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ABSTRACT: Spinel-structured lithium nickel manganese oxide (LiNi0.5Mn1.5O4,
LNMO) is a low-cost battery cathode material with a high operating voltage (∼4.7 V
vs Li+/Li), relatively high capacity (∼147 mA h g−1), and good rate performance.
Previous studies have suggested that large particle size, single-crystal-like morphology,
and high phase purity are favorable for achieving good electrochemical performance.
However, simultaneous control over these properties is difficult for conventional
solid-state synthesis at high temperatures. Here, we report a molten-salt-assisted
method to prepare large-size (median grain size D50 = 16.8 μm) single-crystal LNMO
with molten lithium molybdate (Li2MoO4) serving as the medium of ion diffusion
and crystal growth. In situ X-ray diffraction (XRD) studies of the material preparation
process reveal structural disorder and formation of the rock-salt impurity phase at
high temperatures, which are reverted upon cooling. The correlations between the
cooling rate and structural ordering/phase purity at the single-particle level are further
studied using correlative scanning electron microscopy and Raman spectroscopy
(SEM-Raman) techniques. SEM-Raman studies for the first time reveal that the Ni-rich rock-salt impurity phase actually exists at the
interior of the large-size LNMO particles, which is difficult to be detected by conventional XRD or Raman spectroscopy because of
limitations in probing depth. We further confirm that slow cooling is the key to increasing structural ordering and enhancing
electrochemical performance of LNMO. The optimized LNMO sample shows excellent cycle performance by retaining ∼85% initial
capacity after 300 charge−discharge cycles and acceptable level of rate capability despite its large particle size. Our results highlight
the importance of mechanistic studies into material synthesis, which provide the basis for designing better materials and more
efficient preparation methods.

■ INTRODUCTION

Lithium-ion batteries play an increasingly important role in the
new era of clean electrification.1 In existing batteries, Co-
containing cathode materials such as LiCoO2 (LCO),
LiNi xCo yMn zO2 (NMC, x + y + z = 1), and
LiNi0.8Co0.15Co0.05O2 (NCA) are widely used.2 In the last
few years, we have witnessed a surge in demand for Co and
dramatic fluctuation in its price (∼30,000−70,000 $ ton−1).
Because Co is much more expensive than Ni (∼13,000 $
ton−1) and Mn (∼2000 $ ton−1) and a large portion of the Co-
mining comes from the geopolitically unstable central African
countries, there is a growing concern over Co supply chain
from both the battery manufacturing industry and end
consumers. To develop sustainable batteries, it is necessary
to reduce our reliance on Co.3−8 One promising alternative is
the spinel-structured LiNi0.5Mn1.5O4 (LNMO), which is a low-
cost cathode material with a high operating voltage (∼4.7 V vs
Li+/Li), relatively high capacity (∼147 mA h g−1), and good
rate performance.9−23

“Single-crystal” cathode materials have attracted significant
research attention recently because of their excellent cycle

performance.24−27 Here, “single-crystal” means that each
particle is made up of just one or several micron-sized
crystallites. This nomenclature is chosen to contrast with the
case of polycrystalline cathode materials, in which each particle
is made of many nanoscale crystallites. LNMO has anisotropic
Vegard coefficientsits lattice changes anisotropically during
lithium extraction and insertion.28 For this reason, polycrystal-
line LNMO particles are intrinsically vulnerable to grain-
boundary fracture, which leads to dramatic increase in surface
area and aggravates various surface-related degradation
mechanisms such as electrolyte decomposition, metal dis-
solution, and surface structural reconstruction. For the LNMO
cathode, it is favorable to have a small surface area and
maintain it that way during cycling. This is perhaps more
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important to LNMO than other cathode materials because its
high operating voltage poses a major challenge to common
liquid electrolytes.12 Based on previous studies,28 we expect
that large-size (i.e., small surface area) and fracture-resistant
(i.e., no surface area increase) single-crystal LNMO particles
can enable stable cycle performance. However, there are no
preparation methods available for single-crystal LNMO
particles with median grain size (D50) greater than 10 μm,
which is a typical size for commercial LCO, NMC, and NCA
cathode materials and a key to achieving high volumetric
energy density.
Synthesis of LNMO is facing another unique challenge in

controlling the phase purity. Unlike other cathode materials
(LCO, NMC, NCA, Li2MnO4, or LiFePO4) normally prepared
as a single phase, LNMO can crystallize into two different
phases with either a cation-ordered (P4332) Ni/Mn arrange-
ment or a disordered (Fd3̅m) one with oxygen deficiency (i.e.,
LiNi0.5Mn1.5O4−δ).

