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A new Lij »Nig13Mng s4Fe0.1C00.030, material with a higher content of Fe and lower content of Co was
designed via a simple sol—-gel method. Moreover, the effect of upper cut-off voltage on the structural
stability, capacity and voltage retention was studied. The Li; 2Nig13Mng s4Feq.1C0g 030, electrode delivers
a discharge capacity of 250 mA h g~ with good capacity retention and coulombic efficiency at 4.6 V
cut-off voltage. Importantly, improved voltage retention of 94% was achieved. Ex situ XRD and Raman
proved that the electrodes cycled at 4.8 V cut-off voltage showed huge structural conversion from
layered-to-spinel explaining the poor capacity and voltage retention at this cut-off voltage. In addition,
ex situ FT-IR demonstrates that the upper cut-off voltage of 4.8 V exhibits a higher intensity of SEl-
related peaks than 4.6 V, suggesting that reducing the upper cut-off voltage can inhibit the growth of
the SEI layer. In addition, when the Li; 2Nig13Mng s4Feq1C00.030, cathode was paired with a synthesized
phosphorus-doped TiO, anode (P-doped TiO,) in a complete battery cell, it exhibits good capacity and
cycling stability at 1C rate. The material developed in this study represents a promising approach for
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Introduction

In recent years, lithium-ion batteries have been widely applied
in portable electronic devices such as cellular phones, laptops,
and power tools due to their high energy density, low self-
discharge, and tiny memory effect."® However, LiCoO,, the
first commercially available cathode material, is plagued by
high costs, toxicity, and safety concerns. Other similar layered
structure materials, such as LiNiO,, LiMnO,, and LiMn,0O, have
been extensively studied as prospective cathode materials.**
Nevertheless, several problems must be addressed. The
synthesis of LiNiO, has been found to be challenging, and its
capacity decreases rapidly due to the formation of the NiO,
phase.”” Moreover, at higher temperatures, the exothermic
decomposition of LiNiO, in the charged state causes safety
issues. In addition, LiMnO, is thermodynamically unstable and
tends to convert rapidly to LiMn,0, during cycling.'®** LiMn,0,
also suffers from severe capacity fading at high temperatures
due to the Jahn-Teller distortion of Mn**, Mn ions' dissolution
in electrolyte and the formation of two cubic phases and growth
of microstrain.'®*'* One of the most common alternatives has
been lithium nickel cobalt manganese oxides Li(NiMnCo)O,
(NMC) due to their relative low cost, high capacity, and better
thermal stability."* However, Li(NiMnCo)O, has inherent
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designing high-performance Li-rich, low cobalt cathodes for next-generation lithium-ion batteries.

disadvantages such as cation mixing, toxicity and high-capacity
losses in the first discharge cycles.">*® Therefore, the develop-
ment of low-cost, non-toxic, and high-capacity cathode mate-
rials is needed. To improve the structural stability and the
electrochemical performance of Li(NiMnCo)O, based materials,
various metal doping such as Al, Cr, Fe, Mo, Mg, Zr, and Si has
been studied.'”**

Recently, Layered lithium-rich NMC (Li-rich NMC) has been
extensively studied due to its enhanced performances, espe-
cially the high discharge capacity (>250 mA h g~*).2*-° However,
Li-rich NMC cathodes still suffer from serious drawbacks such
as the poor rate capabilities and the non-stable electrochemical
performances (capacity and voltage fading) caused by the
transition metals leaching during cycling and the crystal
structures changes. Besides, there is the degradation of the
different components of the electrodes such as the binder,
conductive additive, and the electrolyte. Several strategies have
been adopted to stabilize the crystal structure and decrease the
voltage and capacity drop of Li-rich NMC cathode material

including surface coating,**® doping,>?**  structural
modification,*** lithium extraction,>® and electrolyte
modification.****

Controlling the cut-off voltage can be also an effective
strategy for stabilizing the crystal structure and decreasing the
capacity and voltage drop of Li-rich NMC cathode materials.®*7°
The conventional cycling protocol typically extends the upper
cut-off voltage to 4.8 V to achieve higher capacities, however this

