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ABSTRACT: Long-term electrochemical cycle life of the
LiNiyMn; O, (LNMO) cathode with liquid electrolytes (LEs)
and the inadequate knowledge of the cell failure mechanism are the
eloquent Achilles’” heel to practical applications despite their large
promise to lower the cost of lithium-ion batteries (LIBs). Herein, a
strategy for engineering the cathode—LE interface is presented to
enhance the cycle life of LIBs. The direct contact between cathode-
active particles and LE is controlled by encasing sol—gel-
synthesized truncated octahedron-shaped LNMO particles by an
ion—electron-conductive (ambipolar) hybrid ceramic—polymer
electrolyte (IECHP) via a simple slot-die coating. The IECHP-
coated LNMO cathode demonstrated negligible capacity fading in
250 cycles and a capacity retention of ~90% after 1000 charge—discharge cycles, significantly exceeding that of the uncoated LNMO
cathode (a capacity retention of ~57% after 980 cycles) in 1 M LiPF in EC:DMC at 1 C rate. The difference in stability between
the two types of cathodes after cycling is examined by focused ion beam scanning electron microscopy and time-of-flight secondary
ion mass spectrometry. These studies revealed that the pristine LNMO produces an inactive layer on the cathode surface, reducing
ionic transport between the cathode and the electrolyte and increasing the interface resistance. The IECHP coating successfully
overcomes these limitations. Therefore, the present work underlines the adaptability of IECHP-coated LNMO as a high-voltage
cathode material in a 1 M LiPF, electrolyte for prolonged use. The proposed strategy is simple and affordable for commercial
applications.
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1. INTRODUCTION

dissolution, electrolyte decomposition, and complex cath-
ode—electrolyte interphase (CEI) formation, resulting in

Long-term cycle stability and high energy density are
significant characteristics of lithium-ion batteries (LIBs),
which are hlghly explored in electric vehicles (EVs) and grid
energy storage.”” However, the present LIB technology is no
longer able to meet market demand. The specific capacity and
operating voltage of the cathode-active materials have a
substantial influence on LIB’s energy density and cycle
performance. By definition, energy = capacity X voltage,
which opens two ways to enhance the energy density of LIBs:
by raising the specific capacity of cathode materlals and by
increasing the upper limit of charging voltage.” The develop-
ment of new cathode materials of high specific capacity (>275
mA h g™') with an increased nickel content in the layered
transition metal oxide cathode materials or designing
1nnovat1ve active material compositions is particularly challeng-
ing.>* Hence, increasing the upper voltage limit of the cathode
material is much easier to enhance the energy density of LIBs.
Despite the advantages of high cutoff voltage, an exorbitant
upper-limit charging voltage severely degrades various battery
components, including side reactions, transition metal
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severe capacity fading of LIBs.”>”” Thus, a suitable cathode
with surface modification may trigger the electrochemical
performance of the LIBs.

Significant efforts have been dedicated on increasing the
energy density of LIBs by developing suitable high-voltage
cathode materials such as lithium-rich layered oxide cathodes
(Li,,M;_,0,, M = Ni, Co, and Mn),”® nickel-rich layered
oxide cathodes (LiNi, Co,Mn,0, and LiNi,Co,AL O, (x+y+z
= 1), high-voltage polyamomc cathodes (silicates, phosphates,
sulfates, etc.),'°™"* and high-voltage spinel oxide cathodes
(LiNiy Mn, ;0,)." Among these cathodes, LNMO offers high
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Scheme 1. Schematic Representation of Synthesis of LNMO Nanopowders and Preparation of the Composite Cathode via the

IECHP Coating on the LNMO Electrode
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working potential, is easy to synthesize, show good rate
performances, is highly economic, and has high thermal
stability, making it an appropriate cathode material for LIBs in
EV industries.'”'* In principle, LNMO possesses a higher
energy density (650 W h/kg) than LiCoO, (518 W h/kg) and
LiFePO, (495 W h/kg)."> Nevertheless, conventional liquid
electrolytes (LEs) are not stable with the LNMO cathode
under high-voltage conditions (~4.7 V), resulting with
electrolyte decomposition, transition metal dissolution, and
complex CEI formation, deteriorating the electrochemical
cycling performance of LIBs.” Many recent efforts have been
devoted to overcome the instability of LNMO with LEs,
including electrode surface coating, interface engineering,15
electrolyte modification,'® and by the use of solid electrolytes
(SEs)."” The formation of cathode—electrolyte interlayers and
material deterioration occurs predominantly on the surface of
cathode particles.”'”™** Surface modification is an effective
strategy for improving the interface chemistry and stability of
LNMO with conventional LEs without changing the cathode-
or electrolyte-active materials, which reduces the direct contact
between cathode-active materials and electrolytes, which
improves the interface stability.'® Nonetheless, there is no
appropriate particle morphology or surface coating that allows
LNMO to meet practical applications with LEs.