9,20,21,29,30 Impurity phases such as rock-salt-
structured LixNi1−xO are also commonly observed.14,20,30 It
has been found that the ordered P4332 phase starts to lose
lattice oxygen at a temperature above 750 °C and hence the
disordered Fd3̅m phase and the rock-salt impurity phase are
produced.19 This process is largely reversiblestructural
ordering and stoichiometry can be recovered with oxygen
uptake upon cooling. Electrochemical measurements14 and
neutron diffraction19 made on bulk samples indicate that slow
cooling favors the formation of the ordered phase. However,
because of the lack of suitable characterization techniques, the
disorder-order transition at the single-particle level during
cooling and its correlation with cooling rate has not been fully
understood. It is also unclear where the rock-salt impurity
phase is and how it is formed and transforms during the
preparation process of LNMO. We suggest that correlative
scanning electron microscopy and Raman spectroscopy (SEM-
Raman), a powerful combination providing high-resolution
morphological, structural, and chemical information can meet
the challenge. This technique has been applied to study two-
dimensional materials31 and minerals.32 However, to the best
of our knowledge, it has not been applied to study LNMO (or
any battery materials) and its preparation process.
Here, we show that single-crystal LNMO particles with large

size (D50 = 16.8 μm) can be synthesized in molten Li2MoO4.
We choose Li2MoO4 as the flux because of its low melting
point (705 °C) and high solubility in water (∼45 g/100 mL
H2O at 25 °C). It provides the medium for ion diffusion and
crystal growth at the synthesis temperature (950 °C) and can
be conveniently separated from the product by water washing.
The Li2MoO4 flux has been previously used to grow Li2MSiO4
(M = Mg or Zn),33 LiNi1/3Co1/3Mn1/3O2,

34 and LiIn2SbO6,
35

and other materials. The preparation process of LNMO was
investigated by in situ X-ray diffraction (XRD), which revealed
concurrent formation of disordered spinel LNMO and rock-
salt impurity phases under the isothermal annealing condition
at high temperature used for the synthesis. We further studied
the process of the rock-salt impurity phases reverting back to
the spinel phases at the single-particle level at different cooling
rates through correlative SEM-Raman and revealed the
correlations between structure and electrochemical perform-
ance. The slow-cooled, large-size single-crystal LNMO sample
with little rock-salt impurity exhibited remarkable cycle
performance by retaining ∼85% of initial capacity after 300
charge−discharge cycles and good rate capability.

■ METHODS

Synthesis of LNMO Samples. 0.01 mol of Ni(OH)2 and
0.03 mol of MnO2 were manually mixed with 0.02 mol of
LiOH and 0.005 mol of Li2MoO4 in an agate mortar and then
transferred into an alumina crucible. The crucible was covered
by a lid to allow air intake during the synthesis but avoid excess
evaporation of Li salts. The material mixture was heated to 950
°C at a rate of 3 °C min−1 and held at 950 °C for 8 h in air
before cooling at different rates to get LNMO samples S1, S2,
and S3, respectively. The obtained powders were recovered
from the crucible, ground in the agate mortar, and washed
using deionized water to separate the material from the water-
soluble Li-salts. The LNMO powders were collected by
centrifugation and dried at 80 °C in air. The material was
ground again to pass through a 400-mesh sieve and then stored
in a humidity-controlled storage chamber (relative humidity ≤
25%) before further tests.

