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Synthesis—structure relationships in Li- and
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superstructure ordering and stacking faults+
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Li- and Mn-rich layered oxides are promising positive electrode materials for future Li-ion batteries. The
presence of crystallographic features such as cation-mixing and stacking faults in these compounds make
them highly susceptible to synthesis-induced structural changes. Consequently, significant variations exist
in the reported structure of these compounds that complicate the understanding of how the crystallo-
graphic structure influences its properties. This work investigates the synthesis—structure relations for
and Mn-rich LioMNOs,  Li; 2Mng gNig 205
Li; 2Mng 54Nig 13C00130,. For each compound, the average structure is compared between two synthetic

three widely investigated Li- layered oxides: and
routes of differing degrees of precursor mixing and four annealing protocols. Furthermore, thermo-
dynamic and synthesis-specific kinetic factors governing the equilibrium crystallography of each compo-
sition are considered. It was found that the structures of these compounds are thermodynamically meta-
stable under the synthesis conditions employed. In addition to a driving force to reduce stacking faults in
the structure, these compositions also exhibited a tendency to undergo structural transformations to
more stable phases under more intense annealing conditions. Increasing the compositional complexity
introduced a kinetic barrier to structural ordering, making Li; 2Mng gNig O, and Li; ,Mng 54Nig 13C00 1302
generally more faulted relative to Li,MnOs. Additionally, domains with different degrees of faulting were
found to co-exist in the compounds. This study offers insight into the highly synthesis-dependent subtle
structural complexities present in these compounds and complements the substantial efforts that have

been undertaken to understand and optimise its electrochemical properties.

possibly due to a high susceptibility to synthetic variations."* ">

Previously, the interdependencies between the synthesis, com-

oxides such as Li,MnOs;, position and structure of (non-Li-rich) Li transition metal (TM)

Li; ,Mng ¢Nip,0, and Li; ,Mng 54Nig13C00.130,, are intensely
investigated as positive electrode materials for future Li-ion bat-
teries due to their high specific capacity, environmental benig-
nity and low-cost."> The latter two compounds have been
subject to a variety of efforts aimed at optimising their electro-
chemical performance as a step towards commercialization.””
Despite the research attention, the crystallographic description
of these materials suffers from a distinct lack of consensus,®*°
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oxides have been explored through combinatorial studies."®"
Mapping out the phase diagram of these compositions have
revealed their complexity where, up to three different crystallo-
graphic phases co-exist in certain regions of the thermodynamic
phase space.'®'® Synthetic parameters like annealing pro-
cedures and cooling rates have also been reported to influence
the crystal structure of these systems.'>'® Within this compo-
sition space, are the Li- and Mn-rich layered oxides. While many
of the same trends observed for non-Li-rich compounds apply
to these compounds, the synthesis-induced structural variations
are amplified due to the presence of structural features like
cation site-mixing and stacking faults, which are not typically
found in the non-Li-rich systems.*”

To understand the different ways synthesis can affect the
structure of Li- and Mn-rich layered oxides, it is instructive to
revisit their crystallography. Unlike non-Li-rich systems, Li-
and Mn-rich layered oxides contain both Li and TMs in the
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Fig. 1 Crystal structures of (a) Li,MnOs and (b) Li; 2Mng 54Nip 13C00.130,. Corresponding top-view of the TM-layers with the Wyckoff positions and
hexagonal ordering highlighted, are shown below. Stack plots of simulated (c) and experimental (d) X-ray diffraction patterns (Cu-Ka) of Li,MnOs3,
Li; 2Mng gNig.2O2 and Li; 2Mng 54Nig 13C00.1302. The superstructure reflections arising from cation ordering between 20° and 35° are highlighted in
the inset as well as with solid rectangles, and indexed in the C2/m space group symmetry. Other superstructure reflections are highlighted using
dashed boxes. In (c), simulated Bragg reflections were artificially broadened, to facilitate comparison with the experimental XRD pattern. The posi-
tions of the allowed Bragg reflections are shown using black ticks. Details of the structure models used to simulate the XRD patterns are provided in

section 1 of the ESIL.}

TM-layers (Fig. 1a and b). Due to size and Coulombic consider-
ations, the Li- and TM-ions in this layer order hexagonally
through the preferential occupation of the 25 (0, 3, 0) and 4g
(0, y, 0) Wyckoff positions (in the C2/m space group symmetry),
respectively. This forms a superstructure on the parent rhom-
bohedral cell, reducing the overall symmetry to monoclinic
(Fig. 1a and b).>° The superstructure ordering manifests in a
diffraction pattern as superstructure reflections (Fig. 1c and d
insets). In Li- and Mn-rich layered oxides, cation site-mixing
occurs as a result of Li- and TM-ions mixing between the two
sites within the TM-layers. This redistribution of Li and TM
ions affects the intensity of superstructure reflections, which is
determined by the difference in the average electronic density
on the two cation sites in this layer.'"*! Greater differences in
the electronic density leads to greater X-ray scattering contrast
between the two sites, which leads to more intense super-
structure reflections. Among Li,MnOj3, Li; ,Mn, ¢Nip,0, and

