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ABSTRACT: The high natural abundance and low toxicity of iron
oxides provide a strong motivation to develop iron-based lithium-ion

lA‘” }'O'A"' )v‘ =

battery cathode materials. T-LiFeO, adopts a cation-ordered wurtzite YNRYrrY 3
structure consisting of apex-linked LiO, and FeO, tetrahedra. Chemical SCAKHECAEEAEA =
or electrochemical lithium extraction rapidly converts T-LiFeO, to the ’ ’A ‘ o o0
spinel LiFe;Og and leads to poor energy storage performance. We have LiFeo 5Alo sO2 =
investigated the role of Al and Ga substitution on the stability of T- 2
LiFeO,. Partial substitution of Fe by Al leads to the formation of £

w

cation-disordered solid solutions. In contrast, neutron diffraction data
reveal that the Ga-substituted phase LiFe;;Ga;sO, adopts an Fe/Ga
cation-ordered structure. Chemical delithiati.on .Of LiFel_.xl'\/[xOZ phases LiFeq 5Ga0 505 530
reveals that 25% Al or 50% Ga substitution stabilizes the T-
LiFe,_M,O, phases with respect to spinel conversion. The delithiated
phases show no evidence of cation migration or oxygen loss. However, Fe-XANES, O-XAS, and O-RIXS data indicate that lithium
extraction does not proceed via simple oxidation of Fe** to Fe** but rather via an anion redox process involving the formation of
localized “Fe™Y—O” centers. Electrochemical data indicate that the formation of FelV—O centers is irreversible, and so these oxidized
species accumulate with continued electrochemical cycling, leading to a rapid decline in energy storage capacity. The electrochemical
behavior of LiFe,sAlysO, and LiFe,sGaysO, is discussed in terms of their crystal chemistry to account for the differing
electrochemical performance of the Al- and Ga-substituted materials.

532 534
Excitation Energy (eV)

Bl INTRODUCTION of Fe-based cathodes appears to be undesirable as it often leads
to irreversible cathode oxidation and/or release of oxygen gas.

A further undesirable feature of Fe-cathode materials is their
tendency to undergo large-scale cation migration during charge
and discharge cycles. This deleterious behavior can be
attributed to the high-spin S = 5/ , electronic configuration of
Fe*" which has no strong ligand-field-driven preference for any
particular coordination geometry, in contrast to S = 2 Fe*" or S
=2 Fe’* centers. This, combined with the large change in ionic
radius of Fe** on oxidation or reduction (Fe**: 0.78 A, Fe**:
0.645 A, Fe*": 0.585A)"* provides a strong driving force for the
structural reorganization of Fe-based cathodes during electro-
chemical cycling.

LiFeO, can be prepared with a number of different crystal
structures.>'* For example, the most stable form at high
temperature, a-LiFeO,, can be prepared directly from Li,CO;

Lithium-ion batteries provide high-energy density power
sources for a wide range of technologies.l_3 However, the
majority of the currently commercialized lithium-ion battery
systems contain large amounts of cobalt and nickel — two rare,
expensive and toxic elements. If lithium-ion battery systems are
to be widely utilized in applications such as grid-scale energy
storage of renewable power generation or in electric vehicles,
the use of these elements will need to be minimized and more
abundant, more sustainable alternatives developed.””

The high abundance, low toxicity and low cost of iron oxides
provide a strong motivation to develop iron-based lithium-ion
cathode systems. However, there are a number of aspects of
the chemistry of complex iron oxides which make this
challenging. For example, it would be desirable to utilize the
high potential of the Fe''/Fe' redox couple in Fe-based
cathodes to maximize their energy storage density. However,

while it is possible to prepare a variety of Fe*" containing oxide Received: December 5, 2024 -
phases,é’7 oxidative delithiation of Fe' oxides is observed to Revised:  April 17, 202§
lead to a variety of “anion redox” processes in which the oxide Accepted:  April 17, 2025

ions in the material become partially oxidized in addition to, or Published: April 24, 2025

instead of, simple oxidation of Fe** to Fe*.®~'' This
involvement of the oxide ions in the electrochemical charging

© 2025 The Authors. Published b
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and Fe,O; at 700 °C and adopts a disordered rock salt
structure,"' which can be converted to the cation-ordered
polymorph, y-LiFeO,, by annealing at 600 °C."”"® However,
both these phases exhibit slow lithium insertion/extraction
kinetics unless they are prepared in nanoparticulate form.'**’
Additional metastable polymorphs can be prepared by utilizing
low-temperature synthesis methods. For example, by reacting
y-FeOOH and LiOH the “corrugated layer” phase can be
prepared,' ™" or the ‘O3'-LiFeO, or T-LiFeO, polymorphs
prepared via Li-for-Na cation exchange from a-NaFeO, and f-
NaFeO, respectively.””>> However, while these metastable
forms of LiFeO, can show significant electrochemical activity,
detailed analysis reveals that during the first lithium
deintercalation cycle these materials (along with a-LiFeO,
and y-LiFeQ,) are converted to the spinel LiFe;Og,'***7*° by
a combination of cation migration and oxygen loss, as
described above. Subsequent electrochemical activity of these
materials then most likely occurs via cycling between LiFe;Og
and LiyFe Oy.”

Recently we have been studying a series of Li—Fe-M-O (M
= In, Sb, Te) phases which adopt LiSbOj-related crystal
structures based on hexagonal close packed arrays of oxide
ions. We observed that partial substitution of indium for iron
in the lithium insertion cathode materials LiFe,SbO4 and
LizFe;Te,0,, can suppress cation migration during charge—
discharge cycles and enhance the long-term cyclability of the
Fe'™ redox couple in these phases.”*’

Building on this work we now report a study on the effect of
aluminum and gallium substitution on the structural and
electrochemical behavior of T-LiFeO,.>> This metastable
phase, first reported by Armstrong et al, is prepared via Li-
for-Na cation exchange from f-NaFeO, and adopts a cation-
ordered wurtzite structure consisting of apex linked FeO, and
NaO, tetrahedra, as shown in Figure 1, again based on a
hexagonally close packed oxygen framework. Previous studies
show that T-LiFeO,, like other LiFeO, polymorphs, rapidly
converts to LiFe;Og on electrochemical cycling. Here we show
that, at sufficient levels of substitution, T-LiFe, M O, (M =

T-LiFeO,

)v'vvv‘v‘vvv'
vRrYy

Figure 1. Crystal structures of T-LiFeO, and LiFe;Ga,5O,.
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Al, Ga) phases are stable with respect to spinel conversion,
allowing their electrochemical behavior to be studied in detail.

