'-) Check for updates

RESEARCH ARTICLE

Journal of Inorganic and General Chemistry

/AAC

www.zaac.wiley-vch.de

Zeitschrift fir anorganische und allgemeine Chemie

DOI: 10.1002/zaac.202300146

Structural and magnetic properties of antifluorite-type

Lis, ,Fe,_.C0,0,

Rasmus Vester Thagersen,” Asbjorn Slagtern Fjellvag,” @ystein Slagtern Fjellvag,™ 9 and

Helmer Fjellvag*™

This work is inspired by earlier works by the late Professor Rudolf Hoppe and his co-workers, and the publication is therefore dedicated

to him on the occasion of his 100™ birthday in 2022.

We report on the structural and magnetic properties of
Lis_ ,Fe;_,C0,0, (0<x<1).< The system assumes two distinct
crystal structures at room temperature (o and f3), and shows a
transition in preference from o to 3 between x=0.18 and x=
0.25. This tendency is supported by DFT-calculations. Upon
heating, LisFeO, undergoes a reconstructive transition from
a—f at ~1060K, while Li;CoO, shows an order-disorder
transition from —e& at ~885K, where € is a cubic cation-
disordered antifluorite structure. Liss,Fe,5,C00500, is stabilised
towards the ordered fB-phase until at least 1170 K. XANES-

1. Introduction

In the early 1970s, Demoisson et al. first reported the successful
synthesis of LisFeO," which was followed up and elaborated
on in the 1980s by Luge and Hoppe.” The latter two also later
reported the successful synthesis of Li;CoO,? ensuring two
new entries into a growing family of alkali metal ferrates and
cobaltates that were discovered during that time. These are
different variants of the antifluorite structure, and were denoted
the a- and B-phases. They are essentially defect Li,O-variants,
both containing tetrahedrally coordinated transition metal ions
charge compensated by Li-vacancies: two per Fe’" in LisFeO,
and one per Co’" in LigCoO,. They have also been dubbed
island structures owing to the isolation of each transition metal
tetrahedron within the unit cells. These Li-compounds differ
from their Na-analogues, first reported some years preceding
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measurements confirm that the oxidation states of Fe and Co
remain unchanged throughout the series with charge compen-
sation from additional Li* on increasing x. Magnetic measure-
ments show onset of low-temperature antiferromagnetic order-
ing around 3 K to 12 K. The magnetic structure of LisFeO, is
described on the basis of powder neutron diffraction at 1.5 K,
while the magnetic structures of Lis soFey5,C00500, and LigCoO,
are found to be slightly incommensurate below the ordering
temperature.

Hoppe and Luge’s work on LisFeO, and LizC00,** Although
the crystal structure of the Na-analogues of LisFeO, and Li;CoO,,
previously denoted as the y-phase by the current authors,” is
also derived from the antifluorite structure, it is severely
distorted and deviates strongly from the ideal cubic structure.
Furthermore, the existence of the direct Na-analogue of LizCoO,
(with Co®") has not been reported, but exists rather as Na;CoO,
(with Co®™).

In the late 1990s following the early commercial success of
the Li-ion battery, these compounds attracted interest as
possible positive electrode materials owing to the high Li-
content which could provide a very high capacity if realised.”
Eventually the solid solution series, Lis, Fe,_,Co,0, was tested
electrochemically.” In more recent times, they have been
further investigated as part of an effort to unlock a reversible
anionic redox contribution in positive electrode materials to
increase the capacity,®'" in which the reversible capacity
during electrochemical cycling originates not only from oxida-
tion of the transition metal cation, but also partially from the
oxygen sublattice. Due to the higher lithium content, they have
also attracted interest as pre-lithiation reagents in conventional
Li-ion batteries to counter-act the loss of active Li* during SEI-
formation.">'¥ Potential application as CO,-absorbents has also
been investigated"'® as they readily react with CO, to form
Li,COs.

In this work, our focus is the structural and magnetic
properties of the solid-solution series Lis Fe, ,Co,0, (x=0.0,
0.10, 0.18, 0.25, 0.50, 0.60, 0.75 and 1.0). We present structural
analysis based on synchrotron X-ray diffraction (XRD), and
further report on the high-temperature phase stability of
LisFeO,, LisCoO, and LissoFeys50C00500, Up to 900°C. These
results are further elucidated by density functional theory (DFT)
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calculations. Furthermore, we have used X-ray absorption near-
edge spectroscopy (XANES) to probe the oxidation states of Fe
and Co throughout the series, and computed the electronic
structures for a subset of the compounds with DFT. Lastly, we
present for the first time investigations of the magnetic
structures at low temperature (down to 1.5K) from neutron
diffraction of the end-phases, as well as for LissoFeq50C0g 5004,
accompanied by magnetisation measurements (down to 2 K).

2. Results and Discussion
2.1. Structural characterisation

The structural properties of the Lis, Fe, ,Co,0,-system has
been studied based on synchrotron radiation powder diffraction
of a selection of intermediate compositions. The two end
members take different variants of the antifluorite structure.
Li;FeO, (x=0.0), takes an orthorhombic structure, space group
Pbca (s.g. 61) with lattice parameters a=9.225 A, b=9.208 A
and c=9.155 A.

