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bstract

Pristine, equivalently and non-equivalently Al substituted LiNi0.5Mn0.5O2 materials were prepared by a combination of co-precipitation and
olid-state reaction. As shown by XRD and XPS, lattice volume shrinkage of LiNi0.5(Mn0.45Al0.05)O2 was attributed to the presence of Ni in both
+ and 3+, while the lattice volume expansion of Li(Ni0.45Al0.05)Mn0.5O2 was caused by lowering the average oxidation state of Mn. Electrochemical
erformance of LiNi0.5Mn0.5O2 materials can be greatly affected by the change of oxidation states of the transition metals by Al substitution. Non-
quivalent substitution of Al for Ni leads to deteriorated discharge performance and cyclic stability due to the reduction of the electrochemical
ctive Ni2+ and structure supported Mn4+, while an increase in the amount of Ni2+ in LiNi0.5(Mn0.45Al0.05)O2 brings obvious improvement of the

lectrochemical properties. EIS analyses of the electrode materials at pristine and charged states indicate that the poor electrochemical performance
f Li(Ni0.45Al0.05)Mn0.5O2 material can be ascribed to the higher charge transfer resistance and surface film resistance, and the observed higher
urrent rate capability of LiNi0.5(Mn0.45Al0.05)O2 can be understood due to the better charge transfer kinetics.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The cathode material in the current commercial rechargeable
ithium batteries usually is LiCoO2, and many recent reports
ave been addressed the problem in synthesizing a cheaper,
igher capacity, and safer layered cathode material than LiCoO2
1–3]. Layered lithium nickel manganese oxides are promising,
heap, and non-toxic alternative cathode materials to the com-
ercial LiCoO2 electrode used in Li-ion batteries. Among these
aterials, LiNi0.5Mn0.5O2 is one of the most attractive, due to its

igher specific capacity, lower cost, and excellent thermal stabil-
ty [4–6]. However, there are some difficulties to be overcomed,
n order to be applied in the future, such as uneasy preparation

f stoichiometric phases [7], poor rate capacity [8], and cycle
nstability [9].

∗ Corresponding author at: No. 92 West Dazhi Street, Nangang District, Harbin
50001, PR China. Tel.: +86 451 86413753; fax: +86 451 86413753.
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erties; Electrochemical impedance spectroscopy (EIS)

It is well known that foreign metal ion doping is an effective
ay to improve the electrochemical properties of the cathode
aterials [10]. Some foreign metal ions, such as Co [11,12],
l [13,14], Mg [13], and Ti [7,13,14], have been chosen as

he dopants to improve the electrochemical performances of
iNi0.5Mn0.5O2, by equivalent or non-equivalent substitution

n terms of charge balance [15]. Kang and Amine [13] used Co,
l, Ti as the dopants to prepare Li(Ni0.475Mn0.475)Co0.05O2,
i(Ni0.475Mn0.475)Al0.05O2, and Li(Ni0.475Mn0.475)Ti0.05O2,
nd the discharge capacities in the voltage range of 2.8–4.3 V
as increased from 120 mAh g−1 (with a slight capacity fade
p to 40 cycles) to 140, 142, and 132 mAh g−1, respectively
almost no capacity fade was observed). Myung et al. [14]
tudied Al and Ti doping in LiNi0.5Mn0.5O2 and found that
iNi0.475Mn0.475Al0.05O2 which presents the smallest cation
ixing showed the smallest irreversible capacity. However, the

ffects of different substitutions, equivalent and non-equivalent,

y one same metal ion, have not been systematically studied.

