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ABSTRACT: High nickel content LiNixCoyMn1−x−yO2 (NCM)
cathode materials have been attracting increasing attention owing
to their signiﬁcant advantages, but in practical application, because
of their poor storage performance their production and transportation cost a lot. The gap between polycrystalline particles can
very easily become the site where impurities are ﬁrst generated;
thus, whether the single crystal structure will aﬀect the storage
properties of high nickel content NCM materials is worth studying.
In this work, we take two typical high nickel content ternary
ma teria ls , LiNi 0 . 8 Co 0 . 1 M n 0 . 1 O 2 ( N C M 81 1 ) a nd L i Ni0.6Co0.2Mn0.2O2 (NCM622), as samples to study the diﬀerences
in properties of single-crystal and polycrystalline materials after
storage. Through comparative research, under the same storage
conditions, the single-crystal structure materials have signiﬁcantly less impurities formed on the surface, the structural stability of
materials is obviously better, and they can also exhibit superior electrochemical performance after storage. Particularly for the
NCM811 materials with a higher nickel amount, the speciﬁc capacity of polycrystalline NCM811 materials basically comes nearly to
zero after storage, but the single-crystal structure NCM811 materials can still perform a relatively stable cycle with a certain capacity.
It can be concluded from the work that for high nickel content NCM cathode materials, the single-crystal structure can greatly
improve its storage performance.
KEYWORDS: LiNixCoyMn1−x−yO2, single-crystal, polycrystalline, storage performance, cathode, lithium-ion battery
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INTRODUCTION
With the continuous development of electric vehicles and
energy storage, people’s demand for high energy density
lithium-ion batteries is growing, so there is an urgent need for
advanced cathode materials with high speciﬁc capacity.1−3
Among many cathode materials, high nickel content
LiNixCoyMn1−x−yO2 (NCM) materials have become promising
cathode materials for their signiﬁcant advantages in energy
density and have attracted widespread attention.4−6 However,
in practical application, the electrochemical performance of
nickel-rich oxide cathode materials is not very satisfactory, and
they still need to be further improved to meet people’s needs.7
These shortcomings are largely because of the fact that
conventional NCM cathode materials are secondary spherical
particles formed by stacking many randomly oriented primary
nanoparticles, which often undergo volume expansion and
intergranular erosion during operation.8−11 A large number of
primary nanoparticles will produce violent microstrain at the
boundary of the primary particles when expanding and
contracting, which is one of the main causes for the decline
in the long-cycle performance of nickel-rich NCM cathode
materials.12−16 With increasing scientiﬁc research, people have
found that single crystal NCM materials have good perform© 2020 American Chemical Society

ance in terms of cycle, rate, and even high voltage
performance.17−19 For high nickel content ternary materials,
another issue that cannot be ignored is their sensitivity to the
atmospheric environment. After storage in the air atmosphere
for some time, they will deteriorate to a great extent, which
seriously aﬀects their electrochemical performance. Therefore,
it is often necessary to seal them during production and
transportation, which results in a lot of cost.20−23 Atmospheric
water and carbon dioxide will invade the gap between the
primary particles and generate impurities on the surface when
exposed to air.24−26 For NCM materials, storage under air
conditions will not only change the surface morphology and
structure of the materials, but also seriously aﬀect the
electrochemical properties. After storage, impurities with
poor conductivity will be formed upon the exterior of the
materials, which will increase the polarization, and Ni3+ in the
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Figure 1. TG&DSC tests of (a) SC NCM622, (b) PC NCM622, (c) SC NCM811, and (d) PC NCM811 materials before and after storage.

materials will change into Ni2+, accompanying the release of
Li+ from the materials.27 According to research, the poor
storage behaviors of high nickel content NCM materials are
related to the nature of secondary particles since the primary
particle gaps are more likely to be the targets of the
components in the air. However,for single crystal materials,
the situation is pretty diﬀerent; it will not be aﬀected by the
accumulation of secondary particles. In this case, whether
single-crystal ternary materials have better storage performance
is worth further studying.
In this work, two high nickel content ternary materials
NCM811 and NCM622 were taken as research objects. The
storage properties of single crystal and polycrystalline materials
with diﬀerent nickel contents were studied. Through
comparative experiments, we found that single-crystal high
nickel content ternary materials have better storage performance than polycrystalline materials. Under the same storage
conditions, the amount of impurities generated on singlecrystal materials is signiﬁcantly less, and the electrochemical
performance can be better maintained.

