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ABSTRACT: In this study, new insights into the all-dry synthesis
of the LiNi0.6Mn0.2Co0.2O2 (NMC622) cathode using a single-
phase rock-salt (RS) oxide precursor are provided. It was found
that use of a larger amount of excess Li content not only can
enhance the electrochemical performance of NMC made from the
RS-precursor but also increase the degree of homogeneity of the
NMC cathode material. In situ XRD analysis showed that lithiation
of the RS-precursor (i.e., formation of the O3-phase) starts at a
higher synthesis temperature (∼450 °C) than that is required when
using a hydroxide precursor (HP) and lithium carbonate (∼350
°C). Consequently, Li2CO3 was consumed by the reaction with the
HP at low temperatures before the temperature reached the
Li2CO3 melting point. In contrast, the reduced lithiation kinetics of the RS-precursor results in the presence of liquid Li2CO3 during
the synthesis, which rapidly increases the rates of precursor lithiation and increases the NMC primary particle size.

1. INTRODUCTION
Cathode materials for lithium-ion batteries (LIBs) represent a
large proportion of their total cost. Much of this cost is
associated with the cathode manufacturing process. Currently,
layered LiNixMnyCozO2 (NMC) cathode materials are the
most widely used.1−9 Several NMC synthesis techniques have
been developed, including all-dry,10,11 hydrothermal,12 and
coprecipitation13−15 methods. Among these synthesis routes,
coprecipitation is used on a large scale and is known for
making homogeneous precursors with uniform particle size
distributions. Nevertheless, coprecipitation is comparatively
complex, involving many process steps, and hence, leading to
high energy and water consumption and ultimately high
production cost.10 The molten-salt synthesis process has also
been reported as a cost-effective sintering technique in
producing homogeneous (both chemical composition and
size) single-crystal NMC cathode materials for LIBs. This
synthesis technique typically utilizes hydroxide precursors
(HPs), and the molten salt is used to enhance crystal growth at
lower temperatures. In fact, molten salt techniques require
additional steps including washing the products with water
which leads to a higher water consumption.16−22 Accordingly,
all-dry NMC synthesis techniques have drawn interest recently
in order to reduce cathode synthesis cost and reduce waste
substantially.10,11,23−25

In our recent studies, we showed that NMC cathodes can be
synthesized with an all-dry method using crystalline rock-salt
(RS) oxide precursors.24,26 It was also shown that the
compositional homogeneity of the synthesized RS-precursors
at the micron-scale (i.e., its compositional microhomogeneity)

was directly translated into the compositional homogeneity in
the final NMC, which can affect its electrochemical perform-
ance.26 In the present work, new insights into the lithiation
mechanism during all-dry synthesis of the NMC622 cathode
using the RS-precursor or HP and lithium carbonate are
obtained. In addition, the effects of synthesis conditions and
excess Li content on microstructural parameters, degree of
homogeneity, and electrochemical performance of the NMC
cathode made from RS-precursors are further investigated.

2. RESULTS AND DISCUSSION
Figure 1a (bottom panel) shows an XRD pattern of a mixture
of NiO, MnO, and CoO powders in a 6:2:2 molar ratio after 3
h grinding. This XRD pattern is characteristic of a mixture of
NiO, MnO, and CoO phases with no other impurity phases
present which confirms that no chemical reaction occurred
between the NiO, MnO, and CoO powders upon grinding.
Figure 1a (top panel) shows an XRD pattern of the RS-
precursor prepared after heating the ground NiO, MnO, and
CoO powder sample at 1000 °C for 12 h under an Ar flow.
After this heating process, the initially multiphase mixture is
converted into phase-pure RS with a lattice parameter of
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4.2413 ± 0.0001 Å, as determined by Rietveld refinement
analysis. This is in good agreement with a 6:2:2 linear
combination of the lattice constants of NiO, CoO, and MnO,
according to Vegard’s law (4.2473 Å).
Figure 1b,c shows SEM images for the NiO, MnO, and CoO

powder mixture after 3 h grinding and the synthesized RS-
precursor, respectively. SEM images of these samples taken at

lower magnification are also shown in Figure S4a,b. As shown
in Figure 1b, the ground sample consists of small primary
particles (0.1−1 μm) that are lightly agglomerated (Figure
S4a) into larger (5−20 μm) secondary particles. In contrast,
completely different particle morphology was observed for the
synthesized RS-precursor where it is composed of faceted
primary crystallites (∼1−5 μm in size) that are aggregated into

