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Effects of Lithium Content on the Structure and Electrochemical
Performance of Spherical Lithium-rich Cathode Materials
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ABSTRACT: Lithium-rich cathode materials have become one of the most promising cathode materials for high-energy-density lith-
ium-ion batteries. However, the electrochemical properties of lithium-rich cathode materials are highly sensitive to the local struc-
ture in the bulk and at the surface, which is closely associated with the synthesis process. In the present work, we provided new in-
sights into the structural properties and corresponding electrochemical performance of Li, , Mn, 5, Ni, ,;Co, 30, materials as a func-
tion of x (Li content) from a synthesis point of view. The spinel and Li, CO, species in the bulk and at the surface arising from the
varying amounts of lithium ions would result in the local compositional change within the as-prepared particles and provoke a change
in the voltage-capacity profile as determined by electrochemical analysis, XRD, Raman, and XPS observations. Our results re-
vealed that the as-prepared sample with 5% excess of Li in molar ratio utilized for the material synthesis showed better electrochem-
ical performance in terms of discharge capacity ( ~270 mAh/g) and voltage in comparison to other as-prepared samples with differ-
ent Li contents.
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1 Introduction

Lithium-rich cathode materials, represented in solid
solution notation as Li[ Ni,Li, ,,,,;Mn,_ - ]0,(0 <x<
0.5) or by the general formula xLi,MnO, + (1-x)LiMO,
(M=Mn, Co, Ni, etc. ), have been recognized as one
of the most promising cathode materials for high-energy-
density lithium-ion batteries ( LIBs) owing to their high

1—7] .
U771 Intensive

reversible capacities of ~ 250 mAh/g
investigations to interpret the fundamental lithiation-deli-
thiation mechanism in lithium-rich cathode materials
have revealed that the abnormally high capacity origi-
nates either from the removal of oxygen from the lattice
accompanied by lithium extraction involving cationic

(M*/M™") and anionic (0> /0,”) reversible redox

[5—10]

processes , or from the surface reaction through e-

lectrode/electrolyte  reduction with the formation of

Li,CO; species, and/or Li*/H" exchange in the bulk

—12]

particles'"" "/ though there is an ongoing debate in pri-

or studies on the detailed mechanisms and their complex

7030 However, lithium-rich cathode

crystal structure
materials suffer from a large irreversible capacity loss as-
cribable to lithium consumption and electrolyte oxidation

41 oor rate capability  arising

in the first cycle
from the slow kinetics of oxygen diffusion or electron/
lithium-ion transport "*"* | and the severe voltage deg-
radation upon electrochemical cycling associated with the

19721 \which have

migration of transition-metal cations
gapped them from the widespread practical applications.

To circumvent these challenges, new strategies have
been developed to synthesize and stabilize electrode struc-
ture of advanced lithium-rich transition-metal oxides'™ ',
Recently, Sun and co-workers developed a crystal habit-
tuned nanoplate material of Li[ Lij ,Ni, ,sMn, 5 ]O, with a
high rate capability, in which the proportion of (010)

nanoplates was significantly increased'”?!. Thackeray et

al. proposed a versatile approach to fabricate xLi, MnO, -
(1-x) LiMO, composites with insignificant voltage shape
change using a Li,MnO, template into which the desired
M cations can be introduced via an acid-treatment

process, followed by an annealing step'*’.

Very re-
cently, our work demonstrated that layered lithium-rich
transition-metal oxides with various degrees of stacking
faults were successfully prepared via a molten-salt method
using KCl, Li,CO,, and LiNO, fluxes, which showed
substantially improved electrochemical properties when
the amount of stacking faults within the crystal structure
was increased ®'. Furthermore, surface modification
with electrochemical inactive oxides (e. g. Al,O,,AlPO,,
and ZrO, etc. ) as well as electrochemical active com-
pounds (e.g. MnO_, LiNiPO,, and etc. ) has been em-
ployed with some promising results in terms of rate capa-