In this paper, aluminum was chosen as the doping ele-
ent due to the equality of its valence as the average

alence of nickel and manganese in LiNi0.5Mn0.5O2. And the

mailto:gchen@hit.edu.cn
dx.doi.org/10.1016/j.jpowsour.2007.10.043
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in all Al substituted materials, especially for the sample
LiNi0.5(Mn0.45Al0.05)O2, indicating that substitution of Al for
proper amount of Mn can lead to ideal layered structure for
LiNi0.5Mn0.5O2 cathode materials.
26 B. Zhang et al. / Journal of P

ffects of equivalent substitution (Li(Ni0.475Mn0.475)Al0.05O2)
nd non-equivalent substitution (Li(Ni0.45Al0.05)Mn0.5O2, and
iNi0.5(Mn0.45Al0.05)O2) on the structural and electrochemical
roperties of the pristine LiNi0.5Mn0.5O2 were systematically
ompared by XRD, X-ray photoelectron spectroscopy (XPS),
yclic voltammetry (CV), electrochemical impedance spec-
roscopy (EIS), and charge–discharge tests.

. Experimental

.1. Materials preparation

LiNi0.5Mn0.5O2, Li(Ni0.475Mn0.475)Al0.05O2,
i(Ni0.45Al0.05)Mn0.5O2, and LiNi0.5(Mn0.45Al0.05)O2
amples were synthesized by a combination of co-precipitation
nd solid-state reaction. Stoichiometric amounts of nickel (II)
ulfate and manganese(II) sulfate were dissolved in deionized
ater. 2 M of NaOH solution and NH3·H2O (28–30%) were

dded dropwise into the above solution under severe stirring
ith argon aerating to keep the oxidation states of Ni and
n. The mixed hydroxide precipitation was then filtered,
ashed, and dried overnight at 120 ◦C. The mixed hydroxide
recipitation was then grinded with a required amount of
iOH·H2O, Al(NO3)3, heated at 450 ◦C for 5 h, and pressed

nto pellet, followed with calcination at 1000 ◦C for 24 h in air.

.2. Materials characterization

The crystallite structures of the prepared samples were deter-
ined on a D/max-RC X-ray diffractometer (Rigaku), with a
u K� radiation source (λ = 1.5405 Å, 45 kV, 50.0 mA). The
θ Bragg angles were scanned over a range of 10–80◦. The
PS spectra were collected on an American Electronics physical
HI5700ESCA system X-ray photoelectron spectroscope using
l K� radiation (1486.6 eV). The source was operated at 12.5 kV

nd the anode power was 250 W. The binding energy (BE)
as calibrated with the C 1s peak. Electrochemical impedance

pectroscopy (EIS) and cyclic voltammetry (CV) were mea-
ured on an electrochemical workstation (CHI 660A). EIS was
pplied on the electrode at pristine and charged (to 4.6 V, the
pen circuit voltages (OCV) of Li(Ni0.475Mn0.475)Al0.05O2,
i(Ni0.45Al0.05)Mn0.5O2, and LiNi0.5(Mn0.45Al0.05)O2 are 4.47,
.42, and 4.45 V, respectively) states in the frequency range of
.01–100,000 Hz with an applied amplitude of 0.005 V. CV was
arried out at a scanning rate of 0.1 mV s−1 between 2.7 and
.7 V (vs. Li/Li+). Charge–discharge performance of the cell
as characterized galvanostatically on BTS 5 V/1 mA battery

esting system (Shenzhen, China) at different discharge current
ensities in the potential range of 2.8–4.3 and 2.8–4.6 V (vs.
i/Li+).

.3. Preparation of lithium batteries
The charge–discharge tests were carried out using the stan-
ard CR2025 coin-type cell with a single lithium metal foil
node, a celgard 2300 (polypropylene) as the separator, and

cathode. For the preparation of cathode sheets, a slurry F
ources 176 (2008) 325–331

ormed by mixing the active material (80 wt%), acetylene black
10 wt%), and binder (10 wt%, polyvinylidene fluoride, PVDF,
issolved in N-methyl-2-pyrrolidone, NMP), was coated onto
n aluminum current collector. The electrodes were dried under
acuum at 120 ◦C overnight before punched and weighed. The
atteries were assembled in a glove box under a dry and high
urity argon atmosphere (99.999%). LiPF6 (battery grade) dis-
olved in a mixture of ethylene carbonate (EC, battery grade)
nd dimethyl carbonate (DMC, battery grade) (1:1 w/w) was
sed as the electrolyte.

