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Abstract
Spinel LiNi0.5Mn1.5O4 cathode materials with different lithium excess amount (0, 2%, 6%, 10%) were synthesized by a facile
solid-state method. The effect of lithium excess amount on the microstructure, morphology, and electrochemical properties of
LiNi0.5Mn1.5O4 materials was systematically investigated. The results show that the lithium excess amount does not change the
particle morphology and size obviously; thus, the electrochemical properties of LiNi0.5Mn1.5O4 are mainly determined by
structural characteristics. With the increase of lithium excess amount, the cation disordering degree (Mn3+ content) and phase
purity first increase and then decrease, while the cation mixing extent has the opposite trend. Among them, the LiNi0.5Mn1.5O4

material with 6% lithium excess amount exhibits higher disordering degree and lower impurity content and cation mixing extent,
thus leading to the optimum electrochemical properties, with discharge capacities of 125.0, 126.1, 124.2, and 118.9 mAh/g at
0.2-, 1-, 5-, and 10-C rates and capacity retention rate of 96.49% after 100 cycles at 1-C rate.

Keywords Lithium-ion battery . Cathodematerial . LiNi0.5Mn1.5O4
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Introduction

Lithium ion batteries have been regarded as one of the most
promising power sources and energy storage devices due to
long cycle life, high energy density, and environmental friend-
liness [1–3]. Nevertheless, the battery with high energy and
power density is emergently required to meet the needs for
electric vehicles (EVs) and hybrid-electric vehicles (HEVs)
[4]. It is well known that the energy density is mainly deter-
mined by the cathode material, which can be achieved by
improving the working potential and discharge capacity

because the energy density is the product of voltage and dis-
charge capac i ty. Among the ca thode mater ia l s ,
LiNi0.5Mn1.5O4 spinel has received significant interest be-
cause it can offer a high operating voltage of ~ 4.7 V (vs. Li/
Li+) arising from Ni2+/Ni4+ redox couple and fast 3D lithium-
ion diffusion channels within the cubic lattice [5–7]. Based on
the high working voltage, LiNi0.5Mn1.5O4 electrode can de-
liver an energy density of 650 Wh/kg, higher than that of
LiCoO2 (518 Wh/kg), LiMn2O4 (400 Wh/kg), LiFePO4

(495 Wh/kg), and LiCo1/3Ni1/3Mn1/3O2 (576 Wh/kg) [7].
Depending on the distribution of Ni/Mn in octahedral 16d

sites, LiNi0.5Mn1.5O4 generally has two different crystallo-
graphic structures: the disordered Fd3m space group with a
random distribution ofMn/Ni ions in 16d sites and the ordered
P4332 space group with the ordered arrangement of Mn/Ni
ions in 16d sites. Generally, there always exist some amounts
of Mn3+ ions in Fd3m space group, while only Mn4+ ions
present in P4332 space group. The presence and amount of
Mn3+ ions are believed to have two opposite effects. On one
hand, it can enhance the lithium-ion and electronic conductiv-
ity, which is conductive to rate capability [5]. On the other
hand, Mn3+ ions are unstable and tend to undergo a dispro-
portionation reaction: 2Mn3+ = Mn2+ + Mn4+, and the gener-
ated Mn2+ ions may dissolve into the electrolyte, thus leading
to the capacity fading during charge/discharge cycling [8, 9].
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Therefore, the Mn3+ content in LiNi0.5Mn1.5O4 spinel should
be optimized to achieve better overall electrochemical perfor-
mance. Generally, the oxygen loss occurring at high-
temperature calcination will obviously lead to the appearance
ofMn3+ in the spinel. Besides, the Mn3+ content is affected by
a cation doping [10, 11]. If the synthesis method is fixed, for
instance, solid-state method, the Mn3+ content can be regulat-
ed by synthesis conditions (including the types and amounts
of raw materials, calcination temperature and time, etc.),
which have critical significance on the crystalline structure,
then on the electrochemical performance.

