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Abstract
The application of LiNi0.5Mn0.5O2 as a high-voltage cathode material for lithium-ion batteries is limited by its poor
cycle performance. Therefore, we attempt to improve the cyclability of this material at high voltage by using a doping
method and propose a detailed mechanism for the effect of the doping amount on the structure and electrochemical
performance. In this work, LiNi0.5-zAlzMn0.5O2 (z = 0.00, 0.03, 0.05, 0.08) electrodes were prepared via a simple co-
precipitation followed by a solid-state method. X-ray diffraction and Rietveld refinement revealed that a suitable
amount of Al doping into LiNi0.5Mn0.5O2 can stabilize the structure and lower the Li/Ni cation mixing, but an excessive
doping would lead to Al-ion doping in the lithium layer, which can block lithium diffusion and affect the rate property.
Specifically, LiNi0.47Al0.03Mn0.5O2 shows a much higher capacity retention compared to LiNi0.5Mn0.5O2 both at 25 °C
(78.5 vs. 68.8% at 0.2 C) and 60 °C (70.8 vs. 69.0% at 0.2 C). Moreover, Al-doping can retard the voltage drop during
the discharge-charge state, with the discharge voltage for LiNi0.5-zAlzMn0.5O2 (z = 0.00, 0.03, 0.05, 0.08) decreasing
slowly with increasing Al content.
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Introduction

Rechargeable lithium-ion batteries (LIBs) have received
significant attention in past 20 years for use in energy
storage devices in the field of portable electronics because
of their high power and energy density [1–3]. LiCoO2 as
the main commercial cathode material shows several in-
herent disadvantages such as low charge-discharge capac-
ity, high cost and toxicity [4–6]. Consequently, LiCoO2

cannot be used in many higher powered machines such
as electric vehicles and hybrid electric vehicles.

To solve these problems, many alternative cathode ma-
terials have been investigated over the years especially
manganese oxide-based layered materials [7–9]. The
structure of manganese oxide-based layered materials is
similar to LiCoO2 [10, 11]. LiNi0.5Mn0.5O2, in which
nickel (Ni) is divalent and manganese (Mn) is tetravalent,
is a potential candidate for the replacement of LiCoO2 due
to inherent advantages such as low-cost, low-toxicity,
high-energy density and increased safety [12–14]. In ad-
dition, LiNi0.5Mn0.5O2 shows only small volume changes
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during the charge-discharge process [15]. However,
LiNi0.5Mn0.5O2 as cathode material still has some prob-
lems. Firstly, Ni2+ becomes Ni4+ in the charged state,
which is too unstable to react with the electrolyte, leading
to a severe decrease in capacity [16, 17]. Secondly,
LiNi0.5Mn0.5O2 without Co shows low conductivity,
which results in a relatively poor rate capability [18–20].
Most importantly, Li+ (radius = 0.076 nm) and Ni2+ (radi-
us = 0.069 nm) both have similar radii, leading to Li/Ni
cation mixing, which results in a slow charge-discharge
speed and lower capacity [21–23].

With respect to the disadvantages of LiNi0.5Mn0.5O2,
nanostructuring, carbon coating, and elemental doping
are all useful for improving the material weaknesses to a
certain extent. However, nanostructures can also show
weaknesses, including side reactions and volume swelling
[24, 25]. Moreover, carbon coating may reduce the top
density, which can thus reduce the energy density. It is
believed that metal doping can be used to stabilize the
layered framework. Attempts to improve the cyclability
of layered materials by doping have been reported in sev-
eral studies. Elemental doping using Mg2+ [26], Al3+ [27],
Cr3+ [28], Ti3+ [29], or other ions [30–32] is much more
straightforward and useful for improving the properties of
lithium-ion batteries, which can lower the degree of Li/Ni
cation mixing and alleviate voltage degradation. Xiao
et al. proposed Mg-ion substitution for the Ni-ion in
LiNi0.5Mn0.5O2, which can maintain a stable structure
due to the higher bond dissociation energy for Mg-O
(394 kJ mol−1) compared to Ni-O (391.6 kJ mol−1), im-
proving the cycle stability [26]. Chen et al. showed that
Ca-doping into LiNi0.8Co0.1Mn0.1O2 can improve the
electrochemical performance by decreasing the degree of
Li/Ni cation maxing [30].

