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Introduction

An in situ structural study on the synthesis and
decomposition of LiNiO,}
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The electrification trend in the automotive industry is fueling research on positive electrode materials with
high specific capacities. The nickel content in such layered oxide systems is continuously increasing, and so
is the importance of LiNiO, (LNO). Despite decades of research, LNO still exhibits properties, closely related
to its instability, that require better understanding. One of these is the difficult solid-state synthesis that
never seems to yield LNO samples of perfect stoichiometry. At present, improved experimental
capabilities allow for investigating the synthesis process in unprecedented detail. Here, we leverage
synchrotron X-ray diffraction, carried out in situ during calcination and decomposition of LNO at high
temperature, to reveal the evolution of precursor materials during solid-state synthesis. We evaluate the
effect of pre-annealing the hydroxide precursors’ mixture at low temperature, prior to the actual
calcination at 700 °C. We then show that LNO formation is a structurally complex process, beginning
from LNO seeds with a compressed rhombohedral unit cell (c/a < 4.9) within the rock salt framework.
We identify a key aspect in the presence of Ni vacancies in Ni slabs, creating space for cation migration
and allowing for the material's layering. We also investigate the decomposition of LNO, since it can be
seen as the reverse process of synthesis. In fact, beginning already at 700 °C, it is in a way a byproduct
of the synthesis. We correlate the change in stoichiometry with the unit cell volume of LNO and show
how permanent damage is done to it by even a short time at too low O, chemical potential. Taken
together, this work aims at providing insights that may be of help in optimizing the synthesis of LNO
while minimizing decomposition effects. Moreover, the same information can be seen as a starting point
to further studies on Ni-rich (doped) compositions of practical interest.

need for more energy-dense batteries for automotive applica-
tions has fueled a trend to re-increase the Ni content, with the

LiNiO, (LNO) is one of the best known, but likely most
complicated, positive electrode materials for Li-ion batteries.*
Since its introduction in 1990,> many efforts have been made
towards the reduction of Ni content by substitution with other
elements, leading to the development of NCM (nickel-cobalt-
manganese) and NCA (nickel-cobalt-aluminum) oxide cathode
materials. These compounds exhibit greater electrochemical
stability (in terms of long-term cycling and safety) when cycled
at moderate cut-off voltages, which, however, comes at the price
of limiting their gravimetric capacity.>* Yet, more recently, the
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goal of boosting gravimetric capacity, ultimately exploring
compositions with =95% Ni.? 7 Overall, this is a difficult task
due to the challenges posed by Ni-rich compositions, and
eventually by LNO. A well-known trade-off between capacity and
stability exists in both NCM and NCA cathode materials (and
thus in LNO) and is tackled by academia and industry alike.*® *°

Here, we only highlight a few points on LNO relevant to the
present study; for a more extensive discussion we direct the
reader to a recent review of the large body of scientific literature
on this material.* LNO is a layered oxide built on a cubic close
packed array of oxygen ions, as depicted in Fig. 1; Ni and Li
atoms are arranged in edge-sharing octahedral environments
and are alternated along the ¢ axis of the rhombohedral unit
cell. The main driving force for layering and inducing a rhom-
bohedral distortion of the parent cubic lattice is the different
size of Li* and Ni*" (r(Li") = 0.76 A and 7(Ni*") = 0.56 A (ref. 11)),
the latter being oxidized from Ni** in the precursor [e.g.,
Ni(OH),] during calcination in oxygen-containing atmosphere.
Challenging for the application of LNO in a battery is its
intrinsic structural instability, both in the pristine state and in


kbmafe
Hervorheben


" FOOI]hexagonal
b Q—L a

Interslab |
Slab S

08 07 06 05 04 03
(NigssVacgs5)- (NigsVacys)-  (NigzsVacy as
NiO, (B Phase)NiO, (y Phase) NiO, (5 Phase) R)

). NiO
) Rock-salt Phase

NiO, 09
(a Phase)

Fig. 1 NiO LiNiO, NiO, finite-temperature phase diagram
computed by Das et al. at 1 atm, 600 K. Synthesis and decomposition
of LNO are processes occurring along the NiO LiNiO, side of the
triangle. Adapted with permission from Das et al.,** Copyright 2017
American Chemical Society. The crystal structure of layered LiNiO; is
shown on top. Green spheres represent lithium, grey ones nickel, and
red ones oxygen.

the delithiated state reached upon electrochemical cycling. In
this work, we addressed the former and studied the structural
properties of pristine LNO in real time (in situ) during synthesis
and decomposition processes.

The complexity of LNO's synthesis results from its peculiar
position in the Li,O-NiO-O, phase diagram, a section of which
is reported in Fig. 1. LNO is part of the Li;_,Ni,O solid solution
of compositions (1/3 =y = 1)." Thevalueof 1  y (the amount of
Li that can be incorporated) determines the crystal structure
(from cubic to rhombohedral to monoclinic as y decreases) and
is a function of the oxygen chemical potential w(O,). Any
displacement of the target stoichiometry from the intended
one, or any unintended variation of the u(O,) during synthesis
(i.e., more/less oxidative environment), can move the reaction
equilibrium towards a different product, a defective LNO. The
most common of such products, called off-stoichiometric, is
almost ubiquitous in literature and is the result of Li loss during
annealing and the difficulty to fully oxidize Ni to the trivalent
state. It can be written as Li; ,Ni;,,0, (representing the NiO-
LiNiO, tie line in Fig. 1). Note that the phase diagram of Fig. 1
was obtained from computations, while experimental ones have
also been reported in the literature."***