© 2023 The Author(s). Published by the Royal Society of Chemistry
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causes huge structural instability and voltage drop. By setting
the upper cut-off voltage to a lower value, the material is not
fully charged and remains partially discharged, which can help
to stabilize the crystal structure and reduce the voltage drop.
This is because the material can maintain a higher average
oxidation state, which can reduce the formation of unwanted
side reactions and increase the overall stability of the
material.®”%%7°

Here, a new Li-rich Li; , Mng 54Nig 13Fe(1C0¢.030, (NMCF)
cathode material with higher content of Fe and lower content of
Co was prepared via a simple sol-gel method. Moreover, the
effect of upper cut-off voltage on the capacity and voltage
retention of NMCF during charge/discharge cycling was iden-
tified. According to our findings, NMCF electrodes undergo
phase changes at high charge voltage (4.8 V). Nonetheless, the
electrode cycled at a moderate voltage range of 4.6 V displayed
enhanced structural stability, as well as low capacity and voltage
fading during repeated cycling. By restricting the upper cut-off
voltage to lower values, the present study aims to limit the
structural rearrangements that cause the capacity and voltage
fade and ensure more cycling stability during prolonged charge/
discharge cycling.

Experimental
Synthesis of NMCF material

NMCF material was synthesized using a simple sol-gel route.
Stoichiometric amount of LiCH;COO-2H,0 (with an excess of
5 wt%) (99% Sigma Aldrich), C;H¢MnO,-4H,0 (99% Sigma
Aldrich), C4HgNiO4-4H,O (99% Sigma Aldrich), C4;HsCoO,4-
-4H,0 (99% Sigma Aldrich), and FeC,0,-2H,0 (99% Sigma
Aldrich), were mixed in distilled water with citric acid (CsHgO5,
99% Sigma Aldrich), as a chelating agent (molar ratio of citric
acid to total metal ions is 1:1.2). The pH of the solution was
adjusted to 9 using a solution of 0.2 M ammonia. Subsequently,
the solution was placed in a water bath at 80 °C and stirred until
the formation of a wet gel. The gel was further dried overnight at
120 °C, ground and then calcined at 850 °C for 5 h in an air
atmosphere to obtain Li; ;Mng 54Nig 13Fe( 1C00.030, powder.

Electrochemical measurements

NMCF electrodes were prepared by mixing 85% wt of active
material, 10% wt of carbon black (Sigma Aldrich) and 5% wt of
PVDF (Sigma Aldrich) binder. The mixture was dissolved in N-
methyl-2-pyrrolidone (NMP, 99.5%, Sigma Aldrich) and casted
onto Al current collector using doctor blade. The casting was air
dried in oven at 70 °C and punched into circular disks. The coin
cells were assembled in an Ar-filled glovebox using lithium foil
as counter electrodes, WHATMAN glass microfiber filter as
separator and 1 M LiPFy in EC: DMC (1:1) as electrolyte. For
Full Cell measurement, P-doped TiO, (synthesis process and
electrochemical performances are details in our recent
studies”?) was used as negative electrode. This electrode was
composed of 85% wt of P-doped TiO, active material, 10% wt of
carbon black, and 5% wt PVDF. The N/P mass ratio was about
1.12. A dis/charge rate of 1C was applied, which corresponds to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a specific current of 200 mA g ' for the positive electrode
material.

Materials characterizations

The synthesized samples were characterized by a powder X-ray
diffractometer (Bruker D8 Advance powder) using an incident
X-ray beam coming from a copper anticathode with a wave-
length 1 = 1.54060 A of Kol and A2 = 1.54439 A of Ka2. The
samples’ morphology and structure were recorded by a field
emission scanning electron microscope (ZEISS EVO (SEM) from
Carl Zeiss Microscopy) and high-resolution Raman microscopes
(Lab RAM HR Evolution Raman microscopes). Chemical
bonding of NMCF electrodes after cycling were identified using
Fourier transform infrared spectroscopy (FTIR, PerkinElmer
Spectrometer). For the electrochemical measurements, cyclic
voltammetry at different scan rates, charge-discharge tests, and
electrochemical impedance spectroscopy (form 100 kHz to 10
mHz) were performed using a biologic battery tester within two
potential window 2.5-4.6 V and 2.5-4.8 V.