SEs are promising materials for LNMO-based cathode
materials, but their poor conductivity and complexity hinder
commercial implications.”’ Therefore, applying a hybrid SE,
such as a ceramic—polymer composite, as a protective layer on
an LNMO of suitable morphologies with that of a LE is a
possible way to boost the long-term cycle life of LNMO-based
LIBs. Following this hypothesis, in this research, we describe a
unique approach for preventing direct contact between
cathode-active particles and LEs by coating the surface of
the truncated octahedron-shaped LNMO electrode with an
ion—electron-conductive (ambipolar) hybrid polymer—ce-
ramic—carbon electrolyte (IECHP) via a simple slurry casting
method. The IECHP was a composite made up of
Lig,sLasZryAg,501, (LLZAO) ceramic nanofibers, polyvinyli-
dene fluoride (PVDF), lithium Bis(trifluoromethanesulfonyl)-
imide (LITFSI), and carbon. The ionic conductivity and
electrochemical stability of a hybrid polymer electrolyte (HPE)
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were optimized and reported in our previous work.”* The
IECHP-coated truncated octahedron-shaped LNMO demon-
strated excellent long-term electrochemical cycling stability,
with a capacity retention of 86.11% after 1000 cycles using
conventional LiPF4-LE in EC:DMC at 1 C. The postanalysis of
focused ion beam scanning electron microscopy (FIB-SEM)
and time-of-flight secondary ion mass spectrometry (ToF-
SIMS) mapping suggested that the pristine LNMO produces
an inactive layer on the cathode surface, reducing ionic
transport between the cathode and the electrolyte and
increasing the interface resistance. Even after 1000 charge—
discharge cycles, the IECHP coating layer remained intact,
preventing the direct influence of surface-active cathode
particles on LEs and minimizing transitional metal ion
dissolution.

2. EXPERIMENTAL SECTION

2.1. Materials. The lithium acetate dihydrate (CH;COOLi-2H,0,
Sigma-Aldrich, 98%), nickel(II) acetate tetrahydrate (Ni(OCOCHs,),-
4H,0, Sigma-Aldrich, 99.995%), manganese(II) acetate tetrahydrate
(CH;CO0),Mn-4H,0, Sigma-Aldrich, 99%), and acrylic acid
(C3H,0,, Sigma-Aldrich) were used as raw materials for the
preparation of LNMO cathode materials. The carbon-coated
aluminum foil and conductive carbon black (MSE supplies, USA),
Bis(trifluoromethanesulfonimide) lithium salt (LiTFSI) (99.99%,
Sigma-Aldrich), glacial acetic acid (Sigma-Aldrich), PVDF-based
binder (99.95%, MTI), and (LLZAO) ceramic nanofibers were used
for the fabrication of IECHP.

2.2. Preparation of Truncated Octahedron-Shaped LNMO
Cathode Materials. The spinel-type truncated octahedron-shaped
LNMO cathode materials were synthesized by the polymer-embedded
sol—gel process using acrylic acid as a chelating agent with two
distinct calcination approaches, as demonstrated in Scheme 1. The
stoichiometric amounts of lithium acetate dihydrate, nickel(II) acetate
tetrahydrate, and manganese(Il) acetate tetrahydrate were dissolved
in 200 mL of distilled water and thoroughly mixed to form a uniform
solution. The precursor solution was then mixed with 0.13 M acrylic
acid and agitated at 95 °C until the formation of a dry gel. Half of the
dry precursor gel was directly calcined at 900 °C in an air
environment with a rapid heating rate (10 °C/min) and a long
calcination duration (10 h) (named as LNMO-A), whereas the other
half was calcined at 900 °C with a slow heating rate (1 °C/min) and a
short duration (1 h) (named as LNMO-B).
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Figure 1. (a) XRD pattern, (b) FTIR spectra, (c,d) FE-SEM micrographs,

o

and (e,f) EDS mapping of LNMO-A and LNMO-B.

2.3. Preparation of the Electrode and the Coating of IECHP
on LNMO. The LNMO-A and LNMO-B electrodes were prepared by
mixing the as-synthesized LNMO (A/B) (85%), PVDF binder (10%),
and carbon additive Super P carbon (5%) into N-methyl-2-
pyrrolidone (NMP) and stirring for 12 h to form a homogeneous
slurry. The LNMO slurry was slot-die-coated on carbon-coated Al foil
and heated in a vacuum oven at 120 °C for 12 h to evaporate the
solvent. IECHP was prepared by using the optimized composition of
the LLZAO ceramic nanofiber-polymer HPE and carbon. The ionic
conductivity and electrochemical stability of the HPE were reported
in our previous report.”* The high Li-ion conducting HPE was chosen
(PVDF/LiTFSI/LLZAO: 60/25/15 wt %) for the preparation of
IECHP composite. The 60 wt % PVDEF, 25 wt % LITSFI, 15 wt %
LLZAO ceramic nanofibers, and 5 wt % super P carbon powder with
respect to the total weight percentage of the HPE were dispersed in
NMP and agitated for 24 h to form a homogeneous slurry. The
IECHP slurry was coated on the optimized LNMO-B electrode
(IECHP-LNMO-B) using slot-die coating and heated in a vacuum
oven at 120 °C for 12 h to remove the solvent (Scheme 1). The mass
loading of the IECHP-LNMO-B cathode was 3.306 mg. The IECHP-
coated LNMO-B cathode was stored in a glovebox with oxygen and
water levels <1 ppm.

