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ABSTRACT: As the most promising cathodes of lithium-ion
batteries, lithium-rich manganese-based layered oxides with high
capacity suffer from poor cycle stability, poor rate capability, and
fast voltage fading. Here we introduced AlF; into the surface of
layered lithium-rich cathode (Li[Lij,Fey;Niy;sMngs5]O,) as an
artificial protective layer as well as an inducer of integrated
layered-spinel structures to achieve both low cost and high
capacity. The reduced irreversible capacity loss, improved cycling
stability, and superior high-rate capability were ascribed to the
combination of AlF; nanocoating and the unique structures as
well as the low charge transfer resistance. Besides, the intractable
issue, fast voltage fading of the layered lithium-rich cathode was
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also alleviated. Such materials with both low cost and high capacity are considered to be promising candidate cathodes to achieve

lithium-ion batteries with high energy and high power.
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B INTRODUCTION

The high reversible capacity (~250 mA h g™") provided by the
promising Li-rich solid solutions between Li[Li, ;;Mn,,3]O, and
LiMO, (M = Fe, Ni, Co, Mn, etc.) can better meet the energy
requirement for PHEVs and EVs than the conventional layered
Li[Ni, Co, Mn]O, with a capacity of only 160 mA h g=.'”’
However, Co and Ni elements used in representative samples,
Li,MnOj;-LiNiy sMng s0, and Li,MnO;-LiCo,3Ni; ,;Mn, /302,
undoubtedly increase the cost of the whole battery system.®~'*
In recent years, the Fe**/Fe** redox couple was observed in the
4 V region of Li-rich materials, such as
Liy,.(Fe,Mn,_,),_,0,. 13718 Therefore, Li-rich cathodes con-
taining Fe element become the research target due to their low
cost and environmental friendliness.'*™>° Although a high
initial capacity has been achieved, these Fe—Mn based Li-rich
materials still suffer from high first irreversible capacity loss,
poor cycle stability, and low rate capability. Based on the
optimization of synthetic methods and compositional ratios as
well as doping or substitution, the low-cost cathodes with high
performances have still not been achieved, even the most
promising materials Li, +x[(FEO.5NiO.5)yMn1—y:|l—xOZ (0<x<1/
3,02 <y<08).

The cubic-close-packing in layered and spinel lithium—metal
oxide cathodes permits the structural compatibility. Highly
stable spinel phase is thought to be promising in improving the
rate capabilities of layered oxides because of its three-
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dimensional interstitial space provided by the [M,]O, frame-
work, which is beneficial to the fast diffusion of lithium
ions.”*~** To design low-cost and high-capacity materials with
good rate capability, the concept of integrated “layered-spinel”
structures was applied on the low-cost Li-rich cathode,
Li[Liy,Feq;Nig;sMngss]O, (LLFNMO). The compositional
phase diagram is shown in Figure S1 (Supporting Information).
In addition, nanocoatings, such as aluminum fluoride and
aluminum oxide, are also expected to be applied to achieve
good cycle stability, which can separate the particles from
electrolyte to alleviate decomposition of electrolyte and reduce
the side surficial reactions.

To further develop the merits of the integrated “layered-
spinel” structures and nanocoating, we combined both of them
through a facile “induce strategy” (Scheme 1) to develop a low-
cost cathode material with good rate capability and cycle life.
The introduction of AlF; nanocoating into the surface of
cathode material can effectively induce the structural rearrange-
ment to form integrated “layered-spinel” structure.**** Good
electrochemical performances can be predicted from the
comprehensive design route. First, the AIF; nanocoating can
separate the host particles from the electrolyte to reduce the
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Scheme 1. Schematic Diagram for the Synthesis Process
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Figure 1. FESEM images of the precursor (a—c), LLFNMO (d), AFCL (e), and AOCL (f); corresponding TEM images of LLFNMO (g), AFCL
(h), and AOCL (i).

