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Effect of Secondary Heat Treatment after a Washing on the
Electrochemical Performance of Co-Free LiNig g;5Alg 0,50,

Cathodes for Li-lon Batteries

Juho Viilikangas,* Petteri Laine, Tao Hu, Pekka Tynjdld, Marcin Selent,

Palanivel Molaiyan,* Kahr Jiirgen, and Ulla Lassi*

The steadily growing electric vehicle market is a driving force in low-cost,
high-energy-density lithium-ion battery development. To meet this

demand, LiNig g;5Aly 0,50, (LNA), a high-energy-density and cobalt-free
cathode material, has been developed using a low-cost and efficient
co-precipitation and lithiation process. This article explores how further
processing (i.e., washing residual lithium from the secondary particle surface
and applying a secondary heat treatment at 650 °C) changes the chemical
environment of the surface and the electrochemical performance of the LNA
cathode material. After washing, a nonconductive nickel oxide (NiO) phase is
formed on the surface, decreasing the initial capacity in electrochemical tests,
and suppressing high-voltage (H2) to (H3) phase transition results in
enhanced cycle properties. Furthermore, the secondary heat treatment
re-lithiates surface NiO back to LNAand increases the initial capacity with
enhanced cycle properties. Electrochemical tests are performed with the cells
without tap charge to suppress the H2 to H3 phase transition. Results reveal
that avoiding charging cells at a high voltage for a long time dramatically
improves LNA’s cycle life. In addition, the gas analysis tests performed during
charge and discharge to reveal how the amount of residual lithium
compounds on the surface affects gas formation are studied.

is especially popular for portable electron-
ics because of its high energy density.
Increased demand for LIBs, especially
for use in electric vehicles, has been the
driving force in efforts to replace rare
and expensive cobalt in cathodes.?!
Cobalt is most replaced with nickel
and manganese in LiNi,_,_,Co Mn,O,
(NCM) or with nickel and aluminum in
LiNi,_,_,Co,Al,O, (NCA); however, a wide
range of metal ratios are produced.!

High-nickel cathodes are attractive be-
cause the increased amount of nickel in
the structure increases the specific capac-
ity of the cathode material.[*>] However,
there are several problems with this ra-
tio, including Li/Ni mixing during syn-
thesis, poor electrochemical cycling stabil-
ity, and thermal instability.*1% During the
high-temperature lithiation process, excess
lithium is used to suppress Li/Ni mixing
and compensate for lithium evaporation
during the synthesis. Lithium excess led
to high amount of residual lithium com-
pounds, such as lithium carbonate (Li,CO,)
and lithium hydroxide (LiOH), on the

1. Introduction

Lithium cobalt oxide (LiCoO,)!!! has long been the most used
cathode material in lithium-ion batteries (LIBs). This material

secondary particle surface.['') Moreover, the amount of Li,CO,
on the high-nickel cathode surface could increase after synthesis
if the surface is exposed to air. Since Ni** has lower chemical sta-
bility than Co®*, the high-nickel cathode surface is more sensitive
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Figure 1. a) A schematic of cobalt-free LNA cathode synthesis via Co-precipitation and solid-state method, b) XRD patterns of the pristine (LNA), washed

(LNA-w), and secondary heat-treated (LNA-w-650) samples.

to moisture and carbon dioxide. As such, lithium (Li) and oxygen
(O,) from the structure react with carbon dioxide (CO,), forming
thin layers of NiO and Li,CO, on the surface.

The amount of residual lithium compounds on the surface is
critical for electrochemical performance. The compounds can re-
act with the electrolytes during the electrochemical reaction and
accelerate the formation of hydrofluoric acid (HF), which, in turn,
can form insulating layers and decrease electrochemical perfor-
mance. Furthermore, a high amount of electrolyte decomposing
gases can lead to cell swelling, bad electrochemical performance,
and cell failure. In addition, moisture-sensitive residual lithium
compounds can lead to cathode slurry gelation and difficulties in
the electrode fabrication process.['2~18]