LNO is barely stable in its pristine state (not to mention the
delithiated states)." As a result, during calcination Li can be lost
from the phase, accompanied by oxygen loss' and by formation

of a rock salt-type phase, often reported in TEM studies of LNO'®
and related nickel-rich oxides.” The decomposition (Fig. 1) is
believed to mostly affect the surface region of the material.™ It
proceeds according to:

V4 z

LiO 4+~
e Tipr

1+z 0. (1)

LiNiO, — LLil,zl\IiH_.OQ +
1+z

and can be seen as the reverse of the synthesis process (which
would have a leftwards arrow and start from z = 1). The pres-
ence of Li,O among the decomposition products is supported
by thermogravimetric analysis (TGA) and X-ray diffraction
(XRD) studies,*** although its observation is difficult because,
in an atmosphere containing O,, Li,O reportedly reacts to form
volatile Li,O,.

Note that one can write LNO as LiNiO,, as is usually done, or
as LiysNigs0, which better reflects its relationship with the
parent NiO rock salt-type phase. It is simply a matter of
convention. In the following, we will mostly use the common
convention: we write phases possessing a layered structure as
Li; .Ni;4+,0, and phases possessing a rock salt-like structure as
Li;_,Ni,O. In some cases, the subscript C for cubic and R for
rhombohedral is added for clarity.

For the reasons described above, in this work we proceed to
a detailed in situ synchrotron X-ray diffraction study of the
synthesis and decomposition of LiNiO,. Thanks to their real-
time nature, in situ synthesis XRD experiments are powerful
tools to investigate reaction pathways and in particular the
relative importance of kinetic and thermodynamic aspects.** By
achieving high angular and time resolution, we aim at obtain-
ing new insights into the structural evolution and kinetics of
lithiation/oxidation of rock salt-type NiO and into the opposite
process resulting in oxygen and lithium loss from LNO.

Methods

The details of a typical LiNiO, synthesis, such as the one used to
prepare the material for the decomposition study, and the
morphology of the product, have been reported elsewhere.”
Briefly, Ni(OH), and LiOH-H,O (BASF) were used as precursors.
The materials were mixed and heated in an alumina crucible at
700 °C for 6 h. The process was carried out in a tubular furnace
in a stream of pure oxygen gas.

The synchrotron XRD experiments were carried out on the
MSPD beamline of the ALBA synchrotron.” Two different
synthesis reactions were investigated in situ. The first used
analogous precursors to the above-described one, in a 1: 1.01
ratio. In the second one, the nickel and lithium hydroxides were
mixed and heated beforehand at 350 °C for 12 h (pre-
annealing). This process typically results in a mixture of NiO
and LiOH, as confirmed by TGA and XRD (Fig. 2 and S1 in ESI¥).
In both cases, a quartz capillary of 1 mm in diameter open on
both ends was filled with the powder mixture and mounted on
a custom support (a so-called capillary flow cell*®). The cell
allows placing the capillary in the center of the diffractometer
goniometer, whilst flowing a stream of pure oxygen gas through
the capillary (Fig. S21). Furthermore, the whole setup was
rocking by £5° around the goniometer center to improve
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Fig. 2 (a) Thermogravimetric analysis of Ni(OH), (green), LIOH-H,O
(red) and precursor mixture for the synthesis of LNO [i.e., Ni(OH), +
LIOH-H,0] (violet). Heating rate is 3 °C min . For all samples, the %
written is referring to the initial stoichiometry of Ni(OH), + LiOH-H,O
(total molecular weight 134.67 g mol 1), thus, e.g., the loss of one H,O
implies a weight loss of 13.4%. (b and c) In situ synchrotron X-ray
diffraction during synthesis of LiNiO, from a mixture of Ni(OH), and
LIOH-H,0. The contour plots (26 regions 6.5 8° (b), 12 18° (c)) show
the evolution of Bragg reflections during heating. (b) Shows the whole
experiment, (c) only the first 300 minutes.

powder averaging over multiple crystallites. The capillary was
heated using a hot air-blower (FMB Oxford) placed right above
it. The temperature scale at the hot-blower tip (where a ther-
mocouple is placed) had been previously calibrated at the
beamline using the thermal expansion of Si powder as
reference.

Diffraction data were collected using the one-dimensional
silicon-based position-sensitive detector MYTHEN in Debye-
Scherrer geometry in 26 angular range of 2-55°
(d-range: 0.7-15 A). For synthesis experiments, the wavelength
was set at A = 0.6194 A, calibrated using a Si NIST standard
sample. The acquisition time was 1 min for all XRD experi-
ments. Since MYTHEN detector spans a ~40° angular 26 range,
this setup allows fast data acquisition with extremely high
statistics and good angular resolution. A typical full width at
half-maximum (FWHM) for representative peaks of LNO ob-
tained during the in situ synthesis is 0.07° [(003) at 26 = 7.44°]
and 0.08° [(104) at 20 = 17.38°]. The instrumental contribution
to the peak broadening was obtained by measuring a Na,Ca;-
Al,Fy, (NAC) sample as line broadening reference. The quality of
the data collected in these conditions allows reliable Rietveld**
structural refinements of the involved crystalline phases® using
the FullProf software.>

For studying the decomposition of LiNiO,, a pristine LNO
powder had been prepared beforehand using the above-
described synthesis method (Fig. S31). A quartz capillary open
on both ends was filled with the powder and XRD data were
collected in air as a function of temperature. During the
decomposition experiment, the overall conditions were similar
as described above but the wavelength was set to A = 0.4130 A.