B EXPERIMENTAL SECTION

Synthesis of NaFe,_M,0, (M = Al, Ga). Samples of
NaFe,_.M,0, (M = Al Ga) were prepared by grinding
together suitable quantities of Fe,O; (99.995%), Al,O,
(99.995%) and Ga,0; (99.999%) with a 10% excess of
Na,CO; (99.997%). NaFe,_,Al, O, samples were heated at 750
°C for 12 h before being reground, pressed into pellets and
heated for multiple 12 h periods at 1100 °C until they were
observed to form a single phase by powder X-ray diffraction
(PXRD). NaFe,_,Ga,O, samples were heated at 750 °C for 12
h before being reground, pressed into pellets and heated for
multiple 12 h periods at 900 °C until they were observed to
form a single phase by PXRD.

Synthesis of LiFe,_,M,0, (M = Al, Ga). LiFe,_ M0, (M
= Al, Ga) phases were prepared by Li-for-Na cation exchange
from the corresponding NaFe, M, O, phases using a method
adapted from Armstrong et al*’ Specifically, samples of
NaFe,;_ M,O, and 10 mol-equivalents of LiBr were added to a
round bottomed flask fitted with a condenser, containing n-
hexanol. The suspension was then heated at 165 °C for 12 h
with constant stirring, before the solid was filtered from the
suspension and washed with methanol. PXRD data collected
from material at this point exhibited broad diffraction
reflections indicative of partial cation exchange. To complete
the cation exchange reaction, the dry products of the LiBr/n-
hexanol process were ground with 10 mol-equivalents of LiBr
and then heated in air at 200 °C for 48 h. The resulting
material was then washed in methanol to remove the excess
LiBr and filtered to dryness.

Chemical Lithiation of LiFe,_M,0, (M = Al, Ga). Small
samples (~200 mg) of LiFe,_ . M,O, (M = Al, Ga) phases were
placed in Schlenk tubes, under a nitrogen atmosphere and ~ 6
mL of a 1.6 M solution of n-BuLi in hexanes was added via a
canula to achieve an approximate 1:5 molar ratio of
LiFe,;_ ,M,O,:n-BuLi. The Schlenk tubes were then sealed
under nitrogen, and the suspensions stirred for 48 h at room
temperature, before being filtered and the solid materials
washed with toluene, before being filtered to dryness. Lithiated
samples were subsequently stored and measured under inert
conditions. A sample for analysis by neutron diffraction was
prepared by performing the same procedure on ~ 2 g of
LiFe, sGaysO, using 2 portions of 15 mL of a 1.6 M solution of
n-Buli in hexanes.

To assess the reversibility of lithium insertion, carefully
weighed samples of Lij,;Fe; M, O, were added to Schlenk
tubes containing known quantities of I, dissolved in
acetonitrile, and stirred at room temperature under nitrogen
for 1 d. After this time the solid samples were recovered by
filtration and the quantity of iodine remaining was determined
by titration with thiosulfate.

Chemical Delithiation of LiFe,_,M,0, (M = Al, Ga).
Small samples (~200 mg) of LiFe,_ M0, (M = Al, Ga) were
added to small Schlenk tubes containing ~ 500 mg of NO,BF,
(95%) in 10 mL of acetonitrile under a nitrogen atmosphere,
to achieve an approximate 1:5 molar ratio of
LiFe;_,M,0,:NO,BF,. The Schlenk tubes were then sealed
and the suspensions stirred and heated at 50 °C for 7 d. The
reaction mixtures were then filtered and washed with clean
acetonitrile under nitrogen, before being dried under vacuum.
Delithiated samples were subsequently stored and measured

https://doi.org/10.1021/acs.chemmater.4c03322
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under inert conditions. Samples for analysis by neutron
diffraction were prepared by performing the same procedure
on ~ 2 g of LiFe, sAl, 5O, and LiFe, sGa, 5O, using 2 portions
of 2 g NO,BF, in 20 mL of acetonitrile.

To assess the reversibility of the lithium extraction from
LiFe,_M,O, phases, deintercalated samples were treated with
Lil, by adding carefully weighed samples of ~ S0 mg of
Li,.sFe;_M,O, to Schlenk tubes containing 300 mg of Lil
dissolved in 10 mL of acetonitrile, under nitrogen. The Schlenk
tubes were then sealed and the contents stirred and heated to
50 °C for 3 d. After this time the solid sample was recovered by
filtration and the quantity of iodine released into the liquid was
determined by titration with thiosulfate.

Characterization. Reaction progress monitoring and initial
structural characterization was performed using laboratory
powder X-ray diffraction (PXRD) data collected using a
PANalytical X’pert diffractometer incorporating an X’celerator
position-sensitive detector (monochromatic Cu Kal radia-
tion). High-resolution synchrotron X-ray powder diffraction
(SXRD) data were collected using the I11 instrument at the
Diamond Light Source Ltd. Diffraction patterns were collected
using Si-calibrated X-rays with an approximate wavelength of
0.825 A from samples, sealed in 0.3 mm diameter borosilicate
glass capillaries. Neutron powder diffraction (NPD) data were
collected using the POLARIS diffractometer at the ISIS
neutron and muon source, from samples sealed under argon in
6 mm vanadium cans. Rietveld refinement were performed
using the TOPAS suite of programs (v6).*

X-ray absorption experiments were performed at the B18
beamline of the Diamond Light Source. The measurements
were carried out using the Pt-coated branch of the collimating
and focusing mirrors, a Si(111) double-crystal monochromator
and a pair of harmonic rejection mirrors. The size of the beam
at the sample position was approximately 600 ym X 700 pm.
X-ray absorption near-edge spectroscopy (XANES) data were
collected at the Fe K-edge (7112 eV) in transmission mode
with ion chambers before and behind the sample filled with
appropriate mixtures of inert gases to optimize sensitivity (I,:
300 mbar of N, and 700 mbar of He, resulting in an overall
efficiency of 10%; I;: 150 mbar of Ar and 850 mbar of He, with
70% efficiency). The spectra were measured with a step size
equivalent to 0.25 eV and energy calibrated using metallic Fe
foil. Data were normalized using the program Athena’' with a
linear pre-edge and polynomial postedge background sub-
tracted from the raw In(L,/I;) data. The samples were prepared
in the form of a self-supported pellet, with the thickness
optimized to obtain an edge jump close to 1.