In a previous paper, we showed that, compared to pure lithium
nickel oxide (LiNiO,), aluminum-modified LNA is an attrac-
tive candidate for next-generation cathode material in LIBs be-
cause it has a high capacity (215 mAh g™') at a reasonable volt-
age range (4.2-2.6 V) and moderate cycling stability after wash-
ing process.[') During the washing, most residual Li,CO; and
LiOH compounds that originated from the lithiation process
are washed from the surface, and a thin layer of delithiated
phase NiO forms on the surface of LiNiO,. The washing pro-
cess is more challenging for the pure LiNiO, than those con-
taining cobalt because Ni** has lower chemical stability than
C03+.[12]

Washing and secondary heat treatment increase the manu-
facturing costs of the cathode material. However according to
Ahmed et al., for NCM cathode material annual costs of pur-
chased capital equipment are 1.4% and utilities (Electricity, Natu-
ral gas, and water) are only 1%, however same time raw material
costs are 54%. Price of the cobalt is much higher than nickel so
it’s obvious that minimizing the amount of cobalt even with new
process steps is economically beneficial 2]
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In this work, the effects of washing on the chemical struc-
ture on the material surface determine how that will affect
electrochemical performance and gas formation during the cy-
cling tests. After washing, a secondary heat treatment is per-
formed with the aim to restore the surface structure and the
electrochemical performance. Yoon et al. show that H2 to H3
phase transition could be avoided by lowering the charge cut-
off voltage.?!] Recently Guo et al. show that electrolytes with
low surface reactivity with LNO at a high state of charge can in-
crease the cycle life of LNO/Li cells.’! Furthermore, our stud-
ies show that modifying the charging protocol was identified
as an effective way to suppress the H2 to H3 phase transi-
tion and dramatically improve capacity retention in full cell
tests.

2. Results and Discussion

2.1. Effect of Washing and Secondary Heat Treatment of LNA
Cathode Material

2.1.1. Structural and Morphology Investigations of LNA

XRD patterns for LNA cathodes are shown in Figure 1b. They in-
dicated that the pristine (LNA), washed (LNA-w), and secondary
heat-treated (LNA-w-650) samples had an a-NaFeO,-type struc-
ture that was similar to that of the R3m space group (ICDD: 04-
023-9746). Small peaks indexed for Li,CO; were detected only for
unwashed LNA shown in Figure 1b and Figure Sla (Supporting
Information). The lattice parameters and Ni occupations on the
Li site obtained from the XRD data are shown in Table 1 and Table
S1 (Supporting Information). The lattice parameters for LNA-w
increased slightly; however, these changes might be due to the re-
moval of residual lithium and impurities from the surfaces as a

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. FESEM images of a,b) pristine LNA, c,d) washed LNA-w, and e,f) wash and heat-treated LNA-w-650. The FESEM morphology at 10 um and

200 nm.

result of washing. In other words, washing may not have changed
the unit size of the material. XPS analyses revealed an increased
amount of NiO phase on the LNA-w surface, which could have
slightly affected the lattice parameters. For LNA-w-650, lattice pa-
rameters slightly increase, and the amount of nickel increase in
the Li site, indicating that a lower amount of lithium on the sec-
ond heat-treatment increase the disorder in the layered structure.

Table 1. Cell parameters of the pristine (LNA), washed (LNA-w), and sec-
ondary heat-treated (LNA-w-650) samples. The error in lattice parameter
2.87536(2) means + 0.00002.

Parameters? Unit LNA LNA-w LNA-w-650
c-axis A 14.1983(2) 14.2011(2) 14.2059(2)
a-axis A 2.87536(2) 2.87552(2) 2.87621(2)
c/3a 1.6460 1.6462 1.6464
Crystallite size a A 1802.57 1935.15 2201.84
Crystallite size ¢ A 2516.04 2681.92 2902.31
Ni on Li site 0.0220 0.0250 0.032
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As expected, the crystal size also increased during secondary heat
treatment.