Material Characterizations. The particle morphologies
were investigated using a scanning electron microscope (SEM,
Phenom Pro). The phase identification was analyzed with a
Bruker D8 X-ray diffractometer (XRD) using Cu Kα radiation.
In situ XRD was performed using an X-ray diffractometer
(Bruker D8, Cu Kα radiation) equipped with a ceramic heating
stage (Anton Paar). The precursors were mixed and pressed
into a pellet. The pellet was loaded onto the ceramic stage and
heated from room temperature to 900 °C at a ramping rate of
∼2.5 °C min−1. XRD patterns were collected continuously
during the isothermal stage and cooling. Each XRD scan took
∼10 min to finish. Particle size distribution was measured by a
particle size analyzer (Mastersizer 2000, Malvern Panalytical).
Ion milling was performed using an ion-beam milling system
(Leica EM TIC 3X). SEM-Raman experiments were
performed using a TESCAN MAIA3 electron microscope
integrated with a WITec apyron confocal Raman imaging
system. The Raman spectra were recorded in the region of 0−
1800 cm−1 using 532 nm laser at a power of 2 mW and 1200
line mm−1 grating. To obtain high-quality single-point
spectrum with good signal-to-noise ratio, the laser beam was
focused onto the smooth cross section of a single particle, and
each single-point scan was measured five times with a total
accumulation time of 100 s. For the Raman area maps, the
Raman spectra were collected within a selected rectangular grid
of 5 × 4 μm2 in a stepwise manner. Data smoothing,
normalization, fitting, and overlaying of the spectra were
performed using the WITec Project 5 software. Energy-
dispersive X-ray (EDX) line scan analysis was performed using
the same SEM (Tescan MAIA3).

Electrochemical Testing. The LNMO samples were
mixed with polyvinyl difluoride and super-P carbon black
with a weight ratio of 90:5:5 in NMP using a Thinky Mixer
(ARE-310). The slurries were coated onto aluminum foils
using a film applicator. The electrodes were first dried in a
convection oven at 80 °C for 3 h and then dried at 120 °C
under vacuum for 10 h. A typical loading of the electrodes for
half-cell tests is about 3−4 mg cm−2. Half-cells were assembled
using Li foil (0.45 mm in thickness) as the anode, a
polyethylene separator, and 1 M LiPF6 dissolved in ethylene
carbonate-ethyl methyl carbonate (3:7 by weight) as the
electrolyte in an argon-filled glovebox (Mikrona, O2/H2O <
0.1 ppm). Electrochemical cycling measurements were
performed using battery cyclers (Neware BTS4000). The
coin cells were cycled inside temperature chambers set at 30
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°C. The half-cells were cycled at 0.1 C for three cycles before
cycling at 0.5 C (1 C = 147 mA g−1) or the rate performance
test.

■ RESULTS AND DISCUSSION

Preparation of Large-Size Single-Crystal LNMO
Particles. We prepared the single-crystal LNMO samples
using stoichiometric amount of LiOH, Ni(OH)2, MnO2 (mole
ratio = 1:0.5:1.5) as precursors and Li2MoO4 (melting point at
705 °C) as the molten salt at 950 °C (Figure 1a; see
experimental details in Methods). The salt-to-reactant molar
ratio R [n(Li2MoO4)/n(LiOH + Ni(OH)2 + MnO2) = 0.083]

was significantly smaller in our synthesis than those previously
reported (R ≥ 4),9,16,18 which lowers the chemical cost of the
preparation method and facilitates the separation of the
LNMO product from the salts via water wash. In our method,
molten Li2MoO4 functions as the medium of ion diffusion and
reaction. Without Li2MoO4, large-size single-crystal-like
LNMO particles could not be formed (Figure S1). However,
Li2MoO4 was not a reactant to provide Li+ because LNMO
cannot be made without LiOH. The LNMO sample was
separated from Li2MoO4 salt by water-washing after the
synthesis. After water-washing, Mo could not be detected in
the LNMO particles by EDX analysis (Figure 1b). Because the
detection limit for SEM−EDX is ∼0.5−1.0 atm.%, we further

Figure 1. Preparation of large-size single-crystal LiNi0.5Mn1.5O4 particles. (a) Synthesis process of large-size single-crystal LiNi0.5Mn1.5O4 particles
using LiOH, Ni(OH)2, and MnO2 as precursors and Li2MoO4 as the salt; (b) EDX spectrum collected from the LNMO sample. No Mo peaks
could be detected. The EDX spectrum was collected from a 50 μm × 40 μm region as shown in the inset SEM image; (c) Size distribution of the
LNMO sample measured by DLS showing a D50 size of 16.8 μm.

