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Abstract: Instable surface structure and low capacity retention hinder the further
application of high voltage LiNiosMn1.504 (LNMO) cathode in lithium-ion battery. In
order to promote its electrochemical performances, LissLasAlo2Zr2012 (LLAZO) with
the intrinsic property of fast ion conductivity has been employed as a protective layer
to modify surface of LNMO. By regulating the LLAZO contents, 1 wt. % LLAZO
coated LNMO (LLAZO-1) cathode shows a high capacity of 92.1 mAh g* over 600
cycles with a capacity retention of 72.6 % at 1 C and a reversible capacity of 57.9
mAh g at 20 C, much higher than those of pristine LNMO. Further investigation
indicates that the greatly improved electrochemical performances of LLAZO-1 can be

attributed to the LLAZO modification, which including the LLAZO surface coating
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and La*" and Zr** gradient co-doping. In addition, the LLAZO precursor significantly
restricts the growth of LNMO precursor particles during calcination process, shorting
Li" migration pathway. Thus, modification strategy effectively improves the structure
stability of LNMO, accompanied with the enhancement in lithium-ion diffusion
kinetics performances and confinement in particle growth. This optimization approach
with tri-functions sheds light on novel electrode design and construction in
rechargeable batteries.

Keywords: Lithium-ion batteries; LiNiosMn150a; LissLasAlo2Zr2012,; Tri-functional

modification.

1. Introduction

Design of advanced lithium-ion batteries (LIBs) with high specific energy, long
cycling life, and low cost is urgently needed for the past few years due to the
ever-growing of markets in large-scale electric vehicles and portable electronics and
effects of warming.1* However, traditional LIBs are confined to its relatively low
operating voltage and poor rate capacities, which are crucial factors to restrict to the
further progress of next-generation electric vehicles (EVs) and hybrid electric vehicles
(HEVS).5® Thus, LIBs with high energy density are expected to apply in EVs and
electronics in the next few years.”® It is generally agreed that working voltage and
specific capacity of cathode material are main factors for designing high energy
density lithium batteries.® Therefore, many efforts have been devoted to explore

appropriate cathode materials with the large specific capacity, high voltage and long



cycling.10-13

LiNiosMn1504 (LNMO) as the most promising cathode material for the next
generation LIBs has high energy and power density, larger theoretical capacity of 147
mAh gland fast three-dimensional Li* diffusion channel.** Therefore, it could offer
higher energy density than that of commercially available of LiCoO2 and LiFePOa4, 20%
and 30% respectively.®>" The spinel LNMO has two different crystallographic
structures : one is the ordered space group of P4332, in which the Mn** and Ni?*
occupy the 12d and 4a sites, respectively. Another one is the disordered space group
of Fd3m with a random distribution of Mn*" and Ni?* in the 16d sites and a little
amount of Mn**.318 |t has been reported that the existence of Mn** could enhance the
electrical conductivity and electrochemical performances of LNMO. However, low
ionic conductivities of LNMO will lead to its poor rate capability.??! To satisfy the
requirements for high power systems, it is of vital importance to realize fast Li*
insertion-extraction kinetics and structure stability during cycling to improve the rate
property of LNMO cathode.??2® According to previous reports, reducing the particle
size of electrode materials might be an effective way to facilitate the electrode knietics
performances owing to the drastically shortened diffusion paths for ion and
electron.?*2" Nevertheless, nano-metric LNMO may exhibit accelerated electrolyte
decomposition and Mn dissolution under high potential, which leads to low
coulombic effciency and poor cyclic performance.?® 22 Besides, at elevated
temperatures, the high-voltage LNMO material suffers from a limited cycle life,

basically owing to surface structure distortion and side reactions happened at interface



between cathode material and electrolyte.’*** Many studies reported the degradation
mechanism of high-voltage LNMO during charge-discharge process.’* Previous
studies showed that the direct contact between electrode materials and organic
electrolyte would cause transition metal (TM) dissolution and electrolyte
decomposition, which could increase the thickness of solid-electrolyte interface (SEI)
film, and thus hinder the electrochemical performance.**>’ In addition, the dissolution
of TM is always from surface into interior of LNMO, and thus robust surface
structure is critical in protecting the LNMO material from structure degradation as
well as promoting its electrochemical performances and thermal stability at elevated
temperatures.*®