Oxygen K-edge soft XAS and high-resolution Resonant
inelastic X-ray scattering (RIXS) studies were performed on
the 121 beamline®® at the Diamond Light Source. Powder
samples were ground together with graphite and pressed onto
adhesive carbon tapes, which were then loaded onto sample
pucks. The sample pucks were loaded into a vacuum suitcase
in a glovebox and transported to the beamline. All measure-
ments were performed at 20 K with continuous beam rastering
under ultrahigh vacuum conditions. XAS data were obtained in
total fluorescence (TFY) mode. The data were initially
processed via a standardized procedure at the beamline.
Further processing, i.e., background subtraction and normal-
ization, were carried out using the Athena software.>! In all
cases, the XAS data presented are an average of multiple
individual scans.

3173

O K-edge RIXS maps were collected between excitation
energies of 527.5 and 533 eV with steps of 0.25 eV for 60 s
each. The beam was moved approximately 0.01 mm for every
scan. Data calibration was performed by measuring a carbon
tape after every spectrum. The raw data was processed using
the Data Analysis WorkbeNch (DAWN)*® software using
established procedures at the beamline.

Electrochemical Characterization. The electrode ma-
terial was formed from a mixture of active material,
electronically conductive carbon black C-NERGY Super C65
(Imerys Graphite and Carbon, Belgium) and PVDF (poly-
vinylidene fluoride) (MTI Corporation, USA) as a binder, in a
ratio of 8:1:1. The materials were ground using an Agate pestle
and mortar for 15 min. A slurry was made by adding NMP (N-
methyl-2-pyrrolidone) (Merck, Germany) and mixed using a
Thinky ARE-250 mixer (Intertronics, UK). The slurry was cast
on carbon coated aluminum foil using an MTI MSK-AFA-
L800 tape caster (MTI Corporation, USA) and dried at 80 °C,
before being transferred to an 80 °C vacuum oven for a
minimum of 16 h. Cathodes were cut to 12 mm using an MTI
disc cutter (MTI Corporation, USA). CR2032 SS316 coin cells
were assembled using the cathodes, 16 mm separators cut from
Whatman glass microfibre (GF/F grade) (Merck, Germany),
and precut 15.6 mm lithium chips of 0.25 mm thickness
(Cambridge Energy Solutions Ltd., UK) were used as the
anode. The electrolyte was 1 M LiPF6 in ethylene carbonate
and ethyl methyl carbonate 3:7 v/v (Solvionic, France). Cyclic
voltammetry (CV) measurements were conducted using a
Biologic VMP-300 potentiostat at room temperature and the
galvanostatic cycling measurements were conducted using a
MACCOR Series 4000 analyzer (Maccor, USA) at 2S5 °C.

Samples of LiFe ;Al, O, were found to have extremely low
conductivity. To improve this samples of NaFe,Al, O, were
ball-milled prior to conversion to LiFejAlysO,, to enhance
their conductivity, as ball-milling LiFe,sAl,O, directly was
found to lead to decomposition of the phase and the formation
of LiFe;Oy as observed previously.”

B RESULTS

Structural Characterization of NaFe,_,M,0, and
LiFe,_,M,0, (M = Al, Ga) Phases. SXRD data collected
from samples of NaFe,_,ALO, (x = 0.25, 0.5, 0.75) and
NaFe,_,Ga, 0, (x = 0.1, 0.2, 0.3, 0.4, 0.5, 0.75) could be
indexed using orthorhombic unit cells, exhibiting reflection
conditions consistent with space group Pna2, (#33) in
agreement with the reported structure of f-NaFeO,.”* Thus,
structural models based on the structure of f-NaFeO, were
constructed with the Fe cations replaced by Fe/M solid
solutions, and these models were refined against the SXRD
data to achieve good fits, as described in detail in the
Supporting Information. Lattice parameters and unit cell
volumes, plotted in Figure S11, show smooth changes as a
function of composition, consistent with the formation of
complete solid solutions. These data are in good agreement
with previous reports of the NaFe;_ Al O, series.”

SXRD data collected from samples of LiFe,_ALO, (x =
0.25, 0.5, 0.75), prepared by cation exchange of the
corresponding NaFe,; Al O, phases, could be indexed using
orthorhombic unit cells, which are significantly contracted
when compared to the cells of the corresponding Na-
Fe,_.Al,O, phases. These data exhibit reflection conditions
consistent with space group Pna2, (#33) and are consistent
with the reported structure of T-LiFeO,.” To locate the

https://doi.org/10.1021/acs.chemmater.4c03322
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position of the lithium ions, NPD data were collected from a
sample of LiFe, jAl) ;O,. The NPD data could also be indexed
using an orthorhombic cell. A structural model based on the
structure of NaFe Al O,, but with Na replaced by Lij, refined
smoothly to give a good fit to the NPD data (Figure 2)

L L LI TITRE IR N R R U} " 1 1

3 4
d-spacing (A)

Figure 2. Observed calculated and difference plots from the structural
refinement of LiFeysAl O, (top) and LiFe;sGagsO, (bottom)
against NPD data. Black tick marks indicate peak positions of the
majority phase, red tick marks indicate peak positions of a secondary
LiFe;Oy phases in the gallium-containing sample.

confirming that the lithium ions reside within the tetrahedral
coordination sites previously occupied by Na, as described in
the Table S12. Thus, structural models were constructed for
the remaining LiFe, Al,O, phases with the lithium cations
located and fixed at the positions previously occupied by Na in
the corresponding NaFe, Al O, phases. These models were
refined against the SXRD data to achieve good fits, as
described in detail in the Supporting Information.

