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The LiNigsMn; 50, (LNMO) spinel is an attractive cathode material for next generation lithium-ion
batteries as it offers high power capability with a discharge voltage of 4.7 V and a therotical capacity of
147 mAh g, In this paper, porous LNMO microspheres/cubes, which are constructed with nanometer-
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sized primary particles with different Ni/Mn ratio, have been synthesized by a facile method that involves

the use of MnCO3; microspheres/cubes as the self-supporting template. The effects of the morphology of
the MnCO3; and the Ni/Mn ratio on the physicochemical and electrochemical properties of the as-
synthesized LNMO materials were investigated in detail. Scanning electron microscope (SEM)
observation shows that the morphology of the porous MnCO; has important effect on the morphology and
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degree of dispersion of the obtained LNMO spinels, so as to the electrochemical performance. XPS and

XRD results show that the Ni/Mn ratio has significant impacts on the Mn®" content, phase purity (rock-
salt phase) and crystallographic facet orientations of the LNMO-based cathode materials. In particular,
the Mn®" content, rock-salt phase and high-active (111) facet in the LNMO spinels were found to be
adjusted by the Ni/Mn ratio. With the presence of reasonable Mn®* content, high-active facet, the absence
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of the impurity phase (rock-salt phase) as well the large cationic disorder in the Cr-doping LNMO

spinels, the rate performance and capacity retention of the product could be significantly improved. All
these findings show the important roles of the synergic effects of the morpholy and the composition on
the improvement electrochemical performance of LNMO-based cathode materials.

Introduction
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Lithium ion batteries (LIBs) are expected to make a great impact
on pure electric vehicles (EVs) and plug-in hybrid electric
vehicles (PHEVs) in the near future.%? Developing electrode
materials with high energy and power densities, long cycle life,
low cost and high safety is one of the key challenges for adopting
the lithium-ion battery technology for the EVs and the HEVs
applications.® For instance, the spinel cathode LiMn,O, has been
commercialized in the first generation of PHEVs and EVs, but
has met with mixed success.* However, the durability of such a
material and to a less extent their limited rate capability are still a
lasting issue. In order to satisfy the demands of the public and
achieve a broader adoption, the energy and power capability must
be increased. Thus, novel cathode materials with high energy and
power densities have received considerable interest.*

With a high operating voltage around 4.7 V and a practical
capacity (about 130 mAh g*) comparable to that of LiCoO,
(~140 mAh g') and LiFePO4 (~160 mAh g?), spinel
LiNigsMn; 50, (LNMO) provides a specific energy (~610 Wh kg
1) higher than that of many commercialized compounds.® The
attractive feature, along with rapid Li* ion transport via three-
ss dimensional diffusion channels in the lattice® and the relatively
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benign constituent elements, have made this material a good
choice for the next generation of high-power batteries.* However,
the electrochemical performance of this high-voltage spinel
cathode material is influenced by a variety of factors that depend
so on how it is synthesized and processed. The main facors include
the cationic doping/ordering,”? morphology>? and crystal
surface planes?®®?23L of the prepared LNMO-based cathode
materials.
There are four main problems result in the capacity fade for
ss LNMO material. The first one is the formation of a solid-
electrolyte interphase (SEI) layer through undesired side
reactions with the electrolyte under the high operating voltage.*
In addition, cationic ordering between the Mn*" and Ni?* ions in
the crystal lattice is thought to decrease the electronic
e conductivity and has been shown to cause a large lattice
parameter difference among the three cubic phases which formed
during charge—discharge reactions.***"*? Capacity fade has also
been attributed to the formation of a rock salt Li,Ni; O impurity
phase during high-temperature synthesis, which introduces Mn®*
e ions into the structure.'® The impact of Mn®" defects has been
thoroughly examined, but the results are controversial. Some
believe that the existence of Mn®" is helpful to stabilize the
cycling performance and to improve the stability. 18203334 The
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Mn** induces more Ni and Mn disordering with a higher
proportion of Fd-3m lattice, thus improves Li ion transport
coefficiency and the electrical conductivity of LNMO. Others
argue that Mn** ions have higher tendency to disproportionate by
2Mn** > Mn?* + Mn*.% The Mn?" ion can easily dissolve in
electrolyte and is capable to electrochemically deposit at anode
surface after passing through membrane, resulting in adverse
influence for the cycling performance.®**” An emerging finding is
that the particle morphology (include the surface crystallographic
planes) influences the electrochemical properties, especially the
rate performance of the LNMO material.Z=3° Many efforts have
been made to optimize the performance of this LNMO spinel
material and a great of advance has been achieved in recent
years.*>3 However, the role of synthesis methods and conditions
in the above parameters and electrochemical performance has not
been fully established. Also, no papers have been reported on the
effect of the surface crystallographic planes on the long cycle
performance at high chargeand discharge current density, as far
as we know.

