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ABSTRACT: Cobalt oxides are technologically important materi-
als, especially when lithiated for application as Li-ion cathodes.
However, several phases may crystallize during solid-state synthesis
in the Li—Co—O—H system. The solid-state reactions of LiOH-
H,0 with both f-Co(OH), and Co;0, have been investigated
here through the combined use of high-resolution in situ
synchrotron X-ray diffraction (XRD) and Raman spectroscopy,
with a special focus on the low-temperature range (RT—600 °C).
We show that several spinel phases (AB,O, and A,B,0, with A, B
= Li, Co) are formed in the range 300—525 °C, whose
unambiguous identification is only possible through the comple-
mentary use of Raman spectroscopy as their XRD patterns are
almost identical. While the various structures evidenced are mostly
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stabilized over similar temperature ranges regardless of the initial choice of Co precursor, the lithiated spinel phases are observed at
lower temperatures for samples synthesized from Co(OH),. Moreover, their respective Li and Co fractions and crystallinity are
strongly affected by the initial choice of precursor. These findings have strong implications in the preparation and optimization of
both Co-based cathode active materials and Co-based coatings for other cathode active materials.

B INTRODUCTION

Cobalt oxides and hydroxides are technologically important
materials that have been adopted for a variety of applications
including positive battery electrode materials'~* (Li,CoO, and
Na,Co0,), thermoelectrics™® (Na,Co,0, and Ca;Co,0),
oxidation catalysts”® (Co;0,), superconductors’ and super-
capacitors'*~'> [CoOOH and Co(OH),]. These materials
crystallize in structurally related phases containing CoOgq
octahedra, often with close-packed O?” anions, but are
otherwise differentiated by the arrangement and stacking of
these units and the distribution or ordering of Co and other
cations relative to the oxygen sublattice. One of the most
prominent applications of these phases has been the use of the
layered lithium cobalt oxide LiCoO, (LCO) as a cathode
material for lithium-ion batteries (LIBs). While much attention
is devoted to reducing the Co-content in positive electrode
materials for electric vehicles, layered LCO remains today the
most used cathode material in LIBs for portable electronics
applications.”* Even for automotive applications, where low-
Co materials are targeted, LiCoO, is still investigated as a
protective coating material. Recent papers have reported on
the use of various Co-precursors to coat high Ni-content NCM
(lithium Ni—Co—Mn oxide) and LiNiO, (LNO) cathodes.
The precursors are believed to react with residual Li species on
the surface of the primary/secondary particles and promote

stable long-term cycling.">~*° In the reported temperature

ranges (typically below 700 °C), various ordered or disordered
Co-phases may be expected to form, depending on the
synthetic conditions and the choice of initial Co- and Li-
precursors. These include layered LiCoO,, quasi-spinel
Li,Co,0, (also called low-temperature LCO, “LT-LCO”, due
to the analogous stoichiometry), spinel Co;0,, and partially
lithiated versions thereof, Li,Co;_,O, LCO samples with
various structures,”' ~%° c1‘ystallinities,27’28 initial Li con-
tents,”” > morphologies,‘gs_*}’8 and/or particle sizes””® have
been proven to perform very differently when tested as cathode
materials in LIB cells; thus, the same parameters could
influence how the Co coating affects the electrochemical
performance of the NCM materials. However, understanding
the composition and crystallinity of a material used as coating,
present in very small amounts, requires a priori insight into its
thermodynamic crystallization pathway as a function of
temperature and choice of precursors. Moreover, despite the



fact that layered LCO is expected (from the thermodynamics
perspective) to be the stable ground-state structure at all
temperatures, some thermodynamic and especially kinetic
aspects influencing its crystallization are still debated”*>*!
and are worth further investigation.

To resolve the presence of these phases at various stages of
synthesis, specialized techniques, such as variable temperature
in situ X-ray diffraction (XRD), can be used to study the phase
evolution of solid-state reactions in real time."””~* Through
the advent of improved experimental capabilities, especially
using synchrotron sources, these studies can provide profound
insights into reaction pathways and differentiate kinetic and
thermodynamic aspects of the reaction.*’In situ XRD has been
used by various groups to follow the formation of layered LCO
from various precursors, such as Co and Li acetates’” and
industrially relevant Co;0, + Li,CO;.°****" The use of the
latter is favored by industry to achieve a practical tap density as
larger particle sizes (~15 to 30 ym) are systematically reported
in the final LCO powders.39’48_50 For the same reasons,
evidencing the temperature range at which layered LCO forms
remains the main focus of most studies, without detailed
structural analysis of the low-temperature phases. Several
studies in fact adopt a pre-annealing step prior to the in situ
experiments, which may contribute to the lack of information
available on low-temperature phases since a heat treatment,
even at moderate temperatures, may change the initial
composition and structures of the blend quite drastically.*®
The temperature at which lithiated intermediates first form will
also be affected by the choice of Li salts, whose melting points
vary considerably (~286 °C for CH;COOLi, ~465 °C for
LiOH, and ~723 °C for Li,CO;), thereby changing the
temperature ranges in which the lithiation kinetics are
enhanced. On the other hand, in situ XRD is not without
limitations. Intermediate phases can be difficult to resolve in
patterns due to their poor crystallinity after nucleation, and
products with structural similarity”">'™>* may be difficult to
distinguish from one another. This issue is particularly
pertinent for the reaction to form LCO since (as mentioned
above) several related structures are known to exist, which
share the same oxygen sublattice and exhibit similar lattice
constants. A proper identification of phases thus requires the
use of additional characterization techniques, among which
Raman spectroscopy has been shown to be highly relevant to
probe (non)lithiated cobalt phases. Indeed, characteristic
Raman fingerprints have been reported for Co-oxides,
hydroxides, and oxyhydroxides (see Table 1), making Raman
spectroscopy a key technique to distinguish them. Additionally,
spectral changes, such as loss of intensity, shifts, and
broadening of bands, were found to be correlated to the Li
concentration in Li,CoO, electrodes as reported by Inaba et
al>* As a result, Raman spectroscopy and microscopy have
gained popularity”™™>” to examine the variations of Li
concentration in LCO-based electrodes in a non-destructive
manner (ie, effectively probing the state-of-charge spatial
distribution across LCO particles).