The second end compound, Li;CoO, (x=1.0), assumes
tetragonal P4,/nmc (s.g. 137) space group symmetry with lattice
parameters a=b=6.544 A and c=4.651 A. The primitive unit
cell of Li;FeO, can be considered a pseudocubic 2x2x2 super-
cell of the antifluorite Li,O-structure (s.g. Fm3m, s.g. 225)
(Figure 1a). In LisFeO,, one Li" has been substituted by Fe** in
each of the eight octants, along with the creation of two nearby
Li-vacancies in each octant for charge compensation. This phase
is denoted the a-phase.”” For LisCoO,, on the other hand, the
relation to the same pseudocubic antifluorite supercell is
evident after a unit cell transformation that yields new unit cell
vectors a’=a—b, b'=a+b and ¢ =2c (Figure 1b). This phase is

a-phase (LisFeOy)

b)
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denoted the B-phase, and differs from the a-phase in the way
the transition metal (TM) cations are distributed within the unit
cell. In the a-phase, the TM cations are differently positioned in
each of the eight octants of the primitive unit cell, while they
are more regularly positioned in the -phase, thus allowing this
phase to be described with a smaller unit cell. This positioning
of TM cations in the B-phase leads to entire planes consisting of
only Li* within the ac- and bc-planes of the pseudocubic
supercell. There is one less vacancy per TM cation in LiCoO,
compared to Li;FeO,, due to the difference in oxidation state
between Co®" and Fe**. However, the B-phase has previously
also been reported for compounds with a lower alkali metal ion
content, such as LisFeO,, Li;AlO, and NasInO,"'®' The latter
compounds assume an orthorhombic Pmmn (s.g. 59) space
group symmetry, which is a non-isomorphic subgroup of P4,/
nmc, related through an orthorhombic distortion (a#b) and a
splitting of a Li-site (4d) into one fully occupied and one fully
vacant site (both 2a). While Li;CoO, can be adequately
described in the Pmmn space group, with an additional lithium
in the vacant 2a site, no evidence for any peak splitting was
found (Figure S10t), and we conclude that Li;CoO, assumes
P4,/nmc space group symmetry at room temperature.

For the solid solution range, the a-phase exists for x<0.18,
while the B-phase is preferred from x>0.25 (Figure 2), indicat-
ing a change in phase stability around 0.18 <x < 0.25. No clear
two-phase situation was detected in any of the samples,
although small contributions that could be ascribed to the -
and a-phases, respectively, are observed in Lis;oFe;50C001004
and Lis ,sFey75C0,,50,. In addition, small quantities of unreacted
Li,O are present in all samples (3.0% to 8.9%). Tabulated
structural data and Rietveld refinements can be found in
Section S1t. The synchrotron powder diffraction data showed
tiny peak splittings and shoulders for the intermediate samples

B-phase (LigC00y)

Unit cell transformation

1 -1 0

o|—

1 1
|002

P4>/nmc
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Figure 1. a) Primitive unit cell of the a-phase (LisFeO,) and b) primitive unit cell of the 3-phase (LisCoO,) along with the unit cell

transformation to a 2x2x2 supercell of the antifluorite structure.
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Figure 2. Synchrotron X-ray diffractograms of Lis_ Fe, ,Co,0,
(L=0.6888 A).

of the B-phase. Hence, these were refined in the Pmmn space
group, under the assumption that we maintain Fe** and Co**
throughout the entire series, charge compensated with an
additional Li" in a partially occupied 2a-site. This assumption is
substantiated by XANES-analysis in Section 2.3 and magnetic
measurements in Section 2.5.

SEM analysis shows a quite broad particle size distribution,
with particles ranging from about 5 um-100um. Energy
dispersive X-ray elemental mapping analysis (EDS) shows that
Fe and Co are well distributed within every particle, with a
narrow distribution around the expected (nominal) stoichiom-
etry (Figure 3). Some areas with variations in composition were
found, and in e.g. LissoFey50C005004 the largest deviations
found from the nominal stoichiometry was £10% for a small
number of particles. No signs of phase segregation were

OFe Ka

.Co Ka
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observed, although there is evidence of certain particles devoid
of both Fe and Co, in agreement with Rietveld-analysis showing
presence of some unreacted Li,O.

The evolution of the lattice parameters and volume of the
pseudocubic unit cell, obtained from Rietveld-refinements,
show a distinct behaviour for each of the phases (Figure 4). For
the a-phase (x<0.18), the a- and b-parameters decrease slightly
with increasing x, while becoming more similar to each other,
while the c-parameter increases slightly. This together leads to
a small net decrease in volume. From the size differences
between Fe** (0.49 A, T, HS) and Co?* (0.58 A, T, HS) alone,?”
one would expect a net increase in volume with increasing x,
although this could be counter-acted by a relaxation of the
oxide lattice due to electrostatic effects from additional Li™.