More recently, attention turned to preparation of the LNMO-
based cathode materials with nanometer particle to enhance their
cyclic performance, and especially the rate performance.?31:3-43
Generally, the smaller the particles size is, the shorter the lithium
ion diffusion distance and the electron transfer distance are, the
better the rate capability is.** The use of nanomaterials in
electrode fabrication, on the other hand, has some disadvantages,
such as high viscosity of slurry, low tap density, both of which
result in low active materials coated and thus low volumetric
energy density.** These shortcomings of nano-scaled LNMO
materials and their complicated synthesis routes hinder their
industrial application on large scale, such as for PHEVS or EVs.
To achieve both excellent rate capability and high volumetric
energy density, it is desired that the micrometer particles
composed of aggregated nano-sized particles can form three-
dimensional channels for ion diffusion.**" In electrode
processing, this kind of particles also leads to high loading and is
able to better accommodate the volume change and to reduce the
electrode tension upon cycling.

In this paper, we report a facile solid state method of preparing
micrometer-sized porous LNMO spheres/cubes, which were
constructed with nanometer-sized primary particles, aiming to
obtain LNMO-based cathode materials with high specific
capacity, high rate and durable cycle performance. The formation
of porous LNMO cathode materials were achieved by using
porous MnCO; with different morphologies as the self-supporting
template, into which eutectic molten lithium salt was inserted for
reaction.®® The effect of the morphologies of the porous MnCOj
precursors as well the Ni/Mn ratio on the morphologies, phase
structure, cationic disorder, crystallographic facet orientations,
the Mn®* content in the surface and the electrochemical
performance of the as-prepared LNMO cathode materials have
been investigated systematically and to choose the best LNMO
cathode material with reasonable chemical composition and
morphology.

Experimental

Synthesis of spherical MnCO;
In a typical synthesis, two stock solution of MnSO, (0.01 mol
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MnSO,-H,0 in 420 mL distilled water) and NaHCO; (0.04 mol
NaHCO; in 420 mL deionized water) were first prepared. Then,
the NaHCO; solution were added into the MnSQ,-H,O solution
slowly under stirring. The mixture was maintained at room
temperature for 3 h under stirring constantly. Finally, the white
powder was filtered, washed by deionized water and ethanol three
times and dried in vacuum at 60 °C overnight to obtain ~3.0 um
microspheres.

Synthesis of cubic MnCO;

The cubic MnCO; was obtained by the previous reported
method with some modification.”® In a typical experiment,
Nanoseed solution was prepared firstly (4 mg NH,HCO; and 0.1
mg MnSO, dissolved in 20 mL distilled water). Then, 6 mmol
MnSO, was dissolved in 1 L of deionized water with 5 mL 2-
Propanol (IPA), and this solution was mixed with 1 L of 0.06
mol/L NH4HCO; with 5 mL IPA and 9 mL of the as-preapred
nanoseed solution. This mixed solution was stirried at ~ 200 rpm
for 2 h at 50 °C. Finally, the white powders were filtered, washed
by deionized water and ethanol three times and dried in vacuum
at 60 °C overnight to obtain ~ 3.0 um microcubes.

Synthesis of LNMO-based spinel cathode materials

The LiNigsxMny5.,0,4 (X = 0 and £0.05) cathode materials
with different morphologies were prepared by a solid state
reaction using the MnCO; as self-template. In a typical procedure,
firstly, stoichiometric proportions of ~ 3.0 um MnCO;
microspheres, Ni(NO3)-6H,0 and the eutectic molten lithium salt
of LiOH-H,0 and Li,COj3; (0.38:0.62 in mol ratio) were dispersed
in ethanol under contiouns stirring, the mixture was evaporated at
55 °C and ground manually for several minutes, then the
obtained powder was sintered in air at 430 °C for 3 h and then at
800°C for 20 h. Finally, the calcination product was cooled down
to room temperature naturally to achieve the final sample.
Specifically, sample of S-1.50,was used to represent the product
obtained from the spherical MnCO; precursors with 3.0 um and
Ni/Mn ratio of 0.5:1.50. Other LNMO-based samples were
prepared by spherical MnCO; precursor and maganese theoretical
excess of —0.05 and 0.05 were tagged as S-1.45 and S-1.55,
respectively. Other LNMO-based samples were prepared by
cubic MnCOj precursor and maganese theoretical excess of 0 and
0.05 were tagged as C—1.50 and C-1.55, respectively.

