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Effect of valence states of Ni and Mn on the structural and
electrochemical properties of Li; ,Ni,Mng s ,O, cathode materials
for lithium-ion batteries

Shaokun Chong, Yongning Liu,* Wuwei Yan and Yuanzhen Chen

Severe capacity fading and voltage decay of Li-rich layered oxides for lithium-ion batteries remain to be the major
bottlenecks to commercialization. Herein, we studied the effect of valence states of Ni and Mn on the structure and
electrochemical performances of Li;,NixMngsO2. The oxidation states of transition-metal (TM) were evaluated by X-ray
photoelectron spectra (XPS) and validated by cyclic voltammetry (CV). With increasing Mn** content, Li,MnO; component
increases due to less Li loss. The phenomenon of capacity increase upon cycling has been observed owing to the gradual
activation of Li,MnO; caused by the existence of Mn**. It is worth mentioning that Li; 2Nip.1Mng 70, reaches the highest
discharge capacity value of 231.5 mAh-g ™ from the initial value of 76 mAh-g™ after 75 cycles and still keeps 100% of the
capacity at 0.1C after 100 cycles. As the increase of Ni**, Li/Ni mixing decreases because of its smaller size than Ni%", the
content of Li,MnO; decreases as a result of the decrease of Li and Mn in the TM layers, and the discharge voltage increases
on account of the higher reduction potential of Ni*/Ni** compared with Ni*/Ni** and Mn*/Mn*. Furthermore,
Liz2NiosMno40; delivers the first capacity value of 192.5 mAh-g™* and operating voltage of 3.89 V at 0.1C, and capacity
retention with 92.13% and the voltage drop of 0.25 V after 100 cycles, which indicates that the stability of capacity and

voltage is improved by a large margin with increasing the NP,

1. Introduction

Rechargeable lithium-ion secondary batteries are considered as the
most valuable energy storage devices for mobile phones, laptops
and electric vehicles due to high energy density, safety and long
cycle life L2 Nowadays, the most conventional cathode materials
are layered oxides LiMO, (M=Ni, Co and Mn) with excellent
cyclability, olivine LiFePO, with low cost and long cycle life, and
spinel oxides LiMn,0, and LiNiy sMn; s0, with high voltage, while all
of them suffer from low discharge capacity and fail to meet the
requirements of high energy density for practical applications 34
Recently, a layered cathode material with a chemical formula of
XLi,MnO;-(1-x)LiIMO, (M=Ni, Co and Mn) attracts wide attention
owing to its higher discharge capacity (more than 250 mAh-gfl) and
much higher operating voltage (about 3.5 V) >® However, there are
many remaining problems have to be solved, such as low initial
coulombic efficiency, poor rate performance, serious capacity
fading and voltage decay. The low initial coulombic efficiency is
associated with the release of irreversible oxygen along with the
activation of Li,MnO; during the first charge process, resulting in
the formation of oxide ion vacancies ’. The poor rate performance
is related to the weak intrinsic electronic conductivity resulted from
insulated Li,MnO; component and the thick solid-electrolyte
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interphase (SEl) layer 8 The serious capacity fading and voltage
decay should be attributed to the fast layer-spinel phase
transformation, which leads to a fast reduction in energy density 3
9

Li; 5Nig,Mng 60, cathode material has become a hotspot research
10'13, while the

problems of serious capacity fading and voltage decay caused by

because of its high initial discharge capacity recently

layered-spinel structural transformation upon cycling have not been
solved radically. Thus, it is necessary to study the other cathode
materials with a chemical formula of Li;,NiiMnys,0, and
understand what factors affect the discharge capacity and voltage
decay and further what measures should be taken to optimize the
structure and ameliorate properties. It is reported that the
existence of Mn®* facilitates the activation of Li,MnO; phase, which
gives rise to a higher discharge specific capacity after the complete
activation of Li,MnO;. Unfortunately, the gradual activation of
Li,MnO; induces faster layered-spinel transformation, leading to
rapid capacity fading % 15 n addition, Knight et al. have
investigated the effect of Ni oxidation state on the structural and
electrochemical characteristics, proposing Ni** can improve the
cyclability and mitigate voltage decay 16, while the valence of Ni and
the actual content of Li haven’t been measured by any
characterization methods.

