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Reversible Electron—Holes on O in P2-type

Na, ¢;Lig 1 Nig3Mng O,

John-Joseph Marie, Max Jenkins, Jun Chen, Gregory Rees, Veronica Cellorio, Jaewon Choi,
Stefano Agrestini, Mirian Garcia-Fernandez, Ke-Jin Zhou, Robert A. House,*

and Peter G. Bruce*

Achieving reversible O-redox through the formation of electron-holes on O
could hold the key to a new generation of high energy density Na-ion
cathodes. However, to date, it has only been demonstrated in a small handful
of cathode materials and none of these materials exploit the dual benefit of
high voltage transition metal redox and O-redox, instead relying on Mn3*/4+
capacity close to 2 V vs Na* /Na. Here, a new Na-ion cathode exhibiting
electron-holes on O is demonstrated, P2-type Na, ¢;Lij ; Nig 3Mng cO,, which
also utilizes the high voltage Ni**/4* redox couple to deliver the highest
reported energy density among this class of compound. By employing a low Li
content and avoiding honeycomb ordering within the transition metal layer, it
is possible to stabilize the hole states, and the high voltage plateau is

preserved in Na, ¢, Li, ; Niy ;Mn, (O, over cycling.

1. Introduction

Conventional Na-ion cathode materials store charge through oxi-
dation and reduction of the transition metal ions, i.e., Mn3*/*+
in NaMnO,. Nickel is an attractive choice of transition metal
as it offers a high voltage and can undergo multiple oxidation
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state changes Ni**/>+/** [12] However, in
order to maintain the low-cost advan-
tage of Na-ion batteries, the Ni content
must be kept low and ultimately alterna-
tive high-voltage redox couples need to be
found to replace it.[*3-]

Storing charge on the oxide ions in
the structure is a promising avenue
toward high-voltage Na-ion cathode
materials.[*%7] However, while O*" is
oxidized at a high voltage of ~4.2 V ver-
sus Na*/Na, the subsequent discharge
process often occurs at a much lower
voltage giving pronounced voltage hys-
teresis and a loss of energy density. This
voltage hysteresis is understood to arise
from the formation of molecular O, on
charge which is trapped within the structure.®'!l We recently
showed that in Na,(Li,,Mn,,0, it is possible to suppress the
formation of molecular O, in favor of delocalized electron-holes
on O which enables a more reversible high voltage O-redox
plateau.['? This is due to the ribbon-ordered arrangement of
Li and Mn within the transition metal layer which is less sus-
ceptible to transition metal migration than honeycomb-ordered
arrangements.®] Such migration is required in order to form
nano-voids in the structure that can trap the O,.

Here, we demonstrate a new Na-ion cathode material exhibit-
ing reversible high voltage O-redox without significant O, for-
mation, Na, g, Li,;Nij;Mn, ;O,. By lowering the Li content and
selecting a transition metal layer composition that is not con-
ducive to honeycomb ordering, in-plane transition metal migra-
tion and O, formation are successfully suppressed. Furthermore,
Na, ¢;Li, ; Niy ;Mn, O, exploits high voltage Ni**/*+ redox which,
in combination with reversible O-redox, achieves an energy den-
sity of >500 Wh kg™! at the cathode level (150 mAh g™' at an
average voltage of 3.38 V).

2. Results

Na ¢, Liy;Niy;Mn, ,O, was synthesized by solid-state reaction
as described in the Experimental Section. Rietveld refinement
of the resulting PXRD data confirms the structure is P2-type
(Figure 1a; Table S1, Supporting Information). A small amount
of unreacted NiO impurity remains in the sample (1.3 wt.% from
Rietveld Refinement). A single additional peak is present in the
powder X-ray Diffraction (PXRD) pattern at 26 = 18.3° which
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Figure 1. Structure and electrochemistry of P2-type Nag g;Lig 1Nig3Mng¢O,. a) PXRD and refinement of pristine material with 1.3 wt.% NiO impurity.
b) first cycle load curve versus Na metal at 10 mA g~! charged to 4.5 V. c) 1st and 30th cycle load curves. d) capacity retention over cycles 1-50. e)
average voltage on charge and discharge over cycles 1-50. All data were collected at 10 mA g~ between voltage limits of 2 and 4.5 V.