Results and discussion

NMCF powder was characterized by X-ray diffraction as shown
in Fig. 1a, followed by Rietveld refinement. All diffraction peaks
can be indexed to a typical hexagonal-NaFeO, layered structure
with R3m space group, except the weak peaks at around 26 = 20-
25° which are attributed to the Li,MnO; component (mono-
clinic structure with space group C2/m). These diffractions are
relevant to the LiM, cation ordering that occurs in the transition
metal layers of Li,MnOj;. The reliability factors (R, (%): 8.65, Ry
(%): 9.21, Rexp (%): 10.34 and x*: 1.02) provide strong evidence
that both structural types align effectively with the peaks in the
calculated pattern and are in excellent agreement with the
observed data. Other impurity peaks were not observed, indi-
cating that the material was successfully synthesized with better
crystallinity and pure phase content. Furthermore, the Iigoz)/
I104) ratio was 1.3, which indicates that the materials have
excellent cation ordering (low amount of Li" and Ni*" dis-
ordering). Tables 1 and 2 provide the structural parameters of
Li,MnO; and LiNiy 13Mng s4Fe 1C00.030,, which together form
the material NMCF. The parameters were compared to those of
other Li-rich layered materials with similar stoichiometry that
have been previously reported in literature.

The Raman spectra are presented in Fig. 1b. The two
significant Raman bands appearing at around 594 and
474 cm ™" in the spectra results from the stretching A,, modes
(originate from the O-M-O bending vibrations) and bending E,
(originate from the M-O symmetrical stretching), respectively.
An additional small Raman band at 424 cm ™" could be attrib-
uted to the monoclinic Li,MnO; phase. This result proves that
the prepared material has an excellent layered structure with
a R3m symmetry.”

Scanning Electron Microscopy (SEM) images of NMCF
samples with different magnification levels are shown in
Fig. 2a. The NMCF powder appear as homogeneous round-like
particles with submicron-size in the range of 150-400 nm. This
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Fig. 1 XRD pattern (a) and Raman spectra (b) of NMCF material.
Table 1 Structural parameters obtained from Rietveld refinement of XRD of the phase Li,MnOz
Structure a(h) b (A) c(A) B (°) Ref.
Li; ;M1 54Ni 13Fe0.1C00.0305 4.9498 8.5448 5.0342 109.264 This work
Li; ;M1 56Nig.16C00.0502 4.9529 8.5538 5.0311 109.246 31
Li; ;M1 56Nig.13C00.1305 4.9540 8.5153 5.0094 108.880 73

Table 2 Structural parameters of Lil_zMﬂ0_54Nio_14Feo_1COQ_03OZ
compared to the literature

Structure aA) b(A) c(A) ca  Ref

2.863 2.863 14.277 4.986 This work
2.866 2.866 14.304 4.990 74

Li; ;Mny 54Nig.13F€.1C00.0302
Li; 5Mnyg 56Nig.16C00.0802

morphology shortens the migration paths of Li ions by offering
an adequate contact between the material and electrolyte.
Fig. 2b and c¢ shows the Energy-Dispersive X-ray (EDX) elemental
mapping analysis and the EDX spectrum of NMCF material. The
sample contains Ni, Co, Mn, Fe and O elements with no other
impurities. Moreover, Mn, Co, Ni, Fe, and O atoms are
uniformly distributed on the surface of NMCF powder.

Fig. 3a depicts the initial charge-discharge curves of NMCF
electrodes at a current density of 0.1C rate (1C = 200 mA g )
within the voltage ranges of 2.0-4.6 V and 2.0-4.8 V. Both charge
curves exhibit the features of layered Li-rich cathodes. The slope
observed at 4.5 V is attributed to the process of lithium disinsertion
from the LiMn,Ni,Fe,Co;_,_, .0, component of Li; ;Mng 54Ni.13-
Feo.1C0p.030, along with the oxidation of Ni** to Ni** and Co** to
Co™. The plateau observed at 4.5 V is due to the activation of the
Li,MnO; phase and the extraction of Li,O, which result in irre-
versible capacity loss. Moreover, compared to the electrode cycled
under a cut-off voltage of 4.6 V, the electrode cycled under 4.8 V
exhibits a higher discharge capacity of 220.5 mA h g~ due to its
fast activation in the initial charge process.

