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Synthetic Control of Kinetic Reaction Pathway and Cationic
Ordering in High-Ni Layered Oxide Cathodes

Dawei Wang, Ronghui Kou, Yang Ren, Cheng-Jun Sun, Hu Zhao, Ming-Jian Zhang,
Yan Li, Ashifia Hug, J. Y. Peter Ko, Feng Pan, Yang-Kook Sun, Yong Yang,* Khalil Amine,*

Jianming Bai,* Zonghai Chen, and Feng Wang*

Nickel-rich layered transition metal oxides, LiNi;_,(MnCo),O, (1-x = 0.5), are
appealing candidates for cathodes in next-generation lithium-ion batteries
(LIBs) for electric vehicles and other large-scale applications, due to their high
capacity and low cost. However, synthetic control of the structural ordering
in such a complex quaternary system has been a great challenge, especially
in the presence of high Ni content. Herein, synthesis reactions for preparing
layered LiNig ;Mng 15C0g 150, (NMC71515) by solid-state methods are inves-
tigated through a combination of time-resolved in situ high-energy X-ray
diffraction and absorption spectroscopy measurements. The real-time obser-
vation reveals a strong temperature dependence of the kinetics of cationic
ordering in NMC71515 as a result of thermal-driven oxidation of transition
metals and lithium/oxygen loss that concomitantly occur during heat treat-
ment. Through synthetic control of the kinetic reaction pathway, a layered
NMC71515 with low cationic disordering and a high reversible capacity is
prepared in air. The findings may help to pave the way for designing high-Ni
layered oxide cathodes for LIBs.

Lithium-ion batteries (LIBs) are preferred
power sources for portable electronic
devices and are increasingly being adopted
for electric vehicles (EVs) and grid-level
storage. However, large-scale applica-
tion requires substantial improvement in
energy density, cost, and lifetime of today’s
LIBs. Among them, energy density has
been the largest hurdle to EV application,
and so has aroused great research interest
in developing new materials, especially
cathodes, as they currently pose the main
constrain to the energy density of the bat-
teries. Layered transition metal oxides
have been the dominant cathode mate-
rials for LIBs over decades, and among
them, Ni-rich ones, LiNi;_(MnCo),0,
(1-x = 0.5), are the most promising
candidates for their high specific
capacity (180-220 mAh gl compared
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to the commercially available cathodes, such as LiCoO,
(140 mAh g™), LiFePO, (170 mAh g'), and LiNi; 5Co;/3Mn; 30,
(160 mAh g7!).Zl In addition, the cost of these materials would
be reduced with the reduction of cobalt content.

In order to further boost Li storage capacity, research efforts
are now increasingly focused on developing LiNi;_,(MnCo),0,
with even higher Ni content, i.e., 1-x > 0.7. However, cycling sta-
bility and safety are often compromised as a result of high Ni
reactivity and structural reconstruction on the particle surface.?!
On the other hand, structural disordering as a result of cationic
mixing in octahedral sites becomes an issue when Ni content
increases to high values.l Therein, the cationic mixing originates
from the propensity of Ni to form Ni?* and the low energy barrier
for the migration of Ni?* ions,P! leading to a detrimental effect
on Li diffusivity, cycling stability, first-cycle efficiency, and overall
electrode performance.[’! Over the years, significant efforts have
been dedicated to improving the electrochemical performance of
Ni-rich layered oxide cathodes via reduction of cationic mixing
and tuning surface chemistry through various approaches, such
as lattice doping,”! composition tuning,® surface modification,”)
and special design of core—shell and/or concentration gradient
structures.'% Although surface or bulk modifications are impor-
tant for improving the electrochemical performance of elec-
trodes, implementation of these strategies to make materials of
desired structure and properties was often found difficult due
to the complexity of the synthesis reactions, especially for such
a complex quaternary system, LiNi;_,(MnCo),O,, wherein the
ordering of multiple cations (Ni, Co, and Mn, in addition to Li
ions) within a cubic close packed O-anion framework is involved.
As a result, precise control of the cationic ordering via tuning the
thermodynamic and kinetic conditions during synthesis is crit-
ical to making desired phases and material properties, especially
in the presence of high Ni content (i.e., 1-x > 0.7).