Due to the lithium loss during high-temperature calcination
process, the lithium amount is often in excess of the stoichio-
metric amount. However, to the best of our knowledge, there
have been different conclusions about the effect of lithium ex-
cess amounts on the crystalline and electrochemical properties.
Chen et al. [12] used porousMnCO3microsphere as precursor,
and the lithium excess amount was chosen at 0, 2, 5, and 8%,
respectively. They found that the LixNi1-xO impurity phase is
gradually increasedwith lithiumexcessamount increasing.The
lattice parameter and Mn3+ content first increase and then de-
creasewith the lithium excess amount, and the samplewith 5%
lithium excess amount has the largest lattice parameter and
Mn3+content.However,Dengetal. [13] synthesizedoctahedral
LiNi0.5Mn1.5O4 cathodematerials through aone-stepnonaque-
ous co-precipitation method, and the lithium excess amount
was chosen at 0, 1, 3, and 5%. TheXRD analysis indicated that
increasing Li amount changed the structure from disordered to
ordered phase and reduced the LixNi1-xO impurity phase
amount. Among them, the sample with 5% lithium excess
amount has the smallest lattice parameter and Mn3+ content,
which is just contrary to the results ofRef. [12].Wedonot know
whether the different results may be caused by the different
synthesis methods or other reasons. In this paper,
LiNi0.5Mn1.5O4 cathode material was synthesized by a facile
solid-state method, and the effects of different lithium excess
amounts (0,2,6,and10%)onthephysicochemicalpropertiesas
well as electrochemical properties were systematically investi-
gated. The relationship between crystalline structure and elec-
trochemical performance was extensively discussed.

Materials and methods

Sample synthesis

LiNi0.5Mn1.5O4 samples with different lithium excess
amounts were prepared by a facile solid-state method. The
preparation process is just as follows. Stoichiometric amounts
of Li2CO3, NiO and Mn3O4 (corresponding to 0.2-mol
LiNi0.5Mn1.5O4) were mixed by ball milling for 1 h on a
planetary ball miller at a rotation speed of 400 rpm and a
ball-to-powder ratio of 20:1, then calcinated at 850 °C for

8 h at a heating rate of 5 °C/min in air atmosphere, and finally
cooled naturally to room temperature to obtain the product.
The involved chemical reaction is just as follows: Li2CO3 +
NiO + Mn3O4 + O2 = 2LiNi0.5Mn1.5O4 + CO2. The lithium
excess amount was set as 0, 2, 6, and 10% (in weight), respec-
tively, and the corresponding product was labeled as LNMO-
0, LNMO-2%, LNMO-6%, and LNMO-10%, respectively.

Sample characterization

The crystalline phase of the synthesized samples was identi-
fied by X-ray diffraction (XRD) on a Bruker D8-FOCUS X-
ray diffractometer using Cu Kα (λ = 0.15406 nm) over 2θ
range of 10–80°. Lattice parameters of the samples were cal-
culated through structural refinements using Rietveld soft-
ware. The particle morphology and size of the samples were
determined by scanning electron microscopy (SEM) on a FEI
Nova Nano SEM450 instrument. The discrimination of or-
dered and disordered structure of the samples was achieved
by Fourier transformation infrared (FT-IR) on a Bruker V80
Fourier transformation infrared spectrometer over the range of
400–700 cm−1.

Electrochemical test

Electrochemical performance of the samples was measured
using the CR-2032-type coin cell. The cathode was prepared
as follows: 80 wt.% of synthesized powder, 15 wt.% ethylene
black, and 5 wt.% PTFE were mixed in alcohol and then
ultrasonically dispersed uniformly to form a slurry. After the
evaporation of alcohol, the mixture was rolled to a thin film
with a thickness of 0.14 mm. The round electrode plate with a
diameter of 10 mm was cut down for coin assembly. The cells
were assembled in an argon-filled glove box using lithium foil
as the anode, Celgard 2400 as the separator, and 1-M LiPF6 in
EC:DMC:EMC (1:1:1 in volume) as the electrolyte. The cell
was charged and discharged galvanostatically in a voltage
range of 3.5–4.95 V (vs. Li/Li+) at room temperature with
different current densities. The electrochemical impedance
spectroscopy (EIS) was measured using an electrochemical
workstation (CHI660D) with an ac amplitude of 5 mV in a
frequency range from 100 kHz to 10 mHz at fully discharged
state after 3 cycles. The CV curves were also measured on
CHI660D from 3.4 to 5.0 V at a scan rate of 0.1 mV/s.