■

was set as 1, 2, 3, and 4 weeks, and the storage period of NCM811
materials was set as 3, 6, 9, and 12 days, respectively. This
arrangement can not only ensure that the materials have a certain
electrochemical performance during the storage period, but also show
the storage performance diﬀerences between the materials.
Electrochemical Performance Test. In the electrochemical test,
the electrodes of the battery are formulated according to the following
ratio. The mass ratio of the positive electrode active materials was
80%, and 10 wt % of the conductive agent acetylene black and 10 wt
% of the binder polyvinylidene ﬂuoride were added to the slurry. The
N-methyl-1,2-pyrrolidne was used as a solvent to evenly disperse the
added materials. After that, it was spread on the aluminum current
collector and placed in a vacuum oven of 80 °C to dry overnight. The
dried foil was made into circular electrodes with a diameter of 1.2 cm
and assembled into 2016 coin-cells. In the assembly of the battery, the
as-prepared electrode was the positive electrode, the lithium piece was
the negative electrode, a Asahi Kasei separator was the separator, and
the electrolyte was LB-301 electrolyte (1 M LiPF6, EC: DMC = 1: 1).
The battery was charged with constant current and constant voltage,
and the constant current discharge procedure was performed with 200
cycles under a voltage of 3.0−4.3 V.
Physical Property Test. After each copy of materials was stored,
it was weighed to determine its mass increase during storage. These
materials were also thermogravimetrically tested to identify the
amount and composition of its weight gain more accurately. Scanning
electron microscopy (SEM) was applied to monitor the diﬀerence in
the exterior morphology of the materials. Transmission electron
microscopy (TEM) was applied to distinguish the impurities
generated on the surface of the materials more ﬁnely. X-ray diﬀraction
(XRD) was applied to diﬀerentiate the structural alteration of the
materials. Fourier-transform infrared (FT-IR) testing was used help
verify the composition of impurities on the surface of the materials.
Raman spectroscopy was used to detect the structural changes of the
materials and the impurity components generated.

EXPERIMENTAL SECTION

Material Storage Experiment. The cathode materials used in
the experiments are all commercial materials. In the storage
experiment, four kinds of materials were used as the research objects,
including single crystal NCM622, polycrystalline NCM622, single
crystal NCM811, and polycrystalline NCM811, hereinafter are
referred to as SC NCM622, PC NCM622, SC NCM811, and PC
NCM811. Four copies were made for each material, and each copy
occupied about 5 g of storage. The storage experiments were carried
out in a stable temperature and humidity box at 55 °C and 80%
relative humidity. According to previous research, it is known that a
ternary material with a higher nickel content has poorer stability in
atmospheric environment, so the storage time of NCM622 materials
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Figure 2. SEM images of (a−d) SC NCM622 materials and (e−h) PC NCM622 materials after storage for 1−4 weeks.

■

RESULTS AND DISCUSSION
Storage Properties. According to previous research,26 the
increase in the mass of NCM materials during storage is
strongly related to their storage properties. The more the
quality increases after storage, the worse the storage property
is. Figure S1 shows the weight gain chart after storage of
diﬀerent materials. From the storage comparison of materials
with diﬀerent nickel contents, the mass increase of NCM811
materials with a higher nickel content is much higher than that
of NCM622 materials. It is still worth noting that the storage
time of the NCM811 material samples is considerably shorter
than that of the NCM622 materials. For the NCM811
material, the longest storage time is only 12 days, but the
longest storage time of the NCM622 material reaches 4 weeks.
It is veriﬁed that for NCM materials, the nickel content has a
great inﬂuence on its storage performance, and when the nickel
content is at a higher level, increasing the nickel content will
signiﬁcantly reduce its storage performance.28 At the same
time, by comparing the same-nickel-content materials with
diﬀerent structures, the diﬀerence in weight gain between the
two is also obvious. Whether it is NCM622 or NCM811
materials, the single crystal structure materials both have
signiﬁcantly lower mass gain, which shows that for NCM
materials, the single crystal structure can improve its storage
performance.
In order to analyze the impurities generated after storage
more accurately, the TG&DSC test (Ar gas atmosphere) was
conducted after storage. The test temperature range was from
35 to 1000 °C, and the heating rate during the test was 5 °C/
min. The test results are shown in Figure 1. Through the
analysis of the TG&DSC results, it can be seen that among the

four samples used in the experiment, the weight loss of the SC
NCM622 material after storage in the TG test is the smallest,
which means that the impurity generated during the storage
process is minimal. The second smallest reduction in mass is
for the PC NCM622 material, and the most mass loss is for the
PC NCM811 material, indicating that the amount of
impurities generated in the PC NCM811 material during
storage is the most. After the same-nickel-content materials are
stored for the same time (Figure S2), the weight reduction of
the single crystal structure material is signiﬁcantly smaller. The
results are consistent with the mass increase in the experiment.
For both NCM622 and NCM811 materials, there were three
signiﬁcant mass declines during the thermogravimetric test.
The ﬁrst two were 200−500 and 670−780 °C, which
corresponded to the desorption and decomposition of
adsorbed substances and thermal decomposition of
Li2CO3.20 In the third stage of mass decline, the situation is
diﬀerent for diﬀerent nickel content materials. The mass
decline of NCM622 materials is after 800 °C, and that of the
NCM811 materials is after 750 °C. These stages correspond to
the innate thermal decomposition of the two materials. By
comparison, it can be found that the mass reduction of the
material after storage mainly occurs in the ﬁrst stage, indicating
that the mass reduction is mainly contributed by the adsorbed
substances. Therefore, during storage, the mass increase is
mainly because of the adsorption of a large amount of
adsorption system impurities (bicarbonate and easily decomposed carbonate) and a small amount of Li2CO3 grime upon
covering the materials.
SEM is an eﬀective method to observe the surface properties
of materials. In order to study the change of the surface state of
14940
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Figure 3. SEM images of (a−d) SC NCM811 materials and (e−h) PC NCM811 materials after 3, 6, 9, and 12 days of storage.

