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Improving electrochemical performance of cathode materials for lithium-ion batteries requires comprehensive
understanding of their structural properties which could facilitate or impede the diffusion of lithium during
charge-discharge. In order to optimize the structure and improve the electrochemical performance of layered
cathode material, the detailed structural evolution as a function of heat treatment temperature in LiNigg
Cop.1Mng 10, was investigated by in-situ and ex-situ neutron powder diffraction methods. We show that both
cycling stability and rate performance of LiNip gCop 1Mng 102 can be improved by performing heat treatment at
400 °C, which is attributed to the optimization of surface structure and the enlargement of c/a ratio. Heat
treatment of LiNip gCop 1Mng 102 at higher temperature induces a layered-to-rock-salt structure phase transition
accompanied with the precipitation of lithium oxide. A 3D phase diagram, which correlates the high temperature
phases and room temperature phases, is constructed. The presentation of comprehensive phase diagrams up to
1000 °C could provide the basis for further research on not only synthesis strategy but also thermal stability in
Ni-rich layered cathode materials.

1. Introduction reliable power source for electric vehicles.

As the main components of LIBs, cathode materials determine the

The development of electronic devices strongly relies on the exten-
sive use of energy-storage technology. Nowadays, lithium-ion batteries
(LIBs) are considered as dominating rechargeable energy-storage system
to realize the storage and release of electrical energy for portable elec-
tronics, such as cell phones, laptop computers and so on [1,2]. Besides,
LIBs are increasingly used in electric vehicles as electrical propulsion to
replace propulsion by traditional fossil fuels. However, significant en-
hancements in energy density, cycling life and safety characteristics of
LIBs are required for successful and extensive application of them as
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energy density and restrict the performance of LIBs [3-5]. LiCoO, with
layered structure is the most used cathode material for commercial LIBs.
However, the commercial LiCoO;, cathode possesses limited capacity
(~160 mAh-g~1) and poor structural stability at high charge state (>4.3
V). As a result, high-Ni cathode materials, whose chemical formula
could be written as LiNixCoyMn,O> (with x > 0.5, x +y + z = 1), have
attracted considerable attention due to their higher capacity (~180
mAh-g 1), larger energy density (~280 Wh-kg ! for pouch cells) as well
as the lower cost [6-8]. Nevertheless, high-Ni content also leads to two
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serious problems, i.e. cycling instability resulting from electrolyte re-
action on the high-catalytic-activity surface at high voltage [9] and
thermal instability resulting from layer-to-rock-salt transformation
[10-12]. Such weaknesses inevitably shorten the cycling life of cathode
and raise safety concerns [13,14].

In order to gain insight into the intrinsic origin of structural insta-
bility in high-Ni layered cathode materials and to explore the effective
approach like cation doping or surface coating to improve their elec-
trochemical performance, it is necessary to take great efforts to reveal
the structural details. A systematic study on the thermal behavior,
especially the evolution of structure with temperature variation, is of
great significance in order to formulate strategy in modifying and
optimizing the structure of high-Ni layered materials for better perfor-
mance. According to previous work done using X-ray diffraction and
mass spectroscopy techniques, the thermal-induced phase trans-
formations are observed in delithiated LiCoOs, LiNig 33C00.33Mng 3302,
LiNio.5C00.3Mno,202, LiNi0‘6C00.2Mn0~202 and LiNngCOO.]MnQ,]Oz as
well [15-20]. However, some important structural information associ-
ated with structural properties, such as cation mixing [21-23], lithium
and oxygen loss [24] as well as their influence on electrochemical per-
formance [25], has not been systematically explored and analyzed in
detail. Due to the low sensitivity of X-ray to light elements, such as Li
and O, it is difficult to deduce accurate structural information, especially
the concentration of Li/Ni disordering in LIBs cathode materials by
applying conventional X-ray diffraction method. In contrast, neutron
can act as effective probe to determine accurate position of light ele-
ments because of its high sensitivity to nuclei of lithium and oxygen.
Furthermore, neutrons can also be used to distinguish Ni, Mn, and Co
since the neutron scattering lengths of these transition metals are quite
different, i.e. 10.3, —3.73, and 2.49 fm, respectively. Therefore, the
neutron powder diffraction (NPD) is considered as a method of choice to
trace the thermal treatment induced structure changes as well as the Li
and O loss in high-Ni layered cathode with increasing temperature.