Upon transitioning to the B-phase (x> 0.25), there is a sharp
elongation of the c-axis (1.24 %), also driving a volume increase.
The B-phase follows Vegard's law with a quite linear variation
(slight positive departure) in all unit cell parameters with
increasing x.

A consequence of the applied unit cell transformation of
the primitive unit cell of the p-phase to the pseudocubic
supercell (Figure 1b), is that the new a- and b-parameters
necessarily become identical. Hence, owing to the tiny peak
splittings, we define a normalised orthorhombic distortion
parameter |(a—b)/a| (Figure 4, top panel). This parameter will
increase with an increasing degree of orthorhombicity, and will
equal zero in the tetragonal case. For the B-phase it takes a
maximum at x=0.5, before it decreases towards a fully
tetragonal cell for LigCoO,. These distortions are in all cases
quite small, in particular in comparison with e.g. p-Li;AlO,,
where the distortion parameter is 1.85%."® For the a-phase,
there is a decrease in the corresponding distortion parameter
until the phase stability change.

———— 100 um

Figure 3. EDS-maps of Fe Ko and Co Ka radiation obtained with 17 kV acceleration voltage and a 30 pA beam current overlain on SEM
micrographs of Lis_ Fe, ,Co,0,. The EDS-overlays are weighted according to quantative analysis of the obtained spectra.
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Figure 4. Evolution of lattice parameters and volumes of

Lis, ,Fe;_,C0,0, as a function of x, based on Rietveld-refinements of
synchrotron X-ray diffractograms. The lattice parameters and
volumes are reported relative to the 2x2x2- supercell of the
antifluorite structure. The lattice parameters of the (3-phase (blue
area) have been transformed according to the transformation given
in Figure 1, meaning that the a and b- parameters necessarily are
equal, with a y-value departing from 90°. The top panel shows a
orthorhombic distortion parameter, | (a—b)/a| of the primitive
lattice parameters, to show the degree of orthorhombicity.

To further investigate the relative stability of the f-phase vs.
the a-phase, DFT-calculations were performed for intermediate
compositions of Lis_ Fe,_,C0,0, for the pseudocubic supercell.
For each intermediate composition, different configurations of
TM cation ordering and different positions of Li-vacancies (of
the B-phase) and additional Li* (of the a-phase) were sampled,
and the formation energies with respect to the end-phases
were computed (Figure 5). The calculations show a clear
stabilisation of the B-phase with increasing x, with a crossover
at a slightly higher value of x (0.25<x<0.375) than what is
experimentally observed. It is worth noting, that according to
just enthalpy considerations, none of the considered phases are
stable vs. the end compositions. While entropy of mixing has
not been considered here, it is still unlikely that such clear TM
cation ordering within the pseudocubic supercell would occur,
and we point out that no indications for long-range ordering
have been observed experimentally in neither the X-ray
diffraction patterns (Figure 2) nor neutron diffraction patterns
(Figure 10).

Energy-volume curves were computed for the most stable
configurations for x=0.0, 0.5 and 1.0 (Figure $271), and confirm
the observed thermodynamic phase stabilities. For LisFeO,, the
a-phase is favoured by 0.16 eV f.u.”", while for LigCoO, the -
phase is favoured by 0.17 eV fu.™". For LissoFeys0C005004 the
difference is smaller, and the f-phase is favoured by only
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Figure 5. The DFT-calculated formation energies of different config-
urations of the 2x2x2 unit cell of the a-phase vs. the B-phase as a
function of x in Lis ,Fe,_,C0,0,. The differences consist of transition
metal cation distribution and choice of Li-vacancies. The dashed
line shows the convex hull. The shaded areas are only included as
visual guides.

0.10eV fu.”". The y-structure, which is taken by the Na-
analogues,*”' was also evaluated and found to be heavily
energetically disfavoured, as well as dynamically unstable, as
shown from imaginary frequencies in the phonon dispersion
relations (Figure S28t).

2.2, High- and low-temperature XRD

Li;FeO,, LissoFegs0C00500, and LisCoO, were investigated by
high-temperature XRD-measurements. For Li;FeO,, there is a
continuous, close to linear volume thermal expansion until the
onset of a phase transition from a (Pbca)—p (Pmmn) between
T=775°C and T=800°C (Figure 6, left panel), consistent with
earlier reports.™ This transition is reconstructive, with relocation
of the TM cations in the pseudocubic cell, and is accompanied
by a volume increase. This suggests that the [-phase is
stabilised at higher volumes, in agreement with the discussion
in Section 2.1. This phase transition is also predicted by DFT-
calculations, which shows a relative stabilisation of the -phase
vs. the a-phase on increasing temperature (Figure S291),
although the calculations predict the phase change to occur at
a higher temperature than what is observed in experiments.
While our experiments could not directly determine the
reversibility of the phase transition, we conclude that this
transition must be reversible as the synthesis temperature is
above the transition temperature.