4436 | Dalton Trans., 2022, 51, 4435-4446

Li; ,Mng 5,Nig 135C00.130,, the former has the most intense
superstructure reflections as it has the highest average elec-
tronic density difference between the 2b and 4g sites, which
are completely occupied by Li* and Mn"*, respectively. The
intensity of these reflections reduces in Li; ,Mng ¢Nip,0, as
Ni*" occupies both sites leading to a decrease in the average
between the densities. Even in
Li; ,Mny 54Ni.13C04.130, where all four cations may be found

difference electronic
on each site,>* superstructure reflections are still seen as the
2b position is preferentially occupied by the less-positively
charged species (Li* and Ni*") and the 4g position, by the
highly-charged Co®" and Mn**. As illustrated by the differences
in these reflections between the (defect-free) simulated
(Fig. 1c) and experimental (Fig. 1d) diffraction patterns, cation
ordering within the structures rarely conforms to ideality. The
disruption of periodicity in the TM-layer cation ordering along

the stacking direction (c) leads to stacking faults.”®

This journal is © The Royal Society of Chemistry 2022
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Additionally, Ni** may migrate to the Li-layer and vice versa,
resulting in Li-Ni interlayer mixing as reported in
Li; ;Mng ¢Nig 20, and Li; ;Mng 54Nig.13C00.130,.°%%

Synthetic variations have been reported to create pro-
nounced structural differences at the local and long-range
length scales in Li- and Mn-rich layered oxides.""**>?%72¢ For
Li; ;Mny 54Nip13C00.130,, the amount of trapped molecular O,
in the bulk, resulting from O-redox at high voltages is also
affected by synthesis method.”” Motivated by these previous
studies, the current work investigates the effect of two different
synthesis methods and the associated annealing parameters for
Li,MnOg;, Li; ,MngeNip,0, and Li; ;Mny 54Nig 13C00.130,. Each
compound was synthesised through two commonly used syn-
thesis methods: citrate sol-gel and solid-state methods for
Li,MnOs3, and the citrate sol-gel and coprecipitation methods
for the latter two.”®*® The methods were chosen due to the
differences in the nature and degree of mixing of the Li and TM
precursors, which is expected to influence the cation ordering,
and consequently, the degree of faulting in the as-synthesised
samples. In the citrate sol-gel method, the crystallisation of the
final product occurs from a ‘single’ metal-citrate complex pre-
cursor. In the solid-state (for Li,MnO;) and coprecipitation (for
Li; ,Mn, ¢Nip,0, and Li; ;Mng 54Nip13C00.130,) methods, the
crystallisation happens from a mix containing separate Li and
TM precursors. Here, the solid-state and coprecipitation
methods are functionally equivalent in terms of the degree of
mixing of the Li and TM precursors. The nature and degree of
precursor-mixing are also expected to influence the kinetic
factors determining the synthesis progression, and conse-
quently, the morphology and structure of the final product.
Four different annealing procedures were chosen so that the
effect of both the annealing temperature and duration could
also be investigated. Comparing different annealing tempera-
tures and durations provides information about the thermo-
dynamic stability of the crystal structure as a function of temp-
erature as well as the kinetics of the synthesis process. By inves-
tigating the structure of the samples produced via these
methods with X-ray diffraction, the synthesis-induced bulk
structural changes can be studied.

Experimental methods
Synthesis

The sol-gel samples were synthesised through a modified
Pechini citrate sol-gel method.*® For a typical synthesis, stoi-
chiometric ~amounts of lithium acetate dihydrate
(CH3COOLi-2H,0, Sigma-Aldrich, reagent grade), manganese(II)
acetate tetrahydrate ((CH;COO),Mn-4H,0, Sigma-Aldrich,
>99%), nickel(I) acetate tetrahydrate ((CH;COO),Ni-4H,0,
Sigma-Aldrich, >99%) and cobalt(Il) acetate tetrahydrate
((CH3C00),Co-4H,0, Sigma-Aldrich, >99%) were dissolved in
300 ml of deionized water. A 2.5 mol% excess of the Li source
was added to compensate for the loss of Li during high-temp-
erature annealing. A 300 ml aqueous solution of citric acid
(Sigma-Aldrich, >99.5%) and EDTA (ethylenediaminetetraace-