Results and discussion
(I) Solid-state synthesis of LiNiO,

As mentioned in the methods section, we studied two different
synthesis routes separately. First, starting from the pure
hydroxides, Ni(OH), and LiOH-H,0, and directly annealing
them. Secondly, pre-annealing beforehand their mixture at
350 °C. In the latter case, as verified also by TGA (Fig. 2), the
following reaction occurs:

Ni(OH), + LiOH-H,0 — NiO + LiOH + 2H,0 (2)

So one expects to obtain a NiO and LiOH precursor mixture.
Since we want to focus on the formation of LNO, occurring
above 350 °C, only the latter synthesis is discussed in the
following. Moreover, the synthesis starting from the hydroxides
is less suitable for detailed Rietveld refinement analysis because
of the significant volume loss due to water evaporation, leading
to poor capillary filling. The experimental data for the synthesis
starting from the hydroxides are nonetheless shown in Fig. 2
and S4.7 No major difference above 350 °C is seen between the
two experiments. One should note the disappearance of the
layered structure of Ni(OH),, with concurrent appearance of
NiO (Fig. 2b and c). This allows to rule out the possibility of
a topotactic H/Li exchange in the Ni system, contrary to what
some authors suggested for the Co system, where LiCoO, can be
directly synthesized at low temperature starting from Co(OH),.*

The combined lithiation and oxidation of the binary rock
salt-like compound NiO was studied in real time by in situ
synchrotron XRD. Fig. 3 shows the evolution of the main Bragg
peaks during heating and annealing. The expected reaction
from the pre-annealed precursors is:
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In situ synchrotron X-ray diffraction during the synthesis of LiNiO, from a mixture of NiO and LiOH (made by pre-annealing the starting

materials, Ni(OH), and LiOH-H,0). (Left) Temperature evolution over time. (Middle and right) Contour plots showing the evolution of Bragg
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The peaks of LiOH disappear rapidly starting from ¢ =
430 °C until ¢ = 492 °C. Considering that the melting point of
the compound is tabulated as ¢, = 446 °C,*® this serves as an
indication of good temperature calibration in our experiment.

Since lithiated rock salt-type oxides can be prepared with
compositions up to Li, 3Ni, ;0,?**° one can expect the formation
of LiNiO, from NiO to occur in two steps. First, a “mixing”
period, where Li homogenously distributes within the Ni sub-
lattice up to a 30% Li: 70% Ni ratio, followed by a “layering”
one, where Li* and Ni** segregate to reduce the steric
constraints and induce a rhombohedral distortion of the orig-
inal cubic lattice. In each step, both lithium and oxygen must be
incorporated into the original rock salt-like lattice. The
appearance of the (003)g peak is a clear indication for the onset
of layering (Fig. 3). Another characteristic feature of the LNO
XRD pattern is the splitting of some peaks [e.g:, (220)c becomes
(018)g and (110)g] due to the rhombohedral distortion. Some
Bragg peaks on the other hand are maintained upon LNO
crystallization due to the preservation of O stacking (e.g., (111)c
becomes (006)g, but the two represent the same interplanar
spacing d ~ 2.38 A). One should note that we did not observe
any oxidized nickel oxide, contrary to a recent report suggesting
the presence of a NigO,, phase (whose diffraction pattern would
be indistinguishable from a lithiated rock salt phase).** We also
did not experimentally observe specific intermediate phases
Li;_,Ni,O aty = 2/3, 5/6, 7/8 and 11/12, that are predicted to be
stable at 0 K but are destabilized at typical synthesis tempera-
tures in favor of a solid solution behavior, in agreement with ab
initio phase diagrams.*” In fact, no weak superstructure reflec-

tions could be identified in the background of our diffraction
data, while we observe a continuum of compositions Li; _,Ni,O

for 0 <y < 0.5, with a cubic to rhombohedral phase transition
occurring close toy = 0.6.

Rietveld refinement of XRD data yields detailed information
on the evolution and structural features of each phase. Fig. 4
gathers refined diffraction patterns at selected times during the
early stages of the synthesis. Fig. 5, 6 and 7 highlight instead
structural parameters derived from the refinement. Details on
the refinement procedure including figure of merits are given in
ESI (Fig. S5T). From Fig. 4, one can obtain a general idea of the
refinement quality, evolution, and criticalities. At the beginning
of the experiment, on top of a background whose shape is
dominated by the contribution of the quartz glass capillary, one
can see narrow peaks belonging to well-crystallized LiOH and
broad peaks belonging to a cubic NiO-like phase (average
apparent crystallite size 11 nm). As described in the next para-
graph, this NiO-like phase is already a lithium-containing Li;_,-
Ni,O rock salt phase. After 47 min, LiOH has almost entirely
disappeared, while broad reflections mark the appearance of
LNO, which then continuously decrease in width and grow in
intensity over time. From the shape of LNO's Bragg peaks, it is
possible to see that they are anisotropic in width [e.g:, (101) at
14.3° is very broad, while the peak at 15° is narrow, despite
belonging to overlapped (006)g, (012)g, and (111)].

