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a  b  s  t  r  a  c  t

We  report  the synthesis  of  LiNi0.85−xCo0.15MnxO2 positive  electrode  materials  from
Ni0.85−xCo0.15Mnx(OH)2 and Li2CO3.  XRD  and  XPS  are  used  to study  the effect  of  Mn-doping  on  the
microstructures  and  oxidation  states  of  the  LiNi0.85−xCo0.15MnxO2 materials.  The  analysis  shows  that
Mn-doping  promotes  the formation  of  a single  phase.  With  increasing  substitution  of Mn  ions  for  Ni
ions,  the  lattice  parameter  a decreases,  while  the  lattice  parameters  c and  c/a  increase.  XPS  revealed
eywords:
he ordering of Mn4+ with Ni2+ and Mn4+

ith Li+

n-doping
M–O

tructural characterization

that  the  oxidation  states  of  Ni, Co  and  Mn  in LiNi0.85−xCo0.15MnxO2 compounds  (where  x  = 0.1,  0.2  and
0.4)  were  +2/+3,  +3  and  +4. The  substitution  of  Mn  ions  for Ni ions  induces  a  decrease  in the average
oxidation  state  of  Ni.  Because  the  substitution  of Mn  for  Ni  ions  is  complex,  the  extent  of  the  changes
between  the  lattice  parameter  and  LM–O differ.  The  occupation  of Ni in  Li sites  is  affected  by the  ordering
of  Mn4+ with  Ni2+ and  Mn4+ with  Li+.

© 2011 Elsevier B.V. All rights reserved.

i batteries

. Introduction

Stoichiometric LiNiO2 is difficult to synthesize [1].  During
ycling, lithium occupies nickel sites to cause structural insta-
ility and capacity deterioration [2].  Cobalt and manganese ions
ave been considered as possible candidates for partial substitu-
ion of nickel to help overcome the unsatisfactory characteristics
f LiNiO2 [3–5]. Cobalt ions suppressed the Jahn–Teller distortion
n the deintercalation process of lithium. This resulted in signifi-
ant stabilization of the structure and good cycling performance of
iNi1−xCoxO2 [6].  However, heavy doping with cobalt increases the
abrication cost and toxicity of lithium nickel oxide. There are also
eports of manganese-doped lithium nickel oxide, LiNi1−xMnxO2,
hich shows safety characteristics even when being charged at

.6 V. Materials containing LiNiO2 doped with a single ion do
ot exhibit satisfactory improvement in performance over lithium
ickel oxide. Thus, researchers began to study lithium nickel oxide

oped with multiple ions. The new layered structure compounds
iNi1−x−yCoyMnxO2 and LiNixCo1−2xMnxO2 were developed and
hese demonstrate better overall performance [7–9].

∗ Corresponding author at: College of Materials Science and Engineering, Shan-
ong University of Science and Technology, Qianwangang Road 579#, Qingdao
66510, China. Tel.: +86 532 88032993; fax: +86 532 86057098.
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In this study, LiNi0.85Co0.15O2 was  doped with manganese ions
to improve its cost effectiveness and performance characteristics.
The series of Mn-doped LiNi0.85−xCo0.15MnxO2 (x = 0, 0.1, 0.2 and
0.4) powders were synthesized by coprecipitation. We  studied how
doping with different proportions of manganese ions changed the
structure and oxidation states of the LiNi0.85−xCo0.15MnxO2 com-
pounds using X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS).