As shown in Figure 2, all prepared materials had a round-
shaped secondary particle morphology that was about 8 um di-
ameter. Moreover, 50 000 magnifications revealed that the sec-
ondary particles consisted of primary particles of about 200 nm.
Washing and secondary heat treatment did not affect particle
morphology, indicating that impurities and different amounts of
residual lithium compounds formed a few nanometer-thin lay-
ers on the particle surface that could not be detected in FESEM
images. Kim et al. and Zhuang et al. reported similar observa-
tions for the residual lithium compounds on the NCA type cath-
ode material.'*!* As shown in Table 2, the ICP-OES results re-
vealed that sulfur, sodium, and other impurities were present
on the unwashed material surface and effectively removed by
the washing process. Titration analysis (Li wt%) and the Li/Me
ratio measured using ICP-OES revealed that washing removed
most residual Li,CO; and LiOH compounds from the secondary
particle surface. There was a low level of residual lithium com-
pounds in LNA-w. LNA-w-650, which had a secondary heat treat-
ment at 650 °C in an O, atmosphere, had a higher concentration

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Table 2. Li,CO3, LiOH, and Li concentrations on particle surfaces (detected by titration analysis) and Li, Ni, Co, Al, Mn, S, and Na concentrations and

the Li/Me ratio (detected by ICP-OES).

Sample Li,CO; LiOH Li Ni Co Al S Na Li/Me

[wt%] [wt%] [wt%] [mol%)] [mol%)] [mol%)] [mgg] [mgg] Ratio
LNA 1.65 0.85 0.56 97.5 0.016 2.5 1.87 0.14 1.073
LNA-w 0.46 0.01 0.09 97.4 0.016 2.6 0.14 0.05 1.020
LNA-w-650 0.44 0.35 0.18 97.4 0.015 2.5 0.14 0.05 1.034

of residual lithium compounds, indicating that heat treatment
accelerated the formation of Li,CO, and LiOH on the surface.
Xiong et al. obtained similar post-washing results when study-
ing secondary heat-treated LiNi;4Co,;Mn,,0, (NMC811) cath-
ode material.[??]

Surface compounds and oxidation states were further analyzed
using XPS. Figure 3a—c shows the O1s spectra analysis of LNA,
LNA-w, and LNAw-650. For LNA, the highest peak (531.6 eV) was
assigned to CO; and OH species, indicating high amounts of
residual Li,CO; and LiOH compounds on the surface. A lower
peak (529.1 eV) was assigned to lattice oxygen in the metal frame-
work. For LNA-w, the highest peak was assigned to lattice oxy-
gen in the metal framework, indicating that residual LiOH com-
pounds were completely washed away because of their high sol-
ubility in water. Most of the Li,CO; compounds, which were less
soluble, were also washed away. The surface analysis of LNA-w-
650 confirmed the titration results in Table 2; the amount of resid-
ual lithium compounds on the surface was higher for LNA-w-650
than for LNA-w. However, this amount was not as high as the
amount for LNA.

As shown in Figure 3d-f, the Ni 2p spectra analysis for LNA
revealed a low count level due to the high amount of resid-
ual lithium compounds on the surface. After washing residual
lithium compounds, the Ni 2p spectra analysis showed a higher
count level for LNA-w compared to LNA. The Ni 2p;, peak was
fitted in Ni?* (854.4 eV), indicating a delithiated phase NiO,!?}!
and Ni** (856 eV) from the LNA structure.'?] Unlike LNA, LNA-
w’s Ni2* peak was higher than its Ni** peak, indicating that a high
amount of delithiated phase NiO formed on the surface with the
reaction of H,O and LiNiO,.[2] However, after secondary heat
treatment, the level of Ni?* decreased compared to Ni**, indicat-
ing that NiO was oxidized and re-lithiated with existing Li com-
pounds on the surface to LiNiO,.[1222]