Herein we focus on Ni-rich layer-structured LiNiggCop1Mng 102
(labeled as NCM811) and perform systematic investigations on the
structural evolution of NCM811 at pristine state during heating process.
Considering that both surface and bulk structures of NCM811 will
inevitably change during the heating process and lead to the change in
electrochemical performance accordingly, we separately applied in-situ
approach [26] to detect the crystal structure of NCM811 samples at
certain temperature and ex-situ approach to investigate the modified
structure after cooling down to room temperature. Combining electro-
chemical data and structural data, we found that heat treatment of
NCMB811 at temperature of ~400 °C is beneficial for NCM811 to enlarge
the lithium layer spacing and modify surface morphology, resulting in
the improvement of the cycling and rate performance of materials. In
contrast, the heat treatment at higher temperature is detrimental to the
electrochemical performance of materials due to the generation of more
Li/Ni disordering and the decomposition of layered structure. Based on
the in-situ and ex-situ neutron diffraction results in temperature range
from room temperature to 1000 °C, we established a 3D
temperature-phase fraction diagram of NCM811, which clearly dem-
onstrates the correlation between high temperature phases and room
temperature phases. Our findings not only clarify the structure evolution
of NCM811 cathode material but also demonstrate that heat treatment at
appropriate temperature could be a simple and effective strategy to
improve the electrochemical performances of cathode materials. Our
study can serve as a guide to synthesis of layered cathode materials with
better capacity and safety characteristics and further development of
cathode materials.

2. Experimental section
2.1. Preparation of Nig gCog.;Mny,.1(OH)2 precursor

The co-precipitation method was selected to synthesize the
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hydroxide precursor of NCM811. Firstly, appropriate amount of
NiSO4-6H30, CoSO4-7H20 and MnSO4-5H50 with stoichiometric ratio
8:1:1 were dissolved in deionized water. The concentration of the so-
lution was 2.0 mol/L. Then the mixed solution was transferred into a
three-necked flask with continuous stirring under N3 atmosphere. In the
meantime, 4.0 mol/L NaOH solution (aq.) and adequate amount of
NH4OH solution (aq.) as a chelating agent were gradually pumped into
the flask. Maintaining stirring speed at 600 rpm, temperature at 55 °C,
and pH at 10 for 8 h, the precursor powders were finally obtained
through filtering, washing and drying at 100 °C in a vacuum oven
overnight. It is worth noting that the powders were washed several times
until the pH of the filtrate was adjusted to 7.

2.2. Preparation of NCM811 samples under different heating conditions

The dried precursor and LiOH-H>O were mixed with molar ratio
1:1.05 and milled for 30 min. Then the mixture was transferred into a
tube furnace. It was sintered at 480 °C for 8 h to guarantee the melting of
LiOH and subsequently at 750 °C for 15 h to ensure sufficient reaction.
The furnace atmosphere was O flow and the heating rate was 3 °C/min.
After cooling naturally, the as-prepared NCM811 powders were
collected and divided into several parts with equal mass for further heat
treatment experiments.

The thermal stability of NCM811 was investigated by tracing the
structural evolution of sample under reheating process. NCM811 sam-
ples were reheated at 400, 600, 700, 800, 900 and 1000 °C, respectively
for 6 h under Ar atmosphere. The heating rate was kept at 3 °C/min and
all samples were cooled down to room temperature (~25 °C) with
cooling rate of 3 °C/min. Once the reheating process was finished, each
sample was air-tight sealed and shortly after that characterized by ex-situ
NPD, X-ray diffraction (XRD), scanning electron microscopy (SEM), and
other techniques. In addition, an as-prepared NCM811 sample was used
for the in-situ NPD measurement by heating up to selected temperature
points.

2.3. Structural characterization

The in-situ NPD experiments were carried out on high-resolution
neutron powder diffractometer ECHIDNA in OPAL (Open Pool Austra-
lian Light Water) research reactor at ANSTO (Australian Nuclear Science
and Technology Organization). A Ge(335) monochromator was used to
produce a monochromatic neutron beam of wavelength 1.6215 A. Data
were collected in the 26 range of 4°-164° with a step of 0.125°. The
NCMS811 sample was placed in a platinum holder to avoid unexpected
reaction at high temperature, and then placed in a high temperature
furnace. The first data set was collected at room temperature. Then the
data were collected at 600, 700, 800, 900 and 1000 °C with the heating
rate of 10 °C/min between the points. All data were collected only if the
furnace temperature was stabilized at each specific temperature points.
All in-situ neutron diffraction patterns were refined by the Rietveld
method with Fullprof program [27].

The ex-situ NPD experiments were performed on GPPD (General
Purpose Powder Diffractometer), a time-of-flight (TOF) diffractometer
at China Spallation Neutron Source (CSNS), Dongguan, China. Each
sample was loaded into a vanadium can with 9.1 mm diameter and the
diffraction pattern was collected with wavelength ranging from 0.1 A to
4.9 A at room temperature under vacuum. The Rietveld refinement was
used to analyze crystal structures by the Fullprof program. It is worth
noting that high counting statistics and perfect peak profile [28,29]
make it possible to fit the whole patterns properly with Pseudo-Voigt
peak function, leading to reliable refinement results on crystal
structures.

