinetic and more inefficient charge
transference which causes the observed higher peak splitting
outcome. This event will be later evaluated by EIS analysis.

The cycling capabilities of these materials were evaluated
(Fig. 8B). After two initial formation cycles at C/20, the cells
were cycled at C/10. During the C/20 cycles, the sample with
higher carbonate content exhibited the lowest capacity: 148.9 +
2.9 mA h g~'. In contrast, the samples with lower carbonate
content showed higher capacities: 153.5 + 5.9 mA h g~* for the
SA sample and 165.1 + 3.8 mA h g~* for the AIR + SA sample.
Such a result agrees with the previous dQ,,/dV results, where it
could be observed that the material with a larger carbonate
content delivers lower (anodic and cathodic) peak reversibility.
At C/10 the capacities diminished to 109.4 + 4.3, 145.4 + 4.8,
and 142.1 + 4.6 mA h g_1 for NMC811 AIR, SA, and AIR + SA,
respectively. After 50 cycles at C/10 rates, the NMC811 SA
material outperformed NMC811 AIR and NMC811 AIR + SA.
Specifically, the AIR, SA, and AIR + SA calcined materials
retained 22%, 59%, and 42% of their initial capacity,
respectively.

At high C-rates, the evolution pattern of the discharge
capacity values follows a similar trend. For instance, at C/5,
the material calcined in air shows the lowest capacity: 28.3 +
2.0 mA h g™, while AIR + SA and SA materials show signifi-
cantly superior capacities: 80.8 + 1.5 mA h g~ and 105.4 +
14.6 mA h g™ respectively. As the C-rate increases, the differ-
ence between the SA and AIR + SA increases. At 1C both AIR
and AIR + SA have reached their kinetic limit and cannot
deliver capacity (<2mA h g™'). Upon returning to a slower
C-rate, specifically C/5, all materials exhibit satisfactory
capacity recovery, with values of approximately 91%-97%. The
electrochemical performance of the materials, ranked from
worst to best, is as follows: NMC811 AIR, NMC811 AIR + SA,
and NMC811 SA.

The annealing process with SA results in a notable improve-
ment in the electrochemical properties of the material, though
it does not achieve the performance level of the material cal-
cined solely in synthetic air. This improvement is likely due to
the elimination of carbonates. Furthermore, a direct corre-
lation has been observed between the elimination of carbon-
ates and the amount of cation mixing. This suggests an inter-
esting hypothesis: the lithium released from the decompo-
sition of carbonates is re-incorporated into the appropriate
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layer of the NMC811, causing the displacement of nickel
atoms to the transition metal layer. Further work could evalu-
ate the evolution of the material’s crystalline structure during
the annealing process utilizing in situ techniques.

To investigate the electrochemical kinetics of the NCM811
AIR, SA, and AIR + SA electrodes, EIS analysis was conducted
before and after 50 charge-discharge cycles at C/10. Fig. 9 pre-
sents the Nyquist plots, revealing significant differences
between the materials. Notably, the absence of a straight line
at a 45° angle in the low-frequency region indicates that no

A)
Rs Rhf RIf
| CPEhf | | CPEIf |
4000 -
3000 1 @ NMC811AIR
£
-5 @ NMC811 AIR+SA
~
S @ NMC811SA S
£ 2000 { ——Fittings
1000
0 T T T
0 1000 2000 3000 4000
Re (Z) / Ohm
B)
7000
6000 -
5000 4
© NMC811AIR
€ 4000 1 © NMC811AIR+SA
£
o
< ® NMC811SA o
) 3000 | —Fittings
E
2000
1000
0 T T T T T T
0 1000 2000 3000 4000 5000 6000 7000
Re (Z) / Ohm

Fig. 9 Nyquist plots for the NCM811 calcined in air (AIR), in synthetic
air (SA), and in air and annealed in synthetic air (AIR + SA), (A) before and
(B) after 50 cycles at C/10. The impedance was measured at a fully dis-
charged electrode state.
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semi-infinite diffusion process occurred, ruling out the use of
a Warburg element for accurate data fitting. Consequently, no
diffusion coefficients were calculated from the EIS data since
these were expected to be significantly biased. Instead, a paral-
lel R-CPE contribution was considered at low frequencies.
Therefore, the circuit shown as an insert in Fig. 9A was chosen
to fit the impedance data from Nyquist plots. This circuit con-
sists of a resistance (R;) in series with two RC components (Ry¢
and Ry). The high-frequency resistance (Ry¢) corresponds to
the charge-transfer resistance typically observed in Li-ion coin
cells* and the low-frequency resistance (Rj¢) corresponds to
the extrapolated value of a non-ideal semicircle intercepting
the x-axis at low frequencies.