Figure 1. (a) XRD patterns of NiO, MnO, and CoO powders mixture after 3 h grinding and after heating to form RS-precursors. SEM images of
the NiO, MnO, and CoO powder mixture after (b) 3 h grinding and (c) after heating to form RS-precursor. SEM images and associated EDX
mappings of Ni, Mn, and Co for (d) RS-precursor and (e) HP-precursor.

Figure 2. (a) XRD patterns of the NMC622 cathode materials made from RS-precursors with different amounts of excess Li (5 and 20%) and
NMC622 made with 5% excess Li from HP-precursor. (b) Standard deviations in Mn distribution (σy) for NMCs made from RS and HP-
precursors, as determined by the Williamson−Hall method.26 SEM images of NMC622 cathode materials made from the RS-precursor with (c) 5
and (d) 20% excess Li content; and of (e) NMC622 made with 5% excess Li from the HP-precursor.
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∼10−20 μm secondary particles, as depicted in Figures 1c and
S4b.
EDS elemental maps acquired for the RS-precursor and a

commercial HP are shown in Figure 1d,e. Notably, Ni and Co
are uniformly distributed throughout the RS and HP
precursors. According to our previous study, the synthesized
RS-precursor made by 3 h grinding and heating in Ar showed
the lowest degree of Mn-inhomogeneity (σx = 1.87 ± 0.02%)
compared to other RS-precursors prepared by different
grinding times prior to heating.26 However, a slight
inhomogeneity in distribution of Mn (i.e., Mn-depleted
regions) is still seen in the RS-precursor (Figure 1d), while
Figure 1e reveals a highly homogeneous distribution of Mn in
the commercial HP.

XRD patterns of synthesized NMC-RS-L5, NMC-RS-L20,
and NMC-HP-L5 cathode materials are presented in Figure 2a.
All of the XRD patterns are characteristics of NMC with an
O3-type α-NaFeO2 structure with no impurities observed.
Rietveld refinement analysis of the XRD patterns (see

further details in Table S1) showed a 4.1% extent of Li−Ni
cation mixing for NMC-HP-L5. In contrast, a higher
percentage of cation mixing was observed for NMC-RS-L5
(4.9%). This is indicative of the faster lithiation kinetics of the
HP compared to the RS-precursor, which we have observed in
previous studies.24,26 The slow lithiation kinetics of the RS-
precursor lead to lithium loss due to evaporation during
synthesis. The resulting lower amount of lithium available
during sintering then leads to cation mixing, as has been shown
in previous studies.24,27,28 For the HP-precursor, lithiation

Figure 3. XRD patterns recorded at every 30 °C, from room temperature (RT) to 900 °C and then every 15 min at 900 °C for 1 h, during heating
(under an air flow) the mixture of (a) HP-precursor and Li2CO3 (NMC-HP-L5) and (b) RS-precursor and Li2CO3 (NMC-RS-L5) with a Li/TM
ratio of 1.05.
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occurs more quickly, leading to less evaporative lithium loss
and more lithium available for thermal lithiation, resulting in a
lower cation mixing level. To overcome this issue, a larger
excess of lithium was used for the synthesis of NMC from the
RS-precursor. As a result, a lower cation mixing extent was
obtained for NMC-RS-L20 (3.2%), which is even lower than
that obtained for NMC-HP-L5. These results confirm that the
all-dry synthesis conditions can significantly affect the final
NMC structure.
The degree of inhomogeneity (standard deviation in Mn