27351 Quch im-

bility and initial coulombic efficiency
provements are attributed to the interfacial protection lay-
er between the cathode and the electrolyte and electron/
ion-conducting media that facilitates the charge transfer
at the surface of the particles'** "/

As a matter of fact, prior studies mentioned above
have demonstrated that the electrochemical performance
of lithium-rich cathode materials are strongly influenced
by the local structure in the bulk and at the surface of
the particles, which is highly associated with the synthe-
sis process. Furthermore, many research groups have re-
ported that the lithium-rich cathode materials prepared
via a co-precipitation method show various electrochemi-
cal properties; however, the differences are not clearly
clarified at present. To shed some light on this issue and
to get a better understanding of lithium-rich cathode ma-
terials, we systemically investigated the local composi-
tion in the bulk and at the surface and the corresponding
electrochemical properties of Li, ,, Mn, s, Ni, ;; Co, 45 O,

materials as a function of x utilized for the material syn-

thesis through careful analysis of XRD, Raman, and
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XPS observations in the present work.

2 Experimental

2.1 Synthesis of materials

The Li, ,, Mn, ,Ni, ;Co, 1;0,(x=0.95,1.00,1.05,
1.10, and 1. 15) materials were synthesized by solid-

state reaction of varying amounts of Li,CO, and the
spherical Ni-Co-Mn precursor oxide (Ni : Co : Mn mo-
lar ratio of 0.13 : 0.13 : 0.54). After well mixing, the
mixture was placed in an alumina crucible, heated to
900 °C in air in a box furnace at a heating rate of 5 C/
min for 10 h, and then quenched to room temperature in
air.

The spherical Ni-Co-Mn precursor oxide was pre-
pared by a co-precipitation method. A 2 M aqueous so-
lution of NiSO,, CoSO, and MnSO,(Ni : Co : Mn =
0.13 : 0.13 : 0. 54 in the molar ratio) was mixed with a
2 M aqueous solution of NaOH with desired amount of
0.2 M NH,OH as a chelating agent in a continuously
stirred tank reactor ( CSTR) at a constant pH of ~ 11
under a flow of nitrogen at 60 C . Finally, the product
was washed with distilled water several times, filtered,
dried in an air oven at 80 °C for 24 h, and then the pow-
der was sintered at 500 °C for 5 h.

2.2 Characterization of materials

Powder X-ray diffraction ( XRD ) measurements
were performed on a Rigaku D/MAX-ITA X-ray diffrac-
tometer equipped with a Cu-Ka radiation source ( Bru-
ker, Germany) in the 26 range of 10° ~80° at 26 step-
scan intervals of 0. 02° with a step time of 0.5 s. The
particle morphologies of the samples were observed with
a Hitachi S-4800 scanning electron microscopy ( SEM)
operated at 20 kV. Raman measurements were performed
in a back-scattered configuration using a micro-Raman
spectrometer LabRam HR 800 equipped with an Ar" la-
ser (A =632.8 nm) from Jobin-Yvon Horiba Inc. at
room temperature.
(XPS) measurements were performed on a PHI 5000C
ESCA system with Mg Ko source operated at 14. 0 kV

and 25 mA. The energies of the spectra were calibrated

X-ray photoelectron spectroscopy

by the binding energy of C 1s at 284.6 eV as a reference.
2.3 Electrochemical tests