Ceder et al. demonstrated that Al-ion substitution for
the Co-ion in LiCoO2 can be used to increase the potential
[17]. Myung et al. reported that LiNi0.475Al0.05Mn0.475O2

prepared by doping Al-ion into LiNi0.5Mn0.5O2 can re-
duce Li/Ni cation mixing, enhancing the discharge capac-
ity and cycle stability [33]. In this work, Al-ion doping
into LiNi0.5Mn0.5O2 is achieved by preparing LiNi0.5-zAlz
Mn0.5O2 (z = 0.00, 0.03, 0.05, 0.08) using a simple co-
precipitation and the solid-state method to realize a longer
cycle life with minimum capacity loss and smaller voltage
decay in the high-voltage range of 3.0~4.8 V. Most im-
portantly, the structural changes produced by the Al-ion
doping in LiNi0.5Mn0.5O2 were investigated through X-
ray diffraction and Rietveld refinement and analyzed in
detail before and after cycling. Cyclic performance and
voltage retention properties were studied through a
charge-discharge test. In addition, this study proposed a
detailed mechanism for the effect of the doping amount
on the structure and electrochemical performance.

Experimental section

Materials preparation

Synthesis of Ni0.5-zAlzMn0.5CO3

Manganese sulfate [MnSO4·H2O], nickel sulfate [NiSO4·6H2

O], crystalline aluminum chloride [AlCl3·6H2O], and sodium
carbonate [Na2CO3] were used as starting materials for syn-
thesizing Ni0.5-zAlzMn0.5CO3 (z = 0.00, 0.03, 0.05, 0.08) by a
combination of co-precipitation and solid-state reaction.
Firstly, stoichiometric amounts of the starting materials were
weighed out. Next, MnSO4·H2O, NiSO4·6H2O, and AlCl3
·6H2O were dissolved in 30.0 ml of deionized water, Na2
CO3 was dissolved separately in 20.0 ml of deionized water,
and the precursor solution was mixed with Na2CO3 in a molar
ratio of 1:2. Then, the Na2CO3 solutionwas very slowly added
into the mixture under violent stirring. After stirring for 12 h,
the mixture was filtered, washed with deionized water three
times, and dried for 12 h at 80 °C. Finally, Ni0.5-zAlzMn0.5CO3

(z = 0.00, 0.03, 0.05, 0.08) was obtained.

Synthesis of LiNi0.5-zAlzMn0.5O2

Ni0.5-zAlzMn0.5CO3 and lithium hydroxide [LiOH·H2O] were
mixed together and milled more completely with a molar ratio
of 1:1.05. The resulting mixture was then calcinated at 500 °C
for 5 h in air with a temperature ramp rate of 5 °C min−1 and
then at 850 °C for 12 h in air with the same heating rate to
obtain LiNi0.5-zAlzMn0.5O2 (z = 0.00, 0.03, 0.05, 0.08).

Material characterization

The structures of the as-synthesized sample were measured by
X-ray diffraction (Persee XD2) using Cu-Kα radiation (α =
1.5418) at 40 kV and 40 mA at room temperature. The dif-
fraction data were obtained in the range of 10~80°.

Electrochemical measurement

The cathode materials were prepared by a slurry coating pro-
cedure. The slurry was prepared by mixing together 80 wt%
cathode material, 10 wt% carbon black, and 10 wt%
polyvinylidene fluoride (PVDF). The resulting slurry was dis-
solved in N-methyl pyrrolidinone (NMP) and then evenly
spread onto aluminum (Al) foil. Next, the coated sample
was dried at a temperature of 80 °C for approximately
60 min. Finally, the sample was dried under vacuum at
120 °C for 12 h. Disc electrodes with a diameter of 12 mm
were used to assemble 2025 coin-type cells. The loading den-
sity of the composite electrode was around 1.8 mg cm−2.