2.1.2. Electrochemical Performance of LNA

As shown in Figure 4a, the electrochemical results from the full
cell tests confirmed that an increased amount of NiO phase on
the LNA-w surface decreased ionic conductivity and resulted in
an initial capacity of 187.6 mAh g~! (compared to 203.1 mAh g™
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Figure 3. XPS spectra of a—c) Ols and d—f) Ni2p for pristine (LNA), washed (LNA-w), and secondary heat-treated (LNA-w-650) samples.
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Figure 4. a) Specific discharge capacities at 0.2 C for every 100 cycles until 1200 cycles, b) first cycle voltage curve, c) last cycle voltage curve,
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respectively.
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for LNA). However, the secondary heat treatment restored the ca-
pacity of LNA-w, increasing it to 203.9 mAh g=!. As shown in
Figure 4b, LNA-w had a higher initial charge voltage and a lower
initial discharge voltage than LNA, confirming the lower conduc-
tivities of the material because of the NiO phase on the surface.
However, Figure 4b also shows that LNA-w-650 and LNA had al-
most similar initial charge-discharge voltage profiles. This can
be explained by the decrease in Ni?* on the surface due to the
secondary heat treatment (Figure 3f). During the first 200 cy-
cles of the LNA cell, the capacity decreased from 203.1 mAh g!
rapidly to 126.9 mAh g='. After 200 cycles, LNA-w and LNA-w-
650 had better capacity retention (159.4 and 162.4, respectively).
After 1200 cycles, the capacity retention results for LNA, LNA-w,
and LNAw-650 were 77.5, 135.8, and 131.6 mAh g™, respectively.
Full cells were tap charged at 4.2 V until the current decreased to
0.03 C. This type of charge is very harmful for LiNiO, cathode
material because it increases high-volume lattice changes dur-
ing a high-voltage H2 to H3 phase transitions.**] The LiNiO,
cathode material underwent multiple phase transitions during
charge and discharge from the first hexagonal (H1) phase to the
monoclinic (M) phase, the M phase to the H2 phase, and the H2
phase to the H3 phase.[??° These phase transitions are shown
as peaks in Figure 4d. Washing seemed to improve the cyclability
properties of the LNA-w cell. This could be explained by the lower
ionic conductivity of the surface due to the presence of delithiated
phase NiO, which suppressed the H2 to H3 phase transition.

Changes in H2 to H3 phase transition were confirmed by the
differential capacity (dQ/dV) profiles shown in Figure 4d—f. For
LNA and LNA-w-650, there were clear peaks for H2 to H3; for
LNA-w, the peak almost totally disappeared. Additional dQ/dV
profiles showed that, for LNA, the H2 to H3 peak completely dis-
appeared after 200 cycles, and most of the phase transition peaks
disappeared after 600 cycles. For LNA-w and LNA-w-650, H2 to
H3 disappeared after 200 cycles; the other phase transition peaks
remained. LNA’s poor cyclability properties could be related to a
high level of charging at high voltage and an increased amount
of high-volume lattice changes during the H2 to H3 phase tran-
sition and a residual lithium reaction with electrolyte and gas for-
mation during charging.

2.2. Gas Investigations during the Cell Cycling (GC-MS)

Figure 5 shows the gas measuring point in the voltage curve and
the percentages of different gases produced during the first cy-
cle charge and discharge, as measured by Gas chromatography-
mass spectrometry (GC-MS). During the charge, the major gas
components were carbon oxides, hydrocarbons, and carbonates.
Jung et al.l?’] proposed that, for high-nickel cathodes, CO,/CO
evolution primarily occurs because O, is released during the H2
to H3 phase transition and reacts with ethylene carbonate (EC)
in the electrolyte according to Equation (1):(27:28]

EC + 20, — 2CO, + CO + 2H,0 (1)

Moreover, residual lithium on the particle surface can oxidize
and increase CO, production, which can explain the higher CO,
production for LNA than for LNA-w and LNA-w-650 as shown in
Figure 6a.[230]
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As shown in Figures 5 and 6a, the main difference between
the charge and discharge results was that, during discharge,
fewer hydrocarbons were produced, and the total amount of
gas was lower. The main difference between the studied sam-
ples was that cycling of LNA produced much more carbonyls,
ethers, halogenated alkanes, and fluorosilanes than cycling of
LNA-w and LNAw-650. Fluorosilanes indicated the amount of
HF species formed when electrolyte salt lithium hexafluorophos-
phate (LiPF,) reacts with water (H,O) (Equation (2)) and can fur-
ther attack transition metal (TM) oxide to produce slightly solu-
ble TMF, and H, 0 (Equation (3)).*"] Chemical decomposition of
Li,CO, with HF according to Equation (4) accelerate electrolyte

decomposition reaction and increase CO, production.?’-31]

LiPF, + H,0 — LiF + POF, + 2HF )
TMO + 2HF — TMF, + H,0 3)
Li,CO, + HF — CO, + H,0 + LiF (4)

Fluorosilanes are detected because HF etches the protective
methylsilyl layer on the GC column and forms fluorotrimethyl-
silane. Figure 6b shows the correlation between the fluorosilane
species produced and the amount of residual lithium on the sec-
ondary particle surface, as measured by titration. The results
clearly indicate that the residual lithium on the particle surface
accelerated HF production.