2.4. Characterization. The X-ray diffraction (XRD) measure-
ment was carried out by a powder diffractometer (PANalytical XPert
Pro) using Cu Ka radiation (4 = 1.54187 A) in the 20 range of 10—
90°. The vibrations from different functional groups in LNMO were
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determined by FTIR analysis (PerkinElmer). The morphology and
elemental mapping of LNMO (A and B) powder were examined by
using field emission scanning electron microscopy (FE-SEM) (Zeiss
Leo 1530). For the evaluation of cross-sectional morphology and
chemical composition of the LNMO electrode and IECHP-coated
LNMO, FIB cross sections were prepared in a Zeiss Crossbeam 550
SEM instrument (Carl Zeiss Microscopy GmbH, Oberkochen,
Germany), which is equipped with an IonSculptor-Ga-FIB and
investigated with an Oxford Ultim Max (170 series) energy-dispersive
spectroscopy detector. The samples were mounted onto a 54-angle
pretilted holder, and a probe current of 65 nA and 30 kV are
employed for depth-specific preliminary cutting with a trapezoid-
shaped trench. For polishing of the cross section, a probe current of
15 nA and 30 kV were employed with a thin rectangle-shaped trench.
To project the mechanism of cell breakdown in LNMO cathodes after
long-term cycling, ToF-SIMS was performed. The analysis was carried
out directly inside the Zeiss Crossbeam 550 SEM instrument using a
retractable ToF-SIMS detector (cTOF, tofwerk AG, Thun, Switzer-
land), without being transferred to a different environment after FIB
processing.

2.5. Coin Cell Assembly and Electrochemical Testing. The
LNMO electrodes, Celgard-2400 separator, and lithium foil (200 ym)
were punched into 13, 16, and 14 mm diameters, respectively. All the
electrodes were dried at 80 °C in a high-vacuum oven for 12 h before
assembling the coin cells. The CR2032 type coin cells were fabricated
by sandwiching the cathode, separator, and lithium with LE LiPF (1

https://doi.org/10.1021/acs.energyfuels.4c02933
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Figure 2. (a,b) Charge—discharge curves, (c) comparison of charge—discharge curves after 150th cycles at 0.5 C rate, and (d) rate performance of

LNMO-A and LNMO-B.

m) in EC/DMC, 1:1 v/v (70 uL) (Sigma-Aldrich). All of the cells
were fabricated inside the glovebox with oxygen and water contents
<0.1 ppm. The battery performance of the LNMO (A and B) and
IECHP-coated LNMO were tested using a Neware battery tester
(CT-4008Tn-S VS0 mA). All the cells were charged—discharged by
the constant current (CC) mode at 0.1 C, 0.5, and 1C rates at 25 °C
within the voltage range of 3—4.9 V. The rate performance of the
samples was tested by applying different current rates such as 0.1, 0.3,
0.5, 1, 3, S, and 0.1C, and the cells were cycled S times for each
current rate. Electrochemical impedance spectroscopy (EIS) was used
to assess the lithium-ion diffusion and charge-transfer resistance of the
cells before and after cycling at frequencies ranging from 100 mHz to
100 kHz.

3. RESULTS AND DISCUSSION

3.1. Microstructural and Electrochemical Optimiza-
tion of the LNMO Cathode. The calcination temperature
and heating rate are critical parameters in the synthesis of high-
performance LNMO materials. The structural and electro-
chemical performance of LNMO is improved by altering the
calcination procedure. Numerous studies have focused on the
synthesis of LNMO at various calcination temperatures in
order to get the pure phase spinel LNMO.”>® The heating
rate of the sample plays an important role in tailoring the
surface morphology and in controlling nucleation and uniform
particle growth. LNMO-A was calcined at 900 °C with a rapid
heating rate (10 °C/min) and a long calcination duration (10
h), while LNMO-B was calcined at 900 °C with a slow heating
rate (1 °C/min) and a short duration (1 h). Figure la
represents the powder XRD patterns of the LNMO-A and
LNMO-B cathodes, the Rietveld refined XRD patterns are
depicted in Figure S1, and refinement results and lattice
parameters are tabulated in Table S1. Both samples exhibit the
same cubic spinel structure with the space group Fd3m.””**
The lattice parameters of LNMO-A and LNMO-B are a =
8.178(5) A and a = 8.168(3) A, respectively. The high a value
at a rapid heating rate is owing to the greater ionic radius of