The XRD patterns were obtained by using the Bruker D8 Advance
diffractometer with Cu K, (a mixture of A = 1.5406 A and Ay = 1.5444
A) radiation. All XRD patterns were refined together with ex-situ NPD
patterns by a combination refinement method. Morphologies of
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NCMS811 particles were observed by using the ZEISS Supra 55 field-
emission SEM with 5 kV voltage and the JEOL-3200FS field-emission
transmission electron microscopy (FE-TEM) with 300 kV accelerating
voltage. The O 1s, Ni 2p and Li 1s X-ray photoelectron spectra (XPS) of
all samples were obtained by an ESCA Lab 220I-XL XPS system with a
focused monochromatic Al Ka X-ray (1486.7 eV) source. All spectra
were calibrated by the C 1s peak at 284.8 eV.

2.4. Electrochemical measurements

The NCM811 cathode samples were prepared from the composite
slurry with 80 wt% tested samples as active material, 10 wt% acetylene
black as conductive additives and 10 wt% polyvinylidene fluoride
(PVDF) dissolved in N-methylpyrrolidone (NMP) solvent as binders. The
slurry was then stirred for 3 h and subsequently casted onto Al foils.
After drying at 110 °C for 10 h under vacuum, the foils were cut into
cathode electrodes with 10 mm diameter and assembled into CR2032
coin cells with lithium metal foil anodes, Celgard 2400 separators and 1
M LiPFg electrolyte with solvent containing equal volume of ethylene
carbonate (EC), ethyl methyl carbonate (EMC), and dimethyl carbonate
(DMC) in an argon-filled glovebox.

Galvanostatic discharge-charge tests were performed 12 h after
battery assembly in a NEWARE battery cycler with voltage ranging from
2.7 to 4.5V compared to Li*/Li. All batteries were tested under a series
of charge-discharge rate (0.1C, 0.2C, 0.5C, 1C, 2C, 5C) at room tem-
perature. Electrochemical impedance spectroscopy (EIS) was performed
using a CHI604E electrochemical workstation with voltage amplitude of
10 mV in the frequency range of 0.1 Hz-100 kHz.

3. Results and discussion
3.1. Electrochemical performance

In order to reveal the effect of heat treatment on electrochemical
properties of NCM811, the cycling and rate capability were tested by
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assembling coin cells with corresponding heat-treated NCM811 samples
as cathodes. In cycling test, active mass loading on the Al foils were 0.98,
0.99, 0.93, 1.02 and 1.04 mg for the as-prepared sample and samples
treated at 400, 600, 700 and 800 °C, respectively. As for rate perfor-
mance test, the active mass were 0.93, 1.04, 1.10, 1.11 and 1.06 mg for
as-prepared, 400°C-treated, 600°C-treated, 700°C-treated and 800°C-
treated samples. The 1st charge-discharge profiles are shown in Fig. 1a.
It can be seen that initial charge and discharge capacity of pristine
(218.9 mAh-g~!) and 400°C-treated sample (221.0 mAh-g~!) were
almost equal at the rate of 0.1C, while samples treated at 600 °C and 700
°C displayed poorer initial capacity of 211.8 and 201.4 mAh.g~},
respectively. With further increase in heat treatment temperature up to
800 °C, NCM811 sample exhibit poor electrochemical performance as
indicated by low coulombic efficiency (42.24%) and much lower ca-
pacity (86.6 mAh-g~1). After activation at 0.1C for 3 cycles, long-cycle
testing was carried out. Fig. 1b shows the efficiency and discharge ca-
pacity of tested samples at 1C in 200 cycles. Among all cells, the one
assembled with 400°C-treated NCM811 cathode exhibits the best cycle
stability and high coulombic efficiency. For the 600°C-treated sample,
capacity of the cell dropped rapidly compared with that of the pristine
sample. As for the 700°C-treated sample, it is obvious that the cycling
stability was very poor, resulting in great capacity loss of the cell. After
the sample was heat-treated at 800 °C, the significant structure changes
resulted in nearly no electrochemical activity of the cathode material.
Moreover, rate performance shows the same tendency as reflected from
the cycling test. In Fig. 1c, the 400°C-treated sample displayed the best
capacity, especially when it was charged and discharged at high rate
(~132.5 mAh-g’1 at 5C). The cell assembled with 600°C-treated cath-
ode also showed optimized high-rate performance. Additionally, it
exhibited a slow activation stage in the low rate stage, suggesting that
the particle surface was damaged and it became a barrier to block the
diffusion of lithium from the bulk to the electrolyte [30,31]. The reason
for enhanced rate performance of 400°C-treated and 600°C-treated
NCMS811 can be attributed to the altered surface structure and the
increased layer distance, which will be beneficial for quick Li*
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Fig. 1. Electrochemical properties of half cells with NCM811 cathodes treated from RT to 800 °C. (a) 1st charge/discharge curves at 0.1C, (b) cycling performance at
1C, (c) rate performance at 0.1C, 0.2C, 0.5C, 1C, 2C and 5C, (d) Nyquist plots of NCM811 samples before cycling, (e) 7/-9 05 diagram. All cells were tested between

2.7 and 4.5 V at 25 °C.



Z. Huang et al.

intercalation and deintercalation, as further discussed below.