cannot be indexed to either honeycomb ordering in the transition
metal (TM) layer or to a Li,MnO, impurity. It is possible this
arises from an unidentified in-plane ordering scheme between Li
and Ni/Mn. Scanning Electron Microscopy (SEM) images reveal
a plate-like morphology, with a particle size of 1-2 um. Energy
dispersive X-ray spectroscopy (EDX) reveals a homogenous
distribution of elements within the particles (Figure S1, Support-
ing Information). The material composition was also verified
via inductively coupled plasma - optical emission spectroscopy
(ICP-OES) analysis (Table S2, Supporting Information).

The first cycle load curve of Na ¢, Li,;Nij;Mn, O, is shown
in Figure 1b. On charge, the material shows a long sloping re-
gion up to 4 V; the associated capacity corresponds to the charge
required to oxidize Ni*3* to Ni**. Beyond this, just over 0.2 mol
of Na is extracted across a high-voltage plateau. On discharge, a
significant proportion of plateau capacity is returned above 4 V
before turning to a steady sloping region down to 2 V. Operando
electrochemical mass spectrometry, OEMS, rules out any signif-
icant loss of O through either CO, or O, release over the first cy-
cle (Figure S2, Supporting Information). The lack of CO,, which
is often seen in Na-ion cathodes, indicates that minimal carbon-
ate contaminants are present on the surface of our material and
that the extent of electrolyte decomposition from reactive oxygen
species is also small.
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Over cycling, the high voltage plateau on charge and dis-
charge persists with a slight decrease in the average voltage,
Figure lc. Some fading in the capacity and voltage is ob-
served, but to a much lesser extent than other O-redox cathodes,
Figure 1d,e.31]

In order to understand the structural changes occurring over
the 1st cycle, operando PXRD was carried out. On charge, the ma-
terial shows a continuous shift of the 002 peak towards lower 260
values which corresponds to an increase in the inter-layer spacing
from 5.52 to 5.67 A, Figures 2a and S3 (Supporting Information).
At the beginning of the high voltage plateau, a phase change is
observed from P2- to OP4-type stacking.!'*] On discharge, the ma-
terial reverts to P2-type stacking with similar lattice parameters
to the pristine material. P to O phase transitions are often ac-
companied by a degree of voltage hysteresis even in the absence
of oxygen redox,["* %] offering an explanation for the difference
in charge and discharge potential of the high voltage plateau ob-
served here for Na ¢, Lij; Nij;Mn, (O,.

The corresponding changes to the local environment of the
Na and Li accompanying this structural transition were followed
by solid state 2*Na and ’Li nuclear magnetic resonance (NMR)
spectroscopy. The 2*Na NMR, Figure 2b, shows one Na environ-
ment corresponding to Na in the alkali metal (AM) layer (in pur-
ple). The signal shifts from 1570 ppm in the pristine sample to
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Figure 2. Structural evolution of Nag ¢7Lig 1 Nig 3Mng ¢O,. a) Operando X-ray diffraction. Nag ¢;Lig 1Nig 3Mng O, undergoes a reversible P2-OP4 phase
transition across the high voltage plateau. * denotes peaks from cell components. b) Solid state 2 Na NMR. Na is removed and reinserted into prismatic
Na sites in the alkali metal (AM) layer (purple) during charge and discharge. c) Solid state 7Li NMR. Li occupies ordered sites within the TM layer
(purple) and migrates reversibly into O-type sites in the Na layer on charge (orange). Ordered Li sites within the TM layer are retained after 10 cycles.

* denotes spinning sidebands.

