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Tuning Cation (Dis)Order in Cr-Based Li-Excess Oxide
Cathode Materials to Improve Li* Transport Properties

Maciej MoZdzierz, Tucker Holstun, Zijian Cai, Gi-Hyeok Lee, Han-Ming Hau,
Xiaochen Yang, Yu Chen, Pawet Czaja, Wanli Yang, Konrad Swierczek,

and Gerbrand Ceder*

Li-excess disordered rocksalts (DRXs) hold promise as next-generation
cathodes for Li-ion batteries due to their high capacity and energy density,
along with the potential to eliminate the need for Co and Ni. However, due to
their low Lit diffusivity, DRXs need to be pulverized into nanoparticles to
achieve high performance. Herein, a new strategy for overcoming this
limitation is demonstrated, involving the design of as-synthesized partially
disordered oxides with a structure that lies between ordered layered and fully
disordered, exhibiting a varying degree of local (dis)order. This unique
structure activates new Li* diffusion channels, improving percolation and
transport properties. This strategy allows a large content of Lit* to be accessed
in material with large, micron-sized particles through highly reversible Cr3*/6*
and O redox, yielding a first discharge capacity of 286 mAh g~' (881 Wh
kg="). The Li* percolation network is further improved by substituting Ti with
a mixture of multiple metals, which appears to locally decrease the migration
barrier through lattice distortion. Proper tuning of the chemical composition,
especially the content of metals with empty d orbitals, is established as a
crucial factor for controlling the degree of disorder and mitigating voltage fade

and hysteresis growth upon cycling.

1. Introduction

The ongoing growth of the Li-ion battery market, along with
its expansion into electric vehicles and large-scale grid storage,

has created a demand for higher en-
ergy and power density in batteries,
as well as a reduction in their cost.?]
This can be achieved by replacing
the currently widely used layered
cathode materials containing Co and
Ni, such as Li(Ni;,,Mn,Co,)O, and
Li(Ni;,Co,AL)O,, with other high-
energy-density materials that rely on
earth-abundant elements.['5] One of
the most promising groups of future
cathodes, consisting entirely of earth-
abundant metals such as Mn, Ti, and Cr,
are disordered rocksalts with Li-excess
(DRXs). These materials can provide
energy densities of up to 1000 Wh
kg™' and specific capacities reaching
300 mAh g 1% Their recent devel-
opment was enabled by theoretical
insights into Li* diffusion in oxides
with face-centered cubic (FCC) oxy-
gen framework.”1%) Li* jumps be-
tween two octahedral sites primarily
occur through intermediate tetra-
hedral sites (o-t-o diffusion).'”) The
barrier for o-t-o diffusion is governed by the tetrahedron height
and the type of cations face-sharing with the tetrahedron.
As such, any tetrahedron can be categorized as an active or

M. Mozdzierz, T. Holstun, Z. Cai, H.-M. Hau, X. Yang, Y. Chen, G. Ceder
Lawrence Berkeley National Laboratory

Materials Sciences Division

Berkeley, CA 94720, USA

E-mail: gceder@berkeley.edu

M. Mozdzierz, K. Swierczek

Faculty of Energy and Fuels

AGH University of Krakow

al. Mickiewicza 30, Krakow 30-059, Poland

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/aenm.202502157

© 2025 The Author(s). Advanced Energy Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/aenm.202502157

Adv. Energy Mater. 2025, 2502157 2502157 (1 Of15)

T. Holstun, Z. Cai, H.-M. Hau, X. Yang, Y. Chen, G. Ceder
Department of Materials Science and Engineering
University of California Berkeley

Berkeley, CA 94720, USA

G.-H. Lee, W. Yang

Lawrence Berkeley National Laboratory

Advanced Light Source

Berkeley, CA 94720, USA

P. Czaja

Institute of Metallurgy and Materials Science

Polish Academy of Sciences
ul. Reymonta 25, Krakow 30-059, Poland

K. Swierczek

AGH Centre of Energy

AGH University of Krakow

ul. Czarnowiejska 36, Krakow 30-054, Poland

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH


http://www.advenergymat.de
mailto:gceder@berkeley.edu
https://doi.org/10.1002/aenm.202502157
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202502157&domain=pdf&date_stamp=2025-06-16

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

inactive diffusion channel by the number of transition met-
als (TMs) which face-share with it.' In Li-stoichiometric or-
dered layered oxides, only 1-TM channels are available for Li*
hops, and the migration barrier for these channels increases with
cation mixing."1% However, if the degree of disorder is high
enough and there is sufficient Li-excess, 0-TM channels, tetrahe-
dral sites which do not face-share with a TM, can form a perco-
lating network and enable macroscopic Li* diffusion.[”1% While
the 0-TM network is the main diffusion pathway in DRXs, 1-
TM channels may also be active to some degree.[''"13] Neverthe-
less, the Li* diffusivity in DRX materials (1071°~10"" cm? s71)
is lower than in conventional layered cathodes (1071°~10~° c¢m?
s71).'415] To achieve good electrochemical performance, DRX
particles need to be pulverized to shorten the diffusion length,
either through ball-milling after a solid-state synthesis or by us-
ing a mechanochemical (ball-milling) synthesis method.[14-20]
Eliminating this milling step is one of the challenges for the
future commercialization of DRX-based materials.[1#161721] Sey-
eral strategies have been proposed to improve Li* transport ki-
netics. Introducing cations capable of reversibly migrating from
octahedral to tetrahedral sites, such as Cr3*+/6+ 1221 y3+/5+ (23] and
Mo*+/6+ [24] has been demonstrated to enhance the percolation
network by increasing the amount and connectivity of 0-TM
channels.?2] DRX materials also typically exhibit significant de-
viations from a random cation distribution due to short-range or-
der (SRO), which may worsen 0-TM percolation.[?2°] Unfavor-
able SRO can be efficiently suppressed by using a high-entropy
approach, which creates a more random configuration of cations,
leading to a significant improvement in energy density and rate
capability.[’72°] SRO can also be controlled by optimizing syn-
thesis conditions,?"! introducing layered-like ordering,!?*31 or
using partial Li deficiency.'”! Additionally, a partial transforma-
tion of DRX into a spinel-like 6 phase can substantially improve
transport properties, leading to better energy density and rate
capability.[?!3233] Despite improvements to the apparent diffusiv-
ity of the DRX in most previous reports, ball-milling was utilized
before electrode preparation.

Interestingly, previous calculations!”!% indicate that 0-TM
percolation is more readily achieved in a partially cation-
mixed layered structure than in a fully disordered one, mak-
ing it an intriguing possible route to partially (dis)ordered
structures with good rate capability and high energy content.
In this work, we aim to achieve a partially disordered (PD)
structure in as-synthesized materials, specifically in Li-excess
systems based on Cr**/** redox: Li,,Cr,,Ti,,O, (LCT) and
Li, ,Cry 4 Tig,Aly sMny o5 Fey isM0g 50, (LCT-HE). While LCT
has been previously studied as a potential cathode material, show-
ing a high capacity of ca. 200 mAh g=! (2.0-4.8 V),3*%7] the Li*
diffusion pathways, detailed structural properties, origins of volt-
age hysteresis, and redox mechanism have not been fully elu-
cidated. Here, we thoroughly study the PD structure, demon-
strating that it can be considered an intermediate between a
fully disordered rocksalt phase and an ordered layered phase.
This structure is characterized by the average cation mixing pa-
rameter but exhibits a locally varying, inhomogeneous degree
of (dis)order. We use these findings to explain why the PD ox-
ides exhibit enhanced Li* transport properties, outperforming
conventional DRX cathodes. We introduce the content of ele-
ments with empty d orbitals (d° configuration) as a key param-
eter for designing these materials. We address the issues with
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hysteresis growth in LCT by proposing a new composition, LCT-
HE, which delivers stable and non-hysteretic performance with
a high energy density of 881 Wh kg~' within a 1.5-4.8 V volt-
age window. The overall improved Li* kinetics, combined with
the relatively low synthesis temperature, enables the developed
materials to work effectively in their as-synthesized form, con-
stituting a new and promising pathway toward novel cathode
materials.