SXRD data collected from samples of LiFe,_,Ga, 0, (x =
0.1, 0.2, 0.3, 0.4, 0.5, 0.75) could also be indexed using
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contracted orthorhombic unit cells with reflection conditions
consistent with Pna2, space group symmetry. However, NPD
data collected from a sample of LiFeyGaysO, exhibited
additional reflections inconsistent with Pna2, space group
symmetry.

A symmetry analysis revealed the additional reflections are
consistent with iron/gallium ordering in a manner analogous
to the ordering of zinc and germanium in Li,ZnGeO,.** Thus,
an Fe/Ga cation-ordered model was constructed (space group
Pn) and refined against the NPD data to achieve a good fit
(Figure 2) with structural details described in the Table S18
and a representation of the cation ordered structure shown in
Figure 1.

Close inspection of the SXRD data collected from
LiFe; sGay 5O, show no reflections that cannot be indexed by
the orthorhombic Pna2; cell. In addition, structural refinement
of cation-disordered orthorhombic (Pna2,) and cation-ordered
monoclinic (Pn) models give equivalently good fits to the
SXRD data. We therefore conclude that SXRD is insensitive to
Fe/Ga ordering, so a series of Fe/Ga cation-disordered
structural models were constructed for the remaining
LiFe, ,Ga,O, phases and these were refined against the
SXRD data collected from these materials, to achieve good fits
as described in the Supporting Information. As the SXRD data
are insensitive to Fe/Ga order, it is not possible for us to be
sure if other LiFe;_,Ga,O, phases are cation ordered (we were
unable to collect NPD data from these phases). However,
given the strong cation order observed in LiFe;sGa;sO, we
think it is likely that LiFe,_,Ga,O, phases with x ~ 0.5 will also
exhibit a degree of cation ordering. Lattice parameters and unit
cell volumes of the LiFe,  M,O, phases, plotted in Figure S21,
show smooth changes as a function of composition, consistent
with the formation of complete solid solutions.

Chemical Lithiation of LiFe,_,M,0, (M = Al, Ga)
Phases. SXRD data collected from samples of T-LiFeO,
reacted with n-BuLi as described above, reveal the majority
of the sample has been converted to elemental Fe, with only
small quantities of poorly crystalline T-LiFeO, remaining,
indicating this phase cannot be topochemically reduced by
lithium insertion under these conditions. Exposure to n-BuLi
also led to the decomposition of all of the LiFe;_ Al O, phases,
with elemental Fe and poorly crystalline LiFe; ,Al,O, being
the only products observed.

However, SXRD data collected from LiFe;_,Ga,O, samples
treated with n-BuLi exhibited sharp diffraction peaks which
could be indexed using orthorhombic unit cells with lattice
parameters very similar to those of the “pristine” LiFe,_ Ga,O,
parent phases. Refinement of the corresponding LiFe, ,Ga,O,
structural models against the SXRD data achieved good fits
and revealed the x = 0.1, 0.2, and 0.3 samples contained ~ 8 wt
% elemental Fe, with no sign of Fe in any of the remaining
compositions, as detailed in the Supporting Information. Due
to the low X-ray scattering power of lithium, the Li site
position was not allowed to vary and no account was taken of
any additional lithium inserted within the structural models
during the structural refinements.

To better understand the crystal structure of the lithiated
Li,,sFe;_,Ga, O, phases, NPD data were collected from a
sample of Li, sFe; sGaysO,. These data could be indexed using
a monoclinic cell of similar dimensions to that of unlithiated
LiFe,sGaysO,, so a structural model based on the Fe/Ga
cation ordered structure of Li,Fe,;GaysO, was refined against
the data to achieve a reasonable fit. A Fourier difference map
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was calculated at this stage to locate the positions of the
inserted lithium ions. This map revealed 4 strong negative
minima within the unit cell (neutron scattering length of Li =
—1.90 fm)*” located within vacant octahedral coordination
sites as shown in Figure 3, so lithium ions were inserted into

(0.28, 0.92, 0.65)

(0.55, 0.42, 0.65)

Figure 3. Plot of z = 0.65 plane of the Fourier difference map
calculated to located the additional lithium locations in
Li; 4;Fey5sGagsO,. Negative minima indicated reside within empty
octahedral coordination sites within the Li—Fe—Ga-O framework.

the model at these sites and their positions and occupancies
refined to yield a phase of overall composition
Li; 47(2)Fe(sGagsO, consistent with the composition of
Li; 474)Fep5Gag 5O, determined by iodometric titration. Close
inspection of the NPD data revealed a series of weak
reflections consistent with 9 wt % LiFe;Og in the sample.
This was added to the structural model, which converged to
give a good fit to the data as shown in Figure 4a and detailed in
Table S24.

Fe K-edge XANES data collected from LiFe;Ga,O, and
Li, sFeysGay 5O, are shown in Figure 4b. Both spectra exhibit a
strong pre-edge feature at ~ 7112 eV, consistent with the
tetrahedral coordination of iron, and the absorption edge of
Li; sFeysGagsO, is observed at lower energy than the
absorption edge of pristine LiFe,GaysO,, consistent with
the reduction of Fe** to Fe?* on lithium insertion.

Chemical Delithiation of LiFe;_,Al,O, Phases. SXRD
data collected from a sample of T-LiFeO, treated with
NO,BF,, as described above, exhibit very broad diffraction
features, indicating structural decomposition has occurred.
SXRD data collected after this sample was annealed in an
evacuated silica ampule at 600 °C indicate the presence of the
spinel LiFe;Oyg, consistent with previous regorts describing the
electrochemical delithiation of T-LiFeO,.*

SXRD data collected from oxidized Li; sFe;_,Al,O, samples
with x > 0.25 exhibit sharp diffraction peaks which could be
indexed by orthorhombic unit cells similar to the correspond-
ing Li, oFe, ,ALO, phases. Structural models based on the
pristine LiFe, ,AlLLO, materials were refined against these
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Figure 4. (a) Observed, calculated and difference plots from the
structural refinement of Li, ;Fe,Gay O, against NPD data collected
at room temperature. Black tick marks indicate peak positions of
Li; sFey sGag5O,, red tick marks LiFe;Og. (b) XANES data from the
Fe K-edges of LiFeyGays0,, Li; sFe;sGaysO,, with data from FeO
and Fe,O; acting as standards for Fe** and Fe®* respectively.