distribution) in the synthesized NMC cathode materials was
also calculated using the XRD data and the modified W−H
analysis reported in ref 26. As shown in Figure 2b and Table
S1, the degree of compositional inhomogeneity is highest for
the NMCs made from the RS-precursors (σy = 7.77−9.58%)
compared to NMC made from the HP (σy = 4.09%). This has
been observed previously and is due to the greater level of
transition metal mixing in the HP compared to the RS-
precursors.26 Here, it is also observed that significantly less
compositional inhomogeneity is present for NMC-RS-L20 (σy
= 7.77%) compared to that for NMC-RS-L5 (σy = 9.58%).
This shows that the amount of excess Li2CO3 used in the
thermal lithiation process during all-dry synthesis effects the
transition metal homogeneity of the final NMC. This can occur
if Li2CO3 is acting as a flux to allow some transition-metal
dissolution and transport during the thermal lithiation process.
This is likely considering that the melting point of Li2CO3 is
∼720 °C, and therefore any unreacted Li2CO3 will be in a

molten state during thermal lithiation. The presence of
Li2CO3(l) is confirmed in the analysis of the in situ XRD
studies below. Therefore, the higher homogeneity in the Mn
distribution of NMC-RS-L20 can then be attributed to the
larger amount of excess Li2CO3 throughout the thermal
lithiation step.
Figure 2c−e shows SEM images of NMC622 samples

synthesized from the RS and HP-precursors. Overall, as
revealed in Figure 2c and d, the NMCs made from RS-
precursors consist of primary particles that are ∼1−3 μm in
size and aggregated into larger secondary particles (5−20 μm).
In contrast, much smaller primary particles (∼1 μm) can be
observed for the NMC cathode made from the HP-precursor
(Figure 2e). Here, primary particles are distinguished by
having clear faceted surfaces. The larger primary particle size of
the NMC made from the RS-precursor may be a consequence
of the influence of a Li2CO3(l) flux that, as will be shown by in
situ XRD studies below, is present during its thermal lithiation.
In contrast, the HP-precursor reacts quickly with Li2CO3(s),
resulting in no Li2CO3 being present above its melting point
and leading to less primary particle growth. It needs to be
stated that large primary particle growth does not necessarily
mean increased crystallinity (i.e., an increased grain size and a
reduction in defects). Therefore, while NMC made from HP-
precursor has smaller primary particles as observed by SEM, its
XRD peaks are narrower, indicating greater compositional
homogeneity (as observed by EDS), larger grain size, and
possibly less crystal defects.

Figure 4. (a) fwhm of the (003) peaks of the O3-phase (NMC phase) and of the hydroxide precursor; and the integrated area of the (110) peak
(right axis) of Li2CO3 vs temperature during the lithiation of HP-precursor. (b) fwhm of the (003) peak of the O3-phase (NMC phase) and the
(200) peak of the RS-precursor; and the integrated area of the (110) peak (right axis) vs temperature (NMC-RS-L5). (c) fwhm and (d) the
integrated (003) peak area vs temperature for NMC-RS-L5 and NMC-HP-L5 obtained from the in situ XRD analysis. The integrated area under the
XRD peaks were normalized to their maximum value.
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To understand how the HP- and RS-precursors transform to
NMC during the thermal lithiation step, in situ XRD analysis
was used. Figure 3a,b shows XRD patterns obtained in situ
every 30 °C from room temperature to 900 °C and every 15
min at 900 °C during heating the HP and RS-precursors with
Li2CO3 (5% excess Li), respectively. To help follow the
structural changes that occur during heating, the changes in the
full-width at half-maximum (fwhm) and peak areas of selected
peaks are shown in Figure 4.
In terms of the synthesis of NMC from HP and Li2CO3