The electrochemical measurements were performed
in CR2016-type coin cells. For the preparation of the
Li, , Mn, 5, Niy ; Co, 15 0, electrodes, 80 wt% of active
material, 10 wt% carbon black conductive materials,
and 10 wt% polyvinylidene difluoride ( PVDF) binder
were mixed in N-methyl-2-pyrrolidone ( NMP) solvent.
Then, the slurry was cast onto an aluminum-foil current
collector. After coating, the electrodes were dried at 80
°C for 10 h to remove the solvent before being pressed.
The electrode film was punched in the form of disks,
typically with a diameter of 12 mm, and then dried at 80
°C for 12 h under vacuum. The typical mass loading of
the active material of the working electrodes was approxi-
mately 5 mg. The cells were assembled with the cathode
as prepared, lithium metal as anode, and Celgard 2300
film as separator in a glove-box filled with pure argon.
The electrolyte solution was 1 M LiPF, dissolved in ethyl-
ene carbonate ( EC)/dimethyl carbonate ( DMC)/ethyl
methyl carbonate (EMC) (1 : 1 : 1 by volume). Gal-
vanostatic charge/discharge experiments were performed
between 2. 0 and 4. 8 V at room temperature (30 C)
with a LAND CT2001A Battery Cycler ( Wuhan, Chi-
na). Lithium intercalation into the working electrode
was referred to as discharge, and the de-intercalation as
charge. The cell capacity was calculated based on the

weight of the active material.

3 Results and discussion

The crystal structures of the as-prepared Li, , Mn, s, -

Ni, 13Co04 150,(x=0.95,1.00,1.05,1. 10, and 1.15)
series were confirmed by power X-ray diffraction ( XRD)
as shown in Fig. 1. For comparison, the XRD pattern of
spherical Ni-Co-Mn precursor oxide was measured. As
presented in Fig. 1, the sharp Bragg peaks could be in-
dexed in the hexagonal R-3m unit cell, except for the
additional broadened superstructure lines in the 26 range
of 20° ~ 25°. These superstructure peaks were the fea-
tures of structurally integrated monoclinic ( C2/m )

Li,MnO,-like component ascribable to lithium-cation or-
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dering in the transition-metal layers. The broadening of
the superlattice peaks resulted from stacking faults in the
ordered cationic planes occurred along the ¢ monoclinic
axis as demonstrated in prior studies”’>*’. All of these
characteristic peaks were present in the XRD patterns of
the as-prepared Li, , Mn, 5, Nij ;; Co, 5 O, series, which
were consistent with the previous reported results'!.
However, detailed peak changes could be found in the
selective patterns in the ranges of 20° ~25° and 35° ~
40°. As depicted in Fig. 1 inset A, the Bragg peaks be-
longing to spherical Ni-Co-Mn precursor oxide in the
XRD patterns of as-prepared Li, , Mn, s, Nij, ; Co, 15 O,
materials progressively disappeared when the Li content
( x ) increased, suggesting an evaporative lithium loss
during the calcination and the complete reaction between
the raw Ni-Co-Mn precursor oxide and excess of Li ions.
Moreover, it should be noted that the disappearance of
the (110) superlattice peaks in the 26 range of 20° ~
25° was observed with an increase in the amount of Li i-

ons during the synthesis process as shown in Fig. 1 inset
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a) spherical Ni-Co-Mn precursor oxide; b) x = 0.95;

¢)x=1.00;d) x =1.05;e) x =1.10;f) x = 1.15

The inset A marks the peaks related to the Ni-Co-Mn precursor oxide.

The inset B highlights the superlattice peaks in the 20 range of 20° ~25°

Fig. 1 XRD patterns of the spherical Ni-Co-Mn precursor oxide
and the final as-obtained Li, , Mn, 5, Nij ;5 Co, 5O, pow-
ders prepared at 900 °C for 10 h with varying amounts of
Li ions via a co-precipitation method

K1 BRIE Ni-Co-Mn S ALPyATIR A LS AN & B Li S04
eI MY Li, 5, Mng 5, Nig s Cog s 0, FEML I XRD 3%
(1 A 3278 Ni-Co-Mn ALY Al XA AH SCAT 5 168 |
& B 7R 20° ~ 25° JE R MRS AT 5T ) ca) BRIE
SAACIRTIRA D) x = 0.955 ¢) & = 1.00;5 d) x =
1.05; ) x = 1.10; f) x = 1. 15

B. Two weak peaks were clearly observed in the XRD
patterns of as-prepared Li, , Mn, 5, Ni; 5Co, ;0,( 5 =
0.95, and 1.00) materials; however, only a single su-
perstructure peak at 20. 9° was detected when x in-
creased to 1. 15, implying an increase in the amount of
stacking faults within the as-prepared particles, which is
not well understood at present.

