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A Mn?*-Li-Nb disordered rock-salt oxide cathode is prepared by a
solid-state reaction under 5% H,/N,, and its electrochemical property
shows a high voltage plateau at 4.8 V, with irreversible structural
changes in the 1st cycle due to O redox processes; this is supported by
powder X-ray diffraction and ex situ laboratory Mn K-edge
XANES data.

Searching for new cathode materials is a crucial step to reach
high energy density positive electrodes for the next generation
of Li-ion batteries. Disordered rock-salt (DRS) cathodes are a
promising class of positive electrode materials due to their high
specific capacity (=300 mA h g ') and energy density'”®
compared to conventional layered rock-salt derived layered
nickel-manganese-cobalt (NMC) oxides. However, DRS positive
electrodes suffer from poor capacity retention, large voltage
hysteresis and oxygen redox activity at high voltages that are
detrimental to their long term behaviour.*®

The common synthesis approaches to DRS oxides are solid-
state reactions under Ar, N, or air, and mechanochemical
synthesis routes. These allow access to transition-metal nio-
bates (Li,Nb,M)O with M = Mn**, Fe**, Co**, V*" etc.” To
modify the transition-metal oxidation state and to moderate
oxygen redox, partial replacement of oxide by fluoride in this
material is an important strategy."®° This allows access to
materials with a lower transition-metal oxidation state, such
as Mn*", to adjust electrochemical performance. Solid-state
synthesis forms the most thermodynamically stable phases,
whilst mechanochemical synthesis generates defects and
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amorphous species without heat treatment,>® but its applica-
tion is hindered in large-scale manufacturing purposes because
of irreproducibility and impurities from the grinding media.'®
In this paper, we report a different approach to access low
oxidation states of transition-metal cations in lithium niobate
DRS materials, with the use of a reductive gas atmosphere
during synthesis.

Li; ,oMnyg 43Nbg 300, (LMNbO) was prepared by a solid-state
synthesis at 900 °C for 6 hours under flowing 5% H,/N, following
roll-milling and pelletisation of oxide precursors (see ESIT). Only
this composition was found to be accessible under the conditions
used, Fig. S2 (ESIt), and even under a N, atmosphere the product
contains some Mn>" (Fig. S6, ESIT)

Mn K-edge X-ray absorption near edge structure (XANES) spectra
(B18, Diamond Light Source) revealed that the as-made sample
contains Mn with an oxidation state of 2+, Fig. 1a, by comparison to
reference Mn-containing materials, Fig. 1b. Fig. 1c shows the Pawley
fit of high resolution powder X-ray diffraction data (I11, Diamond
Light Source) of LMNDbO using the ternary rock-salt Lig 5,6Nbg 20,0 as
a starting model,"" and Table 1 gives the cubic unit cell parameter
compared to other relevant materials. Another plot of the fitted
powder X-ray diffraction (PXRD) data is shown in Fig. S3 (ESIf). A
model with more than one cubic unit cell was necessary to give a
satisfactory fit, which is evident in the PXRD peak shape anisotropy.
The Pawley refinement confirmed that LMNbO sample has a larger
unit cell compared to Li; ,sMng 5> Nbg 500, and this is expected
due to the larger ionic radius of Mn" (0.83 A)** compared to Mn**
(0.645 A).'* 1t should be noted that Li;,sMn®'o,5Nbg500, has a
different space group as a consequence of the presence of domains
of order, which were detected using total scattering analysis."
Domains of order appear as a broad peak at low 20 values, present
in the as-made LMNDO, Fig. S5 (ESIY).

Energy-dispersive X-ray spectroscopy (EDS) maps measured using
transmission electron microscopy (TEM) (Fig. 2) showed homoge-
neous elemental distribution of Nb and Mn within particles over the
range of tens of nanometres, and the elemental composition from
scanning electron microscopy (SEM) coupled with EDS maps

This journal is © The Royal Society of Chemistry 2023
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Table1 Pawley refinement fit and calculated unit cell parameters against
111 data compared to other DRSs (Lip 578Nbg 2040 space group: Fm3m, and
L11,25Mno,253+Nb0,5002 space group: l4;/amd with the cubic equivalent
lattice parameter given)

Unit cell parameter(s)

Sample a (A) v (A%
LMNbO 4.2556(3) 77.069(1)
4.2440(6) 76.444(3)
Lig.576Nbg2040"" 4.22120(6) 75.216(3)
Liz 25sMng55° 'Nbg 500,"2 4.185729(5) 73.3353(3)

(Fig. S7, ESIt) and X-ray fluorescence (XRF) (Table S3, ESIt) mea-
surements are similar and near the expected values for both
transition metals in LMNDbO. The homogeneity of elemental dis-
tribution suggests that the two-unit cells seen by high-resolution
PXRD are compositionally very similar and may be present as
intergrowths.