Here, we present a detailed analysis of the phase evolution
during the formation of LCO from f-Co(OH), and Co;0,
precursors with LiOH, using a combination of in situ variable
temperature XRD and ex situ Raman spectroscopy. The
temperature ranges at which the transitions to spinel, quasi-
spinel, or layered lithium cobalt oxide compounds occur are
resolved and found to show dependence on the cobalt

Table 1. Expected Structural Parameters and Raman Shifts of Observed Phases, As Reported in the Literature

Raman spectroscopy

total irreducible representation according to factor group analysis

ICSD
code

257275

space
group

P3ml

Raman shifts (cm™)

R: Raman-active, IR: infrared-active, N: inactive, A: acoustic

2A4,(R) + 3A,,(IR) + 2E(R) + 3E,(IR)

cell parameters

phase
B-Co(OH),

), 427—

3572 — 3577

r=

Ac = 4.63405(9) A,

431 (Ayy), 503-504 (E,),

(Ayp) refs 8, 67—69

250-252 (Eg

ref 66
22285 ref T'

)

40.61 A’ = B
a=2851(1) Ac = 13.150(5) A,

a = 3.18098(4

V=

=1

VA

3R-CoOOH R3mZ

90°y = 120°

=3

Ag(R) + 3A5,(IR) + 3E,(IR) + E,(R)

70
56288 ref T

90°y = 120°

92.57 A =p =

V=

a = 2.855

503—513 (E,), $90—640 (A,,) refs 8, 637175

Ag(R) + 345, + 2B, (R) + 2By, + 2E, + 2E5(R) + 3E,, + E(R)

76

= 62.15 A3,
90°y = 120°

Ac = 8805 AV

a =90°p

Z=2

2H-CoOOH  P6;/mmc

S

495 (Ey), 515525 (F,), 610-620

710 (Alg) refs 8,65,78—81

«(R) + E((R) + F1i(N) + 2F,(R) + 3A,,(N) + 3E,(N) + SF,,(IR)  480—486,445—449,585-592,602—608 refs 23—25,82—8

_g), 485

175—200 (F,
(Flg)l 688

15(N) + SF1,(1A+4IR) + 3F,,(R) + 2A,,(N) +

o
+
—~
&~ Z
g8s
A&
o
+a g
2t 2z
N
7, ﬂ_{:’!
i<
[[R-<JT
~ —~
S Sy
[} [}
- -
. 8
™~ —

I L
S~
o™ e
< <
0 )
) *x
] o
) —
I b

Il
~
S -~
<
—
O —~
5, =
Lo o
ISR N
% Il =l
[
ol
TSI
S s
s s
= =
0 0
Il Il
N N
s N
g I
o o

-

@)
)
Q2 3
Q )
O —

A(R) + 28,(IR) + E,(R)+ 2E,(IR)

,¢ = 14.0536(5) A, 51182 ref T =

a = 2.8161(S)
96.52 A’

R3mZ =3

LiCoO,

485—492 (E,), 595601 (A,,) refs 23—25,54,83—-85 and

90°, y = 120°

87

86

=p=

V=



precursor used in the reaction. Further to this, the presence of
several intermediate phases is evidenced.

B EXPERIMENTAL SECTION

>

Materials. LIOH-H,0 (BASF SE) and Co(OH), (Sigma-Aldrich)
were used as precursors in this study. The Co;0, precursor was
prepared by heating of Co(OH), to 600 °C for 6 h in air. The
precursor blends were prepared with a slight lithium excess, n(Li)/
n(Co) = 1.04:1, and they were mixed thoroughly with a mortar and
pestle. To prepare samples for ex situ measurements, ~5 mg of the
precursor blends were weighted into an alumina crucible and heated
to the target temperature under synthetic air flow at a rate of 3 °C
min~! and then held for 10 min. The small quantity of powder was
chosen to reflect the scale used for the variable temperature in situ
experiments, as detailed below. Samples were then packed into 0.3
mm borosilicate glass capillaries for analysis (XRD and Raman
spectroscopy).

X-ray Diffraction. Variable temperature in situ XRD experiments
were carried out at the material science and powder diffraction
(MSPD) beamline at the ALBA Synchrotron, Cerdanyola del Valles,
Barcelona, Spain.®” This beamline utilizes a one-dimensional silicon-
based position-sensitive MYTHEN detector in Debye—Scherrer
geometry, enabling fast data acquisition with excellent statistics and
high angular resolution. Data were collected at a wavelength of 4 =
0.61887 A, determined using a NIST Si 640c standard reference
material (SRM), in the angular range 0.376° < 20 < 52.144° (Q ~
0.0686—8.924 A™'). The instrumental contribution to the peak
broadening was obtained by measuring a highly crystalline
Na,Ca;ALF,,/CaF, (NAC) sample as the line broadening reference.

The homogeneously mixed precursors were loaded into an open-
ended quartz capillary of diameter 1 mm for the heating experiments.
The filled capillary was mounted on a capillary flow cell similar to the
one reported by Chupas et al.®' This setup allows placing the capillary
in the center of the diffractometer goniometer while also flowing a
stream of gas through the capillary. During data collection, the whole
setup was “rocked” by rotating around the goniometer center by +5°
to improve powder averaging. The sample was heated using a hot air-
blower (FMB Oxford) placed above the capillary. The temperature at
the hot-blower tip (where a thermocouple was placed) had been
previously calibrated at the beamline using the thermal expansion of
the Si powder as the reference. The blends were heated under
synthetic air flow at rates of 3 and 20 °C min™" to a dwell temperature
of 700 °C, with a pattern collection time of 60 s.

Refinement of structural models against the XRD data was carried
out using GSAS-IL®> The observed structures could be indexed to
previously reported materials from the inorganic crystal structure
database (ICSD), see Table 1. An uneven background contribution
could be attributed to the quartz capillary, which was fitted to the first
dataset using a Chebyshev polynomial function with 26 terms and
fixed thereafter. For sequential refinements, the scale factors (or phase
fraction) of each phase were initialized to zero and allowed to refine
only for the patterns where each phase was observed. Unit cell
parameters were also allowed to vary in the regions where each phase
was observed, including two-phase regions. To account for differences
in the crystallinity of phases observed during heating, sample
contributions to peak broadening were modeled using isotropic
size/strain parameters, which were determined individually for each
phase.

Diffraction patterns of ex situ samples were collected using a STOE
Stadi-P diffractometer with a DECTRIS MYTHEN 1K strip detector
in Debye—Scherrer geometry. The instrument uses a Mo anode,
which provides a single X-ray wavelength of 1 = 0.70926 A. The
instrumental contribution to the peak broadening was obtained by
measuring a NIST 640f Si SRM.

Raman Spectroscopy. All Raman spectra were collected in the
100—1500 cm™' range using a Renishaw inVia confocal microscope
equipped with a charge-coupled device camera. An Nd:YAG laser was
used as the excitation source (4 = 532 nm). All spectra were collected

in back-scattering geometry, and the spectral resolution was about
1.25 cm™. A 20X objective was used to focus the laser light onto the
sample surface. Co(OH),, CoOOH, and even CoO have been shown
to easily degrade and turn into Co;0, when subjected to high levels of
laser irradiation (P > 0.1 mW).*>~® Thus, the laser power was fixed
to 0.1%, corresponding to an output power of P = 0.06 mW. For each
sample, spectra were collected on three different spots to ensure
consistency over different regions.