surficial side reaction as well as alleviate the dissolution of Mn harmonious coexistence of layered and spinel phase can
in spinel phase, benefiting the cycle stability. Second, the accelerate lithium ion transportation through independently
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Figure 2. XRD patterns of LLFNMO, AFCL and AOCL (a); Bragg positions for typical spinel LiMn,O, and Li,_ Mn,0, (Fd3m) (b); crystal
structure of Li-rich layered material (R3m) (c); crystal structure of cubic spinel phase (Fd3m) (d).

choosing the fastest and shortest transportation path, ensuring
the outstanding rate capability. Also, the induced spinel phase is
more stable compared to that formed during cycling in pristine
sample. For comparison, AlL,O; coated LLFNMO sample
(AOCL) was synthesized without observed spinel phases and
its electrochemical performances were also investigated system-
atically to highlight the advantages of the integrated “layered-
spinel” material with AIF; nanocoating layer (AFCL) and the
difference from the spinel phase formation in pristine and
AOCL during cycling.

B EXPERIMENTAL SECTION

Synthesis of Li[Liy,Feq1Nig15Mng55]10,. In this work, all the
chemicals were of analytical grade and used as-received without further
purification. The pristine cathode material Li[Liy,Fe,;Niy;sMngs5]O,
was synthesized by coprecipitation method. Nickel sulfate hexahydrate
(NiSO,-6H,0), manganese sulfate monohydrate (MnSO,-H,0), iron
sulfate heptahydrate (FeSO,-7H,0), sodium hydroxide (NaOH), and
ammonium hydroxide (NH;-H,0) were used as starting reagents to
prepare the precursor particles Feg,sNigg7sMnggg75(OH), in a
continuously stirred tank reactor (CSTR). During the reaction, 2 M
transition metal solution (Fe:Ni:Mn = 0.1:0.15:0.55) was slowly
pumped into the reactor. The pH level was kept at 11 by controlling
the added amount of the mixture solution of 4 M NaOH and 0.4 M
NH;-H,O. The solution was strongly stirred at 1000 rpm. The
reaction was conducted under an inert atmosphere by bubbling N,
into the CSTR to mitigate the oxidation of Mn>* and Ni**. The
spherical precursor was filtered, washed with deionized water, and
dried at 100 °C for 48 h. The dried precursor was mixed well with
Li,CO; and then calcined at 800 °C for 1S h to obtain the cathode
material Li[Liy,Feg;NijsMngss]O,.

Synthesis of AFCL and AOCL Samples. The AIF; surface
coating layer was obtained as follows: Certain amounts of AI(NO;);-
9H,0 and NH,F were dissolved in deionized water. A desired amount
of LLFNMO powder was dispersed in the NH,F solution. The
AI(NO,);9H,0 solution was then added into the mixture drop by
drop for 3 h. Then, the resulting mixture was heated to 80 °C and
stirred vigorously. Continuous stirring was performed until the
solution was evaporated to dryness. The obtained powder was
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calcined at 400 °C in a tube furnace for S h in argon gas atmosphere
and then cooled to RT to get the AlF; coated LLFNMO. The
synthesis process of Al,O; coated samples was carried out without
NH,F and calcined at 400 °C in a muffle furnace in air for 5 h.

Material Characterizations. The structure analysis was carried
out using X-ray diffraction (XRD; Rigaku Ultima IV-185) with a Cu
Ka radiation source. The source tension and current were 40 kV and
40 mA, respectively. Data were acquired with a step size of 0.5° min™"
over a 26 range of 10°—80°. Morphologies of the prepared samples
were characterized by a field emission scanning electron microscopy
(FESEM, FEI, Quanta 200f) and transmission electron microscopy
(TEM, JEM-2100f). Element mappings of the prepared samples were
carried out with an energy dispersive X-ray detector (EDX).