To compare the diffusion behavior of Li* in NCM811 samples under
different heat treatment conditions, EIS spectrum of samples after the
1st cycle was obtained and fitted by the circuit model shown in Fig. 1d.
As demonstrated by EIS spectrum, each sample exhibits a low-frequency
tail associated with Li* diffusion and a high-frequency semi-circle
related to the surface charge transfer. Thus, the model shown in Fig. 1d
was selected to fit the spectrum, with the impedance Z written as

Z=R, + Ry + o0 2. ¢h)

Here, Rs and R represent the resistance of electrolyte and the charge
transfer resistance respectively [32,33]. Additionally, at low-frequency
range, slope of the real part of impedance against to the inverse of the
square root of frequency is called the Warburg coefficient 6 [34,35]. The
7/-0~%5 diagram was plotted in Fig. le. Based on the Warburg coeffi-
cient, diffusion coefficient of Li*, i.e. Df}, can be deduced by

R’T?

DL'* =
U 2A2ntFA2 62

(2

Both resistance value and diffusion parameters of Li* were summa-
rized in Table S1. Obviously, the 400°C-treated sample displayed the
lowest Re; of 289.6 Q and the highest Df; of 1.2 x 1072 cm? 57! due to
the optimal crystal structure for Li" transport. The diffusion coefficient
of Li* in 400°C-treated sample is even higher than that in pristine
sample. In contrast, the 600°C-treated sample shows higher resistance
and lower diffusion coefficient because of the damage of particle sur-
face. The microstructure of NCM811 further deteriorated for the 700°C-
treated one. To conclude, 400°C-treated NCM811 exhibited excellent
cycling stability as well as the rate performance.

3.2. Effect of heat treatment on modification of surface

In order to get insight into the intrinsic mechanism concerning the
improvement of electrochemical properties of heat treated NCM811
samples. We first investigate the effect of heat treatment on modification
of surface of samples. The SEM images of as-prepared, 400°C-treated
and 600°C-treated NCM811 particles are shown in Fig. 2a—c. At room
temperature, the as-prepared NCM811 cathode particles have sphere-
like morphology with diameter of about 3 ym in Fig. 2a. When treated
at 400 °C, NCM811 samples showed similar fine spherical morphology
(Fig. 2b) to that at room temperature (Fig. 2a). However, when heat-
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treated temperature reached higher than 600 °C, the gradual fracture
of secondary particles was clearly observed. The collapse of secondary
particles, which introduced more defects on the surface, was shown to
have negative effect on the structural stability of particles [30] in
agreement with our observations in this work. As for the samples treated
at even higher temperature, particles with smooth contour gradually
changed to those with sharp edges, implying the transformation of
crystal structure in this temperature interval and leading to the failure of
cathode materials (Figs. S1b-e). During this stage, particles of the new
phase continued growing up and finally replaced original particles,
resulting in polyhedron-like morphology of the sample treated at 1000
°Cin Fig. Sle.

The evolution of surface state as discussed above was confirmed by
the XPS spectra in Fig. 2d-f, with fitted results listed in Table S2. From
the O 1s spectra in Fig. 2a, two distinct peaks representing different
species were observed clearly. According to previous research [24], the
peak around 531 eV is attributed to metal carbonate (i.e. Li,CO3 and
transition metal carbonate) and another peak around 528 eV originated
from metal oxide (i.e. the oxygen in the layered phase lattice). The in-
tensity of spectra reflects the amount of these species on the particle
surface. Once the treated temperature increased, the intensity of metal
carbonate decreased compared to metal oxide, indicating that the
Li»CO3 on particle surface decomposed. The decomposition of LioCO3
results in the increase of exposure area of NCM811 particles, leading to
the strengthening of metal oxide signals. From the change of peak in-
tensity, it can be inferred that the particle surface became much cleaner,
which is beneficial for Li" diffusion to enhance the cycling stability and
rate performance, especially under high rate. On the other hand,
apparently, the higher temperature also accelerates the surface recon-
struction process, which results in degradation of cycling and rate per-
formance of layered materials. In the samples treated at high
temperature above 600 °C, the transition metal cations, especially Ni2*,
could concentrate on the surface and thus increase the Li/Ni disordering
accordingly, impeding Li" diffusion. Indeed, the Ni 2p spectra shown in
Fig. 2e reveal this effect. Taking the peak around 855 eV as an example,
it is composed of two separate peaks representing two different valence
states [24,36]. The left peak corresponds to Ni>™ while the right one
corresponds to Ni%*. When temperature of 400 °C was used, only slight
change in the peak intensity was observed. In contrast, the amount of
Ni%* increased significantly in 600°C-treated sample compared to the
samples treated at lower temperature. These XPS spectra clearly illus-
trated that the concentration of Ni2' increases on the surface with
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Fig. 2. Surface morphology SEM images of secondary particles treated at (a) RT, (b) 400 °C and (c) 600 °C and XPS patterns of (d) O 1s, (e) Ni 2p and (f) Li 1s for as-