To rationalize why only certain peaks are broad, LNO samples
were synthesized at temperatures as low as 550 °C (12 h
annealing time), exhibiting the same peak broadening (Fig. S67).
We find that the XRD pattern of these samples can be only fitted
if a special anisotropic size broadening rule is used, namely [ =
2n+1withn =0, 1, 2, .... In other words, Bragg reflections with
odd I Miller index are broad, while even ones are narrow. The
reason for such behavior can be found in the matrix transforming
cubic Miller indices into rhombohedral ones:

h 12 12 0 1[h
k =10 12 12|k
I 2 2 2 ||

LNO rock salt
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Fig.4 Rietveld refinement of selected synchrotron X-ray diffraction patterns collected during in situ synthesis of LNO, from a mixture of NiO and
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symmetry of LNO. This explains why only the peaks that belong
to LNO [e.g., (003)g or (101)g, not present in the parent rock salt
phase] are very broad, while those also belonging to the rock salt
phase [e.g., (104)r = (002)¢] are significantly narrower. Such an
LNO-specific size broadening rule suggests that the oxygen
framework is perfectly maintained during the synthesis. On the
other hand, defects in LNO's layering are present during
synthesis and are not relieved until higher calcination temper-
atures are attained. The exact nature of these defects is under
investigation and out of scope of the present work. However, we
believe it may be the result of specific staking faults, already
observed in deintercalated LNO and Ni(OH), samples [but
mostly affecting (10/) reflections in those cases]*” ** and anti-
phase boundaries between adjacent LNO nanodomains. Anti-
phase boundaries typically affect reflections with specific rules
by influencing their intensity and shape, but not the integrated
intensity.*®

Fig. 5a gathers the evolution of each crystalline phase and
the estimated content of liquid LiOH. We first observe that,
during heating even at temperatures significantly lower than
its melting point, the amount of LiOH decreases, while the one
of Li;_,Ni,O increases. This suggests that some lithium is
incorporated into the cubic lattice at low temperature already.
Indeed, the precursors LIOH-H,0 and Ni(OH), have been pre-
annealed at 350 °C and, in addition to releasing water, partial
lithiation of NiO (Li;_,Ni,O) took place. The unit cell param-
eter of a reference NiO (a = 4.1791(2) [i) that we prepared from
Ni(OH), differs significantly from our precursor after the
initial temperature treatment in the presence of LiOH
(a = 4.1344(2) A; see Fig. S1t). The lower value is consistent
with lithiated NiO samples reported in literature, and one
can  estimate the Li  content by  exploiting
the fact that it linearly correlates with the unit cell volume
(Vino = 3/2Vnio = 101.65(5) + 7.94(10)z A% in Li, ,Ni,,,0,)."
This fact, corroborated by the refinement of the Ni site occu-
pancy factor, suggests a stoichiometry of our precursor rock
salt-like phase of Lig19(5)Nig.751(50. Thus, a pre-annealing
step at 350 °C for 12 h does not simply dehydrate the precur-
sors, but it also leads to a significant amount of Li/Ni inter-
mixing. One should note that in our analysis we refine the site-
occupancy factor for nickel (SOFy;) and constrain the site to be
fully occupied according to Li;_,Ni,O. In fact, using XRD we
are sensitive only to the presence of Ni, but cannot distinguish
Li from possible Ni vacancies. A priori, a composition
Li;_,—,[,Ni,O should be considered. However, the perfect
agreement between stoichiometry obtained via SOF refine-
ment and via its relation with the unit cell volume suggests
that, at this stage, the vacancy concentration in the rock salt
phase is negligible. The relative molar amounts of cubic and
LiOH phases at the beginning of the in situ experiment ob-
tained from refinement (1.27(2) and 0.83(3) respectively; see
Fig. 5a) are also in agreement with those expected from the
refined amount of Ni and Li found in the cubic phase:
1.28Lig 5,Nig 750 + 0.73LiOH.

Fig. 5b shows the behavior of the precursor cubic phase as
the temperature increases. After a thermal expansion region,
the unit cell parameter starts to decrease, in line with the

expected behavior during lithiation and oxidation. The
decreasing SOFy; also supports this. In literature, it is reported
that the Li,3Niy,O phase has the highest lithium content
allowing the existence of a cubic lattice;' higher Li content
induces the rhombohedral distortion. Here, we observe that the
SOFyi continuously decreases wuntil the composition
Liy.40(1)Nig.60(1)O is reached, after which the unit cell volume of
the cubic phase stops decreasing, thus the SOFy; is fixed
thereafter in the refinement. The observed higher lithium
content in the rock salt phase may be due to several factors.
Firstly, Liy3Nip,O is the limiting composition at room
temperature (RT), while here we observe the phase in situ at
temperatures up to 700 °C; it is very likely that the Li/Ni
miscibility increases with increasing temperature (see for
example Das et al.’*). Moreover, as previously mentioned, we
assume a Li;_,Ni,O zero-vacancy, but some of the lithium ions
could be in reality a Ni vacancy (). If Li is replaced by a vacant
site, the refinement gives a composition [Jg 35(1)Nig.62(1)0, SO
a large amount of vacancies may, in principle, be present
(although such composition would yield an unreasonably high
Ni oxidation state). Since our pristine precursor already had the
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Fig. 6 Evolution of unit cell parameters, unit cell volume, and c/a ratio
for LiNiO, (left axis, symbols in green) as obtained from Rietveld
refinement. On the right axis, the same values are reported for the rock
salt Li; ,NiyO precursor phase (symbols in blue), scaled to the
appropriate values necessary because of the different unit cell choice.
The division of the synthesis in 4 regions is highlighted at the bottom.
The temperature profile while heating to 700 °C is also shown as grey
line. Only one data point out of every two is displayed for clarity.



composition Lig.»19(5)Nig.751(5)0 and a negligible content of Ni
vacancies, and Liy;Niy,-O can be reached even at room
temperature, it is likely that the true composition at this stage is
Lig.4—s[J5Nig cO with ¢ < 0.08.