21459

Mn®* (0.645 A) than Mn** (0.53 A).”” LNMO-B calcined at a
slow heating rate has a lower unit cell volume (544.99 A%)
compared to LNMO-A (547.04 A%) calcined at a rapid heating
rate (10 °C/min). The rise in the lattice parameters of LNMO-
A due to the oxygen and nickel deficiencies led to the
formation of the NiO impurity phase (12.7%), which is also
evidenced by the XRD pattern (small diffraction peaks at 43.2
and 63.02° highlighted as * in the XRD pattern), whereas
LNMO-B has no impurity phases. The presence of character-
istic metal oxide functional groups in LNMO-A and LNMO-B
is confirmed by FTIR spectra, as illustrated in Figure 1b. The
Mn—O0O and Ni—O vibrational modes are relatively prominent
when the heating rate is limited to 1 °C/min (LNMO-B);
however, all vibrational modes are identical to LNMO-A. The
surface morphology of the cathode has a direct influence on
electrochemical performance due to the surface reaction
between the active cathode particles and the electrolyte.
When LNMO-A is calcined at 10 °C/min, it has an
inhomogeneous shape and high particle size (Figure lc.).
Interestingly, LNMO-B calcined at a low heating rate exhibits
homogeneous morphology with truncated octahedron-shaped
particles.”® The low heating rate prevents aberrant particle
growth and preserves homogeneous particle sizes of 400—500
nm (Figure 1d). The truncated octahedron-shaped LNMO
particles have been identified as a suitable microstructure for
achieving superior electrochemical performance.’® There are
numerous techniques for synthesizing LNMO with an
octahedron shape,”’ but in this study, the truncated
octahedron-shaped LNMO was synthesized using a simple
approach by altering the heating rate and duration of the
calcination temperature. A truncated octahedron LNMO with
{100} facet is more effective for lithium-ion transport than the
typical octahedral spinel LNMO.® The presence of expected
elements (Ni, Mn, and O) is ensured by EDS mapping as
shown in Figure lef.

https://doi.org/10.1021/acs.energyfuels.4c02933
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The electrochemical performance of LNMO-A and LNMO-
B was tested by assembling the coin cells (LilLiPF,-EC:DMCI
LNMO-A and LilLiPF,-EC:DMCILNMO-B), and the cells
were charged and discharged at 0.1C for S cycles for the facile
Li-ion movement during cycling; then, the current was
increased to 0.5C for 150 cycles with the voltage range of
3.0—4.9 V. The charge—discharge profiles for selected cycles
are depicted in Figure 2ab. LNMO-A provides an initial
charge and discharge capacity of 127 and 76 mA h g7,
respectively, with a Coulombic efficiency (CE) of 59.84%.
After S cycles, the cells have a charge and discharge capacity of
125 and 90 mA h g™, respectively, with a CE of ~72% at 0.1C.
LNMO-B displayed initial charge—discharge capacities of 148
and 125 mA h g, respectively, with a CE of 84.45%, which is
higher than that of LNMO-A. The CE reached 97.03% after
the fifth cycle. The LNMO-A cathode exhibited two voltage
plateaus during charge and discharge (Figure 2a), one at 4.65
V due to the redox process of Ni**/Ni** and Ni**/Ni** and the
other at 4.06 V due to the redox reactions of Mn>*/Mn**.>?
These voltage plateaus are slightly shifted (4.57 and 4.01 V)
and possess gradual slope with a loss of clear plateau feature
over subsequent cycles. This shift can be attributed to the
structural changes or distortions in the LNMO lattice induced
over the repeated cycling and different lithium-ion occupancy
states in the spinel structure caused by the NiO impurity
phase. The redox process of Mn*"Mn*" continually produces
Mn?*', which is highly soluble in LEs, thereby decreasing the
capacity.” In addition, prolonged cycling at high voltages of
LNMO-A with irregular morphology and impurity phase leads
to an irreversible structural change, which in turn reduces the
capacity retention of the LNMO-A cathode. LNMO-B shows a
well-defined voltage profile with two distinct voltage profiles at
4.74 and 4.1 V vs Li/Li* (Figure 2b), which are found to be
negligible shifts or loss of plateaus nature over the cycling
attributed to the good electrochemical redox reactions and
good structural stability. The voltage plateau owing to
Ni**/Ni*" of LNMO-A decreases with a rise in the charge—
discharge cycles, while the plateau due to Mn>*/Mn** slightly
raised after 150 cycles (marked in Figure 2a), LNMO-B
displays negligible variations in the voltage plateaus. The
capacity of LNMO-A and LNMO-B due to the redox reaction
of Mn*/Mn** was determined to be 27% and 13%,
respectively.

As shown in Figure 2d, the rate performance of LNMO-A
and LNMO-B was examined by charging and discharging the
cells at various C rates (0.1, 0.3, S, 1, 3, 5, and 0.1 C) for §
cycles. LNMO-B demonstrated higher discharge capacity for
all current rates, indicating that truncated octahedron-shaped
particles are appropriate for efficient lithium transfer. The
discharge capacity of LNMO-B is 134, 128, 121, 115, 96, 77,
and 129 mA h g' at 0.1, 03,05, 1, 3, S, and 0.1 C,
respectively, indicating that LNMO-B has a better rate
capability than LNMO-A. Furthermore, LNMO-B exhibits
129 mA h g~ when the current rate is further reduced to 0.1
C, indicating that LNMO-B has a high tolerance for fast
charge—discharge cycles. Figure 3a and c¢ depict the cycling
performance of LNMO-A and LNMO-B at 0.5 C for 150
cycles and at 1 C for 200 cycles. LNMO-B revealed a discharge
capacity of 105 mA h g™" after 150 cycles at 0.5 C and 98 mA h
g~ ! after 200 cycles at 1 C. The high heating rate, large particle
size, and NiO impurity have an impact on the cycling
performance of the LNMO-A sample; after 150 and 200 cycles,
it delivers 66 and 56 mA h g™! at 0.5 and 1 C, respectively
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Figure 3. (ac) Cycling stability and (b,d) CE of LNMO-A and
LNMO-B cells at 0.5 and 1 C rates.