prepared NCM811 cathode treated at 600 °C, 400 °C and RT, respectively.
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increasing heat-treatment temperature. Moreover, as shown in Fig. 2f,
the Li 1s peak around 54.9 eV disappeared at 600 °C, which also hints
vacancies on the surface. Based on the Ni 2p and Li 1s spectra, it is
reasonable to conclude that Li/Ni disordering concentrated on the sur-
face particle, which hinders the diffusion of Li* from bulk to electrolyte,
increases the impedance and results in poorer capacity under low rate.
To sum up, heat-treatment of NCM811 sample at low temperature is
beneficial for electrochemical performance due to the surface optimi-
zation, while heat-treatment at high temperature is detrimental to the
particle surface of NCM811 by introducing more Li/Ni disordering due
to the accumulation of Ni2* and Li* loss on the surface.

3.3. Bulk structure instability induced by high-temperature treatment

Generally, heat treatment process can modify not only surface
structure but also inner structure of materials. In order to acquire in-
formation on structural evolution during heat treatment, especially the
change of lattice parameters and antisite defects, neutron diffraction
was used to investigate the heating process owing to its strong ability to
distinguish lithium and transition metal elements in NCM811. More-
over, Rietveld refinement technique was applied to extract accurate
crystallographic information from the NPD patterns. In-situ NPD pat-
terns and refinement results are given in Fig. 3a and Fig. S2a. A rhom-
bohedral LiNiO; structural model [36] (denoted as L, shown in Fig. 3c)
with R3m space group (PDF #09-0063) was chosen to fit the diffraction
pattern of the sample at RT and 400 °C. In this model (Table S3), most Li
atoms occupy 3a site while transition metal atoms and oxygen atoms
occupy 3b and 6c sites, respectively. During the refinement possible
Li/Ni disordering was also taken into account, i.e. Li and Ni atoms were
both allowed to partially occupy both 3b and 3a sites. As shown in
Fig. S2a, the two NPD patterns can be described properly by rhombo-
hedral structural model and no extra peaks appear in the patterns, which
confirms the stability of the ordered layered structure of NCM811 in the
relatively low temperature range.
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Once the temperature reached higher than 700 °C, reflections of the
second phase appeared at about 34.63°, 69.48°, 73.05°, etc. By indexing
the pattern at 1000 °C, it is found that only Li,O (denoted as LO, shown
in Fig. 3e, PDF #12-0254) can fit all the reflections of the second phase.
Hence, based on the NPD pattern of the sample at 700 °C, it can be
concluded that layered NCM811 was delithiated at high temperature
and lithium precipitated in form of lithium oxide, indicating the
beginning of the failure process of layered cathodes.

By comparing the intensity of diffraction peaks of Li;O at higher
temperature, it is obvious that amount of Li3O increased with the tem-
perature, due to the instability of layered structure. As a result, at 700
°C, layered rhombohedral phase of NCM811 started to decompose into
an electrochemical-inactive cubic rock-salt phase due to the lowering
amount of lithium at 3a site. The decrease of (003) and (101) reflection
intensity of layered phase at 19.43° and 38.00° indicates the disap-
pearance of layered structure. Finally, accompanied with the collapse of
rhombohedral phase, reflections of sample merged into the Fm3m rock-
salt structure [24] (denoted as R, shown in Fig. 3d). The rock-salt
structure with nominal formula MO (M = Li, Ni, Co, Mn) can be
described by using a cubic structure model (PDF #47-1049) in which
transition metal and remaining lithium atoms occupy 4a site and oxygen
atoms are at 4b site (Table S3). Therefore, as LioO precipitated from the
bulk, NCM811 transformed into rock-salt phase, leaving small amount of
disordered layered phase. And after the temperature was higher than
800 °C, the disappearance of (003) and (101) reflections indicated that
the rhombohedral to cubic phase transformation was finished
completely.

The in-situ neutron diffraction results clearly reveal the structural
phase transition of NCM811 upon heating. To further investigate the
effect of heat treatment and reversibility of the transformation, ex-situ
NPD experiments were carried out. Fig. 3b shows the ex-situ patterns of
series of NCM811 samples after heat-treated at different temperatures.
Similar to in-situ counterparts, the ex-situ samples exhibited similar
evolution process from layered structure to rock-salt type induced by
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delithiation with increasing heat-treated temperature. By applying the
same analysis procedures for the in-situ NPD patterns, the phase
composition as well as crystallographic information of individual phase
were also extracted based on structural refinements. Refinement results
are given in Fig. S2b.

According to ex-situ NPD refinement results, considerable amount of
Li,O was observed in sample heat-treated at high temperature. It is
worth noting that although Li5O is prone to react with CO2 and H,0 in
the air and generate Li;CO3 and LiOH compounds, the kinetics of these
reactions are relatively slow. Based on the XRD measurements shown in
Fig. S3, it will take about one week to generate detectable amount of
hydrate and carbonate from LizO. Given that NPD experiment was car-
ried out one day after the heat treatment and all samples were preserved
carefully, it was reasonable to detect only LizO from the bulk sample
rather than Li,CO3 or LiOH.