The (003)g Bragg peak of a rhombohedral phase makes its
appearance at ¢ = 436 °C (Fig. 5). From the point of view of the
refinement, we can treat the cubic-rhombohedral transition as
a first order two-phase reaction, although all peaks of the cubic
phase also belong to (and overlap with) the rhombohedral ones,
making the phase transition somehow poorly defined. Fig. 6
reports the evolution of unit cell parameters and volume of the
layered LiNiO, being formed and compares them with the
values of the parent cubic phase (corrected for the different
choice of unit cell).

To describe the formation of LNO, we divide the synthesis

into 4 regions.
(1) Region I: rock salt phase (350 °C =< ¢ < 436 °C, ¢ < 36 min)

LNO has not appeared yet; the behavior of the rock salt phase
is described above. LiOH is present as a crystalline phase but
reacting slowly with the cubic Li;_yNi,O until composition
Lig »5Nig 750 is reached via oxygen and lithium incorporation.

(2) Region II: appearance of “defect” LNO, a layered phase
with low c/a ratio (436 °C = ¢ <517 °C, 36 = t < 49 min)

The Bragg peaks of LNO appear, very broad at first (see (003)
in particular; Fig. 3). The onset for the melting of LiOH is
reached, so the phase fraction of the (crystalline) hydroxide
rapidly vanishes. The unit cell parameter of the cubic phase
decreases continuously, and so does SOFy;. Regarding LNO, it
initially has large a and c unit cell parameters and both decrease
swiftly. Most interestingly, c/a is significantly lower than the
value of a perfect cubic structure (v/6 = 4.9). This is peculiar
because the rhombohedral distortion always increases the ¢/
a ratio for LNO (=4.93), LCO (LiC00,, c/a = 4.99) and related
compounds. Note that this is not a temperature-induced effect
(c expands more than a, so thermal effects would increase c/a,
not reduce it; see the decomposition section). We will discuss
the nature of this anomalous c/a ratio in the following.

(3) Region III: layered phase with increasing ¢/a ratio (517 °C
=19 <604 °C, 49 =< t < 63 min)

Although c/a is still < 4.9, the ¢ unit cell parameter has
reached its minimum value and starts increasing. While ¢
increases and a decreases (this is now the expected behavior for
layering of LNO), both unit cell parameters converge towards
the values of the rock salt phase. This result indicates that the
structural difference is only in the arrangement of Ni and Li. At
this stage, LiOH is liquid and not detectable anymore by XRD,
but likely it is still present and wetting the particle's surface. In
fact, the SOFy; in the rock salt phase is still decreasing, even-
tually reaching Lig 4Nig ¢O.

(4) Region IV: evolution of regular LNO (604 °C =< ¢ <700 °C
and annealing, 63 < ¢ < 120 min)

LiOH is fully consumed. The cubic phase's unit cell volume
is not decreasing anymore and its SOFy; is thus being fixed in
the refinement. LNO has now clearly a larger unit cell volume
and c/a ratio than the rock salt phase. It is mostly a layered
structure with sufficient layering to result in an elongated

rhombohedral cell. From this region on, the structure of LNO is
similar to that described in literature.

To gain further insight into the behavior of the anomalous
LNO, we looked beyond the unit cell parameters. The quality of
our synchrotron XRD data also allows for refinement of the
oxygen z,, atomic coordinate (Fig. S97t), of Ni SOF in both Li and
Ni site, and of size and strain parameters obtained from the
broadening of Bragg peaks. These results are displayed in Fig. 7.
Using 2z, the thickness of Ni layer (or slab, S) and Li interlayer
(interslab, I) can be calculated as S = (2/3  2zo)c and I = (¢/3
S). In LNO, typical values are S = 2.11 AandI = 2.62 A3 During
the course of the synthesis, a large change of S and I can be
observed in LNO (Fig. 7a), while the thickness of a “layer” in the
rock salt structure changes very little. S is initially very small and
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I'rather large, and they converge to the expected values for LNO
over time. Note that, since I=¢/3 S, S and I are interrelated by
definition, and only one mechanism is needed to explain their
evolution. We believe that this is a result of the formation and
agglomeration of Ni vacancies in the Ni slab S. Indeed, in our
picture there is nothing larger than Li that could enlarge 1. On
the other hand, vacancies could be responsible for decreasing S
below the size it would have when purely composed of Ni**. This
finding suggests a key role of point defects and especially Ni
vacancies during crystallization of LNO. As discussed later, the
creation of Ni vacancies is likely the result of O and Li incor-
poration into the material's particles.

The fact that LNO forms as a highly defective structure is also
confirmed by the size and strain parameters derived from
Rietveld refinement, as shown in Fig. 7b. We initially observe
coherent diffracting domains of roughly 3 nm, growing during
the course of the experiment to about 50 nm. More importantly,
the strain obtained in the initial XRD patterns is very high (on
the order of 14%). Although the instrumental broadening has
been taken into account carefully, these values should still be
taken as semi-quantitative and not over-interpreted. In any
case, the strain is a local deviation of d-spacing(s) from the
average value(s), often caused by local defects. One of the
possible origins are point defects, such as vacancies.