In situ X-ray diffraction (XRD) has been shown to be a pow-
erful tool capable of probing electrochemical reactions of bat-
tery electrodes, and has also been applied to tracking synthesis
reactions in preparing battery materials under real synthesis
conditions.'!] In recent efforts, in situ XRD measurements
have been applied to studies of phase transitions in intermedi-
ates during solid-state synthesis of Ni-rich layered oxide cath-
odes.['l These in situ studies not only provided details of phase
evolution, from precursors to intermediates, and to the layered
phase during heat treatment, but also revealed a direct correla-
tion of synthesis conditions to Li and transition metal (TM) slab
distances, thereby to their electrochemical properties. Following
the previous studies on synthesis of LiNiO,, LiNij;3Cog,0,,
and LiNig¢Mng,Co(,0,,1 in situ studies were further con-
ducted on synthesis reactions in preparing high-Ni layered
LiNiy,Mng 15Cog 150, (NMC71515) under ambient atmosphere
for insights into synthetic control of structural ordering in
the material. In this study, time-resolved in situ high-energy
XRD (HEXRD) and X-ray absorption spectroscopy (XAS) were
employed, coupled with quantitative data analysis, to track the
kinetic reaction pathway and cationic ordering in the intermedi-
ates toward forming NMC71515 when subjected to heat treat-
ment at three different temperatures (800, 850, and 900 °C). The
real-time observation revealed a dynamically competing cationic
ordering/disordering process, arising from thermal-driven
cationic oxidation and lithium/oxygen loss in NMC71515 that
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concomitantly occurs during heat treatment. Through synthetic
control of kinetic reaction pathway, the structural ordering
of the final products was tuned for obtaining highly-ordered
NMC71515 with excellent electrochemical performance, even
in air. The findings shed light on designing high-performance
high-Ni layered oxides through synthetic control of the kinetic
reaction pathway and structural ordering in the materials.

Figure 1a shows the time-resolved in situ HEXRD patterns
recorded from intermediates of NMC71515 during heat treat-
ment at 850 °C in air; similar measurements were also made
at 800 and 900 °C, and the results are given in Figures S1
and S2 (Supporting Information). The layered structure was
already formed in the materials at the target temperatures, since
they had been preheated at 500 °C, and the extension of holding
time led to improvement of structural ordering, as indicated by
the continuous increase of peak intensity in (003) and (104) reflec-
tions, and enlarged splitting of (018)/(110) peaks (Figure lc—e).
Meanwhile, these peaks became narrower, indicating the enhance-
ment of crystallinity of the materials during heat treatment. In con-
trast to the slow increase of integrated intensity of (104) peak, the
integrated intensity of the (003) peak increased quickly as a result
of cationic ordering (Figure 1b), which will be further discussed
below based on quantitative structure analysis. A similar variation
trend was observed in the intermediates heated at 800 and 900 °C
(Figures S1 and S2, Supporting Information), except that a small
amount of residual Li,COj; existed throughout the heat treatment
at 800 °C (Figures Sla and S5, Supporting Information).

The evolution of the oxidation states of TMs in NMC71515
(namely, Ni, Mn, and Co) were tracked by time-resolved in situ
XAS (Figure 1f and Figure S3 (Supporting Information)), for
correlation with structural evolution. During the preheating
process, oxidation to TMs had already occurred, bringing Co
and Mn to the highest oxidation states (i.e., Co*" and Mn**;
indicated by no variation of their K-edge near-edge spectra as in
Figure S3 in the Supporting Information), and slight edge shift
to higher energies was observed in Ni K-edge during heat treat-
ment at 850 °C (Figure 1f). The results are consistent with the
in situ HEXRD observation (Figure 1), indicating that a layered
structure was formed in NMC71515 upon reaching 850 °C, and
heat treatment at the same temperature led to further oxidation
of Ni and structural ordering in the material. In addition, the
overall morphology of secondary particles, with a size of around
10 um (shown by scanning electron microscopy (SEM) images
in Figure 1g), was maintained throughout the heat treatment
process (as to be discussed below).