. Results and discussion

.1. Structure characterization of materials

The powder XRD patterns of LiNi0.5Mn0.5O2,
i(Ni0.475Mn0.475)Al0.05O2, Li(Ni0.45Al0.05)Mn0.5O2, and
iNi0.5(Mn0.45Al0.05)O2 samples are shown in Fig. 1. The
iffraction patterns of the four samples were similar, with all the
eaks indexable based on the �-NaFeO2-type structure (space
roup R3̄m), suggesting that these materials prepared under our
ondition are well-crystallized and partial substitution of Al for
n and/or Ni in LiNi0.5Mn0.5O2 will not change the crystalline

tructure. The oxygen sublattice in the �-NaFeO2-type structure
orms a close-packed face centered at the cubic (fcc) lattice
ith a distortion in the c direction, resulting in clear splitting
etween the (0 0 6)/(1 0 2) and (1 0 8)/(1 1 0) peaks in the XRD
atterns. When this distortion in the c direction is absent (or the
tructure is totally cubic), the (0 0 6)/(1 0 2) and (1 0 8)/(1 1 0)
eaks merge into single peaks in the diffraction pattern [16].

good resolution of the (0 0 6)/(0 1 2) and the (0 1 8)/(1 1 0)
eflection pairs are typical of an ideal layered structure [17].
he separation between the (0 0 6)/(0 1 2) peaks as well as the

0 1 8)/(1 1 0) peaks can be distinguished more conveniently
ig. 1. X-ray diffraction patterns of LiNi0.5Mn0.5O2 and Al substituted samples.
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Table 1
Structure parameters of LiNi0.5Mn0.5O2 and Al substituted samples

I(0 0 3)/I(1 0 4) a (Å) c (Å) V (Å3)

LiNi0.5Mn0.5O2 1.108 2.8923 14.2502 103.2347
Li(Ni0.475Mn0.475)Al0.05O2 1.171 2.8845 14.2227 102.4805
L
L

a
r
u
p
T
n
s
e
h
L
v
i
i
r
L
p
l
p
p
o
p
r
(
s
i
(
d
d
M
o
t
o
b
i
(

t
t
t
m
N
s
t
w
S
o
t

F
s

b
e
p
B
t
o
o
N
A
N

d
o
2
M
[
t

i(Ni0.45Al0.05)Mn0.5O2 1.102 2.8923 14.2980 103.5809
iNi0.5(Mn0.45Al0.05)O2 1.213 2.8815 14.2215 102.2588

Materials Data Jade 5.0 for XRD pattern processing was
pplied for internal theta calibration, using linear fit and cur-
ent PDF overlay as references. The calibrated 2θ values were
sed to calculate the lattice constants a and c, and the calibrated
eak intensities were applied to determine the I(0 0 3)/I(1 0 4) value.
able 1 shows the structure parameters of equivalently and
on-equivalently Al substituted and pristine LiNi0.5Mn0.5O2
amples. The intensity ratio of I(0 0 3)/I(1 0 4) is a sensitive param-
ter to determine the cation distribution in lattice [18], and the
igher this ratio, the lower the degree of the cation mixing.
iNi0.5(Mn0.45Al0.05)O2 sample has the highest I(0 0 3)/I(1 0 4)
alue, while Li(Ni0.45Al0.05)Mn0.5O2 has the smallest, which
nterprets that substitution of Al for Ni in LiNi0.5Mn0.5O2 results
n highest degree of cation mixing, and thus possibly will dete-
iorate its electrochemical performances. Al introduction in
i(Ni0.475Mn0.475)Al0.05O2 and LiNi0.5(Mn0.45Al0.05)O2 sam-
les causes shrinkages of both a and c axis and reduction of the
attice volume. However, Li(Ni0.45Al0.05)Mn0.5O2 has the same
arameter a as pristine LiNi0.5Mn0.5O2, but a larger value of
arameter c, leading to lattice volume expansion. The changes
f lattice volume of the Al substituted materials seem to be
uzzling that the structure parameters of the Al substituted mate-
ials do not follow the same rule. Substitution of Al for Mn and
NiMn) causes shrinkage of the lattice volume, on the contrary,
ubstitution of Al for Ni expands the lattice volume. Accord-
ng to Shannon’s effective ionic radii [19], the radius of Al3+