(Figure 3a,c). NiO did not participate in the electrochemical
reactions similar to LNMO, so it effectively diluted the amount
of active material that can contribute to cell performance.
Moreover, the NiO impurity could accelerate the degradation
of the LNMO cathode material during cycling by altering the
stability of the cubic spinel structure of LNMO, leading to a
low capacity and reduced cycle life. The LNMO-B cathode
provides a higher CE than LNMO-A as shown in Figure 3b,d.

The truncated octahedron shape offers larger surface area
compared to irregular microparticle/spherical or cuboidal
particle distributions. The increase in the surface area enhances
the contact between the cathode material and the electrolyte,
improving the overall electrochemical reactivity and ion-
exchange efficiency. The unique geometry reduces the average
Li-ion hoping distance within the particle.’* Shorter diffusion
paths help in minimizing the resistance during lithium-ion
intercalation and deintercalation processes, leading to a better
rate capability and faster charge/discharge kinetics. The
truncated octahedron shape can lead to a more uniform stress
distribution during cycling compared to other shapes. The
truncated octahedron morphology can create more efficient
pathways for lithium-ion movement within the material and
minimizing resistance to lithium-ion transport through the
crystal structure.’ This can help in maintaining structural
integrity and reducing mechanical degradation, which is crucial
for long-term cycle stability. The results demonstrated that
LNMO-B has a homogeneous morphology with truncated
octahedron-shaped particles without any impurity phases
facilitated better electrochemical performance than LNMO-A.

3.2. Electrochemical Performance of the lon—Elec-
tron-Conductive IECHP-Coated LNMO Cathode. LNMO-
B has a truncated octahedron morphology with nanoparticles
(400—500 nm), which exposes more active surface area for
lithium-ion intercalation and deintercalation. This results in a
higher specific capacity since more lithium ions can participate
in the charge/discharge process. The well-defined facets and
uniform morphology of truncated octahedrons often facilitate
better lithium-ion diffusion, which enhances the rate perform-
ance. A smooth and regular surface can reduce the diffusion
pathway and improve the electrochemical kinetics.”* However,
the higher surface area also means increased exposure to side
reactions with LE decomposition, which can lead to faster
capacity fading over cycling. Moreover, the increased surface
area might enhance structural degradation due to repeated
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lithium insertion/extraction cycles, causing a rapid decline in
capacity over time. Although the LNMO-B cathode materials
exhibited acceptable electrochemical performances, their
cycling life is insufficient due to the electrochemical instability
of the LE when working at a high voltage. Thus, surface
modification is required for the LNMO cathode to achieve a
long-term cycle life. Several surface modification techniques
have been attempted,”*’ but the previous approaches are
complex and nonscalable. Herein, we have developed a unique
technique to solve the interfacial degradation problems of
high-voltage LNMO cathode material, which is easily
accessible and scalable. After optimizing the truncated
octahedron LNMO synthesis, the best-performing truncated
octahedron-shaped LNMO-B cathode was preferred for further
surface modification with IECHP on the surface of the
cathode-active particles using a simple slot-die coating process.
Figure 4a and ¢ shows SEM micrographs of LNMO-B- and
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Figure 4. Surface and cross-sectional FIB-SEM micrographs; (a,b)
LNMO-B electrode; (c,d) IECHP-coated LNMO-B electrode; and
(e) XRD pattern of LNMO-B powder, IECHP composites, and
IECHP-coated LNMO-B electrode.

IECHP-coated LNMO-B electrodes’ surface before cycling,
demonstrating that the IECHP was evenly coated on the
surface of the cathode electrode. The cross-sectional FIB-SEM
is an advanced technique to determine the coating layer of the
IECHP. As shown in Figure 4b,d, a thin layer of IECHP (~4—
S pm) is coated on the LNMO-B electrode (Figure S2).
Additionally, through side-view FIB-SEM images, it can be
demonstrated that the degree of surface roughness at the top of
the electrode is lower in the electrode treated with IECHP
coating compared to the untreated LNMO electrode.

The diffraction peaks of IECHP-coated LNMO-B are similar
to those of LNMO-B powder (Figure 4e), indicating that the
SE-based IECHP coating has no effect on the crystal structure
of the cathode-active material.

In addition to the typical diffraction peaks of LNMO, a few
minor peaks at 16.2, 25, 26, 30, and 53° are attributed to
LLZAO ceramic nanofibers** that were included in the IECHP
composite, and hkl planes are indexed in the XRD pattern. The
XRD pattern confirms the existence of the IECHP on LNMO-
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B. Figure S depicts the cross-sectional and surface (Figure S3a)
EDS mappings of LNMO-B and IECHP-coated LNMO-B
electrodes. The LNMO-B electrode contains Mn, Ni, and O
from LNMO, as well as C and F from the carbon additive and
PVDF binder; Al is a current collector. The presence of
IECHP is confirmed by EDS mapping, as shown in Figures Sb
and S3b; the predicted elements are found to be Mn, Ni, O, Al,
C, F, Zr, and La; the elements La, Zr, O, F, and C appear from
the IECHP composite (LLZAO/PVDF/LITFSI/carbon).