Figure 2. In situ XRD studies of the preparation process of LNMO. The in situ XRD patterns were recorded at ∼10 min interval during the
synthesis of large-size single-crystal LNMO particles using LiOH, Ni(OH)2, and MnO2 as precursors and Li2MoO4 as the salt. The materials were
heated from 25 to 900 °C at a ramping rate of 2.5 °C min−1, then held at 900 °C for 10 h, and finally allowed to cool down naturally.
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carried out induced couple plasma-optical emission spectros-
copy (ICP-OES) measurements on three different batches of
samples and found that the Mo content was below 200 ppm.
Therefore, we suggest that Mo was likely not doped into the
lattice of LNMO. The size distribution of the as-made LNMO
particles was measured by dynamic light scattering (DLS),
which yielded a D50 size of 16.8 μm (Figure 1c). The as-made
LNMO particles are significantly larger in grain size compared
to those in literature (<10 μm).9,10,14,18 As a result, a tap
density of 2.52 g cm−3 was achieved (LNMO density: 4.45 g
cm−3), which is quite high and thus favorable for achieving
high volumetric energy density.
We have also tried using Li2SO4, LiCl, or Li2WO4 as the

molten salt to prepare single-crystal LNMO particles. The
SEM images of the resulting products are shown in Figure S2.
Aggregated particles were formed when Li2SO4 or LiCl was
used. The particles were also smaller in size compared with
those made in molten Li2MoO4 (Figure 1a). When Li2WO4
was used, the sample clearly contained impurity phases because
a different contrast was observed in the SEM image. Elemental
analysis using ICP-OES indicated that ∼9.7 wt % of W was
present in the particles made in molten Li2WO4. It appears that
molten Li2MoO4 is unique and promotes the formation of
large-size single-crystal LNMO particles, which may be
understood using Lewis acid-base theory. MoO4

2− is a stronger
Lewis base compared with SO4

2− or Cl−. We speculate that
MoO4

2− interacts more strongly with Ni2+ and Mn4+ (both are
Lewis acids) in the molten salt and promotes their dissolution
and mixing to grow larger-size crystal-like particles via the
“dissolution-precipitation” mechanism.36

In Situ XRD Studies of the Preparation Process of
LNMO. After the method to prepare large-size single-crystal
LNMO particles was established, we focused our efforts on
controlling the phase purity of LNMO. In situ XRD studies
were carried out to track the phase transitions during the
molten-salt-assisted synthesis (Figure 2). All the precursors
and Li2MoO4 salt were mixed, loaded onto a ceramic stage,
and then heated in room temperature to 900 °C at a ramping
rate of ∼2.5 °C min−1. The reaction temperature was held at
900 °C for 10 h. After that, the system was naturally cooled
from 900 °C to 30 °C in ∼1 h (because our instrument could
not control the cooling rate). XRD patterns were recorded at
∼10 min interval. The data are shown using the two-
dimensional contour plot, in which the color scale represents
the intensity of the XRD signal.
The preparation process can be divided into three stages. In

stage I, we observed that the (001) peak of Ni(OH)2
disappeared at ∼250 °C, which is likely because of loss of
water and long-range ordering. The (101) and (111) peaks of
MnO2 disappeared at ∼550 °C, just above its melting point
(535 °C). We found it difficult to see the peaks from LiOH
and Li2MoO4 in this experiment, likely because there were
more Ni(OH)2 and MnO2 by weight in the mix. When the
temperature reached ∼900 °C, the reaction entered stage II.
Concurrent formation of the spinel LNMO phase and the
rock-salt impurity phase was observed. The impurity peaks
became stronger in intensity as the temperature-holding time
increased. We also noticed that the (111) peak of LNMO was
almost invisible at 900 °C. This was also observed by A.R.
West et al. in ex situ XRD patterns of LNMO samples
quenched from temperatures above 918 °C.30 At these
temperatures, LNMO was highly oxygen-deficient (δ ≈ 0.7
according to A.R. West et al.)28 and likely had a Li/Ni/Mn