Magnetic susceptibility shows no evidence of long-range
magnetic order down to 5 K. A fit to the Curie Weiss law at
T > 150 K gave a Curie constant consistent with Mn>" ions and
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Fig. 2 STEM-ADF images of (a)-(c) as-made LMNbO, and (d)-(e) Mn and
Nb EDS elemental maps.
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(@) Mn K-edge XANES spectra of as-made LMNbO and Mn standards (MnSO4-H,O (blue line), Mn,Os (green line) and MnO, (black line)), and (b)
linear fit of edge energy (0.5 normalised absorption) to define the oxidation state of Mn in LMNDbO, (c) Pawley refinement fit of PXRD data [1 = (0.826858
+ 0.00206(6)) Al of as-made LMNbO (R,,, = 1.43%, GOF = 2.15) and insert depicts high 20 values (experimental data (black), fitted profile (red),
background (grey), difference (blue), allowed Bragg peaks (green and pink)).

a Weiss temperature of —159(1) K, suggesting antiferromag-
netic interactions, but with structural disorder or magnetic
frustration giving only short-range correlations between neigh-
bouring Mn ions, similar to as previously reported in Mn** DRS
lithium niobate materials."?

LMNDbO was ball milled to allow good mixing between active
material and carbon black (C65) for electrode preparation. The ball
milled sample used in the electrochemical characterisation was
found to maintain its crystallinity after this treatment,
(Fig. S9, ESIT). SEM images of as-made and ball milled LMNbO
showed similar particle size between as-made and milled active
material with C65, Fig. S10 (ESIt). Initial electrochemical results
using a standard electrolyte (1.0 M LiPFg in ethylene carbonate
(EC): ethyl methyl carbonate (EMC) in a 1: 1 ratio with 1% vinylene
carbonate (VC)) demonstrated that the cathode has a high operat-
ing voltage evidenced by its plateau above 4.6 V, Fig. 3a. A voltage
screening between 4.3 and 4.8 V to 1.5 V determined the correct
voltage range to control the redox processes.

To minimise Mn dissolution and inhibit the capacity fading due
to electrolyte decomposition at high voltages, cycling was performed
using a high voltage electrolyte (1 M LiPF, in 30:70 EC: EMC 2 wt%
VC mixed with 2 wt% prop-1-ene-1,3 sultone (PES)), 1wt% methylene
methanedisulfonate (MMDS) and 1 wt% tris(trimethylsilyl) phos-
phite (TTSPi). Table S4 (ESIT) summarises the cycling measurements
at 5mA g~ ' over 50 cycles in 4 different voltage windows (up to 4.0,
4.3, 4.6, 4.8 V). Increasing the upper voltage limit, increases the
voltage hysteresis. Up to 4.3 V, no voltage plateau is observed and
only Mn oxidation occurs. On the other hand, above 4.6 V most of
the expected delithiation capacity is obtained, 355 mA h g%
Compared to the oxyfluoride Mn>*-DRS materials previously
reported from solid state and mechanochemical synthesis, LMNbO
has one of the highest charge capacities in the first cycle at 4.8 V.
LMNDbO has a theoretical capacity of 230 mA h g~* based on Mn
oxidation only (Mn>* to Mn*"), but complete Li extraction would give
a theoretical capacity of 321 mA h g™, if oxygen oxidation is
considered.