The morphological, structural, and elemental investigations
reveal that the IECHP is uniformly coated on the LNMO-B
electrode. The long-term cycle life of LNMO-B- and IECHP-
protected LNMO-B cathode was performed at 1 C rate over
1000 charge—discharge cycles at 25 °C, as shown in Figure 6a.
The LNMO-B cathode has a discharge capacity of 69 mA h g™
after 980 charge—discharge cycles with a capacity retention of
57%. Despite its short cycle life, the LNMO-B cell exhibits
considerable disparity in discharge capacity after 980 cycles,
indicating cell failure and electrolyte decomposition (dotted
circle in Figure 6a). The IECHP-LNMO-B cell had a slightly
lower initial capacity than LNMO-B during cell formation at
0.1 C for 5 cycles, which might be attributed to the growth of
the CEI and the creation of Li-ion diffusion pathways between
the cathode and the LE via the IECHP layer. As a result, the
IECHP-coated LNMO-B cathode had a discharge capacity of
93 mA h g' after 1000 cycles and a capacity retention of
86.11%, which is significantly higher than that of the pristine
LNMO-B. Furthermore, the IECHP-coated LNMO-B dis-
played negligible fading (capacity retention ~98%) even after
250 cycles at 1 C rate, as shown in Figure 6b, which is superior
in its electrochemical performance when compared to the
previous studies on LNMO cathodes.”™*' The findings show
that the unique ceramic nanofiber—polymer composite coating
provided outstanding CEI compatibility at high-voltage
operation. The CEI coating enabled the use of conventional
LEs for high-voltage LNMO cathode materials. The IECHP
coating prevents the dissolution of the metal ion Mn** by
protecting the direct contact between the LE and the surface of
cathode-active particles. In addition, when LiTFSI is added to
IECHP, it enhances the lithium ion conductivity within the
composite, potentially reducing polarization during the first
charge/discharge cycle. This can lead to a higher initial CE, as
more lithium ions are effectively cycled without being trapped
in side reactions.

The dQ/dV vs V curves (Figure 6c,d) demonstrate the
redox reaction mechanism in LNMO cathodes. Two
prominent oxidation peaks at 4.7—4.77 V and reduction
peaks between 4.65 and 4.69 V depict the redox reaction of
Ni**/Ni*" during charge—discharge cycles at 1C rate. LNMO-
B shows a pair of redox peaks at 4.707/4.65 and 4.776/4.701 V
attributed to the redox reactions of Ni**/Ni** and Ni**/Ni*"
(Figure 6¢), respectively, after SO cycles, while the oxidation
peaks shifted to a higher potential (4.728 and 4.801 V), and
the reduction peaks shifted to a lower potential (4.62 and 4.69
V) after 1000 cycles. In addition to peak shifts, the differential
capacity decreased significantly, reducing the electrochemical
reactions. The IECHP-LNMO-B cell exhibits redox peaks at
4.701/4.651 and 4.765/4.695 V after 50 cycles, which are
comparable to redox peaks obtained at 4.709/4.65 and 4.77/
4.694 V after 1000 charge—discharge cycles (Figure 6d).
Intriguingly, IECHP-coated LNMO-B exhibits a negligible
shift in redox peaks and in differential capacity loss even after
1000 cycles. The redox peak separation potential (AV,)

https://doi.org/10.1021/acs.energyfuels.4c02933
Energy Fuels 2024, 38, 21456—21467


https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.4c02933/suppl_file/ef4c02933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.4c02933/suppl_file/ef4c02933_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.4c02933/suppl_file/ef4c02933_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02933?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02933?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02933?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02933?fig=fig4&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.4c02933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

(a)

’g P ™ A Y

B Map Sum Spectrum
At%

Al 360

0 234

Mn 194

C 126

Ni

F

Powiered by Tnu-Q® -

O O O O O O O

Mn Lat,2

0 pm

4 3 6 keV

Ni La1,2

. Map Sum Spectrum
At%

Al 303

[6) 203

Mn 139

[ 133

F 128

Ni 63
13

Powered by Tnu-Q@

Ni La1,2

ZrLal,2

10 pm 10 pm

Figure S. Cross-sectional FIB-SEM EDS mapping of the as-prepared (a) LNMO-B and (b) IECHP-coated LNMO-B electrodes.