Herein, we report a layered oxides with a chemical formula of
Li; ,Ni,Mng g0, (x=0, 0.1, 0.2, 0.3 and 0.4) prepared by a simple
combustion method and a detailed study of the oxidation states of
TM on the structure and electrochemical performances for the Li-
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rich cathode materials by changing the relative proportion of Ni and
Mn. It should be noted that, the phenomenon of capacity increase
upon cycling is observed by reason of the existence of Mn3+, which
leads to a much higher capacity and more excellent cyclability. In
addition, the stability of capacity and voltage is improved by a large
margin with increasing the Ni*". The findings herein may shed light
not only on the effects understanding of the oxidation states of TM
in Li-rich oxides but also on the design and improvement measures
of high energy density lithium-ion batteries by controlling the
content of Mn*"and Ni*".

2. Experimental

2.1 Synthesis of Liy ;Ni,Mng g0,

The Li;,NigMng 5,0, (x=0, 0.1, 0.2, 0.3 and 0.4) cathode materials
were synthesized by a facile combustion method using Li, Ni, Mn
acetates and citric acid as starting materials. Stoichiometric
amounts of C,H30,Li-2H,0, C4H¢NiO4-4H,0 and C,HgMnO,-4H,0
(Sinopharm Chemical Reagent) were dissolved in ethanol under
magnetic stirring to form solution A and CgHgO,-H,0 (Sinopharm
Chemical Reagent) was dissolved in ethanol to form solution B. A
5% excess of Li was used to offset the loss of Li during sintering
under high temperature and the molar ratio of metal and citric acid
was 1:1. Then solution A and solution B were instilled separately
into 100 ml ethanol base solution under continuous mechanical
stirring. The base solution turned into white emulsion gradually as
ethanol was evaporated at 80 °C and further dried at 110 °Cfor 12 h
to obtain precursor. Finally the mixture was calcined at 450 °C for 5
h in air to remove the organics and then heated at 900 °C for 5 h in
air with heating rates of 3 °C/min.

2.2 Material characterization

X-ray photoelectron spectra (XPS, Axis Ultrabld, Kratos) was used to
detect the surface elemental chemical state of Li; ,Ni,Mng 5,0, (x=0,
0.1, 0.2, 0.3 and 0.4) cathode materials. The actual elemental
chemical composition of the samples was determined by a Varian
715-ES inductively coupled plasma atomic emission spectroscopy
(ICP-AES). The crystal structures of prepared materials were
identified by X-ray diffraction (XRD, UltimalV-185, Rigaku) using Cu
Ka radiation at 40 mA and 40 kV in the range of 10-80°.

2.3 Electrochemical characterization

The electrochemical performance of Li; ,NiyMng 5.0, (x=0, 0.1, 0.2,
0.3 and 0.4) cathode materials was measured on a battery test
system (Neware, China) using a CR2025-type coin-cell. The cathode
electrode was fabricated by coating an aluminum foil with a slurry
which consisted of 80 wt.% active material, 10 wt.% acetylene black
and 10 wt.% polyvinylidene fluoride (PVDF) in N-methyl
pyrrolidinone (NMP). Then the aluminum foil was dried at 100 °C
for 12 h in a vacuum oven and was punched out a round cathode
electrode disk of diameter 12 mm. Coin cells were assembled in an
Argon-filled glove box (Super 1220/750, Mikrouna) using fabricated
round electrode disk as cathode, lithium foil as anode, celgard 2300
porous polypropylene film as separator and 1 M LiPFg in
EC/DMC/DEC (1:1:1, Vol%) as electrolyte. The galvanostatic
charge/discharge was measured with a current density of 20 mA-g'1
(0.1C) between 2.0 V and 4.8 V (vs. Li/Li+) at room temperature.