(NMC-HP-L5), peaks from HP and Li2CO3 are both apparent
in the XRD pattern measured at room temperature. As the
temperature is increased, the HP peaks start to decrease in
intensity and then completely disappear above ∼300 °C.
Simultaneously, peaks from a new phase are consistent with a
transition-metal oxide rock salt phase form (highlighted by the
red box in the XRD patterns). This is consistent with a
previous study by Weber et al.,29 where it was reported that
conversion of Ni(OH)2 to oxide phase occurs at ∼267 °C. The
peaks from the transition-metal oxide rock salt phase are broad,
indicating small crystallites and/or poor crystallinity. An
increase in the fwhm of the (003) peak for the hydroxide
phase at ∼300 °C (Figure 4a) also confirms the transformation
of the hydroxide to an oxide RS phase. This phase is short-
lived as it is consumed by the reaction with Li2CO3 to form a
layered NMC phase, as evidenced by the appearance of an
NMC(003) peak at above ∼350 °C, which is coincident with a
reduction in the intensity of Li2CO3 peaks. This occurs
simultaneously with a remarkable increase in the fwhm of the
HP (003) peak, where the HP peaks completely disappear.
Similar trends can be seen for the integrated areas under (003)
XRD peaks for the NMC phase and HP, as shown in Figure
S5a. As the temperature is increased, the integrated area under
the Li2CO3(110) peak continuously decreases up to ∼690 °C
where Li2CO3 peaks completely disappear (Figure 4a). This is
below the melting point of Li2CO3 (723 °C), indicating a fast
reaction of Li2CO3 with the HP in the solid phase. This
explains the reduced crystallinity observed for the NMC made
by HP since no liquid Li2CO3 is present during the synthesis to
aid in NMC crystallization. The fwhm of (003) for the NMC
phase continuously decreases, indicating an increase in the
degree of crystallinity, with further increasing temperature. An
expanded view of the (003) XRD peak during heating HP and
Li2CO3 is provided in Figure S6a. As can be seen, after
reaching 900 °C, the only peaks present are of the NMC phase,
which continue to sharpen as the temperature is held at 900
°C, indicating further increased crystallinity. Therefore, the
crystallization of NMC from the HP-precursor is slow and
continues over an extended period of time, even continuing for
nearly 1 h after the temperature has reached 900 °C.
XRD patterns measured during the synthesis of NMC from

the RS-precursor and Li2CO3 (NMC-RS-L5) are shown in
Figure 3b. The fwhm of the (003) NMC phase and (200) RS-
phase XRD peaks and the integrated area under the (110)
lithium carbonate peak as a function of temperature are shown
in Figure 4b. Peaks from the RS-precursor and Li2CO3 are
both apparent in the XRD pattern measured at room
temperature. As the temperature is increased, a new phase is
formed at ∼200 °C with a large superstructure, as indicated by
the XRD peak at ∼7.4°, corresponding to a d-spacing of ∼12
Å; however, the RS-precursor peaks remain. Figure S6b shows
a detailed view of the XRD peak associated with this new phase
in the temperature range of 230−590 °C. As it can be seen, the

new phase remains stable up to ∼600 °C and then disappears.
We have tried to isolate this phase by heating RS-precursor and
Li2CO3 mixtures of the same composition in air at temper-
atures between 200 and 600 °C and then quenching but were
not successful. If this new phase exists, it appears not to be
stable at room temperature. A possible explanation for this new
phase is that the RS-precursor lithiates according to a staging
mechanism, which would result in the formation of super-
structure peaks, while the RS-phase peaks would remain.
As the reaction temperature between the RS-precursor and