2.3. Electrochemical Performances and Effects of the Charging
Protocol

To clarify the effects of high voltage charging on electrochemi-
cal performance, new cells were tested without tap charge (CC)
and a formation charge voltage limited to 4.1 V. The results
were compared with the cell tested with tap charge (CCCV)
(Figure 7a—f). For the cells tested without tap charge—LNA¥,
LNA-w*, and LNA-w-650*—the initial discharges were 193.8,
170.3, and 192.3 mAh g~!, respectively. These results were ~10
to 17 mAh g~! lower than the results of the cells tested with tap
charge. The cycling properties significantly improved for LNA*,
with a capacity of 155.5 mAh g™ (80.2% retention) after 1200
cycles compared to 77 mAh g™ (38% retention) for LNA. The
voltage profiles of LNA and LNA* (Figure 7b) were quite similar
for the first cycle. After 1200 cycles, most of the LNA charge oc-
curred in the tap charge mode and the discharge voltage dropped
very fast; however, the voltage profiles for LNA* revealed normal
voltage plateaus after 1200 cycles.

Despite LNA-w’s higher initial capacity, the cycling stability
levels of LNA-w* and LNA-w were quite similar. After 200 cycles,
the capacities were at the same level; after 1200 cycles, LNA-w*
and LNA-w had capacities of 139.4 and 135.9 mAh g~?, respec-
tively (Figure 7c). However, the discharge voltage after 1200 cycles
was higher for LNA-w* than for LNA-w (Figure 7d). After 1200
cycles, LNA-w-650% had a better capacity (144.3 mAh g=! (75.0%
retention)) than LNA-w-650 (132.8 mAh g! (65.1% retention)).
As shown in Figure 8a, the dQ/dV profile revealed that the H2
to H3 phase transition was more stable for LNA* than for LNA
(Figure 4d). However, the H2 to H3 peak faded more than the
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other phase transition peaks during cycling, indicating that the
H2 to H3 phase transition was the reason for the remaining ca-
pacity fading. As shown in Figure 8b, the dQ/dV profile for LNA-
w* revealed that the H2 to H3 phase transition was suppressed by
low surface conductivity. However, the phase transition peak for
LNA-w-650%* is clearly visible in Figure 8¢, and it is more stable
during cycling than for LNA-w-650 (Figure 4f).

3. Conclusion

In summary, we reported that how the process of washing resid-
ual lithium and performing a secondary heat treatment changes
the material surface, chemical environment, and electrochemical
performance of LNA cathode material for LIBs. During the wash-
ing process, impurities, and residual Li,CO; and LiOH com-
pounds were effectively removed from the LNA surface; however,
this process also created a nonconductive delithiated NiO phase
on the surface. Full cell tests revealed that this NiO phase de-
creased initial capacities from 204.1 to 187.6 mAh g~! and sup-
pressed high-volume lattice changes in the H2 to H3 phase tran-
sition at high voltages. Suppressing H2 to H3 phase transition
for LNA-w showed enhanced cycle properties of 135.9 mAh g~!
after 1200 cycles, while unwashed LNA showed only 77 mAh g='.
According to XPS studies, a secondary heat treatment at 650 °C
after washing increased the amount of Ni** on the surface, indi-
cating that the NiO phase was lithiated back to conductive LiNiO,
and the initial capacity was restored to 203.9 mAh g~! with an en-
hanced cycle life of 131.6 mAh g! after 1200 cycles.