SXRD data to achieve good fits. Again, due to the low X-ray
scattering power of lithium no attempt was made to refine the
position or occupancy of the lithium cation sites.

NPD data collected from an oxidized sample of
LiFeAlysO, could be indexed using the unit cell of the
pristine material and fit well by a structural model based on
LiFe, Al O, in which the position and occupancy of the Li
site was allowed to vary. The refinement converged to give a
model with composition Lijgq(;yFeqsAlysO, which is in good
agreement with ICP-MS data. Full details of the refined
structure are given in Table S28 with a plot of the data shown
in Figure Sa. Reaction with Lil, as described above, indicate
that 0.08 Li per formula unit can be chemically reinserted into
Lig gFeq sAlysO,.

Previous studies of the T-LiFeO, system suggest proton-for-
lithium exchange can occur on delithiation.”* The presence of
protons within Li;_sFeysAlysO, would result in a large
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Figure 5. (a) Observed, calculated and difference plots from the
structural refinement of Li, gFe, sAl, sO, against NPD data collected at

Figure 5. continued

room temperature. (b) XANES data from the Fe K-edges of
LiFe, Al sO,, LiysFesAlysO, and LijggFej Al O, with data from
Fe,0; and SrFeOj acting as standards for Fe** and Fe*" respectively.
(c) Oxygen k-edge XAS data collected from LiFeysAl;sO, and
LijgFe( sAly 5O, in fluorescence mode.

incoherent and inelastic background in the NPD data collected
from this phase, which is not observed (Figure Sa, S30).

Fe K-edge XANES data collected from LiFeyAlyO,,
LiygFeysAlysO, and LiygeFe,sAlysO, (prepared by reaction
between LiygFe;sAlysO, and Lil) are shown in Figure Sb
along with spectra from Fe,O5 and SrFeOj to act as Fe** and
Fe*" standards, respectively.

The spectra from the LiFe,sAlysO, phases all exhibit a
strong pre-edge feature at ~ 7112 eV, consistent with the
tetrahedral coordination of Fe. However, the absorption edge
positions of the normalized spectra from the 3 Li Fe,sAlysO,
phases are almost identical, which is surprising given that
expected average Fe oxidation states for LiFesAlj;O,,
LiygFe, Al sO, and LijgsFeysAlysO, are Fe®*, Fe3** and
Fe*?* respectively. This suggests that the removal of lithium
from LiFe,sAlysO, does not simply oxidize Fe** cations to
Fe*".

To further investigate the nature of the oxidized
Li, sFeysAlysO, materials, oxygen K-edge X-ray absorption
data were collected in fluorescence yield mode from pristine
LiFe, sAly 5O, and oxidized Li,gFe; sAly sO,, as shown in Figure
Sc. The data exhibit two features: a lower energy feature with a
local maximum at ~ 531 eV and a higher energy feature with a
maximum at ~ 536 eV which are attributed to the excitation of
oxygen ls electrons to the empty states in the Fe(3d)-O(2p)
and Fe(4s, 4p)-O(2p) hybridized bands, respectively.38
Comparison of the fluorescence-yield data from the two
samples reveals no change to the absorption edge position of
the Fe(3d)-O(2p) excitation feature and a small shift to higher
energy of the Fe(4s, 4p)-O(2p) feature on oxidation of
LiFe, ;Aly O,.

Oxygen K-edge resonant inelastic X-ray scattering (RIXS)
data collected from pristine LiFe;sAlysO, and oxidized
LiygFe( sAly 5O, are plotted in Figures 6a,b, respectively. The
data collected from pristine LiFe,sAl,;O, exhibit an emission
feature in the range 524 — 527 eV excited by energies in the
range 530 — 533 eV, which by comparison to the O-XAS data
in Figure Sc, can be attributed to the excitation of an O 1s
electron into empty Fe(3d)—O(2p) hybridized states and the
subsequent relaxation of an electron from the filled O(2p)
band to refill the O(1s) hole. RIXS data collected from
Liy¢Fe( Al sO, exhibit the same feature, but reveal it extends
to an additional future at an excitation energy of ~ 531.75 eV
and emission energy ~ 523.5 eV (marked with an arrow in
Figure 6b), which can be clearly seen in the partial integrated
fluorescence yields of the two data sets, shown in Figure 6c.
The individual RIXS line-scans collected at excitation energies
in the range 531.25 — S531.75 eV from LiFe,sAl;sO, and
LiggFeysAlysO, (plotted in Figure S36) also exhibit this
additional feature in the data from the oxidized sample.
Enhanced emission signals at this combination of excitation
and emission energy are widely seen in RIXS data collected
from cathode materials exhibiting “anion redox” in their
charged states.””™** We therefore attribute this additional
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Figure 6. RIXS data collected from a) LiFe,sAlysO, and b) LigFeqsAlysO,. c) partial fluorescence yields of LiFe,sAlysO, and LiggFeysAlysO,

integrated over the emission energy range 520 — 524.25 eV.

RIXS signal to the participation of oxygen in the redox
chemistry of the system on lithium extraction.

Systems exhibiting anion participation in their redox
chemistry can be organized into two groups: (i) those in
which the “anion hole” is localized within O,"” peroxide or
superoxide species,”"”~* and (ii) those in which the
generation of anion holes does not lead to the formation of
molecular anions.**™* Systems in the former group tend to
exhibit distinct features in XPS and soft O-XAS spectra
associated with the O,"~ molecular anions,”** which are absent
from the data collected from Li,gFe; Al;O,. We therefore
assign the Li;_ Fey Al O, system to the second grouping —
those without O,"” molecular anions.

