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‘Oxygen Bound to Magnesium’ as High Voltage Redox
Center Causes Sloping of the Potential Profile in Mg-Doped
Layered Oxides for Na-lon Batteries
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1. Introduction

>The potential profile of layered oxides as cathodes for Na-ion batteries can

be well tuned by cation doping. Doping typically leads to changes in the phase
behavior and the redox chemistry, but the underlying mechanisms remain
poorly understood, especially at potentials above ~4 V vs. Na* /Na. Here, the
influence of Mg-doping on the properties of layered O3-NaNi, sMn, O, is
studied by means of synchrotron methods (XAS, RIXS, operando XRD) and
DFT calculations. A strong oxygen redox activity is observed at high voltages,
and Mg is found to induce an OP2 phase at low concentration (10%) and a
solid solution type reaction at a high concentration (25%), thus greatly
enhancing the cycle life. The change toward a more sloping charge profile
with increasing Mg content is caused by a new redox center (arising from the
‘O bound to Mg’) having a higher redox potential but being more irreversible
compared to the redox activity of ‘O bound to Ni’. The appearance of an
additional redox center explains findings obtained for other doped Ni- and
Mn-based layered oxides, which also show a sloping potential in the high

voltage region.

Sodium-ion batteries (SIBs) are currently
being commercialized and are seen as
a promising energy storage technology
based on more abundant, non-critical el-
ements while achieving energy densities
close to those of Li-ion batteries (LIBs).l'-?!
A straight-forward approach for increasing
the energy density of SIBs with layered ox-
ides as cathode active materials (CAMs) is
to increase the charging cut-off voltage.[*!
Extending the upper cutoff potential be-
yond 4 V vs. Na*/Na will, therefore in most
cases result in a significantly higher stor-
age capacity and hence higher average volt-
age and energy density.>”’] However, too
high a charging voltage causes poor cycle
life due to degradation of the electrode ma-
terials and/or electrolyte decomposition.®!
To overcome these issues, a fundamental
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understanding of the degradation mechanism of cathode mate-
rials at high voltages (above 4.0 V vs Na*/Na) is essential.

Layered transition metal oxides (Na,TMO,, where TM is a tran-
sition metal and x indicates the amount of Na per formula unit)
are one of the most important classes of cathode materials for
SIBs due to their compositional variety and their ability to pro-
vide high redox potentials combined with high capacities.[!*-12]
In addition, previous studies have suggested that oxygen may
also be actively involved in the electrochemical reaction between
many layered oxides at high voltages, further improving the
practical electrode capacity.'>"'l Among the layered oxides, Ni-
containing layered oxides for SIBs have attracted significant at-
tention due to their high operating voltages and large capacities.
In particular, NaNi, sMn, s O,, referred to as the O3 phase accord-
ing to Delmas’ notation, is attractive since it has a specific capacity
of more than 200 mAh g=! at a cut off voltage above 4.2 V.[18.19]
However, when charged to high voltages (deep desodiation), com-
plex phase transitions occur that include a sudden reduction in
the ¢ lattice parameter of over 20%. This behavior has been cor-
related with accelerated degradation of the material.[*82]

To mitigate the degradation of O3-NaNi, ;Mn, O, at high volt-
ages, many cations have been used as substitutional elements for
Ni, including Li*, Mg**, AI**, Zn**, Zr**, Sn**, etc. (with typi-
cal amounts of 2-10% with respect to the total amount of tran-
sition metals per formula unit).[?>-?’! Interestingly, two distinctly
different behaviors have been reported at high voltage. Substi-
tution of Ni with Mg?*, Zn?*, Cu?*, and Li* can suppress the
high voltage plateau and induce a sloping potential profile for
the material.[2122282] Meanwhile, doping with Zr** and Sn**
have been observed to preserve the high voltage plateau of the
material.[?>?7] 1t is worth noting that sloping potential profiles
may provide an increase in average voltage compared to poten-
tial profiles showing similar capacities but based on plateaus,
see Figure S1 (Supporting Information). A sloping potential pro-
file in these types of materials has typically been explained by
suppression of the O3 to P3 phase transition above 4.0 V.3031]
However, the situation is more complex as there is always a com-
bined effect of the dopant on the redox behavior and on the struc-
tural evolution. Moreover, the behavior can also change depend-
ing on the amount of dopant that is added, as recently shown
for Mg doping in P2-Na, ¢, Nij ;;Mn, ¢,0,.32 Therefore, there is
a great need to better understand the role of dopants on layered
oxides in the high voltage region with the aim of mitigating aging
mechanisms.

In this work, we choose Mg to substitute Ni sites to study its
impacts on the structural evolution, redox activities, and electro-
chemical behaviors of 03-NaNi,;Mn,;O,, especially in the high
voltage region (above 4.0 V). Similar to our previous observations
on the Mg doped P2-Na, ¢, Ni, ;;Mn, ;0,, the dopant is found
to induce a sloping potential profile, which becomes more slop-
ing as the doping content increases. Through synchrotron-based
operando XRD, it is found that doping suppresses the forma-
tion of the intermediate phase (0’3), delays the occurrence of the
phase transition below 4.0 V, and induces distinct structural be-
haviors at high voltage: a reversible OP2 phase at 10% Mg doping
and a solid solution reaction at 25% Mg doping in the high volt-
age region. Moreover, the results of resonant inelastic X-ray scat-
tering (RIXS), X-ray absorption spectroscopy (XAS), and density
functional theory (DFT) calculations reveal that Mg doping with
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an appropriate concentration can increase the Ni redox activity,
but at the same time it suppresses the O redox activity due to the
reduced Ni content and the competing mechanism between Ni
and Mg. However, it is found that the ‘O bound to Mg’ acts as an
additional redox center, which is triggered at high voltages (>4.0
V). This O redox process occurs at a slightly higher redox poten-
tial than that occurring when O is only bound to Ni, resulting
in the observed sloping potential profile for the Mg-doped ma-
terial. Although different Mg doping concentrations can induce
different shapes in the high voltage region of the potential pro-
files, they are found to have a greater effect on the average voltage
than on the cycling stability. This new finding highlights the com-
plex interplay between structure, redox chemistry, and doping in
Na layered oxides and provides an additional explanation toward
understanding doping effects in layered oxides.