LNA, LNA-w, and LNA-w-650 were tested without tap charge
(CCCV mode) to avoid H2 to H3 phase transition at high voltages.
The initial capacities decreased for all samples, as expected, and
the cycle properties were enhanced, especially for LNA (which
increased from 77 to 155.5 mAh g=!). The capacities for LNA-
w and LNA-w* after 1200 cycles were quite similar at 135.9
and 139.4 mAh g7!, respectively, because the H2 to H3 phase
transition had already been suppressed by the NiO phase. For
LNA-w-650, the cycle properties were enhanced from 131.6 to
144.32 mAh g7'. The findings revealed that the bad cycling prop-
erties of LiNiO, were related to a high-voltage second hexagonal
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(H2) to third hexagonal (H3) phase transition. GC-MS analysis
during charge and discharge revealed that LNA produced HF-
related gases from the reaction of residual lithium and the elec-
trolyte salt LiPF,. This type of gas formation started at a high volt-
age and could explain the poor cycling properties of LNA com-
pared to LNA-w-650, although both cells were charged at H2 to
H3 phase transition voltages with the tap charge. Our studies
provide investigations about secondary heat treatment of cobalt-
free cathode chemistries LNA, which will be expected for next-
generation cathodes for LIBs.

4. Experimental Section

Synthesis of Aluminum Modified LiNiO,: Figure la shows the
schematic illustration of cobalt-free LiNig g75Alg 0,50, (LNA) preparation
process. The Ni(OH), precursor was precipitated at 50 °C [32] and mixed
with LiOH and Al(OH); using a Li:Ni:Al molar ratio of 1.04:0.975:0.025
followed by calcination at 690 °C. Excess LIOH was used to compensate
for the lithium loss during high-temperature calcination and to ensure ho-
mogeneous lithiation. The mixture was calcined with a 2.5 °C min~" heat-
ing ramp and a 5 h holding time at 690 °C in an oxygen atmosphere and
subsequently milled and sieved to less than 40 um in dry room condi-
tions. Three samples were prepared: LiNij 975Al50250, (LNA), which was
an unwashed sample; LNA-w, which was washed with a certain amount
of de-ionized water and then filtered and dried at 180 °C under vacuum
conditions; and LNA-w-650, which was washed, filtered and dried in the
same manner as LNA-w and then underwent secondary heat treatment at
650 °C for three hours in an oxygen atmosphere.

Structural and Morphology Analysis:  X-ray diffraction (XRD) was mea-
sured with Rigaku SmartLab 9 kW X-ray diffractometers (Rigaku Corpora-
tion, Tokyo, Japan) using Co as a source at 40 kV and 135 mA. Diffrac-
tograms were collected in the 26 range (5-120° at 0.01° intervals) with a
scan speed of 4.06° min~". Peaks were identified using the database from
the International Centre for Diffraction Data (PDF-4 + 2022). A detailed de-
scription of the XRD analysis is provided in the earlier paper.3?! Rietveld
refinement was carried out with the PDXL ver. 2 suite (Rigaku Corpora-
tion) using b-spline background correction and split pseudo-Voigt peak
shape modeling against the target phase. The constraints used for model-
ing were as follows: the same temperature factors for Li s and NiT occu-
pying the 3b site and the same temperature factors for site 3a occupied by
Ni2 and Alions. No vacancies for sites 3a and 3b were allowed (i.e., the to-
tal occupancy for each site was 1). The occupancy of oxygen ion was fixed,
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and its position was set as a free parameter. Occupancy of aluminum was
obtained and fixed for the 3a site from ICP measurements of prepared ma-
terials, while Ni and Li ions were set as free parameters. Refinement con-
tinued until the parameters converged and changes in consecutive cycles
were below a strict cutoff. In addition, the estimated standard deviation
(ESD) was low for the obtained parameters, and the final Rwp was affected
by Kb ghost peaks, which did not overlap with observed reflections.

The chemical environment at the surface area (thickness of <10 nm)
was analyzed with X-ray photoelectron spectroscopy (XPS) using a Thermo
Fisher Scientific ESCALAB 250Xi XPS system (Thermo Fisher Scientific,
Waltham, MA, USA). The powder samples were placed on a gold sample
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holder, and the high-resolution scan used a pass energy of 20 eV, while
the survey scan used a pass energy of 150 eV. The monochromatic Al Ka
radiation (1486.7 eV) operated at 20 mA and 15 kV with an X-ray spot size
of 900 um. The Li, Ni, Al, O, and C were measured for all the samples, and
the measurement data were analyzed with Avantage v.5 software (Thermo
Fisher Scientific). The charge compensation was carried out by applying
the C1s at 284.8 eV as a reference to determine the presented spectra and
calibrate the binding energies.