Half cells were assembled using the as-prepared LiNi0.5-z
AlzMn0.5O2 (z = 0.00, 0.03, 0.05, 0.08) as cathode, Celgard
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2400 polypropylene film as separator, and lithium foil as an-
ode. Charge-discharge performance was investigated for
Li|LiNi0.5-zAlzMn0.5O2 (z = 0.00, 0.03, 0.05, 0.08) cells using
a LAND CT2001A Battery Test System (Wuhan, China) at
room temperature or 60 °C between 3 and 4.8 V (vs. Li/Li+)
using an automatic galvanostat. Long-term cycling tests were
carried out at rates of 0.2 C for 150 cycles. In addition, elec-
trochemical impedance spectroscopy (EIS) was carried out
using a PMC1000 electrochemical workstation (Princeton,
USA) in the frequency range between 0.1 and 105 Hz using
a voltage with amplitude of 5 mV.

Results and discussion

Structural character

Figure 1a shows the XRD patterns obtained for LiNi0.5-zAlz
Mn0.5O2 powders with z = 0.00, 0.03, 0.05, and 0.08, which
are all synthesized by a combination of co-precipitation and
solid-state reaction. The data show clear peaks labeled (006)/
(102) and (003)/(104), which are the main characteristics for a
layered hexagonal type structure [34]. As shown in Fig. 1a, all
of these peaks are narrow and sharp, which indicates that the
materials have high crystallinity. Moreover, all the diffraction
peaks of the material show a powder phase with a hexagonal
unit cell (α-NaFeO2 type structure) with a space group R-3 m.
Specifically, these data show that the material has good cation
ordering because the intensity of (003) is higher than (104). In
addition, the intensity ratio of I(003)/I(104) directly suggests
cation mixing within the structure, which related to cathode
electrochemical performance [35]. On this point, our sample
suggests a little Ni2+ occupies the place of Li+ in the crystals.
To study structural changes after doping in detail, the partially
enlarged graphs for the (003), (101), and (104) diffraction
peaks are also shown (Fig. 1b). According to previous studies,
a diffraction peak corresponding to an angle bigger than 2θ in

the XRD pattern indicates a smaller interplanar spacing, with
the reverse also true [36]. A spot of doping (0.00 < z ≤ 0.03)
leads to no clear shift in the (003) diffraction peaks relative to
the pristine material. For increasing z (0.05 ≤ z ≤ 0.08), the
spacing of (003) transforms to a slightly smaller 2θ angle.
Thus, a small quantity of Al-doping cannot be used to enlarge
the spacing of the lithium layers; however, as the quantity of
doping increases, the Al-ion can increase the spacing of the
(003) slab. However, the both (101) and (104) peaks shift to a
bigger 2θ angle with doping. The detail effect of Al-ion doped
in LiNi0.5-zAlzMn0.5O2 was systematically investigated in the
following section. SEM measurements with pristine and
LiNi0.47Al0.03Mn0.5O2 and elemental mapping can be seen
in Fig. S1(a–k).It can be seen that doped sample have similar
morphologies, which suggests that Al3+ permeated into the
material and formed a solid solution, and the corresponding
elements are distributed equally.

To verify the expected Al3+ substitution for Ni2+, we analyze
the XRD patterns obtained for the synthesized materials by
Rietveld refinement, as shown in Fig. 2. The results are sum-
marized in Table 1. The data show the crystal cell parameters
for the synthesized LiNi0.5-zAlzMn0.5O2 (z = 0.00, 0.03, 0.05,
0.08). When z increases, the value of the cell parameters a, c,
and Vwill decrease. This is because the radius of Al3+ (radius =
0.057 nm) is smaller than Ni2+ (radius = 0.069 nm). Therefore,
the cell volume will decrease with increasing number of Al3+

ions. This indicates substitution of Al3+ for a fraction of Ni2+

ions. Moreover, previous researches indicated that a I(003)/I(104)
ratio of 1.2 or above indicates good cation ordering [35]. In our
sample, both the c/a and I(003)/I(104) ratios increased with in-
creasing doping content, which indicates a reduction in Li/Ni
mixing. As shown in Table 1, (I(006) + I(102))/I(101) decreased
with increasing doping content, which illustrates higher order-
ing of the hexagonal structure induced by doping [37]. These
small but significant differences among the four materials may
lead to different electrochemical performances. As shown in
Fig. 3, compared to the pristine sample, the transitional metal