2| J. Name., 2012, 00, 1-3

Cyclic voltammetry (CV) performed on a CHI750D
electrochemical workstation in the potential range of 2.0-4.8 V at a
scanning rate of 0.1 mV-s™.

was

3. Results and discussion

3.1 Structure

From chemical point of view, the Mn and Ni ions in Li; ,Nig ,Mng 0,
(x=0.2) are expected to show the +4 and +2 oxidation states,
respectively " In order to maintain the chemical formula, the
valence states of TM ions in the synthesized Li;,Ni,Mngg,0, are
L Mn*" 060, (x=0),  LipNi*o;Mn™"5;,0,  (x=0.1),
Li; ,NiZ73 0 sMn*050, (x=0.3) and  Lip,Ni*'aMn*5,0, (x=0.4),
respectively.

XPS was used to determine the exact oxidation states of Mn and
Ni in the layered composite material, the corresponding spectra are
presented in Fig. 1. Mn,, peaks of Li;,Mnys0, (Fig. 1a),
Li1 2Nig.1Mng 70, (Fig. 1b), Li; 2Nig,Mng 60, (Fig. 1d), Li;2NigsMngs0,
(Fig. 1f) and Li; ,Nig4sMng 40, (Fig. 1h) can be fitted by multiple peaks
with binding energies (BEs) (reported BEs of Mn** and Mn*" are:
640.6 eV and 641.4-644.8 eV, respectively) % the fitting results and
relative percentage of Mn** and Mn** shown in Fig. 2. This means
that the oxidation states of Mn for Li; ,Nig,Mng 05, Li; 5Nig3Mng 50,
and Li;,Nig4sMng40, present 4+ However, Mn ions in
Li; ,Nig.;Mno -0, and Li; ;Mng 0, consist of Mn®* (40.3%) and Mn**
(59.7%), Mn** (49.6%) and Mn4+(50.4%), respectively. The existence
of Mn** can also be proved by the oxidation peak of Mn®*/Mn**
during initial charge process in Fig. 4 (b and c). The Ni spectra are
shown in Fig. 1c (Li; ,Nig1Mng;0,), Fig. 1e (Li;>Nig,Mngg0,), Fig. 1g
(Li; 2Nig 3Mng sO,) and Fig. 1i (Liy;Nig4Mng40,). Nisps, peak fitting
procedure reveals two types of BEs: 853.7-855 eV 1718 and 855.3-
855.9eV *°. The lower BEs is in agreement with that of Li[Liy/;.
2x/3NixMny3.,/3]10, compounds, which confirms the presence of Ni2+,
and the higher BEs is consistent with that of LiNiO,, which proves
the presence of Ni**. The fitting results in Fig. 2 reveal that the
valence states of Ni in Li; ,Nig1Mng;0, and Li; ,Nig,Mng 0, are all
+2. However, Ni ions in Liy;Nig3MngsO, and Liy;NigsMng 40, are
composed of Ni** (87.9%) and Ni** (12.1%), Ni** (19.9%) and Ni*'
(80.1%), respectively. Therefore, the experimentally determined
oxidation states of TM ions are basically consistent with the
theoretical ones.

ICP-AES analysis results of Li; ,Ni,Mng,0, (x=0, 0.1, 0.2, 0.3 and
0.4) are shown in Table 1. The accurate elemental ratios of Ni/Mn
are in excellent agreement with nominal values and the relative
lithium content of Lij,Nig,Mngc0, are well close to target
stoichiometries. However, the relative lithium contents of all
samples decreased with increasing x value. Owing to the
appearance of Ni** and the difficulty in maintaining N content,
more than 5% extra Li was used to compensate the Li loss during

high temperature heating for Li; ;Nig3Mng 50, and Li; ;NigsMng 40, 1

Furthermore, Li;,Mngg0, required little excess of Li and
Li; ,Nig1Mng 50, required less than 5% of Li to counteract the Li loss
for producing the desired composition thanks to the fact that more
Mn*" was replaced by Mn®* and there’s no need to maintain the

Mn** to increase in the degree of lithium volatilization.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Fitting results of XPS spectra of (a) Mny, for Li; ;Mngg05. (b and c¢) Mny,and Niy, for Liy ;Nig1Mno70,. (d and e) Mnypand Nia, for Liz 2Nio.2MnggO2. (f and g) Mny,
and Niy, for Liy 2Nig 3Mnos0;. (h and i) Mny, and Niy, for Liy 2Nig 4Mng.40,.