2. Results and Discussion

A series of Mg-doped compounds, NaMg Ni, Mn,;0, (x =0,
0.10, 0.15, 0.20, 0.25, denoted as O3-NaM,NMO) were produced
by a solid-state synthesis method. X-ray diffraction (XRD) pat-
terns of these materials, evidencing pure O3 structures with a
tiny amount of NiO impurity, and scanning electron microscopy
(SEM) images of the pm-sized particles of 03-NaNMO and O3-
NaM, ;,NMO are shown in Figures S2 and S3 (Supporting Infor-
mation). The electrochemical properties of these samples were
evaluated in coin cells (half-cell geometry with sodium metal
as the counter electrode) over a voltage range of 2.5-4.4 V at a
current density of 20 mA g~!. As shown in Figure 1a, the first
charge/discharge capacities of 03-NaNMO, 03-NaM,,,NMO,
03-NaM,,;sNMO, 03-NaM,,,NMO, and O03-NaM,,;NMO are
217/194, 198/157, 202/127, 161/115, and 180/94 mAh g, re-
spectively. As the Mg content increases, the discharge capacities
significantly decrease compared to the undoped material. The
doped samples also exhibit a large amount of irreversible ca-
pacity, particularly in the case of O3-NaM,,;NMO. This behav-
ior is expected due to the substitution of electrochemically ac-
tive Ni sites with electrochemically inactive Mg. Despite the re-
duced initial capacity, all Mg-doped materials demonstrate im-
proved capacity retention compared to the undoped sample (see
Figure S4, Supporting Information). This can occur due to dif-
ferent reasons, but one needs to keep in mind that lowering the
electrode capacity typically leads to improved cycle life. This is
simply because less charge per cycle is being transferred, which
causes less stress (“shallow cycling”). The best stability is there-
fore found for 03-NaM, ,sNMO. Considering the best compro-
mise between capacity and stability, 10% Mg doping is the most
favorable concentration for O3-NaNi, ;Mn, ;O,. The capacity re-
tention of the O3-NaM,;,NMO material is 49% after 200 cycles,
which is a marked improvement over the almost complete capac-
ity loss (=100%) of O3-NaNMO without doping over the same
number of cycles (see Figure 1d). However, it is noteworthy that
the doped materials exhibit significant differences in their poten-
tial profiles, especially in the high voltage region above 4.0 V. Mg
doping is found to suppress the high-voltage plateau while in-
ducing a sloping profile when the charging voltage is increased
to 4.4 V, and the sloping behavior is more pronounced as the
Mg doping content increases. Similar behavior was also found
for the doped P2-Na,g,Ni,;;Mn,,0, with the different Mg
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Figure 1. Electrochemical properties of the Mg doped O3-NaNiysMngsO, at 20 mA g~ in the voltage range of 2.5-4.4 V. a) The voltage profiles of
03-NaM,NMO (x = 0, 0.10, 0.15, 0.20, 0.25) in the first cycle. b,c) The normalized voltage profiles of the Mg doped O3- and P2- type Ni-Mn based
layered compounds, respectively. d) The long-term cycling performance of NaMg 10NMO at 20 mA g™

concentrations (see Figure S5b, Supporting Information). These
results suggest that Mg may play a similar role in both P2-
NaNMO and 03-NaNMO.

To better understand the influence of Mg doping on the poten-
tial profiles, we normalized the charge capacity of each material
by setting the maximum capacity to 1. This normalization was
applied to O3-NaNi;;Mn,;0, and P2-Na, (,Ni, ;;Mn, (,O, with
varying Mg doping levels. As observed in Figure 1b,c, the slope
of the charge curves gradually increases with increasing Mg dop-
ing content in both Mg-doped systems. The only difference is that
the P2 phases with 15% and 20% Mg doping show a new voltage
plateau with a higher potential, but the Mg-doped O3 phases do
not show such a plateau, which may be due to the phase differ-
ences between the two systems. The dQ/dV curves of the two Ni-
Mn based layered compounds and P2-Na, ;;Mg, ;;Mn, ;,O, (P2-
NaMgMnO) are shown in Figures 2 and S6 (Supporting Infor-
mation). For the Ni-Mn based layered compounds, it is clear that
only Ni redox participates in the electrochemical process when
the voltage is below 4.0 V. This is because the Mn in all the com-
pounds has an oxidation state of +4 and is electrochemically in-
active. With Mg doping, the oxidation peaks become weaker than
those without doping, except for the peak located in the low volt-
age range (< 3.0 V) for the O3 phase (see Figure S6, Supporting
Information). Deeper investigations of the low voltage range will
be interesting to understand the doping effect on the O3 phase,
but are beyond the scope of this article. Importantly, clear differ-
ences can be easily observed in the different intensities and loca-
tions of the oxidation peaks in the corresponding dQ/dV curves
above 4.0 V.

Adv. Funct. Mater. 2026, 36, 19132 e19132 (3 O‘F'|5)

As seen in Figure 2a, the P2-Na, ;Mg ;;Mn, (;O,, undoped
03-NaNMO, and P2-NaNMO show the sharpest and highest in-
tensity peaks at different potential values over 4.0 V. The P2-
NaMgMnO material shows the highest potential, followed by
P2-NaNMO, and then O3-NaNMO. As the Mg doping content
increases, the oxidation peak gradually shifts to higher poten-
tials and becomes weaker for low doping concentrations. The
oxidation peaks then split into two peaks when the doping con-
tent is over 15% for P2 and 20% for O3 phases. Although O3-
NaM,,sNMO and P2-NaM,,,,NMO show different intensities of
the split oxidation peak, it is located at the same potential. These
results show that Mg plays a similar role in influencing the po-
tential profiles of O3-NaNMO and P2-NaNMO, indicating that
the role of the dopant depends more on its content rather than
on the structure type.

Interestingly, the split oxidation peak (see Figure 2a,b) at the
lower potential closely resembles that observed in P2-NaNMO,
indicating a similar redox process (Ni redox and ‘O bound
to Ni’ redox) among the undoped and Mg doped materials.
Meanwhile, the oxidation peak at the higher potential aligns
with the characteristic location in P2-NaMgMnO. Notably, P2-
Na, ;Mg 33Mn, ¢, 0, is a well-established compound known to
exhibit pronounced oxygen redox activity above 4.0 V, attributed
to its distinctive Na-O-Mg configuration.**) This suggests that
Mg in Ni-Mn based layered oxides could similarly facilitate oxy-
gen redox processes. The projected density of states (DOS) of
the oxygen p-orbitals for the O3-NaM,,,,NMO material at the
fully charged state is shown in Figure 2d. It can be seen that
the DOS exists over all simulated oxygen atoms (‘All O’) or sim-
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Figure 2. a) The dQ/dV curves of O3-NaNipsMngs0,, P2-Nagg;Nig33Mnge;0, and P2-Nag ¢;Mgg33Mng¢;0, during the first charge. b,c) The
dQ/dV curves of 03-NaM,NMO and P2-NaM,NMO, respectively. d) Projected densities of states (DOS) of the oxygen p-orbitals for the fully charged

03-NaMg 1)NMO material, normalized per oxide ion.

ulated oxygen atoms with specific binding environments (bound
to at least 1 Ni and no Mg: ‘O—Ni’, bound to at least 1 Mg and
no Ni: ‘O—Mg’, and bound to at least 1 Ni and at least 1 Mg:
‘Ni—O—Mg’). All energies are normalized to the Fermi-Level.
These results indicate that the first depleted state above the Femi-
Level is almost exclusively caused by ‘Ni—O—Mg’ and ‘O—Mg’,
hinting toward a distinct redox center for ‘O bound to Mg’
Consequently, in the high-voltage region of Mg-doped Ni—Mn
compounds, two distinct oxygen redox centers are present: one
involving oxygen bound to Ni, and the other involving oxygen
bound to Mg.

To elucidate how the new redox center influences the structural
evolution of O3-NaNi,;Mn,;0,, synchrotron-based operando
XRD measurements were carried out for 03-NaNMO, O3-
NaM,;,NMO, and O3-NaM,,;NMO, as shown in Figures 3 and
S8 (Supporting Information). The undoped material undergoes
a complex series of phase transitions from O3 (rhombohedral)
— 0’3 (monoclinic) - P’3 (monoclinic) and P3 (hexagonal) —
0’3 (monoclinic) - O3 (rhombohedral) during the first charge
process; these phase transitions are reversible during the follow-
ing discharge process.['#2°] Meanwhile, it is worth noting that the
rhombohedral O3 phase at the fully charged state shows a de-
crease in the c lattice parameter of ~17% compared to the parent
O3 phase before charging, which is in line with previous studies
by Komaba et al.l?!