0.535 Å) is almost identical to that of Mn4+ (0.53 Å, six coor-
ination data) and is smaller than that of Ni2+ (0.69 Å). The
ecreases in the lattice volumes caused by substitution of Al for
n and (NiMn) should be ascribed to the partial transformation

f Ni2+ to Ni3+ (0.56 Å). When Al3+ non-equivalently substi-
utes Ni2+, the charge compensation from transition metal ions
ccurs in order to retain the electronic neutrality, which proba-
ly gives rise to an increase in the content of the transition metal
ons with a low valence by transforming part of Mn4+ to Mn3+

0.65 Å) and results in expansion of the lattice volume.
XPS studies are useful in gaining information on the oxida-

ion states of the metal species present in the synthesized lithiated
ransition metal oxides. XPS measurement was applied in order
o determine the oxidation states of the transition metals in these

aterials due to the debate on the oxidation state of Mn and
i [6,14]. Fig. 2 shows the Mn 2p and Ni 2p XPS core level

pectra for the prepared four samples. The Ni 2p XPS spec-
rum in Fig. 2(a) shows the characteristic broad satellite peak

ith the binding energy (BE) at 860.4 eV in all the samples.
uch broad satellite peaks are also observed in Ni-containing
xides, such as NiO, LiNiO2, Li(Ni1/3Co1/3Mn1/3)O2 and in
he spinel, Li(Mn1.5Ni0.5)O4 [20–23]. The satellite peak can

n
L
t
c

ig. 2. XPS of (a) Ni 2p and (b) Mn 2p in LiNi0.5Mn0.5O2 and Al substituted
amples.

e explained due to the multiple splitting in the energy lev-
ls of the Ni-oxides [21,22]. The BE of the center of Ni 2p3/2
eaks of LiNi0.5Mn0.5O2 is 854.2 eV, which is similar to the
E of Ni2+ in NiO, and no shift was found for Al substi-

uted samples except for LiNi0.5(Mn0.45Al0.05)O2, whose BE
f the center peak is 855.1 eV. The observed higher BE value
f LiNi0.5(Mn0.45Al0.05)O2 can be attributed to the presence of
i in both 2+ and 3+ oxidation states, which again reflects that
l substitution for Mn leads to partial transformation of Ni2+ to
i3+.
The Mn 2p XPS spectra of the prepared samples in Fig. 2(b)

isplay that the Mn 2p3/2 peaks of Al doped samples show no
bvious shift except for Li(Ni0.45Al0.05)Mn0.5O2, whose Mn
p3/2 peak shifts to a lower BE of 641.5 eV. The BE value of
n 2p3/2 peak at 642.4 eV is typical for Mn4+ oxidation state

24], however, the presence of Mn3+ with Mn4+ will result in
he Mn 2p3/2 peak shifting to a lower BE. Though the domi-

ant oxidation states of Ni and Mn in pristine and Al substituted
iNi0.5Mn0.5O2 materials are 2+ and 4+, it must be noted that for

he non-equivalently substituted LiNi0.5(Mn0.45Al0.05)O2, the
harge neutrality is achieved by increasing the average valence
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Table 2
Potential values of CV peaks for LiNi0.5Mn0.5O2 and Al substituted samples