Fig. 1 a X-ray diffraction patterns for LiNi0.5-zAlzMn0.5O2 (z = 0.00, 0.03, 0.05, 0.08). b Partially enlarged detail for the (003), (101), and (104)
diffraction peaks
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layer of the doped sample is decreased, which indicates that the
Al-ion is doped into the crystal lattice.

Electrochemical performance

Figure 4 shows the charge-discharge capacity of the LiNi0.5-z
AlzMn0.5O2 positive electrode for z = 0, 0.03, 0.05, and 0.08 in
the voltage range of 3.0~4.8 Vat a constant density of 0.2 C (1
C = 160 mAh g−1) for the first cycle. The data show an effi-
ciency of 54.26, 52.39, 51.58, and 47.41%, respectively, which
becomes poorer with increasing doping content. One reason for

Fig. 2 Rietveld refinement of the X-ray diffraction patterns for the LiNi0.5-zAlzMn0.5O2 (z = 0.00, 0.03, 0.05, 0.08) samples. a z = 0.00, b z = 0.03, c z =
0.05, d z = 0.08

Table 1 The Rietveld refinement results obtained for LiNi0.5-zAlzMn0.5
O2 (z = 0, 0.03, 0.05, 0.08)

z = 0.00 z = 0.03 z = 0.05 z = 0.08

a (Å) 2.8803 2.8760 2.8737 2.8723

c(Å) 14.2605 14.2542 14.2501 14.2491

V (Å3) 102.457 102.107 101.916 101.804

c/a 4.9510 4.9562 4.9587 4.9631

I(003)/I(104) 1.3007 1.4104 1.4799 1.5380

(I(006) + I(102))/I(101) 1.2218 1.1553 1.0908 0.9745

Rwp (%) 12.6 7.24 7.78 8.96
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this decreased efficiency is the lack of electrochemical activity
for Al3+. Therefore, adding or removing Al3+ cannot be used to
improve the property of the material. Another possible reason
for the poor efficiency is that a portion of the Al-ion dopants is
incorporated into the lithium layer, which can block lithium
diffusion. Wang et al. [36] indicated that some dopant ions
preferentially dope into the transitional metal layer, which, in
itself, cannot block lithium diffusion. However, some dopant
elements do appear in the lithium layer, seriously hindering
lithium transportation. From Fig. 1b, (101) and (104) diffrac-
tion peaks shift to a larger 2θ angle with increasing doping
concentration; this phenomenon reveals that a fraction of the
Al-ion dopants enter into the lithium layer, hindering the mi-
gration of lithium ions; therefore, the initial coulombic efficien-
cy is inversely proportional to the doping amount.

The electrochemical performance of Li|LiNi0.5-zAlzMn0.5O2

(z = 0.00, 0.03, 0.05, 0.08) cells at different temperatures was
measured by galvanostatic charge-discharge, with the results
shown in Fig. 5. Figure 5a shows the discharge capacity of a
LiNi0.5-zAlzMn0.5O2 positive electrode for z = 0, 0.03, 0.05,
0.08 in the voltage range of 3.0~4.8 V at a constant density