On the one hand, the series resistance (R;), which involves
the resistance of the electrolyte, connections, and cell com-
ponents, remained consistent across all samples and experi-
ments, ranging from 7 to 14 Ohms. On the other hand, the Ry
or charge-transfer resistance varied between materials and
after cycling. The fitted results are shown in Tables 4 and 5.
The highest values were observed in the material calcined in
air, which can be attributed to its higher carbonate content. As
discussed, carbonates act as a barrier to Li-ion diffusion and
negatively affect charge transfer resistance due to their poor
electrical conductivity.>'>*2°2¢

The AIR + SA material exhibited lower charge-transfer resist-
ances compared to the NMC811 AIR material, but higher than
the NMC811 material calcined in synthetic air. This suggests
that, although most of the surface carbonates were removed,
as confirmed by the absence of carbonates in a surface-level
analysis (see Fig. 5), residual carbonates still influence this
impedance contribution.

Finally, the NMC811 calcined in SA demonstrated the lowest
resistances among the three materials, which aligns with its
superior cycling performance. Indeed, the magnitude of the
charge-transfer resistance or Ry¢ obtained for the NMC811 cal-
cined in SA before cycling ~120 Q indicates a relatively good
electrode contact at the coin cell level.*>*® This observation
also explains why the other materials exhibited higher overpo-
tentials during oxidation and reduction processes (Fig. 8A).

Table 4 Fitted values of R, Ry, and Ry before C/10 cycling

Sample Rs (@) Rus (Q) Ris (Q) Ve

NMC811 AIR 13.7 2840.0 3743.0 0.086
NMCS811 AIR + SA 12.8 1284.0 2351.0 0.172
NMC811 SA 10.7 120.6 4087.0 0.024

Table 5 Fitted values of R, Rn;, and Ry after C/10 cycling

Sample R, (Q) Ry¢ (Q) Ry (Q) 7

NMC811 AIR 6.5 1695.0 8815.0 0.110
NMCS811 AIR + SA 10.4 1129.0 8741.0 0.019
NMCS811 SA 11.8 215.6 3305.0 0.036
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The increased resistance after 50 cycles, from 120.6 to 215.6 Q
observed in Table 5 is a commonly observed phenomenon and
indicative of NMC811 degradation after cycling."?

4 Conclusions

Overall, we demonstrate that the calcination gas atmosphere is
critical in the physicochemical and electrochemical properties
of NMC811 cathode material. Calcination in an air atmosphere
produces carbonate species on the material, corresponding to
a weight loss of 1.2%, as evidenced by thermogravimetric
studies and FTIR analysis. In contrast, materials calcined or
annealed in synthetic air showed a mass loss of 0.3% or less.
These results conclude that post-treating an NMC811 sample
at 700 °C for 6 hours in synthetic air significantly reduces its
carbonate content.

The removal of carbonate from an NMC811 sample
improves its electrochemical performance. The material cal-
cined in air demonstrates a capacity of 109.4 + 4.3 mA h g™*
(first cycle at C/10) and a retention of 22% after 50 cycles at C/
10. In contrast, after annealing in synthetic air, the same
material shows a 28% increase in capacity (142.1 + 4.6 mA h
¢ ") and a 91% improvement in retention, and a significantly
smaller charge-transfer resistance (Table 4). The enhancement
in electrical and electrochemical performance can be attribu-
ted to, firstly, the elimination of carbonates, which are detri-
mental to the material’s electrochemical performance and,
secondly, to the reduction in cation mixing observed in
materials calcined in synthetic air by Rietveld refinement of
the NMC crystal structure for the samples. The materials with
lower carbonate content exhibit similar cation mixing, around
8.7%, which is notably lower than the 10.5% observed in the
sample calcined solely in air.

Despite the improvements, powder annealing in synthetic
air does not achieve the same electrochemical performance as
direct calcination in synthetic air; the material calcined in syn-
thetic air at 850 °C for 6 hours presents the best electrical and
electrochemical results, with a capacity of 145.4 + 48 mA h g™*
(first cycle at C/10), a retention of 59% after 50 cycles at C/10,
and the lowest charge-transfer resistance ~120 Q. The 0.2%
weight difference detected by TGA between NMC811 AIR + SA
(0.3%) and NMC811 SA (0.1%) may still be too significant to
overlook, suggesting that higher annealing temperatures could
be explored. However, this approach carries the risk of altering
particle morphology, which could complicate data interpret-
ation by making it difficult to isolate the effects of carbonate
content from morphological changes.
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