stoichiometry deviating from 1:0.5:1.5. In Stage III, the sample
was rapidly cooled. The peaks shifted to higher 2θ angles
because of thermal contraction. We also observed that the
quick emergence of the (111) peak of LNMO and
disappearance of the rock-salt impurity peaks confirmed that
the LNMO sample became ordered upon cooling.
To study how the cooling rate affects the structural ordering

process (which could not be done by our in situ XRD
instrument), we collected ex situ XRD patterns from samples
heated in the same way but cooled at different rates (0.8, 2.5,
and ∼10 °C min−1, respectively). The XRD patterns look quite
similar, and all of them can be indexed to a spinel phase
(Figure 3a). The XRD technique cannot distinguish the Fd3̅m

and P4332 LNMO because of similar X-ray scattering factors of
Ni and Mn. Raman spectroscopy is a more suitable tool, which
will be discussed in a later section. In terms of the rock-salt
impunity phase, its peaks (denoted by black arrows in the XRD
pattern for S2) were very weak regardless of the cooling rate.
The peaks were hardly visible in sample S1 and S3 even when
the XRD patterns were magnified (Figure 3b). This is
somewhat surprising to usone would assume that the
rapid-cooled sample (i.e., S3) should contain much more
impurities because the oxygen uptake and phase transition
processes are considered to be slow according to previous
studies.19,30 Because the X-rays can be absorbed by the solid
materials and the beam intensity decreases exponentially with
increasing X-ray travel distance (Cu Kα X-ray penetration
depth is ∼6 μm at 2θ = 36° for LNMO), we suspected that the
rock-salt impurity phase and some other subtle structural
differences at the interior of the large-sized LNMO particles
(D50 = 16.8 μm) were likely not captured, which inspired us to
carry out the single-particle analysis on the cross-section of the
LNMO particles.

Correlative SEM-Raman Studies of the LNMO
Samples. To understand the disorder-order phase transition
upon cooling and its correlations with the cooling rate at the
single-particle level, we first used ion-milling to prepare smooth
cross sections of LNMO particles of the three samples (Figure
4a−c, sample S1 to S3) and then carried out correlative SEM-

Figure 3. (a) Ex situ XRD patterns of LNMO samples. The samples
were synthesized via the molten-salt assisted method. They were
heated at 950 °C for 8 h in air and then cooled at different rates. Black
arrows indicate the peaks associated with the rock-salt impurity phase.
Panel (b) is a magnified view of XRD patterns in the range of 37 to
39° of 2θ angles.
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Raman studies (Figure 4d−f). We collected single-point
Raman spectra from 15 randomly selected particles in sample
S1 (cooling rate = 0.8 °C min−1), S2 (2.5 °C min−1), and S3
(∼10 °C min−1), respectively. The red, green, blue, and black
circles in Figure 4a−c indicate where the single-point Raman
spectra were collected. Four different characteristic types of
Raman spectra were observed; two in S1 (Figure 4d), four in
S2 (Figure 4e), and three in S3 (Figure 4f). The red-colored
spectra all exhibit a sharp peak at ∼638 cm−1, a smaller peak at
∼407 cm−1, and smaller peaks around 590−610 cm−1, which
are characteristics of the P4332 LNMO (i.e., the ordered
phase) according to previous studies.21,37 In the green-colored
spectra, by contrast, the peaks at ∼638 cm−1 are weaker and
broader, which indicates the presence of the Fd3̅m LNMO
(i.e., the disordered phase).21,37 To the best of our knowledge,
the blue- and black-colored Raman spectra have never been

reported for LNMO samples in the literature. They are clearly
different from those reported for P4332 and Fd3̅m LNMOs
(red and green-colored spectra). A close inspection revealed
that a blue-colored spectrum could be fitted to a linear
combination of the red-colored (or green-colored) spectra and
black-colored spectra (Figure S3). Then, the remaining
question was to identify the phase that gives rise to the
black-colored spectrum.
Interestingly, we noticed that the black spectra were

collected from particles showing unique featuresdifferent
contrasts were observed by SEM (indicated by yellow arrows
in Figure 4c). We focused our efforts on one particle with a
“white mark” at the center (Figure 5a) and performed
correlative Raman and EDX analysis using the same SEM
platform (Figure 5b). Single-point Raman spectra were first
collected from two regions: one from the “white-mark” area