Tablel ICP-AES analysis results and lattice parameters and the ratios of /(003)/l(104) calculated from the XRD data

X Sample ICP results a/A c/A c/a 1(003)/1(104)

0 Li1.2Mng 30, Li1.246Mno 30, 2.8647 14.2159 4.962 1.781
0.1 Li1.2Nio.1Mng 702 Li1.226Ni0.1Mng 70202 2.8737 14.2984 4.976 0.671
0.2 Li12Nig.2Mng 602 Li1.204Nio.2Mng 5990, 2.8676 14.2765 4.979 0.948
0.3 Li1.2Nig.3Mng 502 Li1.114Ni0.3Mng 50102 2.8779 14.2874 4.965 1.287
0.4 Li1.2Nip.4Mng 40, Lio.991Ni0.4Mng 3590, 2.8799 14.2990 4.965 1.433

Fig. 3(a) shows the XRD patterns of Li; ,Ni,Mng5.0, (x=0, 0.1, 0.2,
0.3 and 0.4). The main diffraction peaks can be indexed as a
hexagonal a-NaFeO, layered structure with the R3m space group.
The clear splitting of (006)/(102) and (018)/(110) doublets indicate
the formation of a highly ordered layered structure for all samples
2021 The lattice parameters calculated from the XRD data are listed
in Table 1. The c/a ratios of all samples are more than 4.9, which
further provides the evidence for an explicit crystalline layer
structure 2% 2, Moreover, the ratio of /igo3//j104 can be used to
evaluate the degree of the cation mixing between Li* and Ni*" in the
Li-layers, and the value of //p93)//104) > 1.2 is an indication of low

This journal is © The Royal Society of Chemistry 20xx

degree of cation dislocation 22 1t is indicated that there is no
cation mixing in Li; ;,Mn, 30, because the content of Ni is 0. However,
the values of /ipp3)//(104) for Liy 2Nig 1Mng 70, and Li; oNig ,Mng 0, are
respectively 0.671 and 0.948, which are both lower than 1.2,
indicating more cation dislocation between Li* and Ni*". For
Li;,Nig3Mngs0, and Li; oNig4Mng 40,, the values of /igos)/liz0s are
higher than 1.2, indicating lower level of cation disordering. As can
be seen from above, the ratio of (003)/(104) peak increases as the
Ni*" increases because Ni** ions (0.56A) are much smaller than Ni**
jons (0.69A) and Li* ions (0.76A), which leads to lower Li/Ni site
mixing 1,

J. Name., 2013, 00, 1-3 | 3
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The weak peaks between 20-22.5° are attributed to short-range
superlattice ordering of Li and Mn in the TM layers of the layered
Li,MnO; region, which can be indexed to the monoclinic unit cell
with the C2/m space group 28 |n the magnified XRD patterns
(20.0-22.5°) shown in Fig. 3(b), the intensity of these weak peaks
appear much more intense with increasing the content of Mn,
resulting from a few Li loss during high temperature heating process
and more Li content in the TM layers. However, a cubic spinel
structure with a space group of Fd3m can be detected in the XRD
pattern (Fig. 1a) for Li; ,Mng gO,.