This journal is © The Royal Society of Chemistry 2022
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tic acid, ACS reagent) was then prepared, and mixed with the
previous solution. The cation-citric acid-EDTA molar ratio was
approximately equal to 1:1.5:1. The two solutions were
thoroughly mixed by magnetic stirring for ~1 h after which,
the pH of the solution was adjusted to ~7.5 using ammonium
hydroxide solution (NH,OH, Sigma-Aldrich, 28-30%). The
solution was heated at 120-150 °C overnight to form a dry gel
that was then crushed into a powder. The powder was trans-
ferred to an alumina crucible and annealed in a muffle
furnace in air at 550 °C (6 °C min~" ramp) for 5 h, and then
cooled down to room temperature in the furnace.

Precursors for the solid-state synthesis of Li,MnO;, were
prepared by mixing stoichiometric amounts of Li,CO; and
MnO, using mortar and pestle. Like the sol-gel synthesis,
2.5 mol% excess of the Li source was used to account for the
loss of Li during annealing. No pre-heating was performed for
the solid-state synthesis.

For the coprecipitation synthesis of Li; ,Mng ¢Niy,0, and
Li; ,Mny 54Nig 13C00.130,, precursors were prepared by
thoroughly mixing stoichiometric amounts of Li,CO; (with
2.5 mol% excess) and the corresponding mixed-TM hydroxide
salts, i.e., [Mng,sNig,5](OH), for Li;,MngeNip,0, and
[Mng 675Ni.1625C00.1625])(OH), for Li; ;Mng 54Ni 13C00.130,. For
the coprecipitation process, the transition metal acetate salts
(same as the ones used for the sol-gel synthesis) were dis-
solved in ~50 ml of deionised water as per stoichiometry and
gradually added (~1 h) to a 400 ml aqueous solution of
lithium hydroxide (LiOH, Sigma-Aldrich, reagent grade, 98%)
under stirring. The LiOH solution was of higher molarity than
the TM salt solution to ensure complete precipitation of the
TM hydroxides. The precipitates thus formed were filtered and
thoroughly washed 2-3 times to remove residual Li salts. It
was then dried in air at 180 °C for 12 h and mixed with the
appropriate amount of Li,CO; using a mortar and pestle.
Samples were then heated at 550 °C for 5 h (6 °C min™" ramp)
in an alumina crucible using a muffle furnace in air to obtain
the precursor for the final annealing.

The final annealing for all precursors (contained in
alumina crucible) was carried out in air using four different
protocols: (1) 900 °C - 3 h, (2) 950 °C - 3 h, (3) 1000 °C - 3 h
and (4) 900 °C - 15 h. In each case, 6 °C min™" heating rate
was used. Finally, samples were quenched to room tempera-
ture by bringing the crucible in contact with an aluminium
plate. A schematic illustration of the different synthesis pro-
cesses is shown in Fig. 2.

Characterization

Elemental analyses were carried out by inductively coupled
plasma optical emission spectroscopy (ICP-OES) measure-
ments using a PerkinElmer ICP-OES Avio 200 system. In each
case, 5 mg of the sample was dissolved in a HCI-HNO; (3:1
v/v) solution (ICP-grade) and diluted to the required concen-
tration using a 5 vol% aqueous solution of HNO;, prepared
using ultra-pure Milli-Q water (blank). The PerkinElmer Pure
Plus Multi-element calibration standard was used as the refer-
ence for the ICP-OES measurements. Irrespective of the com-
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Fig. 2 Schematic illustration of the different synthesis routes. SS, SG and CP refer to solid-state, citrate sol—gel and coprecipitation methods,

respectively.

position, Li, Mn, Ni, Co and Al concentrations were analysed
to ensure that no cross-contamination had occurred.

Scanning electron microscopy (SEM) images were acquired
using a Zeiss LEO 1530 scanning electron microscope. The
samples were ground and spread on a carbon tape and coated
with a thin layer of AuPd alloy to prevent charging. The images
were obtained at an accelerating voltage of 1 kV by using the
InLens detector.

X-ray powder diffraction data were collected on a Bruker D8
Advance Twin-Twin diffractometer (40 kV, 40 mA) using Cu-Ka
radiation in Bragg-Brentano mode. The powdered samples
were prepared for measurement by evenly spreading it out on
zero-background Si sample holders. Data were collected using
a Lynxeye XE-T position sensitive detector operated over an
angular (26) range between 10-80° using a step size and time
per step of 0.015° and 0.75 s, respectively. The sample holder
was rotated (~15 rotations per min) for all measurements. The
instrumental parameters and emission profile of the diffract-
ometer were determined using the NIST 660c LaBs standard
reference material. A small amount of tungsten Lo radiation
was observed in the diffraction data.