2. Experimental

The metal hydroxide Ni0.85−xCo0.15Mnx(OH)2 (x = 0, 0.1, 0.2 and 0.4) precur-
sors  were prepared by coprecipitation. Ni(NO3)2·6H2O, Co(NO3)2·6H2O,  Mn(NO3)2

(mass concentration, 50%), NaOH and NH4OH were used as the starting mate-
rials. Mixtures of Ni(NO3)2·6H2O, Co(NO3)2·6H2O, Mn(NO3)2 (cationic ratio of
Ni:Co:Mn = 0.85−x:0.15:x) were dissolved in distilled water to form aqueous solu-
tions with a concentration of 1.0 mol  dm−3. This solution was slowly added dropwise
into a stirred solution of NH4OH and NaOH (aqueous, pH = 10.5). At the same time,
further NH4OH and NaOH solution was added at a constant rate to maintain a pH
of  10.5. The temperature was kept at 50 ◦C to accelerate the rate of coprecipitation.
After the reactants had been added, the solution was stirred for a further 20 h. The
resulting precipitate was filtered and washed three times with distilled water to
ensure that any residual ions (such as Na+ or NO3

−) were completely removed. The
precipitate was then dried in air at 80 ◦C for 12 h, giving the Ni0.85−xCo0.15Mnx(OH)2
precursor. The solids were pre-calcined with Li2CO3 at 650 ◦C in air for 5 h to
impregnate Li2CO3 into the matrix, and then calcined at 900 ◦C for 10 h in air. XRD
measurements of the LiNi0.85−xCo0.15MnxO2 materials were carried out using an
X-ray diffractometer (Bruker, D8 ADVANCE, Germany) equipped with a diffracted
beam monochromator. XRD data were collected in the range of 10–70◦ (2�) using a

dx.doi.org/10.1016/j.jallcom.2011.05.024
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:guyijie@sdust.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.05.024
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ig. 1. XRD patterns of the LiNi0.85−xCo0.15MnxO2 compounds (x = 0, 0.1, 0.2 and 0.4).

tep-scan method with a step size of 0.02◦ and a counting time of 1 s per step. The
tructural refinements were performed using FullProf. The chemical compositions
f the synthesized materials were determined by an inductively coupled plasma
pectrometer (ICP: Agilent7500a, Japan). XPS data for the materials were obtained
n  a Thermo ESCALAB 250 (USA) spectrometer using a monochromatic Mg  X-ray
ource.

. Results
Fig. 1 shows the X-ray diffraction patterns of the positive elec-
rode materials LiNi0.85−xCo0.15MnxO2 (x = 0, 0.1, 0.2 and 0.4). The

iller indices of the samples are based on the hexagonal �-NaFeO2
tructure (space group: R-3m, no. 166). As the content of Mn  ions

Fig. 2. Comparison of experimental and calculated XRD patterns of LiNi0.65Co0.1
pounds 509 (2011) 7915– 7921

was increased, the positions of the main diffraction peaks showed
little variation, but their intensities changed. The intensities of the
(0 0 3) and (1 0 4) crystal face diffraction peaks of LiNi0.85Co0.15O2
are higher than those of any manganese-doped compounds. The
(0 0 6)/(0 1 2) and (0 1 8)/(1 1 0) doublets are increasingly separated
as the Mn  content increases. The small peaks between diffrac-
tion angles 20–40◦ in the LiNi0.85Co0.15O2 diffraction curve indicate
the presence of a small amount of an impurity. The small diffrac-
tion lines between 20◦ and 30◦ could be attributed to Li2CO3.
There is a small diffraction line at 37◦ which may  be caused by
a Co2NiO4 impurity. It can be seen from the XRD patterns that none
of the manganese-doped materials contain impurities. The single
phase structure forms more readily for the Mn-doped materials
LiNi0.85−xCo0.15MnxO2 (x = 0.1, 0.2 and 0.4) than for the undoped
material LiNi0.85Co0.15O2 by the preparation method in air.

The X-ray diffraction patterns of the LiNi0.85−xCo0.15MnxO2
(x = 0, 0.1, 0.2 and 0.4) compounds were refined. The X-ray diffrac-
tion pattern of LiNi0.65Co0.15Mn0.2O2, together with its refinement,
is shown in Fig. 2. Table 1 gives the structural parameters deter-
mined for the LiNi0.85−xCo0.15MnxO2 materials (x = 0, 0.1, 0.2 and
0.4) from the refinement of their XRD data.