An order-disorder phase transition is identified for Li;CoO,
at around T=600°C (Figure 6, right panel). It is manifested as a
loss of all but two diffraction peaks (at Q~2.25 and 3.75 A™").
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Figure 6. (Top panels) X-ray diffractograms as a function of temperature for LisFeO,, LissoFe;50C0,35,0, and LisCoO, respectively. Scans are
25°C apart. Dashed lines indicates phase transitions or chemical reactions. (Bottom panels) Evolution of unit cell volumes relative to the
2x2x2 antifluorite supercell, obtained from Rietveld refinement. Low temperature data is from neutron diffraction data.

The pattern can be well fitted by assuming a fully cation
disordered antifluorite structure (Fm3m, s.g. 225). We denote
the disordered situation as the e-phase. Such a disordered
phase has previously been reported as a result of mechano-
chemical treatment of tetragonal LisCoO,."® This transition is
accompanied by a volume increase. At about 50°C above the
phase transition temperature, an oxygen leakage into the
capillary triggered oxidation from Co®’" to Co®" under the
formation of LiCoO, at the expense of Li;CoO,. The reaction did
not reach completion, and some of the e-phase persists until
900°C, allowing refinement up to this temperature. No
corresponding phase  transition is identified  for
LissoFe050C005004 and only a steady thermal expansion is
observed. Please note that the high Li-content could cause
reactions with the quartz capillary under high temperature,
however no changes were observed in the diffraction patterns
up to the transition temperatures.

Low-temperature synchrotron powder diffraction data of
Lis soF€050C00500, did not reveal any structural anomalies for
temperatures down to 90 K (Figure S91). This is well in line with
the magnetic characterisation data, discussed in Section 2.5.
Hence, we suggest that the crystal structure of the p-type
phases take space group Pmmn for the magnetically ordered
state.

2.3. Oxidation states

To verify our assumption that we maintain Fe** and Co®*
throughout the series, and that the charge compensation is
achieved by the addition of Li*, we performed a series of static
X-ray absorption near-edge spectroscopy (XANES) measure-
ments of the Fe and Co K-edges (Figure 7). For all samples, the
general spectral shape for both edges is maintained throughout
the series. The characteristic main peaks of tetrahedrally
coordinated FeO, and CoO, (A1-A3) are seen together with the
characteristic shoulder (B) and pre-edge feature (C).”" The main
peaks arise from the standard 1s—4p transitions, yielding a final
state of 1s1c 3d" 4p’, where c is a core-hole. The shoulder peak
B follows from a 1s—4p transition followed by a ligand-to-metal
charge transfer, yielding a final state of 1s1c 3d""' L4p', where L
is a ligand-hole. The intensity of this transition is related to the
covalency of the M3d-L2p bonding, and is expected to be larger
in  tetrahedral coordination compared to octahedral
coordination.?" Lastly, the pre-edge feature C is due to 1s—3d
transitions, which are dipole-forbidden, but quadrupole-allowed
(al=2). However, for a tetrahedrally coordinated transition
metal cation, there is a considerable amount of mixing between
3d- and 4p-orbitals, both of t,-symmetry, whereas in octahedral
coordination this mixing is symmetry forbidden (t,, vs. t;,).

The centroid position of the C pre-edge feature is very
sensitive to oxidation state, an example of which is a shift of
about 1.4 eV of the centroid position between Fe** to Fe** 22
This variation is used to address whether there is any change in
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Figure 7. XANES of the Fe and Co K-edges. Insets show a zoomed
in view of the pre-edge feature, along with the centroid positions
of the pre-edge feature. The dashed line shows the mean of the
centroid positions, i. For the Co K-edge, spectra for

Lis 1oF€0.90C00 1004 and Lis ;5Feq4,C0, 150, Were not obtained.

oxidation state of Fe and Co throughout the Lis. Fe,_,Co,0,-
series. The centroid position was obtained by fitting a Pseudo-
Voigt function to the peak, and using the fitted value of g,
following a background subtraction (an arctangent function
fitted to the data points a few eV below and above the pre-
edge peak). All centroid positions are located almost entirely
on-top of the mean value, #=7113.9 eV for the Fe K-edge, and
77103 eV for the Co K-edge, with only minor discrepancies
(Figure 7, insets), the largest deviation from the mean being
0.06 eV for the Fe K-edge and 0.15 eV for the Co K-edge. This is
a clear indication that the oxidation states are constant
throughout the series, and that charge compensation for the
valence difference comes from additional Li*.

2.4. Electronic structures

The electronic density of states, obtained from DFT-calculations,
correlates well with what is expected for tetrahedral d® and d’
high-spin electron configurations, respectively (Figure 8). The
highest occupied states in LisFeO, corresponds to Fe 3d-orbitals,
and from crystal orbital overlap population analysis (Fig-
ure S301), these states are found to be antibonding. This
corresponds well with these states being the antibonding t,:-
orbitals, expected to be the highest occupied orbitals for Fe**.
In Li;CoO, with Co®" and an additional two d-electrons, the
highestoccupied states corresponds to the mostly non-bonding
e- states. The Co 3d-states dominate near the Fermi-level (E;) in
the inter-mediate LissoFeq50C0,500. lying above any of the filled
Fe-states. There is a large variation in the hybridisation between
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Figure 8. DFT-calculated electronic projected densities of states of
the Fe 3d-, Co 3d- and O 2p-states for LisFeQ,, LissoFe,5,C0,5,0, and
LicCoO,, respectively. The energies are adjusted to each respective
Fermi-level (E;). The insets show the Fukui(—) function around the
FeO,- and/or CoO,-tetrahedra. a,-states in LisFeO, also consists of
Fe 4s-character, not shown here.