With Mg doping, the phase behavior of the electrodes changes
significantly during sodiation. In the low voltage region (below
3.0V), in contrast to the complex phase transition (03—0’3—-P3)
that occurs in the undoped material, the two Mg-doped materi-
als show similar shifts in their reflections below 3.0 V, but with-
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out any phase transitions. 03-NaM,,;,NMO shows a direct phase
transition from O3 to P3 phase at 3.0 V (see Figure 3b), and O3-
NaM, ,sNMO shows a short-mixed phase region with O3, 0’3,
and P3 at 3.0 V (see Figure S8, Supporting Information and
Figure 3c). Later, similar to the change of the undoped material
at 3.7 V, the two doped materials both show a single P3 phase
with a continuous shift of the main reflection to lower angles,
indicating an expansion of the interlayer spacing upon charg-
ing. However, the two doped materials show completely different
phase transitions above 3.7 V. For 03-NaM,,;,NMO, the main re-
flection located at 3.7° slightly shifts back to a larger angle due to
formation of the O’3 phase at 4.1V, as evidenced by the character-
istic 10045 reflection located at 8.3° for O3-NaM,, ;,NMO. When
charged to 4.2 V, the main reflection weakens, and later a new
reflection becomes visible at a higher angle, indicating the for-
mation of a new phase at the fully charged state. This phase is
called OP2, which is similar to the reported OP4 phase in the P2-
Na, ;Mg 10Ni,3Mn, ¢,0,.24 While for 03-NaM,,,sNMO, there
is no phase transition above 4.0 V until the fully charged state,
and only a continuous shift of the main reflection to lower angles
after the first phase transition from O3 to P3 at 3.0 V is found.
This indicates a solid-solution reaction of a pure P3 phase in the
high voltage region, and the corresponding c lattice parameter
shows an expansion of ~5.65%.

During discharge, the OP2 phase of O3-NaM,;,NMO shows
a comparably high reversibility. The main reflection gradually
shifts to a lower angle with the formation of the monoclinic O’3
phase at 4.0V, as evidenced by the appearance of the character-
istic 111, reflection at 9.6°. Subsequently, similar to the obser-
vation of the O’3 during charging, the position of the main re-
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Figure 3. Contour plots of synchrotron-based operando X-ray diffraction, the corresponding phases and ¢ lattice parameters for a) 03-NaNMO (4 =
0.20733 A) and b) 03-NaMg ;,NMO (4 = 0.35424 A). c) The contour plots of the main reflection (003) (4 = 0.20733 A) and the corresponding c lattice
parameter for O3-NaM; ,s NMO. d) Schematic diagram of the phase transition for the three materials during the first charge process.

flection remains stable until being discharged to 3.6 V. Upon fur-
ther discharging, the 111, reflection disappears and the main
reflection gradually shifts to a higher angle, followed by the ap-
pearance of the 012, reflection at 8.5° and the 015, reflection
at 10.15°, respectively, signifying a phase transition from O’3 to
P3. When being discharged to 3.0 V, the 03-NaM, ;,NMO ma-

Adv. Funct. Mater. 2026, 36, 19132 e19132 (5 0f15)

terial undergoes a further phase transition from P3 back to the
original O3 structure, similar to the undoped counterpart. This
demonstrates a fully reversible phase transition pathway during
cycling. In contrast, the formation of the OP2 phase results in
only a ~3.87% decrease along the c-axis, suggesting that 10% Mg
doping effectively suppresses structural changes. This structural

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

85U8017 SUOWIWIOD BA1E8.1D) 8|l idde 8y Aq peusenob a8 sejolie YO 9SN J0 S8|nJ 10} ARIq1T8UIUO AB|IM UO (SUONIPUOD-pUe-SWRIALIY A8 | 1M Ale.q1Bul [Uoy/:Schiy) SUORIPUOD pue S | 8U1 89S *[9202/£0/02] U ARiq1T 8uluo AS|IM 'Ind Ullieg winiueZ-210ywpH Aq ZET6TSZ0Z WPe/Z00T 0T/I0p/LI0d A8 | Akeiq 1 pul|uo’psoueApe//sdny Wolj pepeojumod ‘€2 ‘9202 ‘820E9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

a b c
03-NaNMO —— ocv 03-NaM,  (NMO —— OCV _
Ni K-edge XAS ——— Chargeto 4.0V Ni K-edge XAS —— Chargeto 4.0V Ni K-edge XANES
R ——— Chargeto 4.4V - ——— Chargeto 4.4V
S Discharge to 2.5 V| = Dischargeto 25V| 5
s s s
z z — &
‘0 g ‘B Chargeto 4.4V
c ) c
2 = 2 —— 03-NaNMO
= = = —— 03-NaM, ,,NMO
)\ —— 03-NaMj ;sNMO
e\ —— 03-NaM, ,(NMO
03-NaNMO-0CV 03-NaM, ,;NMO
8320 8340 8360 8380 8400 8320 8340 8360 8380 8400 8320 8340 8360 8380 8400
Energy / eV Energy / eV Energy / eV
d 03-NaNMO e NiM 03-NaM, 1,NMO f o Ni K-edge EXAFS
Ni-Me Ni K-edge EXAFS Ve Ni K-edge EXAFS Ni-Me  Charge to 4.4V
5 - -
:m/ Ni-O —O0CV ; NiLO | ——ocv g 03-NaM, ,sNMO
> —Chargeto 40V | = " | ——Charge to 4.0V >
@ i ———Chargeto 44V | 2 ‘ Charge to 4.4 V 2
] Dischargeto 2.5V 2 Dischargeto 2.5V| 2
= 15 =
= - 2
= = H
= i 03-NaM, ;,NMO
03-NaNMO
0 2 4 6 0 ) : 6 0 > ; 6

Radial distance / A

2 4
Radial distance / A

2 4
Radial distance / A

Figure 4. Ex situ Ni K-edge XANES data and the corresponding EXAFS data. a,d) O3-NaNMO and (b,e) O3-NaM ;oNMOat different charge/discharge
states. ¢,f) O3-NaM,NMO (x = 0, 0.10, 0.15, 0.20, 0.25) at the charge to 4.4 V state. Insets in Figure c magnify the region between 8344-8347 eV to

highlight the different energy shifts of 03-NaM,NMO.

stabilization is further corroborated by the improved cycling sta-
bility observed in the Mg-doped material.

As observed by comparing the phase transition and the ¢ lat-
tice parameter change among these materials during the charge
process (see Figure 3d), although Mg doping can suppress the
formation of the intermediate phase (O’3) below 3.0V, the tran-
sition from O phase to P phase is inevitable in this period. Upon
charging to 4.0V, the transition becomes less complicated as the
Mg doping content increases. In the high voltage region, 10%
Mg facilitates the formation of an intermediate OP2 phase, while
25% Mg completely suppresses the P-to-O phase transition by
promoting a solid-solution type reaction. Both effects help mit-
igate changes in the lattice parameters. Compared to the O3-
NaM,,sNMO sample, the additional phase transitions from P3
to O’3 to OP2 for O3-NaM,, ;,NMO are found to reduce the lattice
expansion to 9.52% at the fully charged state, and the additional
phase transitions from P3—0’3—03 for 03-NaNMO result in
a sudden x23% decrease at the same time. However, the O3-
NaNMO material shows better structural reversibility than the
03-NaM, ;,NMO sample, followed by the O3-NaM,, ,sNMO sam-
ple (according to the electrochemical performance in Figure 1a).
Combined with the electrochemical properties, we can under-
stand that the phase transitions are favorable for achieving high
capacity in the electrode materials and maintaining structural re-
versibility, but they accelerate the aging process to some extent,
especially in the high voltage range.