of these grime is larger than the grime size of the SC NCM622
materials. When the storage time reaches 12 days (Figure 3d),
the impurity content upon covering the SC NCM811 materials
increased remarkably, but even so, at this time, we can still
identify the main body of the SC NCM811 active materials.
However, for the PC NCM811 materials, the situation is
completely diﬀerent. After 3 days of storage, the surface of the
PC NCM811 materials had grown large-scale strip-shaped
impurities, which is very diﬀerent from the PC NCM622
materials in the initial stage of impurity morphology, and is
closer to the PC NCM622 materials in the later storage period,
and compared with the original materials (Figure S3d), the
main body of the materials has become blurred and
unrecognizable. As the storage experiment continued, the
surface impurities of the PC NCM811 materials continue to
grow, and the impurities connect to each other into a large
block, covering the surface of the original materials. When the
storage process is completed, the surface of the PC NCM811
materials is completely tightly covered by impurities. From the
results of the SEM tests, for ternary materials with a higher
nickel content, impurities are more likely to be generated
during storage. For materials with the same nickel content,
because of the diﬀerent structures of materials, signiﬁcantly
more impurities are formed upon covering the polycrystalline
structure materials during storage. Moreover, the polycrystalline materials are formed by the accumulation of primary
particles, so the impurities will grow together after they are
generated between the primary particles, and ﬁnally completely
envelop the body of polycrystalline materials. The single crystal
materials are independent of each other, and impurities are

the nickel-based ternary material before and after storage, SEM
tests were conducted on the materials before and after the
experiment. The SEM images of the pristine materials without
storage are shown in Figure S3. From the test results, we can
see that for both single crystal and polycrystalline materials, the
surface is smooth and ﬂat, without any impurities attached.
However, after storage (Figures 2 and 3), the surface state of
each materials has changed signiﬁcantly. For the SC NCM622
materials, at the initial stage of storage (Figure 2a), there are
ﬁne impurity particles on the surface. These impurities are all
in the shape of small ﬂakes or particles. After 4 weeks (Figure
2d), the grime upon the covering of the SC NCM622 materials
continued to grow and became larger particles attached to the
surface of the materials. But the original material at this time is
still clearly visible, the main body is still clearly exposed, and is
not blocked by excessive impurities generated. In contrast, for
the PC NCM622 materials, during the ﬁrst week of the storage
experiment (Figure 2e), impurities have been generated among
the prime grains of the materials, and these impurities have a
tendency to link into pieces, and part of the main body of the
active material has been blocked. With the extension of the
storage process, by the last week, a thick impurity layer has
been formed upon covering the PC NCM622 materials, and
these impurities are connected into a block or a large sheet.
The original main materials have been blurred and
indistinguishable. Under the same storage conditions, the
single crystal NCM622 materials generated signiﬁcantly less
impurities during storage. As the nickel content increases, this
phenomenon becomes more pronounced. After storage for 3
days (Figure 3a), the SC NCM811 materials have generated a
certain amount of grime on their exterior, and the particle size
14941
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To better distinguish the changes inside the materials,
elemental analysis was performed on the cross-section of the
materials. From the analysis results (Figure S5), there is almost
no C element in the cross-section of the single crystal materials
after storage, whereas obvious C element appeared in the
cross-section of the polycrystalline materials; this means after
storage, there are Li2CO3 impurities inside the polycrystalline
materials, which matches the cross-sectional SEM test
conclusion.
In order to observe the changes of materials after storage at a
smaller scale in detail, TEM tests were conducted on the four
materials before and after storage. Figure S6 shows the TEM
test of the materials before storage. From the TEM results, it
can be clearly observed that before storage, the cathode
materials with diﬀerent nickel contents, whether it is a single
crystal or polycrystalline structure, the surface of the pristine
materials is smooth and ﬂat, and there is no impurity
component around the materials. However, after storage
(Figure S7), obvious impurities appeared around the four
materials. For single crystal materials, there are relatively fewer
impurities around the materials, while for polycrystalline
materials, the results are much diﬀerent. In the TEM test,
there are many long or massive impurities in the morphology
of the stored polycrystalline materials, and a large amount of
impurities are generated between the primary particles. These
impurities concentrate between primary particles and tightly
wrap the polycrystalline cathode materials. The conclusion of
the TEM morphology tests is also consistent with that of the
SEM tests, indicating that compared to the single crystal NCM
materials, the polycrystalline structure NCM materials do have
a signiﬁcant drawback in storage performance, and more
impurities will be generated during the storage process. In
addition, the degree of structural degradation of the materials
can also be judged by observing the phase change behavior of

diﬃcult to connect with each other on the surface, so the
original material body will not be wrapped by impurities.
The storage process will cause great changes to the surface
morphology of the materials, but it is still unknown whether it
will aﬀect the interior of the materials. So the original materials
and the materials with the longest storage time were cut for the
internal SEM test. Observing the original materials (Figure
S4), we can see that the inside of the original single crystal
materials are smooth and ﬂat, and the internal particles of the
polycrystalline materials are attached to each other, and there
are no other components between the particles. After storage
(Figure 4), for single crystal materials, the cross-sections are

Figure 4. Cross-section SEM images of (a) SC NCM622, (b) PC
NCM622, (c) SC NCM811, and (d) PC NCM811 materials after
storage.

still ﬂat and smooth, and there is no obvious change, while the
cross-sections of polycrystalline materials are signiﬁcantly
diﬀerent from the original samples, and the interiors are
attacked by impurities to varying degrees. From the SEM
ﬁgures, impurities can continue to grow along the apertures
among the premier particles of the polycrystalline materials, all
the way to the interior of the materials, especially in the near
surface area.