To suppress the above-mentioned disadvantages on surface of cathode materials
and obtain excellent electrochemical performances for applications, surface
modification is currently one of the most widely used strategies.***! In recent years,
Li* conductive materials, including LiAISiO4*?, LisPO4*, Li>SiO3*, LiNbO3:*® etc.,
have been widely utilized as coating layer to modify high-voltage cathode material
and proved to be a feasible way to improve the rate capability of LNMO and inhibit
side reaction. However, these Li" conductive materials are not advantageous in future
all-solid-state batteries, because of its narrowed voltage windows and low Li"
conductivity. Furthermore, the garnet structure fast ion conductor LizLasZr2012 has a
wide voltage window and high ionic conductivity is the most promising candidate
material for solid electrolytes, and was applied to coat LiMn204 and LisV2(POa4)s,

proving that coating layer of Li* conductor contribute to enhance stability of material



and accelerate the diffusion of Li*.*¢*" Therefore, we have chosen the
Lis.4LasAlo2Zr2012 (LLAZO) with cubic phase, AI** doping stablized the cubic phase
and improved the ionic conductivity, to coat the surface of LNMO precursor and
hoped it can not only provide the protective layer, but also provide an optimization
method for the interface problem of all solid-state batteries.**° As an alternative
strategy for modifying LNMO cathode material, elemental doping such as Cr**, AI**,
Ti**, Si*, Nb>* and P, could effectively improve the spinel LNMO electrochemical
properties including rate performance and cyclic stability by minimizing polarization,
suppressing TM ions dissolution and improving ionic/electronic conductivities.'% 3156

In this work, we concentrated on designing a tri-functioal modification strategy,
by employing LisslLasAlo2Zr2012 (LLAZO) precursor (Li, Al, La, Zr based salts) to
coat LNMO precursor powders followed by calcination at 820 °C to form the coating
layer and LNMO material simultaneously.>® In this case, LLAZO coating layer
restricts the growth of LNMO precursor particles during crystalization process.*
Moreover, it is expected that alien ions will diffuse into the lattice of LNMO. In
previous reports, the doping of atoms has been frequently found for surface coating
method, and La and Zr ions penetrate into the LNMO lattice are prove to improve the
structural stability of LNMO.%® 565 The LLAZO coating layer on the surface of
LNMO precursor in this work was supposed to lead to a gradient diffusion of La and
Zr ions into the LNMO lattice during calcination process at 820 °C. As a result, a

modified LNMO cathode with superior cycling stability and rate performance was

obtained.



2. Experimental section
2.1. Synthesis of LNMO

Spinel LNMO was prepared via a sol-gel method. In a typical synthesize process,
LiCH3COO (99 %), Ni(CHsCOO)2-4H20 (99 %) and Mn(CHsCOO)2-4H20 (99 %),
and citric acid (99.5 %) were dissolved sperately into distilled water. Next, these
solutions were homogeneously mixed with stirred vigorously to form a transparent sol
and following evaporated at 80 °C. During the evaporation process, the ammonium
hydroxide solution was dropwise added to adjust the pH value of mixed solution to
around 6.5. Afterwards, the sol was dried at 120 °C for 24 h in a drying oven to form
the corrresponding dried gel. Subsequently, the dried gel was complete ground and
pre-heated at 500 °C for 6 h to form LNMO precusor. Finally, the prepared precurosr
was further calcined at 820 °C for 14 h to obtain pristine LNMO material.

2.2 Synthesis of LLAZO-modified LNMO

To synthesize the LLAZO-modified LNMO samples, first, stoichiometric amounts of
LNMO precursor powders were dispersed into ethyl alcohol solution. After that,
stoichiometric amount of LiNO3z (99 %), AI(NOz)3-9H20 (99 %), La(NOz)4-4H20
(99 %) and Zr(NO3)3-5H20 (99 %) solutions were dropwise added to alcohol solution.
Then, the mixed solution was evaporated at 65 °C to form a sol and following dried at
90 °C for overnight to obtain the dried gel. Finally, dried gel was ground and calcined
at 820 °C for 14 h in the air to obtain the LLAZO-modified LNMO materials. The
amount of coated LLAZO corresponded to 0, 1, 2, and 3 wt. % of the LNMO samples,

and the obtained a serious of samples are denoted as pristine, LLAZO-1, LLAZO-2,
6



LLAZO-3, respectively.