0.2 C measured over 150 cycles at room temperature. The data
show that the LiNi0.5Mn0.5O2 delivers a first-cycle discharge
capacity of 147.5 mAh g−1. After approximately 30 cycles, the
discharge capacity increases to a maximum value of
167.2 mAh g−1. However, the discharge capacity decreases to
101.5 mAh g−1 after 150 cycles, with approximately 68.81% of
the original capacity maintained, which indicates a poor circu-
lation performance. The LiNi0.47Al0.03Mn0.5O2 has a discharge
capacity of 178.4 mAh g−1 for the first cycle, which was the
best discharge capacity measured in all the cells, with a maxi-
mum capacity of 185.4 mAh g−1 reached after 32 cycles.
Furthermore, this electrode also shows the largest capacity of
140.1 mAh g−1 after 150 cycles, with a capacity retention of
78.53%. The LiNi0.45Al0.05Mn0.5O2 shows a discharge capac-
ity of 154.6 mAh g−1 for the first cycle. This value decreases to
127.5 mAh g−1 after 150 cycles, with a capacity retention of
82.47% after 150 cycles. The LiNi0.42Al0.08Mn0.5O2 shows the
worst discharge capacity of 137.4 mAh g−1, with only
110.0 mAh g−1 remaining after 150 cycles, and a capacity
retention of 80.06%. The results show that the doped materials
have better retention capacity compared to the pristine elec-
trode. This is because the bond dissociation energy of Al-O
(512.0 KJ mol−1) is larger than that of Ni-O (382.0 KJ
mol−1), and Al-doping can improve the structural stability.
Since LiNi0.47Al0.03Mn0.5O2 shows the best cycling perfor-
mance, we chose this material to test at a higher temperature
(60 °C). Figure 5b shows the cycling performance of pristine
and LiNi0.47Al0.03Mn0.5O2 samples at 60 °C. The initial dis-
charge capacities were 202.5 mAh g−1 and 215.3 mAh g−1,
respectively. After 60 charge/discharge cycles at 0.2 C, the
LiNi0.47Al0.03Mn0.5O2 material delivers a specific capacity as
high as 152.5 mAh g−1, with a capacity retention of 70.83%.
For comparison, the pristine material shows a discharge capac-
ity of 139.8 mAh g−1, with a loss of 30.96% after 60 cycles.

Figure 5c and d show the rate capability of LiNi0.5Mn0.5O2

and LiNi0.47Al0.03Mn0.5O2 electrodes between 3.0 and 4.8 Vat a
current rate of 0.2 C, 0.5 C, 1 C, and 2 C at room temperature
and 60 °C. As shown in Fig. 5c, at room temperature, the
LiNi0.47Al0.03Mn0.5O2 electrode delivers discharge capacities

Fig. 3 Crystal structure of a
LiNi0.5Mn0.5O2 and b LiNi0.47
Al0.03Mn0.5O2

Fig. 4 Initial charge-discharge curves for LiNi0.5-zAlzMn0.5O2 (z = 0.00,
0.03, 0.05, 0.08) measured between 3.0 and 4.8 V (vs. Li+/Li) at a current
density of 0.2 C. 1 C = 160 mA g−1
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of 199.9, 153.5, 99.1, and 49.3mAh g−1 at 0.2 C, 0.5 C, 1C, and
2 C. The charge capacities of LiNi0.5Mn0.5O2 are 173.5, 132.9,
91.6, and 35.7 mAh g−1 at 0.2 C, 0.5 C, 1 C, and 2 C. Therefore,
the LiNi0.47Al0.03Mn0.5O2 electrode demonstrates a higher ca-
pacity at varying current rates compared to the pristine electrode.
This reason for this high capacity is also due to the doping
(which can keep the structure stable and lower Li/Ni cation
mixing) and the higher bond dissociation energy for Al-O.
Specifically, we note that the LiNi0.47Al0.03Mn0.5O2 cathode
material shows only an advantage under small current, with its
discharge capacity remaining close to that of the pristinematerial
under large current. This can be because the Al-ion is doped into
the lithium layer, which can block lithium diffusion, but with
this effect not obvious at lower current. However, in the case of
higher current, the Al-ion seriously impedes the migration of
lithium ions, which leads to a worsening of the cycling perfor-
mance.Moreover, when the current returns to 0.2 C, the capacity
of the pristine material is almost returned back to the original
discharge value. In contrast, the doped electrode shows a capac-
ity loss. This is also because of the Al atoms, which hinder the
lithiation of the lithium ion. Figure 5d shows the rate perfor-
mance of the two materials mentioned at high temperature. At
a current density of 0.2 C, 0.5 C, 1 C, and 2 C, the doped
material delivers capacities of 215.3, 183.7, 144.3, and
66.2 mAh g−1, respectively. While the specific discharge capac-
ities of the pristine electrode are 195.2, 148.4, 101.5, and
99.7 mAh g−1, respectively. The discharge capacity of the cells
is higher at high temperature. This is probably due to lithium
ions moving higher at high temperatures. Similarly, we found