A qualitative comparison of the cation site-mixing and
stacking faults were performed using the amplitude (peak
height) of the 020 reflection normalized to the 001 reflection
and the peak broadening of the superstructure reflections,
respectively.'' The normalized amplitude of the 020 reflection is
inversely proportional to the degree of cation site-mixing.
Additionally, cation site-mixing does not affect the profile of the
superstructure reflections, unlike stacking faults which imparts
a strong asymmetry, especially to the 020 reflection.*"*>

Simulation of the XRD patterns (Fig. 1c), Pawley refine-
ments*® of the unit cells and single peak fitting (for domain
size calculations) were carried out using the TOPAS-Academic
(v6) software.** Refinement of structure models with stacking
faults, adapted from Serrano-Sevillano et al.,'* were carried out
using FAULTS software.>”

Results & discussion

Li,MnO;, Li; ,MngeNip,0, and Lij ,Mng 54Nig 13C00.130, are
henceforth shortened to LMO, LMNO and LMNCO, respect-
ively. The synthesis methods are denoted as SG (sol-gel), SS

4438 | Dalton Trans., 2022, 51, 4435-4446

(solid-state) and CP (coprecipitation). Annealing procedures
are also shortened appropriately. For example, 900C-3h rep-
resents an annealing temperature and duration of 900 °C and
3 h, respectively. The different samples (24 in total) belonging
to the three compositions, each synthesised through two
methods and four annealing procedures are tabulated in
Table 1.

Morphology & crystallographic domain sizes

Morphological investigations were performed through scan-
ning electron microscopy (SEM) imaging of the samples
annealed using the 900C-3h procedure. Only this set was inves-
tigated as the effects of increased annealing conditions, at the
microscopic level, are expected to primarily affect the particle
sizes.”>** The SEM images shown in Fig. 3a, demonstrate that
the samples predominantly differ in terms of the degree of
agglomeration and consequently, the particle surface area.
SG-LMO is composed of loosely bound crystallites that do not
agglomerate, resulting in substantial free space between them.
Contrarily, SS-LMO has larger crystallites that form tightly
packed pm-sized agglomerations. In either case, the crystallites
do not possess any specific shape, a trait common to all
samples. SG-LMNO and SG-LMNCO are comparable to
SG-LMO and are composed of similarly sized individual crys-
tallites that do not agglomerate to any appreciable degree. On
the other hand, the crystallites of CP-LMNO and CP-LMNCO
agglomerate to form secondary particles a few pm in size;
smaller than that seen in SS-LMO. Thus, the primary differ-
ence between the samples is that, irrespective of the compo-
sition, the SG-samples forms loosely bound individual crystal-
lites with higher particle surface area as compared to their

Table 1 The compositions, synthesis methods and annealing pro-
cedures investigated in this work

Annealing
Composition Synthesis method  procedures
Li,MnO; (LMO) Sol-gel (SG)
Solid-state (SS) 900°C-3h
Li; oMn ¢Nig ,0, (LMNO) Sol-gel (SG) 950°C-3h
Coprecipitation (CP) 1000 °C -3 h
Li; 5Mny 54Ni.13C00.130, (LMNCO) Sol-gel (SG) 900°C -15h

Coprecipitation (CP)

This journal is © The Royal Society of Chemistry 2022
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(a) SEM images of the six samples annealed at 900 °C for 3 h. The sample name and scale bar are shown at the top-left and bottom-right,

respectively. (b) The XRD peak at ~44.5° (Cu-Ka) used for the single-peak fitting. (c) Domain sizes calculated from the single-peak fitting.

corresponding SS- and CP-counterparts, which form pm-sized
agglomerations. Comparable results were reported for similar
materials and synthesis methods previously.'**”3¢