B RESULTS

Overview of (Lithiated) Co Oxide and Hydroxide
Structures. Various methods can be used to prepare layered
LCO, for example, sol—gel or microwave synthesis, while solid-
state reactions are generally favored for industrial applications
(in particular for use as a cathode material for LIBs). High
annealing temperatures (9 > 650 °C) are usually required to
form layered LCO by heat treatment of cobalt and lithium
precursors under an oxidative atmosphere (air and O,). This
helps explain why the latter phase is commonly referred to as
“high-temperature” LCO (HT-LCO) in the literature. Other
cobalt phases can be formed at lower temperature during the
solid-state reaction, whose structure and chemical composition
depend on the actual annealing temperature and choice of
initial cobalt precursor. This article focuses on the use of f-
Co(OH), and Co;0, as reactants, with LIOH-H,O as the Li
source. Their structures are schematically shown in Figure 1.
Brucite 3-Co(OH), crystallizes in the CdI, structure (P3ml
space group, see Figure 1a) and consists of alternating layers of
CoOQg octahedra. All hydrogen atoms occupy the 2d Wyckoff
positions of the lattice, that is, the interlayer sites. The oxygen
stacking sequence along the c¢ axis is ABABAB (A and B
referring to given oxygen coordinates, see the caption of Figure
1), corresponding to a “1H” stacking sequence according to
the nomenclature developed by Bookin and Drits.*® The use of
either “H” or “R” in such nomenclature denotes the hexagonal
or rhombohedral nature of the stacking, while the “1” is linked
to the stacking periodicity. Co;O, adopts a regular spinel
structure, which is indexed in the Fd3m space group. All Co**
are found in tetrahedral 8a Wyckoff sites, while the Co®*
occupies the octahedral 16d Wyckoft sites, thereby forming a
characteristic edge-sharing CoQOjg three-dimensional spinel
framework. Co;0, can easily be obtained from the calcination
of #-Co(OH), in the presence of oxygen at 9 > 400 °C, as
reported by several groups’"*”” and in this work, with the
formation of an intermediate CoOOH phase according to the
following equations:

Co(OH), + 140, > Co0OH + ,H,0 )

3Co00H — Co,0, + 1,0 + Y40, )

As such, both Co;0, and CoOOH may be expected to form
during the heat treatment of $-Co(OH), and LiOH-H,O.
CoOOH belongs to the heterogenite mineral family and is
known to be prone to polymorphism,”*”'™** making single-
polytype syntheses challenging. While a variety of XRD
patterns have been reported for CoOOH, the structures of
the two most commonly encountered “3R” and “2H” polytypes
are schematically shown in Figure 1b,c, respectively. 3R-
CoOOH crystallizes in the trigonal crystal system (R3m space
group), while 2H-CoOOH crystallizes in the hexagonal system
(P6;/mmc space group). Both polytypes are layered com-
pounds, with structures consisting of alternating CoO, layers
made of CoOg octahedra (Co®" in Wyckoff site 3a for 3R, in
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Figure 1. Illustrated crystal structures of cobalt oxides and lithiated
cobalt oxides discussed in this study. (right) A, B, and C refer to
different oxygen coordinates in the layered structure: A (0, 0, z,), B
(1/3,2/3, z5), and C (2/3, 1/3, z¢). (left) Corresponding simulated
XRD patterns of the depicted structures at 4 = 0.61887 A.

2a for 2H) and H* found in the interlayers (3b and 2c Wyckoff
sites, respectively). The main difference between these two
polymorphs resides in the periodicity of the oxygen stacking
along the ¢ axis, with ABBCCA and ABBAAB patterns adopted
by 3R- and 2H-CoOOH, respectively.

The layered character of CoOOH phases has been shown to
be beneficial in the formation of layered LCO at low
temperatures (8 = 100 °C) by hydrothermal methods,”***
which is one more reason to discard the “high-temperature”
(HT) notation usually associated to this phase. However, due
to the scarce thermodynamic stability of CoOOH upon
heating, solid-state reactions involving the use of CoOOOH and
a Li salt are expected to form spinel-type materials, such as
Co;0,, over layered LCO in the low-temperature region. A
quasi-spinel Li,Co0,0, phase has been re-

21,22,51-53,83,96—101
ported to form at moderate temperatures

(300 °C £ & < 600 °C) from such routes, whose structure
shares the same CoOjg octahedra framework as Co;0, (see
Figure 1d) This phase is commonly referred to as low-
temperature “LT-LiCoO,” in the literature as it shares the
same stoichiometry, and its structure is schematically shown in
Figure le. This phase will be referred to as “Li,Co,0,”
throughout the rest of the text, while the use of “LiCoO,” will
be dedicated to layered LCO (R3m). In Li,Co,0,, the
tetrahedral 84 sites are unoccupied, unlike spinel Co;0, where
the tetrahedral sites are occupied by Co®*. This explains why
appellations, such as “pseudo-spinel” or “quasi-spinel”, are
widely employed in the literature. In Li,Co,0,, all cations are
found in octahedral sites: Li* occupies the 16¢ Wyckoff
positions, while Co*" is exclusively found in 16d Wyckoff
positions. However, various reports” ' °>'°" have highlighted
that Li,Co,0, materials show a certain degree of Li*/Co®*
mixing in the 16¢/16d sites. Finally, normal spinel LiCo,0,, in
which Li" are found in the tetrahedral sites, has been prepared
from heat treatment of chemically de-intercalated layered
LiysCoO, by Choi and Manthiram.'®>'% The same authors
showed that they could not synthesize it by a conventional
solid-state reaction of Li,CO; and Co3;0,, thus making
LiCo,0, an unlikely intermediate. However, spinel intermedi-
ates with a cationic distribution among the tetrahedral site
(Li,Co,_,C0,0,) have been proposed'’"'**™'"" to tempora-
rily form during the onset of lithiation of Co;0,. Similarly to
quasi-spinel Li,Co,0y, all Li* and Co’" ions occupy octahedral
sites in layered LCO (see Figure 1f). However, as all CoOg4 and
LiOg4 octahedra are found in alternating planes along the ¢ axis,
a rhombohedral unit cell can be used to describe the layered
character (R3m space group).