2.3 Materials characterization

The crystal structures of all prepared materials were characterized by X-ray
diffraction (XRD, Bruker D8 Advance) with a Cu Ka radiation source under the range
of 10° and 120° (20). The Rietveld refinement data of the powder diffraction was
obtained by using Fullprof suite software. The Raman spectra were carried out by a
laser Raman spectrometer (RM-1000, Renishaw) with a 633 nm He-Ne laser. The
contents of elements analysis were detected by an inductively coupled plasma
spectrometer (ICP, Thermo Fisher ICAP 6300). The surface morphologies and
particle sizes were collected with scanning electron microscope (SEM, JSM-7001F).

Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM)

images were obtained on a FEI G2 F20 instrument. _
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spectroscopy (EDS) elemental mapping images were collected on a Talos F200 X
(FEI) instrument. The surface element chemical environment were acquired by used a
X-ray photoelectronioc spectrometer (XPS, ESCALAB 250, Thermo Fisher
Scientific). The XPS data were analysized by using CasaXPS software.

2.4 Electeochemical characterizations

Electrochemical performance was tested using CR2032-type coin cells with the metal

Li as the counter electrode and Calgary 2500 porous polypropylene film served as the
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separator. The active materials, acetylene black, and polyvinylidene fluoride (PVDF)
were mixed with a mass ratio of 8:1:1 in N-methyl-2-pyrrolidone (NMP) solvent to
form a slurry. After then, the mixed slurry was uniformly spread on an Al foil and
dried at 110 °C for 12 h. Coin cells were assembled in an glovebox (argon-filled) and
tested on a LAND-CT2001A test system at different current densities in voltage range
of 3.5-4.9 V at temperatures (25 °C and 55 °C). Electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) were perform on a CHI660E

(Shanghai, Chenhua) electrochemical workstation.

3. Results and discussion

The synthesis process of LLAZO-modified LNMO cathode material is schematically
illustrated in Figure 1. Firstly, the LNMO precursor was obtained via sol-gel method
and pre-treatment at 500 °C. After that, the contain Li, Al, La, Zr-based salts and citric
acid were mixed with the LNMO precursor in ethyl alcohol solution, followed by
evaporating at 65 °C to obtain the precursors of LLAZO-modified LNMO cathode
sample. Finally, the obtained precursor powders were calcined at 820 °C for 14 h to
complete the crystallization process, and various amounts of LLAZO layers were
successfully formed on the LNMO surface.

3.1 Sample characterization

The XRD patterns of LNMO and LLAZO-modified LNMO samples are shown in
Figure 2a, in which diffraction peaks of all materials are in consistent with disordered

space group of Fd3m.% Along with the increased LLAZO contents on LNMO surface,



the position of diffraction peaks shifted to the lower 2-theta values (in the right
enlarged pattern). The fact indicates that the lattice parameters of all samples are
linear increased. To further investigate the variation of LNMO phase structure after
LLAZO modifying, the lattice parameters of all samples were calculated through the
Rietveld refinement method (Figure S1), and the data are listed in Table S1. It could
testified that cell volume and lattice parameter of all samples are increased along with
the amount of LLAZO on LNMO surface. It has been reported that the radius of Mn**
(0.645 A) is larger than that of Mn** (0.530 A), so the lattice parameter increase of
LNMO after LLAZO modifying is mainly caused by foreign ions migrating into the
lattice of LNMO from coating layer, which could lead the transform of Mn* to
Mn3+.67

In Figure S2, the Raman spectra of all materials were compared to investigate the
local structure change of LNMO. According to previous studies, the peak located at
630 cm™ could be attributed to the symmetric Mn-O stretching mode (Aig) in the
MnOs octahedron of LNMO.%8 Both peaks at 396 and 493 cm™ were originated from
the Ni?*-O stretching.}* ® The peak T2g without splitting located at around 587 cm™
was deemed to be the characteristic of Fd3m space group. For LLAZO modified
LNMO materials, the band positions of Mn—O and Ni—-O bonding shifted to lower
wavenumbers indicating the decreasing of Mn oxidation states.