Figure 5. HRTEM and FFT images of (a) SC NCM622, (b) PC NCM622, (c) SC NCM811, and (d) PC NCM811 materials after storage.
14942
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Figure 6. Electrochemical tests of the diﬀerent samples before and after storage. The cycling performance, ﬁrst-cycle charge and discharge curves,
and impedance of (a) SC NCM622, (b) PC NCM622, (c) SC NCM811, and (d) PC NCM811 materials before and after storage.

the layered structure of the materials is damaged more
seriously. For NCM materials, the phase change on the surface
will adversely aﬀect their electrochemical performance,29 so
this also brings hidden danger to the cycle performance of
polycrystalline materials after storage.
Electrochemical Performance. In order to further
explore the eﬀect of storage on single crystal and polycrystalline materials in practical use, electrochemical tests were
conducted on the diﬀerent samples before and after storage.
The results of the electrochemical tests are shown in Figure 6.
The ﬁgure clearly shows that for the ternary cathode materials

the near surface area after storage. As shown in Figure S8, all
the pristine materials have a very good and orderly layered
structure, indicating that they all have good crystallinity.
Through the high-resolution transmission electron microscopy
(HRTEM) and fast Fourier transform (FFT) results shown in
Figure 5, it is obvious that four materials have undergone
signiﬁcant phase changes near the surface area after storage,
and compared with the single-crystal structure materials, the
phase change layer near the surface of the polycrystalline
structure materials after storage is signiﬁcantly thicker,
indicating that after the polycrystalline materials are stored,
14943
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the impedance of the polycrystalline structure materials is
signiﬁcantly higher than that of the single crystal material,
which also shows that the polycrystalline structure materials
generate much more impurities on the surface during storage.
As can be seen from the impedance test results, the increase in
the impedance of the materials after storage is mainly because
of the increase in the charge transfer resistance, and the charge
transfer resistance is caused by the charge exchange at the
interface of the materials and the electrolyte. Therefore, there
are more impurities with poorer conductivity on the surface of
the polycrystalline materials, so their impedance is signiﬁcantly
larger.
In order to clarify whether new electrochemical reactions
occur after storage, the ﬁrst-round dQ/dV curves (Figure S10)
of the materials before and after storage were analyzed. From
the ﬁgure, we can see that for the pristine materials, the dQ/dV
curves are all consistent with the typical NCM622 and
NCM811 materials.28 No additional redox peak appears in the
stored materials between the charge and discharge interval,
indicating that the materials do not have new electrochemical
reactions. Diﬀerent from the pristine materials, the oxidation
peak of the stored materials will move to a higher potential,
and the reduction peak will move to a lower potential, and this
phenomenon will become more obvious with the storage time
increase, and the deviation extent of polycrystalline materials is
signiﬁcantly greater. The reason for this phenomenon is that
after the stored materials get in contact with the electrolyte, it
will generate substances with poor conductivity on the surface
of the materials, which will increase the degree of polarization
of the electrode and the diﬀerence between the redox peaks.26
The results show that the polycrystalline materials generate
signiﬁcantly more impurities after storage, so that the degree of
polarization of the electrode is signiﬁcantly increased. In
addition, Figure S10d clearly shows that after storage for a long
time, the PC NCM811 materials have almost no redox peaks,
indicating that it has basically been deactivated at this time,
and no electrochemical reaction has occurred. This also agrees
with the cycle performance results shown in Figure 6d1.
Physical Characteristics. The physical properties of the
materials before and after storage are also worthy of our
attention. In order to further explore the main components of
the impurities generated by the materials during storage, FT-IR
tests were conducted on the stored materials. The test results
are shown in Figure S11. After storage, new absorption peaks
appeared mainly at 865, 1435, and 1496 cm−1, and some
absorption peaks also appeared at 3200−3600 cm−1. The
absorption peaks at 1435 and 1496 cm−1 belong to the
symmetric and antisymmetric stretching vibration peaks of C−
O, and the absorption peak at 865 cm−1 belongs to the
bending vibration absorption of CO3,22,32 these absorption
characteristic peaks indicate that the materials generate
obvious Li2CO3 on the surface after storage. The absorption
peak intensity of the polycrystalline materials is obviously
enhanced, which means that more impurities are generated on
the surface of the polycrystalline materials. The absorption
peak at 3200−3600 cm−1 is generally regarded as the
stretching vibration peak of O−H, which mainly comes from
LiOH.33 This shows that not only Li2CO3, but also a small
amount of LiOH may exist in the surface impurities of the
materials after storage.
To more accurately investigate whether the storage process
will aﬀect the structure of the materials. The XRD tests were
conducted on four kinds of samples, and 5 wt % of natural