Electrochemical Tests. For fabrication of the cathodes, the
prepared powders were mixed with acetylene black and polyvinylidene
fluoride (8:1:1 by weight) in N-methyl-2-pyrrolidone (NMP). The
obtained slurry was coated onto Al foil and roll-pressed. The
electrodes were dried overnight at 80 °C in a vacuum oven before
use. The active mass was ~3 mg. The electrode materials were
assembled into 2025 button cells in a glovebox filled with high-purity
argon using Li metal as the anode for electrochemical measurements.
The electrolyte solution was 1 M LiPF in ethyl carbonate (EC) and
dimethyl carbonate (DMC) (1:1 by volume). The charge/discharge
tests were performed using a Land battery test system (Land
CT2001A, Wuhan, China) in the range of 2.0—4.8 V at different
current rates with current densities from 20 mA g™' (0.1C) to 4000
mA g~' (20C). A two-step charge process was employed at 0.1C. That
is, the constant current charge step was followed by an additional
constant voltage charge step until the current density dropped to half
of its initial value. Electrochemical impedance spectroscopy (EIS)
analysis was carried out from 10° to 0.01 Hz using an IM6
electrochemical impedance analyzer with an AC perturbation signal
of 5 mV. The potentials throughout the paper are referenced to the Li/
Li" couple.

B RESULTS AND DISCUSSION

Coprecipitation method was employed to synthesize the
spherical precursor, (Feg1,5Nig1g7sMnges75) (OH),, with hier-
archical structure. The morphologies of the prepared materials,
tested by both FESEM and TEM, are shown in Figure 1. The
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Figure 3. Enlarged view of the XRD patterns for LLFNMO, AFCL, and AOCL samples within a specific 26 range. (Solid orange, short-dot green,
and dash-dot blue lines represent LLFNMO, AFCL, and AOCL samples, respectively. Stars mark out the spinel phases.)
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Figure 4. TEM images of LLFNMO (a), AFCL (c), and AOCL (e); corresponding electron diffraction of LLFNMO (b), AFCL (d), and AOCL (f).

The right region is the schematic drawing of different structure features.

precursor particles are large agglomerates with 5—6 pm in size
(Figure la, b), composed of secondary particles formed by
polygonal nanoplates with a thickness of 50 nm (Figure 1c).
After calcination, the pristine LLFNMO was formed by
nanoplates with the thickness of 100 nm (Figure 1d). The
surface of LLENMO is smooth and clean, as shown in TEM
image (Figure 1g). After modification by AlF; and AL O;, great

changes cannot be observed from FESEM images (Figure le,
f), but from TEM images. Uniform distribution of an
amorphous coating layer with a thickness of 3 nm was
displayed in the AFCL sample (Figure 1h), while a nanoparticle
coating layer (~15 nm) was observed in the AOCL sample
(Figure 1i). As for the different microstructures of AlF; and
Al Oj; coatings, calcination atmosphere is considered to be one

dx.doi.org/10.1021/am506934;j | ACS Appl. Mater. Interfaces 2014, 6, 21711-21720



ACS Applied Materials & Interfaces

Research Article

a, - b 350 . . : :
2 45 ——— |60 LLFNMO -
< 2nd O P XXX OO0 000000, Mereprnf 100
g gjg P/LLFNMO 300 3::: N }K . R \WW%\'&X
£30 \ —Btl ol T D Dan 4 ~o- AFCL
—2n - -
S 2o 3rd 300 - 5 < > ~-AOCL 80
50 100 150 200 250 300 350 400 20 25 3.0 35 40 45 5.0 —_
S50 T £ o * LLFNMO <
e - 2 2250 M %
® 4.0 300 c = 1= >
35 AFCL g - 2
S30 ==t e g P00 Nt00000] S
O 2.5 : —2nd o g e 40.3
> 20 — 3rd [-300: = O i -
50 160 150 200 250 300 350 400 2.0 25 30 35 40 45 50 o 200+ E
By _e=— |600{—1st AOCL K‘ g2 o AFCL 20
o 4.0~ é_— 300 —2nd 3“5) g AOCL
38~ AOCL 3rd A ] *
830 —stf ol e T 9 21504 LLFNMO 0
O 2.5. —2nd| e =)
> 20 3rd |300 v v v v
50 100 150 200 250 300 3_50 400 20 25 3.0 35 40 45 50 0 10 40 50
Capacity (mA h g”) Voltage(V) Cycle number
C 250 = d Jo
¢ AOCL ¢ 40 0.0
2004 o AFCL 230 ’s
LLFNMO . £, | s &
N <
€ 1504 " 10 o0-11
> £
E K]
H -
R 100 0.2
k]
504 S
-0.34
0+ T
0 100 -