Simulated XRD patterns for all Co-phases mentioned above
are shown in Figure 1. Similarities may be observed when
comparing these patterns. Layered LCO and quasi-spinel
Li;,Co,0, have almost identical patterns, with the same O
stacking and all Li* and Co*" ions found in octahedral
coordination. However, with all CoOg4 and LiOg4 octahedra
being found in the same alternating (a, b) planes along the ¢
axis in LiCoO,, additional 006 and 009 reflections appear in its
XRD pattern, though their intensities remain very weak. A
single reflection of quasi-spinel Li,Co0,0, is expected at d =
1.414 A (found at ~ 25.1° in Figures 1 and S1), which can be
attributed to the 440 reflection of the structure. For layered
LCO, instead, two reflections are expected at similar d-spacings
of 1.408 A and 1.425 A, which originate from the (018) and
(110) planes. Because both Li,Co,0, and Co;0, crystallize in
the Fd3m space group and because of a small difference in their
a parameter (8.00 A vs 8.08 A), most of the reflections appear
at very similar 26 positions. The main difference resides in the
intensity of the 220 and 331 reflections. The former is one of
the most intense lines in the case of Co;0,, while its intensity
is negligible for Li,C0,0,. The opposite trend is observed for
the 331 reflection. Although it might be enough to evidence
which phase is formed when working with single-phase
samples, mixtures of the two, especially when crystallizing in
sequence, will be hard to resolve by the use of XRD alone, as
illustrated with simulated XRD patterns of mixtures (see
Figure S1). When both Fd3m phases are detected by XRD, two
440 reflections can be observed in the corresponding pattern,
giving the illusion of a doublet that can easily be confused for
018 and 110 normally characteristic of layered LCO.
Additionally, large line broadening due to poor crystallinity
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565—700 °C (with 1 h dwell). Wavelength: 1 = 0.61887 A.

fractions are shown in Figure 3. Examples of the quality of fit

of samples prepared at moderate temperatures may make the
interpretation of XRD even more challenging.
In the following, Raman spectroscopy will be coupled to

synchrotron XRD to properly evidence the phases formed
during the reaction of our two blends, namely, Co(OH), +

LiOH-H,O and Co;0, + LiOH-H,O0.
Reaction of Co(OH), with LiOH-H,0. Figure 2 shows the
evolution of diffraction data collected during the heating of the
Co(OH),/LiOH-H,0 blend (1:1.04 molar ratio) to 700 °C at
a heating rate of 3 °C min~". Contour plots can be found in
Figure S2a. Note that data were also collected with a heating

rate of 20 °C min~" (see Figure S3a). All phases formed during
! rate were evidenced in similar

the heating at 3 °C min~
temperature ranges in the data collected at 20 °C min™". For

more clarity, the XRD patterns have been divided to highlight
three temperature ranges: (a) low-temperature domain, from
RT to 260 °C, (b) mid-temperature domain, from 260 to 565
°C, and (c) high-temperature domain, from 565 to 700 °C,
including 1 h of dwell at 700 °C. Multiphase sequential
Rietveld refinement was used to model the structural evolution
of the observed phases, and further details are provided in the
Experimental Section. The refined cell volumes and phase

to the selected patterns are shown in Figure S4.

In the low-temperature domain (Figure 2a), the dehydration
of LiOH-H,O can be observed first at 9 &~ 55 °C. The initial
cell volume of #-Co(OH), is found to be 40.827(1) A3, and it
increases linearly up to a temperature of 125 °C, where the

volume is 41.147(3) A% in good agreement with the
S75,108109 At 9 = 125 °C, new reflections appear at

literature.
20 ~ 8.0, 15.3, and 19.7°, which can be ascribed to the
CoOOH structure. These reflections are significantly broad-
ened compared to those of the initial f-Co(OH),, most likely
due to smaller coherent scattering domains in the former
phase. All diffraction lines of CoOOH can be indexed using the
R3m space group, suggesting that this formed cobalt
oxyhydroxide adopts the 3R-stacking, as depicted in Figure
1b. Apart from that, no broad reflection is observed in the 21—
23° range (see simulated pattern in Figure 1), which would be
more characteristic of the 2H-polytype. CoOOH first briefly
coexists with 5-Co(OH), from 125 to 150 °C and then exists
as a single phase until 195 °C (see Figure 3b). The cell volume
of CoOOH also increases with temperature (see Figure 3a),
from an initial value of 94.03(2) to 94.36(3) A% at 235 °C. At
9 =195 °C, the growth of new broad reflections is observed,
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which can be indexed to the Fd3m space group. A structure
with this space group could be expected for spinel Co;O, and
quasi-spinel Li,Co,0,, which both would exhibit very similar
XRD patterns as previously discussed. In any case, distinguish-
ing both spinels is not possible here due to the significant line
broadening observed in XRD patterns collected during the
annealing of this blend. Refinement of the in situ XRD data was
thus performed using a single cubic phase. This phase will be
referred to as “spinel” for the discussion hereafter. The
formation of Co;0, by annealing from CoOOH has been
reported inconsistently in the literature to occur at temper-
atures ranging from 125 to 200 °C.”>”*"° As a result, the spinel
phase detected here presumably consists of Co;0,, at least
when it is first formed at 195 °C. This is supported by the fact
that LiOH is still largely observed as a crystalline phase at this
temperature. The CoOOH and spinel continue to coexist until
the temperature reaches 270 °C. The cell volume of the spinel
phase is observed to increase to a maximum value of
526.05(15) A® at 9 = 265 °C, as would be expected due to
thermal expansion. However, beyond 290 °C, the cell volume
begins to decrease considerably to a value of 522.86(9) A® at
455 °C. This behavior could be attributed to the lithiation of
the material, occurring concurrently to its oxidation. While the
large lithium ions enter the structure and could increase the
overall cell volume, Co oxidation results in a strong ionic size
reduction, so that overall the unit-cell volume decreases. A
similar behavior has also been observed™''”''" during the
lithiation of other layered oxide materials, such as cubic
Li,Ni;_,O. Both smaller a parameter and cell volume are also
expected in the case of lithiated cobalt spinels (e.g. Li,Co,0,, a
= 7.8—8.0 A) compared to Co;0, (a = 8.08—8.10 A) (see
Table 1). This decrease in cell volume coincides with the
reduction in intensity of the LiOH reflections and a gradual
increase in intensity of the 111, 222, and 400 reflections of the
spinel phase, at 7.7, 15.4, and 17.8°. The reflections of the
spinel phase continue to persist until the end of the mid-
temperature domain, as shown in Figure 2b. Toward the end
of this region, beginning at 3 ~ 535 °C, a sharp shoulder on
the left of the 111 spinel reflection is observed to grow, which

corresponds to the 003 reflection of the layered structure.
Simultaneously, a weak reflection appears at ~15° and would
also be expected as the 006 reflection of the layered structure
as well as the splitting of the 440 spinel reflection at ~25° into
the 018 and 110 reflections of the layered phase. Reflections
from both of these phases become sharper with (i) the increase
of temperature and (ii) time during the dwell at 700 °C, due to
growth of larger coherent domains (see Figure 2c). The spinel
and layered phases coexist up to 700 °C and further during the
dwell. The fraction of the spinel phase becomes <5%
approximately 90 min after the dwell at 700 °C started. The
formation of layered LCO by solid-state reactions at
temperatures below 500 °C has been suggested in some
publications, and the refined weight fractions generated from
the data collected in this study also suggest a non-negligible
presence of layered LCO already at such low temperatures.
Based on XRD alone, the broad reflections of the spinel phase,
coupled with the similar reflection positions expected for
layered LCO, make it however difficult to precisely
deconvolute the two phases. This may result in the incorrect
attribution of some diffraction intensity to the layered phase at
low temperatures by the Refinement software. Hence, the
refined weight fractions cannot be considered entirely reliable
on their own.