Samples ϕpa (V) ϕpc (V) �ϕp (V)a

LiNi0.5Mn0.5O2 4.01 3.65 0.36
Li(Ni0.475Mn0.475)Al0.05O2 3.99 3.72 0.27
L
L
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all discharge rates. LiNi0.5(Mn0.45Al0.05)O2 has the high-
est discharge capacity at different discharge rates, and great
improvement was also discovered for equivalent Al substitu-
tion sample Li(Ni0.475Mn0.475)Al0.05O2. The first charge and
ig. 3. Cyclic voltammograms of LiNi0.5Mn0.5O2, Li(Ni0.475Mn0.475)Al0.05O2,
i(Ni0.45Al0.05)Mn0.5O2, and LiNi0.5(Mn0.45Al0.05)O2 at a scan rate of
.1 mV s−1.

f Ni, while the oxidation state of Mn keeping at 4+, which is in
greement with the reported Co non-equivqlent substitution for
n in LiNi0.5Mn0.5−xCoxO2 [15]. For Li(Ni0.45Al0.05)Mn0.5O2,

he charge neutrality is fulfilled by lowering the average valence
f Mn, while Ni keeping at 2+. The above results also approve
ur judgment regarding the reason for the lattice volume shrink-
ge caused by the non-equivalent substitution of Al for Mn and
he lattice volume expansion caused by the non-equivalent sub-
titution of Al for Ni. The analysis of contents of metal ions
rom XPS also suggests that the molar ratios of the metal ele-
ents in the prepared samples are in good agreement with their

toichiometric proportion.

.2. Electrochemical performance

The cyclic voltammograms (CV) of pristine and Al sub-
tituted LiNi0.5Mn0.5O2 samples are shown in Fig. 3. The
hree Al substituted materials exhibited similar CV to the
ristine LiNi0.5Mn0.5O2, with a major sharp oxidizing peak
t ca. 4.0 V and broad reducing peak at ca. 3.6 V, which
s quite different from that of LiNiO2 that shows three
harp redox peaks caused by three distinct phase transi-
ions [25]. The above observation suggests that no such

ulti-phase reactions leading to structure degradation during
lectrochemical cycling are present in LiNi0.5Mn0.5O2 mate-
ial. Different from other samples, Li(Ni0.45Al0.05)Mn0.5O2
ample has obvious reduction current under 3.0 V, which
s agreeable with the results of XPS that oxidation state
f Mn in LiNi0.5Mn0.5O2, Li(Ni0.475Mn0.475)Al0.05O2, and
iNi0.5(Mn0.45Al0.05)O2 keeps constantly at 4+, while non-
quivalent substitution of Al for Ni lowered the average
alence of Mn by transforming part of Mn4+ to Mn3+

n LiNi0.5(Mn0.45Al0.05)O2, because the redox reaction of

n3+/Mn4+ occurs below 3.0 V [26,27], and this can also be

xplained by increased polarization for this material. The dif-
erence between anodic potential ϕpa and cathodic potential
pc, �ϕp = ϕpa−ϕpc, demonstrates the reversibility of the inter-

F
T
(

i(Ni0.45Al0.05)Mn0.5O2 4.00 3.51 0.49
iNi0.5(Mn0.45Al0.05)O2 3.95 3.75 0.20

a �ϕp = ϕpa − ϕpc.

alation and deintercalation of lithium ions in the electrode
aterials, and the lower the value of �ϕp, the better reversibility

f the electrode materials. As shown in Table 2, Al substitution
educes the value of �ϕp for LiNi0.5Mn0.5O2 electrode mate-
ial except for Li(Ni0.45Al0.05)Mn0.5O2. The transition-metal
ayer in LiNi0.5Mn0.5O2 is bi-functional, with Ni2+ acting as
double redox-active center [28–30] and Mn4+ providing sta-