2. Results

2.1. Design and Characterization of the Partially Disordered
Layered Structure

In a layered O3 structure, discrete Li layers and transition metal
(TM) layers are stacked alternately along the c-axis.[**3?] When
Li-excess is introduced, some of the metals in the TM layer are
replaced by Li*, often forming honeycomb ordering.[3¥3° In a
fully disordered rocksalt, 50% of TMs are located in each hypo-
thetical layer. The partially disordered (PD) structure can be con-
sidered as an intermediate between these two structures. It can
be characterized by the percentage of cation mixing, defined as
TM occupancy in the Li layer divided by TM occupancy in the
TM layer (cation mixing = 0% for ordered layered; cation mix-
ing = 100% for fully disordered oxide). Our goal here is to ex-
plore the electrochemical properties of PD oxides, designed by
carefully adjusting their chemical composition. In general, a high
ionic radii mismatch between Li* and a given cation in octahedral
coordination favors independent relaxation of Li-O and metal-
O bonds, promoting the formation of the layered structure.[640]
On the other hand, a disordered local environment can be sta-
bilized by d° cations, as they allow for accommodating large dis-
tortions of the octahedra.l****!l Bagsed on these rules, Li-excess
Li, ,Cr,,Ti, ,O, (LCT) appears to be a good candidate for obtain-
ing the desired PD structure, as it has an equimolar ratio be-
tween Cr** (which exhibits a high tendency to form the layered
phasel?”?) and d° Ti**. Also, incorporating Cr** is of high in-
terest since it can undergo three-electron redox upon oxidation
to Cr®, potentially providing a very high capacity without sig-
nificant contribution from O redox, which, when used to a large
extent, may be irreversible and lead to O, release.[*?] Another
proposed composition, which should allow for obtaining the
PD structure, is Li; ,Cry,Tiy,Al;sMng osFeg ;s Moy os0,. We re-
fer to this multicomponent-doped material as LCT-HE because it
shares a common Cr content with LCT but has 0.2 mol of Ti sub-
stituted by a mixture of four cations in an equimolar ratio, mak-
ing it a high-entropy oxide (HEO, Table S1 and Note S1, Support-
ing Information).[*3] Also, we plan to investigate possible syner-
gistic effects stemming from the presence of multiple different
cations in the structure, which should influence electrochemical
performance, as has been reported for other HEOs.[## Assum-
ing the targeted oxidation states of the cations (Al**, Mn**, Fe’*,
Mo®*), LCT-HE should be more layered-like (with less interlayer
mixing) than LCT due to the presence of Mn** and AI** (replac-
ing Ti**), which are commonly incorporated into cathode mate-
rials to stabilize the layered structure.[**~*] Meanwhile, Fe** and
Mo®* are expected to possess a similar tendency toward disorder
as Ti*.

Both LCT and LCT-HE were synthesized by a solid-state syn-
thesis method at 850 °C. The X-ray diffraction (XRD) patterns in
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Figure 1. Structural characterization of the PD layered oxides. a,b) XRD patterns with Rietveld refinement for R-3m layered structure (single-phase model
with cation mixing) for (a) LCT and (b) LCT-HE with the extracted structural parameters. c¢,d) SAED patterns for (c) LCT and (d) LCT-HE with the rings
assigned to the layered R-3m structure. The measured d-spacings are equal to 4.74, 2.43, 2.02, 1.86, 1.58, 1.43 Afor LCT (c) and 4.66, 2.34, 2.04, 1.85,
1.57, 1.44 A for LCT-HE (d). e,f) HR-TEM images for () LCT and (f) LCT-HE with the corresponding FFT highlighting layered-like (yellow color, R-3m,
zone axis [010]) and partially-mixed (rocksalt-like features, green color, Fm-3m, zone axis [110]) regions. g) STEM image with the corresponding EDS

maps for LCT-HE. h) SEM image for LCT-HE.

Figure 1a,b, and Table S2 (Supporting Information) and selected
area electron diffraction (SAED) patterns in Figure 1c,d can be
assigned to a single space group, R-3m. There are no visible su-
perstructure reflections from the C2/m Li,MnO;-like phase, in-
dicating a random intralayer cation arrangement. The XRD data
(Figure 1a,b) shows that the intensity of the (104) peak is sig-
nificantly higher in reference to the (003) peak, and the (018)
and (110) reflections overlap. These observations deviate from
the typical diffraction of a R-3m structure, indicating the pres-
ence of partial disorder in both compounds. The refined lattice
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parameters in the R-3m space group are a = 2.9086(3) A; c =
14.350(1) A for LCT, and a = 2.9093(2) A; ¢ = 14.400(1) A for
LCT-HE. A c/a ratio close to 4.99 indicates that the structure
is well-layered (e.g., as in LiCoO,), while c/a = 4.90 is charac-
teristic of cubic structures such as disordered rocksalt (DRX) or
spinel.¥) LCT and LCT-HE have intermediate c/a values equal
to 4.93 and 4.95, respectively. To determine the degree of cation
mixing between Lit and other cations, appropriate constraints
must be imposed (Note S2, Supporting Information) due to lim-
itations of the XRD technique in terms of sensitivity toward Li.
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We find that the mixing level for LCT-HE is slightly lower than
that for LCT (15.2% and 17.2%, respectively), which, together
with the higher c/a ratio (Table S2, Supporting Information),
substantiates that LCT-HE is more layered-like. To gain insight
into the local cation arrangement within the PD structure, we
utilized high-resolution transmission electron microscopy (HR-
TEM, Figure le,f), which is sensitive to phase contrast. For both
samples, the degree of (dis)ordering is found to vary locally, from
more ordered layered-like regions (yellow squares with the cor-
responding fast Fourier transform (FFT) indexed to the R-3m
phase) to partially cation disordered regions (green squares, Fm-
3m rocksalt features marked with green circles in FFT coexist
with spots from the layered phase). Interestingly, regions with
spinel-like ordering were also detected (Figure S1, Supporting
Information). Presumably, these regions are similar to lithiated
spinel (Lij ;0 My (160 O4), which may coexist with both layered and
DRX phases.[*-5!] Such a lithiated spinel phase can be difficult to
distinguish in powder XRD from a layered phase when the oxy-
gen array is cubic-close-packed (c/a = 4.90).1*9°1-3] Because the
structures are distinguishable in single-crystal experiments,>*!
they can be detected through HR-TEM. Since layered, spinel, and
rocksalt structures can share the same oxygen framework and
smoothly transform into each other on the scale of a few nanome-
ters, LCT and LCT-HE are classified as single-phase PD layered
oxides that locally exhibit different cation disorder (schemati-
cally shown in Figure 5a in the Discussion section). It should be
noted that Rietveld refinement based on a two-phase model, in-
cluding fully ordered layered (R-3m) and fully disordered (Fm-
3m) phases, might initially seem more appropriate (see Note
S2, Figure S2, and Table S2, Supporting Information). How-
ever, considering the range of disorder levels in the samples re-
vealed by HR-TEM, which the two-phase model does not cap-
ture, the single-phase model more accurately represents the real
structure of LCT and LCT-HE. Moreover, since using average
structural parameters in a single-phase model makes interpreta-
tion more straightforward, we selected the single-phase approach
(with an R-3m layered phase and refined cation mixing) to sim-
plify the analysis and interpretation of the PD structure. The re-
sults of scanning transmission electron microscopy (STEM) with
energy-dispersive X-ray spectroscopy (EDS) mapping (Figure 1g;
Figure S3a, Supporting Information) show that the cations are
distributed homogeneously with no segregation, further support-
ing that both materials should be treated as single-phase. Using
scanning electron microscopy (SEM), the particle size for both
samples was measured (Figure 1h; Figure S3b, Supporting In-
formation). It varies from 300 nm up to 3 um, which is gener-
ally smaller than for as-synthesized DRX materials (due to the
lower synthesis temperature of 850 °C for PD oxides compared
to 1000-1100 °C for Mn- and Cr-based DRXs!!*?2%7)), but signif-
icantly larger than for ball-milled DRX samples, a process com-
monly done prior to the preparation of DRX-based electrodes to
produce submicron secondary particles.719>4]