Cyclic voltammetry test of NMCF electrode was carried out
within the voltage range of 2.5-4.8 V at 0.1 mV s~ scan rates to

34418 | RSC Adv, 2023, 13, 34416-34426

evaluate the redox potential of metal ions (Fig. 3b). The strong
anodic peak at 4.6 V is attributed to the activation reaction of
Li,MnO; that lead to oxygen release and remove Li,O from the
Li,MnO; component. This reaction disappears in the subse-
quent cycles. In addition, the anodic peak at 4.2 V corresponds
to the oxidation reaction of Co**, Fe*" and Ni** ions to Co**, Fe**
and Ni*".”® The cathodic peaks at ~3.8 V, ~2.8 V are due to the
reduction of Ni*'/Fe**/Co*" to Ni*'/Fe*"/Co*" and Mn*" to Mn*",
respectively.”” Furthermore, cyclic voltammetry multi-rate was
carried out to calculate the lithium-ions diffusion coefficient
using the Randles-Sevcik equation:

I, = 2.69 x 10°4n*>C,D"*v'"?

where I, is the peak current (mA), 4 is the electrode surface area
(cm?), n is the number of exchanged electrons (for Li* it is 1), C,
is the molar concentration of Li* in the NMCF, D is the diffusion
coefficient (cm? s~ ') and v is the scan rate (mV s ).

According to the results displayed in Fig. 3c and d, the
calculated anodic and cathodic diffusion coefficients of NMCF
electrode are 1.57, and 3.25 (x10~"" cm® s~ '), respectively. The
obtained values agree with those reported in previous studies
on the most advanced lithium-rich cathodes.” This agreement
suggests that the obtained results could lead to improved
electrochemical performance.

The Li-rich materials are well known in the literature by their
structural conversion from layered to spinel that occurs during
prolonged cycling. This phenomenon results in a huge capacity
and voltage fading.”*” To clearly show this phase evolution
during prolonged cycling, charge/discharge profiles and their

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images (a), Energy-Dispersive X-ray (EDX) elemental mapping analysis (b), EDX spectrum of NMCF material (c).

differential capacity plots for 4.8 and 4.6 V cut-off voltages were
plotted (Fig. 4a-d). Under both cut-off voltages, the NMCF
electrode shows a peak at 3.3 V which is attributed to the
reduction of Mn** to Mn*". However, at 4.8 V cut-off voltage this
peak shift to lower potentials after 100 cycles and a new peak
appears at 2.8 V suggesting the formation of the spinel phase.
More importantly, at 4.6 V, the peak corresponding to the spinel
phase was not observed after 100 cycles expect the low shift to
lower potentials which can be explained by the modification of
the layered structure.” Fig. 4e presents a comparison of the
average discharge voltages at the cut-off voltages of 4.6 V and
4.8 V. Notably, the discharge average voltage at the 4.6 V cut-off
voltage is observed to be higher than that at the 4.8 V cut-off
voltage. Furthermore, after 100 cycles, the decrease in
discharge voltage is significantly lower when the 4.6 V cut-off
voltage is applied (94%) in contrast to the 4.8 V cut-off voltage
(90%).

Fig. 5a displays the cycling performances and coulombic
efficiencies of NMCF electrode cycled under 4.6 V and 4.8 V cut-
off voltages to evaluate their galvanostatic charge/discharge
properties. At C/10 rate, both electrodes exhibit two contrast-
ing developing trends in terms of cycling performance. As the

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

cycling progresses, the specific capacity of the electrode cycled
under a cut-off voltage of 4.6 V gradually increases, with an
initial discharge specific capacity of only 183.8 mA h g .
Similarly, the specific capacity of the electrode cycled under
4.8 V cut-off voltage shows an increasing trend in the initial
cycles, and after 10 cycles, a maximum discharge specific
capacity of 289.2 mA h g~ ' was achieved, which is closely
associated with the gradual activation of the redox reaction.
Moreover, under 4.6 V cut-off voltage a better cycling stability
was achieved. Despite having a lower first discharge specific
capacity of 183.8 mA h g7, the electrode cycled under a cut-off
voltage of 4.6 V exhibits higher cycling stability. Notably,
compared to previous reports of Fe-based Li-rich materials,***
NMCF material displays a significantly higher discharge
capacity of 238.6 mA h g~ " after 100 cycles. Moreover, due to the
good capacity and voltage stability under the cut-off voltage of
4.6 V, NMCF electrode delivers an energy retention of 89% after
100 cycles at C/10 (Fig. 5b).

