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ABSTRACT: Modified carbonate coprecipitation synthesis
without addition of chelating agent is introduced to obtain
mesostructure-controlled Li-rich layered oxides. The designed
mesostructure for target material Li,,Nij,Mny¢O, has
uniformly dispersed spherical secondary particles with size
around 3 ym. These micrometer-sized particles consist of self-
assembled crystallites with size of ~150 nm. This unique
design not only decreases the surface area compared with the
sample with dispersive particles, but also increases overall
structural mechanical stability compared with the sample with

240 4.0

000
0009000
2304 £009%°

o0
000°9°
2204 CP°%

210 N

2004

2
S
n

Discharge capacity (mAh/g)
Discharge average voltage (V)

2 pm

%
]

T T T T T T
0 20 40 60 80 100

Cycling number

larger dense secondary particles as observed by transmission X-ray microscope. As a result, the voltage decay and capacity loss
during long-term cycling have been minimized to a large extent. Our findings clearly demonstrate that mesostructure design of
Li-rich layered oxides play a key role in optimizing this class of cathode materials. Surprisingly, the voltage fading issue can be

partially mitigated by such an approach.

KEYWORDS: mesostructure design, modified coprecipitation, Li-rich layered cathode, voltage decay mitigation, mechanical stability,

Li-ion battery

1. INTRODUCTION

With the expanding interest of variety of electric vehicles,
lithium-ion battery with high energy density and long cycling
life has to be accomplished, which drives the research and
development of novel cathode materials. In this context,
lithium-rich Mn-based layered oxides with composition
xLi,MnO5-(1—x)LiMO, (M = Ni, Co, Mn, etc.) have been
extensively investigated due to nearly doubled capacity
compared with present cathode materials.'~* For example,
Li; ,Nip,Mny O, and Li;,Nij3C0q13Mng 5,0, are able to
deliver reversible capacities as high as 280 mAh g™' in the
voltage range between 2 and 4.8 V (vs Li*/Li®).>° However, in
order to achieve large-scale application of this material in
commercial lithium-ion battery, several key problems and
scientific challenges need to be solved and overcome. The first
drawback is the irreversible voltage decay process during
extended cycles. This voltage decay has been extensively
invegtigated in the hope of identifying methods to mitigate the
loss.””

As summarized in the previous review, synthesis methods
have a distinct impact on the long-term cycling performances
of this material because of differences in morphology and
particle size.'’”"® Although various synthetic methods have
been explored, the most commonly adopted method is liquid
phase coprecipitation.'*'® Coprecipitation synthesis for syn-
thesis of Li-rich layered oxides, has many advantages: accurate
precipitation of desired stoichiometric ratio; lower calcination
temperature compared to solid-state method; and smaller
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primary particle size for better rate performance.'™"® Depend-
ing on whether adding the chelating agent or not, two different
types of samples can be obtained: (1) samples with dispersive
particles (without mesostructure control) synthesized by the
coprecipitation method without the chelating agent;'’ (2)
large spherical morphology secondary particles comprised of
nanosized primary particles when ammonium hydroxide is
introduced in the coprecipitation method as a chelating
agent.'””” With the ammonium hydroxide chelating agent, the
average secondary particle size grows up to 20 um which is
composed of closely packed primary crystallites. The large size
secondary particle, which is beneficial for tap density as well as
energy density,21 however, introduces kinetic limitations
during first charging activation and high rate cycling.”> And
it was observed recently cracking of the large size secondary
particles occurred during the initial charging process and could
not fully recover after the discharging process, leading to
capacity and voltage degradation over extended cycles.”> Chen
et al. also found internal cracks within these large size particles
even before any electrochemical cycling, which causes cycling
degradation.24 Based on the above considerations, it would be
meaningful to achieve homogeneous mesostructure-controlled
precursors of Li-rich layered oxides, with smaller secondary
particle size and improved mesostructure robustness.
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In our present study, we introduce a modified coprecipita-
tion (MCP) method to prepare mesostructure-controlled Li-
rich layered oxide materials as high energy density cathodes for
lithium ion batteries. This method is chelating agent free
(without adding any ammonia), which is environmentally
benign. More importantly, the obtained material
Li;,Niyp,MngcO, has a unique mesostructure: (1) the
secondary particles are spherical with uniform dispersion; (2)
the secondary particles have a markedly reduced average
diameter; (3) these ~3 ym secondary particles are composed
of relatively loosely packed primary crystallites with size of
~150 nm. In this design, uniformly distributed small secondary
particles not only have decreased the interface contact area
with electrolyte, but also possess increased structure
mechanical stability. Both features have positive effects on
minimizing the voltage decay and capacity loss during long-
term cycling of lithium-rich layered oxides.