To clear any misconceptions that could arise from
interpreting the in situ XRD alone, ex situ samples were
prepared from a blend of LIOH-H,O and Co(OH), at targeted
temperatures and further analyzed by both XRD and Raman
spectroscopy. As stated earlier, Co(OH),, CoOOH, Co,0,,
lithiated Co-spinels (e.g,, Li;C0,0,), and layered LCO each
have very specific Raman fingerprints (see Table 1). Thus, one
of the main advantages is the possibility to further resolve the
spinel domain evidenced by in situ XRD and, in particular, to
provide evidence of the formation of the quasi-spinel
Li;C0,0,. The XRD patterns of all ex situ samples can be
found in Figure SS5a. For each targeted temperature, we
successfully formed the phases expected from in situ XRD: (i)
CoOOH at 9 = 125 °C, (ii) spinel(s) at 9 = 300—525 °C, and
(iii) layered LCO (first observed at 9 = 610 °C). Figure 4
shows the 170—-760 cm™ region of the Raman spectra
collected from the same series of ex situ samples.

Two of the three expected low-frequency (<800 cm™)
bands of brucite-type f-Co(OH),*® can clearly be observed at
431 em™ (A,y) and 503 cm™' (E,) in the Raman spectrum of
the initial Co(OH),/LiOH-H,O blend. The third low-
frequency band expected at around 253 cm™! is too broad to
be observed here. These values are well within the respective
251-253, 427—431, and 503—504 cm™' ranges previously
reported in the literature for these modes.”*”'*” After heating
the blend to 125 °C, the aforementioned Raman bands are no
longer visible and three new Raman bands appear at 505, 597,
and 640 cm ™' in a much broader envelope ranging from 400 to
650 cm™'. This fingerprint is characteristic of CoOOH, as
reported by Pauporté et al.”> and other groups’>’*7>!'%>!'%,
The detection of the CoOOH phase in this temperature range
is in line with the in situ XRD data presented earlier. The
broadness of the Raman signal may be explained by (i)
CoOOH having very small coherent domains, as also revealed
by the broad Bragg reflections in the corresponding XRD
patterns, (ii) its structure being far from ideal, most likely
containing defects, such as stacking faults, and/or (iii) the
possibility of small domains adopting another stacking-type,
such as 2H instead of 3R, due to the known polymorphism in
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Figure 4. Raman spectra collected ex situ from samples prepared by
heating the LiOH-H,0/Co(OH), blend to selected temperatures.

CoOOH (which would be hard to detect by XRD due to the
low crystallinity). While the bands corresponding to CoOOH
dominate the spectrum of the sample prepared at 9 = 125 °C,
two new additional bands can be distinguished at 493 and 697
cm™. At 200 °C, the reported Raman spectrum consists of
these two new bands plus three additional modes located at
196, 532, and 616 cm™*. The bands expected at 196 and 616
cm™' have extremely weak intensities and are virtually absent
in the survey spectrum, which is a consequence of significant
bands broadening and poor signal-to-noise ratio. Note that
these two bands are always the less intense of the five when
recording Raman data of Co;0, at 4 = 532 nm.*>*"'"* This
five-mode fingerprint is characteristic of normal spinel Co;0,,
whose bands have been assigned to the F, (1), Fy(2), E,
Fzg(3), and AI& vibrational modes (from lowest to highest
frequency).>*»*>7%%" Thus, this suggests the presence of some
Co;0, already at 9 = 125 °C by Raman spectroscopy despite
the lack of Bragg reflections in the in situ or ex situ XRD
patterns. The content of Co;0, coupled with scattering
domains that may be either too small or not crystalline enough,
may prevent it from being detected by XRD. It is also possible
that Co;0, could form under the conditions used to prepare
the ex situ samples. In any case, this is in line with the
literature, where a Co;0, impurity is frequently observed”*”
in CoOOH samples synthesized between 125 and 130 °C. The
same Co3;0, bands are the predominant signals for the samples
prepared up to 300 °C, confirming that these are composed of
single-phase Co30,. All spectra of samples prepared between
330 and 450 °C, that is, within the temperature range of the
spinel domain highlighted in Figures 2 and 3 (in situ XRD
results), exhibit instead the same six bands located at 459, 496,
532, 601, 616, and 697 cm™'. The Raman spectrum of the

sample prepared at 9 = 330 °C differs slightly from all other
Raman spectra in this spinel domain temperature range, with
no clear band observed at 616 cm™ and an unexpected low-
frequency band at 253 cm™". This feature will be discussed in
more detail below in the text. Of the six Raman bands observed
in the spinel spectra, four (located at 459, 496, 601, and 616
em™) can be assigned to the characteristic F,,(1), B, A, and
F,o(2) modes™****7*>!!* expected for quasi-spinel Li,Co,0,,
thereby confirming that its formation starts in the temperature
range 300—330 °C. This result is in line with the decrease of
the cell volume observed upon heating, suggesting that the
lithiation of the spinel phase begins in this specific temperature
range. The frequencies reported here for quasi-spinel Li,Co,0,
are slightly higher than values available in the literature and
may be caused by local disorder or far-from-ideal Li, Co
stoichiometries. The other two bands, located at 532 and 697
cm™" and already observed at lower temperatures, indicate that
some Co;0, still remains. Note that the other two E, and
Fzg(3) modes of Co;0, were previously observed at the same
496 and 616 cm™' frequencies and may still be present here
(overlapping with the E;and F, (2) modes of Li,Co,0,). The
full width at half-maximum (FWHM) of all these bands
decreases as the annealing temperature increases, most likely
due to growth of larger coherent domains, consistent with a
similar decrease of line broadening in the in situ XRD patterns
collected in the same temperature range. A higher degree of
Co/Li cation ordering in the 16¢ and 164 sites of Li,Co,0, for
samples prepared at the upper end of the 300—450 °C
temperature range may also contribute to the decrease in
FWHM.>>19%1% At 9 = 525 °C, the only bands observed are
those of pseudo-spinel Li,Co,0,, suggesting complete
conversion from Co;0,, in good agreement with the phase
evolution from in situ XRD. However, some layered LCO,
whose bands would overlap with the 496 and 600 cm™ modes
of Li,Co,0,, might already be present in the sample as the
relative intensity of all four modes slightly deviates from the
expected ratio reported for a 4 = 532 nm laser.**'"> Upon
increasing the annealing temperature to 610 °C and beyond,
the migration of Co®* and Li* into their respective 3a and 3b
Wryckoft sites is complete, yielding layered LCO, whose
expected A, and E, (gerade) modes are located at 496 and
604 cm™". These values are slightly higher than those reported
by other groups, although Kushida and Kuriyama''® observed
similar frequencies for layered LCO. Again, local disorder
caused by cation mixing or variations from the ideal Li/Co =
1.0 stoichiometry may cause the frequency shift, although
Raman bands of Li-deficient LCO are usually shifted toward
lower frequencies.”*"'” While some of the reflections from
Li,Co,0O, were still observed by in situ XRD at § = 700 °C, no
characteristic band of this phase is found in the corresponding
Raman spectrum.