910 ppm in the charged sample in line with the oxidation of para-
magnetic Ni** to Ni** which is diamagnetic. The ?*Na signal be-
comes paramagnetically shifted again on discharge to 1630 ppm
as Ni** is reduced. Over the 10th charge/discharge cycle, the 2Na
signal shows a similar range of shifts from 890 ppm on charge

Adv. Energy Mater. 2024, 14, 2401935 2401935 (3 of 8)

to 1650 ppm on discharge. The differences in shift for these en-
vironments before and after cycling are difficult to resolve due to
the broad, featureless nature of the peaks and the low signal in-
tensity, particularly in charged samples from which most of the
Na has been removed.
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Figure 3. Niand O spectroscopies for Nag g7 Lig 1 Nig3Mng O, over the first cycle a) Load curve for Nag ¢;Lig 1 Nig 3 Mng O, with states of charge chosen
for ex situ analysis. b) Ni K-edge XANES. Ni oxidizes from +2.8 in the pristine state to +4 by Nag ;. There is little further change in the edge position
across the high voltage plateau on charge or until re-sodiating beyond Nag 3 on discharge c) O K-edge XAS spectra. An increase in the leading edge of
the pre-edge up to Nay 3 on charge is consistent with Ni oxidation to Ni**. Beyond Nay 3, the intensity in this region continues to increase despite no
further Ni oxidation indicating the formation of electron—holes on O. d) O K-edge RIXS at 531.5 eV, the resonant energy for molecular O,. No evidence

of molecular O, formation is observed over the entire first cycle.

Turning to the ’Li NMR, Figure 2¢, two distinct Li environ-
ments are observed in the pristine material. The main environ-
ment centred at a chemical shift of 2060 ppm (in purple) can be
attributed to Li in the TM layer, being paramagnetically shifted
due to Mn** present in the layer. The second environment (in or-
ange) is attributed to Li in octahedral sites within AM layers that
are O-type stacking faults in the structure. The presence of these
two distinct environments is confirmed by projected magic-angle
tuning phase adjusted spinning sidebands (pj-MATPASS) exper-
iments in Figure S4 (Supporting Information). The strength of
paramagnetic interactions experienced by Na are greater than Li
due to the larger number of electrons around the Na-ion, hence
the chemical shifts are higher for Na and the differences are more
pronounced. At the end of the 1st charge, a single broad 7Li signal
at 500 ppm is observed indicating Li migration from the TM layer
into the AM layer in octahedral sites in the OP4 structure. On the
1stdischarge, the sharp ’Li signal for Li in the TM layer reappears
as the structure returns to P2-type stacking. Similar changes are
observed on the 10th cycle and in the 10th discharged state, the
sharpness of the Li signal remains indicating a similar degree of
ordering to the pristine material is retained in the TM layer.

To investigate the charge compensation mechanism in
Na, ¢, Liy,Niy;Mn, ,O,, ex situ X-ray absorption spectroscopy
(XAS) and X-ray absorption near-edge structure (XANES) mea-
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surements of the O K-edge and Ni, Mn K-edges were collected
over the first cycle, Figure 3a. The Ni K-edge position for the
pristine material is slightly lower in energy than the edge po-
sition for Ni** in LiNiO,, consistent with the nominal Ni?8*
oxidation state according to its composition. On charging to 4 V,
the edge shifts close to that of Ni** in charged LiNiO,. This state
of charge corresponds to a Na content of 0.3 and a composition
implying both Ni and Mn in the +4 oxidation state, Figure 3b.
Between 4and 4.5 V there is no significant further Ni oxidation
observed, despite 0.2 further moles of Na removal. The white
line energies for these states of charge are in good agreement
with the measured Ni** reference. On discharge, the majority
of Ni reduction occurs when re-sodiating beyond a Na content
of 0.3, and by 2 V, the Ni edge has returned to a similar energy
to that of the pristine. In contrast, the Mn K-edge remains
unchanged throughout the first cycle, Figure S5 (Supporting
Information). The O K-edge shows an increase in the pre-edge
intensity between the pristine and 4 V states of charge which
is consistent with removal of electrons from hybridised Ni3d-
O2p orbitals, corresponding to Ni oxidation from +2.8 to +4,
Figure 3c. Charging beyond 4 to 4.5 V, a further increase in the
pre-edge intensity is observed, which cannot be attributed to Ni
oxidation given the lack of significant change in the Ni XANES.
This must therefore signify the formation of electron-hole states
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on the oxide sub-lattice. The feature arising from the formation
of electron-holes in Na, ¢, Li; ;Ni, ;Mn, (O, (528-529 eV) is con-
sistent with previous measurements of electron-holes in Na-ion
O-redox cathodes. Given the shift of the Ni K-edge before 4 V and
lack of further significant change during the high voltage region,
we conclude that Ni and O oxidation are separate processes.
On discharge, the increase in pre-edge intensity is reversed,
with the spectrum at 2 V looking identical to that of the pristine
material.