To identify changes in the valence states of Ni and Mn dur-
ing charging and discharging, ex situ X-ray absorption near edge

Adv. Funct. Mater. 2026, 36, 19132 e19132 (6 Of15)

structure (XANES) analysis was performed at the Ni and Mn K-
edges for 03-NaM,NMO (x =0, 0.10, 0.15, 0.20, 0.25) during the
first cycle. Figure 4a,b show the Ni K-edge and Figure S10a,b
(Supporting Information) show the Mn K-edge spectra for the
undoped and the 10%-Mg doped samples at different states of
charge, i.e. at OCV, charge to 4.0 V, charge to 4.4 V, and discharge
to 2.5 V. Apparently, the Ni redox is involved in the electrochem-
ical reaction throughout the charging process for all materials,
as evidenced by the obvious shift in edge energies to higher val-
ues (see Figure 4a,b). While 03-NaNMO and 03-NaM,;,NMO
both show slight shifts of the edge energy between the charged
states at 4.0 V (blue curve) and 4.4 V (orange curve), especially for
the O3-NaM,,,NMO material, demonstrating that the two mate-
rials show an overall lower amount of Ni redox above 4.0 V. How-
ever, the undoped and 10% Mg-doped materials both deliver a
high charging capacity in this regime. Moreover, the Mn redox is
electrochemically inactive due to its already stable valence (Mn**)
among these two materials, see Figure S10 (Supporting Informa-
tion). These results suggest that there is another redox process
that contributes to the high capacity in the undoped and 10%
Mg-doped materials above 4.0 V. The likely cause is oxygen re-
dox, which has been found for many P-type Ni-Mn based layered
oxides for SIBs.[353¢]

In addition, a comparison of the Ni K-edge XANES of the un-
doped and Mg—doped materials at the OCV and the charge to
4.4V states is shown in Figure S9 (Supporting Information) and
Figure 4c, respectively. As observed at the OCV state, the curves of
the 03-NaNMO and 03-NaM,, ;,NMO samples coincide perfectly
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atthe edge, implying that the Mg doping does not affect the Ni ox-
idation at the initial state. While at the fully charged state (4.4 V),
the O3-NaM,NMO (x = 0, 0.10, 0.15, 0.20, 0.25) materials show
different energy shifts compared to the OCV state (see Figure 4c).
The 03-NaM,,,NMO material shows overall the highest energy
shift among these samples, followed by O3-NaM,,.NMO, O3-
NaNMO, 03-NaM,,;sNMO, and 03-NaM,,,NMO. This implies
that Mg doping with a suitable doping concentration can enhance
the Ni redox activity, which is found to be greatest in the case of
10% doping content. When discharged to 2.5 V (see Figure 4a,b),
the XANES spectrum for the O3-NaM,;,NMO sample is similar
to that of the respective OCV states, while that of the undoped
material differs. This indicates a better redox reversibility for the
10% Mg-doped compound.

The coordination environment of Ni and Mn at the various
states of charge was evaluated by extended X-ray absorption fine
structure (EXAFS) analysis for 03-NaM,NMO (x = 0, 0.10, 0.15,
0.20, 0.25) (see Figure 4d—f), and Figures S9 and S10 (Support-
ing Information). The O3-NaNMO and O3-NaM, ;,NMO materi-
als undergo different changes when charging to the high voltage
region (4.0 and 4.4 V), corresponding to their individual phase
transitions above 4.0 V. The undoped material shows an obvious
decrease in interatomic distance, and a slight decline in coordi-
nation number for both Ni—O and Ni—Me (where Me indicates
Mn, Ni or Mg) shells. In comparison, the 10% Mg-doped ma-
terial shows only an obvious increase in the coordination num-
ber of the Ni-O shell as the charging voltage increases to 4.4 V.
The unchanged Ni—O bond length of O3-NaM,,,NMO fits well
with the proposed solid solution-type reaction found from the
operando XRD results in the high voltage region. As for the EX-
AFS atthe Mn K-edge, the 03-NaNMO and 03-NaM,, ;,NMO ma-
terials show only significant changes at the Mn-Me shell at the
charged states, which is induced by the change of Ni environ-
ment. These results indicate that all these materials have a rela-
tively stable Mn environment. In the subsequent discharge state
at 2.5V, the curves of the undoped material and 10% Mg-doped
material are not found to return to their original OCV state, which
indicates that the coordination environment of Ni is only partially
reversible for all samples, especially in the case of the undoped
material. With more Mg doping in O3-NaNi,;Mn,0,, the ra-
dial distances of the Ni-O shell and the Ni-Me shell both increase
slightly, indicating that the Mg doping can effectively suppress
changes in the Ni environment, and the appropriate doping con-
tent can enhance the reversibility of the Ni redox activity.

O K-edge resonant inelastic X-ray scattering (RIXS) was mea-
sured to elucidate the impact of the Mg doping on the degree of
oxygen redox. Figure 5a,b show the RIXS data for O3-NaNMO
and O3-NaM,,,NMO at the OCV, charged to 4.4 V, and dis-
charged to 2.5 V states. A unique peak located at an energy loss of
8 eV is related to the O—O signature, which is widely associated
with an oxygen redox feature.[3143738] In Figure 5a,b, this signal
is only visible after charging to 4.4 V, and could be observed in
these two materials, indicating that oxygen redox does indeed oc-
cur at the fully charged state. However, the intensity of this signal
is different between the two samples, with the highest intensity
being observed for 03-NaNMO, followed by O3-NaM,,;,NMO.
Meanwhile, the RIXS maps (Figure 5d,e) with excitation energy
ranging from 526 to 534 eV were also conducted at the fully
charged state (4.4 V). The fingerprint signal of the oxygen redox
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is highlighted with a light blue circle, which corresponds to the
signal at an energy loss of 8 eV as discussed with the 1D RIXS
spectra.[13135-38] It can be observed that the intensities of this fin-
gerprint signal are slightly different amongst the materials, but
their intensities also follow the observations in the 1D RIXS spec-
tra. Moreover, the progression of the peaks close to 0 eV has been
magnified and is shown in Figure 4c. A series of peaks with grad-
ually decreasing intensity can be observed for the two samples at
a state of charge of 4.4 V, which are reported to reflect the vibra-
tion between O-O bonds.['*1*38] The intensities of these peaks
are associated with the strength of the oxygen redox signal at an
energy loss of 8 eV. As expected, the undoped material exhibits
peaks with higher intensity, while the 10% Mg-doped material ap-
pears to have relatively lower intensity. The distance between the
first peak and 0 eV for the two samples is close to that reported for
the vibration of molecular O, by Bruce et al.[1*1*38] Although the
presence of molecular oxygen in the lattice of these materials is a
matter of debate, the results nevertheless indicate that oxygen re-
dox occurs in the two materials when being charged to 4.4 V, and
that the Mg doping can reduce the activity of the oxygen redox. We
are aware that there is an intense discussion on the nature of the
oxidized oxygen species, especially considering the use of RIXS
for the determination of trapped molecular oxygen.l*! Given the
ongoing debate, we have chosen not to engage in a detailed dis-
cussion about the exact nature of the oxidized oxygen species in
our work, even though we do observe evidence of oxygen redox
in general. However, the data presented in our manuscript will
be valuable to RIXS experts who are better positioned to further
investigate and interpret the exact nature and content of these
oxidized species.