As mentioned earlier, an unexpected band located at 253
cm™! appears in the spectrum of the sample prepared at 9 =
330 °C. This band has never been reported in the literature for
Co-based compounds (quasi-spinel or layered). Although a
clear assignment of this band is out of scope of this article,
several hypotheses are to be considered, suggesting that this
band arises from a certain degree of cation disorder. The
observation of more bands than expected from factor group
analysis in Raman spectroscopy has often been linked to local
distortions, inducing local breaks of symmetries and/or the
randomization of cationic distribution within the AB,O,
spinel-like structures.''®'"” Additionally, the natural cooling



conditions adopted in the preparation of the ex situ samples
could stabilize samples with a far-from-ideal cation distribution
and/or local defects. Julien et al. found that in Li(Co, Ni)VO,
spinels, where Li and (Co and Ni) occupy the 16¢ and 16d
Wryckoff sites, respectively, analogous to quasi-spinel Li,Co,0,,
a heterogeneous distribution of Li and (Co and Ni) over these
two sites yields additional Raman bands."*” The possibility of a
non-ideal octahedral distribution of Li and Co in Li,Co,0, has
been discussed by several authors. Shao-Horn et al.'* provided
direct evidence by electron microscopy for LT-LCO samples
prepared through solid-state reaction. Julien and Massot also
reported'”’ an unexpected band at 303 cm™ in the Raman
spectrum of spinel LiMn,O,, which was tentatively explained
as being an IR-active mode becoming Raman-active as a
consequence of both (i) the Jahn—Teller (JT) distortion of
Mn*Og octahedra and (ii) the difference in ionic radii of
Mn*/Mn** distributed among the octahedral sites. While no
JT effect is to be expected in Li*Og or Co** Oy octahedra, the
difference of ionic radius between Li* and Co®* (0.76 vs 0.545
A) may still be enough to induce a similar breakdown of the
IR/Raman selection rules. As a matter of fact, an IR-active
band has been reported at ~267 cm™' for pseudo-spinel
Li,Co,0, by Huang and Frech** and at ~260 cm™ by Julien.”
Another explanation may involve the formation of a partially or
fully lithiated cobalt spinel phase in which the 8a tetrahedral
site is occupied either by Li* or Co**/Co**. While most bands
have clearly been assigned to their corresponding active modes
in the literature,'** there is still debate regarding the atomic
motion involved. However, literature seems to agree that low-
frequency bands found at <400 cm™' are linked to the
complete translation of tetrahedral AO, units within the spinel
structure.””'**7'** Thus, the band at 253 cm™' may be
observed due to some remaining Co and/or Li occupying the
tetrahedral sites, with a [Li,Co;_,]s.[C0,];6404 intermediate
being formed at 9 ~ 330 °C. Again, several authors'*104=107
have speculated that the lithium first diffuses through
tetrahedral sites in Co;0,. Appandairajan et al'®* showed
that solid solutions of Li,Co,_,Co0,0, could be formed up to x
= 0.4. If one considers that the additional band at 253 cm™
does exist because of the formation of [Li,Co;_,]s,[C0,]16404
upon the first signs of lithiation, this may explain why the band
is no longer observed once the solubility limit has been
exceeded.

Figure 5 shows the presence of the different phases observed
by XRD and Raman spectroscopy as a function of temperature
for the Co(OH),/LiOH-H,O blend. The combined used of

Li,Coo, A A

[ Spinel ]
[Li.Col™[LiColi*0, 00 @ @ @ @
© © 00800 @ [LiColLi.Coio,
YV W CoOOH
<> Co(OH),

T T
2 A R R
ro %006‘

Figure 5. Schematic comparing the phases observed using in situ XRD
(rectangles) and ex situ Raman spectroscopy (symbols) during
heating of the LIOH-H,0/Co(OH), blend.

both techniques helped evidencing which structures tend to be
stable at a given temperature. Co(OH), remains the main Co-
phase from RT to 125 °C. CoOOH starts form at this
temperature and briefly coexists with Co(OH), between 125
and 150 °C. From 150 to 195 °C, CoOOH is found to be the
main Co-phase, but it quickly transforms into an AB,O,-type
spinel phase, most likely consisting of Co;0, at § = 195 °C. A
biphasic (CoOOH + AB,O, spinel) domain was detected by
XRD from 195 to 270 °C though no CoOOH was detected at
9 =260 °C by Raman spectroscopy. According to the in situ
XRD results, the spinel phase remains until the end of the heat
treatment. The Raman spectroscopy results also suggest that
AB,0, spinels (Co;0, becoming partially lithiated) might be
stabilized as the main polymorph up to a maximum of § = 330
°C in equilibrium conditions (ex situ). The formation and
stabilization of A,B,0,-type spinels (Li,Co,0,-like) under the
same conditions occurs between 300 and 330 °C, still
coexisting with AB,O, spinels up to 450—500 °C. Quasi-
spinel Li,Co0,0, was found to exist as a single-phase material at
525 °C by Raman spectroscopy though its exact Li, Co
stoichiometry remains uncertain. Layered LCO appears at § =&
535 °C and is the main phase above 600 °C.