2.2. Electrochemical Properties of Partially Disordered Oxides
The electrochemical performance of LCT and LCT-HE electrodes

was evaluated using a galvanostatic cycling technique between
1.5-4.8 V and 2-4.4 V at 25 °C and at a current of 20 mA g1, with
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the results presented in Figure 2a,b. In the 1% discharge down
to 1.5V, LCT delivers a capacity of 223 mAh g™ (689 Wh kg™'),
whereas LCT-HE delivers a higher value of 286 mAh g~ (881 Wh
kg'). Even though the tested electrodes were prepared using the
as-synthesized PD materials, without additional nanosizing, the
recorded capacities and energy densities are comparable with the
best performing Mn- and Cr-based DRXs after high-energy ball
milling!>1%?2%7] (see comparison in Table S3, Supporting Infor-
mation). These results indicate that the Li* transport properties
are improved in the PD structure compared with DRX, the ori-
gins of which will be explained in detail in the Discussion section.
Reasonably high capacities can also be obtained when cycling
in a narrower 2.0-4.4 V range, reaching 190 mAh g=! (619 Wh
kg') and 226 mAh g™ (727 Wh kg™') for LCT and LCT-HE, re-
spectively. As evidenced by the voltage profiles (Figure 2a,b) and
the galvanostatic intermittent titration technique (GITT, Figure
S4a,b, Supporting Information), both materials do not exhibit
significant voltage hysteresis (0.41 and 0.48 V for LCT and LCT-
HE, respectively), far below that of other Cr-based Li-rich com-
pounds such as Li, ,Cr, ,Mn,,0, (>2.5 V).5*] Based on the GITT
data, the higher discharge capacities observed in the initial cycles
for LCT-HE compared to LCT (Figure 2a-d) can be connected
to the decreased overpotential related to mass transfer, especially
during deep discharge (Figure S4c—e, Supporting Information).
Another substantial difference between the two materials is ca-
pacity evolution (Figure 2c,d) and voltage retention (Figure 2e,f;
Figure S5a,b, Supporting Information) during cycling. For LCT,
the capacity increases from 223 to 259 mAh g=! over the first
12 cycles between 1.5-4.8 V. Upon further cycling the capacity
decreases with a similar slope as observed for LCT-HE (87.6%
retention between 12" and 50" cycles for LCT, 86.2% for LCT-
HE). The voltage profile evolution for LCT, illustrated in the nor-
malized capacity plots for selected cycles (Figure 2e), shows a
gradual formation of new pseudo-plateaus, centered at lower volt-
ages during discharge and higher voltages during charge, thereby
increasing the hysteresis. Figure 2g shows the average charge
and discharge voltage as a function of cycle number. For LCT,
a pronounced voltage fade occurs, with its asymmetrical charac-
ter clearly visible in the rapid decrease in the average discharge,
but not charge, voltage. Some changes in the voltage profiles can
also be observed for LCT-HE (Figure 2f), but to a much smaller
extent. Moreover, the average voltage changes are more sym-
metrical (Figure 2g). Similar but less pronounced phenomena
for both materials are visible during cycling between 2.0-4.4 V
(Figure S5, Supporting Information). Both PD compounds ex-
hibit very high capacities even at currents as high as 1000 mA
¢! (Figure 2h; Figure S6a, Supporting Information), delivering
143 mAh g=! (LCT-HE) and 142 mAh g=! (LCT) in the 1°t dis-
charge between 1.5-4.8 V. Note that the values are comparable
with Li;,Cry,Mn,,Ti,,0, DRX (155 mAh g!),[2?l but for the
PD materials, they were achieved without extensive mixing with
carbon and without decreasing the particle size through milling.
The capacity retention trend observed at 20 mA g™! is gener-
ally maintained under higher currents (Figure S6b,c, Supporting
Information), but the capacity increase in the initial cycles for
LCT becomes less pronounced. This is also valid for extended
cycling up to 100 cycles within the narrower voltage window of
2-4.4 V (Figure S6d,e, Supporting Information; long-term cy-
cling in the 1.5-4.8 V voltage range leads to intensified electrolyte
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decomposition). Interestingly, LCT and LCT-HE show a remark-
ably similar capacity at 1000 mA g=' (only 1% difference),
while the superiority of LCT-HE becomes increasingly evident at
medium (100 mA g, capacity higher by 13%) and low currents
(20 mA g1, capacity higher by 22%). Therefore, there must be an
additional, kinetically-limited Li* transport mechanism present
only in LCT-HE, which becomes gradually deactivated with in-
creasing current loads. The comparison of electrochemical re-
sults between LCT and LCT-HE indicates that introducing a high-
entropy mixture, using less d° cation content, and shifting to-
ward a more layered character of the PD oxide significantly im-
pact the electrochemical performance. These changes lead to im-
proved capacity at low and medium currents (while maintaining
the same performance under high loads), a stable voltage profile,
and reduced voltage fade during cycling for LCT-HE. The rate
of capacity degradation observed upon cycling for both materials
is similar to the behavior reported of many DRX compounds!®?’]
and may be caused by TM dissolution and electrolyte breakdown,
which are intensified by cycling in a wide voltage window. To ex-
plain our observations of better Li* transport properties in the PD
structure compared to DRXs, as well as to understand the differ-
ences in the electrochemical properties of LCT and LCT-HE, we
will thoroughly study the redox mechanisms, structural changes
upon cycling, and TM migration for both materials in the follow-
ing sections.