Li2CO3 is increased, the integrated areas under the RS-phase
(200) peak and the Li2CO3(110) peak simultaneously decrease
up to ∼710 °C (Figure S5b) where the XRD peaks of lithium
carbonate disappear due to the melting of Li2CO3 at ∼720 °C,
as revealed in Figure 3b. This is also consistent with the
changes in the integrated area under of Li2CO3(110) peak vs
temperature, as shown in Figure 4b. Interestingly, the start of
the formation of the layered structure (O3-phase) occurs
above ∼450 °C, which is a higher temperature than the level of
formation of the O3-phase from the HP-precursor (350 °C),
suggesting sluggish lithiation kinetics. As shown in Figure 4b,
as the NMC O3-phase begins to form, the fwhm of the
NMC(003) peak begins to decrease, indicating the formation
of NMC crystallites with an increasing degree of crystallinity
(i.e., reduced defects/increased grain size), while simulta-
neously the fwhm of RS-phase (200) peak starts to increase,
suggesting grain size reduction or the introduction of defects as
this phase is consumed. Unlike the HP-precursor, the fwhm of
the NMC(003) peak does not decrease continuously. Instead,
lithiation of the RS-precursor starts at ∼450 °C. During this
period in the reaction, the NMC(003) peak gains in intensity,
while the Li2CO3(110) peak reduces, indicating the formation
of NMC and the consumption of Li2CO3. At the same time,
the NMC(003) peak fwhm becomes lower (Figure 4b),
indicating an increase in the degree of crystallinity. At about
600 °C, the rate at which the fwhm becomes narrowed is
reduced, while the intensity of the NMC(003) peak continues
to grow, indicating that nucleation may be outpacing NMC
crystallization. At 720 °C, the Li2CO3 peaks disappear as this
phase melts. At the same time, there is a discontinuity in the
NMC(003) peak intensity, from the sample shifting in the
sample tube, due to the melting of Li2CO3. After the
discontinuity, a rapid decrease in the NMC(003) peak fwhm
and a rapid increase in the NMC(003) peak intensity follow,
indicating further improvement of the NMC crystallinity and
rapid RS-phase lithiation facilitated by a Li2CO3(l) flux. Both
the lithiation reaction and crystal growth are complete by 800
°C.
The nature of the lithiation reaction of the RS-precursor is

significantly different from the lithiation reaction of the HP-
precursor. These differences can be clearly seen in Figure 4c,d,
which directly compare the evolution of the NMC(003) fwhm
and integrated area. As shown in Figure 4c, the NMC(003)
peak forms at a lower temperature for the HP-precursor,
followed by continual NMC crystallization. In contrast, NMC
forms at a higher temperature from the RS-precursor, and
NMC crystallization occurs in stages, with rapid crystallization
occurring at the melting point of Li2CO3. This rapid
crystallization leads to the NMC crystallization process being
complete earlier than that for NMC made from the HP-
precursor, which did not benefit from the presence of a liquid
Li2CO3 flux. However, the fwhm of the NMC(003) peak
reached the same values for NMC-HP-L5 and NMC-RS-L5
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samples after holding for 1 h at 900 °C, which means that a
similar degree of crystallinity was achieved for both NMCs
(see also Figure S6a,c). However, because of the presence of
the Li2CO3(l) flux, the primary particle size, as observed by
SEM, is much larger for the NMC made from the RS-precursor
than that for the HP-precursor.
The evolution of the NMC(003) peak integrated areas

shown in Figure 4d also shows significant differences between
the NMC made from HP and RS-precursors. The NMC(003)
peak forms earlier for the NMC made from HP-precursor and
grows in area quickly and at a much lower temperature (∼450
°C) than that for NMC made from the RS-precursor. These in
situ XRD results confirm the sluggish kinetics of the reaction
between Li2CO3(s) and RS-precursor compared to that with
HP, as reported in our recent study.24 Unlike what was
observed for the HP, the sluggish thermal lithiation kinetics of
the RS-precursor results in the presence of the RS-phase up to
∼800 °C and the presence of Li2CO3(s) up to its melting point
(Figure 4b). This is followed by rapid lithiation, facilitated by a
Li2CO3(l) flux, such that the degree of lithiation overtakes that
of the NMC made from the HP-precursor at about 780 °C. By
continual heating, both NMCs complete the lithiation process.
These results show that NMC made from both HP- and RS-
precursors gain the same level of crystallinity and reach full
lithiation (as long as sufficient Li2CO3 is present), which is
confirmed by the Rietveld refinement results. The major
difference between these NMCs is a lower degree of
compositional homogeneity and a larger primary particle size
for the RS-precursor.
Figure 5a−c shows the first cycle voltage curves of NMC-