the dopedmaterials to show clear advantages only at low current
with also a capacity loss. In summary, a suitable amount of
doping can be used to maintain a stable structure and lower Li/
Ni cation mixing, but too much doping can have the opposite
effect. Cyclic voltammograms of LiNi0.5Mn0.5O2 and LiNi0.47
Al0.03Mn0.5O2 in the range of 3.0–4.8 Vat a scan rate of 0.1mV/
s are shown in Fig. S2 (a)–(b). From the results, Al-doping can
reduce the potential interval and lower the polarization, which
are in good agreement with the electrochemical performance.

Figure 6a–d shows the discharge voltage for LiNi0.5-zAlz
Mn0.5O2 (z = 0.00, 0.03, 0.05, 0.08) at the third, 50th, 100th,
and 150th cycle in the voltage range of 3.0~4.8 Vat a constant
density 0.2 C. As the cycle number increases, the discharge
voltage for LiNi0.5Mn0.5O2 decreases abruptly, while that for
LiNi0.5-zAlzMn0.5O2 (z = 0.03, 0.05, 0.08) decreases slowly.
To be specific, with increased cycling, the discharge voltage
for LiNi0.5Mn0.5O2 decreases from 3.8300 to 3.4927 V over
150 cycles, while that for LiNi0.42Mg0.08Mn0.5O2 decreases
slightly from 3.8667 to 3.7154 V, which shows that Al-
doping can retard the voltage drop during the discharge-
charge state. At the same time, the discharge voltage for
LiNi0.5-zAlzMn0.5O2 (z = 0.00, 0.03, 0.05, 0.08) decreases
slowly with increasing Al content. Alternatively, it can be seen
that the capacity curve (shown in Fig. 6e–h) for different cy-
cles for LiNi0.5-zAlzMn0.5O2 (z = 0.00, 0.03, 0.05, 0.08) has a
much smaller gap followed by increased z, which indicates
that doped materials have lower polarization compared to
LiNi0.5Mn0.5O2. Therefore, Al-doping can lower Li/Ni cation
mixing to decrease the polarization during the cycle. From

Fig. 5 Discharge capacity curve for LiNi0.5-zAlzMn0.5O2 (z = 0.00, 0.03, 0.05, 0.08) in the voltage range of 3.0~4.8 Vat a constant current of 0.2 C at a
room temperature and b 60 °C. Discharge capacity at current densities of 0.2 C, 0.5 C, 1 C, 2 C, 0.2 C at c room temperature, and d 60 °C
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Fig. 6e–h, the third discharge capacities are 154.7, 192.3,
161.4, and 127.6 mAh g−1, respectively. Compared to these
high values, the discharge capacities are 101.5, 140.1, 127.5,

and 110.0 mAh g−1 at the 150th cycle. With increasing dop-
ing, the circulation stability is improved, indicating that dop-
ing is beneficial for the structural stability of the materials.

Fig. 6 Discharge voltage after the third, 50th, 100th, and 150th cycles for LiNi0.5-zAlzMn0.5O2 a z = 0.00, b z = 0.03, c z = 0.05, d z = 0.08. The discharge
capacity at the third, 50th, 100th, and 150th for LiNi0.5-zAlzMn0.5O2 e z = 0.00, f z = 0.03, g z = 0.05, h z = 0.08

Ionics (2018) 24:3705–3715 3711



Comprehensive consideration of the result of capacity and
voltage decay reveals that the LiNi0.47Al0.03Mn0.5O2 has bet-
ter electrochemical performance. This result indicates that tiny
differences in structure, which can be caused by Al content,
can bring about different electrochemical performances.