Results and discussion

Figure 1a shows the XRD patterns of LiNi0.5Mn1.5O4 mate-
rials with different lithium excess amounts. All four patterns
can be assigned to a cubic spinel LiNi0.5Mn1.5O4 with Fd3m
space group (JCPDS Card No.: 80-2162). Besides, there exist
some weak peaks at 2θ = 37.5°, 43.6°, and 63.4°, which can
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be assigned to the rock-salt LixNi1-xO impurity phase, due to
the oxygen loss during calcination process. The content of
impurity phase is estimated by calculating the ratio of peak
intensity at 2θ = 43.6° of impurity phase to that at 2θ = 44.3°
of spinel phase [14]. The intensity ratios in LNMO-0, LNMO-
2%, LNMO-6%, and LNMO-10% samples are 14.4:100,
13.9:100, 9.4:100, and 10.9:100, respectively. The impurity
content decreases in the order of LNMO-0 > LNMO-2% >
LNMO-10% > LNMO-6%, and the sample LNMO-6% has
the lowest impurity content. It is speculated that both the oc-
cupation of tetrahedral 8a site by nickel ions at lower lithium
excess amount (0, 2%) and the occupation of octahedral 16d
site by lithium ions at higher lithium excess amount (10%)
force nickel ions out of their own octahedral 16d site, thus
leading to the increase of impurity content.

Table 1 lists the lattice parameters of four samples obtained
from the Rietveld refinement results based on Fd3m space
group. From the refinement factors listed in Table S1, it can
be clearly seen that the refinement yields good agreement
factors, with Rwp values less than 10% and GOF values be-
tween 1 and 2, suggesting an acceptable refinement. It can be
seen that the lattice parameter a is 8.1787, 8.1796, 8.1800,
8.1774 Å, respectively, for LNMO-0, LNMO-2%, LNMO-
6%, and LNMO-10% samples, that is, the lattice parameters
first increase and then decrease with the lithium excess
amount increasing, and the sample LNMO-6% shows the
largest lattice parameter, which is believed to be advantageous
to the lithium-ion diffusion, then to the electrochemical per-
formance. From the magnified image of (111) diffraction peak
in Fig. 1b, we can see that with the increase of lithium excess
amount, the (111) diffraction peak shifts first toward lower
angles and then slightly toward higher angles, which is in
accordance with the variation of lattice parameter based on
the Bragg equation 2dsinθ = nλ. The variation of lattice pa-
rameter can be explained by Mn3+ content due to the larger
ionic radius of Mn3+ ion (0.645 Å) than that of Mn4+ ion
(0.53 Å). When lithium excess amount is increased from 0
to 6%, the excess Li+ ions occupy the vacant tetrahedral 8a
site caused by the lithium loss during high-temperature

calcination, which makes part of Mn4+ reduced to Mn3+ in
order to maintain charge neutrality, thus leading to the initial
increase of lattice parameter. However, when lithium excess
amount is further increased to 10%, the lattice parameter is
decreased on the contrary. This may be due to that there is no
vacant tetrahedral 8a site, which forces the superfluous Li+

ions to occupy the octahedral 16d site due to the similar ionic
radius of Li+ and Ni2+ ions, which is called Bcation mixing.^
This will make part of Mn3+ oxidized back to Mn4+, thus
leading to the decrease of lattice parameter at higher lithium
excess amount of 10%.

In spinel structure, (111) diffraction peak is the strongest
line, while in anti-spinel structure, (311) diffraction peak be-
comes the strongest line with location switching of A/B atoms
in AB2O4 formula. Therefore, the I111/I311 intensity ratio is an
important implication for the cation mixing extent between
Li+ ions and transition metal ions in LiNi0.5Mn1.5O4 spinel
[15]. The higher the I111/I311 intensity ratio, the lower the
cation mixing extent between Li+ ions and transition metal
ions. Table 1 lists the I111/I311 intensity ratios of four samples,
which are 2.23, 2.65, 2.73, and 2.55 for LNMO-0, LNMO-
2%, LNMO-6%, LNMO-10% samples, respectively, among
which, the sample LNMO-6% has the highest I111/I311 inten-
sity ratio, suggesting its lowest cation mixing extent between
Li+ ions and transition metal ions. The lower cation mixing
extent results in the smooth path for lithium transport; there-
fore, advanced rate capability is highly expected. At lower
lithium excess amounts of 0 and 2%, the higher cation mixing
extent may be ascribed to the occupation of vacant tetrahedral
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Table 1 Lattice parameters, I111/I311 and I311/I400 ratios of
LiNi0.5Mn1.5O4 samples with different lithium excess amounts