In order to identify subtle structural changes in the involved
intermediates toward layered NMC71515 during heat treatment,
Rietveld refinement was performed on individual HEXRD pat-
terns obtained from in situ measurements. Different structure
models, spinel (Fd3m), layered (R3m), and hybrid spinel/layered,
were tried for refining the patterns of preheated samples,
showing that refinement based on the layered model pro-
vided the best fitting to the diffraction patterns (as discussed
in Figure S4 in the Supporting Information). In order to
identify the local environment of Li in the layered structure,
high-resolution °Li nuclear magnetic resonance (NMR) spectra
were measured from the samples preheated at 500 °C and
after heat treatment at 800 °C. The main results are given in
Figure S5 (Supporting Information). In the °Li NMR spectra
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Figure 1. In situ tracking of the structural evolution of the intermediates during solid-state synthesis of LiNig;Mng15C0q150, (NMC71515) at 850 °C
in the air (see also Figures S1 and S2 in the Supporting Information for the results from similar measurements carried out at 800 °C and 900 °C).
a) Time-resolved high-energy X-ray diffraction patterns. b) Evolution of the integrated intensity of the (003) and (104) reflections during heat treatment.
c—e) Intensity maps for the characteristic reflections of layered structure, (003), (104), (018), and (110), indicating gradual improvement of structural
ordering with time. f) Time-resolved X-ray absorption near-edge spectra of Ni K-edge (inset), and a zoom-in view of selected spectra obtained at 0 h
(black), 2.5 h (blue), 4 h (green), and 6 h (red); slight chemical shift to higher energies is illustrated by a red arrow. g) Scanning electron microscopy

image of particles after preheat treatment at 500 °C.

for the preheated sample, three peaks at about 0, 550, and
1200 ppm were observed and can be attributed to Li from
residual Li,COj;, at 3b sites, at 3a antisites, respectively.'’!
Compared to the preheated samples, the residual of Li,CO;
in the sample heated at 800 °C is much reduced, and cor-
respondingly the signal from Li at 3a antisites became very
weak and is barely detectable by NMR. Therefore, a cationic
mixing model with both Li and Ni occupying antisites, namely
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(Li1Niy)3p(Nig7-0.3x-0.7yC00.15+0.15x-0.15yM10.1540.15x-0.15yL1)3a02
was used to refine all sets of in situ HEXRD data.'¥! Some

more details of the refinement are given in the Experimental
Section (Supporting Information), and the main results from
refinement are provided in Figure 2 and Figure S6 and Table S1
(Supporting Information).

As shown in Figure 2a, the occupancy of Ni*" ions at 3b
(Li sites) decreased exponentially during heat treatment at the
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Figure 2. Structural ordering in NMC71515 during heat treatment at constant temperatures: 800 °C (dark cyan), 850 °C (red), 900 °C (blue). a) Evolution
of the cationic disordering (i.e., occupancy of Ni ions at 3b sites). b) Variation of Li-slab distance (top), and bond length of Li—O and TM—O (bottom).
Solid lines are the fitting results based on exponential equation (y = A; exp(— kx) + yo), dashed lines are the extrapolations of the fits. c) Evolution of

crystallite size. d) Evolution of the atomic percentage of Ni**, Co**, and Mn**

(determined from the in situ X-ray absorption spectroscopy data in Figure 1f

and Figure S3 in the Supporting Information). e) Thermogravimetric analysis curves of the preheated precursors subjected to further heat treatment.