It was previously reported that the thermally induced phase transi-
tion from the layered to the spinel-like structure took place in layered
cathode material under high delithiated state. Such phase transition is
difficult to observe if the lithium content x of layered oxide cathode
Li,MO, is larger than 0.6 as the critical point shifts to higher tempera-
ture with the increase of lithium content x [37]. Among all the NCM811
samples studied in the present works, spinel-like structure [38] (space
group Fd3m, PDF #35-0782) was not observed even in the
900°C-treated NCM811, which consists of three different phases. It can
be attributed to the lack of vacancies at the 3a site where Li* occupies.
According to previous reports, layered-to-spinel-like transformation re-
quires two steps-the migration of Li* from 3a site to 6c site and the
transfer of transition metal ions from 3b site to 3a site [39,40]. Both
steps are less possible to occur when Li™ is fully occupied at 3a site since
the migration barrier could be much higher than that in the delithiated
state. When the temperature is high enough for Li»O to precipitate from
the bulk, Li" tends to escape from the lattice rather than migrate to
another site. As a result, the layered structure directly transforms to
rock-salt structure, without the appearance of spinel-like structure. In
summary, the result of NPD experiments reveals the whole structural
transformation process of NCM811, in which the intrinsic mechanism is
associated with the delithiation of material with increasing temperature.

By comparing the two sets of NPD patterns, it is found that the phase
transition temperatures are remarkably different between in-situ and ex-
situ heating processes. For the in-situ sample, layered structure phase
transforms into rock salt at 700 °C (Fig. 3a) with simultaneous appear-
ance of lithium oxide, while the corresponding ex-situ sample maintain
its original structure (Fig. 3b). As mentioned above, peaks of rhombo-
hedral phase disappeared in the in-situ patterns once temperature was
higher than 800 °C, indicating the complete phase transition in
NCM811. However, according to the ex-situ experiment, layered
NCMS811 did not start to transform into rock-salt phase unless it was
heat-treated at 900 °C. From observed phase transition phenomenon, it
is safe to infer that NCM811 lost the lithium ion at 3a site and trans-
formed into the rock-salt structure during heating stage, subsequently
NCMS811 re-lithiated and reversed to layered structure during cooling
process. In inverse direction of the decomposition, solid state reaction
between rock salt and Li»O is also able to occur under high temperature,
leading to the formation of layered structure phase. Therefore, this
evolution process involves a chemical equilibrium between decompo-
sition and formation of NCM811. During heating, the decomposition
rate is faster than the formation rate, resulting in the forward movement
of the equilibrium and the increase of rock-salt phase. Upon cooling, the
formation rate is faster than decomposition rate, inducing the inverse
movement of chemical equilibrium as well as the recovery of layered
structure. However, at low temperature, reaction rate is relatively low.
The slow recovery finally leads to a partial reversible structural evolu-
tion process of NCM811.

Phase fraction of NCM811 during heating (in-situ) and after heating
(ex-situ) was also determined quantitatively based on the refinement
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results listed in Table S4 and Table S5. To correlate phase diagram ob-
tained by two sets of NPD experiments, we created a 3D phase diagram
as shown in Fig. 3f to directly express the phase evolution process of
heat-treated NCM811 sample. In the diagram, the transversal axis rep-
resents the heat-treating condition of a specific sample. And the vertical
axis is the real temperature of a sample which is being heat-treated. The
longitudinal axis gives the phase composition of a sample at the given
state. Therefore, the in-situ data reflects the states where the temperature
reaches the selected heat-treated point, while the ex-situ data is those
where it returns to room temperature, i.e., the ex-situ NPD patterns can
be considered as the projection of in-situ patterns by connecting corre-
sponding temperature points of two sets of patterns.

As illustrated in the 3D phase diagram in Fig. 3f, the thermally-
induced phase transition of NCM811 cathode from layered to rock-salt
structure is partially reversible, resulting in the shift of phase bound-
ary from high temperature range in in-situ case to low temperature range
in ex-situ case. Overall, the structural evolution process of NCM811 can
be summarized as the following three stages:

, SN3a/y s A . <700°C
(Lll,5N15)3 (Ll&NloAs,,;COo‘]Mno_l)3bog > (3)
(Lil—J—ANirHA )3«1 (Li§+ANiO.X—J—A Coy 1 Mny, )”02‘3
(Liy_sNis)™ (LisNios_sCoo 1 Mng, )"0 5™
(Liy5-a-2Nis.2)* (Lis.aNios—5-aCoo 1 My, )”’OS‘;X,Z}. +xLi,O + yO,1.