2.3. Redox Mechanism

The TM redox mechanism for LCT and LCT-HE was studied by
hard X-ray absorption spectroscopy at the relevant metal K-edges
(hXAS) and supported by soft XAS at L,-edges (sXAS). Cr K-edge
X-ray absorption near structure (XANES) spectra for the pristine,
top of charge, and bottom of discharge samples in the 1% cycle
between 1.5-4.8 and 2.0-4.4 V, together with the spectra mea-
sured for selected standards, are presented in Figure 3a,b. The
oxidation state of Cr can be estimated from the rising edge en-
ergy (corresponding to the excitation from 1s to 4p orbitals) and
the pre-edge intensity (related to 1s to 3d transitions!>>*°l) and
comparing them with standards. The very high intensity of the
pre-edge peak in the CrO; standard is characteristic of tetrahe-
dral Cr®* coordination, which enables a high probability of 1s
to 3d transitions due to hybridization between Cr 3d and O 2p
orbitals.555¢] Therefore, the pre-edge intensity ratio between the
measured spectra and the CrO, standard can be used to estimate
the content of tetrahedral Cr®* present in the samples (Figure 3c).
In the pristine state, Cr K-edges for LCT and LCT-HE are sim-
ilar and close to the LiCrO, standard, indicating the presence
of Cr**. Upon delithiation, the edge energy shifts from 5998 eV
to 6007 and 6006 eV for LCT and LCT-HE, respectively. The in-
tensity of the pre-edge at ca. 5993 eV also increases significantly
in both samples, indicating Cr oxidation and migration. Most of
Cr** in LCT is oxidized to Cr®" and migrates to tetrahedral sites
at the top of charge, while it is relatively less oxidized in LCT-
HE. There is almost no change in the XANES spectra for both
compounds when charging from 4.4 to 4.8 V, indicating that the
capacity delivered above 4.4 V is not primarily due to Cr oxidation.
Upon discharge to 2.0 or 1.5 V, the edge energy for both materi-
als shifts back close to 5998 eV, similar to the LiCrO, reference,
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but remains at slightly higher energy than in the pristine state.
This suggests the presence of mostly octahedral and trivalent Cr
at the end of discharge, but with some Cr at higher oxidation
state. Noticeably, LCT still exhibits a pronounced pre-edge peak
intensity after discharge, which is more intense than in the CrO,
reference spectrum (Figure 3c) and therefore may be attributed
to the presence of remaining Cr®* rather than Cr** (although it
is difficult to determine whether small quantities of Cr** exist
in addition to mostly Cr** and Cr®*). More Cr®" remains at the
end of discharge when cycling within the wider voltage range, as
evidenced by the more intense pre-edge peak after discharge to
1.5 V compared to 2.0 V (Figure 3a). On the other hand, the pre-
edge intensity for LCT-HE after discharge does not exceed that of
the CrO, reference. This suggests a more complete reduction for
LCT-HE, with consistent behavior in both voltage ranges (2.0-
4.4 and 1.5-4.8 V), unlike LCT which shows different behavior in
these ranges. To further probe the valence of Cr, we measured the
mapping of resonant inelastic X-ray scattering (mRIXS) at the Cr
L;-edge and derived the inverse partial fluorescence yield (iPFY)
spectra (Figure S7 and Note S3, Supporting Information), which
provide an undistorted direct probe of the 3d valence states.>’]
These sXAS results further support the incomplete oxidation of
Cr** to Cr® in both materials, as the measured iPFY spectra
in the fully charged state still exhibit the signal related to Cr**
(Figure S7e, Supporting Information), and the characteristic dd
excitation peaks (which d° Cr®" does not possess) are still visi-
ble in the RIXS spectra (Figure S7g, Supporting Information).
Additionally, based on the peak intensity differences in mRIXS
and iPFY between LCT and LCT-HE, less Cr oxidation is taking
place for LCT-HE, consistent with the hXAS data. The measured
K-edge XANES and L,-edge sXAS spectra for the other cations in
the samples confirm that the initial oxidation states are close to
the targeted Ti**, Fe’*, and Mo®* and that these are redox inac-
tive within the tested voltage windows (Figures S8-S10 and Note
S3, Supporting Information). However, Mn in LCT-HE appears
to exhibit an oxidation state lower than the targeted 4+. This may
be caused by Mn reduction during the synthesis in an inert atmo-
sphere. The sXAS measured in total electron yield mode (Figure
S9¢, Supporting Information) shows that the effect is especially
pronounced on the surface. The observed change in the spectrum
shape at the Mn L;-edge upon charge (Figure S9d, Supporting In-
formation) and the small shifts in the Mn K-edge (toward lower
energy upon discharge and higher energy upon charge compared
to the pristine state, Figure S10c, Supporting Information) sug-
gest partial redox activity of the Mn3*/** pair. However, taking
into account the low content of Mn in LCT-HE, its contribution
to the overall capacity is negligible, certainly below 16 mAh g~!
(which would be the case for complete Mn**/#* redox on all con-
stituent Mn). Based on the literature reports for Al-containing
layered Li oxides, Al is assumed to be in the 3+ oxidation state
and redox inactive.[*#4958] The XANES studies show that Cr is the
main redox active TM for both LCT and LCT-HE. The composi-
tions of LCT and LCT-HE were designed to extract all 1.2 mol
of Li if the full oxidation of Cr from 3+ to 6+ can be achieved
without O redox, yielding theoretical capacities of 401 mAh g~!
(LCT) and 390 mAh g~! (LCT-HE). However, according to the lin-
ear combination fitting of Cr L,-edge iPFY spectra with reference
spectra (see Figure S7e,f and Note S3, Supporting Information),
the redox of the Cr*/°* pair is incomplete (ca. 73% of Cr®* in
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Figure 3. Redox mechanism study. a,b) Cr K-edge XANES spectra for LCT (a) and LCT-HE (b) for the pristine samples and the samples (dis)charged
between 1.5-4.8 and 2.0-4.4 V. The spectra for LiCrO,, CrO,, and CrO; references are plotted as dashed lines. c) The intensity of the pre-edge peak at
ca. 5993 eV normalized by the intensity of the CrO; standard for LCT and LCT-HE cycled between 1.5-4.8 V and 2.0-4.4 V. Also plotted is the intensity
ratio of the CrO,/CrOj standards. d,e) O K-edge mRIXS for the selected samples, including pristine, the top of charge (4.8 V) after the 1%, 2"d, and 5t
cycles, and the bottom of discharge (1.5 V) after the 15t cycle for LCT (d) and LCT-HE (e). The excitation energy window along the vertical axis is between
530 and 532 eV. The red boxes mark the energy region for the oxygen redox feature. f) Integrated RIXS cuts around the selected 531 eV excitation energy
at different (dis)charge steps. Solid lines correspond to LCT and dashed lines correspond to LCT-HE. The peak at the emission energy of ca. 523.7 eV

marked with the red line is characteristic for oxidized oxygen.

LCT and 51% in LCT-HE after the 1*' charge to 4.8 V). Since a
substantial amount of capacity is delivered above 4.4 V, part of
the charge compensation is expected to occur through O redox.
To investigate this, we utilized mRIXS for O K-edge, which over-
comes the limitations of conventional O K-edge XAS and is there-
fore often selected to characterize O redox in Li-excess cathode
materials.[19275960] The feature characteristic for oxidized oxygen
can be detected at the excitation energy of ca. 531 eV and the emis-
sion energy of ca. 523.7 eV.[1%275%%] Figure 3d,e shows the ex-situ
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O-K RIXS maps for LCT and LCT-HE at the selected points in
cycling. The red boxes mark the energy region of the oxidized
oxygen feature, which is clearly visible at the top of charge af-
ter the 1%, 2", and 5™ cycles, and disappears after full discharge
to 1.5 V. Both LCT and LCT-HE show similar O redox behav-
ior as shown in RIXS cuts around the 531 eV excitation energy
(Figure 3f). After the 1% cycle, the intensity of the O redox peak
is decreased in the 2" charge but is then stable in subsequent
cycles. Also, upon discharging to 1.5 V, the peak intensities are
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Figure 4. Cation migration and structural changes upon cycling in the PD oxides. a,b) k?-weighted Fourier transformed Cr K-edge EXAFS spectra for LCT
(a) and LCT-HE (b) for the pristine samples and the samples (dis)charged between 1.5-4.8 or 2.0-4.4 V. The peaks centered at ca. 1.0, 1.5, and 2.5 A are
assigned to CrO, tetrahedral coordination (Cr-O,;), CrOg octahedral coordination (Cr-O,), and the interactions of Cr with other cations in the second
shell (Cr-Me), respectively, in line with previous reports.[225363] The Fourier transformed spectra are not phase corrected, so the actual distances should
be ca. 0.3-0.4 A longer.[?2] c,d) Ex situ XRD patterns measured for electrodes with LCT c) and LCT-HE d) for the pristine samples, at the top of charge
and bottom of discharge after 1, 2, 10, and 30 cycles between 1.5-4.8 V. e) Evolution of the degree of cation mixing and c/a ratio upon cycling for the
fully lithiated LCT and LCT-HE. The parameters were calculated from the Rietveld refinement.