To characterize changes in the material after circulation,
we dissembled the circulating battery, removed the positive
plate, cleaned it three times with pure ethyl methyl carbon-
ate (EMC), and carried out XRD tests after drying. The
XRD patterns for the post-cycled plate are shown in
Fig. 7; the results from the Rietveld refinement are shown
in Table 2. The data show that compared with the original

material, the crystal cell parameters for the cycled LiNi0.5-z
AlzMn0.5O2 (z = 0.00, 0.03, 0.05, 0.08) show small changes.
The variation in parameters decreases with increasing z.
Therefore, Al-doping can stabilize the material structure
even after repeatedly undergoing lithiation/delithiation,
with larger doping content leading to a smaller exchange.
This conclusion is consistent with the results of the cyclic
stability shown in Fig. 6. Previous studies have shown that
the (003) slab will expand because of increased repulsion
brought on by the more direct meeting between oxygen
atoms. As shown in Fig. 7a, we can observe structural
changes in LiNi0.5-zAlzMn0.5O2 (z = 0.00, 0.03, 0.05, 0.08)

Fig. 7 a XRD patterns for the
LiNi0.5-zAlzMn0.5O2 (z = 0, 0.03,
0.05, 0.08) electrodes before and
after 150 cycles. The exchange of
the b (003) peak and c (006)/(102)
peak
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before and after cycling. We find that no impurity peak
appears after circulation. Some reports have shown that
the (003) slab will expand after cycling because of the in-
creased repulsion caused by the more direct meeting be-
tween oxygen atoms [38, 39]. Therefore, the lower the left
shift of the (003) peak the higher the reversible capacity.
Detailed information for the (003) and (006)/(102) peaks
is shown in Fig. 7b and c. Firstly, after 150 cycles, the
(003) peak for LiNi0.5Mn0.5O2 shows a clear shift to the left
in all materials, which indicates that the reversible capacity
of this material is the smallest. This conclusion is consistent
with previous electrochemical measurements. In compari-
son to the un-doped simple, the (003) peak for LiNi0.5-zAlz
Mn0.5O2 (z = 0.03, 0.05, 0.08) shifts only slightly to the left
after 150 cycles, which indicates that the doping makes the
structure more stable, in agreement with a much reduced
loss of reversible capacity for the doped materials. In par-
ticular, the LiNi0.47Al0.03Mn0.5O2 sample shows a minimal
left shift, which demonstrates that it has the highest revers-
ible capacity following cycling, in good agreement with the
test results for cyclic performance. The (003) peak for the
LiNi0.45Al0.05Mn0.5O2 and LiNi0.42Al0.08Mn0.5O2 elec-
trodes shifts to the left slightly more than for LiNi0.47
Al0.03Mn0.5O2, which results in a loss of irreversible capac-
ity that is bigger than observed for LiNi0.47Al0.03Mn0.5O2

after 150 cycles. Figure 7c shows the exchange of the split-
ting peaks of (006)/(102) at approximately 39° after cycling.
It should be clear that the (006)/(102) splitting peaks for the

pristine sample almost disappear after cycling, while the
same peaks in the doped samples still clearly exist following
cycling. The splitting of the (006)/(102) peaks can be
indexed as a signature for a well-ordered layered structure
of the hexagonal type. The disappearance of the two split-
ting peaks of (006)/(102) for LiNi0.5Mn0.5O2 indicates the
destruction of the layered structure after 150 cycles, which
can also be further confirmed by the observed broadening
for the (003) peak. In contrast, the two splitting peaks of
(006)/(102) for LiNi0.5-zAlzMn0.5O2 (z = 0.03, 0.05, 0.08)
still clearly exist after 150 cycles, indicating that the layered
structure is well maintained due to the doping effect of Al.