2. EXPERIMENTAL SECTION

2.1. MCP Synthesis. As illustrated in Figure 1, a certain amount
of Li,CO; (carbonate ions: transitional metal ions = 1:1 in molar

pH
control

Ni/Mn Li,CO4
1M solu(ion solution

Filtering %& Add Li source 2 ..

(1) ]

Reacto. " Calcination @k:

Agmg Carbonate Final product
precursor

Figure 1. Schematic of the MCP synthesis process for mesostructure-
controlled Li-rich layered oxides.

ratio) was dissolved in 60 mL deionized water. The Li,CO; solution
was then added into 10 mL solution of Ni(NO;), and Mn(NO;),
with molar ratio 1:3 under stirring. To prevent hydroxide precursor
from generating, pH value during coprecipitation process was
carefully controlled. The obtained mixture was transferred to a 100
mL Teflon-lined stainless steel autoclave, and kept aging for 12 h at 80
°C. The resulting carbonate precursor was carefully washed with
deionized water, and dried at 80 °C overnight. Thereafter, the dried
powder was mixed with a certain amount of Li,CO3, and calcined at
500 °C for S h, and then sintered at 900 °C for 6 h followed by
quenching in the air. Another sample with the same composition was
also synthesized by a conventional coprecipitation (CCP) method
without mesostructure control.>* This CCP method without adding
ammonia was adopted as a control experiment to exclude the
influence of ammonium hydroxide on the electrochemical perform-
ance. The main difference between the two samples is mesostructure,
which will be detailed in the Results and Discussion section.

2.2. Characterization of Materials. The crystal structure was
characterized by X-ray diffraction (XRD) utilizing Bruker D8 advance
diffractometer with copper Ka source. Rietveld refinement was
applied to the obtained diffraction pattern using FullProf software.
The morphology of the particle was identified by using FEI XL30
ultrahigh-resolution scanning electron microscope (UHR SEM) with
an accelerating voltage of 10 kV. Surface area was determined using
nitrogen physisorption by the Brunauer—Emmett—Teller (BET)
method. ICP-OES was performed using a PerkinElmer 3700 optical
emission plasma spectrometer. Tap densities were determined using a
10 mL graduated cylinder with 1000 taps.
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Nanotomography measurement was operated at the beamline X8C,
Brookhaven National Laboratory (BNL) through the transmission X-
ray microscope (TXM). % 3D structure was reconstructed by a
standard filtered back projection algorithm.”” Tomography measure-
ment with incident X-ray energy of 8400 eV was carried out in an
absorption contrast mode to obtain the optimized image contrast for
following imaging segmentation. Each tomographic data set was
acquired over the angular range of 180°with a field of view of 40 X 40
um? (the 2k X 2k CCD camera binned 2 X 2 pixels). Image
processing includes reference correction, auto alignment, and
magnification correction was carried out prior to tomographic
reconstruction.”®