RIXS spectra for the O3-NaM,NMO (x = 0.15, 0.20, and 0.25)
materials at the fully charged state were also collected and are
shown in Figure 5f. Interestingly, we observe a continuously de-
creasing intensity of the oxygen redox signals among these sam-
ples, especially for the O3-NaM,,,sNMO material, which shows
a similar curve shape to the undoped materials and the 10%
Mg-doped materials in the OCV/discharged states. These results
indicate a decrease of the oxygen redox activity as the Mg dop-
ing content increases to 25%. This is consistent with our pro-
posed competing mechanism that the degree of O-redox be-
comes smallest for a Mg/Ni ratio of 1, while the degree of O-
redox increases for ratios greater than or less than 1. In the O3-
NaM, ;,,NMO material, the Mg/Ni ratio is only 1/4, i.e. a strong
O-redox can still be expected. When increasing the Mg content
to 25%, the Mg/Ni ratio gradually increases to 1. Therefore, the
03-NaMg,, ,sNij ,sMn, s O, material shows the lowest oxygen re-
dox signal (see Figure 5f). Overall, it is reasonable to believe that
the competing mechanism between Ni—O and Mg—O also ex-
ists in the Mg-doped O3-NaNi, ;Mn, ;O,, accordingly leading to
a change of the oxygen redox. To compare the contributions of
the Ni and O redox for the first charge capacities of all materials,
we conducted normalizations of the Ni and O redox based on the
energy shift at the Ni K-edge XANES (Figure 4c) and the inten-
sity ratio of A/B at the O K-edge RIXS (Figure 5f), respectively
(please find details in the supporting information in Figure S11
and Tables S1 and S2, Supporting Information). Although O3-
NaM, ;,,NMO shows the highest activity of the Ni redox, the dif-
ferences among these materials are relatively small compared to
the O redox. This is due to the fact that the oxygen redox occurs
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Figure 5. O K-edge RIXS spectra with an excitation energy of 531 eV for a) 03-NaNMO and b) O3-NaM; ;(NMO at OCV, charged to 4.4V, and discharge
to 2.5 V states. c) Magnified RIXS spectra for the two samples in the three states. O K-edge RIXS maps with excitation energy ranging from 526 to 534
eV for d) 03-NaNMO and e) O3-NaM; ;oNMO. f) A comparison of RIXS spectra for 03-NaM,NMO (x = 0, 0.10, 0.15, 0.20, 0.25) at the charge to 4.4V
state. g) A summary of the O redox contribution and Ni oxidation of NaM,NMO. The height of the green bars represents the maximum oxidation state
of each material at the fully charged state, and the height of the orange bars represents the amount of O redox contribution, respectively. h) Mg K-edge

EXAFS at OCV, charge to 4.4 V, and discharge to 2.5 V states.

only in the high voltage region. When we compare the difference
of the O redox among each other, the 10% Mg doping causes the
most dramatic change, indicating that trace doping significantly
affects the O redox.

Although a strong oxygen redox was found to exist in O3-
NaM,NMO (x< 0.25) at 4.4 V, the triggering mechanism of
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this O redox remains unclear, especially for the Mg-doped ma-
terials. In order to demonstrate the difference of the oxygen
redox between the undoped and the Mg-doped materials, ex situ
Mg K-edge EXAFS was performed for O3-NaM,,,NMO and is
shown in Figure 5h. A shortening of the Mg—O distance can be
observed after charging to 4.4 V. However, as the valence of Mg re-
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Figure 6. a) The calculated spin density differences (SDD), with a yellow color for spin-up and a blue color for spin-down at an iso-value of 0.02 UPE/A3
for the different materials in the 4.4 V (charged state) and OCV state (discharged state), along with assigned charges. The absolute number of unpaired
electrons (UPE) on the oxygen (O) ions of b) 03-NaNMO and c) O3-NaM; ;NMO as obtained from HSE06-DFT calculations. The plots visualize
oxygen redox and indicate one strong oxygen oxidation in the Mg-doped material of an ‘O bound to Mg’. d) Projected densities of states (DOS) of
oxygen p-orbitals relative to their DOS of the previous (higher) sodium concentration for O3-NaNMO (left) and O3-NaM, ;0NMO (right) at different

sodium concentrations (top to bottom).

mains the same, this change should be caused by the neighbour-
ing O, indicating a more pronounced electrochemical activity of
‘O bound to Mg'. During subsequent discharging to 2.5 V, there is
no change in the Mg-O distance from that of the charged to 4.4 V
state, indicating that the shift in the Mg-O distance is irreversible.
This is consistent with the lower degree of structural reversibility
of 03-NaM,, ;,NMO. Combining the results from RIXS measure-
ments and Mg K-edge EXAFS, one can conclude that the oxygen
redox in the Mg-doped materials can be attributed to two trigger
centers, Ni and Mg, which may cause different electrochemical
behaviors in the high voltage region.

To further elucidate the redox processes in the undoped and
the 10% Mg-doped materials, we performed density functional
theory (DFT) calculations. From the aforementioned discussion,
it is clear that the redox behavior of these two materials is dom-
inated by Ni redox from Ni** toward Ni** (see Figure 6a; Figure
S12a,b, Supporting Information as well as corresponding analy-
sis in Supporting Information for further details). As for the oxy-
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gen, the two compositions show quite some fluctuations slightly
above 0 UPE (number of unpaired electrons) at the OCV and fully
charged state (Figure 6b,c). Most of UPE on oxygens show a sim-
ilar, minor drift toward 0.1 UPE for the OCV state. These devi-
ations can be interpreted as delocalization of the charges on the
transition metals, especially nickel, as the calculated UPE of ca.
1.7 is lower than the theoretical value of 2 for Ni** (t),%e,” cf.
Figure S12a,b, Supporting Information). This delocalization is
also visible in the spin density difference (SDD) plots of the dis-
charged materials in Figure 6a, as mainly oxygen anions bound
to nickel ions show some additional spin-up density. When being
charged to 4.4 V, the fluctuations in UPE values on oxygen must
be assigned not only to delocalization of the transition metal ox-
idation but also to direct oxidation of the oxygen ions, which
agrees with the experimental RIXS measurements (Figure 5). In
particular, one oxygen ion (out of 72) in the O3-NaM,, ;,NMO ma-
terial shows a very strong oxidation with more than 0.5 UPE (cf.
Figure 6¢). This strong oxidation can formally be assigned to an
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oxidation of 0%~ to O'~ that would have a theoretical change of
UPE from 0 to 1 (2s?2p® — 2s?2p°®). However, such a strong lo-
calization of the oxidized oxygen is probably not realistic, and the
anionic redox is most likely more delocalized over various oxygen
anions in the same binding environment. The over-localization
might be an artifact of the employed hybrid functional, but a sim-
ilar result is also obtained when considering different magnetic
orderings (results shown in Figure 5b,c, ferro-magnetic and anti-
ferromagnetic ordering was tested as well) and supercell sizes (a
cell half as large in the a-dimension was tested as well). Never-
theless, it should be noted that this oxygen ion is directly bound
to a Mg?* ion which supports the experimental hypothesis that
oxygens bound to Mg ions are oxidized more strongly. It can be
assumed that a driving force for the oxidation of oxygens bound
to Mg is the electrostatic interaction, as it should have the small-
estdecrease of attractive forces for decreasing the negative charge
of an oxygen next to the cation with the smallest positive charge
(Mg*).