similar to those of the pristine samples. Hence, the O redox ex-
hibits good reversibility on cycling, complementing Cr>*/¢* re-
dox, contrary to many previously reported Li-excess layered cath-
odes where excessive O redox occurs and is irreversible.[>#261]

2.4. Structural Changes and Cation Migration

None of the investigated K-edges of the redox-active ions is fully
recovered after discharge as compared to the pristine state. In all
but the case of Cr, these changes are mainly to the shape of the
edge rather than the energy of the edge, suggesting changes in
the local arrangements around cations. Because the Cr®* formed
upon charge is stable only in tetrahedral coordination,[®?] it is
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believed that it must migrate during the electrochemical pro-
cess in order to be oxidized. To precisely characterize the local
structural changes and Cr migration on (dis)charge, we utilized
extended X-ray absorption fine structure (EXAFS) spectroscopy.
Upon charging to 4.4 and 4.8 V, a new peak centered at a lower R
(ca. 1.0 A in uncorrected phase scale) emerges in the Cr K-edge
EXAFS spectra for LCT and LCT-HE (Figure 4a,b), paired with a
simultaneous decrease in the intensity of the peak correspond-
ing to Cr-O,, bonds. Because the bonds in Cr®*O, coordination
are short, this new feature can be assigned to Cr-O,,/**! and con-
firms that Cr moves from its original octahedral position to tetra-
hedral sites. There is less tetrahedral occupation in LCT-HE, con-
sistent with the less extensive Cr oxidation detected from XANES.
Also, there are no changes in the EXAFS spectra for LCT-HE
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between 4.4 and 4.8 V (Figure S11, Supporting Information),
while for LCT it is found that Cr further migrates to a small ex-
tent. On discharge, the amplitude increases for the Cr-O,, peak
and decreases for the Cr-O,,, for both studied materials. This in-
dicates that Cr migrates back to the octahedral sites upon reduc-
tion. However, the amplitude of the Cr-O,, peak is lower than
thatin the pristine samples. This result can be correlated with the
pre-edge peak intensity dependence analysis from XANES (Sec-
tion 2.3. and Figure 3c), together suggesting that some Cr®*O, co-
ordination remains present at the bottom of discharge, especially
in LCT. We also performed EXAFS studies for other cations in the
samples, with the detailed analysis provided in Note S4 (Support-
ing Information) and Figure S12 (Supporting Information). Ti in
LCT and Ti, Mn, Fe, and Mo in LCT-HE were confirmed to be im-
mobile and stable in octahedral sites. We interpret the observed
minor changes in the EXAFS spectra of these other elements as
originating from the local structural distortions due to Cr migra-
tion. We also find that these distortions around the investigated
absorbers on charge remain present on discharge with most of
them accumulated around Ti in LCT and around Ti and Mo in
LCT-HE, consistent with the ability of fully oxidized d° cations to
more easily accommodate distortion.['%]

To investigate the influence of Cr mobility on more global
structural changes, we utilized ex-situ XRD measurements.
Figure 4c,d and Figure S13 (Supporting Information) show the
patterns measured for the fully charged and discharged sam-
ples after a different number of cycles. At every stage of charge,
LCT and LCT-HE can be assigned to the initial single-phase PD
structure (R-3m space group). However, the variations in the rel-
ative intensity of reflections indicate dynamic changes in cation
mixing. After the 1% charge, the intensity of all peaks has de-
creased for both materials as compared to the pristine electrodes
(similar active material mass), with some of them almost com-
pletely disappearing ((101)/(012) peaks at ca. 38°, (015) peak at
ca. 48°, (009)/(107) peaks at ca. 58°). The intensity decrease of
these specific peaks is consistent with Cr migration to tetrahedral
positions.>! All reflections are broader for LCT-HE in compari-
son to LCT, suggesting that larger distortions are present in the
material. Also, the structure of LCT-HE remains more layered-
like, as evidenced by the better separation of the (018) and (110)
peaks at ca. 64° (see the magnified patterns in Figure S14, Sup-
porting Information). Similar features can be observed in the pat-
terns measured after the 24, 10", and 30™ charge to 4.8 V. After
the 1% discharge, the intensity of the peaks for both samples is
regained but not to the same level as in the pristine state. In par-
ticular, the relative intensity of the (003)/(104) peaks (ca. 18° and
44°) is lower. Therefore, while most of Cr has migrated back to oc-
tahedral positions upon full discharge, the degree of cation mix-
ing remains greater than the pristine samples. The most signif-
icant changes (in the fully lithiated state) can be observed when
comparing the pristine state to the sample after the 1% cycle in
both compounds. This is consistent with the irreversible charac-
ter of the 1% charge voltage profile (Figure 2a,b) and the decreased
intensity of the O redox peak between the 2 and 1% charge
(Figure 3c—e). We used Rietveld refinement to calculate the level
of cation mixing and the c/a ratio, and to track their evolution
upon cycling (Figure 4e). The details of Rietveld fitting are pro-
vided in Note S2 (Supporting Information), with representative
refinements shown in Figure S15 and Table S4 (Supporting Infor-
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mation). In the consecutive charge/discharge cycles, the cation
mixing increases and the c/a ratio decreases, leading to more dis-
ordered samples. Both parameters taken together indicate that
LCT-HE is initially more layered-like than LCT and remains this
way during cycling. The level of cation mixing increases between
the 1°t discharge and 30™ discharge from 33(1)% to 53(1)% for
LCT, and from 32(2)% to 45(3)% for LCT-HE. The larger increase
in the degree of disorder for LCT is likely the result of its greater
extent of Cr migration. Interestingly, the ex-situ XRD patterns af-
ter the 10™ and 30% discharge are similar for LCT-HE, whereas
for LCT, the peak intensity after the 30" discharge is lower com-
pared to the 10" discharge (the active material mass in the elec-
trodes was similar for the cells cycled for 10 and 30 cycles, so it
should not influence the intensity that much). Additionally, after
the 30™ discharge, some of the reflections for LCT have almost no
intensity (at ca. 38°, 48°, and 58°). The loss of intensity in these
reflections is similar to the features observed after the 1% charge
to 4.8 V, which are characteristic of tetrahedral Cr occupancy. It
is, therefore, possible that a greater accumulation of Cr-O,,, in
LCT is responsible for the visible differences in the XRD data be-
tween the samples after 30 cycles. This suggests that the trapping
of Cr®" in tetrahedra after the 15 discharge in LCT, detected by Cr
K-edge XANES, also occurs in subsequent cycles, leading to the
accumulation of trapped Cr®*. In contrast, this phenomenon is
not present in LCT-HE to the same extent, as evidenced locally by
XAS and globally by XRD. The lattice parameter evolution during
cycling indicates that both materials undergo very small volume
changes, similar to some other DRX materials which are labeled
“zero-strain” (Figure S16, Supporting Information).l”23634] Dur-
ing the 1% discharge from 4.8 to 1.5 V, the volume change is only
0.3% for LCT and 0.6% for LCT-HE.