three different temperatures (i.e., 800, 850, and 900 °C). As a
consequence, lattice parameter a decreased, while ¢ increased (in
the early stages), leading to a fast increase of c¢/a value during
holding at 800 and 850 °C (Figure S6a,b, Supporting Informa-
tion). During holding at 900 °C, evolution of lattice parameter
a showed a parabolic behavior with open upward, while lattice
parameter ¢ kept increasing (especially at the early stage), leading
to a parabolic shape of c¢/a that opens downward, with the max-
imum reached at about 3.5 h (Figure S6a—c, Supporting Informa-
tion). As expected, more Ni ions moved to 3a sites (Figure S6d,
Supporting Information), and the occupancy of Co and Mn at
3a sites relatively decreased, in a very small amplitude, during
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the entire holding process (Figure S6e, Supporting Information).
At higher temperatures (i.e., 850 and 900 °C), occupancy of Ni
at 3b sites reached a minimum quickly, and thereafter moved
reversely, showing a parabolic shape with open upward. How-
ever, changes at 800 °C occurred at a much slower pace, and did
not reach a minimum within the experimental time.

A similar trend was found in the evolution of Li—O, TM—0O
bond lengths and Li-slab, TM-slab distances (as shown in
Figure 2b and Figure S6f (Supporting Information)), namely
showing a parabolic behavior with open downward or upward
with time, at 850 and 900 °C, while those evolutions occurred
at a slower rate at 800 °C. During holding process, crystallite
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size increased almost linearly with time at the three different
temperatures, 800, 850, and 900 °C, to about 0.1, 0.26, and
0.45 um, respectively, in the final products (Figure 2c). The
results from refinement are overall consistent with SEM obser-
vations (Figure S7, Supporting Information), showing that
the large =10 um sized secondary particles were maintained
(as compared to the preheated samples; Figure 1g).

Bicomponent linear fitting was performed to the X-ray near-
edge spectra (XANES) of the Co, Mn, and Ni K-edges (as given
in Figure 1f and Figures S3 and S8 (Supporting Information)).
The main results were given in Figure 2d (see also Figure S8
and Table S2 in the Supporting Information for the details of
the fitting process), showing that the fraction of Mn*, Co%
kept unity, while that of Ni** increased slowly with time during
holding. So, the combination of in situ XAS and HEXRD obser-
vations indicates a gradual oxidation of Ni** and migration
from 3D to 3a sites, thereby leading to improvement of cationic
ordering in the material during the heat treatment.

The overall reaction of intermediate phases is believed to
follow the process('“

m (Lil—xNix )31, (Nio.7—0,3x—o,7zMno,15+o,15x—0.15z
X C00.1540.15x-0.15zL17 )5, O2 +1Li,0+1/20,

= (Lll—ley )3b (Nl0.7—0.3y—0.7vMn0.15+0.15y—0.15

X C00.1510.15y-0.15v Ly )3a 0,

Where m = (1 +y)/(1 + x) and n = (x — y)/(1 + x) for x > y.
The forward reaction represents the cationic ordering process
and the reverse reaction represents the cationic disordering
(namely Li/Ni mixing) process, which is caused by the propen-
sity of Ni to form Ni?* in face-centered cubic octahedral sites
and lithium loss at high temperatures.”]