To further verify that ‘O bound to Mg’ is indeed a distinct re-
dox centre, further DFT calculations at various different sodium
concentrations were performed and the electronic structures of
oxygens were analysed. The results are summarized in Figure 6d.
The Fermi levels are indicated by vertical lines. Differences be-
tween spin-up and spin-down channels are added in the plots
such that simple shifts between the channels cancel out. The total
DOS of oxygen p-orbitals are given in Figure S13 (Supporting In-
formation). Next to the DOS, the integral of depleted states above
the Fermi level relative to the fully sodiated materials is shown.
Changes in Bader charges and unpaired electrons (UPE) relative
to the fully sodiated materials are given as well. In the right plot
oxygen signals are divided into 3 groups: ‘O bound to Ni’ (and not
Mg), ‘O bound to Mg’ (and not Ni), and ‘O bound to Ni & Mg'.
In the left plots for 03-NaNMO all oxygen atoms are bound to at
least one Ni resulting in only one group: ‘O bound to Ni’.

Analysis of the electronic structures of oxygen atoms reveals
that ‘O bound to Mg’ is a new redox center that is only present in
the Mg-doped material. Consistently through all employed anal-
ysis methods (integration of depleted DOS states, Bader charges,
and UPE), oxygen atoms that are bound to Mg behave differently
from other oxygen atoms, e.g., oxygen atoms that are just bound
to Ni and Mn. More precisely, ‘O bound to Mg’ shows a stronger
redox activity in the calculated electronic structures as the yellow
and red curves (‘O bound to Mg’ and ‘O bound to Ni & Mg’) in the
right part of Figure 6d are always above the grey one (‘O bound
to Ni’). The larger integral of depleted states, higher increase of
Bader charge (more positive charge), and larger increase of UPE
(more toward 2s22p°, O'7) in ‘O bound to Mg’ clearly indicates
a stronger anionic redox for these oxygen species. The separa-
tion of ‘O bound to Mg’ to the other oxygen atoms throughout
all the different analysis methods gives strong evidence that ‘O
bound to Mg’ is indeed a distinct redox center with different prop-
erties from the oxygen redox that can be found in the Mg-free
03-NaNMO material.

Even though the most oxidized single oxygen ions are found
in the O3-NaM,,;,NMO material (‘O bound to Mg’), the average
change of Bader charges of oxygen atoms as well as the absolute
value of the average Bader charges (Figure S14, Supporting Infor-
mation) indicate a stronger oxygen redox in the Mg-free material,
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03-NaNMO. However, the charge assignment made from the
UPE in Table S3 (Supporting Information) shows a different ten-
dency with less redox active oxygen and more redox active Ni. The
difference might be explained by the fact that strong localization
was assumed for assignment while smaller fluctuations in UPE
were neglected. This highlights the difficulties of assigning pre-
cise charge states from electronic structures as results are depen-
dent on the integration approach. Considering the experimen-
tal RIXS results (Figure 5) that indicate overall stronger oxygen
redox in O3-NaNMO than in NaM,,,NMO, it appears that the
small fluctuations in UPE are indeed important for the studied
materials and that the stronger oxygen redox observed in Bader
charge analysis is in better agreement to experiment. Regarding
the assignment from UPE it should be also mentioned that be-
sides the too strong localizations of electrons, distorted coordi-
nation environments (similar to the different orbital splitting in
Jahn-Teller distortion) can also cause fluctuations in UPE that re-
sult in a too low assigned oxygen redox. Manganese-Oxygen and
Oxygen-Oxygen pair distribution functions (PDFs) over machine
learned force field (MLFF) ab initio molecular dynamics (AIMD)
runs reveal some peak broadening that indicates the presence
of local distortions (cf. Figure S12e,f, Supporting Information).
However, the slightly stronger intensities of the first peaks in the
Oxygen-Oxygen PDFs for 03-NaNMO than for O3-NaM,;,NMO
also give a hint for stronger oxygen redox in the simulations
of 03-NaNMO (lower negative charge on oxygen atoms — less
electrostatic repulsion — shorter O-O distances). However, for
both materials, the Oxygen-Oxygen PDFs (Figure S12f, Support-
ing Information) show no contributions in the bounding region
of oxygen (anions), thus no indication of (irreversible) oxygen
dimerization was found in the simulation studies. However, as
the rather short simulation times of 20 ps might hinder oxygen
dimers to form, the oxygen-vacancy formation-energies in the
fully charged materials were calculated using DFT as well for the
distinct binding environments discussed in Figure 6. The cor-
responding formation energies were: 2.17 eV for ‘O bound to
Ni’ in 03-NaNMO, and 2.04 eV for ‘O bound to Ni’, 1.70 eV for
‘O bound to Ni & Mg’, and 1.82 eV for ‘O bound to Mg’ in O3-
NaM, ;,NMO. Those energies are in a similar order of magnitude
as values reported for other energy materials.***!l This confirms
again that ‘O bound to Mg’ in O3-NaM, ;,NMO are the main an-
ionic redox and oxygen vacancy-formation centres.

Overall, the DFT calculations support the finding that the ca-
pacity of the studied materials is dominated by Ni redox followed
by oxygen redox. Regarding the oxygen redox behavior, the most
important finding of the calculations is that the ‘O bound to Mg’
is a distinct redox center in O3-NaM,;,NMO that is substantially
different from other oxygen species in the structure. More pre-
cisely, stronger anionic redox is observed for ‘O bound to Mg’
in the simulations. While for the overall oxygen redox activity in
03-NaNMO and 03-NaM,, ;,NMO, the computational results are
less straight forward to analyse, it still seems that the overall av-
erage oxygen redox is stronger in O3-NaNMO. However, for both
compositions no oxygen dimerization was observed in MLFF-
AIMD simulations. The findings regarding the various oxygen
redox activities agree well with the conclusions made from the
experiments, thus supporting the proposed redox mechanisms
and the distinct redox activity of ‘O bound to Mg’.
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Figure 7. a) GITT analysis of O3-NaNMO and O3-NaM; 1NMO during the 1st charging. The tests were performed with a 0.5 h pulse at C/10 followed
by 10 h relaxation every step. Representative relaxation processes at the different charge states are shown in the insets. b) The corresponding calculated
Nat diffusion coefficients of the two materials. c) A schematic illustration of the mechanically mixed materials between O3-NaNiy sMng 5O, and P2-
Nag 67Mgg 33Mng 670, with the different ratios, d) the corresponding first charge/discharge curves of the two mixed materials. €) A summary of the Mg
doping effect on the potential profile, phase transition, and redox activities.

3. Discussion

The relaxation behavior of the electrodes was studied for the
compositions 03-NaNMO and 03-NaM, ;,NMO by using the gal-
vanostatic intermittent titration technique (GITT), see Figures 7a
and S17 (Supporting Information). The potentials of both mate-
rials after relaxation are still different, which supports that a ther-
modynamic effect causes the shift in potential. In general, TM
redox below 4.0 V is known to have faster kinetics than oxygen
redox above 4.0 V, which is in line with the higher Na diffusion
coefficients for both materials below 4.0 V (see Figure 7b). There-
fore, the two materials exhibit lower voltage drops below 4.0 V
compared to above 4.0 V. Specifically, the insets highlight the volt-
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age drops at 3.5V (I), 4.0 V (II), and 4.4 V (III), respectively. The
data also shows that the potential values for the Mg-doped sam-
ple in the sloping region remain above the ones for the undoped
material. This suggests that there is indeed a shift toward higher
potentials due to thermodynamic reasons, i.e. a shift caused by
O bound to Mg.