Sample a (Å) V (Å3) I111/I311 I311/I400

LNMO-0 8.1787 547.08 2.23 0.998

LNMO-2% 8.1796 547.26 2.65 1.044

LNMO-6% 8.1800 547.35 2.73 1.049

LNMO-10% 8.1774 546.83 2.55 1.032
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8a sites by transition metal ions due to the lithium loss during
high-temperature calcination. However, when lithium excess
amount is as high as 10%, the I111/I311 intensity ratio is de-
creased contrarily, implying a heavier cation mixing extent,
which may be attributed to the occupation of octahedral 16d
sites by superfluous Li+ ions. The higher cation mixing extent
is unfavorable to the structural stability, then to the cycling
performance, as seen in Fig. 6.

It has been reported that the I311/I400 peak intensity ratio
can reflect the structural stability of the [Mn2]O4 spinel frame-
work [16, 17]. Previous reports [18, 19] show that the spinel
LiMn2O4 with the I311/I400 intensity ratios between 0.96 and
1.1 usually shows better electrochemical performances than
those outside this region. The higher I311/I400 intensity ratio
means better structural stability [20]. As shown in Table 1, the
I311/I400 intensity ratios of LNMO-0, LNMO-2%, LNMO-
6%, and LNMO-10% are 0.998, 1.044, 1.049, and 1.032,
respectively, all between 0.96 and 1.1. It is therefore reason-
able to infer that all four LiNi0.5Mn1.5O4 samples should pos-
sess good structural stability, among which, the LNMO-6%

sample exhibits the best structural stability, which can beman-
ifested by the following cycling performance curves in Fig. 6.
In addition, it has been reported that the difference of I311/I400
intensity ratio may have something to do with the Mn3+ [15].
The higher Mn3+ content, the higher I311/I400 intensity ratio, in
consistence with our findings.

Due to the similar scattering factors of Ni and Mn, it is
difficult to use XRD to distinguish ordered/disordered struc-
ture. FT-IR spectroscopy has been proven to be an effective
technique to differentiate the ordered and disordered structures
of the nickel-manganese spinel [21]. Figure 2 shows the FT-IR
spectra of LiNi0.5Mn1.5O4 samples with different lithium ex-
cess amounts. It is generally accepted that the ordered P4332
phase exhibits eight well-defined absorption bands, while the
disordered Fd3m phase gives a rather broad spectrum with
only five absorption bands [12, 22]. As shown in Fig. 2, all
four spectra show only five bands, indicating the disordered
structure of samples with different lithium excess amounts, in
consistence with the XRD result. It has been reported that the
I(584 cm−1)/I(622 cm−1) intensity ratio can be used to quali-
tatively access the disordering degree, and the higher the in-
tensity ratio, the lower the disordering degree of Ni/Mn at
octahedral 16d site [22]. From Fig. 2, we can get that the
I(584 cm−1)/I(622 cm−1) intensity ratios are 0.7586, 0.7282,
0.7104, and 0.7267, respectively, for LNMO-0, LNMO-2%,
LNMO-6%, and LNMO-10% samples, which indicates that
the disordering degree first increases and then decreases with
the lithium excess amount increasing, among which, the
LiNi0.5Mn1.5O4 sample with 6% lithium excess amount ex-
hibits the highest disordering degree, in consistence with the
variation of Mn3+ content in the spinel. The initial increase
of disordering degree at lithium excess amount of 0 to 6%
is due to that the superfluous Li+ ions can compensate for
the lithium loss during high-temperature calcination pro-
cess and occupy the vacant tetrahedral 8a site, which
leads to the reduction of Mn4+ to Mn3+ in order to main-
tain charge neutrality. However, when the lithium excess
amount is further increased to 10%, the redundant Li+
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ions may occupy the octahedral 16d site, which makes
part of Mn3+ oxidized back to Mn4+, thus leading to the
decrease of disordering degree of LNMO-10% in compar-
ison with LNMO-6%. Therefore, it can be supposed that
the lithium amount can adjust the phase structure, or rath-
er, the disordering degree of LiNi0.5Mn1.5O4 material, in
consistence with the findings of Ref. [12].