The results from quantitative structural analysis (as shown
in Figure 2 and Figure S6 in the Supporting Information) indi-
cate strong time dependence of structure parameters, such
as occupancy of TM ions at 3a, 3b sites, Li—O, TM—O bond
lengths, and Li-slab, TM-slab distances, which are directly cor-
related to the degree of structural ordering. So, the evolution of
these structural parameters was used to evaluate kinetics of the
ordering reaction by fitting the data to an exponential equation
(v = Ay exp(— kx) + yp), where k is defined as the coefficient of
the ordering reaction. The fitting results are listed in Table S3
(Supporting Information). Throughout the synthesis process
at 800 °C data followed the exponential profiles very well,
indicating slow lithium loss, and further increase of holding
time lead to gradual improvement of the ordering. However,
low crystallite growth rate and existence of residual Li,CO;
suggested that 800 °C may not be high enough to get a well-
ordered phase within limited time. Similarly, at the beginning
of synthesis process at 850 °C, parameters of the Ni occupan-
cies, bond lengths, and slab distances followed the exponential
profile well. After 2 h, deviation from exponential profiles was
observed, indicating serious Li loss, and consequently breaking
of the equilibrium. A similar trend was found during heat treat-
ment at 900 °C, after holding for 1.5 h, data began to deviate
from the exponential profiles, and such an accelerated deviation
may be due to quick Li/O loss at such high temperature, as indi-
cated by thermogravimetric analysis (Figure 2e). Interestingly,
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in contrast to the accelerated Li/O loss with an elevation of tem-
perature, the highest speed of structural ordering was achieved
at 850 °C, indicated by the time dependence of structure param-
eters, such as occupancy of TMs at 3a, 3b sites, Li—O, TM—O
bond lengths, and Li-slab, TM-slab distances (Figure 2a,b).
Thermodynamically, the forward Li/Ni ordering process
should have a lower activation energy (E,) than that of the
reverse Li/Ni mixing process (E,), namely E, < E,’, which means
the Li/Ni mixing process is more responsive to temperature

E, ) [5d]
KT )
Although elevation of heating temperature will lead to an
increase in the reaction coefficient and reaction rates for both
the forward reaction and reverse reaction, the increase of
reaction coefficient of the reverse reaction should be larger
than that of forward reaction because of its higher activation
energy. Therefore, the overall reaction rate should be tem-
perature dependent v = k; ¢; — ky¢;, and reach the maximum
at % € = %cz, as do the apparent coefficient (k
c; and ¢, are the concentration of reactants and products. The
enthalpy difference between the forward process and backward
process of the overall reaction H = E, — E,” < 0. The entropy dif-
ference S between the final phase and the intermediates should
be negative because it is an ordering process. Therefore, the dif-
ference of Gibbs free energy between the forward process and
backward, G (G = H — TS), should be temperature dependent,
and higher heating temperature would lead to a larger G, which
will push the final pseudoequilibrium K backward because of
G = — RTIn K. In addition, the serious lithium loss at higher
temperature will further push the reaction backward, thus
leading to a shortened time of reaching the maximum or min-
imum points with an increase of heating temperature. In short,
from the view of thermodynamics, a lower heating temperature
and longer holding time are beneficial to the ordering of final
products once the temperature is high enough to provide neces-
sary activation energy (E,) for the ordering. However, because of
the Li/O loss under real synthesis conditions, thermodynamics
and kinetics should be balanced via tuning heating temperature
and holding time, which has been revealed by this in situ study.

The largest ordering coefficient was observed at about 850 °C
(in Figure 2a,b and Table S3 in the Supporting Information),
and heat treatment at the temperature for 2.5 h leads to the
reduction of Ni?* on 3b sites to about 5.2%. The value was
further reduced to 4.1% after cooling down to room tempera-
ture, indicating that cationic ordering also happened during
the cooling process. With data from in situ measurements,
the lowest Li*/Ni?* mixing, the largest Li bond length and Li-
slab distance, were obtained in the samples heated at 850 °C.
The trend of changes in Li-slab distance and cationic mixing is
consistent with the predication by first principle calculations,
in that the cationic mixing should cause reduction of Li-slab
distance.[d Tmportantly, a slight reduction in Li-slab distance
(4%) may cause a great increase in activation energy (more
than 200%) or a few orders of magnitude reduction in lithium
diffusivity.l%»12b] Therefore, in order to obtain high electrochem-
ical activity, control of the Li-slab distance of the layered oxides
is needed and may be realized via fine-tuning of the synthesis
conditions (temperature in particular).