z 1Q

real

0 10 20 30 40 50
Cycle number

Figure 5. First three charge—discharge curves and the corresponding dQ dV™" versus voltage plots of all three samples (a); cycling stability at 0.1C
(b); EIS spectra of all the samples at the charge state of 4.3 V at 50th cycle (c); comparison of voltage fading rates during cycling at 0.1C of all the

samples (d).

of the reasons. AlF; coating was conducted in the argon
atmosphere, while Al,O; coating was carried out in the air
atmosphere. In addition, for the synthesis of AlF;, NH,F was
used as the reactant to provide the source of F element. Also, it
acts as a chelating agent and growth promoter to react with AI**
slowly and completely, and thus a thinner and more complete
coating layer is obtained. Moreover, the coating amount of
Al,Oj and AlF; are the same as 7%, which is slightly higher than
the conventional coating amount, and will cause a little
agglomeration in Al,O; coating layer with granular structure.
The uniform distribution of elements can be clearly seen in
Figure S2 (Supporting Information). The different coating
morphologies between the AlF; and Al,O; coating layer
indicated their different electrochemical performances. As for
the AIF; coating, the thinner coating layer indicates the more
complete coating layer of AIF; at the surface of the bulk
material. As a result, the AlF; coating layer is thought to be
more preferred for the electrochemical behaviors than Al,O4
coating layer, benefiting from its fine and close texture and thus
less contact between bulk material and electrolyte.

The crystal structures of all the samples were identified with
X-ray diffraction (XRD) patterns in Figure 2a. No impurity
peaks corresponding to the AlFj-related or Al,Oj-related
compounds were observed. Except the weak superlattice
reflection peaks between 20° and 23°, corresponding to the
C/2m, all the other peaks of LLFNMO can be indexed based
on hexagonal a-NaFeO, structure with space group R3m
(Figure 2¢)."***! The ordering of metal ions (Li, Fe, Ni and
Mn) in the transition metal layer of the layered lattice results in
the weak superlattice reflection peaks, which are characteristic
of Li-rich Mn-based oxides. As for AOCL sample, its layered
structure became better than LLFNMO, indicated by the ratio
of (003)/(104) and the splitting of (018)/(110) peaks.

However, as for the AlF; coated samples, the spinel-related
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peaks corresponding to LiMn,O, or Li,_Mn,0, (Fd3m)
appeared (Figures 2b,d and 3). The obvious shoulder peaks
assigned to the Fd3m spinel phase have been pointed out by the
red star (LiMn,0,) or purple star (Li,_,Mn,0O,) in Figure 3.
All the data clearly confirmed the existence of the Fd3m spinel
phase in the AFCL sample. These peaks became more evident
with the increase of coating amount, especially in 10 wt % AlF;-
coated sample (Figure S3, Supporting Information). The XRD
data present that the AlF; nanocoating protective layer on the
particle surface induces a structure transformation from layer to
spinel partially in the host material, while the Al,O; protective
layer can effectively improve the layered structure, which can be
verified directly by TEM analysis and the electrochemical
charge/discharge curves in the following discussion.