RS-L5, NMC-RS-L20, and NMC-HP-L5, respectively. Figure

5d,e shows the discharge specific capacity and cell polarization,
respectively, over 100 charge−discharge cycles for these
NMCs. The first reversible capacities (RCs), first irreversible
capacities (ICs), initial Coulombic efficiencies (ICEs), and
capacity retention over 100 cycles (relative to the specific
capacity at the second cycle) of these cells are listed in Table
S2. The NMC-RS-L5 sample had the lowest RC (161.6 mA h/
g), lowest ICE (86.2%), and the highest polarization, which
increased steadily during cycling, resulting in a linear capacity
fade. This is due to its high degree of cation mixing, lithium
deficiency, and compositional inhomogeneity in this sample. In
contrast, NMC-RS-L20 had a higher initial RC (164.4 mA h/
g) and ICE (89.3%). The polarization for this sample remained
low, resulting in low capacity fade.
The NMC-HP-L5 sample had the highest RC (178.9 mA h/

g), ICE (89.6%), and lowest polarization. The higher
compositional inhomogeneity and larger primary particle size
of the NMC-RS-L20 sample may have contributed to its lower
capacity and slightly higher polarization compared to NMC-
HP-L5. In a future publication, we will show how the
compositional homogeneity of the all-dry synthesis of NMC
from RS-precursors can be further improved, leading to the
improved electrochemical performance of NMC prepared by
this method.

3. CONCLUSIONS
New insights into the all-dry synthesis of NMC622 cathode
materials from RS-precursors were provided in this study. At
temperatures below 723 °C (the melting point of Li2CO3), the
kinetics of RS-precursor thermal lithiation to form NMC are
slower than the thermal lithiation of HP-precursors. This has

Figure 5. First cycle potential versus capacity profiles for (a) NMC-RS-L5, (b) NMC-RS-L20, and (c) NMC-HP-L5. (d) Cycling performance and
(e) polarization changes over cycling for NMC-RS-L5, NMC-RS-L20, and NMC-HP-L5.
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many consequences. Because Li2CO3 remains unreacted at
high temperature (>700 °C), a higher amount of excess Li is
needed during NMC synthesis from RS-precursors to
compensate for lithium loss from evaporation and to improve
the compositional homogeneity of the final NMC. Despite the
increased lithium excess required, increasing Li2CO3 costs, the
elimination of wastewater production, and reduction in
processing steps still make the all-dry synthesis route attractive
compared to the coprecipitation route. The slower lithiation
kinetics of RS-precursors also result in Li2CO3 being present in
the liquid form during the lithiation reaction. The liquid
Li2CO3 acts as a flux, resulting in simultaneously improvement
of crystallinity and rapid RS-precursor lithiation and NMC
primary particle growth at temperatures above the melting
point of Li2CO3. As a result, the RS-precursor achieves its full
lithiation extent at a lower temperature than that of the HP-
precursor and a larger final primary particle size, even though
its initial lithiation kinetics are slower. While the NMC made
from the RS-precursor with 20% excess Li showed relatively
similar ICE, polarization, and capacity retention compared to
the NMC made from HP-precursor, its capacity was lower.
This was attributed to compositional inhomogeneities in the
RS-precursor. Future efforts are required to improve composi-
tional homogeneity and lithiation kinetics for this all-dry
synthesis route to provide a higher capacity NMC.

4. EXPERIMENTAL SECTION
4.1. Materials. NiO powder (Sigma-Aldrich, −325 mesh,

99%), MnO powder (Aldrich, −60 mesh, 99%), CoO powder
(Alfa Aesar, 99.7%), Li2CO3 powder (Alfa Aesar, 99%), and
commercial HP powder, Ni0.6Mn0.2Co0.2(OH)2 (Zoomwe),
provided by CNGR Advanced Material Co., LTD, were used
to synthesize the RS-precursor and NMC622 cathode
materials in this study.