ility to the host structure [31]. The substitution of Al for Ni in
iNi0.5Mn0.5O2 reduces not only the amount of electrochemical
ctive Ni2+, but also the structure-supported Mn4+, which leads
o poor electrochemical performance. While the substitution of
l for Mn in LiNi0.5Mn0.5O2 would improve the CV perfor-
ance of LiNi0.5Mn0.5O2 due to an increase in the amount of
i2+, as explained by XPS spectra.
The charge–discharge curves of LiNi0.5Mn0.5O2 and Al

ubstituted materials are shown in Fig. 4. The cells were
harged at 10 mA g−1 to 4.6 V, and then discharged to 2.8 V
t different rate: 10, 100, 200, and 400 mA g−1, respec-
ively. There is only one voltage plateau on both charge
nd discharge curves, which is consistent with the results
n cyclic voltammetry experiments, where only one couple
f redox current peaks was observed. As expected, non-
quivalent Al substitution of Ni in LiNi0.5Mn0.5O2 material
rastically deteriorates the charge–discharge performance at
ig. 4. Charge–discharge curves of LiNi0.5Mn0.5O2 and Al substituted cells.
he cells were charged to 4.6 V then discharged at different rate: (a) 10 mA g−1,

b) 100 mA g−1, (c) 200 mA g−1, and (d) 400 mA g−1 in the 2.8–4.6 V region.
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Table 3
First charge and discharge capacity of LiNi0.5Mn0.5O2 and Al substituted samples at 10 mA g−1 charge–discharge rate

LiNi0.5Mn0.5O2 Li(Ni0.475Mn0.475)Al0.05O2 Li(Ni0.45Al0.05)Mn0.5O2 LiNi0.5(Mn0.45Al0.05)O2

Charge capacity (mAh g−1) 225 220 135 234
D −1 90 219
D 66.67 93.59

D

d
s
T
f
p

s
i
F
L
i
t
L
i
A
f
(
L
r
a

F
L

ischarge capacity (mAh g ) 183 187
ischarge efficiency (%) 81.33 85.00

ischarge efficiency = discharge capacity/charge capacity × 100%.

ischarge capacities of LiNi0.5Mn0.5O2 and Al substituted
amples at 10 mA g−1 charge–discharge rate are shown in
able 3, which shows that best capacity retention was observed
or LiNi0.5(Mn0.45Al0.05)O2, while Li(Ni0.45Al0.05)Mn0.5O2
resents the worst reversibility.

The cyclic stability of LiNi0.5Mn0.5O2 and Al substituted
amples was tested under a moderate rate of 40 mA g−1

n 2.8–4.3 and 2.8–4.6 V ranges, respectively. As shown in
ig. 5, the sample of non-equivalent Al substitution for Ni,
i(Ni0.45Al0.05)Mn0.5O2, displays smallest charge capacities

n both cycle tests, while LiNi0.5(Mn0.45Al0.05)O2 sample has
he best. Discharge capacities of equivalently Al substituted
i(Ni0.475Mn0.475)Al0.05O2 and pristine LiNi0.5Mn0.5O2 cycled

n a shorter range of 2.8–4.3 V (Fig. 5a) are almost the same.
fter 40 cycles, no obvious capacity reduction was discovered

or all samples in 2.8–4.3 V. For the cells cycled in 2.8–4.6 V
Fig. 5b), the superiority of LiNi0.5(Mn0.45Al0.05)O2 and
i(Ni0.45Al0.05)Mn0.5O2 can be easily distinguished. Capacity
eduction within a narrow range can be found for all four samples
t this potential range.