Differences in resistance between the un-doped sample and
the LiNi0.47Al0.03Mn0.5O2 sample were demonstrated using
electrochemical impedance spectroscopy, as shown in Fig.
8a. The inset in Fig. 8a shows the equivalent circuit model
used to fit the measured spectra. Rel, Rs, and Rct demote the
electrolyte resistance, solid electrolyte interface resistance and
charge-transfer resistance, respectively. C andW represent the
capacitance and Warburg impedance, respectively. The resis-
tance results are shown in Table 3. As shown in Table 3, the
charge transfer resistance for the LiNi0.5Mn0.5O2 and LiNi0.47
Al0.03Mn0.5O2 electrodes are 131.1 and 104.1 Ω before cy-
cling, respectively, which indicates that Al-doping can reduce
the barrier for lithium-ion transfer.

To explore the impact of the Al-doped material on elec-
trochemical performance, we calculate the Li-ion diffusion
coefficient (DLi). DLi is calculated using the following

Table 2 The crystal cell
parameters for LiNi0.5-zAlzMn0.5
O2 (z = 0, 0.03, 0.05, 0.08) after
cycling

z = 0.00 R z = 0.03 R z = 0.05 R z = 0.08 R

a (Å) Before 2.8803 0.42% 2.8762 0.30% 2.8737 0.21% 2.8723 0.17%
After 2.8923 2.8847 2.8797 2.8774

c (Å) Before 14.2606 0.50% 14.2542 0.43% 14.2501 0.21% 14.2491 0.19%
After 14.3370 14.3159 14.2801 14.2775

V (Å3) Before 102.457 1.38% 102.107 1.04% 101.916 0.63% 101.808 0.56%
After 103.867 103.167 102.556 102.375

*R is the rate of change

Fig. 8 a Nyquist plots for the LiNi0.5Mn0.5O2 and LiNi0.47Al0.03Mn0.5O2 electrodes before cycling. b Plot of Z’ vs. ω-05
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equation:DLi = R2T2/2A2n4F4C2σ2, in which R is the molar
gas constant, T is the thermodynamic temperature, A is the
geometric area of the electrode, n is the number of electrons
in the reaction, F is the Faraday constant, and C is the
concentration of the active materials. σ has a close relation-
ship with the real part of the Nyquist impedance and the
frequency used in the electrochemical impedance spectros-
copy test. The slope of the Z-ω-1/2 curve is σ. As shown in
Fig. 8b, the un-doped sample has a σ that is approximately
1.2 times greater than that for the LiNi0.47Al0.03Mn0.5O2

sample, which indicates that the DLi value for the LiNi0.47
Al0.03Mn0.5O2 sample is 2.4 times larger than that for the
un-doped sample. Hence, Al-doping can improve the
lithium-ion migration rate. This finding may be attributable
to Al-doping lowering the amount Li/Ni cation mixing and
reducing the energy barrier for lithium-ion transfer.

Conclusions

LiNi0.5-zAlzMn0.5O2 (z = 0, 0.03, 0.05, 0.08) cathode ma-
terials were successfully prepared via a combination of
co-precipitation and the solid-state method. The structur-
al changes (before and after cycling) and the electro-
chemical performance of the cathodes were systematical-
ly analyzed. The results of the structural analysis showed
that all of the materials before cycling exhibit good crys-
tallinity and a layered structure. However, after cycling,
un-doped materials showed a large structural change,
leading to the formation of an incomplete layered struc-
ture. In addition, LiNi0.47Al0.03Mn0.5O2 can lower Li/Ni
cation mixing, increase structural stability, reduce polar-
ization, decrease migration resistance and improve the
migration rate of the lithium-ion, which, in turn, en-
hances the electrochemical properties (including the
highest capacity and improved cycle stability) of
LiNi0.5Mn0.5O2. The reasons for this enhanced perfor-
mance are diverse, but the key reason is the doping con-
tent. Additionally, the charge transfer resistance of the
LiNi0.47Al0.03Mn0.5O2 cathode material is considerably
smaller than that of the un-doped material, which indi-
cates a faster lithium-ion migration rate. This finding is
in good agreement with the calculated results.
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