The formation of integrated layered-spinel structures was
evidenced explicitly by comparative TEM analysis of LLENMO
and AFCL. The different structure features of the three samples
are clearly illustrated in Figure 4. An interplanar spacing about
0.44 nm was observed in LLFNMO (Figure 4a), smaller than
0.47 nm of other Li-rich materials without Fe element due to
the difference of atomic radius of transition metals. Electron
diffraction patterns of the primary particles of LLFNMO
matched well with layered Li-rich materials (Figure 4b).
However, Figure 4d showed the electron diffraction pattern
of AFCL sample indexed to the (110) zone of the cubic spinel
structure (corresponding to the purple rectangle region in
Figure 4c). The diffraction spots from the spinel structure
indicated by the red circles (Figure 4d) are indexed as
(220)59inel.15’17’26 As for AOCL, no spinel phase was observed in
its TEM image (Figure 4e) and electron diffraction patterns
(Figure 4f). Therefore, the comparative images provide clear
evidence to verify the presence of integrated layered-spinel
structures in AFCL. As reported by other researchers,>** when
introducing coating layer into cathode material, the second
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Table 1. Initial Charge and Discharge Capacity, and First Cycle Efficiency of All the Samples Cycled between 2.0 and 4.8 V at

0.1C
charge capacity below charge capacity above first cha.rge caFaaty first discharge capacity first cycle first irreversible ca&)amty
sample 45V (mAhg™) 45V (mAhg™) (mAhg (mAhg) efficiency (%) loss (mA h ¢
LLFNMO 181.8 184.9 366.7 252 68.7 114.7
AFCL 92.5 212.4 304.9 250.2 82.1 54.7
AOCL 150.7 207.6 358.3 2723 76.0 86
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Figure 6. Charge/discharge curves at 0.1C and the corresponding dQ dV~' versus voltage plots of all the samples.

calcination process at low temperature could give rise to the
rearrangement of metal ions and to form other interesting and
unexpected phase transition, which could be beneficial or
harmful to the electrochemical performances. In the AFCL
sample, it is speculated that the layer-to-spinel phase trans-
formation was triggered by AIF; nanocoating during the
calcination process, with extra lithium ions chemically leached
from the Lirich cathode.*® When the lithium amount is
reduced, the spinel component will be formed.

The first three charge/discharge curves cycled between 2 and
4.8 V at 0.1C and the corresponding differential capacity versus
voltage plots (dQ dV™') of LLFNMO, AFCL, and AOCL are
compared in Figure Sa. Similar to other Li-rich cathodes, all the
cells exhibited two voltage plateaus around 4.0 and 4.5 V,
corresponding to the extraction of lithium ions from layered
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structure and the extraction of lithium and oxygen from
Li;MnOj; structure during the first charging process,
respectively.’>** Obviously, the 4.0 V plateau of AFCL is
much shorter than LLFNMO and AOCL, and a charge capacity
of only 92.5 mA h g™' was delivered. The charge capacity
decreased with the increasing coating amount of AlF; (Figure
S4 and Table S1, Supporting Information), due to the reduced
Li-rich layered structure.*® Furthermore, a 2.8 V reduction peak
(black rectangle in Figure Sa), which is the characteristic peak
of the spinel structure, appeared after the first charging process
and gradually increased in intensity with increasing AlF; coating
amount (Figure S4, Supporting Information), indicating the
structure transformation induced by the AIF; nanocoating and
in agreement with the previous XRD and TEM analysis. The
oxidation peak of spinel phase was first observed from the

dx.doi.org/10.1021/am506934;j | ACS Appl. Mater. Interfaces 2014, 6, 21711-21720
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Figure 7. Rate capabilities from 0.5C to 20C, after activation under a charge/discharge rate of 0.1C for 3 cycles (a—c) and comparison of discharge
capacities after 100 cycles (d). The 100th charge/discharge curves are inset in the corresponding graphs.