Figure 4. Correlative SEM-Raman studies of the LNMO samples. (a−c) Cross-sectional SEM images of three LNMO samples synthesized in
molten Li2MoO4 at 950 °C and cooled at 0.8, 2.5, and ∼10 °C min−1 (natural cooling), respectively. The colored circles indicate the randomly-
selected location where the single-point of Raman spectrum was collected. The spectra are shown in (d−f), respectively. Four different
characteristic types of Raman spectra are observed and shown in different colors.
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(Point 1), the other from a location away from that area (Point
2). As shown in Figure 5c, the Raman spectrum from Point 1

was indeed the same as those black-colored spectra, as shown
in Figure 4e,f, while the one from Point 2 showed similar

Figure 5. Correlative SEM-Raman-EDX analysis of an LNMO particle. (a) Cross-sectional SEM image of a rapid-cooled (∼10 °C min−1) LNMO
particle showing a “white mark” at its center; (b) positions of the Raman point-scan, Raman Mapping, and EDX line analysis; (c) Raman spectra
collected from point 1 and point 2 shown in panel (b); (d) EDX line-scan results showing Ni-rich region at the center of the particle.

Figure 6. Electrochemical measurements of LNMO samples. (a−c) voltage vs specific capacity curves of the three LNMO samples cooled at
different rates; (d,e) cycle performance and Coulombic efficiency of the three LNMO samples during 0.5 C/0.5 C charge−discharge cycling
between 4.95 and 3.5 V; (f) Rate performance of LNMO sample S1.
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characteristics to those green-colored spectra and should be
from the Fd3̅m LNMO. The spatial distribution of the two
phase could be further visualized via Raman mapping (Figure
5b). To determine the chemical composition at the “white
mark” region, the EDX line scan was carried out, which
revealed the presence of a Ni-rich phase at the center of the
particle. We suggest that the “mysterious” phase is a Ni-rich
rock-salt (i.e., LixNi1−xO), which is reasonable because its
Raman spectrum (Figure 5c, Point 1) also shows similar
characteristics to those observed in rock-salt NiO as reported
in ref 38.
We can now turn back and discuss the correlation between

phase transition and cooling rate. Rapid-cooled sample S3 was
least “perfect”. It contained the disordered Fd3̅m LNMO phase
and the rock-salt impurity phase (Figure 4f). Decreasing the
cooling rate allowed the samples to become more ordered and
contained a less rock-salt impurity phase, as observed in
samples S2 and S1 (Figure 4d,e). Slow cooling provided more
time for oxygen uptake and reduced the formation of oxygen
vacancy and Mn3+ in the LNMO lattice. The rock-salt impurity
phase (LixNi1−xO) could be converted back to spinel LNMO
according the following chemical equation

q r

s

LiNi Mn O Li Ni O LiNi Mn O

O
x x w w0.5 1.5 4 1 0.5 1.5 4

2

↔ +

+
− − +

Such effect has also been discussed in several previous
reports.14,30,39,40 S1 was the most ordered LNMO sample with
the least amount of rock-salt impurity among the three
samples. The correlative SEM-Raman studies made on the
cross-section of particles provide a powerful tool to study
structural changes occurring at the interior of particles, which
are difficult for conventional bulk-techniques such as XRD.
This measurement is not possible for a confocal Raman
microscope41 either because the “white mark” observed by
SEM would not be visible under the optical microscope.
Compared with the previous studies,14,30,39,40 this work
provides new insights into the location of the rock-salt
impurity phase (at the interior of individual LNMO particles)
and the single-particle level understanding of the disorder-
order transition during cooling.
Electrochemical Performance of the LNMO Samples.