The rate capability of NMCF cathode under 4.6 V and 4.8 V
cut-off voltages is shown in Fig. 6a. The NMCF electrodes
display comparable reversible capacities under both cut-off
voltages. Nevertheless, a lower discharge capacity was

RSC Adv, 2023, 13, 34416-34426 | 34419
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Fig. 3 First charge/discharge profiles cycled at C/10 under the cut-off voltages of 4.6 and 4.8 V (a), cyclic voltammogram of the first cycle
scanned at 0.1 mV s~ (b), cyclic voltammetry curves at different scan rates (c), anodic and cathodic peak current versus square root of scane rate

of NMCEF electrodes (d).

obtained for the electrode cycled under 4.8 V cut-off voltage
when the rate recovers to C/10, indicating the low structural
stability and the poor performance of the electrode cycled under
a cut-off voltage of 4.8 V after high-rate cycling. These results
prove that maintaining a cut-off voltage of 4.6 V is crucial for
achieving stable capacity and voltage, as well as high-rate
capability of NMCF cathode.

Electrochemical impedance spectroscopy (EIS) was used in
a frequency range from 10 mHz to 10 MHz at room temperature
in the discharged state £2.5 to follow the evolution of charge
transfer resistance during cycling (Fig. 6b). The widening of the
semicircle observed at the cut-off 4.8 V, indicates that NMCF
electrode has undergone accumulated severe defects. Jotti
Karunawan et al. have attributed the increased charge transfer
resistance to the cracks formation as well as the structural
evolution from layered to spinel or rock salt.** These results
explain the poor electrochemical performance for the electrode
cycled at 4.8 V.

To identify the effect of upper cut-off voltage on the struc-
tural stability of NMCF material upon cycling ex situ XRD was
carried out. The XRD patterns of non-cycled and cycled

34420 | RSC Adv, 2023, 13, 34416-34426

electrodes at C/10 under 4.6 V and 4.8 V cut-off voltages are
shown in Fig. 7a. After 100 cycles, the (003), (018) and (113)
peaks become broader and weaker for both cut-off voltages
indicating a decrease of the material crystallinity.** Moreover,
the two electrodes exhibit a noticeable shift towards lower 26
angles of the most intense (003) reflection after cycling. This
shift is also observed in other reflections, suggesting a lattice
expansion along the c-axis. The increased repulsion of the
transition metal layers caused by the irreversible loss of lithium
after activation is the reason for this expansion. The (110) and
(020) reflections, which are attributed to the Li,MnO; phase,
have disappeared after 100 cycles in both cut-off voltages which
confirms the charge/discharge results. Furthermore, the Igo3)/
I104) Tatio after 100 cycles at C/10 was 1.01 for the electrode
cycled under 4.6 V cut-off voltage compared to 0.90 for the
electrode cycled under 4.8 V, which indicates that a large
amount of transition-metal ions immigrate into the Li layers
under 4.8 V cut-off voltage. In addition, the peak at 43.6° indi-
cated the formation of the spinel structure. This peak is more
intense for the electrode cycled under 4.8 V cut-off voltage. The
obtained result proves that the cut-off voltage can be the major

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Galvanostatic discharge/charge curves (a and b), dQ/dV plots (c and d), discharge average voltage (e) of NMCF electrode cycled at C/10

under the cut-off voltages of 4.6 and 4.8 V.

factor that control the structural stability of NMCF materials. In
addition ex situ Raman spectroscopy was carried out to follow
the structural evolution of NMCF cathode during cycling.
Fig. 7b compares the Raman spectra of the non-cycled and
cycled electrodes under 4.6 V and 4.8 V cut-off voltages after 100
cycles. The first Raman band at 423 cm ™" related to the Li,MnO;
phase is completely disappeared after cycling for both cut-off
voltages which prove the result obtained by ex situ XRD. The
other two Raman bands are shifted to higher values with
significant decrease in the integral intensities indicating the
structural changes upon cycling. These changes are clearer for
the electrode cycled at 4.8 V comparing to 4.6 V. Thus, working

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

at 4.6 V may suppress the phase transition observed for lithium-
rich materials during cycling.