3. Discussion

3.1. Li* Transport in the Partially Disordered Structure

The electrochemical results presented in this work clearly show
that the designed PD oxides are based on Cr**/®+ and highly
reversible O redox and exhibit better Li* transport properties
than typical DRX materials, enabling them to be used as cath-
ode materials in their as-synthesized form, with particle sizes
above 1 um. We attribute this to the combination of 0-TM and
1-TM channels in the PD layered structures. While 0-TM are
only formed in layered structures when Li excess or partial
disorder is introduced,”!% the larger separation between the
111 planes that create the Li-slab in a layered structure acti-
vates the 1-TM channels in them, enabling them to participate
in Li* diffusion.”] We hypothesize that in PD oxides the pre-
dominant Li* transport occurs through 0-TM channels, while
the additional accessible 1-TM jumps contribute to the over-
all connectivity of the percolation network. Our materials stand
in contrast to Cr-containing well-ordered layered oxides, such
as Li,,Cr, ,Mn, ,0,5%l and 1i, ,Cr, ,Co, ,Mn, ,O,,[*) which ex-
hibit large voltage hysteresis.[>>! Consistent with recent work>®!
demonstrating that a certain level of disorder needs to be intro-
duced into the structure of Cr-based cathodes to mitigate the hys-
teretic behavior, the voltage hysteresis for our materials is below
0.5 V (Figure S4a,b, Supporting Information). As evidenced by
the TEM analysis in Section 2.1 (Figure 1e,f), the local cation
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arrangement in LCT and LCT-HE varies. In the as-synthesized
material, we experimentally observe both more ordered layered-
like environments which are integrated with more cation-mixed
(sometimes spinel-like) regions without abrupt phase boundaries
and with no clear domain structure. This variability is enabled by
the fact that all these structures share the same oxygen sublattice,
while the materials themselves exhibit a homogeneous compo-
sition (Section 2.1 and Figure 1g). These different cation order-
ings result in varying Li* transport properties, creating a unique
and complex diffusion network. In more layered-like regions, Li*
diffusion through 1-TM channels should have a relatively low
migration barrier, making them active, whereas in disordered
and spinel-like regions, jumps through 0-TM channels are more
facile. Figure 5a illustrates the proposed description of the PD
layered structure. Moreover, as we demonstrated, Cr*+/%* redox
not only provides a large TM redox reservoir but also coincides
with the migration of Cr to tetrahedral sites, possibly further im-
proving Li* kinetics by creating new 0-TM and/or 1-TM channels
(by transforming from 1-TM or 2-TM channels), as has been ar-
gued for Li, ,Cr,,Mn,, Ti, ,0,.[22] We believe that it is this mixed
0-TM/1-TM network, combined with the large amount of mobile
Cr, that allows PD materials to outperform traditional DRXs in
terms of Li* diffusivity and work effectively in the as-synthesized
form.

3.2. Role of Chemical Composition in the Partially Disordered
Oxides

Recent studies show that as-synthesized Li, ,Cr, ,Mn,,0, forms
an ordered layered structurel®>% and requires ball milling to in-
troduce partial disorder.[®! This is because the material contains
only TMs with occupied d orbitals and that have a large mismatch
of ionic radii with Li*, both factors which favor ordering./1%¢]
When trying to synthesize disordered rocksalts, incorporating
more than ca. 0.2 Cr per formula unit typically leads to the for-
mation of an electrochemically inactive LiCrO, secondary phase
(within a reasonable temperature range)/?2¥-2%8] ynless non-
equilibrium synthesis methods, e.g. mechanochemical synthe-
sis, are utilized.!®7! In contrast, in LCT and LCT-HE, the combi-
nation of layered- and DRX-forming elements enables the direct
formation of a PD structure through a solid-state route. Addition-
ally, a high content of Cr can be incorporated (0.4 per formula unit
in the studied materials). Even though in both LCT and LCT-HE
the main redox active cation is Cr and the materials differ only by
0.2 Ti** in LCT substituted by a high-entropy mixture in LCT-HE,
they exhibit markedly different electrochemical performance. In
particular, the energy density is higher, and the voltage profiles
are more stable for LCT-HE.

To understand these differences, we start by discussing the
evolution of the voltage profiles in our materials. In general,
voltage fade may arise from a combination of two overlapping
phenomena: 1) polarization growth where the mean voltage re-
mains stablel®?!l (e.g., caused by electrolyte decomposition and
TM dissolution!”*?!l), and 2) structural changes causing an asym-
metrical change in average charge and discharge voltage. The
more asymmetrical voltage evolution for LCT (Section 2.2 and
Figure 2e,g) suggests that the more pronounced voltage fade,
compared to that of LCT-HE, is mainly of structural origin. The
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ex-situ structural studies demonstrate that LCT-HE undergoes
less Cr** oxidation and migration to tetrahedral positions upon
charging, while upon discharging, Cr®* reduction and migration
back to octahedral sites are more complete. We explain these phe-
nomena by the difference in the capability of the other ions to
accommodate strain induced by Cr mobility, schematically illus-
trated in Figure 5b. In LCT, the high content of d° Ti**, which can
easily tolerate distortions to the octahedra it occupies,!'3#!] allows
for undisrupted oxidation and migration of Cr. It has been previ-
ously shown that once Cr® occupies a tetrahedral site, the adja-
cent Li* also moves to a tetrahedral position, forming a Cr,.-Li,
dumbbell, which lowers the overall energy of the system.[>>72]
When in high concentration, these dumbbells interact through
their strain fields, creating cooperative distortions. The high sta-
bility of these dumbbells makes them hard to break up during
lithiation, leaving remnant oxidized Cr®* in the structure, even
after discharge to 1.5 V. During prolonged cycling, especially in
a wide voltage range where the formation of dumbbells is in-
tensified, they may accumulate, causing the average voltage to
increase during charging and decrease during discharging (Sec-
tion 2.2. and Figure 2e,g). After a sufficient number of cycles,
the recorded voltage profiles somewhat resemble the highly hys-
teretic behavior reported for layered Li, ,Cr, ,Mn, ,0,,1>>%] even
though the disorder needed to disrupt collective Cr migration!>’!
is present in LCT. Therefore, while reversible Cr migration dur-
ing cycling increases disorder, irreversible migration and Cr,,-
Li,., dumbbell formation could play a more significant role in
driving hysteresis growth. In the initial cycles, when some Cr,,-
Li,, dumbbells are already trapped but not yet accumulated in
large amounts, the small numbers of Cr-O,,, might improve the
percolation network by creating additional accessible diffusion
channels,?? which would explain the observed capacity increase
up to the 12 cycle (Figure 2c). In contrast, due to the presence of
more cations with occupied d orbitals that cannot easily accom-
modate distortions,*!! significant local strain appears in LCT-HE
upon charging, reaching a point where further oxidation and mi-
gration of Cr become energetically unfavorable and cannot con-
tinue. Because fewer Cr,,-Li,,, dumbbells form during charging,
the subsequent reduction is more complete, resulting in fewer of
them remaining stable in the structure. The enhanced Li* trans-
port kinetics in LCT-HE, especially at the end of discharge (see
GITT analysis in Section 2.2 and Figure S4, Supporting Infor-
mation), likely also facilitates a more reversible Cr redox process.
This explains the more stable evolution observed in the voltage
profile of LCT-HE (Figure 2e,f). We note that it should be pos-
sible to force more (or even all) Cr®* to be reduced and moved
back to octahedral sites, even for LCT. However, this would re-
quire either discharging to voltages below 1.5 V (similar to what
was reported for layered Li, ,Cr,,Mn,,0, when discharging to
1.0 V%)), or increasing the accessible discharge capacity without
lowering the cutoff voltage (as demonstrated in the work on par-
tially disordered Li, ,Cr, ,Mn, O, or by further improving Li*
kinetics).