The coherently diffracting domain size of the same samples
(not to be confused with particle size), which provides insight
into the size of ordered structural domains, was calculated by
fitting the X-ray diffraction (XRD) peak at 44.5° (Fig. 3b), the
details of which are provided in section 2 of the ESLT It is
worth noting that regions with varying amounts of stacking
faults in the bulk complicates the definition of an ‘ordered’
domain, making the interpretation of absolute domain size
values difficult. Also note that the peak at 44.5° is composed of
three Bragg reflections (220, 202, 131). Nevertheless, the fitting
can facilitate a qualitative comparison of the domain sizes in
the samples. As shown in Fig. 3c, among the SG samples,
LMNO and LMNCO have smaller domain sizes than LMO.
However, the reverse is observed in samples prepared via SS
and CP, with CP-LMNO and CP-LMNCO exhibiting larger
domain sizes than SS-LMO. For the SG-synthesised samples,
the decrease in the (ordered) domain sizes upon the cationic
substitution of LMO could be due to the disruption of period-
icity by the additional cations (Ni, Co). In other words, the TM-
substitutions offer additional degrees of freedom to structural
ordering, which hinders long-range structural periodicity. In
the CP- and SS-samples, the difference in the domain size
trends may be due to two factors. As will be discussed in a
later section, these samples show evidence for the presence of
regions with different degrees of faulting within the structure.
Additionally, dissimilarities in the TM precursor salts (TM-
hydroxides for LMNO and LMNCO, and MnO, for LMO) could
also play a role in determining the degree of order in the struc-
ture due to the differences in their thermal degradation path-
ways. Nonetheless, both the composition and synthesis route,

This journal is © The Royal Society of Chemistry 2022

particularly the nature and degree of precursor-mixing, affect
the crystallographic ordering and morphology of Li- and Mn-
rich layered oxides.

Bulk structural changes

X-ray diffraction (XRD) data of all the samples is shown in
Fig. 4. Expectedly, the samples share structural similarities
and show comparable trends in their response to synthetic
changes. Notably, higher annealing temperatures lower the
asymmetry of the superstructure reflections (insets) signifying
the reduction of stacking faults and growth of cationic order-
ing. This indicates the existence of a thermodynamic driving
force for the reduction of faulting in the structure, irrespective
of the composition. Increasing annealing duration (900C-15h)
also reduces faulting and increases cation ordering, revealing
the influence of kinetic factors on structural ordering.
Additionally, increasing annealing temperature and duration
lead to the growth of spinel and rock salt phases in most
samples.'®® Taken together, these results suggest that pure
phases of the layered structures with the three compositions
investigated are thermodynamically metastable when syn-
thesized using these routes and annealing conditions, all of
which are commonly utilised in literature. Although the syn-
thesis-induced changes in the structure are qualitatively
similar, the degree to which they occur varies inconsistently,
and therefore warrants closer inspection.

LMO

A magnified view of the XRD data, focusing on specific
angular regions are shown in Fig. 5. Both the SG- and SS-
samples synthesised at 900C-3h possess strongly asymmetric
superstructure reflections, indicating the presence of stacking
faults in the structure. However, the superstructure reflections

Dalton Trans., 2022, 51, 4435-4446 | 4439
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Fig. 4 Stacked XRD (Cu-Ka) patterns of the different samples, offset along y (a—f). The superstructure reflections in the 20—35° angular range are
highlighted in the inset. The sample name is shown in the top-left corner and the annealing conditions, on the bottom right. Intensities have been
normalized to the largest value in the corresponding measurement to aid comparison.

of the SS-sample are more intense, and the normalised ampli-
tudes of these reflections are also higher for the SS-sample,
indicating that the SS-sample has a higher degree of Li-Mn
ordering within the TM-layer as well as along the stacking
direction after the 900C-3h annealing. Increasing the anneal-
ing temperature from 900 to 950 °C leads to a marked devi-
ation in the structural response of the samples. In the SS-
sample, the amplitude of the 110 reflection (see Fig. 1c)
becomes higher than that of 020 with a near-complete loss in
the reflection asymmetry. In contrast, the SG-sample still
retains the strongly asymmetric superstructure reflections.
This observation, in addition to evidencing the higher cation
ordering in SS-LMO, illustrates the ability of that sample to
achieve structural ordering faster than SG-LMO. The 1000C-3h
annealing leads to more-intense less-asymmetric super-
structure reflections in both samples, together with the for-
mation of the spinel and rock salt phases (Fig. 5 right panels).
SG-LMO shows a comparatively higher amount of the new
phases, as seen from the stronger spinel and rock salt peaks in

4440 | Dalton Trans., 2022, 51, 4435-4446

Fig. 5a (right). This is also evidenced by the broadening of the
001 reflection, which is now composed of multiple reflections
as shown in the ESI (Fig. Sla of ESIf). No such feature is
observed for SS-LMO (Fig. S1b¥), where the spinel and rock
salt phases are formed to a much lower extent. Interestingly,
even after the 1000C-3h annealing, SG-LMO remains faulted,
unlike SS-LMO. Increasing the annealing duration from 3 to
15 h (at 900 °C) also elicits substantially different responses
from the samples. In SG-LMO, the superstructure reflections
are comparable to those seen for 950C-3h treatment.
Contrarily in SS-LMO, the longer annealing leads to symmetric
superstructure reflections of higher intensity and sharper than
in the 1000C-3h sample. Furthermore, a peak corresponding
to a rock salt phase'® is found in SG-LMO when annealed at
900 °C (for both 3 and 15 h) which is absent in SS-LMO. Based
on these results, it is certain that stacking faults in SG-LMO
cannot be eradicated by increasing the annealing temperature
as the layered structure decomposes to spinel and rock salt
phases. Increasing the annealing duration is another option