between Ni**/Ni** and Ni**/Ni*" redox couples determines
the phase change of spinel LNMO, where AV, >50 mV
indicating a disordered phase and AV}, <30 mV indicating an
ordered phase of the LNMO cathode.””** After 50 cycles,
ICHEP-coated LNMO-B exhibits redox AVp values of 61 and
44 mV, which are nearly identical after 1000 cycles (64 and 44
mV). LNMO-B exhibits redox AV, values of 69 and 51 mV
after 50 cycles, which increased to 73 and 70 mV after 1000
charge—discharge cycles. Both samples had disordered phases,
but the AV, values of IECHP-LNMO-B remained stable even
after 1000 cycles, indicating that the ceramic—polymer coating
prevents phase shifts during charge—discharge cycles and
provides superior electrochemical reversibility. The LNMO-B
cell exhibits substantial variations in AV), values during long-
term cycling, indicating chaotic phase changes during charge—
discharge cycles and severe capacity fading. The incorporation
of LLZO ceramic nanofibers into the IECHP composite
improved the ionic conductivity of the polymer—ceramic
composite, facilitating faster lithium-ion transport to and from
the LNMO-B cathode during charge/discharge cycles. LLZO
is chemically and electrochemically stable, which protected the
LNMO cathode from side reactions with the LE. This
stabilization is crucial because LNMO cathodes operate at
high potentials (4.7 V vs Li/Li*), where the degradation of LEs
can occur. Also, LLZO ceramic nanofibers provide mechanical
reinforcement to the polymer matrix, making the composite
coating more resistant to cracking or degradation during
cycling of the LNMO cathodes. Moreover, LLZO has the
potential to suppress lithium dendrite growth, a common issue
in LIBs that can lead to short circuits and poor cycling
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performance. The physical barrier properties of LLZO
combined with its high ionic conductivity help prevent
dendrites from reaching the LNMO cathode, improving safety
and cycle life. This synergy between the polymer matrix, LLZO
nanofibers, and LNMO results in a cathode that can deliver
excellent long-term cycling stability.

3.3. Failure Mechanism of Cells during Cycling—Post
Analysis of Cycled Cells. EIS has been employed to assess
the charge-transfer characteristics of the cells before and after
long-term cycling, which is depicted in Figure 6e,f. All Nyquist
plots were theoretically fitted by EC-Lab software with an
equivalent circuit model (inset picture in Figure Ge,f), where
R, is the electrolyte resistance, CPE is the constant phase
element, and R, and R; are the charge-transfer and interface
resistance, respectively. The fitted parameters are given in
Table S2. The Nyquist plots of LNMO-B and IECHP-coated
LNMO-B before cycling (after cell formation) show a high-
frequency semicircle and a low-frequency spike, which are due
to charge-transfer resistance and Li-ion diffusion.*” Before
cycling, IECHP-coated LNMO-B cells illustrate a lower
charge-transfer resistance (229 Q) compared to LNMO-B
cells (273 Q). The IECHP coating can smoothen the surface
of the LNMO-B particles, reducing surface roughness and
irregularities. A smoother surface promotes better contact with
the electrolyte and reduces the resistance associated with
surface defects or irregularities. The IECHP coating can
provide additional mechanical support to the LNMO-B
particles, reducing structural degradation and maintaining a
stable electrode structure. During initial cycling, particles can
deform or change shape, affecting charge transfer. The IECHP
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Figure 6. (a,b) Long-term cycling performance at 1C rate, (c,d) dQ/dV vs voltage curves, and (e,f) EIS spectra of LNMO-B and IECHP-LNMO-B

cells.

coating can help in minimizing such deformations, ensuring
consistent charge-transfer characteristics. After 1000 cycles, the
IECHP-LNMO-B cell exhibits a high-frequency semicircle and
a small low-frequency semicircle, whereas LNMO-B shows
relatively two big semicircles associated with charge-transfer
resistance and interfacial resistance (Figure 6f). The IECHP-
LNMO-B cell has a charge-transfer resistance of 135 Q and an
interfacial resistance of 65 Q after 1000 cycles, which is lower
than those of the LNMO-B electrode (272 and 277 Q).
Prolonged cycling at high voltage can degrade the electrolyte,
increase the CEI and induce phase transitions or structural
transformations in LNMO-B, such as the formation of
undesired phases (e.g, Li,O, and LixNiyO),29 which can
disrupt the crystal lattice and increase charge-transfer
resistance.”®*’ In addition, repeated expansion and contraction

during cycling can cause mechanical stress and lead to particle
cracking, which can hinder effective electron and ion transport.
Over time, the loss of the active material due to degradation or
dissolution reduces the effective surface area available for
electrochemical reactions, leading to an increased resistance.
Also, long-term cycling can degrade the conductive pathways
within the electrode material, either by physical damage or by
the loss of conductive additives, leading to increased charge-
transfer resistance of LNMO-B. However, the IECHP coating
on LNMO-B significantly addressed the aforementioned issues
and demonstrated good long-term cycling performance. The
IECHP coating on LNMO mitigates the direct contact
between electrolyte and cathode particles, preventing the
oxidative degradation of the electrolyte and the persistent rise
of the CEI during cycling. The electronically conductive
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component in IECHP (e.g., conductive carbon) improves the
electron-transfer pathways. This enhanced electron mobility
decreases R, by facilitating faster electron flow during redox
reactions at the electrode interface. The ion-conducting
polymer—LLZO ceramic composite in the IECHP ensures
efficient ion transport. In electrochemical systems, fast ion
transport can enhance the rate of charge-transfer reactions,
further reducing R,. The ionic conductivity of the polymer—
ceramic composite in the IECHP ensures that ions can move
freely across the interface between the cathode coating and the
electrolyte. This reduces the buildup of charge at the interface,
lowering interfacial resistance. As a result, the unique IECHP
coating greatly lowers the interfacial impedance of the LNMO-
B sample, which in turn improves the electrochemical cycling
efficiency of the sample.