In light of the above discussion, we can now address the re-
maining differences in the electrochemical properties between
LCT-HE and LCT. Due to the lower amount of cation migration,
the initially more layered-like LCT-HE maintains a more ordered
structure during cycling, resulting in more facile 1-TM diffusion.
Furthermore, the presence of multiple cations of different sizes
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Figure 5. Schematic of PD structure and proposed Cr migration mechanism. a) The structure of a PD layered oxide. The FCC oxygen framework remains
unchanged upon partial disordering, but the cation disorder creates a mixed 0-TM/1-TM diffusion network. b) Proposed explanation of the different
reaction mechanisms in LCT and LCT-HE. During charge (top panel), oxidized Cr migrates to tetrahedral sites, coupled to the formation of Cryg-Liye,
dumbbells which stabilize the structure. In LCT, the high content of d° Ti** accommodates the distortions induced by the Cr oxidation and migration.
In contrast, this process is at some point blocked in LCT-HE by the non-d® cations which are less accommodating to distortion. As a result, upon
discharge (bottom panel), more Cry-Li;; dumbbells remain stable in LCT. The more irreversible reaction mechanism in LCT causes an accumulation of
dumbbells upon cycling, further lowering energy and leading to increasingly hysteretic behavior. c) Decreased Lit jump barrier through a 1-TM channel
due to distortions likely present in LCT-HE because of the variety of cation sizes. “Me” in the legend stands for any metal.

results in large local distortions in LCT-HE, which may alter the
distribution of migration barriers,*# an effect that has been ob-
served in distorted high-entropy solid electrolytes.[*l Moreover,
1-TM diffusion can be partially activated through sufficient dis-
tortions in DRX cathodes by reducing the Li* migration barrier,
which occurs when a TM cation shifts farther away from the

Adv. Energy Mater. 2025, 2502157
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activated tetrahedral site,['*) as may be the case for LCT-HE, as
depicted in Figure 5c. These additional 1-TM channels might ex-
tend the percolation network only at lower currents and gradually
become kinetically deactivated under higher loads, causing the
amount of accessible Li* to eventually reach the same level as in
LCT (see the discussion about rate performance in section 2.2.
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and Figure 2h). What may make these 1-TM channels inacces-
sible at higher currents is their relatively higher migration bar-
rier, resulting from the distorted local environment that may be
present in LCT-HE, though a more detailed analysis would re-
quire extensive modeling with Molecular Dynamics or Kinetic
Monte Carlo. To support our findings and interpretation, we syn-
thesized another single-phase PD oxide (Figure S17a, Support-
ing Information), Li, ,Cr,,Ti, ;Mn,,0, (LCTM), in which 0.1 of
d® Ti** in LCT was substituted by the layered-forming Mn**, re-
sulting in the same content of layered-forming elements as in
LCT-HE. Importantly, this approach does not introduce a high-
entropy mixture, so the influence of distortions resulting from
such a mixture on the accessible Li* content which we suggested
for LCT-HE should not be present for LCTM. Figure S17 (Sup-
porting Information) shows the obtained electrochemical results.
As expected, the initial capacity and energy density for LCTM are
higher than those for LCT, while the voltage profiles are highly
stable, showing no significant signs of increasing voltage hystere-
sis. The capacity retention is similar to that of LCT-HE and does
not exhibit the increase seen in the initial cycles for LCT. At the
same time, the amount of accessible Li* in LCTM is lower than
thatin LCT-HE, demonstrating the positive impact of the mixture
of multiple cations on the improved percolation network.

3.3. Remaining Challenges

This paper presents new perspectives on developing partially dis-
ordered oxides with good Li* transport properties and lower volt-
age hysteresis, without the need for high-energy ball milling. The
primary challenge remaining for these materials is to improve
their capacity retention. We note that while the similar capacity
retention between LCT and LCT-HE suggests a common degra-
dation mechanism (starting from the 12™ cycle, see Section 2.2.
and Figure 2¢,d), the capacity fade for LCT-HE might be inten-
sified by the potentially higher TM dissolution. This could be
due to the replacement of stable Ti** with TMs prone to disso-
lution, such as Fe’* and Mo®*.l”374] Improvement in capacity re-
tention could be achieved by limiting metal dissolution, which
is known to be a substantial problem for cathode materials with
mobile cations,725>7475] e g, by adjusting the electrolytel>>’* or
using particle coatings.””>! Limiting the relatively wide applied
voltage range can also inhibit degradation (see the results for the
2.0-4.4 V cycling range, Figure 2b; Figure S5, Supporting Infor-
mation). However, the challenge is to use this strategy without
sacrificing too much energy density, which could be achieved by
further improving Li* transport kinetics and reducing hystere-
sis. It remains an open and interesting question whether this
can be achieved by further tuning the disorder level and limiting
cation migration (excessive cation mixing likely worsens kinet-
ics by raising the migration barrier through 1-TM channels!”1%])
through optimizing the content of d° and/or mobile ions. To bet-
ter understand the diffusion network in the PD structure, further
investigations are needed to quantify the amount of 0-TM and 1-
TM channels and their specific contributions to Li-ion transport
as was done for Li-V-O DRX materials."!] Next, the evolution of
this network should be studied in detail during long-term cycling,
as it is expected to be influenced by the increasing disorder due
to Cr mobility (Figure 4e). Limiting the extent of cation mixing
during cycling to levels closer to those of the pristine material
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may be a promising strategy for further enhancing both the ca-
pacity and voltage stability of PD cathodes. Additional insight into
the redox mechanism (specifically the extent of Cr and O redox
and their reversibility) as a function of the extent of disorder and
TM dopants would also be beneficial for the future design of PD
oxides. Other opportunities for improvement can exist in the op-
timization of synthesis conditions and particle morphology, in-
cluding size, shape, and distribution.

4, Conclusion

The partially disordered oxides designed in this work exhibit
improved Li* transport properties compared to fully cation-
disordered cathodes. This improvement is possible due to their
improved 0-TM percolation and, most importantly, the activation
of 1-TM channels in the more layered-like regions, resulting in
an extended 0-TM/1-TM diffusion network that benefits Li* dif-
fusivity and high capacity. We demonstrated that the presence of
d° cations is necessary to form the PD structure during the syn-
thesis. The resulting structure has enough disorder to disrupt col-
lective Cr migration, which would otherwise lead to substantial
voltage hysteresis. On the other hand, the presence of only d° re-
dox inactive elements allows for extensive Cr migration, resulting
in the trapping of Cr®* in tetrahedral positions and eventually giv-
ing rise to voltage hysteresis after several cycles. To prevent that,
we partially replaced Ti** in LCT with non-d° cations, successfully
stabilizing the voltage profiles. Since the replacement was done
with a mixture of four different cations, high lattice distortions
are present, activating more 1-TM channels and making more
Li* accessible. This work opens new possibilities for the design
of high-energy-density Li-excess cathode materials with a unique
combination of the rate capability of ordered materials, and the
compositional flexibility of DRX.

5. Experimental Section

Synthesis:  The materials were synthesized using a solid-state route.
Li,CO; (Alfa Aesar, 99%), Cr; (OH), (CH5CO,), (Sigma Aldrich, 23-25%
Cr), TiO, (anatase, Alfa Aesar, 99.9%), Al,O; (Sigma Aldrich, nanopow-
der), MnO, (Sigma Aldrich, 99%), Fe,O5 (Sigma Aldrich, nanopowder),
and MoOj; (Alfa Aesar, 99.5%) were used as precursors. The precursors
were weighed in a stoichiometric ratio, except for Li,CO;, which was added
in 10% excess to compensate for Li loss during the synthesis, and mixed
together in ethanol using a Retsch PM 200 planetary ball mill at 250 rpm
for 12 h. After drying, the mixture was pelletized and sintered under an Ar
atmosphere at 850 °C for 12 h, followed by furnace cooling. The pellets
were transferred to an Ar-filled glovebox and manually ground in a mortar.