The experimental and theoretical results both demonstrate
electrochemical activity of Ni and O redox during the charg-
ing process for the undoped and the 10% Mg-doped materials.
The prominent difference between these two materials is that
the ‘O bound to Mg’ acts as an additional active redox center,
which was demonstrated by Mg K-edge EXAFS, GITT, and DFT.
This additional redox center has a slightly higher redox poten-
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tial than that of the ‘O bound to N, as evidenced by a higher
potential of the dQ/dV peaks above 4.0 V in 03-NaM,,;NMO
and P2-NaMg,,,NMO compared to the undoped O3-NaNMO
and P2-NaNMO (see Figure 2b,c), which results in the unique
sloping potential profile in the Mg-doped material. To further
prove our hypothesis, a complementary experiment was per-
formed by mechanically mixing O3-NaNi,Mn,;O, (only Ni as
the oxygen redox center) and P2-Na, ;Mg ;;Mn, ¢;O, (only Mg
as the oxygen redox center) with different ratios (7.3:2.7 and
1:1) to form new electrode materials, Na, sMg, o Nij ;sMn, 550,
and Na, g,Mg, 7 Ni;,sMn, 5, O, (see Figure 7c). Among these two
materials, the Mg/Ni ratios are 0.25 and 0.67, which are very
close to the Mg/Ni ratios in O3-NaMg,,,,Ni,,Mn,;0, and O3-
NaMg ,oNi, sMn, ;O,, respectively. Apparently, these two mate-
rials both exhibit a similar sloping potential profile as observed
in Figure 1a in the high voltage region (see Figure 7d). Moreover,
it is due to phase segregation that two mixed electrode materi-
als (Nag Mg g9 Nij 30Mny 550,, Nag g, Mg 1, Nig ,sMny 550,) show
a flat high voltage plateau before the sloping potential pro-
file, but it is invisible in the Mg doped 03-NaNMO materials.
Therefore, we believe that the Mg has actually been doped into
the crystal structure of NaNi,;Mn,s0,, and the additional O
bound to Mg as a redox center leads to the sloping potential
profiles.

In the subsequent discharge process, however, the Mg-doped
material shows a high voltage plateau quite similar to the un-
doped material, but with a smaller capacity contribution as
the Mg doping content increases (see Figure 1la). This indi-
cates similar redox processes, although they are not active to
the same degree in all materials. The ‘O bound to Mg’ re-
dox, however, appears to be largely irreversible. Therefore, the
Mg-doped sample shows a high voltage plateau rather than a
sloping profile on discharge. In the following cycles, the un-
doped material also shows sloping potential profiles (see Figure
S4a, Supporting Information), we believe that structural degra-
dation and polarization should be responsible for the shape
change of the potential profiles during long-term cycling. Al-
though the sloping potential contributes less to the cycling
stability, it nevertheless has a greater effect on the average
potential compared to potential profiles with plateaus in this
region.

These results demonstrate that the sloping potential profile is
caused by a variety of redox processes with different energies. In
addition, many other dopants such as Li*, Zn**, Cu?*, Fe*, Ti**,
etc. can also induce sloping potential profiles in Ni and Mn-based
layered oxides above 4.0 V.[21:23.28:4243] The dopants Li*, Zn**, and
Cu?* have been shown to demonstrate similar properties to those
of Mg in relation to how they trigger oxygen redox in P-type and
Ni-free Mn-based layered oxides for SIBs.[!3#4%] [t is therefore
understandable that the sloping behavior is also related to the
appearance of a new redox center, i.e. ‘O bound to Li/Zn/Cu’.
Although there are a few reports that Fe or Ti can trigger oxy-
gen redox, the Fe** /Fe** redox couple has been shown to exist in
many layered oxides above 4.0 V,[*] and Ti has been found to fa-
cilitate the oxidation of oxygen in layered oxides.['®! These reports
collectively indicate that the appearance of a sloping (remaining)
high voltage plateau in the potential profiles are related to the
presence (absence) of additional redox centers in Ni-Mn based
layered oxides.
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4. Conclusion

In summary, Mg with different doping concentrations has been
introduced into O3-NaNi, sMn, O, using a solid-state and high-
temperature calcination method. The effects of Mg doping on the
potential profiles, phase transitions, and redox activities are sum-
marized in Figure 7e. Notably, Mg doping significantly enhances
the cycling stability in a voltage range of 2.5—4.4 V compared
to the undoped material, especially for the 10% doping concen-
tration. Mg doping was found to suppress the formation of the
intermediate phase (O’3) below 3.0 V, promoting a reversible OP2
phase at 10% doping and a solid-solution reaction into a single
P3 phase at 25% doping in the high-voltage region (>4.0 V). Ad-
ditionally, the sloping potential profile during charging was ob-
served in the doped materials, which becomes more sloping as
the Mg doping content increases. A combination of RIXS, XAS,
and DFT calculations was used to demonstrate a strong oxygen
redox in O3-NaMg, Ni; . Mn, O, (x<0.25), and also revealed that
the observed sloping behavior is related to the presence of an ad-
ditional redox center associated with the ‘O bound to Mg’. While
this redox center is irreversible, the overall sloping behavior of
the voltage profile is maintained over cycling. When comparing
the effect of Mg doping in O3-NaNi, ;Mn,0,, we find that the
most characteristic differences are found in the first cycle, while
over cycling, the properties become more and more similar, i.e.
the type of dopant becomes less relevant. Future studies should
therefore also be directed toward stabilizing the identified addi-
tional redox center over many cycles as only this way a higher av-
erage cell voltage of the battery could be achieved. The presence
of additional redox centers is identified as the origin of a simi-
lar, previously reported, sloping electrochemical behavior found
in Ni and Mn-based layered oxides with Li, Zn, Cu, Fe, and Ti
doping. Overall, the findings provide a new route for understand-
ing the effects of cation doping on the potential profile of layered
oxides.

5. Experimental Section

Synthesis Methods: The P2-type materials were synthesized using a
sol-gel method, following a procedure similar to that described in our
previous report.32] All O3-type materials were prepared via a solid-state
method, as detailed below. Na,O,+Na,O (100%, Alfa Aesar), Mn,0O3;
(>98%, Alfa Aesar), NiO (>99%, Alfa Aesar), MgO (>99.95%, Alfa Ae-
sar), were used as the raw materials. An excess of 5mol% Na,0,*Na,O
was added to compensate for Na loss during the high temperature reac-
tion, and 0.03 mol of product was synthesized in each experiment. All raw
materials were mixed for 5 h using a planetary ball mill, then the mixture
was fabricated as a pellet by pressing under 15 MPa pressure. After that,
the pellet was calcined at 950 °C for 15h under O, atmosphere to obtain
the final products. Before cooling down to 200 °C, the pellet was trans-
ferred to an Ar-filled Glovebox for further processing and measurement.