The LiNig45Mn;5Cro 50, (C—Cr) was prepared by the similar
procedures for the preparation of C-1.55 sample except that
additional Cr(NO3)3-6H,0 was added into the precursors.
Physical characterizations
The structures and morphologies of the as-prepared materials
were characterized by powder X-ray diffraction (XRD, Bruker
D8 ADVANCE powder diffractometer using Cu Ko radiation at
40 kV and 40 mA at steps of 0.020), field emission scanning
electron microscopy (SEM, JEOL 6300F scanning electron
microscope), transmission electron microscopy (TEM, Philips
Tecnai-F20, 200 kV) and high-resolution TEM (HRTEM). X-ray
photoelectron spectroscopy (XPS) measurements were performed
with a Kratos Axis Ultra spectrometer using a focused
monochromatized Al Ka. radiation (hv = 1486.6 eV). The binding
energy was calibrated with reserence to the C4 level of carbon
(285.0 eV). Raman spectra were obtained with a Bio-Rad
FTS6000 Raman microscopy with a 532 nm blue laser beam.
Fourier transform infrared (FT-IR) spectra were recorded with
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KBr pellets on a Bruker R 200-L spectrophotometer. The
compositions of the selective samples were tested by inductively
coupled plasma (ICP) analysis on Optima 7300DV analyzer
(PerkinElmer).

Electrochemical studies

Electrochemical performances of the LNMO cathode materials
were evaluated with CR2025 coin half-cells. The composite
electrodes consisted of 80 wt% LNMO, 10 wt% acetylene black
and 10wt% polyvinylidene fluoride (PVDF) by weight and were
prepared by coating the mixture on aluminum foils with typical
active material loading of ~ 2.5 mg cm™. The 2025 coin cells in
the test used lithium foil as the counter electrode, polypropylene
micro porous membrane as the separator and 1M LiPF¢ dissolved
in ethylene carbonate (EC) and ethyl methyl carbonate (EMC)
(3:7, v/v) as the electrolyte. The cells were assembled in an
argon-filled glove box. The assembled cells were cycled between
3.2 and 4.9 V at different rates using a Neware Battery Testing
System (CT3008W). The specific capacity calculated based on
mass of active material. The cyclic voltammetric (CV) tests were
carried out on an Electrochemical Workstation (Autolab
PGSTAT 101) at different scan rates in the range of 3.5-4.9 V vs.
Li/Li*. The electrochemical impedance spectroscopy (EIS) data
of the electrodes were acquired at the room temperature by a
Versa-stat 3 electrochemical workstation (Princeton Applied
Research) before cycling and also after a desired number of
cycles, respectively, at a constant potential of approximately 4.7
V (vs Li/Li%) in the frequency range from 100 kHz to 10 mHz by
imposing an alternate current with an amplitude of 10 mV on the
electrodes

Results and discussion

The morphologies of the synthesized MnCO; are presented in
Figure S1. As shown in Figure Sla, the as-prepared MnCOj; by
the reactions of MnSO,4-H,0 and NaHCO; in aqueous solution
adopts spherical shape with average size of ~3 um. When mixing
MnSO4-H,O and NH4HCO; solutions in the presence of the
previously prepared nanoseed,”® MnCO; in the cubic shape
(Figure S1b) was obtained. It has been shown that the reaction
conditions have a strong effect on the nucleation and growth of
manganese carbonate precursors in aqueous solution, which in
turn has a significant effect on the electrochemical performace of
the final spinel LNMO®?3* and LiMn,0,* cathode materials.
Because of the eutectic molten lithium salt has a higher ion
diffusion rate and strong dissolving capability,”*° the MnCO;
self-template with link of molten-salt route has an accelerated
reaction rate and controllable sample morphologies. When using
the obtained spherical MnCO3 with ~ 3 um as self-tempalates and
precursors, the LNMO cathode materials with porous spherical
shape in ~ 3 um (Figure S2a to S2c) were achieved. If the cubic
MnCO; as precursor, the LNMO-based samples with cubic
structure in ~ 3 um (Figure S3a to S3c) were obtained. In order
to check the microstructure of LNMO samples with different
morphologies, Figure 1 shows the high resolution SEM images of
the S—-1.55 and C-1.55 samples. Both of samples were composed
of many nanometer-sized primary particles. However, the
ss primary particles morphology of the two samples are some
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difference and the particle size of C-1.55 are bigger than those of
S-1.55. This different morphology of the two samples may result
the different crystal orientation, which is demonstrated by the
following XRD patterns.
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Figure 1. High resolution SEM images of the S-1.55 (a-c) and C-1.55 (d-f)
samples.

The chemical compositions of the obtained six LNMO-based
samples are meaured by ICP/AES method, and the obtained
results are listed in Table 1. For each x value, the Ni/Mn ratio in
the obtained samples is approxiamately the same as that of the
corresponding raw materials. This means that the synthetic
method for preparation of the LNMO-based spinels is reliable.