with the same nickel content, after the same storage process,
the single crystal structure materials are signiﬁcantly superior
to the polycrystalline structure materials in terms of capacity
and cycle retention rate. For the NCM622 materials (Figure
6a1−b1), the single crystal materials can still maintain a
relatively stable cycle after being stored for 1−2 weeks, whereas
the capacity of the polycrystalline materials declined
signiﬁcantly from the beginning, and this trend extends to
the end of the entire cycle. The superiority of the
electrochemical properties of stored single crystal materials is
more obvious in the NCM811 materials (Figure 6c1−d1).
When stored for 3−6 days, the SC NCM811 materials can still
perform a good cycle, whereas the capacity of the PC
NCM811 materials has a cliﬀ-shaped decline from the
beginning of the cycle, and continues to maintain at a very
low level. When stored for 9−12 days, the SC NCM811
materials can be continuously charged and discharged with a
certain capacity. However, the PC NCM811 materials can
hardly release capacity, and maintains a capacity close to zero
in subsequent cycles, indicating that the materials have
completely lost electrochemical activity at this time. Therefore,
it is not diﬃcult to see from the analysis of electrochemical
performance that for single crystal materials, after a certain
period of storage, the electrochemical activity of the materials
can be maintained to some extent. However, for polycrystalline
materials, especially with a high nickel content, after storage,
the electrochemical performance of the materials will be greatly
reduced, or even completely lost. To a certain extent, it also
reﬂects the signiﬁcant advantages of the single crystal structure
in storage performance.
It is worth noting that for nickel-based ternary cathode
materials, the ﬁrst-round cycle of stored materials has
important evaluation signiﬁcance. When the ternary cathode
materials are placed in the atmospheric environment for a
while, a certain amount of adsorptive impurities will be
generated on the surface. The ionic and electronic conductivity
of these impurities are often low,30 which will cause some
materials to lose electrochemical activity, resulting in the
decrease of capacity and initial discharge voltage.25,31 In this
work, the electronic conductivity of the materials before and
after storage was measured by a ST-2722 semiconductor
resistivity power tester (Suzhou Jingge Electronic Co.,Ltd.).
From the test results (Figure S9), all materials have a certain
degree of decline in electronic conductivity after storage, and
the decline in the conductivity of the SC NCM622 material is
the least, while the decline in the conductivity of the PC
NCM811 material is the most obvious, which is also consistent
with the impurity content generated on the surface of the
materials. Comparing the ﬁrst-cycle charge−discharge curves
of diﬀerent materials after storage (Figure 6a2−d2), it can be
observed that the ﬁrst-cycle discharge capacity of all materials
after storage has decreased, and for the same nickel content
materials, the discharge capacity of the single crystal materials
is obviously higher than that of the polycrystalline materials. At
the same time, the ﬁrst-round discharge voltages of the four
materials after storage all decreased to varying degrees, and the
severity of the voltage drop was the same as the ﬁrst-round
discharge capacity reduction trend. SC NCM622 has the
smallest drop in discharge voltage of 0.0114 V after storage,
and the PC NCM811 has the largest voltage drop, which is
0.045 V. In the EIS tests (Figure 6a3−d3), as the storage time
increases, the impedance value of the materials will increase
signiﬁcantly. However, when the nickel content is the same,
14944
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Figure 7. XRD results of (a) SC NCM622, (b) PC NCM622, (c) SC NCM811, and (d) PC NCM811 materials before and after storage.

the repulsion between the adjacent O layers increases, resulting
in an expansion of transition metal layers, making the (003)
crystal plane shift to a lower angle.36−40 The principle is also
the same during storage. Impurities such as Li2CO3 will
exacerbate the extraction of Li+ in the material lattice, which
results in the shift of the (003) crystal plane. Therefore, the
degree of (003) crystal plane deviation also represents the
degree of deterioration of the materials during storage at a
certain level. By comparison, it is not diﬃcult to ﬁnd that
among the materials with the same structure, the materials with
a higher nickel content have a greater degree of (003) crystal
plane deviation, and for the same nickel content materials, the
degree of deviation of polycrystalline materials is obvious
deeper than the degree of single crystal materials. The XRD
test results are also consistent with HRTEM test results. What

graphite was added to the samples for precise calibration. The
test results are shown in Figure 7 and Figure S12. According to
the test results, the characteristic peaks of the materials before
and after storage have not changed signiﬁcantly, indicating that
the materials still have the R-3m space group structure of αNaFeO2 type.34,35 Moreover, from Figure S12, the characteristic peaks of (006)/(102) and (108)/(110) of the materials
are clearly divided before and after storage, which also shows
that the main body of materials still maintains an orderly
hexagonal crystal structure.35 However, after storage, the (003)
crystal planes of all materials have a tendency to shift to a
lower angle, and with the storage time increasing, the angle of
shift is greater. In the XRD analysis of NCM materials, the
(003) crystal plane represents the diﬀraction between adjacent
transition metals, and when Li+ is extracted from the materials,
14945
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Figure 8. Raman results of (a) SC NCM622, (b) PC NCM622, (c) SC NCM811, and (d) PC NCM811 materials before and after storage.

crystal and polycrystalline materials at the same nickel content
after storage. As a result, we found that the single crystal
materials have signiﬁcantly better storage performance than the
polycrystalline materials. During storage, impurities of the
polycrystalline materials can grow into the interior of the
materials along the gap of the primary particles, while
impurities on the surface of the single crystal material will
not aﬀect the interior of the material. After storage for the
same time, the single crystal materials can maintain better
structure and electrochemical performance. This research
result shows another advantage of single-crystal ternary
materials and can provide guidance for further research studies
and production.