The actual ionic distribution of LiNiO2 is represented as
[Li1−ı−ωNiı+ω

2+]3b[Ni1−ı
2+Niı−ω

3+Liω]3aO2 [10], due to the pres-
ence of the Ni ions in the Li layer. Refinement of the XRD pattern
of LiNi0.85Co0.15O2 led to a cationic distribution for the pris-
tine material (Li0.850Ni0.150)3b(Ni0.818Li0.032Co0.150)3aO2. The high
nickel content favors the loss of lithium from the oxide. More-
over, it is very difficult to oxidize Ni2+ to Ni3+ in air. This means
that when LiNi0.85Co0.15O2 is synthesized in air it tends to contain
nickel ions in its lithium sites resulting in a lithium deficient, non-
stoichiometric compound [7].  The XRD data for LiNi0.85Co0.15O2
indicates that its formation under atmospheric conditions can
lead to impurity and Ni2+ ions in Li ion sites. Previous research
has shown that LiNi0.9Co0.1O2 formed in oxygen can form a sin-
gle phase with a low proportion of Ni2+ ions in Li ion sites
[11]. When the fraction of manganese ions was 0.1, the formula
LiNi0.75Mn0.1Co0.15O2 was  shown to describe well the structure
of (Li0.926Ni0.074)3b(Ni0.676Mn0.100Li0.074Co0.150)3aO2 obtained from
the refinement of the XRD data. Neutron powder diffraction (PDF)
analysis of Li[Ni1/3Mn1/3Co1/3]O2 showed a nonrandom distribu-
tion of Ni and Mn  cations in the TM layers, with Ni closer to Mn  in the
first coordination shell, and a random distribution of Co [12]. When

the Mn  content is increased to 0.2, the occupation of Ni ions in
the lithium layer is 0.057. This increases to 0.065 when the Mn  con-
tent is increased to 0.4, so the formula LiNi0.45Mn0.4Co0.15O2 may
be represented as (Li0.935Ni0.065)3b(Ni0.385Mn0.400Li0.065Co0.15)3aO2

5Mn0.2O2. Constraints: n(Li)3a + n(Ni)3a = 1; n(Li)3b + n(Ni)3b + n(Mn)3b = 1.
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Table  1
Structural parameters of LiNi0.85−xCo0.15MnxO2 compounds (x = 0, 0.1, 0.2 and 0.4).

LiNi0.85Co0.15O2 LiNi0.75Mn0.1Co0.15O2 LiNi0.65Mn0.2Co0.15O2 LiNi0.45Mn0.4Co0.15O2

LiNi0.85Co0.15O2 Li2CO3 Co2NiO4

Space group R-3m C2/c Fd-3m  R-3m R-3m R-3m
Lattice  constant

a (Å) 2.882(27) 8.419(97) 7.983(39) 2.878(00) 2.875(53) 2.874(19)
b  (Å) 2.882(27) 4.995(48) 7.983(39) 2.878(00) 2.875(53) 2.874(19)
c  (Å) 14.219(86) 6.213(53) 7.983(39) 14.226(14) 14.245(16) 14.267(41)
˛ 90 90 90 90 90 90
ˇ  90 114.980(83) 90 90 90 90
� 120  90 90 120 120 120
Cell  volume (A3) 102.30(5) 236.90(2) 508.81(8) 102.04(7) 102.00(8) 102.07(2)

Structure parameters
Rp 8.67 10.9 10.5 11.6
Rwp 8.23 10.2 14.5 11.1
Li3b

x 0 0.179(12) x 0 0 0
y 0 0.336(57) x 0 0 0
z  0.5 0.634(94) x 0.5 0.5 0.5
Occ 0.850(3) 1 x 0.926(3) 0.943(5) 0.935(5)
B  1.872(27) 0.5 x 1.611(40) 2.763(64) 3.175(62)