Table 1. Composition analysis data of the selective six various LNMO
samples by the ICP data.

sample Ni Mn Li Cr
[mol] [mol] [mol] [mol]

S-1.45 0.552 1.45 0.99 0

S-1.50 0.503 1.50 1.01 0

S-1.55 0.453 1.55 1.00 0

C-1.50 0.505 1.50 0.99 0

C-1.55 0.452 1.55 1.00 0
C—Cr 0.453 1.50 1.00 0.049

a

S

Figure 2 shows the XRD patterns of the obtained six LNMO-
based cathode materials. All of the samples display good
crystallinity and all of the diffraction peaks can be indexed to
cubic spinel structure with Fd-3m space group. In addtion, the
LiNigsMn; 504 (S-1.50 and C-1.50) and LiNigssMny 450, (S-
1.45 samples) show some weak peaks at 20 = 37.6°, 43.7°, and
63.5°, which could be attributed to the cation-rich rock salt phase
impurities (LiyNi,_,O, ICSD No. 71422). It is worth noting that
there is no obvious impurity phase observed for the
LiNig4sMn1 5504 (S—1.55 and C-1.55) and LiNig4sMny50Crg 0504
samples. This is an interesting observation as it suggests that the
Ni/Mn ratio and Cr-substitution employed here can simply adjust
the phase purity for LNMO-based spinels. The lattice parameters
(avalue/A) for S—1.45, S-1.50 and S—1.55 were calculated (by

This journal is © The Royal Society of Chemistry [year]
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the Jade 5.0 software) to be 8.1805, 8.1795and 8.1830(%5),
respectively. The highest lattice parameters of S-1.55 may
attributed to the highest Mn** content in this sample. Because the
ionic radius of Mn** (0.645 A) is larger than that of Mn** (0.53
A). This result is consistent with the fact of the largest diffraction
260 angle of (111) peak for S-1.50 spinel (as shown in Figure 2,
inserted). Simlarly, the lattice parameter of C-1.55 (8.1825(z5) A)
is larger than that of and C-1.50 (8.1803(£5) A). After 5% of the
Ni is substituted with Cr, the lattice parameter 8.1805 (5) A is
almost the same as C-1.5 (8.1803 A), which is much smaller than
that of C-1.55 sample (8.1825 A). Pervious study result showed
that substitution of 5% Ni by Cr induced more Mn* to be
reduced to Mn®" due to charge neutrality and increased the lattice
parameter.’® However, our XRD results show that the lattice
parameters of the C-1.5 and C-Cr are very close, which may be
caused by the oxygen nonstoichiometry in C-1.5 sample,
resulting in more high Mn** content in this sample. These results
suggest that the experiment condition employed in this work, that
is, the MnCO; precursors with different morphologies, the
different Ni/Mn ratio and Cr-substitution have important effect on
the Mn®* content in the LNMO-base spinels. These Mn®" content
adjustments have important role on the electrochemical
performance of the spinel LNMO as a cathode material for LIBs
as seen subsequently.

3

1

1S}

1

a

2

S

) .
LN
.,/ >4 JL..!' "“\__;‘
g S — o
| = s | , ‘
S ————— »Rock salt phase |_) v o\
Eﬁ C-Cr n ~ JSA 40A . 45 50
- C-1.55 i il
£ e CLS0 : -
- S-155 L. ) . a0 )
S-1.50 )\, ) -
l S'1.45 A'A !k A A Ko

10 20 30 40 50 60 70 80
20 (degree)

Figure 2. The XRD patterns of the as-synthesized LNMO-based
materials.
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It is reported that the relative peak intensities reflect the
relative exposure degree of surface orientations in the spinel
w0 structure.®*51%2 A detail comparison of the XRD patterns among
the six samples, which are normalized by the (311) peak, is
presented in Figure 3. Comparing the three spherical LNMO
samples with different Ni/Mn ratio, it is interesting to observe
that the S-1.55 exhibits the strongest diffraction peak of (111)
35 facet, which suggests that it possess the largest exposure of high-
active crystal facet of (111) in the three samples.’! Between the
S-1.55 and C-1.55 samples, when all of the peaks are normalized
by the peak assigned to the (311) facet, the C-1.55 sample
exhibits more intensified peak corresponding to the (111) facets.
40 This observation suggests that the cubic LNMO shows stronger
peak of (111) facet than the spherical LNMO with the same
constitution.?3%%1 Among the three cubic samples (C-1.50, C-