We also note that spectroscopic studies of oxides such as
SrFeOs, which nominally contain Fe**, exhibit evidence for
strong hybridization between Fe(3d) and O(2p) states, so that
the electronic ground state is considered to be a mixture of 3d*
and 3d°L configurations (where L indicates a localized ligand
hole).”*°™> Such a scenario appears to fit our observations
well (no shift in Fe XANES on oxidation; indication from
RIXS data of oxygen redox participation; no indication of O,"~

3177

formation), we therefore propose that on lithium extraction
electrons are removed from strongly hybridized Fe(3d)-O(2p)
states to leave localized holes, analogous to the 3d°L states
described above, which we will refer to as FelV—O centers, as
discussed in more detail below.

Chemical Delithiation of LiFe,_,Ga,O, Phases. SXRD
data collected from LiFe,_,Ga,O, (0 < x < 0.4) phases reacted
with NO,BF, as described above, exhibit no sharp diffraction
features, indicating these phases decompose under these
oxidizing conditions, in common with undoped LiFeO,, as
shown in the Supporting Information. However, SXRD data
collected from oxidized samples of LiFe,;GaysO, and
LiFe(,5Gay750, can be indexed using orthorhombic unit
cells and fit using structural models based on the
corresponding Li, (Fe, .Ga,O, phases. NPD data collected
from Li,_sFe;sGaysO, could be fit using a Fe/Ga cation
ordered model. Refinement of the lithium cation positions and
occupancies yielded a model of composition
Lig 60(2)Feo.sGagsO, in good agreement with a composition of
Lij s;FeqsGagsO, determined by ICP-MS. Full details of the
refined structure are given in Table S30 with a plot of the data
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shown in Figure 7a. Reaction with Lil, as described above,
indicates 0.13 Li per formula unit can be chemically reinserted
into Lij¢oFeysGagsO,.

Fe K-edge XANES data collected from LiFe,;Ga,sO,,
Liy ¢oFegsGag sO, and Liy,3Fey Gag O, (prepared by reaction
between LiygFeysGagsO, and Lil) are shown in Figure 7b,
along with Fe** and Fe*" standard spectra. In common with the
Fe/Al phases, these spectra show a strong pre-edge feature at
~ 7112 eV consistent with the tetrahedral coordination of Fe.
Again, in common with the LiFe;sAljsO, phases, the
absorption edges of the three LiFe)sGaysO, phases are
almost identical despite the expected average Fe oxidation
states for LiFey; sGay50O,, Ligs,FeyGagsO, and
Liy,3FeqsGagsO, being Fe®*, Fe*® and Fe***' respectively.
Again, this indicates the removal of lithium from
LiFe,sGay 5O, does not simply oxidize Fe** to Fe*'.

Oxygen K-edge X-ray absorption data collected in
fluorescence yield mode from pristine LiFe;sGaysO, and
oxidized Liy4FesGagsO,, shown in Figure 7c. Again the data
exhibit a lower energy feature with a local maximum at ~ 531
eV attributed to the excitation of oxygen Is electrons to the
empty states in the Fe(3d)-O(2p) hybridized band, and a
higher energy feature with a maximum at ~ 536 eV attributed
to the excitation of oxygen 1s electrons to the empty states in
the Fe(4s, 4p)-O(2p) hybridized band.”® Comparison of the
fluorescence-yield data from the two samples reveals no change
to the absorption edge position of the Fe(3d)-O(2p) excitation
feature, but a small decline in intensity, and a small shift to
higher energy of the Fe(4s, 4p)-O(2p) feature on oxidation of
LiFey sGay5O,.

Electrochemical Characterization. CV data collected
from LiFe, Al 5O, in the range 2.5—4.8 V (Figure 8b) show
two separate redox processes. On sweeping the potential up
from 2.6 V there is an oxidation which occurs above 4 V which
does not appear to have a corresponding reduction process,
and which declines in magnitude on repeated voltage cycling.
This can be seen more clearly in analogous CV data collected
from LiFe;Al)sO, between 3 and 4.8 V, shown in Figure 8a.
We attribute this irreversible feature to the oxidation of Fe' to
form Fe™V—O “anion redox” centers seen in the chemical
oxidation of LiFeyAly5O,. On sweeping the potential below
3.25 V a reduction occurs which has a corresponding oxidation
feature between 2.5 and 3 V. We attribute this reversible, low-
potential feature to the reversible reduction of Fe'" to Fe"" on
lithium (re)insertion. It was not possible to collect electro-
chemical data from LiFe,Al,sO, at potentials below 2.5 V
without the sample decomposing by extrusion of elemental
iron, in agreement with the observed instability of
LiFe, ,AlL,O, phases on exposure to n-BuLi.

CV data collected from LiFe,Ga, 5O, in the range 2 — 4.8
V (Figure 8d) are qualitatively similar to those of
LiFe,sAlysO, exhibiting a high potential (E > 3.75 V)
irreversible oxidation which declines in magnitude on voltage
cycling, and a low-potential (E < 3.75 V) reversible feature,
shown more clearly in analogous CV data collected between
1.9 and 4 V (Figure 8c).

Again, these features are attributed to the irreversible
formation of Fe'Y—O centers at high potential and the
reversible cycling of Fe' to Fe' at low potential.