Ni3b

x 0 x x 0 0 0
y  0 x x 0 0 0
z 0.5 x x 0.5 0.5 0.5
Occ  0.150(3) x x 0.074(3) 0.057(5) 0.065(5)
B 1.872(27) x x 1.611(40) 2.763(64) 3.175(62)

Ni3a

x 0 x 0.5 0 0 0
y 0 x 0.5 0 0 0
z  0 x 0.5 0 0 0
Occ 0.818(4) x 0.5 0.676(0) 0.593(0) 0.385(0)
B  0.747(61) x 0.5 0.422(7) 0.406(86) 0.422(88)

Mn3a

x x x x 0 0 0
y  x x x 0 0 0
z x x x 0 0 0
Occ  x x x 0.100(0) 0.200(0) 0.400(0)
B x  x x 0.422(7) 0.406(86) 0.422(88)

Co3a

x 0 x 0.125 0.5 0 0 0
y  0 x 0.125 0.5 0 0 0
z  0 x 0.125 0.5 0 0 0
Occ 0.150(0) x 1 0.5 0.150(0) 0.150(0) 0.150(0)
B  0.747(61) 0.5 0.5 0.422(7) 0.406(86) 0.422(88)

Li3a

x 0 x x 0 0 0
y  0 x x 0 0 0
z  0 x x 0 0 0
Occ  0.032(0) x x 0.074(0) 0.057(0) 0.065(5)
B  0.747(61) x x 0.422(7) 0.406(86) 0.422(88)

O
x  0 0.147(70) 0 0.206(17) 0 0 0
y  0 −0.129(17) 0.296(09) 0.206(17) 0 0 0
z  0.25862(17) 0.334(62) 0.25 0.206(17) 0.25811(17) 0.25851(20) 0.25739(20)
Occ  2.000(0) 1 1 1 2.000(0) 2.000(0) 2.000(0)
B  0.500(0) 0.5 0.5 0.5 1.212(79) 0.459(91) 0.500(0)

C
x  x 0 x x x x
y  x 0.296(09) x x x x
z  x 0.25 x x x x
Occ  x 1 x x x x

T is not

a
a
c
a
c
f
i

t

B  x 0.5 x 

he site of Li in Li2CO3 is not defined as Li3a and Li3b. Also, the site of Ni in Co2NiO4

ccording to the refinement of the XRD data. Fig. 3 shows the vari-
tion in the proportion of Ni2+ ions in the lithium layer as the Mn
ontent increases. As the content of Mn  increases from 0.1 to 0.4
nd the Ni content decreases from 0.75 to 0.45, there is almost no
hange in the occupation of Ni2+ ions in the lithium layer. This dif-

ers from a previous finding that the degree of nickel and lithium
nterlayer mixing increases as the nickel content is reduced [13].

The ratio of I0 0 3/I1 0 4 shows complex variation as the Mn  con-
ent increases, as shown in Fig. 3. This finding is not consistent
x x x

 defined as Ni3a and Ni3b.

with a previously reported research result [14]. Intensity ratios
of I0 0 3/I1 0 4 are used as an indication of cation mixing, which
expresses a fraction of Ni and Li ion interchange sites in the crys-
tal lattice. A larger I0 0 3/I1 0 4 value implies that the sample is more
highly ordered [15]. Fig. 3 shows that a relationship exists between

the Ni and Li ion interchange sites and the intensity ratios of
I0 0 3/I1 0 4 with the content of Mn  in the sample. Lattice parame-
ter a decreases, while lattice parameters c and c/a increase as the
Mn  content increases. The lattice parameter c obtained in our study