3.2 Electrochemical performance

3.2.1 Initial charge and discharge behavior

To evaluate the effect of valence states of Ni and Mn on the initial
electrochemical performance of Li; ;Ni,Mng4.,0, (x=0, 0.1, 0.2, 0.3
and 0.4), the initial charge-discharge curves and corresponding
cyclic voltammetry profiles of all the five samples measured at a
constant current density of 20 mA-g'1 (0.1C) between 2.0 V and 4.8
V are shown in Fig. 4. As normal Li; ;Nig,Mng O, layered oxides, a
sloping and a plateau are observed during the initial charge process
in Fig. 4(a). The sloping curve below 4.5 V is ascribed to the lithium
extraction from LiMO, (M=Ni, Mn) component accompanied by
oxidation of Ni**/Ni**/Ni**. And the long plateau above 4.5 V is
attributed to the lithium extraction from Li,MO3; component with
the reaction of 02'/02 redox couple 2 30, which represents the
activation of Li,MOs. It can be seen obviously that Li; ,Nip,Mng 60,
delivers the highest initial charge and discharge capacity in Fig. 4(a).
The corresponding CV curve shows the oxidation peak of
NiZ*/Ni**/Ni** at about 3.85 V as well as the irreversible activation
process of Li,MO; region at about 4.7 V during initial charge process,
and a broad Ni reduction peak at about 3.7 V as well as a very weak
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approximately 3.2 V during initial discharge process in Fig. 4(d).

However, the capacity of sloping below 4.5 V and plateau above
4.5 V decrease as the content of Mn3+increases, which leads to a
much lower initial charge and discharge capacity for Li; ,Mng g0,
and Li; ,Nig1Mng50,. For Liy,Nig1Mng;0,, the much lower sloping
capacity is most likely attributable to the serious Li/Ni site mixing.
Also, the appearance of Mn** suppresses the complete activation of
Li,MO; 14, resulting in shorter plateau above 4.5 V. The most of
peaks for the CV curve of Li; ;Nig;Mng ;0, in Fig. 4(c) are similar to
Li; ,Nig,Mng 60,, while an oxidation peak at approximately 3.25 V of
MnsJ'/Mn4+ is observed, which provides an evidence of Mn>* ion
formation in consistent with the result of XPS. For Li; ,Mngs0,, the
much lower capacity can be attributed to two factors. On the one
hand, the presence of Li;,,Mn,_,0, with the spinel structure leads to
the diminished sloping capacity 31 0On the other hand, Mn* and
spinel structure suppress irreversible extraction of Li* and 0> from
Li,MnO; component during the first charge process 1“3
Furthermore, the CV of Li; ,Mng g0, is particularly informative. Two
intense oxidation peaks of Mn**/Mn* at 3.1 V and 4.25 V are
observed clearly, characteristic of a Li-Mn oxide spinel phase in the
system Liy,,Mn,, 0,4 30,32 except for the normal oxidation peak of
Mn®*/Mn*" in layer LiMnO, at about 3.8 V and a much weaker
irreversible activation of Li,MO; at about 4.7 V during initial charge
process in Fig. 4(b), which is consistent with the result of XPS and
XRD.

Obviously, the capacity of sloping below 4.5 V becomes higher
with the increase of Ni** on account of much lower level of Li/Ni
cation mixing. On the contrary, the capacity of plateau above 4.5 V
decreases with increasing the content Ni3+, resulting in a much
lower plateau capacity for Li;,Niy3Mngs0O, and disappearence of
plateau for Li; ,Nig 4Mng 40,. This is most likely due to the reduction
in the Li* and Mn*", resulting in decreasing the Li,MnO3; component
® The CV profiles show the oxidation peaks of Ni**/Ni**/Ni*" at
about 4.2 V and 4.3 V for Li;,Nip3sMnys0O, (Fig. 4e) and
Li; ,Nig4Mng 40, (Fig. 4f), respectively. However, the corresponding
reduction peak splits into two separate peaks because the voltage
difference between Ni**/Ni** and Ni**/Ni** redox couples >3.
Moreover, the peak of Li,MnO; activation can’t be observed for
Li; ,Nig4Mng 40, during the initial charge process, in accordance
with the disappearance of plateau and the results of XRD.
In addition, it is clear that the discharge median voltage in the initial
cycle increases with increasing the content of Ni3+, because Ni**
shows the much higher redox potential compared with Ni** and
Mn®*.