Fig. 2 shows the typical morphologies of the precur-
sor oxide and the final lithiated oxides prepared at 900
°C for 10 h with varying amounts of Li ions. As evident
in the SEM images, the diameter of the spherical precur-
sor oxide particles was in the range of about 5 ~10 pum,
which consisted of primary irregular nanoparticles with
an average diameter close to 200 nm. After the lithiation

at high temperature, each as-obtained sample was still

e x=1.10

Fig.2 SEM images of the spherical Ni-Co-Mn precursor oxide
and the final as-obtained Li, , Mn, 5, Ni, ;5 Co, ;; O, mate-
rials prepared at 900 °C for 10 h with varying amounts of
Li ions via a co-precipitation method

K2 BRI Ni-Co-Mn UL ATHR A S L5 A & &t Li gt
BEJG AU Li, ,, Mng o, Nig 5 Cog 130, FF & 1) SEM H#
F:a)BRIE AW AT IR A b) » = 0.95; ¢) « =
1.00; d) x = 1.05; e) x = 1.10; f) x = 1. 15
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composed of spherical particles with diameters in the
range of 5 ~10 wm. Besides, the lithiation at high tem-
perature resulted in larger primary particle sizes ( ~500
nm) compared to the precursor oxide. However, no ob-
vious morphology changes were detected for the final li-
thiated oxides prepared at 900 °C for 10 h with an in-
crease in Li content, as evidenced in Fig. 2.

In order to determine the local composition in the
bulk and at the surface, and to further track the compo-
sitional change within the particles of the as-prepared
materials, Raman spectroscopy and X-ray photoelectron
spectroscopy ( XPS) analyses were carried out for the
precursor oxide and the final lithiated oxides with varying
amounts of Li ions. Raman spectroscopy has been recog-
nized as one of the most sensitive tools to detect unique
molecular and structural information at the atomic scale
by determination of frequencies of normal vibrations'*’.
Fig. 3 shows Raman spectra of the spherical precursor
oxide and the final lithiated oxides obtained at 900 °C for
10 h with different Li contents. As shown in Fig. 3,
three major peaks in the Raman spectrum were observed
at ca. 604, 487, and 430 cm™ for each as-prepared
Li, , Mn, s, Ni, 15 Co, 13 O, cathode material. This result
agreed well with those reported in previous studies'"’
and was consistent with the theoretical prediction given

for a hexagonal ( R-3m) and a monoclinic ( C2/m)

* residual precursor oxide
s spinel phase impurity
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a) spherical Ni-Co-Mn precursor oxide; b) x = 0.95;
c)x=1.00;d) x=1.05;e)x=1.10;f) x = 1.15
Fig.3 Raman spectra of the spherical precursor oxide and the fi-
nal Li, , Mn, 5, Nij 5 Co, ;5 O, lithiated oxides obtained at
900 °C for 10 h with different Li contents
K3 BRIE Ni-Co-Mn EALWIHTIRIA S H 5 AR & i Li $04%
BEJG AU Li, 5, Mn, 5, Nij 5 Coy 130, F£ 1) Raman 4]
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a) BOIE B ALK b) x = 0.95; ¢) » = 1.00; d)
x=1.05;e)x=1.10;f) x = 1.15