Reaction of Co;0, with LiOH-H,O. The evolution of
diffraction data collected during heating of the Co;0,/LiOH-
H,O blend at a rate of 3 °C min~' is shown in Figure 6.
Contour plots can be found in Figure S2b. Data collected with
a heating ramp of 20 °C min~' are shown in Figure S3b.
Similar to Figure 2, the XRD patterns are divided into three
temperature domains: (a) from RT to 260, (b) 260 to 565, and
(c) 565 to 700 °C including 1 h of dwell at 700 °C. Rietveld
refinement was again used to model the structural evolution of
the observed phases as the mixture was heated, and the refined
cell volumes and phase fractions can be found in Figure 7a,b,
respectively, with exemplary refinement profiles shown in
Figure S6. Notably, all phases formed exhibit much narrower
diffraction lines over the whole temperature range as compared
to the Co(OH), precursor, indicating larger coherent domains
and allowing distinct spinel structures (Co;0,4vs Li,Co0,0,) to
be refined against the data. Both the reduced number of phase
transitions and a better crystallinity of the initial Co;0, over
Co(OH), may be responsible for the overall good crystallinity
of phases formed upon annealing. The average domain size
from Rietveld refinement was found to be 0.1755(15) and
0.0630(4) um for Co;0, and Co(OH),, respectively. As
Co;0, was found to be an intermediate phase formed during
the solid-state reaction of Co(OH), with LIOH-H,O discussed
above, it is not surprising that similar observations arise from
the reaction of Co;0, with LiOH-H,O. After the quick
dehydration of LiOH-H,O until d = 260 °C, the same
reflections belonging to the spinel phase (the initial Co;0,
precursor) are observed in all XRD patterns. Reflections that
can be indexed to a spinel phase also remain in the patterns
collected up to ~550 °C. Their positions gradually shift to
lower angles as the mixture reaches 9 = 375 °C, corresponding
to an increase in cell volume due to thermal expansion, as
shown in Figure 7a. No lithiation of the spinel occurs in this
temperature range, which suggests that Co;O, remains the
main crystalline phase until 375 °C. The onset of lithiation at
375 °C is indicated by a reduction in cell volume of the spinel
phase, until the temperature reaches ~474 °C, during which it
decreases from 531.01(2) to 527.67(9) A%. However, between
435 and 525 °C, a second set of diffraction lines, also indexed
in the Fd3m space group, is observed to increase in intensity
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Figure 6. Evolution of diffraction data observed during heating of the LIOH-H,0/Co;0, blend. (a) RT—260, (b) 260—56S, and (c) $65—700 °C

(with 1 h dwell). Wavelength: 1 = 0.61887 A.

until the temperature of the sample reaches 4 = 550 °C,
revealing the brief coexistence of two spinel phases with
different compositions (Li concentrations, highlighted in
Figure S6c). The second spinel structure exhibits an initial
cell volume of 520.72(2) A’ at 9 = 474 °C, reducing to a
minimum of 518.06(1) A® as the sample reaches ~550 °C. The
melting of LiOH at 465 °C seems to greatly improve the
kinetics of the spinel(s) lithiation, as evidenced by the clear
change in intensity of the reflections. The intensity of the 111,
400, and 440 reflections at 7.7, 17.8, and 26.5° increases, while
a drastic drop in intensity of the 311, 333, and 511 reflections
at 14.7, 23.2, and 25.3° is attributed to the fast final lithiation
of the spinel(s). The reflections continue to persist until the
end of the mid-temperature domain. At § = 540 °C, a sharp
shoulder is observed on the left of the 111 spinel reflection,
indicating the presence of layered LCO. The gradual
emergence of the 006 reflection of the layered phase is also
seen at ~15°, accompanied by the appearance of the 018 and
110 reflections in the same region as the 440 spinel reflection
at ~25°. Both the spinel and layered phases coexist up to 700

°C and further during the dwell. The fraction of the spinel
phase becomes <5% approximately 90 min after the dwell at
700 °C started, similar to the Co(OH),-based blend discussed
earlier.

Ex situ samples were also prepared by calcination of a
Co;0,/LiOH-H,0 blend at targeted temperatures and further
analyzed by XRD and Raman spectroscopy. The XRD patterns
of the ex situ samples can be found in Figure SSb. In line with
the in situ XRD data, reflections can be indexed to only spinel
structures in samples prepared up to 525 °C. Reflections from
the layered phase are present at 610 and 700 °C. Raman
spectra were collected from the same series of ex situ samples
and are shown in Figure 8. As expected, because of the overall
better crystallinity of the Co;0, precursor compared to
Co(OH),, all Raman bands are very narrow. The characteristic
Raman modes of Co;0,, located at 205 cm™ (F,,(1)), 492
em™ (Ey), 532 cm™' (Fy,(2)), 629 cm™ (Fy,(3)), and 701
cm™! (Alg), are observed in the spectra of (i) the initial blend
and (ii) samples annealed at § = 125, 200, 260, 300, 330, 360,
390, and 450 °C. Some of these frequencies seem rather high
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Figure 8. Raman spectra collected ex situ from samples prepared by
heating the LiOH-H,0/Co;0, blend to selected temperatures.

compared to other reports (see Table 1; 205 vs 196, 629 vs
615, and 701 vs 690 cm™') and may be caused by either local
constraints or partial lithiation of Co;0,. No other bands exist
in the Raman spectra of samples prepared at 125 < 3§ < 360
°C, confirming that the lithiation of the spinel does not occur
in such a temperature range, as expected from the increase,
rather than decrease, of the unit cell volume, shown in Figure
7a. The four characteristic F,(1), E,, Ajg and Fy(2) modes of

quasi-spinel Li,Co0,0, are first detected for the sample
prepared at 390 °C. They are located at 459, 495, 597, and
615 cm™". This is in good agreement with the in situ XRD
results, where the first signs of lithiation were seen at 375 °C. A
new band is observed at low frequencies (~244 cm™') when
the lithiation of the Co-precursor starts. The unexpected band
was found at 253 cm™' in the Raman spectrum of the
Co(OH),/LiOH-H,O blend annealed at 330 °C, coinciding
with the first signs of lithiation. The Raman spectrum for § =
450 °C further confirms that the spinel phase detected by XRD
is a mixture of Co;0, and quasi-spinel Li,Co,0, in equilibrium
conditions. Quasi-spinel Li,Co,0, is the only existing phase at
§ = 525 °C with only four modes observed at the same 459,
495, 597, and 615 cm™'. The intensity ratio between all
bands®>'"® also confirms that Li,Co,0, exists as a single phase
at 525 °C. However, the frequencies for these four bands seem
higher than those usually reported, which may again be a result
of local disorder or Li, Co stoichiometry variations. As
suggested by the change in relative intensities of the 459, 495,
597, and 615 cm™! modes, with both the bands at 495 and 597
cm™' growing at the expense of the other two, a mixture of
Li,Co,0, and layered LiCoO, coexist at 610 °C. At § = 700
°C, layered LCO is the only detected phase, as confirmed by
the sole presence of its two characteristic Raman modes
centered at 496 cm™ (E,) and 604 cm™! (Ajg). These values
are again slightly higher than expected and may indicate local
disorder and/or imperfect Li, Co stoichiometries.