In addition to the FT-IR bands normally used to assess the
cation ordering, it has been reported that an examination of the
charge/discharge behavior below 3 V involving the insertion/
extractionofLi+ ions into/fromtheempty16c sites is aneffective

way to assess the cation ordering degree in the 5-V spinels [23,
24]. Figure 3 illustrates the first discharge and second charge
curves of LiNi0.5Mn1.5O4 samples with different lithium excess
amountsat0.2-Crate in thevoltagerangeof1.7–5.0V.Ithasbeen
reported that longer ~ 2.7-V plateau and shorter ~ 2.1-V plateau
in the first discharge curve mean higher disordering degree. As
for the second charge curves, the longer ~ 3.8-V plateau also
means higher disordering degree [23, 24]. From Fig. 3, it can be
seen that thedisorderingdegree first increases and thendecreases
with the lithium excess amount increasing, and the
LiNi0.5Mn1.5O4 samplewith 6% lithium excess amount exhibits

Fig. 4 SEM images
ofLiNi0.5Mn1.5O4 samples with
different lithium excess amounts.
a, b LNMO-0. c, d LNMO-2%. e,
f LNMO-6%. g, h LNMO-10%

Ionics (2018) 24:2241–2250 2245



the highest disordering degree, in accordance with the FT-IR
results, which indicates that appropriate lithium excess amount
is favorable to theenhancementofdisorderingdegree, then to the
electrochemical properties.

Figure 4 shows the SEM images of LiNi0.5Mn1.5O4 sam-
ples with different lithium excess amounts. From Fig. 4, we
can see that all samples show similar morphology, that is, the
secondary aggregates composed of octahedral primary parti-
cles with clean surface. Therefore, the influence of particle
morphology on the electrochemical performance can be ex-
cluded, and the relationship between crystal structure and
electrochemical performance of LiNi0.5Mn1.5O4 samples can
be better understood.

Figure 5a shows the charge/discharge curves of
LiNi0.5Mn1.5O4 samples with different lithium excess
amounts at 0.2-, 1-, 5-, and 10-C rates. From the discharge
curves at 0.2-C rate, it can be seen that all samples have a
major discharge plateau at ~ 4.7 Vand a minor discharge pla-
teau at ~ 4.0 V, which can be assigned to Ni2+/Ni4+ and Mn3+/

Mn4+ redox couples, respectively. The existence of ~ 4.0-V
plateau implies the existence of Mn3+ ions in spinel structure,
whose content can be calculated by the discharge capacity
between 3.80 and 4.25 V divided by the total discharge
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capacity at 0.2-C rate [25]. The relative Mn3+ contents are
14.62, 16.60, 17.68, and 15.13%, respectively, for LNMO-0,
LNMO-2%, LNMO-6%, LNMO-10% samples. It can be seen
that the Mn3+ content (disordering degree) first increases and
then decreases with the lithium excess amount, consistent with
the results of Figs. 1, 2, and 3.

From Fig. 5a, we know that the 0.2-C discharge capacities
of LNMO-0, LNMO-2%, LNMO-6%, and LNMO-10% sam-
ples are 123.1, 124.1, 125.0, and 123.6 mAh/g, respectively.
When lithium excess amount increases from 0 to 6%, the
discharge capacity is gradually increased because the excess
Li+ ions can occupy the vacant tetrahedral 8a site caused by
the lithium loss during calcination process, thus resulting in
more active Li+ ions in the crystal lattice, which can be avail-
able in the charge/discharge process. However, when lithium
excess amount is increased to 10%, the superfluous Li+ ions
are forced to occupy the octahedral 16d sites, which are elec-
trochemically inactive, thus leading to the decrease of dis-
charge capacity of LNMO-10% in comparison with LNMO-
6%. In addition, the lowest impurity phase amount in LNMO-
6% sample also accounts for its highest discharge capacity at
low rate of 0.2 C.