according to the Arrhenius relationship, k=k, exp(—

app)- Here,
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Figure 3. Structural and electrochemical properties of NMC71515 synthesized at different temperatures (800, 850, 900 °C). a,b) Synchrotron X-ray and
neutron diffraction patterns of NMC71515 after heat treatment at 850 °C for 5 h (see also Figure S9 in the Supporting Information for the samples
obtained at 800, 900 °C). The enlarged spectra in small d spacing range are shown in the inset. In the plots, open circles are used for the observed data,
red lines for the calculated data, pink bars for Bragg positions, blue lines for the difference between the observed and calculated data, and green lines
for the refined background. c,d) Charge/discharge voltage profiles, and the corresponding cycling performance of NMC71515 synthesized at 800 °C
(dark cyan), 850 °C (red), 900 °C (blue). A constant current of 10 mA g' and volage window of 3.0-4.3 V were used for most of the electrochemical

tests. Tests were also made in wider voltage windows, 3.0-4.5 V (gray dashed line) and 3.0-4.7 V (gray dashed-dotted line) for the sample obtained at
850 °C, demonstrating achievable higher capacity in the extended voltage range.

Following similar procedures as performed for in situ  the final products are presented in Figure 3a and Figure S9
studies, NMC71515 powder was synthesized at 800, 850, and  (Supporting Information). These sets of data were refined
900 °C for 5 h and examined using high-resolution XRD and  using the same layered model (as done for the in situ data),
neutron powder diffraction (NPD). The XRD patterns of yielding the values of Li/Ni mixing: 3.2%, 2.6%, and 4.4% for
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samples heated at 800, 850, and 900 °C, respectively (Table S4,
Supporting Information). The results are overall consistent
with in situ experiments, both indicating that 850 °C should
be the most suitable heating temperature. The NPD pattern of
NMC71515 heated at 850 °C, along with the refinement, was
given in Figure 3b, indicating 2.8% of Ni occupied at 3D sites,
which matched well with the XRD data. A small difference in
Li/Ni mixing between the in situ and ex situ data might be due
to different cooling process between the two measurements.

Electrochemical tests were also made on NMC71515 by
making electrodes from powder synthesized at three dif-
ferent temperatures (800, 850, and 900 °C). Figure 3c shows
the charge—discharge profiles, indicating much higher ini-
tial discharge capacity in the samples synthesized at 850 °C
(with the value of 197 mAh g!), compared to that obtained at
800 and 900 °C (162 and 174 mAh g, respectively). In addi-
tion, lower overpotential was obtained in the sample heated at
850 °C (Figure 3c). The electrochemical performance is in good
agreement with structural analysis, that is, the sample heated
at 850 °C has the lowest Li/Ni mixing at 3b sites, the largest
Li slab, and moderate crystallite size. In addition, excellent
capacity retentions were obtained in the three samples heated
at 800, 850, and 900 °C, of 93.5%, 84.1%, and 84.5% after
50 cycles (Figure 3d). The extension of electrochemical win-
dows to 4.5, 4.7 V led to greatly increased discharge capacity,
but at the cost of capacity retention (Figure 3c,d), possibly due
to the side reaction on the surface and structure degradation
upon overcharge.l!

In summary, time-resolved in situ HEXRD and XAS studies
were conducted on synthesis reactions in preparing NMC71515
under ambient atmosphere. The results from quantitative
structure analysis showed complex cationic ordering and dis-
ordering processes that concurrently occur throughout the
heat treatment process. Temperature was shown to be crucial
to the kinetics of cationic ordering and the highest ordering
coefficient was obtained at 850 °C during the heat treatment of
NMC71515 in the air. Guided by insights from in situ studies,
we were able to synthesize NMC71515 with low Li*/Ni?*
mixing, large Li slab, and moderate crystallite size, which exhib-
ited high capacity (up to 200 mAh g!) and excellent retention.
The method developed in this study may open a new avenue
for kinetic control of the reaction pathway and cationic ordering
during synthesis of layered oxides, thereby obtaining the mate-
rials with desired structural/electrochemical properties.
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