1.55 and C-Cr), the realtive (111) facet peak intensity is very
colse. Based on the above-mentioned results, it may suggests that

a5 the exposure of high-active crystal facets can be adjusted by the
morpholgy, Ni/Mn ratio and substitution of Ni by Cr of the
LNMO samples. It is also expected that the more high-active
facets will be beneficial for achieving good rate capability and
excellent cycle stability for the LNMO-based samples.
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Figure 3. The XRD patterns of the as-synthesized LNMO-based
materials normalized by the (311) peak.
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Figure 4. IR spectra of the as-synthesized LNMO samples.
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To determine the degree of bulk cation ordering in the LNMO
materials resulting from different precursors, FT-IR was
empolyed. Infrared spectroscopy is a sensitive probe to the local
structure of materials and has been demonstrated to be a useful

s tool to monitor the degree of Ni/Mn ordering in LNMO.%%®
Figure 4 shows the FT-IR absorbance spectra for a series of the
obtained LNMO-based materials. The obtained six samples
display similar FT-IR spectra, which are in accordance with that
reported for disordered (Fd-3m) LNMO.% The spectra of the

10 disordered samples consist of five broad and ill-defined bands
that can be mainly attributed to vibrations associated with Mn—O
and Ni—O bonds.
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Figure 5. Fitting XPS of the Mn 2p3/2 peak of the as-synthesized LNMO
15 samples.

To determine the surface oxidation state of Mn in the six
LNMO-based spinels, the literature data for the binding energies
of Mn®*" and Mn*" are taken into account. It has been found that
the binding energy for Mn** (642.7 eV) in MnO; is higher than

2 that of Mn®" (612.1 eV) in Mn,05.>* Figure S4 and Figure 5
respectively show the full XPS of Mn element and the detailed
XPS fitting results of Mn®* and Mn** on the surface of the six
samples. The corresponding mole ratios of Mn*/Mn*" are listed
in Table 2. Based on these fitting results, it is suggested that the

2s Mn®* content on the spinel surface is connected to the Mn/Ni mol
ratio that used for the preparation of the LNMO-based maetrials.
As shown in Table 2, the ratios of Mn®*/Mn** on the surfaces of
all the samples are larger than those in their corresponding bulk
materials (as calculated by the elctrochemical discharge results

30 voltage at ~ 4.0 V). This observation might be caused by the easy
loss of oxygen on the surface of the spinels during the preparation
process, making much more oxygen deficiency sites at the
surface. For the spherical LNMO-based samples with different

composition, the ratio of Mn®* to Mn** (Mn**/Mn*") increases

35 With the decrease of the Ni/Mn ratio in the samples. This result is
in good agreement with the XRD analysis predicted the enriched
Mn** content in the S-1.55 sample. Among the S-1.55, C-1.55
and C-Cr samples, the Mn®" content at the surface of the S-1.55
and C-1.55 is very close, but is much higher than that of the C-Cr

40 sample. The above results demonstrate that the Ni/Mn ratio in the
LNMO-based samples (not the morphology) mainly makes the
Mn®" content difference.

Table 2. Mn 2p3/2 peak positions and cation distribution in LNMO-
based samples.

binding energy cation distribution

position (eV)

4+ 3+ 4+ 3+ Mn3+/

sample Mn Mn Mn™ (%) Mn**(%) Mn®
S-1.45 642.7 642.1 0.117 0.883 0.13
S-1.50 642.9 642.0 0.809 0.191 0.24
S-1.55 642.7 642.1 0.713 0.287 0.40
C-1.50 642.9 642.2 0.809 0.190 0.23
C-155 642.8 642.2 0.717 0.283 0.39
C-Cr 642.9 642.2 0.768 0.232 0.30

s The electrochemical intercalation/deintercalation behaviors of
the obtained six LNMO-based samples were examined through
galvanostatic charge/discharge cycling using 2025 coin cells. The
cells were charged at 0.5-C rate in the first two cycle without
additional constant voltage modes and then charged at different

so current densities 0.5 to 10-C rate) with additional constant
voltage modes. Figure 6a shows the first charge/discharge curves
of the six samples at the charge/discharge current of 0.5-C rate (1
C = 147 mA g?), two separated charge plateaus, which were
attributed to the Ni®*/Ni** and Ni**/Ni**, respectively, as well as a

ss samll plateau at ~ 4.0 V (Mn®**/Mn*") can be clearly observed for
the obtained LNMO-based electrode, which confirms that the
LNMO-based smaples crystallized in the cation-disorder phase.??
As shown in Figure 6b, the two—plateaus between 4.6 and 4.8 V
are more pronounced and the gap between them is the largest in
s0 the six samples. This result cornfims that the Cr-doping increases
the cationic disorder.”*®® The S-1.45, S-1.50, S-1.55, C-1.50,
C-1. 55 and C—Cr shows a specific discharge capacity of 110.6,
118.5, 120.1, 118.7, 122.5, and 126.3 mAh g’1 with a columbic
efficiency (CE) of 71.6, 73.7, 72.9, 70.0, 76.5 and 82.0%,
es respectively. The low CE in the first cycle of the LNMO-based
cathodes is attributed to the decomposition of the electrolyte at
high voltage.’® The higest CE of the C-Cr sample suggests that
the most stable electrode/electrolyte interface. In addtion, the
large differences in the specific discharge capacities of these