7918 Y.-J. Gu et al. / Journal of Alloys and Compounds 509 (2011) 7915– 7921

F
l
M

i
p
t
r

2
T
m
w

770 78 0 79 0 80 0 81 0 82 0

24000

27000

30000

33000

36000

LiNi
0.75

Co
0.15

Mn
0.1

O
2

LiNi
0.65

Co
0.15

Mn
0.2

O
2

LiNi
0.45

Co
0.15

Mn
0.4

O
2

24000

25000

26000

27000

LiNi
0.75

Co
0.15

Mn
0.1

O
2

(C
o

u
n

t/
s
)

20000

20400

20800
LiNi

0.65
Co

0.15
Mn

0.2
O

2

776 78 0 78 4 78 8
33000

33600

34200

34800

35400

LiNi
0.45

Co
0.15

Mn
0.4

O
2

reported previously that the ratios of Ni2+:Ni3+ increased as the
Mn content was increased [16]. The Mn  2p3/2 spectrum possessed
one peak at ca. 642 eV corresponding to the binding energy of Mn4+.

Table 2
Binding energies of Co, Ni and Mn  for LiNi0.85−xCo0.15MnxO2 (x = 0.1, 0.2, and 0.4)
calculated from the XPS data.

3+ 2+ 3+ 4+ 2+ 2+ 3+
ig. 3. The variation of Ni2+ in the Li layer, the bond lengths of Li–O, M–O, I0 0 3/I1 0 4,

attice parameters of a, c, the ratio of c/a and volume of LiNi0.85−xCo0.15MnxO2 as the
n  content increases.

s consistent with that from previously reported work, but lattice
arameter a is different [16]. The ratio of c/a increases as the con-
ent of Mn  in the sample increases, which is consistent with the
esults of another experiment [15].

Figs. 4–6 show the XPS results for Co 2p3/2, Ni 2p3/2 and Mn

p3/2 in the materials; their binding energies are summarized in
able 2. The binding energies were obtained by fitting of experi-
ental curves to calculated profiles. The calculated curve profiles
ere defined as a combination of Gaussian and Lorentzian dis-
Binding energy/e V

Fig. 4. XPS spectrum of Co 2p3/2 for the synthesized materials.

tributions with an anisotropic contribution, taking into account
the asymmetrical shape usually observed for transition metal 2p
lines. The Co 2p3/2 peak from LiNi0.85−xCo0.15MnxO2 (x = 0.1, 0.2
and 0.4) appeared at 780 eV. This value is close to those of Co3+ in
LiNi1/3Mn1/3Co1/3O2 and Li1+x(NizMnzCo1−2z)O2 [17,18]. This indi-
cates that the oxidation state of Co in the LiNi0.85−xCo0.15MnxO2
samples is +3. For the Ni 2p3/2 spectra of the LiNi0.85−xCo0.15MnxO2
samples, two contributions, one at ca. 853.5 eV for the Ni2+ ion and
another at ca. 855 eV for the Ni3+ ion, were observed. The ratios
of Ni2+:(Ni2+ + Ni3+) calculated from the results of the XPS study
increased considerably as the Mn  content increased. It has been
Mn  Co (eV) Ni (eV) Ni (eV) Mn (eV) Ni /(Ni + Ni )

0.1 780.1 853.5 855.1 642.2 0.10
0.2  780.0 853.5 855.1 642.2 0.24
0.4  780.0 853.5 854.9 642.1 0.69
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Fig. 5. XPS spectrum of Ni 2p3/2 for the synthesized materials.

. Discussion

The oxidation state of Co in LiMnxNiyCozO2 is typically +3. The
o 2p3/2 spectra of Li1+x(Mn0.425Ni0.425Co0.15)1−xO2 are consistent
ith the samples containing Co3+ ions [18]. The results of XPS indi-

ated that the oxidation state of Co in the LiNi0.85−xCo0.15MnxO2
ompounds (x = 0, 0.1, 0.2 and 0.4) is also +3.