When LiNiO, is single phase (after the rock salt phase
disappears), it is also possible to refine the SOF of Ni in the Li
layer to verify the off-stoichiometry evolution [z in (Li;_.Ni,)
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NiO,]. To our surprise, the refinement procedure is stable even
when the SOF of Li in the Ni site [(Li; ,Ni,) (Ni; »Li;)O,] is
allowed to vary. However, this clearly increases error bars, and
in general, it is not an accurate procedure since X-rays are
mostly blind to small amounts of Li in a Ni-occupied site. Yet,
the values we find are close to those expected, i.e., no occupancy
of Li in the Ni site (z = 0). For the off-stoichiometry, we find
a value of 0.05, corresponding to a final LNO stoichiometry of
Lip.05Ni; 050, (Fig. 7¢). Although this off-stoichiometry is higher
than those typically obtained in our laboratory synthesis
(Fig. S31) and in the best LNO samples reported in literature (z
= 0.01-0.02 (ref. 1)), we find that the main cause is the reactivity
of molten LiOH towards the quartz capillary, leading to more Li
loss than expected due to the favorable formation of Li,SiO,. We
describe in detail the reaction of a Li-containing phase with
SiO, from the quartz capillary in the decomposition section
below.

Our findings on the synthesis process are schematically
summarized in Fig. 8. Both oxygen (eqn (4) and (5)) and lithium
(eqn (5)) are initially incorporated into the NiO lattice according
to the following relations (Kréger-Vink notation):

1 .
EOZ(g) = V;ill + 08 +2h [4)
2LiOH = H,0 + V{; + Of + 2h’ + 2Li —H,0 + 05
Li+V{+h" Liy
+h" + Liy; + Li (5)

Region I (350 < 9< 436 °C)

Further lithiation and
oxidation of RS phase
o 2 LiOH + 1/2 0, = 2 O,* + 2 h°+ 2 Liy' + H,O
' o’ Li
. )
o o o o o )

LiO ZSNiD.7SO

Region II (436 < 9< 517 °C)

(Ni,Li)-O volume too small for random mixing of extra Li:
Li starts to preferentially fill one layer.
Ni Vacancies are then created in the TM-layer-to-be
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Fig.8 Scheme summarizing the results of the in situ synthesis of LiNiO,. Green spheres represent lithium, grey ones nickel, red ones oxygen, and
squares represent vacancies. Grey and green arrows denote the movement of Ni and Li atoms, respectively. The approximate composition of the

Ni-containing particles is reported below each reaction step.



The Li term in eqn (5) does not mean that elemental Li forms,
but simply that not all the Li available from LiOH can react with
the rock salt lattice until further O, from the atmosphere is also
uptake (eqn (4)). Then summing up eqn (4) and (5):

1 . . . .
7029 + 2LIOH = H,0 + 204 + Liy; + VY + 3h" + Li
=H,0 +20¢ + 2Liy; + 2h’ (6)

and similarly to eqn (3):

1
INI**0 + 30 + 2LIOH = H,0 +2LiNi" 0, (7)

Hence, some Ni vacancies may form even in an early
synthesis stage, although they are likely filled very quickly by
lithium. These are sufficient to allow cation diffusion and yield
a random arrangement of Li and Ni. As the lithium amount
increases and nickel is oxidized, the unit cell volume decreases
until the point where the octahedral sites are too small to be
occupied randomly by further lithium, which is when layering
of LNO begins. LNO initially forms as a highly defective struc-
ture, with a rhombohedral distortion that compresses the cubic
structure along the [111] direction, instead of expanding it. We
believe this is due to the increasing amount of vacancies in the
Ni layers, compensated by very large neighboring interlayer
spacing. The empty space allows Ni to migrate and cluster in
slabs. On the other hand, Li diffuses fast and fills the empty
sites left behind by Ni, resulting in a low vacancy content in the
Li layers. As the reaction proceeds, different layered domains
join and their interfaces may be incoherent in most cases,
resulting in defects such as anti-phase domains and twinning,
that can induce anisotropic Bragg peaks broadening in samples
made at low temperature (550 °C, Fig. S6T). The final annealing
interval at high temperature (700 °C) allows to heal such defects
and improve the long-range periodic arrangement of atoms in
crystalline LNO.

Using a Johnson-Mehl-Avrami-Kolmogorov formalism
(Fig. S10 and ESIf for details) we can obtain a rough description
of the LNO formation Kkinetics.>” However,
assumptions of the model include a constant temperature and
the presence of only two phases, we can only apply it to the late
reaction stage, after LiOH has disappeared entirely (region 4). In
this region, we find that LNO crystallizes via a 2D growth
mechanism without nucleation (Avrami exponent n = 2).

because the

(I1) Decomposition of LiNiO, at high temperature

Several authors attempted to optimize the solid-state synthesis
of LiNiO, to obtain stoichiometric material.»*® ** From these
studies, it became clear that even if LNO were to form with
perfect stoichiometry during synthesis, it would not be stable
under the high-temperature conditions and thus slowly
decompose back towards a rock salt phase. As described by eqn
(1), the decomposition products are Li; ,Ni;.,0,, Li,O, and O,,
the first being a rock salt-like phase that may not be homoge-
neously distributed across the sample (i.e., typically z may be
larger at the surface than in the bulk). The pace and extent of
this transformation is strongly affected by annealing

temperature, duration, and atmosphere or, in other words, by
the oxygen chemical potential u(O,).