Surface morphologies of pristine, LLAZO-1, LLAZO-2, and LLAZO-3 were
displayed in Figure 2bi-bs. All materials exhibit a uniform distribution of truncated

octahedron particles and their particle sizes decreasing with increasing of LLAZO



modifying content. As the amount of LLAZO increases, the average particle sizes of
pristine, LLAZO-1, LLAZO-2, and LLAZO-3 are 321, 204, 147 and 139 nm,
respectively (Figure 2bi-bas, inset), indicating that the LLAZO precursor can restrict
the particle growth of LNMO during the calcination process. This phenomenon may
be caused by the LLAZO precursor on the surface of the LMNO precursor particles,
which acts as a separation network during calcination, limiting the particles of LNMO
precursors from contacting each other and forming larger particles. After LLAZO
modification, the smaller particle of LNMO has a shorter Li" diffusion path, which
helps to improve the kinetic behavior.

To analyze the surface chemical environment of the as-prepared materials, XPS
measurement were performed and the results are shown in Figure S3. For
LLAZO-modified LNMO samples, XPS spectra of La 3d, Zr 3d and Al 2p were
observed on surface of material. If foreign ions diffuse into the LNMO crystal lattice
during calcination process, foreign ions break the surrounding chemical environment
and the oxidation state of Mn ions is reduced from +4 to +3 to satisfy the principle of
charge neutrality, because the Ni** ions in the LNMO lattice are virtually impossible
to further reduce. Therefore, to more accurately determine the oxidation state of Mn
ions, the binding energy of Mn 2p in all samples was analyzed in Figure S4. The Mn
2p spectrum including two peaks located at ~ 643 and 654 eV, which are usually
identified to Mn 2p32 and Mn 2pi2, and each peak could be further fitted into two
separate peaks based on the MnO2 and Mn20s lines, indicating the coexistence of
Mn** and Mn*. The Mn?*" percentage content calculated by the peak areas of all
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samples is 50.5 %, 57.8 %, 62.5 % and 71.2 %, respectively. The Mn*" percentages of

LNMO-LLAZO samples are obviously increased than pristine, indicating the

transformation from Mn** to Mn** after LLAZO modification. _

OO . .1 i 2c1-c4, i orcer

to conclusively prove that the foreign ions diffused into the spinel LNMO lattice, the
XPS sputtered depth analysis was performed for LLAZO-1. With surface layer
removed by Ar beam sputtering, the XPS signals of interior particle can be collected
with an etching time of 30 s everytime and corresponding the probe depth about ~
7nm. Figure 2ci and c2 exhibit that the signal intensities of the Mn 2p and Ni 2p
elements increase with increasing of etching time, while that of La 3d and Zr 3d
monotonically decrease (Figures 2c3 and c4). The gradual decay of La 3d and Zr 3d
signals in XPS implies the gradient doping of La*" and Zr*" in LLAZO-1 cathode
material. The results indicate that the of La®" and Zr*" from coating layer diffuse and
substitute into the spinel LNMO crystal lattice during the calcination process.
According to previous reports and our obtained data, it is suggested that the
amorphous LLAZO coating layer successfully exists on the surface of LNMO and the
La and Zr ions gradient dope into the LNMO.

TEM and HRTEM images were used to describe the detailed structure
information of pristine and LLAZO-1 samples. Figure 3a, b and ¢ shows details for
the pristine LNMO and Figure 3e, f and j for the LLAZO-1 sample. Both samples
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show the lattice fringes with the interplanar spacing of ~ 0.47 nm, which corresponds
to {111} plane of LNMO. The sharp edge with the clear lattice fringe reaching to the
grain boundary could be observed in Figure 3c, implying perfect crystallization of the
pristine sample. As shown in Figure 3j, the LLAZO-1 sample exhibits an amorphous
LLAZO coating layer (about 4 nm), which could be deem to well adhered to the
surface of LNMO material during the synthetic process. Their corresponding FFT
patterns (Figure 3h) of marked regions 2 and 3 in Figure 3j can further confirm the
different crystallization degree between LNMO and coating layer. The amorphous
coating layer is believed to be advantageous in alleviating the lattice mismatch in
terms of both ion transport and lattice strain around the grain boundary. Therefore, the

amorphous ultrathin coating layer that contained Li allowed lithium ions to diffuse

freely, which lead to an enhanced rate capability.

_ Besides, the EDS mapping images (Figure 3i) reveal that the

elements of La, Zr and Al are uniformly existed in the LNMO. All results further
indicating that an amorphous LLAZO layer was formed on surface of LNMO
particles. The contents of LLAZO in 1, 2 and 3 wt.% LLAZO modified LNMO
materials were respectively determined to be _ wt.% by utilizing
ICP analysis.