is more, for the stored materials, three new diﬀraction peaks
appear at 21.2, 30.4, and 31.9°. According to the literature,
they can be attributed to crystalline Li2CO3.20,22 This also
proves that Li2CO3 impurities are formed upon covering the
materials after storage, and the severity of the impurities is
completely consistent with the previous analysis. Therefore,
compared with the ternary materials with a polycrystalline
structure, the single-crystal materials do have signiﬁcantly
better storage performance.
The Raman test is eﬀective in the study of NCM materials.
A series of Raman tests (Figure 8) were carried out on the
pristine and stored materials. The test results show that the
content of Li2CO3 impurities generated by the stored single
crystal materials is remarkably lower. This is also consistent
with the previous test results. At the same time, in the Raman
test of NCM materials, the ratio of A1g/Eg is directly related to
the structural integrity of the materials. From Figure S13, for
NCM materials with the same nickel content, the drop of the
A1g/Eg value of single crystal materials after storage is
signiﬁcantly lower than that of polycrystalline materials,
which also shows that single crystal materials have better
storage performance than polycrystalline materials.
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CONCLUSIONS
Nowadays, high nickel content NCM materials have become
very important cathode materials in the ﬁeld of lithium-ion
batteries. However, the poor storage performance imposes a lot
of costs on production and transportation in practical use,
which has a certain negative impact on them to some extent. In
this work, we take two typical high nickel content ternary
materials, LiNi0.8Co0.1Mn0.1O2 and LiNi0.6Co0.2Mn0.2O2, as
research objects, and carefully studied the diﬀerences in the
electrochemical performance and material structure of single
14946

https://dx.doi.org/10.1021/acssuschemeng.0c05011
ACS Sustainable Chem. Eng. 2020, 8, 14938−14948

ACS Sustainable Chemistry & Engineering

■

pubs.acs.org/journal/ascecg

(2) Lin, F.; Nordlund, D.; Li, Y.; Quan, M. K.; Cheng, L.; Weng, T.C.; Liu, Y.; Xin, H. L.; Doeff, M. M. Metal segregation in
hierarchically structured cathode materials for high-energy lithium
batteries. Nat. Energy 2016, 1, 15004.
(3) Liu, W.; Oh, P.; Liu, X.; Lee, M.-J.; Cho, W.; Chae, S.; Kim, Y.;
Cho, J. Nickel-Rich Layered Lithium Transition-Metal Oxide for
High-Energy Lithium-Ion Batteries. Angew. Chem., Int. Ed. 2015, 54,
4440−4457.
(4) Bak, S. M.; Hu, E.; Zhou, Y.; Yu, X.; Senanayake, S. D.; Cho, S.
J.; Kim, K. B.; Chung, K. Y.; Yang, X. Q.; Nam, K. W. Structural
changes and thermal stability of charged LiNixMnyCozO(2) cathode
materials studied by combined in situ time-resolved XRD and mass
spectroscopy. ACS Appl. Mater. Interfaces 2014, 6, 22594−22601.
(5) Bi, Y.; Yang, W.; Du, R.; Zhou, J.; Liu, M.; Liu, Y.; Wang, D.
Correlation of oxygen non-stoichiometry to the instabilities and
electrochemical performance of LiNi0.8Co0.1Mn0.1O2 utilized in
lithium ion battery. J. Power Sources 2015, 283, 211−218.
(6) Manthiram, A.; Knight, J. C.; Myung, S.-T.; Oh, S.-M.; Sun, Y.-K.
Nickel-Rich and Lithium-Rich Layered Oxide Cathodes: Progress and
Perspectives. Adv. Energy Mater. 2016, 6, 1501010.
(7) Su, Y.; Chen, G.; Chen, L.; Li, W.; Zhang, Q.; Yang, Z.; Lu, Y.;
Bao, L.; Tan, J.; Chen, R.; Chen, S.; Wu, F. Exposing the {010} Planes
by Oriented Self-Assembly with Nanosheets To Improve the
Electrochemical Performances of Ni-Rich Li[Ni0.8Co0.1Mn0.1]O2
Microspheres. ACS Appl. Mater. Interfaces 2018, 10, 6407−6414.
(8) Yan, P.; Zheng, J.; Liu, J.; Wang, B.; Cheng, X.; Zhang, Y.; Sun,
X.; Wang, C.; Zhang, J.-G. Tailoring grain boundary structures and
chemistry of Ni-rich layered cathodes for enhanced cycle stability of
lithium-ion batteries. Nat. Energy 2018, 3, 600−605.
(9) Ryu, H.-H.; Park, K.-J.; Yoon, C. S.; Sun, Y.-K. Capacity Fading
of Ni-Rich Li[NixCoyMn1−x−y]O2 (0.6 ≤ x ≤ 0.95) Cathodes for
High-Energy-Density Lithium-Ion Batteries: Bulk or Surface Degradation? Chem. Mater. 2018, 30, 1155−1163.
(10) Lee, S.-H.; Yoon, C. S.; Amine, K.; Sun, Y.-K. Improvement of
long-term cycling performance of Li[Ni0.8Co0.15Al0.05]O2 by AlF3
coating. J. Power Sources 2013, 234, 201−207.
(11) Hou, P.; Yin, J.; Ding, M.; Huang, J.; Xu, X. Surface/Interfacial
Structure and Chemistry of High-Energy Nickel-Rich Layered Oxide
Cathodes: Advances and Perspectives. Small 2017, 13, 1701802.
(12) Kim, H.; Kim, M. G.; Jeong, H. Y.; Nam, H.; Cho, J. A New
Coating Method for Alleviating Surface Degradation of LiNi0.6Co0.2Mn0.2O2 Cathode Material: Nanoscale Surface Treatment of
Primary Particles. Nano Lett. 2015, 15, 2111−2119.
(13) Rana, J.; Glatthaar, S.; Gesswein, H.; Sharma, N.; Binder, J. R.;
Chernikov, R.; Schumacher, G.; Banhart, J. Local structural changes in
LiMn1.5Ni0.5O4 spinel cathode material for lithium-ion batteries. J.
Power Sources 2014, 255, 439−449.
(14) Li, W.; Kim, U.-H.; Dolocan, A.; Sun, Y.-K.; Manthiram, A.
Formation and Inhibition of Metallic Lithium Microstructures in
Lithium Batteries Driven by Chemical Crossover. ACS Nano 2017,
11, 5853−5863.
(15) Yoon, C. S.; Park, K.-J.; Kim, U.-H.; Kang, K. H.; Ryu, H.-H.;
Sun, Y.-K. High-Energy Ni-Rich Li[NixCoyMn1−x−y]O2 Cathodes
via Compositional Partitioning for Next-Generation Electric Vehicles.
Chem. Mater. 2017, 29, 10436−10445.
(16) Cho, Y.; Oh, P.; Cho, J. A New Type of Protective Surface
Layer for High-Capacity Ni-Based Cathode Materials: Nanoscaled
Surface Pillaring Layer. Nano Lett. 2013, 13, 1145−1152.
(17) Xu, X.; Huo, H.; Jian, J.; Wang, L.; Zhu, H.; Xu, S.; He, X.; Yin,
G.; Du, C.; Sun, X. Radially Oriented Single-Crystal Primary
Nanosheets Enable Ultrahigh Rate and Cycling Properties of
LiNi0.8Co0.1Mn0.1O2 Cathode Material for Lithium-Ion Batteries.
Adv. Energy Mater. 2019, 9, 1803963.
(18) Fu, F.; Xu, G.-L.; Wang, Q.; Deng, Y.-P.; Li, X.; Li, J.-T.;
Huang, L.; Sun, S.-G. Synthesis of single crystalline hexagonal
nanobricks of LiNi1/3Co1/3Mn1/3O2 with high percentage of
exposed {010} active facets as high rate performance cathode material
for lithium-ion battery. J. Mater. Chem. A 2013, 1, 3860−3864.