The microstructures shown in the field-emission scanning electron mi-
croscopy (FESEM) images were obtained using a Zeiss Sigma FESEM
(Zeiss Group, Oberkochen, Germany) operating at 5 kV.
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Figure 8. Differential capacity (dQ/dV) profiles for every 200 cycles for
a) LNA%, b) LNA-w¥*, and c) LNA-w-650%.

The ICP-OES determinations were carried out with an Agilent 5110 VDV
ICP-OES (Agilent Technologies, Santa Clara, CA, USA) equipped with an
SPS-4 autosampler, a U-series concentric glass nebulizer, a cyclonic glass
double-pass spray chamber, and a 1.8 mm semi-demountable torch. The
analysis results are given as the mean value of five replicated measure-
ments. Yttrium (wavelength 371.029) was used as an internal standard to
correct for sensitivity drift and matrix effects in the measurements.

Full Cell Assembly and Electrochemical Testing:  Electrochemical perfor-
mance testing was carried out using full cells with graphite as the anode
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material. All electrode foils and battery cells were prepared in dry room
conditions. A cathode slurry was prepared with a ThinkyMixer ARE-250
(Thinky Corporation, Tokyo, Japan). The slurry composition was 4 wt%
polyvinylidene fluoride (Kureha #1100), 4 wt% carbon (Timcal C45), and
92 wt% active material, with 1-methyl-2-pyrrolidinone (NMP, Alfa Aesar,
anhydrous 99.5%) as a solvent. The slurry was spread on aluminum foil
with 100 um applicators before it was dried on a hot plate at 50 °C for
1 h and then placed in a vacuum oven at 120 °C overnight. The cathode
foil was calendered three times before cell assembly. The active material
loaded on the foil was about 12 mg cm=2 (1C = 250 mAh g~). For the full
cells, the electrode pair pouch cell (50 mAh) was prepared with a graphite
anode (Hitachi), an electrolyte of 1.15 m LiPFg in EC:DMC:EMC (ethylene
carbonate, dimethyl carbonate, ethyl methyl carbonate) (2:4:4), and 1wt%
vinylene carbonate. Two programs were used for cell testing. The first pro-
gram was performed with tap charge (e.g., constant current constant volt-
age (CCCV) mode). The formation cycle was charged to 4.2V at 0.03 Cand
discharged to 2.5 V at 0.1 C. For the cycling tests, the cells were initially
charged at a constant current of 0.5 C until 4.2 V was reached and then
charged at a constant voltage until the current decreased to 0.03 C. After
a 10 min rest, they were discharged to 2.5 V at 0.5 C. Every 200 cycles,
a capacity check cycle at 0.2 C was run. Before each capacity checks, the
cells were discharged at 0.2 C. The second program’s formation cycle was
only charged to 4.1V at 0.03 C. In addition, 0.5 C cycling was performed
without tap charge at 0.03 C (e.g., constant current (CC) mode).

Gas Chromatography-Mass Spectrometry (GC-MS) Analysis for Full Cells:
Gas chromatography-mass spectrometry (GC-MS) analysis was con-
ducted using a GCMS QP2010 Plus (Shimadzu) equipped with a TOPAZ
SPME liner, a column guard (Restek, deactivated), a PLOT Q-bond
(Restek) was used as an analytical column and a particle trap (Restek, de-
activated) to protect the MS. Helium was used as carrier gas and a GC
valve with a 500 pL sample loop ensured the transfer of the probe into the
GC-MS. The GC valve and injector were kept at 80 °C. The electrodes were
placed with a Celgard separator, an electrolyte of 1 m LiPFg in EC:EMC
(3:7), and 2 wt% vinylene carbonate in a special cell for gas analysis man-
ufactured by EL-CELL. For sampling, valves were opened, and a constant
flow of helium carried the gas mixture to the sample loop. Shortly after the
sampling, the valves were closed, and the cell remained without gas flow
to avoid the electrolyte from drying. The cell was cycled between 2.5 and
4.2V,and a 1h CV step was used after the charge. The applied current cor-
responded to C-rates of 0.03 C for charge and 0.1 C for discharge. For the
analysis of the gas mixture, a sample was extracted at 4.2 V after charging
and at 2.5 V after discharging.
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