Finally, to study how phase purity influences electrochemical
performance, S1, S2, and S3 powders were made into
electrodes and tested in half-cells using Li metal foils as
counter electrodes and 1 M LiPF6 ethylene carbonate-dimethyl
carbonate (EC-EMC, 3/7 by weight) as the electrolyte. Figure
6a−c shows the first-cycle charge−discharge voltage profiles of
S1, S2, and S3 electrodes at a current density of 0.1 C (1 C =
147 mA g−1) in the voltage range of 4.85−3.5 V (vs Li+/Li),
respectively. All three samples exhibited two voltage plateaus:
one at ∼4.7 V and the other one at ∼4.1 V. It has been
reported that the Ni/Mn-ordered P4332 phase exhibits a single
voltage plateau at ∼4.7 V because of Ni2+/Ni4+ redox and the
presence of the Ni/Mn disordered Fd3̅m phase leads to an
additional voltage plateau at ∼4.1 V because of Mn3+/Mn4+

redox.9 In S1, S2, and S3, the Mn3+/Mn4+ plateau became
shorter with increasing structural ordering (S1 > S2 > S3)
enabled by slower cooling. Cyclic voltammograms were also
collected from the three samples to show the Mn3+/Mn4+,
Ni2+/Ni3+, and Ni3+/Ni4+ redox reactions more clearly (Figure
S4). To have maximum output energy density, the P4332 phase
is preferred. However, a small degree of Ni/Mn disordering

(Fd3̅m phase) has been shown to enhance cycle performance
and rate capability by inducing solid-solution behaviors during
(de)lithiation.42 S1 appears to be the most ordered sample
among the three but still contains a small degree of Ni/Mn
disordering based on the correlative SEM-Raman studies
(Figure 4d) and the first cycle voltage profile (Figure 6a). It
indeed exhibited good electrochemical performance by
delivering an initial discharge capacity of 130 mA h g−1,
which was higher than S2 (117 mA h g−1, Figure 6b) and S3
(67 mA h g−1, Figure 6c). Upon cycling at 0.5 C (Figure 6d),
S1 exhibited remarkable cycle stability by retaining ∼85% of its
initial capacity after 300 cycles, which was far better than S2
and S3 and among the best reported for LNMO.14 It also
showed higher Coulombic efficiency (Figure 6e), which
suggested less side reaction with the liquid electrolyte for S1.
The lower Coulombic efficiencies of S2 and S3 (Figure 6e)
might be caused by more severe Mn3+ dissolution and its
subsequent disproportionation to Mn2+ and Mn4+, as they
showed longer Mn3+/Mn4+ plateaus (Figure 6b,c). The Mn
dissolution has been reported to cause impedance growth and
capacity decay.11 We also tested the rate capability of S1,
which delivered a discharge capacity of 108 mA h g−1 at 2 C
and 80 mA h g−1 at 5 C (Figure 6d). We consider this rate
performance acceptable for a sample with such a large particle
size (D50 = 16.8 μm). These results confirm that the large-size
(i.e., small surface area) single-crystal LNMO particles with a
high degree of structural ordering (i.e., phase purity) are
favorable for stable cycling without compromising the rate
performance too much. We also expect that the cycle
performance may be further improved by surface doping/
coating strategies13 or electrolyte engineering.12,43,44 In
addition, the LNMO particle size may be tuned to better
balance the need for cycle performance and power capability.

■ CONCLUSIONS
Our results show that molten Li2MoO4 promotes the
formation of large-size single-crystal LNMO particles. In situ
XRD studies reveal the structural disorder and formation of the
rock-salt impurity phase at high temperature used for the
synthesis. Through correlative SEM-Raman and EDX analysis
at the single-particle level, we show that the Ni-rich rock-salt
impurity phase actually exists at the interior of the large-size
LNMO particles, which is difficult to be detected by
conventional techniques such as XRD or optical Raman
spectroscopy because of limitation in probing depth. We
further confirm that slow cooling is the key to increasing
structural ordering and enhancing electrochemical perform-
ance of LNMO. Beyond LNMO, our results highlight the
importance of mechanistic studies into material synthesis using
in situ and correlative techniques (diffraction, microscopy,
spectroscopy, and so on), which provides the basis for
designing better materials and more efficient preparation
methods.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09313.