crystal ' | respectively. Generally, there were two Ra-
man-active vibrational modes in the ideal layered lithium
transition metal oxide with R-3m symmetry: Alg with
the symmetrical stretching of M-O and E, with the sym-
metrical deformation, which corresponded to two sharp
Raman peaks near 604 ¢cm™' and 487 em™ | respective-
ly. An additional small Raman band at 430 cm™ origina-
ted from the Li,MnO,-like structure due to the reduced
local symmetry of C2/m rather than R-3m, indicating
the presence of Li,MnO, short-range superlattice orde-
ring. Notably, the Raman peaks assigned to the Ni-Co-
Mn precursor oxide in the Raman spectra of the as-pre-
pared Li, ,, Mn, 5, Ni; ; Co, ;3 O, particles disappeared
with the increase in Li content utilized for material syn-
thesis, which implied the complete reaction between the
raw Ni-Co-Mn precursor oxide and Li-salt, in perfect a-
greement with the XRD observation. However, with fur-
ther increase of the Li content, a new weak peak started
evolving between 500 and 600 ¢m™ , which was attribu-

ted to the formation of spinel phase'"’.

However, it was
clear that no significant diffraction peaks of the spinel
phase could be detected in the XRD patterns as illustra-
ted in Fig. 1, suggesting the formation of a small amount
of spinel nanodomains which were smaller than the X-ray
coherence length. Therefore, this result provided by Ra-
man spectroscopy demonstrated that excess of Li ions
during the synthesis process could generate a small a-
mount of spinel phase impurity in the local structure of
the as-prepared lithium-rich transition metal oxides,
which would give rise to the obvious changes in electro-
chemical performance as discussed in the later section.
Fig. 4 depicts the XPS spectra of O 1s and C 1s re-
gions observed for the spherical Ni-Co-Mn precursor oxide
and lithium-rich transition metal oxides samples prepared
at 900 C to examine the local composition at the sur-
face, respectively. As seen in Fig. 4, two peaks charac-
teristic of O°” anions in the O 1s spectrum were observed
with the increase in Li content: the peak at 529.5 eV
belonged to the O ions in the transition-metal oxide
crystalline network and the peak at 531 eV corresponded
to the O° ions ascribable to weakly adsorbed surface

10,12]

species CO,”"! The observation of the carbonate

species indicated the existence of Li,CO, at the surface
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Fig.4 XPS spectra of O 1s and C s regions observed for the
spherical Ni-Co-Mn precursor oxide, lithium-rich transi-
tion metal oxides Li, , Mny 5, Ni; 15 Co, 15 0,, and Li,CO,
powder
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of the final lithiated oxide particles because the over stoi-
chiometric Li ions were used for the synthesis of
Li, ,,Mn, s,Ni, ;;Co, 30, (x = 1.10, and 1.15). Mo-
reover, the intensity of the shoulder peak at 531 eV as-
signed to Li,CO; species increased with the increasing Li
content during the synthesis process, implying an in-
crease in the amount of residual excess of Li ions on the
surface of the final lithiated oxides. Turning to the C 1s
spectrum as presented in Fig. 4, the main sharp C—C
peak at the 284.6 eV was atiributed to the " adventitious
carbon" as a reference and another weak peak at 289.4
eV was associated with carbonate species at the surface

10270 " With the increase in Li

of the final lithiated oxides
content utilized for material synthesis, the weak peak o-
riginated from Li,CO, species started evolving at 289. 4
eV, further confirming that the partial excess of Li ions
resulted in the formation of a small amount of Li,CO, at
the surface of the final lithiated oxides in perfect agree-
ment with the previous O 1s XPS spectrum observations.

Fig. 5 shows the XPS spectra of Mn 2p, Ni2p, and
Co 2p regions observed for the precursor oxide and final
lithium-rich transition metal oxides prepared at 900 °C to
examine the oxidation state of transition metals at the
surface, respectively. As depicted in Fig. 5, two peaks
were clearly visible, which were associated with the
manganese 2p,,, at 642 eV and 2p,, at 654 eV and a-
greed well with the literatures data on MnO," ', Howev-
er, no significant difference was detected by XPS for the
as-prepared materials with varying amounts of Li salt in

this experiment. From the Ni 2p and Co 2p XPS spec-

Intensity (a. u.)
Intensity (a. u.)
Intensity (a. u.)