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt00104g

Open Access Article. Published on 28 February 2022. Downloaded on 1/23/2026 5:01:02 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

View Article Online

Paper

y

0.2 0.1 7
—— 900C-15h | —— 900C-15h |~
- (a) SG-LMO —— 1000C-3h —— 1000C-3h
S 950C-3h 950C-3h
£0.15 —— 900C-3h 0.075 —— 900C-3h
>
.‘u_‘,
[ =4
2
£ 0.1 0.05
°
8
©
£ 0.05 0.025
o
z
0.0 T 0.0 T
0.3 0.16 ]
(b) SS-LMQ — sooc-isn — 900C-15h |
- —— 1000C-3h —— 1000C-3h |
5025 - 950C-3h 950C-3h
& —— 900C-3h 0.12 — o00c3n |
>
§ 0.2
X}
£0.15 0.08
o
&
= 041 ﬂ
£ 0.04 \
o
= 0.05 [
" L : b St =
0.0 T 0.0 r T T {
20 25 30 35 34 38 42 46 50

Scattering angle, 26 (degrees)

Scattering angle, 28 (degrees)

Fig. 5 Magnified view of the XRD (Cu-Ka) data of (a) SG- and (b) SS-LMO. Spinel and rock salt phases are highlighted using coloured triangles and
asterisks, respectively. Intensities have been normalized to the largest value in the corresponding measurement to aid comparison.

but a complete eradication of faulting is unlikely within
reasonable annealing times of 15-20 h. This accentuates the
synthesis-dependent kinetics at play once again, wherein the
growth of cation ordering is expedited in the solid-state-syn-
thesised LMO samples. The key to rationalising these obser-
vations lie in the differences in the synthesis methods.

The thermodynamic and kinetic factors governing the
response of the LMO samples to different annealing con-
ditions is determined by the nature of precursors, their
mixing, and the crystallisation mechanisms. The crystallisa-
tion of SG-LMO occurs from a metal-citrate matrix with the
concomitant decomposition of organic matter as gaseous
species. The evolution of gaseous species creates free space
within the reaction matrix and leads to the formation of
loosely bound ecrystallites, as seen in Fig. 3a."" On the other
hand, SS-LMO is formed by the solid-state reaction between
MnO, and Li,CO3, because of which tightly packed crystallite
agglomerates are formed. Although O, and CO, gases are
evolved during the SS-synthesis reaction, it is substantially
lower than the gas evolved in the SG-synthesis.'* Both these
reasons, ie., the presence of organic matter during crystallisa-
tion and the loosely packed crystallites, leads to structural and
morphological differences in the SG- and SS-LMO samples.
Firstly, the presence of organic matter in the SG-LMO precur-
sor can impede structural ordering and removal of faulting.
Secondly, the increased free-space between the SG-crystallites
hinders crystallite-growth and agglomeration and leads to a
sample with higher surface area. Although not strongly
observed in the ICP-OES data (section 4 of ESIT), the higher
tendency of SG-LMO to undergo structural decomposition may
be ascribed to the increased Li and O loss>” through volatilis-
ation facilitated by the high crystallite/sample surface area.

This journal is © The Royal Society of Chemistry 2022

This leads to a surface-to-bulk concentration gradient promot-
ing the growth of spinel and rock salt phases.

LMNO

The structure of LMNO is derived from that of LMO by repla-
cing a portion of Li and Mn in the TM layer by Ni. Based on
the stoichiometry, the highest degree of cation ordering (for
this composition) is achieved when 40% of the Li (2b) and
10% of the Mn (4g) sites are occupied by Ni, which is also
chemically reasonable considering the similar ionic radius of
Ni** and Li*. The amplitude of the 020 reflection, a qualitative
measure of the TM-layer cation ordering, does not change sig-
nificantly with increasing annealing temperature and duration,
unlike LMO. Contrarily, as there is reduction in the asymmetry
of the superstructure peaks, increasing the annealing con-
ditions does lead to a reduction in the degree of faulting.
However, this reduction happens much slower when compared
to LMO, evidencing that the driving force towards greater
cation ordering along the stacking direction is much smaller
in LMNO. The presence of the larger Ni** also hinders the
growth of structural order. Previously, increased Ni content
was reported to increase the degree of faulting in Li- and Mn-
rich nickel oxides.?” It is worth mentioning that higher anneal-
ing temperatures and durations are not able to completely era-
dicate stacking faults in the structure.