Even though the first delithiation gives a high capacity, there
is a decrease in the overall capacity after 50 cycles from 4.8 to
2.5V, Fig. 3b. A wider voltage window affects the hysteresis in
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Fig. 3 (a) First charge/discharge curves in a standard electrolyte and

(b) comparison of discharged capacities over different voltage ranges,
where 4.0-2.5 V showed less capacity fading in a high voltage electrolyte.

the first 10 cycles as depicted in Fig. S11 and S12 (ESIt), which
decreases when cycled from 4.0 to 2.0 V between the charge and
discharge capacities. Electrochemical impedance spectroscopy,
Fig. S13 and S14 (ESIT), shows a high charge-transfer resistivity
in the first cycle due to overpotential, but a diffusion-controlled
process is observed from 4.5 V at low frequencies, indicating
diffusion of redox species at the electrode surface.

Ex situ PXRD, Mn K-edge XANES and XPS were used to
investigate the capacity fade and the structural stability of the
active material when discharged to 1.5 V in a standard electrolyte.
PXRD data are shown in Fig. 4, and Pawley refinement from the
ex situ PXRD from pristine and delithiated/lithiated electrodes
reveals that during delithiation the unit cell decreases in size as Li
is extracted and Mn is oxidised, Table S6 (ESI{). On the other
hand, when lithiated to 1.5 V, the structure converts into two
different rock-salt structures with a = 4.25 and 4.20 A, which
differs from the as-made sample (a = 4.26 and 4.24 A) and pristine
electrode (a = 4.23 A), suggesting structural instability.

Ex situ Mn K-edge spectra demonstrate that the pristine
electrode has an oxidation state near Mn>" as expected, Fig. 5.
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Fig. 4 Ex situ PXRD of pristine and cycled LMNbO electrodes.

When charged to 3.5 V only a small increase in oxidation state
is observed. However, at 4.6 V, most of Mn?" is oxidised, Mn**,
which is then reduced at 4.8 V to an average oxidation state of
approximately 3.3+. This suggests that 0>~ or other species play
a fundamental role to reduce Mn at high voltages and this in
turn may contribute to the ultimate structural instability. This
is consistent with other studies on the oxygen redox and loss in
DRS materials'*™*® and Li niobates."”” When Li ions are rein-
serted, Mn does not return to its original oxidation state, which
is the origin of the voltage hysteresis in the first cycle.

The dQ/dV plots for the upper voltages of 4.3, 4.5, 4.7 and
4.8, Fig. S18 (ESIt), depict a significant and intense oxidation
process above 4.7 V, and summarises the Mn oxidation state at
1.5, 3.5, 4.6, 4.7 and 4.8 V. Nb is electrochemically inactive as
previously reported for other Nb-based DRS cathodes'®'® and
evidenced in the unchanged Nb XPS spectra from as-made,
ball-milled and electrodes, and the voltage profile when tested
from 1.5 or 2.5 V to 4.8 V.

Due to their high reactivity, surface oxygen species produced
from redox processes are likely to react with the electrolyte.
This is supported by the increase in relative intensity of
carbonates signal in the XPS as samples are subjected to higher
voltage. This is consistent with the idea of oxygen loss in
LMNbO and has been seen in other materials such as
Li5Fe04,2° LixNio.13000.13Mno‘s40275;21 Li1.3,be0.3Fe0‘402,5,22
and Li; ,Niy ,Mng ¢O,."

In summary, we have demonstrated the synthesis of a Mn*'-
Nb-Li disordered rock-salt material using reducing conditions to
stabilise the desired Mn oxidation state. To our knowledge, this is
the first example of a disordered lithium niobate rock-salt that

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Mn K-edge spectra of (a) pristine and charged electrodes at 3.5,
4.6, 4.7, 4.8 V, and discharged electrode at 1.5 V, and (b) linear fit and
oxidation state of Mn in different voltage points.

contains solely Mn”>" without fluorination to stabilise this low
oxidation state. Electrochemically, when used as a positive
electrode a high voltage plateau is observed. A large hysteresis
is observed in the first cycle in the range of 4.8-1.5 V due to
oxygen loss reducing Mn, which is supported by ex situ Mn
K-edge data. This likely to contribute to structural instability
shown in the ex situ PXRD data. The synthetic methodology
opens new avenues to explore low oxidation states of transition
metals in DRS materials and provides a new approach to
synthesise high voltage cathode materials for the next genera-
tion of cathode materials in lithium-ion batteries. Further work
is required to reduce particle size and resistivity to improve
electrochemical performance, and elemental substitution and
solid-solutions with other transition metals would be useful to
study to explore a new family of materials.
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