3.2. Electrochemical measurements



The galvanostatic charge-discharge test curves for the first cycle were conducted at
the current density of 14.7 mA g™ (0.1 C) in the range from 3.5 V to 4.9 V at 25 °C.
As could be observed in Figure 4a, all assembled cathode electrodes displayed two
characteristic voltage plateaus: one long and obvious voltage plateau ~ 4.7 V arising
from the Ni*"** redox process, and another short voltage plateau ~ 4.0 V attributed to
the Mn*#" redox reaction, which is originated from the disordered Fd3m phase. The
length of charge-discharge plateaus (~ 4.0 V) increases along with increasing of
LLAZO coating content, which indicating the increasing of Mn*" content in LNMO
materials. The reversible specific discharge capacities of pristine, LLAZO-1,
LLAZO-2 and LLAZO-3 are 122.8, 127.3, 120.0, and 118.7 mAh g!, respectively.
Besides, the first-cycle coulombic efficiency of the pristine, LLAZO-1, LLAZO-2 and
LLAZO-3 electrodes are calculated to be 82.7 %, 80.9 %, 79.7 % and 79.4 %. The
decreasing of coulombic efficiency could be mainly ascribed to the decrease of
particle size after LLAZO modification, which will inevitably induce more side
reactions in the first cycle with higher specific surface areas. Figure 4b compares the
rate capabilities of all materials at different current densities from 0.1 to 20 C, and the
improved rate capability proves the advantage of LLAZO modifying layer. At the low
and moderate discharge rates (0.1 to 2 C), all electrode material exhibit similar
discharge capacities. Through comparison, at 5 to 20 C, the bare LNMO material
shows inferior discharge capacity, while LLAZO-modified LNMO materials keep
higher discharge capacity. For example, at current density of 20 C, LLAZO-1,
LLAZO-2 and LLAZO-3 electrodes exhibit discharge capacities of 57.9, 23.6, and

13



17.7 mAh g', while bare LNMO electrode shows an extremely low discharge
capacity (~ 0 mAh g'). Noteworthily, the LLAZO-1 delivers the best capacity
retention at each current density among all samples. Figure 4c compares the cycling
performances and coulombic efficiency of all electrodes at rate of 1 C over 600 cycles
at 25 °C. Clearly, the pristine LNMO cathode material remains only 45.8 % of its first
discharge capacity, fading from 122.8 to 56.2 mAh g™! after 600 cycles. Although, the
LLAZO-1, LLAZO-2, and LLAZO-3 electrodes show improved capacity retentions
of 72.6, 69.8, and 54.1 % after 600 cycles and with more stable coulombic efficiency.
Particularly, the LLAZO-1 delivers the highest capacity retention and largest
discharge capacity after 600 cycles among all samples. Even at 55 °C (0.1 C, 14.7 mA
g'!), the LLAZO modified LNMO sample could still remain a better initial discharge
capacity and a higher retention than pristine LNMO sample (Figure 4d). Although all
samples show a rapid decrease in capacity due to dissolution of TM in the electrolyte
and formation of a relatively thick . layer at high temperatures, the LLAZO
modified LNMO samples exhibit higher capacities and longer life spans than pristine
material. By comparison, over 100 cycles, the LLAZO-1, LLAZO-2, and LLAZO-3
electrode materials exhibit enhanced capacity retentions of 74.4 %, 72.3 %, and 72.5 %
after 100 cycles than that of pristine LNMO (24.5 %). At the same time, the
LLAZO-modified LNMO materials have higher coulombic efficiencies compared
with the bare electrode, which could be traced to LLAZO coating layer and gradient
doping of La** and Zr*' ions improving the structure stability of LNMO.

A series of (CV) measurements were carried out to investigate Li" kinetics

14



behavior in pristine LNMO and LLAZO-1 materials. Figure 5a-b show that their CV
curves at a different scan rates. During charge-discharge process, the
insertion/extraction reaction is controlled by the solid-state diffusion of Li*, as
increasing of scan rate (v), the peak current (ip) is enhanced and voltage separation is
broadened. The diffusion coefficient of Li* ions can be calculated according to the
Randles—Sevcik equation as following:”
i) =(2.69x10° h¥2AD, Y4*2AC,,

Compared to the pristine LNMO, the LLAZO-1 material reduces the polarization
between the oxidation and reduction peaks of Ni*" and Ni**. According to the slope of
linear fit, the values of Li" diffusion coefficients were calculated. The LLAZO-1
sample presents a higher diffusion coefficient of Dri (3.35x10"" c¢m? s™) compared
with that of pristine material (2.73x107'? cm? s!). The results undoubtedly testify the
Li" diffusion at interface was notably enhanced by LLAZO modification layer.