second charging process at 2.9 V (black rectangle in Figure Sa),
indicating the good reversibility of spinel redox. As expected,
this ~2.8 V peak cannot be observed from LLFNMO and
AOCL. The 32 V reduction peaks observed from all the
samples after the first charging process are believed to be the
activation of Li,MnOj phase, corresponding to the reduction of
Mn*" ions. In addition, reversible redox peaks at about 4.7 V are
observed only in AFCL, which can be attributed to the Ni**/**
in the induced spinel phase of high-voltage material
LiNi,Mn,_,O,. Table 1 summarizes the specific capacities and
cycle efficiencies at the first cycle for all the samples. Compared
with the first discharge capacity (252 mA h g™') of LLFNMO,
AOCL delivered a higher discharge capacity of 272.3 mAh g™/,
and AFCL exhibited a slightly lower discharge capacity of 250.2
mA h ¢! Also, it can be seen that the charge capacity below
4.5V in AFCL is much less than that of LLFNMO, in contrast
to the comparison of charge capacity above 4.5 V, indicating
that the layered component of LIMO, in the bulk material was
transformed to spinel component of LiNiMn,_,O, after AlF;
coating. Although with the lowest first discharge capacity,
AFCL showed the highest first Coulombic efficiency of 82.1%
and the lowest irreversible capacity loss of 547 mA h g™
(Table 1). In addition, the irreversible capacity loss reduced
with the increasing coating amount of AlF;, only 184 mA h g™!
for the 10 wt % AlF; coated sample (Table S1, Supporting
Information). Figure Sb shows the cycling stability over S0
cycles of all the three samples tested between 2.0 and 4.8 V at
0.1C. AOCL sample delivered a much higher reversible capacity
of 229.3 mA h g™" and capacity retention of 84.2% than those
of LLENMO (164.8 mA h g and 65.4%, respectively) after SO
cycles, due to the stabilization of the interface between the
cathode and electrolyte. The reversible capacity (220 mAh g™")
and capacity retention (87.9%) of AFCL sample were also
superior to those of LLFNMO sample, ascribing to the stable
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cycling of the spinel Mn*"/#" in the 3 V and Ni**/*" in the 4.7 V
region as well as suppression of the surface side reaction and
the low charge transfer resistance (Figure 5¢).%¢ Generally, the
capacity of spinel phase is less than the corresponding layered
phase, so the capacity of LLFNMO is reduced during cycling.
By contrast, the high-voltage spinel phase induced by AlF;
coating delivers higher capacity than the transformed spinel
phase, so although the initial discharge capacity of AlF;-coated
sample is a little less than that of pristine sample, the capacity
retention of AlFj-coated sample is much higher than that of
pristine one.

Charge/discharge curves of different cycles at 0.1C are
displayed in Figure 6a, ¢, e. Obviously, the issue of voltage
fading still presented in the three samples. Serious voltage
fading along cycling was observed in LLFNMO sample,
attributed to the continuous undesired layered-to-spinel phase
transformation. However, the voltage fading rate of LLFNMO
sample was effectively slowed down after the modifications by
Al Oj; and AlF;, as shown in Figure Sd. The integrated layered-
spinel phase of AFCL sample is more beneficial for reducing
the speed of voltage fading. Interestingly, independent spinel
reduction peak at 2.8 V appeared after 20 cycles and grew up
gradually during cycling in LLFNMO sample (Figure 6b),
which may be due to the incompatibility between the initial
layered structure and undesired spinel domains formed during
cycling. For the AFCL sample (Figure 6d), the intensity of the
redox peaks at 2.8 V gradually increased and shifted right with
cycling and 3.3 V peaks shifted left at the same time. These two
peaks merged into one peak finally and grew up gradually,
indicating the harmonious coexistence of layered and spinel
structures formed in synthesis process. This unique phenom-
enon was also observed when the charge/discharge rates are
0.5C and 1C (Figure SS, Supporting Information). Meanwhile,
the redox peaks at 4.7 V become more apparent after 50 cycles,
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Figure 8. Comparison of voltage fading rates at different rates from 0.5C to 20C of LLFNMO and AFCL samples.

confirming the transformed spinel phase is high-voltage
LiNiMn,_,O, component in AFCL instead of the LiMn,O,
phase in the LLFNMO and AOCL. It can be concluded that
although the combination of AlF; coating layer and integrated
structures cannot ultimately stop the spinel formation, it can
delay the phase transformation process.>>*” The slowest rate of
voltage fading and superior electrochemical stability of AFCL
sample is tentatively attributed to a steadier arrangement of the
layered- and spinel-like regions within the layered-spinel bulk
structure as a result of a more stable electrode surface coating
with AlF;.* By contrast, the spinel phase formed during cycling
in LLFNMO was unstable and therefore did not benefit for the
electrochemical performances. It is noteworthy that the Al,O;
protective layer can also effectively slow down the formation
rate of spinel phase (Figures 5d and 6f).