SEM image and XRD pattern of the LNMO sample
synthesized without molten salts, SEM images of LNMO
samples synthesized with Li2SO4, LiCl, and Li2WO4 as
the molten salts, Raman spectra and linear combination

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c09313
J. Phys. Chem. C 2020, 124, 27937−27945

27943

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c09313/suppl_file/jp0c09313_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c09313/suppl_file/jp0c09313_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09313?goto=supporting-info
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c09313?ref=pdf


fitting, and cyclic voltammograms of samples S1, S2, and
S3 (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Linsen Li − Department of Chemical Engineering, Shanghai
Electrochemical Energy Device Research Center (SEED),
Shanghai Jiao Tong University, Shanghai 200240, China;
orcid.org/0000-0002-1105-9070; Email: linsenli@

sjtu.edu.cn

Authors
Wei-Na Wang − Department of Chemical Engineering,
Shanghai Electrochemical Energy Device Research Center
(SEED), Shanghai Jiao Tong University, Shanghai 200240,
China

Dechao Meng − Department of Chemical Engineering,
Shanghai Electrochemical Energy Device Research Center
(SEED), Shanghai Jiao Tong University, Shanghai 200240,
China

Guannan Qian − Department of Chemical Engineering,
Shanghai Electrochemical Energy Device Research Center
(SEED), Shanghai Jiao Tong University, Shanghai 200240,
China

Sijie Xie − Suzhou Institute of Nanotech and Nanobionics
(SINANO), Chinese Academy of Sciences, Suzhou, Jiangsu
215123, China

Yanbin Shen − Suzhou Institute of Nanotech and Nanobionics
(SINANO), Chinese Academy of Sciences, Suzhou, Jiangsu
215123, China; orcid.org/0000-0002-1278-1137

Liwei Chen − Suzhou Institute of Nanotech and Nanobionics
(SINANO), Chinese Academy of Sciences, Suzhou, Jiangsu
215123, China; In-Situ Center for Physical Sciences, School
of Chemistry and Chemical Engineering, Shanghai Jiao Tong
University, Shanghai 200240, China

Xiaomin Li − Instrumental Analysis Center, Shanghai Jiao
Tong University, Shanghai 200240, China

Qunli Rao − Instrumental Analysis Center, Shanghai Jiao
Tong University, Shanghai 200240, China

Haiying Che − Department of Chemical Engineering,
Shanghai Electrochemical Energy Device Research Center
(SEED), Shanghai Jiao Tong University, Shanghai 200240,
China

Jiabing Liu − Lava Energy Technology Corporation, Suzhou,
Jiangsu 215129, China

Yu-Shi He − Department of Chemical Engineering, Shanghai
Electrochemical Energy Device Research Center (SEED),
Shanghai Jiao Tong University, Shanghai 200240, China;
orcid.org/0000-0001-9971-8474

Zi-Feng Ma − Department of Chemical Engineering, Shanghai
Electrochemical Energy Device Research Center (SEED),
Shanghai Jiao Tong University, Shanghai 200240, China;
orcid.org/0000-0001-5002-9766

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.0c09313

Author Contributions
#W.-N.W. and D.M.hese authors contribute equally to the
work.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work is supported by the Natural Science Foundation of
China (22008154 to L.S.L. and 2167165 to Z.F.M.) and
partially by Sinopec (420038-1 to L.S.L.).

■ REFERENCES
(1) Editorial. Battery revolution to evolution. Nat. Energy 2019, 4,
893.
(2) Whittingham, M. S. Lithium Batteries and Cathode Materials.
Chem. Rev. 2004, 104, 4271.
(3) Li, M.; Lu, J. Cobalt in Lithium-Ion Batteries. Science 2020, 367,
979.
(4) Kang, K.; Meng, Y. S.; Breǵer, J.; Grey, C. P.; Ceder, G.
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