The mechanism of high interfacial impedance and rapid cell
failure following long-term cycling of the LNMO cathode has
not been thoroughly explored. FIB-SEM and ToF-SIMS are
advanced techniques for predicting the undesirable layer
formation and the cell failure mechanism of LNMO cathodes
after prolonged cycling. The FIB-SEM micrographs of cycled
LNMO-B (Figure 7a) indicate a disrupted electrode surface

10 pm

Figure 7. Top surface and cross-sectional FIB-SEM micrographs of
(a,b) LNMO-B and (c,d) IECHP-coated LNMO-B cathode after
1000 cycles.

morphology compared to the as-prepared electrode (Figure
4a). After 1000 cycles, the electrode deteriorated, and a thick
layer appeared on its surface. The cross-sectional FIB-SEM
micrograph clearly shows that the LNMO-B cathode is
delaminated, with a thick layer forming on the electrode, as
illustrated in Figures 7b and S4a). The thick layer formation on
the LNMO-B cathode is attributed to the electrolyte
decomposition at the electrode interface, which develops
abnormal growth of a layer with a thickness of ~3—3.5 um
(inset picture of Figure 7b).">** This hinders Li transfer
between the cathode and the electrolyte, leading to severe
capacity fading and cell failure. Interestingly, the surface
morphology of the IECHP-coated LNMO-B electrode before
and after 1000 cycles seems comparable (Figures 4c and 7c).
As observed in Figure 7d, the flatness of the IECHP-coated
LNMO-B electrode surface, which was evident before cycling,
could still be confirmed after cycling. In contrast, the uncoated
LNMO-B electrode exhibits an uneven thickness on its surface
(Figure 7b). Cross-sectional FIB-SEM micrographs show that

the IECHP coating layer remained intact and did not crack
during the charge—discharge cycles (Figures 7d and S4b). The
cross-sectional EDS mapping of the electrodes after 1000
cycles (Figure SS) revealed the presence of anticipated
elements in the LNMO-B and IECHP coating layer.

It is noteworthy that the ICHEP coating considerably
improves the cathode—electrolyte interface and inhibits
transition metal ion dissolution. The distribution of Li on
the electrode surface was mapped using ToF-SIMS, as shown
in Figure 8a—d. Before cycling, lithium was evenly distributed
on the surfaces of both electrodes. After 1000 cycles, there is a
lack of lithium on the surface of the LNMO-B electrode,
whereas Li ions are evenly distributed on the IECHP-LNMO-
B electrode (Figure 8d). Figure 8e—h shows the cross-sectional
ToF-SIMS mapping of the electrodes before and after 1000
cycles. It was envisaged that the occurrence of a slightly thick
layer after cycling of LNMO-B would hinder lithium-ion
diffusion from the cathode to the electrolyte, resulting in
significant capacity fading with the LE. Figure 8f depicts the
accumulation of lithium from the cathode at the bottom of the
inactive layer. The growth of an inactive layer on uncoated
LNMO-B is the primary cause of severe capacity fading and
cell failure. The cross-sectional TOF-SIMS mapping of
IECHP-coated LNMO-B before and after 1000 cycles is
similar (Figure 8gh).

As a result, the simple and distinctive IECHP coating
effectively prevents the formation of a blocking layer on the
cathode surface during high-voltage operation. The IECHP
shortens the diffusion of lithium ions between the cathode and
the electrolyte, resulting in a remarkable cycle life for the
IECHP-LNMO-B cell.

4. CONCLUSIONS

The truncated octahedron-shaped LNMO cathode materials
have been prepared by using the sol—gel technique at different
heating approaches. LNMO-B calcined at 900 °C with a slow
heating rate (1 °C/min) for short duration (1 h) outperformed
than the sample prepared with fast (10 °C/min) heating
(LNMO-A) in their electrochemical performance. A unique
composite IECHP was developed and coated on the optimized
LNMO-B electrode by using a simple slot-die coating process
for further improvements of interfacial chemistry. The IECHP-
coated LNMO-B delivered a discharge capacity of ~93 mA h
g~! after 1000 cycles with a capacity retention of ~90% which
is superior than that of the uncoated LNMO-B cathode (a
discharge capacity of ~69 mA h g™ after 980 cycles with a
capacity retention of 57%) at 1C rate (25 °C). Furthermore,
the IECHP-coated LNMO-B exhibited negligible capacity
fading even after 250 cycles at 1 C. The mechanism of high
interfacial impedance, capacity loss, and cell failure following
the long-term cycling of an LNMO-B cathode was investigated
using FIB-SEM and ToF-SIMS. It was projected that the
formation of an inactive thick layer on the surface of uncoated
LNMO-B would hinder lithium-ion transport from the cathode
to the electrolyte, resulting in severe capacity fading with the
LE. However, the IECHP coating on the LNMO-B electrode
provides a superior cathode—electrolyte contact, resulting in an
outstanding long-term cycle life, facilitating the use of
conventional LEs for high-voltage LNMO cathode materials
with trivial capacity fading.
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Figure 8. Surface TOF-SIMS mapping of LNMO-B (a) before and (b) after 1000 cycles and IECHP-coated LNMO-B (c) before and (d) after
1000 cycles and cross-sectional TOF-SIMS of LNMO-B (e) before and (f) after 1000 cycles and IECHP-coated LNMO-B (g) before and (h) after
1000 cycles.
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