2.3. Electrochemical Measurements. Electrochemical perform-
ances were measured on CR2016-type coin cells. The cathode
electrodes were prepared by a mixture of the active materials,
acetylene black, and polyvinylidene fluoride (PVDF) binder with a
weight ratio of 80:10:10 on an aluminum foil. In order to remove the
residue N-methyl-2-pyrrolidone (NMP) solvent, the electrode was
dried in a vacuum oven at 80 °C for 12 h. Metallic lithium was used as
the counter electrode, Celgard C480 membrane as the separator, and
1 M LiPF dissolved in ethylene carbonate (EC)- dimethyl carbonate
(DMC) with the volume ratio of 3:7 as electrolyte. The initial
galvanstatic charge/discharge test was carried out at 0.05 C 1cCc=
250 mAh g7') in the voltage range of 2.0—4.8 V. In the cyclic
performance test, the cell was charged and discharged at 0.1 or 1.0 C,
respectively. Electrochemical impedance measurement was performed
on the Solartron 1287 electrochemical interface. The measurement
was carried out in the frequency range of 0.01—100 000 Hz using a
signal with an amplitude of S mV.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure and Morphology Character-
ization. The XRD pattern of the precursor powder
synthesized by our MCP method is shown in Figure S1. All
the diffraction lines of the precursor can be indexed to a
hexagonal MnCOj; or NiCOj structure with space group R3,
which indicates that a pure phase is acquired. The diffraction
peaks are quite broad owing to the homogeneous nanosize
particles as illustrated in Figure S2. On the basis of the ICP
result, the formula of the carbonate precursor is determined as
(Nig,5Mny 75) COs.

Despite undergoing different synthesis routes, the final bulk
crystal structure of products synthesized by the MCP and CCP
method is quite similar to one another. Figure 2 shows the
XRD pattern of Li; ,Nij,Mn, 40, sample synthesized by both
methods. Except for peaks in 26 range between 20° and 25°, all
the other XRD peaks in both patterns can be corresponding to
a rock salt structure with space group R3m. The diffraction
peaks between 20 and 25° are resulting from Li and Mn
ordering in the transition metal layer, indicating the existence
of Li,MnO; component.'” The peak separation of 006/012
and 018/110 reflections, as shown in Figure 2, suggests well-
ordered layered structure is obtained from both methods.*
And the value of intensity ratio 1(003)/I1(104) are 1.52 and
1.51 for the sample synthesized by MCP and CCP method,
respectively. This indicates a similar degree of Li/Ni cation
mixing in the hexagonal layered structure.”

Rietveld refinement was performed on both samples using
structural model R3m. Note that the 26 region between 20 and
25° was excluded in the reported Rietveld R-factor. The results
of the refinement are listed in Table 1. The lattice parameters
for both samples are almost identical to each other (within
0.1% differences). And furthermore, the refined Li/Ni mixing
(number of Ni** on the Li* site) are exactly the same, 3.4% for
both products. It confirms the qualitative interpretation of the
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Figure 2. XRD spectra and Rietveld refinement of Li-rich layered oxide Li, ,Ni;,Mn,¢O, (a) synthesized by the MCP method with mesostructure
control and (b) synthesized by the CCP method without mesostructure control. Enhanced view in the lower panel shows separation of each

material’s 006/012 and 018/110 peaks.

Table 1. Rietveld Fit Parameters of Li-Rich Layered Oxide Li, ,Nij;,Mn, O, Synthesized by the MCP and CCP Method

material a=b(A) c (A)
MCP method 2.856(3) 14.241(8)
CCP method 2.854(7) 14.234(6)

z (0) n Ni in Li layer R, (%) Ry (%)
0.258(6) 0.034(3) 2.65 5.15
0.257(6) 0.034(3) 2.39 420

similarity in crystallinity and bulk structure of the samples
synthesized by the MCP and CCP method.

Despite their similar crystal structures, the samples prepared
by different methods adopt significantly different morpholo-
gies. Figure 3a, b show SEM images for the Li; ,Nij,Mn,¢O,
powder synthesized by the MCP method. The obtained
product has the spherical mesostructure with particle sizes
~2—3 pm. These microspherical particles consist of primary
particles with size ~150 nm on average. This nanoparticles
self-assembling process is well acknowledged under hydro-

Figure 3. SEM images of Li-rich layered oxide Li;,Niy,Mnys0,
synthesized by the (a, b) MCP and (c, d) CCP method.
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. 1,32
thermal conditions.>"”