Figure 5c and d show the Nyquist plots of the pristine and LLAZO-1 composites
after different cycles. To further illustrate the different ohmic polarization, the EIS
measurement was carried out _, and the equivalent circuit
was shown in the inset in Figure 5c. The intercept of Z’-axis at the high frequency
region represents ohmic resistance (Rs) of the cell, and it is relatively small compared
to other resistances come from cathode material. The first semicircle at high
frequency region is correlated to the Li" diffusion across the surface layer (Rsf). The
second semicircle, at medium-to-low frequency, which is ascribed to the charge
transfer resistance (Rct) at the electrode-electrolyte interface. A slopping line at low
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frequency region is attributed to the Warburg impedance of Li" diffusion in the bulk
material. The fitting EIS parameters of both samples were provided in Table 1, in
which the pristine and LLAZO-1 cathode electrodes have the similar Rs values. While
after same cycle times, the LLAZO-1 has the lower resistances of Li" diffusion than
pristine. Apparently, the result indicated that the fast ion conductor LLAZO coating
somehow suppress the fast increase of Rst, which will facilitate the diffusion of Li"
and electron at interface and explains the improved electrochemical performances to
some extent.
4. Conclusion

In this paper, we successfully obtained a LNMO material with a trifunctional
effect of LLAZO modification by coating a precursor of LNMO and then performing
a single calcination at 820 °C. The tri-functional effects were presented in Figure 6
and summarized as follows: (i) LLAZO coating layer on surface of LNMO particles
act as protective layer, (ii) gradient doping of La’" and Zr*' ions into the LNMO
lattice to generate Li-La-Al-Zr-O solid solution transition layer could facilitate Li"
transportation at the interface, (iii) the LLAZO precursor restricts the growth of
LNMO precursor particles, leading a shorted Li" migration pathway. In comparison,
the LLAZO-1 shows improved capacity retention of 72.6% after 600 cycles with an
excellent capacity and prominent rate capacity at 20 C (57.9 mAh g). In addition,
even at 55 °C, the LLAZO-1 exhibits improved cycling stability compared to that of
pristine sample. Therefore, coating solid electrolyte Lis.sLasAlo.2Zr.012is a feasible
strategy to enhance the electrochemical properties of LNMO cathode materials by
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tri-functional modification effects. In this paper, we also design a novel method to
prepared a compatible interface between LLAZO solid electrolyte and LNMO active
electrode, which provides a new idea for solving the bottleneck of solid-state interface

compatibility.
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Table 1 EIS Fitting data of the pristine and LLAZO-1 samples.

Resistance Ist 10th 20th 30th
Rsf 84 122 167 226
Pristine
Rcet 352 432 595 648
Rsf 113 179 202 233
LLAZO-1
Rct 171 208 218 254
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Figure 1. Schematic illustration of the synthesis process for LLAZO-modified

LNMO.
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Figure 2. (a) XRD patterns of the pristine and LLAZO-modified LNMO samples,
SEM of (b1) pristine, (b2) LLAZO-1, (b3) LLAZO-2, (b4) LLAZO-3, and the XPS
sputtered depth profiles of (c1) Mn 2p (c2) Ni 2p (c3) La 3d and (c4) Zr 3d in the

LLAZO-1 along with etching times.
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Figure 3. TEM and HRTEM images of (a, b and ¢) pristine LNMO and (e, f and j)
LLAZO-1, respectively. (d, h) FFT patterns of marked region 1 in (c), and 2 and 3 in

(j), respectively. (i) EDS elemental maps of LNMO-1LLAZO.
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Figure 4. (a) Initial charge-discharge profiles of all samples, (b) rate capabilities of all
electrodes at various discharge rates, (c) cycling performances of samples at 25 °C, (d)

cycling performances of samples at a high temperature of 55 °C.
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Figure 5. CV curves of (a) pristine and (b) LLAZO-1 under different scan rates; and

the Nyquist plots of (c) pristine and (d) LLAZO-1 at different cycles.
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