AUTHOR INFORMATION

Corresponding Author

Jinbao Zhao − State Key Laboratory of Physical Chemistry of
Solid Surfaces, Collaborative Innovation Centre of Chemistry for
Energy Materials, State-Province Joint Engineering Laboratory
of Power Source Technology for New Energy Vehicle,
Engineering Research Center of Electrochemical Technology,
Ministry of Education, College of Chemistry and Chemical
Engineering, Xiamen University, Xiamen 361005, PR China;
orcid.org/0000-0002-2753-7508; Phone: +8605922186935; Email: jbzhao@xmu.edu.cn; Fax: +8605922186935
Authors

Xiangbang Kong − State Key Laboratory of Physical Chemistry
of Solid Surfaces, Collaborative Innovation Centre of Chemistry
for Energy Materials, State-Province Joint Engineering
Laboratory of Power Source Technology for New Energy
Vehicle, Engineering Research Center of Electrochemical
Technology, Ministry of Education, College of Chemistry and
Chemical Engineering, Xiamen University, Xiamen 361005, PR
China
Yige Zhang − State Key Laboratory of Physical Chemistry of
Solid Surfaces, Collaborative Innovation Centre of Chemistry
for Energy Materials, State-Province Joint Engineering
Laboratory of Power Source Technology for New Energy
Vehicle, Engineering Research Center of Electrochemical
Technology, Ministry of Education, College of Chemistry and
Chemical Engineering, Xiamen University, Xiamen 361005, PR
China
Shiyun Peng − State Key Laboratory of Physical Chemistry of
Solid Surfaces, Collaborative Innovation Centre of Chemistry
for Energy Materials, State-Province Joint Engineering
Laboratory of Power Source Technology for New Energy
Vehicle, Engineering Research Center of Electrochemical
Technology, Ministry of Education, College of Chemistry and
Chemical Engineering, Xiamen University, Xiamen 361005, PR
China
Jing Zeng − State Key Laboratory of Physical Chemistry of Solid
Surfaces, Collaborative Innovation Centre of Chemistry for
Energy Materials, State-Province Joint Engineering Laboratory
of Power Source Technology for New Energy Vehicle,
Engineering Research Center of Electrochemical Technology,
Ministry of Education, College of Chemistry and Chemical
Engineering, Xiamen University, Xiamen 361005, PR China
Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.0c05011
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
We gratefully acknowledge the ﬁnancial support of the
National Key Research and Development Program of China
(2017YFB0102000), National Natural Science Foundation of
China (21875198 and21875195), and Fundamental Research
Funds for the Central Universities (20720190040).

■

Research Article

REFERENCES

(1) Lee, J.; Urban, A.; Li, X.; Su, D.; Hautier, G.; Ceder, G.
Unlocking the Potential of Cation-Disordered Oxides for Rechargeable Lithium Batteries. Science 2014, 343, 519.
14947

https://dx.doi.org/10.1021/acssuschemeng.0c05011
ACS Sustainable Chem. Eng. 2020, 8, 14938−14948