810880 890 70780 790 800 810

630 640 650 660 670 840 850 860
Binding energy / eV Binding energy / eV Binding energy / eV
a Mn2p b Ni2p ¢ Co2p

a) spherical Ni-Co-Mn precursor oxide; b) x = 0.95; ¢) x = 1.00; d) x = 1.05; e) x = 1.10; f) x = 1. 15

Fig. 5 XPS spectra of Mn 2p, Ni 2p, and Co 2p regions observed for the precursor oxide and the final as-obtained Li, , Mn 5, Ni,

Co,, ; 0, materials prepared at 900 “C for 10 h with varying amounts of Li ions via a co-precipitation method
5 FRIE Ni-Co-Mn EALYIATIR A B H 5 7R [R5 Li SR8 5 4 80 L, ,, Mn, o, Niy 5 Co, 150, #E4 Mn 2p, Ni 2p Hl Co 2p
1. a) BRI EALIRTIRAE ;D) x = 0.95; ¢) x = 1.00; d) x = 1.05; e) x = 1.10; f) x = 1.15
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tra, the observations were consistent with the results in
the Mn 2p spectra as shown in Fig. 5, indicating no sig-
nificant difference in the oxidation state of transition met-
als at the surface of the final lithiated oxides.

Therefore, based on the Raman spectroscopy and
X-ray photoelectron spectroscopy ( XPS) analyses, the
findings are summarized as follows. With the increase in
Li content, a small amount of Li,CO, was found at the
surface of the final lithiated oxides, which was consistent
with the fact that excessive Li,CO, in molar ratio was uti-
lized for the material synthesis. The excessive Li ions
during the synthesis process could compensate for any e-
vaporative lithium loss during the calcinations, resulting
in the formation of spinel phase in the local structure,
and generating a small amount of Li,CO; at the surface of
the lithium-rich transition metal oxide, which further led
to slight deviation of the as-prepared lithium-rich transi-
tion metal oxides from the local composition and struc-
ture of ideal layered Li, , Mn, ¢, Ni; ;; Co, ;3 O, cathode
material.

Fig. 6 presents the typical initial charge-discharge
curves of the as-prepared Li, , Mn, 5, Ni, ,;Co, 50, elec-
trodes in the potential range of 2.0 ~4.8 V at a current
density of 20 mA/¢g at room temperature. When initially
charged to 4.8 V, the electrochemical reaction of lithium
with the Li, , Mn, ,Ni, ;;Co, 50, electrodes occurred in
two distinct steps, as follows: the first step measured at
voltage < 4.4 V vs. Li/Li" corresponded to lithium ex-
traction from the LiMO, component with the concomitant
oxidation of Ni** to Ni** and Co™ to Co*"; and the sec-
ond step corresponded to the removal of lithium from the
crystal structure accompanied by oxygen evolution when
charged above 4.4 V vs. Li/Li" according to the prior
studies [5].

voltage profiles during the initial charge, however, sig-

Notably, all the samples showed similar

nificantly different discharged curves were clearly ob-
served as shown in Fig. 6. The increase in Li content
(x) utilized for the material synthesis provoked a change
in the voltage-capacity profile; the marked voltage varia-
tion was observed during the discharge and a new voltage
plateau started evolving at ca. 2.7 V when x=1. 10.
This was resulted from the emergence of a small amount

of spinel-phase impurity and Li,CO, species at the sur-

50F
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Fig. 6 Typical initial charge-discharge curves examined at a cur-
rent density of 20 mA/g for the Li, , Mn, 5, Ni, ,;Co, ;0,
electrodes prepared at 900 “C for 10 h with varying a-
mounts of Li ions via a co-precipitation method

K6 A Li Sy Li, 5, Mng 5, Niy 5 Cop 50, HLE T B T8
FHL 2R (R FE A 20 mA/g)

face of the final lithiated oxides as demonstrated by the
previous Raman and XPS observations because excessive
Li,CO; in molar ratio was used during the synthesis
process. Finally, the as-prepared sample with 5% ex-
cess of Li ions in molar ratio utilized for the material syn-
thesis showed the largest reversible discharge capacity of
~270 mAh/g with the highest discharge voltage in com-
parison to other as-prepared samples with varying a-
mounts of Li ions, indicating that Li content had a direct
influence on the voltage profiles of lithium-rich transition
metal oxides cathode materials.