70 samples are related to their different microstructures and
compositions. Because of the absence of rock-salt phase in the
Mn-riched and Cr-substituted samples, these three samples
display high specific capacity. Meanwhile, the capacity from the
~ 4V plateau in the Mn-riched samples (S-1.55 and C-1.55) are

s much higher than those in other four samples (S-1.45, S-1.5, C-
1.5 and C-Cr). The length of the plateau in the 4 V region can be
adopted to calculate the relative amount of residual Mn** content
in the spinels. Detailed analysis was conducted to calculate the
capacity percentage contribution from the Mn®* plateau (4 V) for

g0 all the six samples, which are calculated from the discharge
capacity of the 5™ cycle (as shown in Figure 6b), as displayed in
Table 3. It is interesting to note that the capacity in the 4 V region

This journal is © The Royal Society of Chemistry [year]
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of C-Cr is lower than that of C-1.5, although its higer Mn®

content derivated from the XPS results. This observation suggests

that Cr-doping in LNMO spinel may result in rich Mn** content

in the surface. After about five cycles, the CE of all of the
s samples increased up to 97.0%.

Table 3. Comparison of discharge capacities and Mn** contents in the

LNMO-based samples.

sample Discha_rge capacity (mAh_ g} Am:?um of
5V region 4V region Mn**" (%)
S-1.45 103.2 9.1 6.2
S-1.50 112.2 12.8 8.7
S-1.55 106.1 17.2 11.7
C-1.50 112.0 14.1 9.6
C-1.55 112.8 16.8 11.4
C-Cr 124.6 11.0 75
5.0
2 45
o
=
z Sample CE
% L . S145 T1.6%
8o « S-15  73.7%
e + S-155 72.9%
-~ 35 . C-15  705%
« C-1.55 76.5%
« CCr 82.0%

3'OI L) L] Ll 1 1 Ll 1 T
0 20 40 60 80 100 120 140 160

Specific capacity (mAh g*)

5.0

g 45 ‘

g Sample CE >

e . S1.45 97.6% p

% 4.0 - S15 97.0%

= . S1.55 97.4%

> . C-15  97.2% -
35 . C-155 97.1% L
a <« CCr 97.9%

0 20 40 60 80 100
Specific capacity (mAh g’l)

140

120

Figure 6. Charge/discharge curves and columbic efficiencies (CE) at the
10 first and the fifth cycle of the six LNMO-based samples.

Figure 7 and Figure S5 show the rate performance and the
voltage profiles of the various LNMO-based samples under
various current densities inhalf-cell, respectively. The S-1.45
sample displays the lowest discharge capacity at any discharge

15 current density in the six samples. Over 85% of their original
discharge capacities could be still retained even at 10-C rate for
all of the six samples, moreover, even after high rate testing, the
discharge capacities could still return. In addtion, the discharge
voltage plateaus of the various LNMO-based samples under 10-C

20 rate are higher than 4.5 V (Figure S5). This is attributed to the

intrinsically fast Li* diffusion within the 3D spinel lattice.® These
observations suggest that the architecture of the porous LNMO-
based samples are tolerant to various charge and discharge
currents, a characteristic required for high power and high energy
density applications. It is noted that both of S-1.5 and C-1.5 show
quite similar discharge capacities at low rates (0.5 and 1.0 C),
with differences less than 1.5 mAh g’l. However, when the
discharge current densities are higher than 2-C rate, the specific
discharge capacity of the C-1.50 sample is much higher than that
3 of the S-1.5 sample. This suggests that the cubic LNMO spinel
displays superior rate performance. Similar phenomenon was
observed in the S-1.55 sample. The superior rate performance of
C-1.50 and S-1.55 samples may be attributed to the stronger peak
of (111) facet in C-1.50 and higher Mn** content in the surface of
3 S-1.55 than those of S-1.50, respectively. In addition, both of the
C-1.55 and C-Cr samples exhibit higher specific capacities and
better rate performance, comparing to other four samples. This
may be ascibled to the synerstic effect of the cubic morphology
and high surface Mn** content of these two samples, in which the
a0 cubic morphology of the LNMO-based spinels results in their
high-active (111) crystal facet and the high surface Mn*" content
increases their conductivity. In fact, as seen in Figure 3b, the C-
1.55 and C-Cr samples have similar realative peak intensity of
(111) crystal plane, but Figure 7 clearly demonstartes much
higher specific discahrge capacity of C-Cr sample at high current
densities (5 and 10 C-rates). This observation may be attributed
to its larger cationic disorder, which will increase its lithium ion
diffusion coefficient and decrease the small charge-transfer
resistance.

2
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Figure 7. Rate performance of the six LNMO-based samples.