Capacity data collected during charge—discharge cycling of
LiFe;sGaysO, in the range 1 — 4.8 V (Figure 9a) clearly
exhibit the same redox processes observed in the CV data — an
irreversible oxidation above 3.75 V and a reversible redox

3178

N 0L

wron 1 o |

——

1 2 3 6
d-spacing (A)
b)

w
- i
©
)
N /
6 // FeO
e — F?zos
5 = L!Feo'sGaO.SO2
Z — Li; sFeg5Gag 50,

7100 7110 7120 7130 7140 7150
Energy (eV)

c) — LiFe, sGa, 50,

— Ligs7Fe05Ga550,

Total Fluorescence Yield

534 536 538
T T T

560

528 530 532
T T T

I
540 550
Excitation Energy (eV)

T
530
Figure 7. (a) Observed, calculated and difference plots from the

structural refinement of Li, sFeysGa, O, against NPD data collected

https://doi.org/10.1021/acs.chemmater.4c03322
Chem. Mater. 2025, 37, 3171-3184


https://pubs.acs.org/doi/10.1021/acs.chemmater.4c03322?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c03322?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c03322?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c03322?fig=fig7&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c03322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Figure 7. continued

at room temperature. (b) XANES data from the Fe K-edges of
LiFe;sGays0,, LiggFesGagsO, and Liy;3FeysGagsO, with data
from Fe,0; and SrFeO; acting as standards for Fe®* and Fe*
respectively. (c) Oxygen K-edge XAS data collected from
LiFe;sGay O, and LijFeysGag 5O, in fluorescence mode.

process below 3 V. The compositional changes which occur on
redox cycling can be seen more clearly in Figures 9b,d and e. In
the first charge cycle, 0.05 Li per fu is extracted above 4 V,
resulting in a cathode composition of LijgsFeysGaysO, as
shown in Figure 9b,d, and as a consequence 10% of the Fe
centers are oxidized to Fe'—O species (Figure 9e) so that the
cathode composition can be written as Lijgs(Fe!V—
O)o.osFemOASGao.st-

In the subsequent discharge cycle 0.31 Li per fu is inserted
into the cathode at potentials below 3 V, to yield a sample of
composition Li; ,sFe; sGag sO,. However, given the irreversible
nature of the high-potential redox process, the insertion of

I centers in the cathode, not the Fe!V—

lithium reduces the Fe
O species, so the composition can be written as Li, ,4(Fe™V—
0)o0sFe™.14Fe'’n31Gag O

The second charge cycle removes 0.25 Li per fu from the
cathode, which can be crudely partitioned between the low-
potential redox process (Li extracted below 3.75 V) which
oxidizes Fe' to Fe'", and the high-potential redox process (Li
extracted above 3.75 V) which oxidizes Fe™ to Fe'Y—O (Figure
9e). Thus, at the end of the second charge cycle the cathode
composition can be written as Lil.OI(FeIV—

0)o075Fe™34Fe' 0ssGagsO,. This is then converted to
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Figure 8. CV data collected from LiFe,Al, O, between (a) 3 and 4.8 V and (b) 2.5 and 4.8 V vs Li*/Li. CV data collected from LiFe;Gays0,
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the fraction of FelV—O centers in the cathode.

Li; ,5(Fe™V—0), g7sFe™; 1oFe™) 325GagsO, in the insertion of
0.24 Li per fu in the second discharge cycle.

This analysis shows that the irreversible nature of the high-
potential redox process leads to the accumulation of Fe'—O
centers and the depletion of Fe** centers within the cathode on
repeated cycling. Figure 9e shows that the concentration of
FeV—O continues to increase rapidly up to the fifth cycle,
during which the fully charged state has a composition of
Lig.g9(Fe™'—0),6Fe™,; ;oFe' 1sGay 5O, and crucially the fully
discharged state has a composition of Li; g(Fe'V—
0).16Fe"434Gag 5O, in which there appear to be no remaining
Fe'" centers.

The lack of Fe™ centers in the cathode after the fifth
discharge suggests that the discharge capacity in this and
subsequent cycles is limited by the number of reducible Fe'™
centers present in the material (we preclude the reduction of
Fe" to Fe' in our analysis) — a situation that was not true in the
first 4 discharge cycles. Furthermore, it can be seen in Figures

9a,b that the high-potential part of the sixth charge cycle differs
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markedly from the fifth charge cycle, and shows that much less
Fe'" is converted to Fe'V—O after the fifth cycle, suggesting
that the low concentration of Fe'" after the fifth discharge
affects the high-potential redox process as well as the low-
potential process.

In line with the analysis above, the data in Figure 9 show a
qualitative change in charge/discharge behavior of the Li—Fe—
Ga-O system after the fifth cycle. The lack of Fe'! centers in
the fully discharged state means that the cathode composition
at full discharge can now be written as LiI.S_ZY(FeIV—
O)yFeHo,S_YGaO_SOZ. Thus, as the concentration of Fe™'—O
centers continues to rise between cycles 4 and 40 (increase in
y, Figure 9e) the lithium content of the cathode in the fully
discharged state declines (Figure 9d) as does the total
discharge capacity (Figure 9c). After 40 cycles the total
capacity appears to stabilize at around 20 mAhg™" (0.07 Li per
fu) with the cathode composition being Liygs(Fe'V—
0)o.225Fe™07Fe"020sGagsO, at full charge, and Lij o5(Fe'¥'—
0)o.225Fe' 275Gy sO, at full discharge.
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Capacity data collected during charge—discharge cycling of
LiFeysAly 5O, in the range 2 — 4.8 V (Figure 10) also exhibit
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Figure 10. (a) Charge—discharge profiles of LiFe,sAly5O, in the
range 2 — 4.8 V (b) plot of corresponding charge and discharge
capacities as a function of cycle.

two separate redox processes, in line with the CV data shown
in Figure 8. However, the observed charge and discharge
capacities are very small. This is attributed to two factors. First,
the electrical resistivity of LiFeysAlysO, is very high — a
feature also observed in other LiFeO, polymorphs.'”*’ This
high electrical resistivity effect is relieved slightly on repeated
cycling, as shown in Figure 10b. The second cause of the low
capacity observed in the LiFe Al O, system is the instability
of the material at low potentials, which necessitates the use of a
narrow potential range (2 — 4.8 V) which is not sufficiently
low to effectively cycle the Fe'—Fe! redox process. However,
within these restrictions, the data in Figure 10 show a
significantly larger charge capacity than discharge capacity,
consistent with the accumulation of FelY—O centers, as
described above for LiFe;;Gay;O,. However, the concen-
tration of Fe'V—O in the LiFeysAly 5O, cycling regime never
rises to a level where it significantly restricts the concentration
of Fe'' and thus the discharge capacity.