Rate capability ofLiNi0.5Mn1.5O4 sampleswithdifferent lith-
iumexcessamounts isdepicted inFig.5b.Thecellswerecharged
and discharged at gradually elevated rates between 3.5 and
4.95V.Itcanbeseenthatall samplesshowadecreasingdischarge
capacity with increasing current density, due to the increased
ohmic and electrode polarization, which can also be seen from
the growing voltage gap between charge and discharge curves in
Fig. 5a. This decreased trend is amplified at higher rates of 5 and
10 C. As Fig. 5b demonstrates, LNMO-6% sample exhibits the
best rate performance, whose discharge capacities are 125.0,
126.1, 124.2, and 118.9 mAh/g at 0.2-, 1-, 5-, and 10-C rates,
respectively. The discharge capacity at 10-C rate accounts for
95.12% of that at 0.2-C rate, higher than 81.56% of LNMO-0,
87.11%ofLNMO-2%,and90.78%ofLNMO-10%.This canbe
ascribed to the following reasons. Firstly, the higher Mn3+ con-
tent anddisorderingdegree canenhanceLi+ ion transportation as
well as electronic conductivity. Secondly, the larger lattice pa-
rameter isconductive to theLi+-iondiffusionin thematerialbulk.

Thirdly, the lower cation mixing extent is also favorable to the
Li+-ion diffusion and reduces the electrochemically inactive Li+

ions at octahedral 16d site. It has been reported that the Li+-ion
diffusionchannel, 8a-16c-8a, is liable tobeblockedby transition
metal ions in tetrahedral 8a sites, therefore, avoiding the transi-
tionmetal ion occupation in 8a sites is beneficial to Li+mobility
[13]. The last one is the existence of less impurity phase. It is
reported that the LixNi1-xO impurity can lower the capacity and
block Li+ mobility in the material [14], which is bad for rate
capability. Table S2 summarizes the rate performance of previ-
ously reported LiNi0.5Mn1.5O4 sample synthesized via solid-
state method. From these data, we can see that the rate perfor-
mance of LNMO-6% sample exhibits higher discharge capacity
at high rate, especially at 10-C rate.

Figure 6 shows the cycling performance curves of
LiNi0.5Mn1.5O4 sampleswith different lithium excess amounts
at 1-C rate and room temperature. The increase of discharge
capacity in the initial several cycles is called the activation pro-
cess of the electrode due to the gradual infiltrationof electrolyte
into the inner part of the electrode. The 10th-cycle and 100th-
cycle discharge capacities are used to calculate the capacity
retention rates, which are 82.45, 89.24, 96.49 and 85.26% for
LNMO-0, LNMO-2%, LNMO-6%, and LNMO-10%, respec-
tively, suggesting that the LNMO-6% sample shows the best
cycling performance. This can be attributed to higher Mn3+

content, higher phase purity, and lower cation mixing extent.
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Table 2 Values of the CV peaks of LiNi0.5Mn1.5O4 samples with
different lithium excess amounts

Sample φa (V) φc (V) Δφ (mV)

LNMO-0 Ni2+/Ni3+ 4.7484 4.6092 139.2

Ni3+/Ni4+ 4.8119 4.6557 156.2

LNMO-2% Ni2+/Ni3+ 4.7415 4.6195 122.0

Ni3+/Ni4+ 4.7950 4.6520 143.0

LNMO-6% Ni2+/Ni3+ 4.7359 4.6166 119.3

Ni3+/Ni4+ 4.7938 4.6565 137.3

LNMO-10% Ni2+/Ni3+ 4.7393 4.6047 134.6

Ni3+/Ni4+ 4.7991 4.6452 153.9
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However, the LNMO-10% samplewith lithium excess amount
of 10% exhibits relatively worse cycling stability due to the
heavier cation mixing and the existence of more LixNi1-xO im-
purity phase, which is believed to be disadvantageous to struc-
tural stability. Due to the different test conditions, there is no
comparability between the cycling performance data listed in
Table S2 with that in the present work. But the LiNi0.5Mn1.5O4

sample synthesized by a facile solid-state method with lithium
excess amount of 6%exhibits satisfactory cycling performance
on the whole.