3.2.2 Cyclic performance

The cyclic performances of Li; ,Ni,Mngg., O, (x=0, 0.1, 0.2, 0.3 and
0.4) at 20 mA-g_1 (0.1C) in the voltage range of 2.0-4.8 V for the first
100 cycles are shown in Fig. 5(a). Li;,Nip,Mnge0, exhibits the
highest initial discharge capacity of 244 mAh-g_l, while it shows only
capacity retention of 62.97% after 100 cycles, which indicates a fast
structure transformation from layer to spinel 3, However, the
discharge capacity of Li;,MnggO, and Li;,Nig1Mng;0, shows a
trend of gradual increase by reason of the gradual activation of
Li,MnO; upon cycling. It should be noted that, Li; ,Mny 30, presents
a much slower growth rate that the discharge capacity increases
from 22.08 mAh-gf1 to 39.13 mAh-gf1 after 100 cycles, which is

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 (a) Cycling performances of all five samples at 0.1C between 2.0 V
and 4.8 V. (b) Energy density curves of all the samples upon cycling at
0.1C.

attributed to the slow activation rate of Li,MnO; suppressed by
existing spinel phase Li;,,Mn,.0, 31 And for Li; ,Nig1Mng50,, the
discharge capacity reaches the highest value of 231.5 mAh-gf1 from
the initial value of 76 mAh-gf1 after 75 cycles and still retains 100%
of the capacity after 100 cycles. This phenomenon of capacity
increase in the initial dozens of cycles is also ascribed to the gradual
activation of Li,MnO; caused by the existence of Mn®",

It is noted that Li;,Nig3sMngs0, and Li;,NigsMng,0, show
excellent capacity retention with 75.04% and 92.13% after 100
cycles, respectively. The reason for this superior cyclic stability,
which generally enhances as Ni** content increases, involves two
aspects. One reason can be the reduction in Mn ion dissolution
upon cycling resulting from decreasing the content of Mn, which
leads to less capacity loss 1635 The other reason is the reduction in
Li ion irreversible dissolution and elimination of more Li vacancies
upon cycling, for the smaller in size of Ni** than Ni** can’t occupy
the sites of Li layers after charge process, which can protect the
active materials from structure transformation *.

Voltage decay caused by the structure conversion from layer to
spinel phase and the deterioration of the electrode/electrolyte
interface is one of the main challenges for Li-rich cathode materials,
which leads to the gradual decrease in energy density during cycling
¥, The charge-discharge curves of all five samples at various cycle
numbers at 0.1C are employed to evaluate the voltage decay, as

J. Name., 2013, 00, 1-3 | §
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Fig. 6 Charge and discharge curves of (a) Li12MnogO, (c)
Li12Nig1Mno 702, (e) Li12Nio2Mnge0z, (g) Li12NiosMnosO, and (i)
Liz2Nig.sMng 40, at 0.1C between 2.0 V and 4.8 V after the 2", 5, 10",
20", 50™ and 100" cycle. (b, d, f, h and j) Corresponding cyclic

voltammetry profiles.

shown in Fig. 6, respectively. Severe voltage decay upon cycling is
observed in Li;;Mny0, (Fig. 6a), Li;,Nip;Mng;0, (Fig. 6¢) and
Li; ,Nig,Mng 6O, (Fig. 6e), resulting from the unexpected layered-
spinel structure transformation ¥ In particular, Li; ;,Mng 30, exhibits
an interesting gradual increase phenomenon of the discharge
median voltage in the initial tens of cycles from 3.36 V to 3.60 V, for
the proportion of LiMnO, with higher redox potential of MnsJ'/Mn4+
than Li;,,Mn,,0, increases gradually along with the activation of
Li,MnO; 32 However, the voltage fading rate efficiently slowed
down with the increase of Ni** content, especially for
Li; ,Nig 4Mng 4,0, with the voltage drop of 0.25 V. The alleviated
voltage decay can be attributed to the enhancement of structural
stability, the elimination of Li vacancies resulting from lower level of
TM migration after charge process, the reduced Mn dissolution
upon cycling and the weak interface reaction between electrode

6 | J. Name., 2012, 00, 1-3

and electrolyte contributed by the reduction in oxygen release as
the increase of Ni** '®%.