the TM 3d-states and O 2p-states near E.. For the Fe—O-states,
there is a much larger degree of covalency as seen from a large
degree of mixing of Fe- and O-states. This mixing is not so
pronounced for the Co—O-states, meaning they exhibit a much
more ionic character. Fukui(—) functions were computed to
better visualise this (Figure 8, insets). These functions are
constructed from the difference in computed charge densities
between a pristine system and one in which one electron is
removed, revealing the spatial localisation of the highest
occupied electrons. These calculations show very O 2p-like
states for LisFeO,, and much purer Co 3d-like states for Li;CoO,
(de ). The same Co 3d-states dominate at E for
Lis 5oF€0.50C00.5004-

2.5. Magnetic properties

Selected samples of Lis, ,Fe,_,Co,0, (x=0.0, 0.18, 0.50, 1.0) were
investigated with respect to magnetic properties at and below
room temperature. The two end members, LisFeO, and Li;CoO,,
are briefly described in literature as paramagnetic down to low
temperatures.>® Li;FeQ, is further reported with an antiferro-
magnetic transition below 15 K. DC magnetic measurements
show that all Lis,Fe, ,CoO, samples are paramagnetic at
elevated temperature (Figure 9). LisFeO, shows the strongest
magnetisation in line with the electron configurations of Fe**
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Figure 9. DC magnetic measurements of LisFeQ,, Lis soFey50C0 5004
and LizCoO, measured with a 0.01 T magnetic field. The inset show
1/y, for the same samples measured with a 1 T magnetic field.

and Co®", with 5 and 3 unpaired d-electrons, respectively.
LisFeO,, Lis gFeq5,C001504 (Figure S241) and LissoFey50C005004
show linear 1/¢-behaviour over a wide temperature range
(Figure 9, insets). Their behaviour is close to ideal paramagnetic,
and the Curie-Weiss analyses provide Weiss constants (6) close
to zero for all three samples (Table 1). The derived effective
paramagnetic moments are close to the expected values in the
spin only approximation.

Li¢CoO, deviates from the behaviour of an ideal paramagnet
with a slightly non-linear Curie-Weiss region 1/y (Figure 9, inset
bottom panel). The 1/y behaviour becomes increasingly more
linear at higher fields. Curie-Weiss analysis of Li;CoO, from 200-

Table 1. Information on the electronic configuration for selected
samples in Lis_,Fe; _,Co,0,, along with the outcome of the analysis
of the magnetic measurements and theoretical magnetic mo-
ments. For J=L + S, L was chosen as 2 for Li;CoO,.

x=00 x=0.18 x=0.50 x=1.0
Electron configuration  d® HS &/d HS  d°/d’HS d HS
No. unpaired e~ 5 4,64 4 3
Temperature (C—W) 150- 150- 150- 200-
[K] 350 300 300 300
Weiss constant (6) [K] 9 1 -3 —50
Ty K] 8 12 10 3
Uet (C—W, H=1T) [ug] 6.1 5.3% 5.0 6.6
Uest (spin-only) [pe] 59 5.55 4.9 3.9
Uet U=L+5) [pg] 5.9 5.9"! 5.8" 5.7
Mvs. 1/H (H —0) [pg] - 4.6 4.4 -

[al (H=0.5T) [b] \/(XMy,co0,)-2 + (T —X)Mypeo, )-2

RESEARCH ARTICLE

300K measured in a high field (1 T) gives an effective
paramagnetic moment of 4.9 g, which is above the expected
magnetic moment in the spin only approximation (3d-electrons,
Ueit=3.9 lg). For Co®" in tetrahedral coordination, spin orbit
coupling can contribute to the magnetic moment, and the
observed magnetic moment is in-between the values from the
spin-only approximation and the spin orbit coupling value (u.
(J=L + S)=5.7 ) for L=2. The close values of the magnetic
moment for all samples to theoretical values supports the
existence of Fe’' in LisFeO, Co®>" in LigCoO, and the
coexistence of Fe’* and Co** for the Lis,Fe,_,Co,0, solid
solution.

Field dependent magnetisation data show that both of the
solid solution samples (x=0.18 and 0.50) are easily magnetised
at low temperature, and x=0.18 is approaching a saturation at
9 T (Figure S257). By plotting M vs. 1/H, a saturation magnet-
isation is extracted, which is close to the average number of
unpaired electrons in the two samples (Table 1). Additionally,
x=0.18 shows a metamagnetic transition at 4 K as a function of
magnetic field strength, at around 5 T. The origin of the
transition remains unknown and is recommended for further
studies.