There are two possibilities for the oxidation states of Ni in
iMnxNiyCozO2 compounds. In layered LiNi0.5Mn0.5O2, charge com-
ensation during charge and discharge is achieved mainly by the
xidation/reduction of Ni2+ and Ni4+ ions from in situ Ni at the
-edge [19]. Recently X-ray absorption near-edge spectroscopy
xperiments verified the presence of Ni2+ in several compounds
f the series LiNixMnxCo1−2xO2 (0.01 < x < 1/3) [12]. But, according
o the Ni 2p3/2 XPS, two contributions, one for Ni2+ and another
or Ni3+, were observed and the ratios of Ni3+/(Ni2+ + Ni3+) from
PS fitting results were considerably increased with overlithia-

ion [18]. The contribution of the peak corresponding to Ni3+ in
he Ni 2p3/2 spectrum is around 93% of the total Ni content for

iNi0.65Co0.25Mn0.1O2. This peak decreases to 61% of the total Ni
ontent for LiNi0.5Co0.25Mn0.25O2, so the ratio of Ni2+/Ni3+ increases
s the content of Mn  in the samples increases [16]. Our experimen-
al results from XPS supported the idea that the Ni ions exist in a
Fig. 6. XPS spectrum of Mn 2p3/2 for the synthesized materials.

mixture of +2 and +3 oxidation states in the LiNi0.85−xCo0.15MnxO2
compounds (x = 0, 0.1, 0.2 and 0.4). In general, research has
shown that the oxidation state of Mn  in LiMnxNiyCozO2 com-
pounds is mostly +4. First-principle calculations have shown that
strong interactions between Ni2+ and Mn4+ ions are favorable.
This is supported by the fact that an increased number of Mn4+

ions is accompanied by an increased number of Ni2+ ions in
LiMnxNiyCozO2 compounds [20]. Therefore, as the content of Mn
increases, the ratio of Ni2+:(Ni2+ + Ni3+) increases, which is con-
sistent with the result of XPS data for the LiNi0.85−xCo0.15MnxO2
compounds.

As the Mn  content increases, the lattice parameters a and c are
affected differently according to different researches. Changing the
Mn  concentration is not a simple substitution reaction. As the Mn
content increases, the smaller Ni3+ ions transform into the larger
Ni2+ ions. The percentage of Ni2+ increases to balance the smaller
radius of the Mn  dopant. As a result, the lattice parameter c and
the unit cell volume increase as the Mn  content increases [15].
The decrease in the value of lattice parameter a is attributed to
the increasing Mn4+ ion content because Mn4+ has a smaller ionic

˚
radius in octahedral coordination (0.54 A) compared with high-
spin Mn3+ (0.65 Å), low-spin Ni3+ (0.56 Å), Ni2+ (0.70 Å), high-spin
Co3+ (0.61 Å) and low-spin Co2+ (0.65 Å), all of which might be
present in varying levels in these highly complex integrated struc-
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Table  3
Calculated bond lengths for LiNi0.85−xCo0.15MnxO2 compounds (x = 0, 0.1, 0.2 and 0.4).

LiNi0.85Co0.15O2 LiNi0.75Mn0.1Co0.15O2 LiNi0.65Mn0.2Co0.15O2 LiNi0.45Mn0.4Co0.15O2

Li3b–O 2.1163(16) 2.1103(16) 2.1137(18) 2.1046(18)
Ni3a–O 1.9743(14) 1.9764(14) 1.9730(15) 1.9818(16)
Ni3b–O 2.1163(16) 2.1103(16) 2.1137(18) 2.1046(18)

t
c
s
p
o
e
e
b
F
c
A
c
L
a
i

s
t
t
l
t
r
t
b
r
[
L
L
A
h
a
s
c

F

Co3a–O 1.9743(14) 1.9764(14) 

Mn3a–O x 1.9764(14) 