The driving force for assembling
nanoparticles into mesoscopic structures is the interface energy
between nanoparticles. Under hydrothermal conditions, nano-
crystallites (nucleation) agglomerate and form mesoporous
spheres to minimize the system energy by decreasing the
interfacial energy. At hydrothermal temperatures the nuclea-
tion process becomes faster than grain growth.*® If there is no
hydrothermal aging process, the grain growth rate will
dominate the precipitation process, which creates less uniform
secondary particles (see Figure S3). Note that the relatively
lower hydrothermal temperature (80 °C) applied in the MCP
method makes this synthesis is well-suited to potential large
scale production. The tap density of the Li;,Nij;,Mngyc0,
powder synthesized by the MCP method is ~1.95 g cm™,
which is slightly lower than the commercial sample (~2.1 g
cm ™) with larger size secondary particles.'’ While, the sample
synthesized by the CCP method consists of dispersive primary
particles without well formed secondary particles, which brings
about the increase of the specific surface area of the material.
Table 2 shows that mesostructure-controlled material has the
surface area, which is a half size (2.00 m* g™') of the material
produced from the CCP method without mesostructure
control (3.79 m? g™'). Table 2 also experimentally confirms
desired stoichiometric ratio between each element in targeting
material is obtained from both methods. All the above
characterization results demonstrate the crystallinity and
chemical composition of the materials synthesized by different
methods are quite similar, wheras the sample synthesized by
the MCP method has a uniform spherical mesostructure and 2-
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Table 2. Surface area and Stoichiometry of Li-Rich Layered
Oxide Li, ,Nij,Mn, 40, Synthesized by the MCP and CCP

Method
stoichiometry
material surface area (m* g™*) Mn:Ni Li: (Mn+Ni)
theoretical 3:1 1.20:0.8
MCP method 2.00 2.98:1 121:08
CCP method 3.79 3.02:1 120:0.8

fold smaller surface area compared with the sample without
mesostructure control synthesized by the CCP method.

3.2. Electrochemical Performance. Figure S4 shows the
first-cycle voltage profile of Li; ,Nig,Mn,¢O, cathode synthe-
sized by the MCP method in the voltage between 2 and 4.8 V
(vs Li*/Li®) at a current density of 12.5 mA g™'. The charge
curve consists of a slope region and a long plateau. The slope
region is ascribed to the transition metal oxidation, Ni**
oxidized to Ni* in this case.”* And the plateau region is
attributed to the oxygen oxidation and evolution from crystal
lattice.” The mesostructure-controlled sample shows a high
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Figure 4. (a, b) First 80 electrochemical profiles, (¢, d) corresponding dQ/dV plots, (e, f) cycling performance at higher rate, and (g, h) Nyquist
fitting plots of Li-rich layered oxide Li;,Nig,Mn,40, synthesized by the (a, ¢, ¢, g) MCP and (b, d, f, h) CCP method.
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Figure 5. (a, ¢) TXM mosaic image projection and (b, d) 2D representative reconstructed slice of Li-rich layered oxide Li,,Niy,Mngs0,
synthesized by the MCP method for (a, b) the pristine electrode and (c, d) cycled electrode. The scale bar is 2 um.

discharge capacity of ~250 mAh g™" at 0.05 C rate for the first
cycle. And no obvious difference is found from the first cycle
between the Li-rich layered oxide synthesized by the MCP and
CCP method (see Figure S4b).

Figure 4a, b demonstrate changes in capacity and voltage
during 80 cycles under the current density of 25 mA g~' of
both samples. To highlight the capacity loss and voltage
degradation in different voltage regime, Figure 4c and d also
show differential capacity, dQ/dV, for both samples. Clearly, all
the capacity fade during discharge occurs beyond 3.6 V.
Voltage degradation is present mainly in the low voltage
regime, where dQ/dV peaks, near 3.8 and 4.3 V, do not shift
obviously. Compared with the sample without mesostructure
control, the mesostructure-controlled sample not only shows a
large discharge capacity (220 mAh g™') at the first cycle, but
also it exhibits almost the same capacity and voltage curve after
80 cycles. At higher rate such as 1.0 C, the mesostructure-
controlled material still exhibits better cycling performance as
shown in Figure 4e, f. The increasing capacity over cycles
(initial activation process) is due to the low lithium diffusivity
in bulk structure, which is common for the mesostructure-
controlled sample.’® The dispersive particles are better
immersed in electrolyte, which will effectively shorten the
lithium diffusion distance during the charge and discharge
process. Activation process is thus not observed for the sample
without mesostructure control. It should be noted that unlike
the 20 ym size large secondary particles commonly obtained
from the coprecipitation method by adding ammonia, our 3
um size spherical particles have less kinetic limitations, which
allows the material to cycle at higher current. No obvious
capacity fading and voltage degradation is found for the
mesostructure-controlled sample even after 150 cycles, whereas
the sample synthesized by the CCP method encounters serious
capacity fading and voltage degradation, although the initial
capacity is close to that of the sample synthesized through the
MCP method.