Fig. 6 (b, d, f, h and j) presents the CV curves of all materials after
various cycles. It is obviously observed that the weak oxidation
peaks of Li,O removal from Li,MnOj; at 4.8 V always exist during 100
cycles for Li; ;Mng 30, (Fig. 6b), which proves the phenomenon of
capacity increase upon cycling. Moreover, the oxidation peaks of
Mn**/Mn* in spinel phase at about 3.2V continuously shift to a
higher voltage upon cycling, and the reduction peaks of Mn**/Mn®*
in layer phase become weaker as well as a new reduction peak of
2.95 V occurs. This behavior can be interpreted that an unexpected
layered-spinel intergrowth structure formation generates voltage
decay and low capacity 1 As shown in Fig. 6(d), a weak peak of
oxygen release still appears in the 50th during charge process and
disappears after 100 cycles, which verifies the interesting
phenomenon of capacity change for Li; ,Nig;Mng;0,. In particular,
the redox peak of Mn**/Mn®" and the peak of Li,MnO; activation
cannot be observed all the time for Li; ,Nig sMng 40,, indicating that
traces of inactivated Li,MnO;in active materials maybe enhance
the structure and improve the voltage decay.

Fig. 5(b) shows the energy density profiles upon cycling, which
are determined by capacity loss and voltage decay. Li; ,Nig,Mng 0,
delivers the highest initial energy density of 873 Wh-kg'1 and the
lowest retention value of 446 Wh-kg'1 after 100 cycles. However,
the gradual increase of capacity for Lij,Nig;Mny;0, and the
excellent stability of capacity and voltage for Li, ,Niy sMng 40, exhibit
much higher energy density of 660 Wh-kg'1 and 645 Wh-kg'1 after
100 cycles, respectively.

4. Conclusions

In this paper, a monoclinic-hexagonal layered material with a
chemical formula of Li; ,NiyMng 5,0, (x=0, 0.1, 0.2, 0.3 and 0.4) was
prepared by a combustion method to investigate the effect of
valence states of Ni and Mn on the structure and electrochemical
performances. Li-rich
materials can be a useful approach to obtain the higher capacity
and superior cyclability after the complete activation of Li,MnO;,
while it will cause serious voltage decay. For example,
Li; ,Nig1Mng;0, reaches the highest discharge capacity of 231.5
mAh-g_1 from the initial value of 76 mAh‘g_1 after 75 cycles and still
keeps 100% of the capacity at 0.1C after 100 cycles, while the
operating voltage drops from 3.60 V to 2.85 V after 100 cycles. In
addition, N plays an important role in improving the stability of
capacity and voltage. And operating voltage increases with the
content of Ni** because of the higher reduction potential of
Ni‘“/Ni?’+ compared with Ni‘“/Ni2+ and Mn“/Mn?”. But Ni** will give
rise to a lower discharge capacity for a little oxygen release. For
instance, Li;,Nig4Mng40, delivers the discharge capacity of 192.5
mAh-g_1 in the first cycle at 0.1C with the capacity retention of
92.13%, and initial operating voltage of 3.89 V with the voltage drop
of 0.25 V after 100 cycles. Therefore, it is proposed that the
amounts of Mn>" and Ni*" need to be well controlled during
synthesis of Li-rich layered oxides to reach a reasonable integrated
performance between high capacity, high operating voltage and
excellent stability of capacity and voltage.

A certain amount of Mn*>* in cathode

This journal is © The Royal Society of Chemistry 20xx
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