Like LMO, new peaks are observed in the SG-LMNO XRD
data (Fig. 6) after the 1000C-3h and 900C-15h treatments.
Considering the similarity of these peaks to that observed in
LMO, they are inferred to belong to spinel and/or rock salt Li-
TM-O phases. However, the amount of these phases formed
are comparatively lower in LMNO, indicating that Ni substi-
tution retards their growth. Furthermore, compared to the
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900C-15h annealing, the 1000C-3h procedure leads to more
intense superstructure reflections, indicating that annealing
temperature has a higher impact on the reduction of faulting
than the annealing duration. This highlights the role of the
larger Ni*" in hindering the growth of structural order. Like in
SG-LMO, the presence of organic components in SG-precursor
and their increased surface area leads to the slower kinetics of

stacking fault reduction and increased susceptibility to struc-
tural decomposition into spinel and rock salt phases, com-
pared to CP-LMNO. The SG-samples with its higher surface
area are susceptible to higher Li loss from the surface, thereby
accelerating the decomposition of the layered structure.
Intriguingly, none of the CP-LMNO samples showed any sig-
nificant amount of these phases. While in situ studies are
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Fig. 7 Magnified view of the XRD (Cu-Ka) data of (a) SG- and (b) CP-LMNCO. Spinel and rock salt phases are highlighted using coloured triangles
and asterisks, respectively. Intensities have been normalized to the largest value in the corresponding measurement to aid comparison.
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necessary to understand the reason behind the behaviour of after the 1000C-3h and 900C-15h annealing is also different to
CP-samples, these results illustrate the strong influence of syn- that of LMNO. For example, the 1000C-3h SG-LMNCO sample
thesis precursors on the structure of Li- and Mn-rich layered has a comparatively lower amount of the spinel phase as com-
oxide phases, even when the targeted composition is the same. pared to SG-LMNO synthesised under the same conditions.
Additionally, unlike CP-LMNO, CP-LMNCO shows pronounced
LMNCO formation of the spinel and rock salt phases. Thus, the intro-
duction of Co into the structure significantly affects the temp-
erature-dependent structural evolution. However, it must be
noted that the intensity differences between the phases
formed could also arise from the differences in elemental com-
position of the phases. This is illustrated in Fig. 7b (left panel)
where a weak reflection is observed at ~31°, which is expected
to belong to a spinel phase as per previous reports.*® Note that
this reflection is not present in the LMO or LMNO samples.

Many of the LMNO sample trends are also found in LMNCO.
As shown in Fig. 7, LMNCO samples exhibit the same progress-
ive asymmetry loss of the superstructure reflections with
increasing annealing temperature and duration, indicating the
decrease of faulting in the structure. Additionally, like in
LMNO, there is a high degree of TM-layer Li-TM ordering in
the LMNCO samples, which does not significantly change with
more severe annealing. Here, a high degree of ordering refers
to the scenario where the average electronic density difference
between the two TM-layer sites is maximum for the specific
composition (Table S7 of ESIf). Stacking faults on the other Like the SEM investigation, only the 900C-3h samples were
hand, are found to decrease with higher annealing tempera- comparatively analysed using Pawley and structural refine-
ture and duration. The formation of new phases in LMNCO ments. This is because accurate structural and compositional