The effect of upper cut-off voltage on SEI formation was
further examined using ex situ FTIR spectroscopy (Fig. 8). After
100 cycles, NMCF electrodes cycled at both upper cut-off volt-
ages exhibit new absorption peaks in their FTIR spectra, which
are attributed to SEI species present in the SEI layer. The SEI
layer is composed of common species such as Li,CO3z, ROCO,Li
(lithium alkyl carbonate), and Li,PO,F, (species containing
fluoride and phosphate).®* It is important to note that non-
cycled electrodes do not come in contact with electrolyte, and
thus do not form the SEI layer on their surface. The peak at

RSC Adv, 2023, 13, 34416-34426 | 34421
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electrochemical impedance spectroscopy. Overall, reducing the
upper cut-off voltage can inhibit the growth of the SEI layer
resulting in a lower charge transfer resistance.

Finally, to evaluate the performance of NMCF material in
a complete battery system, a full cell using P-doped TiO, anode
was designed (Fig. 9a). P-doped TiO, has shown excellent first
coulombic efficiency, lithium-ion diffusion, and capacity
retention during prolonged cycling.”” The output voltage of the
full cell was 2.3 V which match the voltage difference between P-
doped TiO, and NMCF. Moreover, Fig. 9b illustrates the charge/
discharge cycles of the full cell at 1C current rate within the
voltage window of 1-3.5 V. During the first cycle, the full cell
exhibited a capacity of 130 mA h g~', which is based on the
mass of NMCF cathode. The cycling performance of the full cell
(shown in Fig. 9c) was further investigated. After 70 cycles,
a capacity retention of 87% was achieved at 1C. Additionally, the
coulombic efficiency was observed to be 100%. The low capacity
of NMCF electrode in the full cell is mainly due to its low first
coulombic efficiency which does not exceed 70%. This low first
coulombic efficiency of NMCF cathode could be attributed to
several factors, including the decomposition of the electrolyte,
the formation of a thick SEI layer, and the dissolution of tran-
sition metal ions from the cathode material. To overcome these
issues, further works must be carried out, such as modifying the
electrolyte composition, optimizing the electrode microstruc-
ture, and coating the NMCF cathode material with protective
layers.
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Fig. 9 Schematic illustration of the P-doped TiO,/NMCF full cell (a), charge/discharge cycle of the full cell performed at 1C rate (1C =
200 mA g~ within the voltage range 1-3.5 V (b), cycling performances at 1C charge/discharge rate (c).
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Conclusions

In summary, the present study was carried out to determine the
effect of upper cut-off voltage on the structure stability, capacity
retention and voltage retention of NMCF cathode material. This
material was successfully synthesized by a simple sol-gel
method. In addition, as confirmed by XRD Rietveld refinement,
the prepared material has a hexagonal-NaFeO, layered struc-
ture with excellent cation mixing. Besides, at 0.1C current rate,
the electrode delivers good capacity retention and coulombic
efficiency when using an upper cut-off voltage of 4.6 V. Impor-
tantly, a discharge voltage retention of 94% was obtained at this
cut-off voltage. Ex situ XRD and Raman of the electrode cycled at
C/10 were proved that the spinel phase occurs at both cut-off
voltages, but is not dominant in 4.6 V. Besides ex situ FT-IR
demonstrates that the upper cut-off voltage of 4.8 V exhibits
a higher intensity of SEI-related peaks than 4.6 V, suggesting
that reducing the upper cut-off voltage can inhibit the growth of
the SEI layer and the surface corrosion of NMCF particles.
Finally, NMCF cathode material was evaluated in a full cell
using P-doped TiO, anode. The output voltage of the full cell
was 2.3 V with acceptable first capacity and capacity retention.
The low capacity of NMCF electrode in the Full cell is mainly
due to its low first coulombic efficiency which does not exceed
70%. The benefits of lithium-rich cathodes, including their high
energy density, improved thermal stability, and lower cost,
make them an attractive option for the future of battery tech-
nology. However, further research and development are needed
to improve their first coulombic efficiency and overall
performance.
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