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

(19) Huang, Z.-D.; Liu, X.-M.; Oh, S.-W.; Zhang, B.; Ma, P.-C.; Kim,
J.-K. Microscopically porous, interconnected single crystal LiNi1/
3Co1/3Mn1/3O2 cathode material for Lithium ion batteries. J.
Mater. Chem. 2011, 21, 10777−10784.
(20) Liu, H.; Yang, Y.; Zhang, J. Investigation and improvement on
the storage property of LiNi0.8Co0.2O2 as a cathode material for
lithium-ion batteries. J. Power Sources 2006, 162, 644−650.
(21) Liu, W.; Hu, G.; Du, K.; Peng, Z.; Cao, Y. Enhanced storage
property of LiNi0.8Co0.15Al0.05O2 coated with LiCoO2. J. Power
Sources 2013, 230, 201−206.
(22) Zhuang, G. V.; Chen, G.; Shim, J.; Song, X.; Ross, P. N.;
Richardson, T. J. Li2CO3 in LiNi0.8Co0.15Al0.05O2 cathodes and
its effects on capacity and power. J. Power Sources 2004, 134, 293−
297.
(23) Cho, D.-H.; Jo, C.-H.; Cho, W.; Kim, Y.-J.; Yashiro, H.; Sun, Y.K.; Myung, S.-T. Effect of Residual Lithium Compounds on Layer NiRich Li[Ni0.7Mn0.3]O2. J. Electrochem. Soc. 2014, 161, A920−A926.
(24) Chen, Z.; Liu, C.; Sun, G.; Kong, X.; Lai, S.; Li, J.; Zhou, R.;
Wang, J.; Zhao, J. Electrochemical Degradation Mechanism and
Thermal Behaviors of the Stored LiNi0.5Co0.2Mn0.3O2 Cathode
Materials. ACS Appl. Mater. Interfaces 2018, 10, 25454−25464.
(25) Chen, Z.; Wang, J.; Huang, J.; Fu, T.; Sun, G.; Lai, S.; Zhou, R.;
Li, K.; Zhao, J. The high-temperature and high-humidity storage
behaviors and electrochemical degradation mechanism of LiNi0.6Co0.2Mn0.2O2 cathode material for lithium ion batteries. J. Power
Sources 2017, 363, 168−176.
(26) Kong, X.; Peng, S.; Li, J.; Chen, Z.; Chen, Z.; Wang, J.; Zhao, J.
Pre-blended conductive agent to effectively improve the storage
properties of LiNi0.6Co0.2Mn0.2O2 cathode materials. J. Power
Sources 2020, 448, 227445.
(27) Liu, H. S.; Zhang, Z. R.; Gong, Z. L.; Yang, Y. Origin of
Deterioration for LiNiO2 Cathode Material during Storage in Air.
Electrochem. Solid-State Lett. 2004, 7, A190.
(28) Noh, H.-J.; Youn, S.; Yoon, C. S.; Sun, Y.-K. Comparison of the
structural and electrochemical properties of layered Li[NixCoyMnz]O2 (x = 1/3, 0.5, 0.6, 0.7, 0.8 and 0.85) cathode material for lithiumion batteries. J. Power Sources 2013, 233, 121−130.
(29) Feng, Z.; Rajagopalan, R.; Sun, D.; Tang, Y.; Wang, H. In-situ
formation of hybrid Li3PO4-AlPO4-Al(PO3)3 coating layer on
LiNi0.8Co0.1Mn0.1O2 cathode with enhanced electrochemical
properties for lithium-ion battery. Chem. Eng. J. 2020, 382, 122959.
(30) Feng, Z.; Huang, X.; Rajagopalan, R.; Tang, Y.; Peng, Z.; Wang,
H. Enhanced Electrochemical Properties of LiNi0.8Co0.1Mn0.1O2 at
Elevated Temperature by Simultaneous Structure and Interface
Regulating. J. Electrochem. Soc. 2019, 166, A1439−A1448.
(31) Oh, P.; Song, B.; Li, W.; Manthiram, A. Overcoming the
chemical instability on exposure to air of Ni-rich layered oxide
cathodes by coating with spinel LiMn1.9Al0.1O4. J. Mater. Chem. A
2016, 4, 5839−5841.
(32) Ostrovskii, D.; Ronci, F.; Scrosati, B.; Jacobsson, P. Reactivity
of lithium battery electrode materials toward non-aqueous electrolytes: spontaneous reactions at the electrode-electrolyte interface
investigated by FTIR. J. Power Sources 2001, 103, 10−17.
(33) Xiong, X.; Wang, Z.; Yue, P.; Guo, H.; Wu, F.; Wang, J.; Li, X.
Washing effects on electrochemical performance and storage
characteristics of LiNi0.8Co0.1Mn0.1O2 as cathode material for
lithium-ion batteries. J. Power Sources 2013, 222, 318−325.
(34) Jung, S.-K.; Gwon, H.; Hong, J.; Park, K.-Y.; Seo, D.-H.; Kim,
H.; Hyun, J.; Yang, W.; Kang, K. Understanding the Degradation
Mechanisms of LiNi0.5Co0.2Mn0.3O2 Cathode Material in Lithium
Ion Batteries. Adv. Energy Mater. 2014, 4, 1300787.
(35) Zhang, X.; Jiang, W. J.; Zhu, X. P.; Mauger, A.; Qilu; Julien, C.
M. Aging of LiNi1/3Mn1/3Co1/3O2 cathode material upon
exposure to H2O. J. Power Sources 2011, 196, 5102−5108.
(36) Reimers, J. N.; Dahn, J. R. Electrochemical and In Situ X-Ray
Diffraction Studies of Lithium Intercalation in LixCoO2. J. Electrochem. Soc. 1992, 139, 2091−2097.

Research Article

(37) Dolotko, O.; Senyshyn, A.; Mühlbauer, M. J.; Nikolowski, K.;
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