McCalla et al.* reported from TGA that, regardless of the gas
employed, the decomposition already occurs at 700 °C, the
typical synthesis temperature of LNO (Fig. 9a). It does not occur
at 600 °C, while it proceeds quickly at 800 °C. Moreover, the
decomposition occurs more rapidly in Ar atmosphere and
significantly slower in air and in O,. The authors also confirmed
the presence of Li,O by XRD after the TGA experiment, but only
when an Ar atmosphere is used (if O, is present, Li,O reacts to
form Li,O,, which is volatile).

Here, we investigate the decomposition reaction in situ by
synchrotron XRD in air to obtain quantitative information
regarding the kinetics and extent of decomposition. The applied
temperature profile is similar to the one of McCalla et al. and is
reported in Fig. 9b. We added holds at 500 °C where the oxygen
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2012, with permission from Elsevier. (b) Temperature profile used in
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chemical potential is higher to verify possible recovery of the
material after decomposition at higher temperatures. Fig. 9c
shows the typical evolution of selected LNO Bragg peaks. The
zigzag behavior is expected and mostly due to thermal

expansion/contraction effects (see also Fig. 10a-c). However,
during the 700 °C and 800 °C temperature holds, irreversible

changes in Bragg peak positions can be noticed, indicative of
irreversible changes in crystal structure. To study such changes
in detail, Rietveld analysis of XRD data was performed. Specif-
ically, we refined throughout unit cell parameters, oxygen
fractional atomic coordinate z., isotropic Debye-Waller factors
for each atom [B;so(Ni), Biso(Li), Biso(O)], SOF of Ni on the Li site
(SOFy; + SOFy; = 1), and finally peak broadening parameters (U,
X, Y). The main structural results are shown in Fig. 10.

We first observe that, as expected, the unit cell volume of
LNO is constant at 600 °C, while it increases during the
decomposition process at 700 °C and 800 °C. At the former
temperature, the process is more than 3 times slower than at the
latter. By looking at the unit cell parameters, one notices that
the volume increase is mainly due to the change in a, which
increases substantially. On the other hand, c¢ barely varies at

700 °C and only slightly decreases at 800 °C, indicating minor
changes in interlayer spacing. Thus, the decomposition process
affects a in a stronger way than c. This can be understood by the
fact that the increase in a mostly reflects the reduction of Ni** to
larger Ni** in the Ni layer; ¢ results from the interplay between
Ni reduction (increase in ¢) and Li loss, with Ni** occupying the
interslab space in place of larger Li" (decrease in c). These
competing effects, combined with the fact that ¢ is strongly
enlarged by thermal expansion, result in the small total varia-
tion of ¢. Nonetheless, when returning to room temperature, ¢
(as well as a) is permanently enlarged by the decomposition
process.

One can also notice that the thermal expansion of LNO is
anisotropic: ¢ is more affected than a (Ac/c = 2Aa/a). This also
indicates that at high temperature the unit cell of LNO is
elongated, as confirmed by the increased c/a ratio. c/a is a good
indicator of the degree of layering in the material. The closer to
4.9, the more cubic (instead of rhombohedral) is the structure.
Indeed, we observe a decrease in ¢/a at 700 °C and a much faster
one at 800 °C, ultimately leading to an overall decrease of ¢/
a from 4.934 to 4.929 (Fig. 10d). This observation confirms that
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the decomposition process is irreversible and goes in the
direction of forming a structure exhibiting a less pronounced
rhombohedral distortion.

By using the known linear relationship between unit cell
volume and off-stoichiometry z in LNO (V = 101.65(5) + 7.94(10)
z (ref. 1)), one can estimate the total variation Az = 0.09, ie.,
a final stoichiometry after the experiment of [Lig goNig 11 ]NiO,.
On the other hand, we can obtain this value directly by refining
the SOFy; of Ni cations occupying the Li site (Fig. 10e) while
constraining the full site occupancy. We clearly see that z varies
at 700 °C and more so at 800 °C, while there is no variation at
600 °C. Interestingly, we also observe a small recovery (decrease
in z) during the cooling intervals, but not during the tempera-
ture holds at 500 °C. An overall Az = 0.07(1) is found from the
SOFy;, which is in fair agreement with the value derived from
AV. A possible source of mismatch comes from the fact that
such decomposition at high temperature could involve also
a small degree of pure Ni/Li mixing (i.e., Li migrating to the Ni
site), as this phenomenon is possible in strongly off-
stoichiometric compounds,®* but different probes such as
neutrons should be used to verify this possibility. One can also
look for direct correlations between off-stoichiometry z and
values such as unit cell volume or c¢/a. As one might expect,
a linear decrease in c¢/a and linear increase in volume are
observed as a function of increasing z (Fig. S11t). The rate of
change of both parameters is affected by the temperature, e.g.,
the slope of the volume-z relation decreases with increasing
temperature.

The refinement of Debye-Waller factors (Fig. 10f) leads to
expected values in the pristine compound, i.e., Bjso(Ni) < Biso(O)
= Bjs(Li). Despite the large error bars for Bjy,(Li), one can still
observe that such value significantly increases at high temper-
ature, indicating high Li mobility around its average location.
Interestingly, when the temperature is raised to 800 °C, Bjs,(Li)
starts to decrease significantly, and at the end of the measure-
ment, its value is only slightly larger than B;s,(Ni). This can be
understood by the fact that Ni cations migrate to the Li site,
thereby lowering the average mobility of the atom occupying
that site (B;s, is the same for Li and Ni if they occupy the same
site; it only differs when they are on different sites).