To investigate the possible formation of O—O species in the
bulk after O oxidation, we employed high-resolution O K-edge
resonant inelastic X-ray scattering (RIXS). While other tech-
niques, such as electron paramagnetic resonance (EPR)!"*! or
X-ray photoelectron spectroscopy (XPS),22!] have been deployed
to probe the nature of O—O species in O—redox cathodes, the
benefit of high-resolution RIXS is its ability to distinguish O-O
species of different bond lengths by measuring the characteris-
tic spacing between vibrational energy levels. Using RIXS, it has
been possible to identify the presence of molecular O, trapped
within a wide range of battery cathode materials, as well as super-
oxide (O,~ = 1.34 A), and peroxide species (0,2~ = 1.49 A) in ref-
erence compounds. Note thatitis important to carry out the RIXS
measurements using the correct protocols to avoid beam dam-
age that can lead to erroneous results. Importantly, our RIXS col-
lected results here for Na, ¢, Li, ; Ni, ;Mn, ,O,, show no evidence
of O, formation over the 1st charge, or other O—O species. These
results confirm that Na extraction from Na, ,Li,Ni,;Mn, (O,
is charge compensated by sequential Ni-redox and formation of
electron-holes on O, as opposed to trapped O,.

To probe the reversibility of the Ni- and O-redox charge com-
pensation mechanisms with cycling, RIXS, XAS, and XANES
were employed. O K-edge RIXS shows an increase in sig-
nal arising from trapped molecular O, in the material in the
fully charged state. Despite this, the feature corresponding to
electron-hole states on O in the O XAS remains intense after
30 cycles, Figure 4c, indicating that reversible O-redox is still the
dominant O-redox charge compensation mechanism. The Ni K-
edge XANES, Figure 4e,f, show consistent oxidation and reduc-
tion of Ni over 30 cycles without evidence of significant over-
reduction on discharge and there is no change in the Mn K-edge,
Figure S5 (Supporting Information).

3. Discussion

Reversible, high voltage oxygen redox involving the formation
of electron-holes on O, has only been observed in a lim-
ited number of materials to date, such as P2- and P3-type
Na, ¢ Liy,Mn, 40,18121322-55] and Na,Mn,0,.25%] The suppres-
sion of transition metal migration is critical to avoiding voltage
hysteresis by preventing the formation of trapped O, and pre-
serving electron-holes on O. We previously showed that in-plane
ordering of Li within the transition metal layer is an important
factor suppressing transition metal migration. When the Li and
TM ions are ordered in a honeycomb arrangement, as in con-
ventional Li-rich cathodes like Li, ,Ni,,Mn,,O,, as Li leaves the
TM layers, reorganization of the TM ions to form vacancy clus-
ters able to accommodate O, occurs, enabling the formation of
trapped O,. In this case, only a few in-plane transition metal mi-
gration events are required before vacancy clusters large enough
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to accommodate O, are formed.!®! In contrast, in the ribbon and
mesh-ordered structures, more migration events are required as
the transition metal vacancies are spaced further apart. Here, in
Nay 4;Liy;Nij;Mn, ,O,, we employed an even lower Li content
than before and a transition metal layer composition not con-
ducive to the honeycomb arrangement through ion size or charge
ordering to enable greater suppression of transition metal mi-
gration and O, formation, Figure 5. This strategy affords greater
stability to the hole states on oxygen, enabling them to persist
for long enough to be observed in ex situ samples and to sup-
port stable cycling of the high voltage O-redox plateau. A small
amount of voltage hysteresis is observed across the high voltage
plateau, consistent with the behaviour of other layered materials
which undergo transitions from P-type to O-type stacking at high
degrees of desodiation.