50

The cycling performance of the six as-prepared samples at 0.5
and 2-C rates were plotted in Figure 8. As indicated in Figure 8a,
the six samples demonstrate good cycling performance at 25 °C at

ss 0.5 C-rate with 81.3, 82.8, 83.5, 91.0, 92.8, and 91.1% of the
highest capacity retained after 300 cycles for samples S-1.45, S-
1.50, S-1.55, C-1.50, C-1.55, and C-Cr, respectively. When the
samples were charged and discharged at 2 C-rate, similar cycle
stability was observed. Specially, the specific discharge
s capacities are 109.3, 117.7, 120.4, 120, 122.4 and 127.8 mAh g*
for S-1.45, S-1.50, S-1.55, C-1.50, C-1.55, and C-Cr, respectively,
with the corresponding capacity retention (CR) ratios of 75.2 85.3,
85.0, 90.0, 92.6, and 92.4% after 500 cycles. The CR capablity
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of the six samples is acceptable, however, the three cubic samples
display much better cycle stability than that of the three spherical
sample. This result may ascribed to the high exposure of high-
active (111) crystal facet of the cubic samples.?® Comparsion of
s the cycle performance of the three cubic LNMO-based samples
with different Ni/Mn ratio at different current densities (0.5 and 2
C-rates), no obvious difference was found, which may attributed
to the silimar (111) crystal plane intensity. In addtion, the S-1.45
sample shows the worest cycle and rate perfprmance at both 0.5
wand 2-C rates, further demnonstrating the high-active (111)
crystal facet has very important effect on the cycle and rate

Generally, the capacity fade of LNMO is believed to originate

30 from the instability of electrode and electrolyte under high

voltage.**8% The present Cr-doping sample has less suface Mn®*
content than that of the C-1.55 sample, which minimizes Mn
disprotionative dissolution and Jahn-Teller structural distortion.
On the other hand, the C-Cr sample has larger cationic disorder

35 than that and C-1.55 sample, resulting in high rate performance

due to low charge-transfer resistance and polarozation loss.'® This
is also demonstrated by the comparsion of the discharge curves at
different cycles of the C-Cr and C-1.55 samples (Figure S6). As
shown in Fig. S7, the mean discharge voltage plateua of the C-Cr

performance of the LNMO-based material. 40 sample is almost no decrease before 500 cycles and only drops

from 4.61 in the 500" cycle to 4.57 V in the 1000 cycle,

-:D 1l a 05C however, the mean discharge volatge of the C-1.55 sample drops
< 1304 from 4.62 in the 5™ cycle to 4.55 V in the 1000" cycle.
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260 — — i . y ' 45 Figure 9. Comparison of the capacity retention (CR) of the C-1.55 and C-

0 50 100 150 200 250 300 Cr samples at the charge and discharge current density of 5-C rate.
Cycle number (n) . i .

Cn q In order to gain a better understanding of the factors leading to

the different rate performance of the C-Cr and C-1.55 samples, a
series of voltammetry measurements were obtained and the

=110 — ] so corresponding results were shown in Figure 10 and Figure S7,
'§ \ respectively. As shown in Figure 10a, the CV curves of the C-Cr
2100+

electrodes show two obvious redox peaks at ~ 4.7 V, even for the
highest sweeping rate of 0.5 mV s™. The two redox peaks are also
well consistent with the observed two-plateau charge and
ss discharge profiles (Figure 6). In addition, the C-Cr electrode
displays increasing peak current density (i) and widening
separation potential within each redox couple as the potential
scanning rate (v) increases. Based on the previous results,®* the
peak current density (i) of the electrode for Li-ion diffusion can
s0 be estimated based on the following equation:
ip = (2.69 x 10°)n*?AD*AM2C
where n is the number of electrons per reaction species, A is the
total surface area of the electrode (1.96 cm? in this case), Dy; is
the diffusion coefficient in square centimeter per second, C{ is
es the bulk concentration in mole per cubic centimeter (which, in

Sample CR
1 . s145 752%
804 . S1.50 85.3%

1 . s155 850%
1 . 150 90.0%
604 . C155 92.6%

] - cCr 924% ' '
0 100 200 300 400 500
Cycle number (n)

Specific discharge ca
~
o
1

Figure 8. Comparison of the capacity retention (CR) of the six LNMO-
15 based samples at different charge/discharge current densities.