3181

B DISCUSSION

Replacing the Fe®* cations in NaFeO, with A" or Ga®* leads
to a decline in the unit cell volume and an associated
contraction in the average (Fe/M)—O bond length (Tables
S32 and S33) in line with the 4-coordinate radii of the ions
(Fe** = 0.63 A; A** = 0.53 A; Ga>* = 0.61 A)'* Subsequent
topochemical Li-for-Na cation exchange further contracts the
unit cells of the LiFe;, M, O, phases, but leads to an expansion
of the average Fe—O bond length, as detailed in Tables S32
and S33. Previous studies of Fe-based cathode materials have
shown that the potential of the Fe**/>* redox couple is sensitive
to the local environment around the iron centers.”**’ The
changes to the size of the (Fe/M)O, polyhedra resulting from
the influence of “chemical pressure” from the presence of Al**
or Ga’* cations and Li substitution are therefore be expected to
modify the electrochemical behavior of the system. We can
keep track of these effects by calculating bond valence sums
(BVS).”> For example, the average Fe—O bond length in
NaFeO, is 1.861(3) A and the bond valence sum of the Fe
cation is Fe+3.033. However, the average (Fe/Al)—O bond
length in NaFe, Al O, is 1.800(2) A with a BVS = Fe+3.521,
which extends to (Fe/Al)—O = 1.823(6) A; BVS = Fe+3.366
in LiFeyAlyO,. This net contraction in the (Fe/Al)O,
coordination site will disfavor reduction of Fel to Fel
moving the Fe'”™ redox process to lower potential. In contrast,
the average (Fe/Ga)—O bond length in NaFe;;Ga,sO, is
almost unchanged (Fe/Ga—O = 1.861(3); BVS = Fe+3.0S)
compared to NaFeO,, while that of cation ordered
LiFeysGay 5O, is significantly larger (Fe—O = 1.897(3); BVS
= Fe+2.761) favoring the reduction of Fe' to Fe', and thus
raising the potential of the Fe"/™ redox couple These effects
can be seen in the electrochemical data, with the reduction of
Fe'" occurring at ~ 3.25 V for LiFe, Al 5O, and ~ 3.5 V for
LiFe,sGaysO, (Figure 8). A further consequence of the
increase in the Fe'™ redox potential of Li,FegsGag 50, is that
the system behaves as an insertion electrode in the cycling data
shown in Figure 9, adopting lithium-rich compositions
(Lineo.sGao.soz with y > 1) for the first ~ 20 cycles — a
feature that can be directly attributed to the expansion of the
FeO, polyhedra which occurs on Li-for-Na cation substitution.

Chemical oxidation of LiFe;sAl; O, and LiFe,Ga, O, by
NO,BEF, occurs via topochemical lithium extraction. NPD data
collected from LiygFe;AlysO, and Lijs,FeyGaysO, reveal
lithium extraction has only a small effect on the structure of the
Li,FeysM,sO, phases, with no indication of Fe or Al/Ga
cation migration, no indication of oxygen loss or trans-
formation to a Li(Fe/M);Oy spinel phase, as observed for
unsubstituted LiFeO,.”* Reaction with Lil reintercalates some
of the extracted lithium, consistent with the modest reduction
potential of the 1,/I” couple (+ 3.5 V vs Li) and further
indicates that the oxidized samples are lithium deficient phases,
rather than the decomposition products observed on the
oxidation of unsubstituted T-LiFeO,.

XANES data indicate that extraction of lithium from
LiFeysMy 50, does not lead to the simple oxidation of Fe'
to Fe'V. A combination of O-XAS and O-RIXS suggest anion
oxidation occurs to form a “hole” in a strongly hybridized
Fe(3d)-O(2p) state analogous to the 3d°L states seen in
phases such as SeFeO; which nominally contain Fe*.>"%?
This localized Fe'Y—O state appears to be inert to electro-
chemical reduction, leading to rapid capacity loss, as described
in detail above.
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The “anion redox” behavior of LiFe,sAl,sO, and
LiFe, sGay O, show some similarities, but many contrasts to
other “doped” Li—Fe—O cathode systems. For example,
layered Li-rich Li—Fe—Te-O phases of approximate composi-
tion Li,Fe,ssTeOg exhibit no sign of Fe'" to Fe'" oxidation on
lithium extraction, in common with the LiFe;sM,;0, phases,
but they do exhibit clear signatures of O, /0,*” molecular
anion formation and release oxygen at high charging
potentials.” In contrast, the Li,FeSbOg system does show
indications of Fe to Fe!V oxidation on charging, but this is
accompanied by of O,”/0,*” molecular anion formation and
oxygen release when charged at high potentials.'”** It is also
observed that the reduction of the O,7/0,>” species in
Li, [FeSbOy is somewhat suppressed, so that repeated cycling
accumulates these oxidized oxygen species, and depletes the
lithium content of the system and thus lowers the capacity of
the system in a manner somewhat analogous to that seen for
Li,FeyGaysO,. Li,FeSiO, exhibits further contrasting behav-
ior, exhibiting a large-scale structural reorganization when first
one lithium is removed to form LiFeSO, and a further
reorganization as further lithium is removed to form FeSiO,."'
Fe and O K-edge XANES data from Li, FeSiO, suggest an
oxidation of Fe'l to Fe'' associated with removal of the first
lithium and then the formation of 3d°L centers on removal of
the second lithium.

The diversity of electrochemical behavior of doped Li—Fe—
O systems on lithium extraction suggests the electronic
structures of these systems depend strongly on the identity
of the dopant and the crystal structure of the doped material.

B CONCLUSION

Substitution of more than 25% Al or 50% Ga for Fe in T-
LiFeO, stabilizes the materials with respect to spinel
conversion on lithium extraction. These cation substitutions
appear to simultaneously suppress Fe-cation migration and
oxygen release on cathode charging. However, the Fe'V—O
centers which form on lithium extraction are not electro-
chemically reduced on discharge, so accumulate in the cathode
on redox cycling. Thus, we can see that while cation
substitutions resolve two of the major problems associated
with employing T-LiFeO, as a Li-ion cathode, the resulting
LiFe;_,M,O, materials only have modest capacities which
decline rapidly on cycling, highlighting the multifaceted

challenges associated with Fe-based cathode materials.
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