Fig. 5. Cyclic performance of LiNi0.5Mn0.5O2 and Al substituted compounds
operated at a current density of 40 mA g−1 in (a) 2.8–4.3 V and (b) 2.8–4.6 V.

ig. 6. Differential capacity versus voltage plots of the (a)Li/LiNi0.5Mn0.5O2, (b) Li/Li(Ni0.475Mn0.475)Al0.05O2, (c) Li/Li(Ni0.45Al0.05)Mn0.5O2, and (d)
i/LiNi0.5(Mn0.45Al0.05)O2 cells.
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Fig. 6 shows differential capacity curves of LiNi0.5Mn0.5O2
nd Al substituted samples at 40 mA g−1 charge–discharge rate
uring first cycle. LiNi0.5Mn0.5O2, Li(Ni0.475Mn0.475)Al0.05O2,
nd LiNi0.5(Mn0.45Al0.05)O2 show similar peaks with one oxi-
ation peak at about 3.8 V and one reduction peak at 3.7 V. The
maller difference of the positions between oxidation and reduc-
ion peaks indicates the better reversibility of Li intercalation
rocesses in these samples and less capacity reduction during
attery cycling [32]. Splitting between charge and discharge
eaks of Li(Ni0.45Al0.05)Mn0.5O2 sample was much larger than
he other three samples. Interestingly, the differential capac-
ty curve of Li(Ni0.5Al0.05)Mn0.45O2 shows two peaks during
harging, one at about 3.8 V and the other peak at around
.55 V, which is responsible for the high irreversible capacity
n the initial cycle. The latter peak at around 4.55 V is sup-
osed to be characteristic of oxidation of Li2MnO3 material
nd suggests the formation of a solid solution system [7,33].
u and Dahn [34] attributed the differential capacity peaks
elow 3.5 V to participation of Mn ions in the redox reac-
ions in the layered structure, which was not found in our
amples.

Electrochemical impedance spectroscopy (EIS) is a
owerful tool to identify the kinetics of lithium interca-
ation/deintercalation into electrodes [35,36]. The lithium
ntercalation and deintercalation into the cathode materials can
e modeled as a multi-step process that involves and reflects
serial nature of several processes occurring during inter-

alation/deintercalation. The general nature of those models
s to explain the Li-ion migration through the surface film,
harge-transfer through the electrode/electrolyte interface, and
he solid-state diffusion of Li in the compounds. The possi-
le and experimentally visualized processes are (1) a resistive
omponent (Re) arising from the electrolyte resistance and cell
omponents, (2) the double layer (dl) capacitance of the surface
lm and the associated impedance (Csf and Rsf), (3) the charge

ransfer (electron transfer) resistance of the intercalation reac-
ion and the capacitance of the double layer (Rct and Cdl), and
4) a Warburg contribution (Wo) which is characteristic of the
i ion diffusion through the bulk to the active material [36].

In the present study, EIS tests were performed on the elec-
rodes at pristine state and charged state (to 4.6 V), respectively.
s shown in Fig. 7a, the Nyquist plots of the electrodes at the
ristine state indicate identical electrochemical mode, with one
emicircle at high frequency range and one line at low frequency
ange, indicating that at the early stage of deintercalation, the
inetics of the electrode process is controlled by the diffusion
rocess in the low frequency region and by the charge transfer in
he high frequency region. The observed high frequency semi-
ircle at charged state (see Fig. 7b) which can be assigned to the
urface film resistance (Rsf) and associated capacitance (Csf),
s absent or masked by the medium frequency semicircle in the
reshly fabricated cell at pristine state. The semicircle observed
n the high frequency domain for all samples in the pristine

tate is probably related to the lithium ion migration through
he interface between the surface layer of the particles and the
lectrolyte [37,38]. Using the equivalent circuit inset in Fig. 5a,
t is calculated that the magnitude of charge transfer resistance

s
h
t
(

iNi0.5Mn0.5O2 electrode materials at (a) pristine state, and (b) charged state (to
.6 V). Magnification of the plots in high frequency regions and the equivalent
ircuit used for simulation are also shown (inset).