Fig. 10g-i reports the evolution of slab and interslab thick-
nesses during the experiment, which can be calculated thanks
to the refinement of the oxygen z,x coordinate. Note that z,
barely undergoes any changes. Since the unit cell parameter ¢ =
3(S + I) increases during the experiment, either S or I or both
should increase. In our case, we observe that the slab thickness
S clearly increases during the decomposition. Such increase is
sufficient to account for the change in ¢, thus a negligible
variation of the Li interslab thickness is observed. We believe
this behavior is due to the fact that the increase in S can be
directly related to the reduction of Ni** to Ni**, while the
behavior of I is due to a more complex interplay of steric and
coulombic effects.

Eqn (1) describes the decomposition of LNO. The above
results clearly support the increase of z in off-stoichiometric
Li; .Ni;+,0, not only at the material's surface, but at the bulk

level as observed by XRD. A spatially inhomogeneous

distribution of z leading to a full rock salt phase at the surface is
also possible (and likely), but not observable by XRD. Eqn (1)
can also be confirmed by a separate observation. When ¢ =
700 °C is reached during the decomposition experiment, addi-
tional peaks not belonging to LNO appear (Fig. S127). After
hypothesizing that they result from reaction of LNO (or its
decomposition products) with the quartz capillary, we were able
to index the new peaks to the phase Li,SiO, (ICSD-35169). This
compound likely forms from the reaction of SiO, with Li,O
according to: 2Li,O + SiO, — Li,SiO,, and can thus be used as
indirect evidence for the presence of Li,O leeched out of LNO
during decomposition. Note that according to eqn (1), the molar
ratio between Li; ,Ni;.,0, and Li,O should be 1/z (i.e., about 10
in our case). Yet, we only find 1.3 mol% Li,SiO, (1.5 wt%) and
98.7 mol% LNO, corresponding to a Li;_,Ni;.,0,/Li,O ratio of
38, suggesting that only a small fraction (1/4) of the Li,O formed
from LNO reacts with SiO,, while the rest is lost as Li,O,.

Discussion and conclusion

In this work, we investigated the structural evolution of LiNiO,
(LNO) during its synthesis and decomposition. The two can be
considered as opposite processes, ie., the former involving
lithiation and oxidation of NiO, the latter Li loss and Ni
reduction. We highlight the interrelation of the two processes,
which indeed occur at the same temperature and similar time
scales.

LNO is obtained from an industrially relevant nickel
hydroxide precursor (i.e., produced by precipitation) of practical
spherical morphology. We find that a pre-annealing step at low
temperature (350 °C) does not simply dehydrate the precursors
and densify their mixture, but it also induces significant Li
solubility in the NiO phase (Lig,,Nig;50), which is likely
beneficial for LNO crystallization. The idea of a low-temperature
pre-annealing step has been previously implemented in the
literature, for example at 500 °C.** Recently, Li et al. similarly
reported the synthesis of LNO with a pre-annealing step at
485 °C, above the LiOH melting point, to maximize the
precursors homogeneity.*” In general, such studies, in line with
ours, confirm the importance of a pre-annealing step to obtain
uniform and near-stoichiometric LNO. Here, we show that even
lower temperatures can be used, allowing to reduce the
synthesis cost and to leave the secondary particles in the
precursor mixture well separated (as opposed to heating above
the melting point of LiOH, which yields a ceramic product that
may need manual grinding, also depending on the pre-
annealing step duration, and may thus be hardly scalable).

LNO nucleation and growth are found to be rather complex
processes, involving distinct structural steps already before
reaching the chosen annealing temperature. Surprisingly, the
rhombohedral unit cell is initially compressed, rather than
elongated (c/a < 4.9), with respect to the cubic parent cell. Only
subsequently, it evolves towards the expected LNO unit cell. The
origin of the behavior of this “anomalous” LNO is rooted in the
defect chemistry leading to its crystallization. Initially, we find
a remarkably low value for the Ni slab thickness, which we
believe is related to a significant content of Ni vacancies in the



Ni slab during the initial crystallization steps. Li and Ni
migration then occur and such Ni vacancies are relieved, while
the two elements segregate in two distinct layers that lower
steric constraints.

On the contrary, decomposition occurs only at and above
700 °C in air. The unit cell volume decrease, correlated with the
refinement of SOFy;, shows that already Az = 0.02 is lost in just
one hour at 700 °C, while Az = 0.05 at 800 °C. The change in
unit cell parameters mostly reflects in a significant change in Ni
slab thickness, while it barely affects the Li interslab. Although
in pure oxygen one would expect a slightly slower decomposi-
tion rate, our observation confirms that the synthesis of LNO is
intrinsically problematic, as the chosen synthesis conditions
must be fruit of compromise to avoid decomposition. A calci-
nation step close to 700 °C is needed to annihilate most defects
within the crystal structure, yet rather short annealing times at
700 °C should be preferred, or the annealing temperature
should be decreased towards 650 °C.

In conclusion, we believe the insight provided here may be of
help in optimizing the synthesis of LNO samples while mini-
mizing decomposition effects. Furthermore, such under-
standing can be seen as a starting point to study new Ni-rich
compositions. When targeting compounds with =95% Ni
content, the amount of elemental substitution is low and thus
the similarity to LNO high, yet the presence of specific foreign
cations can facilitate the preparation of samples with improved
structural stability. Our work may then serve as a first step
towards understanding, improving, and optimizing the
synthesis of such doped LNO samples.
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