The improved cycling performance of the sample synthe-
sized by the MCP method can be discussed in two aspects: (1)
the mesostructure-controlled sample has almost 2-fold smaller
surface area compared with the sample without mesostructure
control (Table 2), which can effectively reduce side reactions
between electrode surface and electrolyte species.'” A thinner
solid electrolyte interface layer is thus expected to form on the
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mesostructure-controlled particles surface, that enables a
minimized capacity and voltage fading during cycling process;
Figure 4g, h show the Nyquist plots of the cells prepared using
the sample with and without mesostructure control before and
after 30 cycles at a 0.1 C rate, as well as the corresponding
equivalent circuit to fit the plots. R, Ry; and R, represent
electrolyte resistance, solid electrolyte interface (SEI) resist-
ance, and charge transfer resistance, respectively. It turns out
all the above resistance of the mesostructure-controlled sample
does not increase obviously during the cycling process. The R
and R, values for the mesostructure-controlled sample even
decrease from 3.8 to 3.5 Q and from 40.6 to 39.5 Q,
respectively (see Table S1). This also well explains the
increasing capacity over cycles of the mesostructure-controlled
sample during the galvanostatic test. (2) uniformly distributed
small secondary particles (~3 um) possess increased structure
mechanical stability so that no cracks can easily occur within
the secondary particles, which will introduce less stress to the
whole system.

3.3. 3D TXM Analysis. To evaluate the designed
mesostructure mechanical stability upon cycling, we performed
TXM measurements on both pristine and cycled electrodes for
the sample synthesized by the MCP method. The total imaging
volume is collected based on a field of view of 40 X 40 pm*
with angular range of 180° (see Figure Sa, c). The data analysis
was conducted after cropping a central volume of ~21 000 ym?
from the total reconstruction as illustrated in Figure SS. On the
basis of the 2D representative reconstructed slice, the
mesostructure-controlled material has a certain amount of
pores inside of the secondary particles for the pristine state,
which is obviously different from the sample prepared by the
coprecipitation method with adding ammonia (see Figure
S6¢). It is found by Yan et al. that the large size spherical
particles assembled with densely packed crystallites introduce
intergranular cracking after cycling, although these particles
offer advantages for high energy density.”” While, the pores
between particles of the sample synthesized through the MCP
method can effectively release the strain resulting from crystal
lattice volumetric changes during battery cycling. As a result,
the mesostructure-controlled material still maintains the
spherical shape with ~3 ym in diameter even after 100 cycles
at 0.1 C rate. For comparison, fragmentation of primary
particles due to progressive internal cracking were observed
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after only SO cycles for the large size secondary particles (see
Figure S6c, d).** Cracks that can be caused by the rough
surface with high stress concentrations have been taken to be
an important cycling performance degradation factor.”®
Different from the secondary particles with 10—20 pm, no
serious cracks appear within the secondary particles synthe-
sized through the MCP method after longer term cycling.
Instead, more internal pores are indeed present in the cycled
spherical secondary particles, resulting from strain release
process during electrochemical cycling.