While others have previously reported similar compositions to
the one studied here,!'731-34] we are the first to show that P2-type
Na, ¢, Li, ; Niy ;Mn, O, exhibits excess capacity supported by hole
states on O, expanding the number of known reversible O-redox
cathodes. It has been previously claimed that the suppression of
voltage hysteresis in these compounds arises from the inclusion
of Ni.B!l We show it is due to the lack of honeycomb ordering in
Nay ¢,Liy ;Niy ;Mn, O,, due to the suppression of in-plane tran-
sition metal migration which prevents the formation of trapped
O,, favoring stable hole states on O. Furthermore, in addition to
the reversible O-redox couple, this material also exploits the high
voltage Ni**/** redox couple. With an average discharge voltage
of 3.4 V and capacity of 150 mAh g™', Na, ,Li,, Ni;;Mn, O, of
fers the highest energy density (%500 Wh kg™!) of known mate-
rials exploiting O-redox through the creation of hole states on O,
Figure 6. We anticipate that materials modifications such as pre-
sodiation of the cathode to enable greater utilization of the avail-
able Na sites in the Na layer will lead to further improvements in
energy density.

4, Conclusion

We have demonstrated a new Na-ion cathode exhibiting a re-
versible O-redox plateau supported by electron-holes on O and
with suppressed O, formation. This material is the first reversible
O-redox cathode which also exploits high voltage transition metal
redox to deliver competitive energy density ~500 Wh kg~ at the
cathode level. Upon desodiating P2-type Na, ¢, Li,,Ni,;Mn, (O,
to a sodium content of 0.3, Ni s oxidized from +2.8 to +4. Beyond
this, a further 0.2 moles of sodium can be extracted generating
electron-hole states on O seen as an increase in the pre-edge of
the O K-edge XAS and a lack of trapped O, by RIXS. This process
is reversed on discharge and the dual Ni- and O-redox couples can
be cycled for up to 30 cycles with only minor voltage fade. This
material marks an important milestone towards viable O-redox
cathodes for Na-ion batteries.

5. Experimental Section

Synthesis:  Nagg7Lig1Nig3MnggO, was synthesized via the solid-
state method. Stoichiometric amounts of NaNO; (>99%, Sigma), LiNO3
(>99%, Sigma), NiCO; (98%, Alfa), and MnCO; (99.9%, Alfa) were
mixed in a planetary ball-mill for 2 h. The precursors were then pressed
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Figure 4. Niand O spectroscopies for Nag ¢;Lig 1 Nig 3 Mng¢O, over the first 30 cycles. a,b) O K-edge RIXS at 531.5 eV, the resonance energy of trapped
O,, on charge and discharge respectively. Minor amounts of O, emerge on charge over cycling. c,d) O K-edge XAS, on charge and discharge respectively.
The intensity of the pre-edge feature arising from holes states on O is well-maintained on charge over cycling. e) and f Ni K-edge XANES on charge and
discharge respectively. Ni continues to cycle reversibly between +2.8 and +4 without evidence of significant over-reduction.

into pellets and heated to 800 °C for 8 h under flowing O,. A heating rate
of 3 °C min~! was used, and the furnace was left to cool naturally after
the synthesis.