@

, SN3ay s A . >900°C
(L1175N15)3 (LlﬁNl().S—(ﬁCU().]M”U.I )31”02 g And (5)

(Liszl'(]_g CO(]_[MnU_l )01+X+2)- -+ (05 - .)C)leo + (025 — y) OzT

Taking the 700°C-treated NCM811 sample as an example, according
to the marked route in Fig. 3f and the corresponding expanded 2D phase
diagram in Fig. S4, it crystallized in layered structure at room temper-
ature as shown in Fig. 3c. When sample was heated to 600 °C, the
rhombohedral structure of NCM811 persisted although Li/Ni disorder-
ing defects accumulated on the surface of particles. As temperature in-
creases further to 700 °C, certain amount of Li;O precipitates from
layered structure. This process can be associated with the continuous
diffusion of Li* from the inner region to the surface of particles [24].
Therefore, it is reasonable to presume that layered phase with low Li*
decomposed into rock-salt phase on the particle surface firstly, while the
Li ions in layered phase continuously migrate from inner region to the
surface. This hypothesis could be verified by TEM images of cathode
samples, as discussed below. In brief, the decomposition of layered
structure lead to the emergence of rock salt at the temperatures higher
than 700 °C. During the cooling procedure, NCM811 sample with mixed
layered, rock salt and Li;O phases partially recovers back to its original
layered structure through reconstruction and reaction with the precip-
itated LiO. However, recovery process is not fully reversible, resulting
in poor electrochemical performance in 700°C-treated NCM811 sample.

TEM images provide evidence for the phase transformation scenario
discussed above. Fig. 4a—c shows the high-resolution TEM images of the
1000°C-treated, 900°C-treated and 800°C-treated NCM811 particles,
respectively. The atomic arrangements of layered and rock-salt structure
in real space along several zone axes are illustrated in Fig. 4d—e. Values
of the interplanar spacing obtained from TEM images are given in
Table S7, which is in good agreement with the values that obtained from
Rietveld refinement based on the NPD data. It is obvious that both the
surface and the inner region of 800°C-treated particles were layered
phase, as demonstrated in Fig. 4c. After heat treatment at 900 °C, the
surface structure of particle is observed to be rock-salt type (Fig. 4b),
confirming that the layer to rock-salt phase transition is induced by
substantial delithiation on the surface of particles. Clearly, the 1000°C-
treated sample possesses only the rock-salt phase both on the surface and
in the inner part of particles (Fig. 4a). Moreover, it is found that d-
spacing of (003) plane in layered phase increased gradually with
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Fig. 4. TEM images of NCM811 particles heat-treated at (a) 1000 °C, (b) 900 °C and (c) 800 °C. Images with lower-case Roman numerals are the FFT mappings of the
corresponding square regions marked in the TEM photographs. And those with upper-case numerals are the IFFT images of the corresponding FFT graphs. Atomic

arrangement at (d) [010] zone axis of layered phase and (e) [011] zone axis of rock salt are also provided.
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Fig. 5. (a) Lattice parameters, (b) Li" slab and TM slab spacing, (c) volume change, (d) Li/Ni disordering ratio, (e) ratio of ¢ and a and (f) occupancy of Li at 3a site
and O at 6¢ site of NCM811 layered phase obtained from the refined Ex-situ and In-situ neutron diffraction patterns. The d-spacings of Li and TM slabs are obtained by:

0.5¢ = 1.5d}+1.5dry, and 2o = 2.5dji+2dy, in which 2, is the position of O on the c axis.
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increasing heat treatment temperature, indicating the irreversible
expansion of lattice in the heat-treated samples. The combination of the
TEM and NPD results provides a clear picture of the structural evolution
process of NCM811 at both local and average level.

To further systematically illustrate details of the thermal-induced
structural evolution process of NCM811, refinement results from in-
situ and ex-situ NPD experiments were combined. Fig. 5 shows the
variation of several important crystallographic parameters as a function
of temperature, while the corresponding refinement results are given in
Table S4 and Table S5. The agreement factors are also provided in
Table S6. In Fig. 5a, the temperature dependence of lattice parameters a
and c in layered rhombohedral phase is plotted. For the in-situ NPD re-
sults, both lattice parameters a and ¢ increased with increasing tem-
perature due to thermal expansion. However, the variations of a and ¢
after cooling to room temperature exhibit different behaviors as
demonstrated by the ex-situ NPD results. When the heat treatment
temperature is lower than 600 °C, lattice parameters of the samples are
almost constant, indicating the recovery of thermally-induced strain in
the low temperature region. For the samples treated above 600 °C, lat-
tice parameters increased significantly, reflecting irreversible spacing
change in the layered structure. To get insight, the thicknesses of Li*
slabs (df;) and transition metal (TM) slabs (dr) were obtained from
refinement data and shown in Fig. 5b. After cooling, the thickness of TM
slabs shrinks for T < 600 °C and expands for T > 600 °C, while the Li*
slabs distance exhibits the opposite tendency. Variation of volume of the
unit cell is shown in Fig. 5c, which exhibits similar trend as the corre-
sponding lattice parameters. The variation of slab thickness as well as
lattice parameters in the in-situ NPD results is attributed to the thermal
expansion of samples. It is obvious that lattice parameters increased
with the raise of temperature, except the Li-slab thickness at 700 °C.
According to the previous discussion, LioO precipitated from the bulk
when temperature is higher than 700 °C. The rapid loss of Li,O would
lead to the collapse of Li* layer. As a consequence, Li-slab distance
shrank significantly.