Fig. 7 illustrates the cyclic performance of the Li, , -
Mn, 5,Ni, ;5Co, 150, electrodes when cycled between 2.0
and 4.8 V at room temperature (30 C ). Upon cycling,
the cells were charged-discharged at a current density of
20 mA/g in the initial 6 cycles, and then cycled at a
current density of 200 mA/g during the subsequent cy-
cles. The Li, , Mn, 5,Ni, ;;Co, ,;0,(x = 1.05) elec-
trode exhibited a gradual capacity fading upon cycling
with an average capacity loss of ~0.2 mAh/g per cycle
during cycling, that is, the discharge capacity of the
Li, ,, Mn, 5,Ni, ;Co, 30, (x=1.05) electrode maintained
88% of its initial capacity, suggesting good cyclic per-
formance. It was noted that the Li,, Mn,, Ni,, Co,; O,
(x=1.10) electrode with a small amount of spinel phase
showed a good rate capability and cycling life. However,

the reversible discharge capacities of other Li, , Mn, s,-
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Ni, 3Co,1;0,(x = 0.95, 1.00, and 1.10) electrodes
showed an increase in the initial 6 cycles, at least to
some extent, and finally a slight capacity fading in the
successive cycling. This indicated the gradual electro-
chemically activation of the final lithiated oxide elec-
trodes, which was most likely ascribed to the impurities
in the bulk and at the surface due to the varying amounts
of Li ions utilized for the material synthesis, thereby de-
viating the as-prepared lithium-rich transition metal oxi-
des from the ideal composition of layered Li, , Mn, s,-
Ni, ;;Coy 150, , providing significantly varying electrode/
electrolyte interface, and showing different electrochemi-
cal properties of the as-prepared materials. As a result,
the electrochemical performance of lithium-rich cathode
materials was sensitive to the local composition in the
bulk and at the surface of the as-prepared particles,

which was highly associated with the synthesis process.
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Fig. 7 Cyclic performance of the Li, , Mn, 5, Nij ;5 Co, 3O, elec-
trodes when cycled between 2.0 and 4.8 V at room tem-
perature (30 °C)
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4 Conclusions

In conclusion, this article reported herein provided
new insights into the structural information and corre-
sponding electrochemical properties of Li, , Mn, 5, Ni, |5-
Cop 1;0,(x = 0.95, 1.00, 1.05, 1. 10, and 1. 15)
materials as a function of x (Li content) utilized for the
material synthesis via a co-precipitation method. With
the increase in Li content, the excess of Li ions during
the synthesis process could compensate for an evapora-
tive lithium loss during the calcinations, resulting in the

formation of spinel phase impurity in the local structure,

and even initiation of generating a small amount of
Li,CO; at the surface of the lithium-rich transition metal
oxides as revealed by XRD, Raman, and XPS observa-
tions. The impurities in the bulk and at the surface origi-
nated from the varying amounts of Li ions would result in
deviation of the as-prepared lithium-rich transition metal
oxides from the ideal composition and microstructure of
layered Li, ,Mn, 5, Ni, ;;Co, ;;0,, thereby impeding the
electrochemical activation of the final lithiated oxide e-
lectrodes to some extent and provoking a change in the
voltage-capacity profile. Our results further confirmed
that the electrochemical performance of lithium-rich
cathode materials was sensitive to the local structure in
the bulk and at the surface, which was highly associated
with the synthesis process of the materials. The as-pre-
pared sample with 5% excess of Li in molar ratio utilized
for the material synthesis showed better electrochemical
performance in terms of discharge capacity ( ~ 270
mAh/g) and voltage profile in comparison to other as—

prepared samples with different amounts of Li ions.
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