Rct) of the prepared samples follows: LiNi0.5(Mn0.45Al0.05)O2
156.1 �) < Li(Ni0.475Mn0.475)Al0.05O2 (229.5 �) < Li(Ni0.45
l0.05)Mn0.5O2 (411.3 �). And Li ion diffusion through the
ulk to the active material, Warburg contribution (Wo), of
iNi0.5(Mn0.45Al0.05)O2 also is most convenient as compared
ith the other two electrode materials.
EIS spectra of the samples at charged state also show same

lectrochemical mode (Fig. 7b), with two semicircles, which
eans that at the end of deintercalation, the electrode kinet-

cs is controlled by the charge transfer contribution. The reason
or this periodical change can be understood from the fact that
he Rct values increase enormously at the end of deinterca-
ation. The diameter of the lower-frequency semicircle in the
lots of the electrode at charged state provides charge-transfer
esistance (Rct) associated with the electrochemical process. As
imulated with the equivalent circuit inset in Fig. 7b, the values
f Rct at charged state for the prepared samples follow the same

equence as that at pristine state, that is, LiNi0.5(Mn0.45Al0.05)O2
ad the minimum value of Rct (811.9 �) at the end of dein-
ercalation, and Li(Ni0.45Al0.05)Mn0.5O2 had the largest Rct
1976.1 �). This may be caused by differences in the nature
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f surface film covering these compounds even though we have
sed identical cell parameters (electrode thickness, area, and
rocess conditions) for all the systems. The lithiation process
ith LiNi0.5(Mn0.45Al0.05)O2 might have changes not only the
orphology of the particle, but also its electronic structure, with
more active surface facilitating easy charge transfer. High fre-
uency semicircles at the charged state are not clearly seen
ue to the large Z′ values of the low frequency semicircles.
rom the inset magnification in Fig. 7b, the diameters of the
igh frequency semicircles have the same variation as that at
ow frequency, indicating that Li(Ni0.45Al0.05)Mn0.5O2 has the
argest surface film resistance (Rsf) at charged state (the end
f deintercalation). The Rsf may not have an influential role in
he electrode kinetics for a single charge or discharge cycle,
owever, the production of surface film on the electrode on
epeated charge–discharge cycling may influence the perfor-
ance of the electrode material. The nature of surface film,
hich covers the active mass, may provide a measure of its
article to particle contact. A mass deposition of the surface
lm on the electrode surface may end up as a destructive film,
hich would slow down the electrode kinetics and hence its
erformance [35,39,40]. Thus, the poor charge–discharge per-
ormance of Li(Ni0.45Al0.05)Mn0.5O2 material can be attributed
y the higher charge transfer resistance together with the surface
lm resistance, and the observed higher current rate capability of
iNi0.5(Mn0.45Al0.05)O2 can be understood as due to the better
harge transfer kinetics.

. Conclusion

Pristine, equivalently and non-equivalently Al substituted
iNi0.5Mn0.5O2 materials were prepared by a combination of
o-precipitation and solid-state reaction. The effect of equivalent
nd non-equivalent Al substitutions on the structure and elec-
rochemical properties of LiNi0.5Mn0.5O2 was systematically
tudied in this paper. Lattice volume changes of Al substituted
iNi0.5Mn0.5O2 materials can be attributed to the transforma-

ion of the oxidation states of the transition metals, Ni and Mn,
hich further greatly affected the electrochemical performance
f LiNi0.5Mn0.5O2 materials. Non-equivalent substitution of Al
or Ni leads to deteriorated discharge performance and cyclic
tability due to the reduction of the electrochemical active Ni2+

nd structure supported Mn4+, while an increase in the amount
f Ni2+ in LiNi0.5(Mn0.45Al0.05)O2 brings obvious improvement
f the electrochemical properties. Improved electrochemical
erformances were also discovered for the equivalently Al
ubstituted sample, Li(Ni0.475Mn0.475)Al0.05O2. Substitution of
l for Ni leads to higher charge transfer resistance at both
ristine and charged state and thus poorer electrochemical per-
ormance, while the observed higher current rate capability of
iNi0.5(Mn0.45Al0.05)O2 can be ascribed to the better charge
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