The rate capability from 0.5C to SC after activation at 0.1C
for 3 cycles highlights the advantages of AFCL sample. Clearly,
AFCL and AOCL samples exhibited higher reversible capacity
than LLFNMO sample at all rates (Figure 7). At 0.5C, there are
no significant differences of the reversible capacity and the
cycling stability between AFCL sample and AOCL sample.
From 1C to 5C, AFCL sample showed the distinct advantage
and the capacity gap between AFCL sample and AOCL sample
progressively increased with rates. The reversible capacities
after 100 cycles of AFCL sample were 172.8 mA h g~ for 0.5C,
1588 mA hg™' for 1C, 157.7 mA h g’ for 2C, and 140.9 mA h
g~! for SC. The improved rate capability of AOCL sample are
related to the less side reaction and lower charge transfer
resistance compared to LLFNMO, while the fast kinetics of
spinel phase transformation in AFCL together with the
nanocoating improved its capability to transfer lithium ions at
high rates.

To further highlight the good rate capability of AFCL
sample, the cells were cycled at 10C and 20C between 2 and
4.8 V after the activation at 0.1C for 3 cycles. The typical
charge/discharge curves are also shown in Figure 7. At 10C,
AFCL sample delivered a reversible capacity of 122.8 mA h g™
with retention of 87.3% after 100 cycles, which is higher than
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those of AOCL sample (108.5 mA h g™') and LLFNMO
sample (97.9 mA h g™'). AFCL sample had superior capacities
at 20C as well. The reversible capacity of 112.5 mA h g™' can
still be obtained by AFCL sample, ascribed to its integrated
structures and nanocoating. In addition, the suppression of the
voltage fading at high rates can also be much improved by the
integrated structures and nanocoating of AFCL sample, as
shown in Figure 8. It can be seen that the fading voltage of
AFCL sample is lower than that of LLFNMO sample after 100
cycles at all rates, indicating the better structural stability of the
integrated layered-spinel material.

Consequently, the different microstructure of Al,O; and AlF,
coatings and spinel phase transformation in AOCL and AFCL
have great influence on the electrochemical performances.
Although the Li-rich layered component was reduced, AFCL
sample still showed the superior electrochemical performances
including the cycling and voltage stability and rate capability,
which can be attributed to the ideal combination of stable
integrated layered-spinel structures and the positive affection of
the nanocoating. The high-voltage spinel phase in the host
material induced by AlF; coating can provide 3D pathway for
lithium ions transportation due to the fast kinetics of spinel
phase transformation and compensate for the discharge
capacity loss from the layered component. In addition, a
steadier arrangement of the layered- and spinel-like regions
within the layered-spinel bulk structure triggered by the AlF;
coating could effectively reduce the voltage fading rate.

B CONCLUSION

In conclusion, we applied the combination of phase trans-
formation and nanocoating (AlF; and AL, O;) to Li-rich cathode
Li[Lig,Fey;Nig1sMng55]O, and developed a low-cost cathode
with high rate capability and cycling stability for high-energy
and high-power Li-ion batteries. The excellent electrochemical
performances, including the improved cycling stability, the
reduced first irreversible capacity loss, the outstanding high-rate
capability, as well as the low voltage fading rate, demonstrated
the positive roles of integrated layered-spinel structures and
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nanocoating. In our opinion, the smart design of the effective
combination should be developed on the other low-cost
promising cathodes to realize both low cost and high
performance for the next generation of Li-ion batteries.
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