Figure 7a shows the CV curves of LiNi0.5Mn1.5O4 samples
with different lithium excess amounts. From Fig. 7a, it can be
seen that the split anodic peaks around 4.7 Vand the existence
of redox peaks around 4.0 V indicate that all four samples are
mainly with disordered spinel phase. Table 2 lists the potential
differences between the redox peaks of Ni2+/Ni3+ and Ni3+/
Ni4+ reaction couples, which are 139.2/156.2 mV, 122.0/
143.0 mV, 119.3/137.3 mV, and 134.6/153.9 mV for
LNMO-0, LNMO-2%, LNMO-6%, and LNMO-10%, respec-
tively, that is, the sample LNMO-6% shows the lowest poten-
tial difference, manifesting its lowest polarization degree and
best reversibility, which leads to its optimum electrochemical
performance. On the other hand, the peak area at ~ 4.0 V is
related to Mn3+ content in spinel [26]. From the magnified
image in Fig. 7b, it can be seen that the peak area, that is,
Mn3+ content, first increases and then decreases with the lith-
ium excess amount, which is in consistence with the above
analysis results.

To better understand the effect of lithium excess amount on
the electrochemical properties, electrochemical impedance
spectroscopy (EIS) was carried out on the half-cell at fully
discharged state after 3 cycles. Figure 8a presents the
Nyquist plots of LiNi0.5Mn1.5O4 samples with different lithi-
um excess amounts from 100 kHz to 10 mHz. From Fig. 8a,
we can see that all Nyquist plots are composed of a semicircle
in the high-frequency region and a sloping line in the low-
frequency region. The intercept of the semicircle at high fre-
quency with the real axis refers to the ohmic resistance (Re),
and the diameter of this semicircle represents the charge trans-
fer resistance (Rct). The sloping line at low frequency is the

Warburg impedance (W), which is directly related to the Li+-
ion diffusion process in the electrode. Based on the ZView
refinement results, we can get the charge transfer resistance
values, which are 85.19, 71.65, 27.87, and 61.88 Ω for
LNMO-0, LNMO-2%, LNMO-6%, and LNMO-10%, respec-
tively. It can be concluded that the charge transfer resistance is
first decreased and then increased with lithium excess amount
increasing. Figure 8b shows the profiles of Z′ vs. ω-1/2 in the
low-frequency region. From the linear data fit of Z′ vs. ω-1/2,
the Warburg factor σ can be obtained. Putting the value of σ
into the equation of DLi = 0.5R2T2/n4A2F4C2σ2 [27–29], the
diffusion coefficients of Li+ ions can be calculated, which are
2.13 × 10−11, 9.22 × 10−11, 1.27 × 10−10, and 5.81 ×
10−11 cm2/s for LNMO-0, LNMO-2%, LNMO-6%, and
LNMO-10%, respectively. From the above analysis, it can
be concluded that the LNMO-6% sample shows the lowest
charge transfer resistance and highest Li+-ion diffusion coef-
ficient, which is believed to improve the electrochemical per-
formance. It suggests that appropriate lithium excess amount
can effectively improve the electrochemical kinetics of the
electrode, thus leading to better rate capability and cycling
performance, in accordance with the above electrochemical
test results.

Conclusions

Spinel LiNi0.5Mn1.5O4 cathode materials were synthesized via
a facile solid-state method and the effects of different lithium
excess amounts on the crystalline structure, particle morphol-
ogy, and electrochemical performance were systematically in-
vestigated. SEM observation illustrates that the lithium excess
amount has little influence on the particle morphology and
size, whose significance on electrochemical performance can
be excluded. XRD results show that with lithium excess
amount increasing, the LixNi1-xO impurity content and cation
mixing extent first decrease and then increase, while the Mn3+

content (disordering degree) first increases and then decreases.
The LNMO-6% sample with the highest phase purity and
disordering degree exhibits the optimum electrochemical
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performance, with discharge capacities of 125.0, 126.1, 124.2,
and 118.9 mAh/g at 0.2-, 1-, 5-, and 10-C rates and capacity
retention rate of 96.49% after 100 cycles at 1-C rate, which
can be attributed to the lowest cation mixing extent, highest
disordering degree, and phase purity. The slightly inferior
electrochemical performance of LNMO-10% sample can be
ascribed to the higher cation mixing extent and more LixNi1-
xO impurity phase. It can be concluded that in solid-state
method, the lithium excess amount has little influence on par-
ticle morphology and size, and the electrochemical perfor-
mance is mainly dependent on the crystalline structure, more
specifically, Mn3+ content (disordering degree), LixNi1-xO im-
purity amount (phase purity), and cation mixing extent.
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