The evolution of the crystallographic parameters in the ex-situ NPD
results could be explained by considering the change of Li/Ni dis-
ordering in the bulk of the materials. It is known that Li/Ni disordering
inevitably exists in high-Ni layered oxides due to close radius of Li" and
Ni%" ions as well as magnetic interactions [21]. As shown in Fig. 5d,
cation disordering in layered structure phase was also influenced by heat
treatment process. The Li/Ni disordering ratio could be defined as the
fraction of Ni%* at 3a site, which should be occupied by Li* in the ideal
fully ordered structure. In Fig. 5d, the Li/Ni disordering ratio at room
temperature is the intrinsic disordering ratio & in equations (3)—(5) of
the as-prepared NCM811 cathodes, which is around 4.19%. According to
the in-situ results, during heating, Li/Ni disordering ratio in layered
structure phase increased monotonically with increasing temperature
because temperature allows cations to overcome energy barrier and
migrate to an adjacent cation layer. As indicated by the ex-situ results,
the Li/Ni disordering ratio in heat-treated samples decreased during
cooling process. The Li/Ni disordering ratio decreased from 7.49% to
3.71% in 600°C-treated sample, while it decreased from 8.22% to 6.36%
in 700°C-treated sample. As expected, the decreasing tendency was
weakened with the raise of heat treatment temperature. It is also clear
that the 600°C-treated sample possesses the lowest Li/Ni disordering
ratio among all samples. However, the poor structural homogeneity in
particles, especially the concentration of Li/Ni disordering on the sur-
face impedes Li* diffusion and electron conduction in 600°C-treated
sample. Furthermore, the lowest Li/Ni disordering represents the high-
est amount of Li" in the Li* slabs. Considering that the charge number of
Li* is 1, the Coulomb force between Lit and oxygen is relatively low
compared to that between TM ions and oxygen. Then the thickness of Li*
slabs increased with the decrease of Li/Ni disordering due to the
reduction of coulomb interaction to the oxygen. The shrinkage of TM
slabs could be also explained by the decrease in Li/Ni disordering. As for
the 700°C- and 800°C-treated samples, the Li/Ni disordering increased
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sharply, indicating large amount of Ni2* existing in the Li* slabs, which
greatly strengthened the repulsive force between the adjacent cations
and led to significant increase of lattice parameter a and c as well as dpy.
Both the stronger coulomb interaction and the Li/O loss lead to the
shrinkage of Li" slabs. In addition, lithium-loss-induced phase transition
took place in samples during heating process. As a consequence, less
chemically active substance exists in the cathode and the electro-
chemical performance becomes worse as expected.

Another prominent feature is the change of the c/a ratio as shown in
Fig. 5e, which hints the gradual collapse of the layered structure. It is
reported that a well-defined rhombohedral structure of LiNiyCoyMn,02
should satisfy the relation c/a > 4.9 [41,42]. Although all samples in the
ex-situ experiment possess the c/a ratio larger than 4.9, the sharp
negative trend indicates the growing deviation of sample structures from
the ideal rhombohedral type due to the Li/O loss and the increasing
Li/Ni disordering ratio. The decrease of c/a ratio is also observed in the
in-situ experiment at 700 °C, which corresponds to the decomposition of
layered phase. Among all samples, maximum of the c/a ratio, 4.9453, is
found in the 400°C-treated sample, implying its crystal structure is the
closest to the ideal, which leads to the best electrochemical performance
of NCM811 cathode. Additionally, existence of lithium and oxygen va-
cancies was revealed by the sharp decrease trend of Li (3a) and O (6¢)
occupancy rate in Fig. 5f, which is consistent with the discussion above.
In summary, the changes of crystallographic parameters are associated
with the precipitation of Li;O as well as the increase of Li/Ni disordering
during heating process. The change of bulk structure, accompanied with
the change of surface structure, contributes to the optimization of
electrochemical performance in NCM811 cathode materials after heat
treatment process.

4. Conclusions

In this work, in-situ NPD, ex-situ NPD and FE-TEM methods were
combined to systematically investigate the thermal-induced structural
evolution in NCM811 cathode material. When treated at 400 °C,
NCMS811 is able to recover from the disordered structure with optimized
surface morphology, thus improving electrochemical behavior. Herein,
reheating at low temperature could be a simple but useful way to
enhance the properties of layered cathode materials. If heat treatment
temperature is higher than 700 °C, layered rhombohedral phase trans-
forms into cubic rock salt due to delithiation and Li/Ni disordering
accumulation. This work provides deeper understanding about the
thermal stability of high-Ni layered cathode materials and offers a
strategy to design improved heat treatment process to produce better
cathode materials.
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