The schematic shown in Figure 9 summarizes the phase
evolution determined from in situ XRD and Raman spectros-

LiCoO, A A
[Li.Col™[LiCol*0, A A A A
2 @ @ 90000 @ (LiCofLiCo]*™o,
T T T T L T T T T
1SS 2R REPAR % O ) 2
S 3 RS D B o D
9/°C

Figure 9. Schematic comparing the phases observed using in situ XRD
and ex situ Raman spectroscopy during heating of the LiOH-H,0/
Co30, blend. Rectangles represent data from in situ XRD, while
symbols represent those obtained by Raman spectroscopy.

copy. A reduced number of phases is found to form over the
whole temperature range, logically expected with the direct use
of Co;0, as Co-precursor. Distinct spinel structures were
detected by in situ XRD, between 25 and 475 and 435 and 700
°C. Their Raman spectra suggest that AB,O, and A,B,0,-type
spinels are again stabilized, similar to what was observed upon
annealing of the Co(OH),-based blend. The formation of the
A,B,0, quasi-spinel was first detected at 3 = 390 °C by Raman
spectroscopy. Both AB,O, and A,B,0, spinels coexist between
390 and 450 °C in samples prepared at equilibrium conditions.
Quasi-spinel Li,Co,0, was found to exist as a single phase at
525 °C by Raman spectroscopy and to coexist with layered
LCO at 610 °C, though their exact Li, Co stoichiometries
remain uncertain. Layered LCO appears at around 540 °C and
is the main phase at 9 = 700 °C.



B DISCUSSION AND CONCLUSIONS

The use of Co(OH), as a Co precursor to form LCO by solid-
state reaction yields an additional phase at low temperatures
(CoOOH) as compared to Co;0, However, after the
temperature is passed at which CoOOH transforms into a
spinel phase, both Co(OH),- and Co;0,-based systems show
great similarities in terms of number of phases formed and
temperature ranges of existence, even when changing the
heating rate to 20 °C min~". In both cases, Co-based spinel(s)
exist from 270 °C on. Although the exact Li, Co
stoichiometries of the cubic phases remain challenging to
determine, it is clear that both AB,O, spinels and A,B,O,
quasi-spinels (A, B = Li, Co) are formed upon annealing of the
blends. Raman spectroscopy results suggest that AB,O, spinels,
such as Co;0, or lithiated forms thereof, are the main
polymorphs obtained under ex situ conditions (in equilibrium
conditions) for heat treatments with maximum temperatures of
330 °C (using Co(OH),) or 390 °C (with Co;0,). Forming
quasi-spinels of formula A,B,0, (analogous to Li,Co,0,) thus
requires annealing the initial blends at higher temperatures.
Note that even from ~360—390 to 450 °C, quasi-spinels
A,B,0, and spinels AB,O, were still found to coexist in ex situ
samples, with the relative proportions changing as a function of
temperature. The higher the annealing temperature, the more
A,B,0, is formed at the expense of AB,O,. Irrespective of the
choice of the initial Co-precursor, A,B,0, was only obtained in
single phase form at 8 = 525 °C ex situ, with subsequent
formation of layered LCO at 9 = 535—540 °C. Note that a
small fraction of the cubic phase was still detected at the end of
our in situ XRD experiments, but not by Raman spectroscopy
in the ex situ samples. The side reaction of Li with the quartz
capillary may be responsible for this.

Several authors'®"'%*7'%” have proposed that lithiation of
Co;0, first involves Li diffusion into tetrahedral (8a, 8b) sites
(forming Li,Co;_,0,), accompanied by the redistribution of
Co into octahedral sites (16c and 16d), followed by Li
migration also to octahedral sites (16c). The full Co oxidation
and migration to octahedral sites, as well as concurrent
introduction of Li into octahedral sites, may easily yield
intermediate products with spinel structure and containing
both tetrahedral Co and octahedral Li as metastable
compositions [COHZ(1—y)/(2+y)]Sa[Liéy/(2+y)] 16C[COIHZ:| 16494
(with y from 0 to 1). Note that while a stoichiometry
normalized to 4 O as above may be more familiar, the reaction
to form such spinels is an oxidation reaction involving O,,
where it is the Co amount that remains constant. Hence, one
could also write the formula unit above as
[COHI—y]Sa[Lifay] 16C[COHIZ+}'] 16dO4+2y' Although undetectable
by XRD, the observation of an additional Raman band at
low frequencies for samples at the edge of the AB,O, > A,B,0,
transition seems to validate such a hypothesis. To our
knowledge, [Conz(l_y)/(2+y)]T[Li6y/(2+y)]O[COIHZ]OO4 was only
ever evidenced by transmission electron microscopy, '’
following speculations arising from Rietveld refinement of
XRD data.

While we have clearly proven the existence of two spinel
phases, the exact Li, Co stoichiometries of AB,O, spinels and
A,B,0, quasi-spinels crystallizing at different temperatures
remain to be determined. While AB,O,-type spinel phases
were detected as main polymorph(s) in both heated
Co(OH),- and Co;0,-based blends from & = 270 °C, one
can still observe that the decrease in cell volume (lithiation) is

reported earlier when using Co(OH), as a precursor (9 = 290
°C), as opposed to Co;0, (9 = 375 °C). A comparative
evolution of cell volumes for cubic and layered phases formed
out of both Co(OH), and Co;0, blends can be seen in Figure
10. The earlier onset of lithiation for the Co(OH), blend is
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Figure 10. Comparative evolution of cell volumes for spinels (AB,O,
and A,B,0,) formed from heat treatment of either Co(OH),/LiOH-
H,O (in gray) or Co;0,/LiOH-H,O (in red). The shaded gray and
red areas represent the main spinel lithiation temperature ranges for
Co(OH),/LiOH-H,0 and Co;0,/LiOH-H,0 blends, respectively.

evident; nonetheless, the cell volumes reported at a given
temperature for the cubic phases are significantly different.
However, since line broadening was persistent in all patterns
collected for the Co(OH),/LiOH-H,O blend, the cell volumes
reported here are grossly averaged, making it challenging to
discuss any discrepancies that may arise from different Li, Co
concentrations.

Overall, although similar spinel (AB,O,) or quasi-spinel
(A,B,0,) structures seem to be stabilized over the same
temperature ranges when using Co;0, or Co(OH), as the
precursor, their respective Li, Co stoichiometries may still
largely differ at a given temperature. Additionally, samples
prepared from Co(OH), remained poorly crystallized
throughout the whole heat treatment, as opposed to those
from Co;0,. This can be considered as a significant kinetic
advantage for the lithiation of the hydroxide-based Co
precursor. While a dwell at 700 °C for several hours helped
promote crystal growth for the final LCO powders, products
prepared from Co30; still exhibited larger coherent domains.
This should be taken into consideration when trying to
synthesize both Co-based cathodes and cathode coatings. In
fact, their electrochemical performance will strongly depend
not only on the structure but also on the overall crystallinity
and Li stoichiometry. The results described above, which could
only be comprehensively obtained by the combined use of in
situ XRD and ex situ Raman spectroscopy, can be used as a
guide to select processing conditions for Co-based coatings for
NCM materials, depending on the desired structure,
morphology, and composition.
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