Because both of the cubic C-1.55 and C-Cr samples display

high specific discharge capacity at 0.5 and 2-c rate, we further
investigate their cycle performance at high charge and diascharge
current density (5-C rate), and the corresponding results were
20 displayed in Figure 9. Although these two samples show similar
cycle performance at 0.5 and 2-C rates, remarkable differences in
terms of capacity and capacity retention were observed when they
cycled at 5-C rate. The C-Cr sample displays excellent cycle
performance with CR ratio of 91.2% after 1000 cycles. The good
25 cycle performance at high charge and discharge current density
could be ascibed to the synergistic effect of its porous structure,
high exposure of high-active (111) crystal plane, large cationic
disorder and reasonale Mn** content in the crytal surface.

this case, is 0.02378 mol cm™),%* and v is the potential scan rate
in volts per second. For a given charge number, the Li-ion
diffusion coefficients can be calculated from the slope of peak
current density versus the square root of the scan rate (v*?) (Fig.

70 10b). Detail experimental results are summarized in Table 4. The

diffusion coefficients for the four different peaks are very similar,
ranging from 7.72 x 10" to 2.01 x 10° cm?/s. These values are
larger than the ones of C-1.55 (6.44 x 10™ to 1.47 x 10° cm?fs)
sample calculated for Li-ion diffusivity using CV data. The larger

75 lithium ion diffusion coefficients imply that the porous C-Cr

spinel favors faster lithium ion intercalation Kkinetics, resulting in
its high rate performance.
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Figure 10. Cyclic voltammetry (CV) curves of the C-Cr electrode at scan
rates from 0.1 to 0.5 mV s™. The oxdation (charging) peaks are labelled (a)
and (b) while the reduction (discharging) peaks are labelled (c) and (d).

s Table 4. Summary of the CV results obtained at different scanning rates
and the Li* diffusion coefficients determined for the C-Cr electrode.®

Scanning rate Potential values/\V

01 4713 4792 4628 4691 0085 0101

0.2 4734 4808 4607 4678 0127 0130

03 4758 4826 4592 4662 0166 0164

0.4 4782 4850 4572 4654 0210 0205

05 4795 4863 4558 4646 0237 0217
(10_1'13;”2 |y 59 600 433 635

B Eo: anodic peak potential, Eg: cathodic peak potential, AE: the

separation between Eg and Er. The subscript numbers 1 and 2 denote the

redox couple at lower and higher potential, respectively.
1 EIS measurements are carried out to further understand the
different electrochemical behaviors of the the C-Cr and C-1.55
samples. Before cycling, both of the two samples only show one
semicircle in the high- and medium-frequency regions and an
inclined line in the low-frequency zone. Base on the fitting results,
the C-Cr sample shows much samller impedance than that of the
C-1.55 sample (Figure 11a), which suggested the lower ohmic
resistance for C-Cr sample. After the charge and discharge
processes, both of the samples consist of a depressed semicircle
in the high frequency, a semicircle in the medium frequency and
a straight line in the low frequency (Figure 11b). The semicircle
(Rei) in the high frequency is ascribed to lithium ion diffusion
through the solid electrolyte interface (SEI) after cycles, the
semicircle in the high frequency can be usually assigned to the
charge transfer impedance (R), and the line is designated to a
Warburg-type element reflecting the solid sate diffusion of Li
into the bulk of the active materials.®° when the electrodes were

1

a

2

S

2

a

cycled for 500 cycles, the Rg; (3.285 Q) and Ry (5.556 Q) of the
C-Cr sample are both lower than the Ry (5.882 Q) and R, (6.047
Q) of the C-1.55 sample, respectively. This result may suggest

% that the C-Cr sample can alleviate electrolyte decomposition at
high voltage and prevent the thick SEI film, which might be
another reason for the better cyclability of the C-Cr sample
compared to that of the C-1.55 sample.

100

i Rs Ret W
80 61
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= 404
$
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35 Figure 11. Comparison of impedance spectra (Nyquist plots) of the C-Cr
and C-1.55 electrodes in the discharged state after different cycles at 5 C-
rate, (a) the fresh cells and (b) the 500" cycle.

Conclusions

In conclusion, porous LNMO-based spinels with different
s morphologies and composition are prepared by a facile method
via a self-supporting template and a eutectic molten lithium salt
insertion reaction. The as-synthesized porous LNMO-based
spinels exhibits different electrochemical performance because of
their different morphology and composition, which results their
s different Mn®* content in the crystal surface, phase purity,
crystallographic planes structure as well as cationic disorder.
Because of the absence of rock-salt phase, reasonable surface
Mn®" content, high exposure of the (111) crystal plane and high
cationic disorder, the cubic Cr-doping LNMO spniel (C-Cr
so sample in this case) displays the highest specific capacity and the
best rate and cycle perforamne among the six LNMO-based
samples. It reaches ~ 132, 127 and 122 mAh g at 0.5, 2 and 5 C-
rates, respectively. The corresponding capacity retention ratio
reaches 91.1%, 92.1% and 91.2% for up to 300, 500 and 1000
sscycles at 0.5, 2 and 5-C rates, respectively. The high
performances of porous Cr-doping LNMO microcubes make
them become promising cathode materials for high performance
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