At low temperatures, magnetic transitions occur for all
measured samples in the range of 3K to 12 K (Table 1). For
LisFeO,, there is a reduction in both the zero-field cooled (ZFC)
and field-cooled (FC) magnetisations at just below 8 K (Figure 9,
top panel), indicating an antiferromagnetic transition, in agree-
ment with previous reports by Luge and Hoppe.” For LisCoO,,
the M(T)-data shows first a clear increase at temperatures below
12 K, followed by a sharp decrease below 3 K (Figure 9, bottom
panel). Since the powder neutron diffraction data (discussed
below) show additional magnetic peaks at 1.5K that have
disappeared already at 5K, we interpret this first increase to
reflect short range magnetic interactions. The dip in the
magnetisation at around 3 K is hence likely to correspond to
the onset of long-range magnetic ordering. The low intensity of
the magnetisation (and negative Weiss constant of —50 K)
indicates dominating antiferromagnetism. For the solid solution
samples with composition x=0.18 (Figure S24t) and 0.50 (Fig-
ure 9, middle panel), the ZFC data indicate several small
consecutive transitions between 7K to 12K. Below the
transition temperature, the ZFC and FC data differ significantly,
indicating that the transition is not of pure antiferromagnetic
nature, and the FC data suggests a small ferromagnetic
component below T,. However, the magnetisation intensity is
low and the samples are likely dominated by antiferromagnetic
interactions. This may be linked to the coexistence of Fe** and
Co*", causing additional interactions compared to the end
members. AC magnetic measurements of the x=0.18 sample
show that magnetic interactions start already at 30 K, identified
by intensity in the imaginary component of the AC magnet-
isation (Figure S261, bottom left panel). Intensity from the 2™
and 3™ harmonic further confirm that a magnetic transition
occur at 8K that is not of pure antiferromagnetic nature
(Figure S261, top panels).

The long-range magnetic structures for LisFeQ,,
Lis soF€050C005004 and LigCoO, were investigated by powder
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Figure 10. Neutron diffractograms at below (1.5 K) and above (20 K) the magnetic ordering temperatures for a) LisFeO,, b) Lis soFey50C045004
and ¢) LisCoO,, respectively. The difference is shown underneath, showing only contributions from the magnetic structure. The
diffractogram of Lis soFe, 50C0,.500, is multiplied by a factor of 2, and of Li;CoO, by a factor of 3, to compensate for the lower neutron
scattering length of Co compared to Fe. The peaks marked by asterisks have large contributions from the Al-sample holder.

neutron diffraction at 1.5 K (Figure 10). Clear magnetic ordering
peaks are visible for all three samples at 1.5 K, and disappear on
heating at 7.5 K for LisFeO, and Lis soFe,50C0,5,0, and already at
5K for LigCoO,. For LisFeO, and Li;CoO,, this is in good
agreement with the measurements discussed above, however
the M(T)-data (ZFC and FC) for LissoFe;50C005004 Suggests a
somewhat higher ordering temperature of 10 K.

The LigCoO, and Lis soFey50C0,5,0, samples show very similar
magnetic Bragg scattering with weak magnetic Bragg peaks,
while LisFeO, shows significantly stronger magnetic Bragg
peaks. The strength of the magnetic Bragg scattering is
indicating the magnitude of the ordered magnetic moment,
and it is clear that the ordered magnetic moment decreases
with x in Lis_,Fe,_,Co,0,.

We started the evaluation of magnetic structures with
LisFeO, by representation analysis in the Jana2020 software.”®
The magnetic structure of LisFeO, is indexed by k=(0, 0, 0).
Careful evaluation of all the possible magnetic space groups
indicates that the compound is best described in Pbc’a with the
moment along [001] (Figure 11). In the Rietveld refinements,
the M, and M, moments were restricted to zero as they had a
minor impact on the refinement. In Pbc'a, the Fe—Fe pair with
the shortest distance is coupled antiferromagnetically while the
pair with the second shortest distance is ferromagnetically
coupled. In the ab-plane, the moments are thus antiferromag-
netically coupled. The refined magnetic moment for Fe at 1.5 K
is 3.65(3) pg, Which is lower than the expected value of 5 g for
Fe*™

Li¢CoO, and Lis soFeq50C00500, are close to being indexed by
k=(0, 0, 0). However, Le Bail-refinements clearly show that the
magnetic peak at 2.2 A" is shifted away from k=(0, 0, 0). The
nuclear structure is well described at 20 K in the tetragonal and
orthorhombic unit cells, respectively, so a structural distortion is
not the origin of this shift, well in line with results from low-
temperature XRD of LissoFe,50C005004 (Section 2.2). We thus

Figure 11. The refined magnetic structure of LisFeO,. The refine-
ment was done in the Pbc'a magnetic space group, where the M,
and M, moments were restricted to zero.

conclude that the propagation vector is incommensurate. With
the limited number of magnetic Bragg peaks, we could not
unambiguously index the magnetic structure and thus not
describe it in detail. We note that Rietveld refinements with a
commensurate model describe the data decently but with clear
discrepancies, e.g. the 2.2 A" peak position. In these refine-
ments, we reduced the symmetry to P2,/m’ and used M, and M,
components for the magnetic site (Figures S12 and S13%).