Electrochemistry:  Electrode preparations and cell (dis)assembly were
performed in a glove box under an inert argon atmosphere (H,0 <0.1 ppm
and O, <0.1 ppm). Electrodes were prepared by combining the active
material (80wt%) and Super P carbon (10 wt.%) in a mortar and pes-
tle before adding PTFE binder (10 wt.%). The electrode film was then
rolled to a thickness of ~100 um. Electrodes were assembled into coin
cells using glass fibre separators and 1 m NaClO, in PC with 5% FEC
(99.9%, DodoChem), and a Na metal counter electrode. Galvanostatic
cycling was carried out using a Maccor Series 4000. Cycling was per-
formed between 2.0 and 4.5 V versus Na*/Na at a rate of 20 mA g~!
for all cells for all samples unless stated otherwise. Typical mass loadings
were 15 mg cm™2

Adv. Energy Mater. 2024, 14, 2401935 2401935 (6 of 8)

PXRD: Diffraction data were collected on a Rigaku 9 kW SmartLab Cu-
source diffractometer equipped with a Hypix 2D detector. Operando PXRD
data were collected using an electrochemical cell provided by Rigaku with
a beryllium window.

SEM: SEM imaging and EDX analysis were performed on a Carl Zeiss
Merlin high-resolution field emission gun SEM instrument.

OEMS: OEMS experiments were carried out by flowing Ar car-
rier gas (99.9% purity, BOC) through an ECC-std electrochemical cell
(EL-CELL) with gas inlet and outlet ports and into a BT Prima mass
spectrometer (Thermo Fischer). The cathode material was cycled
versus a Na metal counter electrode and an electrolyte of T M NaPF6
in PC.

Solid State MAS NMR: Al 7Li and 22Na magic angle spinning (MAS,
vR = 37037 Hz) solid-state NMR measurements were completed at 9.45
T (v07Li = 155.53 MHz, v023Na = 105.86 MHz) using a Bruker Avance 11
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Figure 5. In-plane ordering schemes Li, Ni, and Mn within the transition metal layer occupy a honeycomb arrangement in Li-rich Li; ;Nig,Mng O, and

a non-honeycomb arrangement here in Nag ¢;[Lig 1 Nig 3Mng ]O,.
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Figure 6. Energy density plot. Average voltage versus capacity for other reported reversible O-redox cathodes P3-NaggLig,MngsO,,["3] P2-
Nag Lig,Mng 30,,13! and Na;Mn;0,,126] (in red) and our compound P2-Nay ¢;Lig 1Nig3Mng O, (black), between the same voltage limits of 2-4.5 V.
A benchmark transition metal redox cathode O3-NaNi; 3Fey;3Mn; 30, is shown in blue between voltage limits of 2-4.3 V.30]

HD spectrometer and a 1.9 mm double air bearing MAS probe. All ’Li and
23Na spectra were referenced to 1 m LiCl(aq) and 1 M NaCl(aq) in D,0,
respectively, at 0 ppm. All spectra were recorded using a Hahnecho (z/2-
7-n-7) sequence. Where 7 is 1/oR and 7 /2 is 250 kHz, the resultant FID is
processed as a halfecho. The ’Li spectra were achieved with a recycle delay
of 300 ms. The 2Na NMR spectra were collected with relaxation times of
500 ms. The isotropic resonance was determined by varying the spinning
speed between 30 and 39 kHz to isolate the spinning sidebands.

ICP-OES:  The pristine cathode material was dissolved in aqua regia
(HCI:HNO;3 / 25:75 (v/v%)) before diluting the solution for measurement.
A calibration curve was created using standard solutions of Li, Ni, Mn,
and Na. Elemental analysis was carried out using a Perkin—Elmer Optima
7300DV ICP-OES.

RIXS and XAS:  High-resolution RIXS data were collected using the 121
beamline at Diamond Light Source.[**] To produce the data sets for the
quantitative analysis, scans at 531 eV were recorded at fifteen different
sample locations and averaged together, with little inhomogeneity in the
signal observed. O K-edge XAS were collected in fluorescence mode using
the 127 beamline at Diamond Light Source. Data were averaged across 3
scans.

Adv. Energy Mater. 2024, 14, 2401935 2401935 (7 of 8)

XANES:  Ex situ TM K-edge data were collected at the B18 beamline at
Diamond Light Source. These data were collected in transmission mode.
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