To carefully examine the mesostructural changes, the 3D
reconstruction of a representative secondary particle is shown
in Figure 6 for both pristine and cycled electrodes of the

Pristine

Pristine_ Cycled_

Figure 6. TXM reconstruction (upper panel) and curvature
distribution maps (lower panel) of Li-rich layered oxide
Li; ,Niy,Mn, 4O, synthesized by the MCP method for the pristine
electrode and cycled electrode. Inset of upper panel is 2D slice of the
TXM reconstructed particles and the scale bar is 1 ym.

sample synthesized by the MCP method. Similar to the
observation on a larger scale, no morphological changes are
discernible after cycling except for pores or “channel-like”
structure formation within the secondary particles as indicated
by the arrows in the sliced 2D images. Specific surface area
density was then calculated from the 3D images as described
by Wilson et al.*” Analysis of the specific surface area of all the
particles within the total reconstruction volume is given in
Table 3. After 100 cycles, the specific surface area is increased

Table 3. Microstructural Parameters Calculated from the
3D Reconstructed Pristine and Cycled Electrodes of Li-Rich
Layered Oxide Li, ,Niy,Mn, O, Synthesized by the MCP
Method

total LNMO
reconstruction volume total surface  specific surface
sample volume (ym?®) (um?) area (um*)  area (um™')
pristine 21104 686.2 3100 4.5
cycled 22613 1460.9 9221.2 6.31
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from 4.5 to 6.31 ym™ due to the channel formation that
results in less agglomeration of the primary particles. The
enhanced interfacial area could shorten the lithium diffusion
distance, which improves battery performance after initial
cycles and partially explains the activation process. Never-
theless, upon long cycling, the increased interfacial area will
lead to more cathode electrolyte side reactions, causing
impedance increase.

“Interfacial shape distribution (isd)” maps, also known as
curvature distribution maps, are also generated in Figure 6.
The principal curvature calculations were performed using
“parallel surface method” developed by Jinnai et al.** In this
method, a parallel surface is created via translating the interface
by equal distance along its normal direction. The area of the
parallel surface depends on the parallel displacement and the
interfacial curvatures. The interfacial curvatures were thus
deduced from the surface area by variation of parallel
displacement. Generally, particle’s surface with larger curvature
feature develops much higher stress.”’ This high stress leads to
fracture and pulverization of the particles, which finally causes
voltage and capacity degradation during long-term cycling. As
shown in Figure 6, the minimum and maximum principal
curvatures at each point of particle surface, x; and k,, form the
probability density map (ISD map). The curvature of the
particles surface is slightly increased after cycling indicating a
less smooth surface, which could be due to the formation of
channels. The distributions of two principal curvatures based
on all particles from the pristine and cycled electrodes are
shown in Table 4, which represents the convex and concave

Table 4. Quantitative Analysis of Curvature Distributions
from the 3D Reconstructed Pristine and Cycled Electrodes
of Li-Rich Layered Oxide Li, ,Niy,Mng O, Synthesized by
the MCP Method

sample convex (%) saddle (%) concave (%)
pristine 24.3 66.1 9.6
cycled 20 70.3 9.7

features in a statistical sense. It confirms that geometric
characteristics do not change significantly after cycling in terms
of the number of convex, saddle, and concave features. These
results once more manifest the stable mesostructure of the
sample synthesized through the MCP method. The overall
spherical mesostructure is well preserved without formation of
rough surface with high stress or cracks inside the secondary
particles, which minimizes the voltage decay and capacity loss
during electrochemical cycling for Li-rich layered oxide
materials.

Bl CONCLUSIONS

An MCP method has been developed to synthesize
mesostructure-controlled Li-rich layered oxide material. Differ-
ent from the coprecipitation method with adding ammonia,
MCP method produces smaller secondary particles with
diameter ~3 pm. Though sacrificing some tap density, the
designed mesostructure is more mechanically stable during
electrochemical cycling compared with the secondary particles
with 10—20 pum. Spherical shape secondary particles still well
maintain without generating internal cracks and high stress
after cycling. These observations indicate a balance between
tap density and structure stability needs to be considered for
optimization of this class of materials synthesized by
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coprecipitation method. Additionally, the designed mesostruc-
ture has a much smaller surface area compared with the sample
with dispersive particles. Consequently, no obvious capacity
fading and voltage degradation is observed for the
mesostructure-controlled sample even after 150 cycles, which
shows the MCP method is promising for minimizing the
capacity and voltage fading problem during cycling of Li-rich
layered material. Long cycling duration of these materials still
needs to be optimized based on the atomic structure
transformation to fully suppress the voltage decay and capacity
fading.
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