4.2. Sample Preparation. The RS-phase [Ni0.6Mn0.2Co0.2]
O precursor was prepared by first combining stoichiometric
amounts of NiO, MnO, and CoO (∼20 g in total) with an
automatic grinder (Retsch RM200 mortar grinder equipped
with an agate mortar and pestle) for 3 h. The resulting mixture
after grinding was then placed in an alumina crucible and
heated in a tube furnace for 12 h at 1000 °C under an argon
flow. An alumina crucible filled with MnO powder was placed
upstream of the sample as an oxygen getter. The resulting RS-
precursor was ground by hand in a mortar and pestle and then
passed through a 53 μm sieve.
NMC622 cathode materials were prepared by hand-grinding

either synthesized RS-precursor or commercial HPs, with
Li2CO3 in a mortar and pestle until a homogeneous mixture
was obtained (∼10 min). To evaluate the effect of the excess Li
content on the electrochemical performance of the NMC
made from the RS-precursor, two different amounts of Li2CO3,
corresponding to a 5 and 20% stoichiometric excess of lithium,
were chosen, while a Li/TM ratio of 1.05 was used to make
NMC from commercial HP. Each mixture was placed in an
alumina crucible and heated in a tube furnace in air at 900 °C
for 12 h. Finally, all the products were ground to fine powder
by hand with mortar and pestle and passed through a 38 μm
sieve (400-mesh). The resulting NMC samples are referred to
here as NMC-RS-L5, NMC-RS-L20, and NMC-HP-L5 where
L# denotes the percent excess lithium used, and RS and HP
specify type of precursor from which the NMC was made.

4.3. Structural and Morphological Characterization.
Powder X-ray diffraction (XRD) patterns were measured with

a Rigaku Ultima IV X-ray diffractometer equipped with a Cu
anode X-ray tube, a diffracted beam graphite monochromator,
and a scintillation detector. The XRD patterns of the NMCs
were also analyzed using the Rietveld refinement method,
which is described in detail in Supporting Information Section
S.A1. In addition, the degree of inhomogeneity (i.e., standard
deviations in Mn distribution, σx and σy) in the RS-precursor
(σx) and NMCs (σy) were also calculated by modified
Williamson−Hall (W−H) analysis, as reported in our previous
study.26 In situ XRD measurements of precursor samples
during thermal lithiation were performed at the Canadian
Light Source (CLS, Saskatoon, Saskatchewan, Canada)
Brockhouse Diffraction Sector (BXDS) beamline. Further
details of this experiment and associated data analysis methods
are described in detail in Supporting Information Section S.A2.
Scanning electron microscopy (SEM) images were obtained

using a JEOL JSM-IT200LA SEM. Energy-dispersive X-ray
spectroscopy (EDS) elemental mapping images of the samples
were also obtained by using a MIRA-3 TESCAN field emission
scanning electron microscope (FESEM).

4.4. Electrochemical Analysis. Electrode slurry prepara-
tion was conducted by mixing active materials, carbon black
(Super C65, Imerys Graphite and Carbon), and PVDF binder
(polyvinylidene fluoride, Kynar HSV 900) with a mass ratio of
92/4/4 in an appropriate amount of N-methyl-2-pyrrolidone
(Sigma-Aldrich, anhydrous 99.5%). Slurries were mixed for 15
min using a high shear mixer (1 in. diameter Cowles blade/
5000 rpm) and then coated onto aluminum foil using a coating
bar with a 0.015 cm gap and dried in air at 120 °C for 90 min.
Electrode discs with loadings of ∼1−1.1 mA h/cm2 and 1.27
cm in diameter were punched from the as-prepared coatings
and further heated under vacuum at 120 °C overnight before
cell assembly. Coin cells (2325-type) were assembled with
lithium foils (99.9%, Sigma-Aldrich) as counter/reference
electrodes and two Celgard 2300 and one polypropylene
blown microfiber nonwoven fabric (3M Company) separators.
The electrolyte was 1 M LiPF6 (BASF) in a solution of
ethylene carbonate, diethylcarbonate, and monofluoroethylene
carbonate (volume ratio 3:6:1, all from BASF). Cells were
cycled between 2.5 and 4.3 V vs Li/Li+ at 30.0 ± 0.1 °C with a
Maccor Series 4000 Automated Test System. Cycling rates
were calculated by assuming a capacity of 200 mA h/g. For
constant current cycling, the first cycle was conducted at a rate
of C/20 with a constant potential hold at 4.3 V until the
current dropped to C/40 (to simulate constant current,
constant voltage cycling in full cells). Subsequent cycles were
conducted at a rate of C/5 with a constant potential hold at 4.3
V until the current dropped to C/10.
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