Unit-cell changes and structural refinements
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Fig. 8 FAULTS refinement plots of the different samples (a—f). The observed and calculated intensities are shown as blue circles and black lines,
respectively. The difference curve is shown in navy blue and the positions of the Bragg reflections as vertical tick markers. In (b) the black and red
markers denote faulted and fault-free Li,MnO3 phases, respectively.
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characterisation of the layered, spinel and rock salt phases
solely using laboratory XRD data is difficult due to severe peak
overlap between the phases and the reduced X-ray scattering
contrasts of the TMs. Pawley fitting of the XRD data was
carried out with a C2/m unit cell. The results are as expected
with the inclusion of additional cations (Ni for LMNO, Ni and
Co for LMNCO) leading to an expansion of the unit cell. Brief
discussion of the results can be found in ESI section 5.f
Structural refinement using FAULTS was carried out to quanti-
tatively analyse the degree of faulting in the six samples. The
refinement plots are shown in Fig. 8, and the refinement
methodology and results are elaborated in the ESI (section 67).
Due to the low sensitivity of X-rays to Li and O, and the
reduced X-ray scattering contrast between the TMs, the discus-
sion has been limited to the results obtained from the fitting
of the superstructure reflections between 20 and 35°. Apart
from SS-LMO, where a satisfactory fit was obtained only using
a combination of a faulted and fault-free LMO phase, all the
other samples were fit using a structure model with a single
degree of faulting. As shown in Fig. S3 (ESIt), using a single
faulted LMO phase to fit SS-LMO, results in a visibly poor fit to
the superstructure reflections. Similar results were also
obtained in our previous work on LMO."" The joint existence
of faulted and fault-free domains in SS-LMO might be the
reason for its lower domain size compared to SG-LMO
(Fig. 3c). The fits to the LMNO and LMNCO superstructure
reflections (both SG and CP) although satisfactory, are not
perfect, indicating that domains with different degrees of
faulting might also be present in these samples. Furthermore,
the degree of faulting is found to vary with synthesis method.
The CP-LMNO and CP-LMNCO samples possess a lower degree
of faulting (i.e., higher cation ordering along the stacking
direction) which also conforms to the domain sizes shown in
Fig. 3c, where it is seen that the ordered domain sizes in the
CP samples is larger than their SG counterparts. Also of note
is that satisfactory fit to the superstructure reflections were
obtained without refining the cation occupancies of the two
TM-layer sites, which were set to the scenario with highest
degree of Li-TM order for that composition (Table S10 and
section S6 in ESIT). This suggests that there is a high degree of
TM-layer cation ordering in all the samples and that choice of
synthesis method does not play a significant role in it.

Conclusion

The  synthesis-structure  relationships in  Li,MnOs;,
Li; ,Mng ¢Nip,0, and Li; ;Mng 54Ni13C00.130, were investi-
gated as a function of precursor mixing and annealing con-
ditions. The degree of precursor mixing was controlled based
on the synthetic approach, by employing a citrate sol-gel
method with a single metal-citrate precursor and, solid-state
(for Li,MnO;) and coprecipitation (for Li; ,Mng¢Niy,0, and
Li; ,Mny 54Nig.13C00.130,) methods with two-component pre-
cursors. Comparative analyses of the samples showed that they
were thermodynamically metastable under the synthesis con-
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ditions employed in this study. Irrespective of the compo-
sition, stacking faults were not favoured and the amount of
stacking faults reduced upon extended annealing. This driving
force to reduce faulting is lower in Li; ,MngeNip,0, and
Li; ,Mng 54Ni.13C00.130, compared to Li,MnO; due to the
increased degree of compositional freedom, which makes it
difficult to attain an ordered energy minimum, like the Li-TM
TM-layer hexagonal ordering found in Li,MnOj;. Although
high-temperature and long-term annealing was successful in
reducing the structural faulting, growth of spinel and rock salt
phases were also observed in most samples. The sol-gel
samples were more prone to the growth of these phases, which
may be attributed to their smaller, loosely packed, high
surface area crystallites. The higher surface area facilitates
increased Li loss leading to surface-to-bulk Li gradient that
subsequently leads to structural rearrangement to more stable
phases. The sol-gel samples also displayed increased resis-
tance to growth of ordered domains and the reduction of fault-
ing in the structures. This was hypothesised to stem from the
presence of organic matter in the sol-gel precursor whose
decomposition happens simultaneously with the crystallisa-
tion process, thereby hindering the formation of atomic order-
ing in the structure. Therefore, minimising the synthesis-
dependent kinetic barriers is a possible way to produce a high-
degree of crystallographic ordering these samples.

Taken together, these results highlight the influence of syn-
thesis on the structure and morphology of the samples. A key
point of note is that the observed results do not follow conven-
tional wisdom. For LMNO and LMNCO, despite the more inti-
mate cation mixing in the ‘single’ SG precursor, structural
order is greater in the CP method with two separate Li and TM
precursor components. The same behaviour is also seen for
LMO, where the SS-sample crystallises with a higher degree of
order than the SG-sample with a single precursor. The ampli-
fied effect of synthesis routes and conditions on the as-syn-
thesised crystal structure may also be the root cause behind
the single- vs. multi-phase structural debate plaguing these
materials. It is hoped that this work precludes the assumption
that a ‘universal’ structure model is valid for this material
system and promotes more in-depth synthesis-structure
studies. This study contributes to the current understanding of
the synthesis-structure relationships in Li- and Mn-rich
layered oxides and serves as a platform for further work in con-
trolling the crystal structure of these compounds through syn-
thetic pathways.
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