3. Conclusions

We have synthesised and characterised several compounds in
the Lis,Fe,_,Co0,-series (x=0.0, 0.10, 0.18, 0.25, 0.50, 0.60,
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0.75 and 1.0). The end members, LisFeO, and LisCoO,, assume
an orthorhombic (Pbca) and tetragonal (P4,/nmc) crystal
structure, respectively, denoted the a- and p-phases. The
intermediate compounds form as the a-phase until a change in
preference for the (-phase occurs somewhere in the interval
0.18 <x<0.25. We show that the same change in phase occurs
for Li;FeO, at elevated temperatures (~1060 K), while LisCoO,
show an order-disorder transition into a fully cation-disordered
structure (~885 K), denoted the e-phase. For all members of the
series, the transition metals remain in their Fe** and Co**
oxidation states, where charge compensation with increasing x
happens through additional Li*. Electronic structure calcula-
tions show a higher degree of covalency for bonding in the
FeO,-tetrahedra compared to the CoO,-tetrahedra. Neutron
diffraction shows that long-range magnetic ordering is present
in LisFeO,, LissoFeqs0C005004 and LigCoO, at low temperatures.
The antiferromagnetic structure of LisFeO, is described in the
magnetic space group Pbc’'a, while the magnetic structures of
Lis soFe0.50C00500,4 and LigCoO, are slightly incommensurate.

Experimental Section

Materials synthesis Powder samples of Lis,Fe, ,Co0, (x=0.0,
0.10, 0.18, 0.25, 0.50, 0.60, 0.75, 1.0) were synthesised from
stoichiometric mixtures of Li,O (Sigma-Aldrich, 97 %):Fe,O; (Acros
Organics, 99.999% trace metal basis):CoO (Acros Organics, >99 %)
through a solid-state reaction pathway. As Li,O readily reacts with
moisture in the atmosphere to form LiOH, the reactant powder was
first subjected to heat treatment at 500 °C for 12 h under an Ar-flow
of 100 ml/min in a semiclosed system to decompose and remove
LiOH prior to mixing. Since both Li,O and Lis, Fe,_,Co0, reacts
with moisture and CO, in ambient air, all processing steps were
done in an Arfilled glovebox. The precursors were manually
ground for 20 minutes. The solid state reactions were done in a
split furnace where the mixed precursors were placed in an alumina
boat inside a quartz tube capped at both ends with adaptors to
keep the system closed. These adaptors could then be connected
to either an Ar-flow or a vacuum pump, and at the end of the
synthesis transferred back to the glovebox for further handling.
LisFeO, was synthesised in a semi-closed setup under an Ar-flow of
100 ml/min for 20 h, while all other compositions were synthesised
in a closed setup under vacuum in order to prevent any oxidation
of Co’* to Co®" from trace amounts of oxygen in the Ar-gas. A
summary of the synthesis conditions is given in Table S10 (ESIt). All
products were further hand-ground in an agate mortar prior to
subsequent experiments.

X-ray diffraction (XRD) Synchrotron radiation powder X-ray
diffraction data for Rietveld refinement of lattice parameters and
atomic positions were collected at the Swiss-Norwegian Beamlines
(SNBL, BMO1), ESRF, Grenoble with a Pilatus2 M 2D detector and a
wavelength of 0.6888 A. The samples were contained in 0.5 mm
borosilicate capillaries that were rotated 90° during the 10s
exposure. The data was collected at a detector distance of
139.2 mm from the sample. The 2D-data was integrated using the
azimuthal integrator implemented in pyFAL?" and the measure-
ments were calibrated with LaBg (NIST Standard Reference Material
660c). Pixel corrections were done to correct for inaccuracies in
experimental geometry according to the method outlined by
Wright et al.”® The peak shape was fitted to the aforementioned
LaB, standard with the resolution function for area detectors by
Chernyshov et al.”® High-temperature powder XRD measurements

RESEARCH ARTICLE

for samples contained in 0.7 mm quartz capillaries were carried out
in the RECX homelab using a Bruker D8 difractometer, an Anton
Paar HTK-1200 N heating chamber and Mo Ka-radiation. The
heating chamber was calibrated from refinement of diffraction data
from a silver standard. As diffractograms obtained by various
radiation sources are presented, all patterns are given in Q, with the
relation to the wavelength of the radiation (1) and the scattering
angle (6) given by 0:47” sinf . All refinements were done in
TOPAS V6.2

X-ray absorption near-edge spectroscopy (XANES) The XANES-
data was measured in fluorescence mode at SNBL, BM31. Spectra of
Fe- and Co-metal foils were captured before sample measurements,
and were used to calibrate the energy against tabulated values in
International Tables for Crystallography Vol. C.*® Linear functions
were fitted to the pre-edge and post-edge areas, where the pre-
edge function was subtracted from the data. Each spectrum was
later normalised by dividing by the difference between the pre-
edge and post-edge fitted functions at the edge position. The
centroid position of pre-edge features was determined by fitting a
Pseudo-Voigt peak function to the feature following a subtraction
of a background fitted to an arctangent function. All curve fits were
done using a non-linear least squares method as implemented in
SciPy.?