O1–O2 2.882(27) 2.8779(99) 

ures [21,22]. The variation of the lattice parameters a and c with
hanges in the Mn-doping is shown in Fig. 3. Because of the complex
ubstitution effect caused by Mn-doping, the change of the lattice
arameters a and c does not directly correlate to the radius change
f the ions in LiNi0.85−xCo0.15MnxO2. As shown in Fig. 7, transitional
lements oxygen octahedron and Li oxygen octahedron share one
dge O1O2. The variation of LM–O (the length of the metal–oxygen
ond) reflects the substitution effect of the changing Mn  content.
ig. 3 and Table 3 show the variation of the LM–O and LLi–O as the Mn
ontent increases. When the Mn  content is 0.2, LM–O is the smallest.
lthough the radius of Li and O ions is believed invariable with the
hanging Mn  content, the LLi–O changes as the Mn  content varies;
M–O is largest for the compound LiMn0.4Ni0.45Co0.15O2. There is
n almost opposing variation extent between LM–O and LLi–O with
ncreasing Mn  content according to Fig. 3.

The 6Li MAS  NMR  spectrum of 6Li[Ni0.02Mn0.02Co0.96]O2 is con-
istent with the formation of Ni2+ and Mn4+ clusters within the
ransition metal layers, even at such low doping levels [12]. When
he content of Mn  increases from 0 to 0.1, the Ni2+ in the Li
ayer decreases from 15% to 7%; In the short-range, Li ions in the
ransition metal layer are preferentially surround by Mn  ions as
evealed by NMR  studies [10]. In-plane ordering of lithium and
ransition metal ions in Li[Li1/9Ni1/3Mn5/9]O2 and Li2MnO3 has
een evidenced by X-ray diffraction, solid-state nuclear magnetic
esonance and extended X-ray absorption fine structure studies
23–25]. When the Mn  content increases from 0.1 to 0.4 in the
iNi0.85−xCo0.15MnxO2 compounds, the proportion of Ni2+ in the
i layer is almost invariable due to the ordering of Li+ and Mn4+.
lthough the presence of Ni in the Li layer is believed generally to
ave detrimental effects in the reversibility of lithium intercalation

nd the de-intercalation process by impeding Li diffusion in the Li
lab space, Li/LiNi0.5Mn0.5O2 cells have shown excellent reversible
apacities [26]. This is in contrast to the reversibility found for

ig. 7. The transitional elements oxygen octahedron and Li oxygen octahedron.

[
[

[
[

[
[

[
[
[
[

[

1.9730(15) 1.9818(16)
1.9730(15) 1.9818(16)
2.8755(25) 2.8741(85)

Li/Li1−zNi1+zO2 cells, which is very sensitive to extra Ni (z value)
in the Li layer [27].

5. Conclusion

A  series of LiNi0.85−xMnxCo0.15O2 compounds with x = 0, 0.1, 0.2
and 0.4 were synthesized and characterized. XRD was  used for
structure examination and XPS was  used to determine the formal
oxidation states of Ni, Mn  and Co in the compounds. The lattice
parameter a decreases and the lattice parameter c increases as the
Mn content increases. It is suggested that LM–O is representative
of the transition metal element radius change as the Mn content
increases. The change of LM–O is irregular as Mn increases from 0
to 0.4 due to the different elements, oxidation states and valences
about Ni, Co and Mn  as the Mn  content changes. Although it is
believed that LLi–O is invariable with changing Mn content, the
experiment shows that a relationship exists between the variation
in LLi–O and LM–O. When the content of Mn  is 0.1 so the formula is
LiNi0.75Mn0.1Co0.15O2, the impure phase found in LiNi0.85Co0.15O2
disappeared. The degree of nickel and lithium interlayer mixing
decreases from 15% to 7% as the content of Mn  increases from 0 to
0.1. Ni occupation of Li sites is almost invariable as the content of
Mn increases from 0.1 to 0.4. The analyses show that the degree of
Ni occupation in the Li sites is controlled by the ordering of Mn4+

with Ni2+ and Mn4+ with Li+.
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