Electrochemistry:  Cathode film preparation and coin cell assembly
were conducted in an Ar-filled glovebox. In a typical process, the active ma-
terial was hand mixed in a mortar with Super C65 carbon black (Timcal) for
30 min. Then, polytetrafluoroethylene (PTFE, DuPont), was added to the
mixture and rolled into a thin film. The weight ratio of active material to car-
bon to binder was 7:2:1. The electrodes were cut with a 5/16-inch punch.
The active material loading was controlled to be between 3 and 4 mg cm=2.
The R2032 coin cells were assembled with a metallic Li anode (FMC), glass
microfiber separator (Whatman), and 80 pl of commercial electrolyte 1 M
LiPFg in ethylene carbonate (EC) and dimethyl carbonate (DMC) in 1:1
volume ratio (Sigma Aldrich). Before every test, the cells rested for at least
6 h. The electrochemical tests were performed using an Arbin battery cy-
cler at 25 °C. For the galvanostatic intermittent titration technique (GITT)
measurements, the assembled cells were charged/discharged in the volt-
age range of 1.5-4.8 V for two cycles at a current of 20 mA g~ for 30 min
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(10 mAh g~ step) with the following 6 h relaxation step. For the ex situ
characterizations, the cells were (dis)charged to a selected state at a cur-
rent of 20 mA g’1, kept at the constant voltage for 6 h, and then disas-
sembled in an Ar-filled glovebox and washed with diethyl carbonate (DEC)
solvent. In the case of ex situ XRD measurements, electrodes containing
polyvinylidene fluoride (PVDF) instead of PTFE were used, because a re-
flection from PTFE overlaps with the peak from the layered R-3m phase at
ca. 18.5°.

Characterization: The crystal structure of the studied partially disor-
dered materials was investigated by the X-ray diffraction (XRD) method,
using a Panalytical Empyrean diffractometer in 6-0 Bragg-Brentano geom-
etry with Cu Ka radiation, equipped with a PIXcel 3D detector. For the
as-synthesized powders, the patterns were measured at room temper-
ature in the 10-110° range with a resolution of 0.013° for ca. 51 min,
while for the electrodes (ex situ samples), the range was 10-90° and
the measurement lasted 60 min. The patterns were qualitatively analyzed
using Panalytical HighScore software. For Rietveld refinements, GSAS-II
softwarel’8] was utilized, with the details of the fitting process provided in
Note S2 (Supporting Information). The microstructure and particle size
of the obtained powders were studied by scanning electron microscopy
(SEM) using Thermo Fisher Scientific Phenom XL with an accelerating
voltage of 15 kV. The experiments were conducted in backscattered elec-
tron mode. For the structural characterization using transmission electron
microscopy (TEM), the samples were drop-casted onto carbon-coated
copper grids. TEM, selected area electron diffraction (SAED), and high an-
gle annular dark field (HAADF) scanning TEM coupled with energy disper-
sive X-ray spectroscopy (STEM+EDS) measurements were carried out us-
ing Thermo-Fisher Scientific Titan Themis XFEG 200 kV S/TEM, equipped
with a probe Cs-corrector.

Hard X-Ray Absorption Spectroscopy: Hard X-ray absorption spec-
troscopy (hXAS) studies were conducted at 7-BM Quick X-ray Absorption
and Scattering beamline, Brookhaven National Laboratory, with Si(111)
monochromator in transmission mode. K-edges for Cr, Ti, Mn, Fe, and Mo
were probed. Reference foils for a given element were measured simulta-
neously for energy calibration. All the samples were sealed in a polyimide
foil inside an Ar-filled glovebox. The collected spectra were processed, in-
cluding normalization and calibration, using Athena software.l”’] To ob-
tain the extended X-ray absorption fine structure (EXAFS) spectra, the
background was subtracted using the built-in Autobk algorithm with Ry,g
set to 0.95. The spectra were converted from energy space to k-space,
and then Fourier transformed to R-space. The presented spectra were k?-
weighted. The phase correction was not applied, so the real distances in
R-space should be ca. 0.3-0.4 A longer.[2?]

Soft X-Ray Spectroscopies—Resonant Inelastic X-Ray Spectroscopy (RIXS):
The O K-edge, Cr, Ti, Mn, Fe L;-edge RIXS spectra were collected by iRIXS
endstation at beamline 8.0.1 in Advanced Light Source, Lawrence Berke-
ley National Laboratory. The high-resolution detector was used for the O
K-edge and Ti L;-edge scans, and the high-throughput detector was used
for the Fe and Mn scans. Both detectors were used for Cr L;-edge scans,
high-resolution for RIXS cut, and high-throughput for the mapping of RIXS
(mRIXS). A homemade transfer kit was used to transfer the samples from
an Ar-filled glovebox to the measurement chamber to avoid air exposure.
The O-K RIXS spectra were continuously scanned through the region of
interest with the excitation energy step size of 0.2 eV and dwelling time
of 90 s. Ti L3-edge RIXS spectra were collected at four excitation energies
of 457.2, 458, 458.8, and 460 eV with a dwelling time of 300 s to check
possible dd-transitions arising from non-4+ Ti species. Cr L;-edge RIXS
cuts were collected at four excitation energies of 574.5, 576.7, 578.7, and
580.9 eV with a dwelling time of 300 s to check dd-transition arising from
non-6+ Cr species. Fe, Mn, and Cr L;-edge RIXS spectra were continuously
scanned through the region of interest with the excitation energy step size
of 0.2 eV and dwelling time of 60 s. To minimize beam damage, the speci-
men was repeatedly moved up and down by 0.5 mm during measurement,
and it was confirmed that the spectrum was well averaged due to the long
dwelling time. The collected spectra were fabricated to 2D RIXS maps as
functions of emission and excitation energies. Further processing, includ-
ing normalization, cosmic ray removal, etc., had been conducted for the
2D maps as in the previous work.[”8]
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Soft X-Ray Spectroscopies—Soft X-Ray Absorption Spectroscopy (sXAS):
Cr, Mn, and Fe L;-edge soft X-ray absorption spectra by total electron yield
(TEY) mode, which represents the surface properties (> 10 A from the sur-
face of materials), were simultaneously collected during the RIXS spectra
collection. Ti L;-edge sXAS TEY spectra were separately collected with a
dwelling time of 2 s per point and were summed after 3 repetitive scans.

Soft X-Ray Spectroscopies—RIXS Map-(inverse) Partial Fluorescence Yield
(mRIXS-(i) PFY) Method for sXAS Spectra Collection of Cr, Mn, and Fe L;-
Edges: To avoid the distortion from O K-edge emission to Cr, Mn, and
Fe L;-edge fluorescence spectra, mRIXS-(i)PFY mode was employed.[*”]
In mRIXS spectra, which were obtained at the given excitation energies of
TMs L;-edge, a specific energy range of fluorescence could be selectively
extracted, and it is hamed partial fluorescence yield here (PFY). The Mn
and Fe L;-edge sXAS spectra without distortion from the O K-edge emis-
sion line are collected by the mRIXS-PFY. On the other hand, O K-edge
emission lines were selectively extracted from the Cr L;-edge mRIXS spec-
tra and plotted as a function of excitation energy. The inversion of the plot
corresponds to the sXAS spectra of pure bulk without distortion and was
named inverse partial fluorescence yield (iPFY) here, as done in the previ-
ous report.[78]
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Supporting Information is available from the Wiley Online Library or from
the author.
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