Neutron diffraction (ND) Powder neutron diffraction data were
collected at the DMC instrument at the continuous spallation
source SINQ, PSI, Switzerland at a wavelength of 3.812A. The
samples were cooled in ILL5, a 100 mm Orange He cryostat.
Diffraction patterns were collected on powder samples in Al cans at
1.5, 25, 5.0, 7.5, 10.0, 12,5, 15.0, 17.5, 20.0, 25.0, 30.0, 35.0, 40.0,
50.0, 75.0 and 100.0 K, and analysed using Jana2020”* and TOPAS
V6.2

Magnetic measurements Magnetic measurements were performed
using a Quantum Design physical properties measurement system
(QD-PPMS). The samples were measured during heating from 2 to
300 K using a 100 and 10000 Oe external DC-field, first after an
initial cooling without applied field (zero-field cooled, ZFC), then
after a second cooling with applied field (field cooled, FC).
Hysteresis measurements were carried out for Lis gFeg,C0q150,
(—9<H<9T) and LissoFey 5000500, (—6<H<6T).

Scanning electron microscopy (SEM) & Energy dispersive X-ray
spectroscopy (EDS) SEM-micrographs were obtained using a
Hitachi SU8230 scanning electron microscope at an acceleration
voltage (V,.) of 1kV and a beam current of 5 pA for x<0.5 and
10 pA for x>0.5. EDS-spectra were obtained using a Bruker XFlash
6-10 X-ray detector with V,..=17 kV and a beam current of 30 pA.

Density functional theory (DFT) DFT-calculations were performed
using the projected-augmented-wave (PAW)®**" implementation of
the Vienna Ab initio Simulation Package (VASP 5.4.4)52% The
Perdew, Burke and Ernzerhof (PBE) functional®® is used for the
exchange-correlation term using an energy cutoff of 520 eV. The
Hubbard parameter U is used following the rotationally invariant
form by Dudarev and Botton.’” The effective U-value for the d-
orbitals is set to 5.3 eV for Fe and 3.32 eV for Co in correspondance
with calibrated values for oxide systems by the Materials Project,
which were obtained by fitting to experimental binary formation
enthalpies.*® The optimised structures are obtained by minimising
the total energy with a convergence criterion of 10™* eV using the
conjugate gradient algorithm. The convergence threshold for the
electronic self-consistent calculations are set to 107°eV. Brillouin
zone (BZ) integration is performed with a I'-centered grid with a
smallest allowed spacing between k-points of 0.4A~". The BZ
integration is done using Guassian smearing with broadening width
of 0.2 eV. Energy-volume curves are fitted to the Birch-Murnaghan

Z. Anorg. Allg. Chem. 2023, 649, €202300146 (9 of 11)  © 2023 The Authors. Zeitschrift fir anorganische und allgemeine Chemie published by Wiley-VCH GmbH

85UBD17 SUOLILIOD BAERID) 3(qedl|dde auy Ag pausenob a1 Sapie YO 8SN Jo S3|nJ 104 AriqIT UIIUO AB]1M UO (SUORIPUCD-PUR-SWLRY W0 AB] 1M ARIq 1 fBu1|UO//SARY) SUORIPUOD Pue SW L 8L3 385 *[7202/T0/TE] uo Ariqraunuo AB|im ‘0a 1decey 8910AU| 1[H 21idnd JO Imiisu| teiBemIoN A 9P TO0EZ0Z F2ez/Z00T 0T/ A| 1M Azeiq1feut|uo//Sdiy wo.y papeoiumoq



Journal of Inorganic and General Chemistry

/AAC

Zeitschrift fir anorganische und allgemeine Chemie

equation of state® to obtain equilibrium values for the total
energy, volume, bulk modulus and its pressure derivative. The
phonopy package was used to construct displacements for all
phonon calculations.”” For these calculations, we construct super-
cells when needed to ensure that each lattice parameter is at least
9A. First, we allow the structure to relax using a stricter
convergence criterion with a force convergence threshold of
10meV A" and electronic convergence criterion of 107 eV. The
forces are then calculated for all displacements using the same
electronic convergence criterion where all projection operators are
evaluated in reciprocal space for added accuracy, as opposed to
the automatic scheme provided by VASP used in all other
calculations. We employ the finite differences method with
displacements lengths of 0.1 A. The phonopy package is further
used to calculate the phonon dispersion relations, and the thermal
properties used to extrapolate phase stability with increasing
temperature. The convex hull is constructued as outlined by Urban
et al.”"” from

AEm(1 = x) = E(1 = x) — (1 — x)E(1) — XE(0)

where the E(1) and E(0) are the total energies of the end
compositions LigCoO, and LisFeO, and E(1—x) (0<x<1) is the total
energy of an intermediate composition a distance x from E(0) and
(1—x) from E(1), from which E,,(0) and Eg,,(1) are set to 0 by
construction.
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