Electrochemical Characterization: The process of fabricating working
electrodes is the same as previously reported.[3?! The active material, Su-
per P (SP, MTI Corp.), and polyvinylidene difluoride (PVDF, MTI Corp)
were used in a weight ratio of 80:10:10 to form the electrodes. The PVDF
binder was dissolved in N-methyl-2-pyrrolidone (NMP, Sigma Aldrich)
with a concentration of 0.04 g mL™". The active material and Super P were
mixed in a mortar for 10 min. The PVDF solution was then added, and
mixed for another 5 min to form a homogenous slurry, which was then cast
onto carbon-coated Al foil (MTI Corp.) with a doctor blade at a thickness
of 300 um. All the above-mentioned steps were carried out in an Ar-filled
glove box (with H,O and O, concentrations <0.1 ppm). The electrodes

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

85US017 SUOWILLOD AII8.1D) 3(cfedtdde au Ag peusenob afe o O '8sn JO S3|Nn 1oy Akeld18UIIUQ AB]1M UO (SUOIPUOD-PUE-SLUIBI WD A8 | ARIq 1 Ul |UO//SANY) SUOIIPUOD pue swie | 8y} 89S *[9202/c0/02] Uo Aldqiauliuo AB)im ind uljeg wniuwez-zyoywpH Ad ZET6TSZ0Z WIPe/Z00T OT/I0p/W00" A8 1M Alelq el juo"peoueApe//:sdily Woiy papeojumod ‘€2 ‘9202 '820€9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

were dried on a hot plate and then punched into 12 mm diameter elec-
trodes, which were then dried in a Biichi at 120 °C for 12 h. 1M NaClO, dis-
solved in PC:FEC (propylene carbonate, fluoroethylene carbonate, Sigma
Aldrich) with a volume ratio of 98:2 was used as the electrolyte, and glass
fiber (Whatman) as the separator. CR2032-type coin cells were assembled
in an Ar-filled glove box with sodium metal (BASF Corp.) as the counter
electrode. All cells were tested in a voltage range between 2.5 and 4.4 V
(vs. Na*/Na) using a constant-current protocol at various current densi-
ties with a Neware battery test system (Neware, CT-4008-5V10mA-164).
For GITT measurements, at each step, the cells were charged/discharged
at a current rate of 0.1 C for 30 min, then rested for 10 h.

Structural Characterization: Powder XRD was performed with a Bruker
D2 Phaser XRD using Cu Ka radiation (4 = 1.5406 A, 30 kV, 10 mA)
between 10° and 60° (26) with a step of 0.02°/min. An air-tight low-
background Si sample holder was used for all measurements. The
operando XRD measurements for O3-NaNMO and O3-NaM; ,s NMO were
carried out at beamline P02.1 at PETRA Il at DESY (Deutsches Elek-
tronensynchrotron) in Hamburg, Germany, using synchrotron radiation
with an energy of ~60 keV (4 = 0.20733 A).[*743] The operando cells
were designed in-house and assembled in an Ar-filled glovebox (H,O and
0, concentrations <5 ppm, provided by the beamline).[*?] The electro-
chemical data were collected using a Biologic VMP-3 potentiostat with
EC-Lab software, version 11.34. All the cells were allowed to rest for
20 min, then charged/discharged at 0.1 C over a voltage range of 2.5
4.4 V. The operando XRD data were collected sequentially as an ensem-
ble of up to 5 cells operating simultaneously in Debye Scherrer geome-
try and with an acquisition time of 1 min per cell before moving to the
next cell using a motorized X-Y stage with a travel range of 350 mm
for both directions. The movement of the stages and triggering of the
acquisition were controlled with a python3 script. Therefore, for each
operando cell, a 1-min measurement was performed approximately ev-
ery 6 min. Operando XRD measurement of O3-NaM; ;,NMO was per-
formed at the DanMAX beamline, MAX IV Laboratory, Lund, Sweden,
using home-designed pouch cells. The pouch cells were assembled at
Angstrom Laboratory, Uppsala University, and subsequently transferred
to the beamline, where they were mounted in a specialized capable of
accommodating up to six pouch cells simultaneously.’®! A Dectris Pila-
tus3 2 M CdTe detector was used to collect data in transmission mode
with data collected every 2 min for each pouch cell. The wavelength was
determined to be 4 = 0.35424 A from measurements of a LaBg stan-
dard. All Rietveld refinements of the XRD patterns were performed using
GSAS I.

Resonant Inelastic X-Ray Scattering (RIXS): RIXS measurements were
carried out at room temperature and under 10~8 mbar at the U41-PEAXIS
end-station at BESSY Il in Berlin, Germany.l>'l The spectrometer was po-
sitioned at specular conditions relative to a 60 degree scattering angle and
was optimized to a combined resolution of 90 meV using carbon tape. The
excitation energy of each 1D curve was set to the O K-edge at 531 eV, and
the acquisition time was 20 min. The excitation energy of each mapping
around the O K-edge was 526 - 534 eV, and the acquisition time was 9 h.
The coin cells used for the RIXS measurements were charged/discharged
to the target voltage, then disassembled. The electrodes were washed with
dimethyl carbonate (DMC), dried, and mounted onto double-sided Cu
tape in an N,-filled glovebox, then a transfer suitcase was used to trans-
fer the samples to the measurement chamber.[32] The entire process was
conducted under a N, atmosphere, without any exposure to air. Data were
processed using the beamline software, Adler-4.0.

Spectroscopic Characterization:  Ex situ Niand Mn K-edge XAS were col-
lected at room temperature at the KMC-2 end-station at BESSY Il in Berlin,
Germany in both transmission and fluorescence modes.[?] Reference
spectra for energy calibration were collected before and after each sam-
ple measurement. XAS spectra were obtained by subtracting the pre-edge
background from the overall absorption and normalizing with a spline fit
using Athena software. The k?-weighted EXAFS was Fourier transformed
over a limited range of k from 3 to 11 A~1. Ex situ Mg K-edge XAS were col-
lected in partial fluorescence yield (PFY) detection mode at room temper-
ature in a UHV chamber at the PIRX beamlinel>3] at National Synchrotron
Radiation Center Solaris®*] in Krakow, Poland. The data was processed
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using Athena software. The k?-weighted EXAFS was Fourier transformed
over a limited range of k from 3 to 8 A-1.

Scanning Electron Microscopy (SEM): SEM images were taken with a
Phenom Pharos Desktop SEM from Phenom world using an accelerating
voltage of 10 kV and a secondary electron detector.

DFT Calculations:  To study the oxygen redox in the compounds from
a first principles’ perspective, we also performed density functional theory
(DFT) calculations. Spin-polarized calculations within the projector
augmented wave (PAW) method!®3] as implemented in the Vienna ab
into simulation package (VASP)[¢] were conducted. Models were created
as 4 x 3 x 1 supercells in the O3 phase containing 36 formula units.
To study similar compositions to those from experiment, the following
models were simulated: Naj goNigsMngsO,, NaggzNigsMngsO,
Najg 67Nig.sMng 5O, Nag 50NigsMng 5O, Nag 33Nig sMng 5O,
Nag 17NigsMngsO;  Nag ggNigsMng 5Oy, NajgoMgg 11Nig 30Mngs0;,
Nag 33Mgp.11Nig 30Mng 5O,, Nag 67Mgo.11Nig 30Mng 505,
Nag 50Mgg.11Nig 39Mng sO;, Nag 33Mgg.11Nig 39MngsO;, and
Nag 16Mgg 11Nig30Mny5O,. As the arrangements of the ions in the
lattice is unknown, all possible configurations were evaluated by Coulomb
interactions with the help of the so-called supercell codel®’! assuming
Na'*, Mg?*, and 02?7, and ensuring charge neutrality by oxidizing Mn3*
to Mn** followed by oxidation of Ni%* to Ni**/Ni**. The most favorable
arrangement was chosen for each structure and fully optimized without
symmetry constraints by DFT calculations applying the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional.[®®] The Brillouin zone
was sampled by a k-point grid that includes the gamma-point and with
one point at the two longest axes and 2 points at the shortest axis. The
plane wave energy cutoff was set to 520 eV, and PAW potentials that
treat only the valence electrons of the ions explicitly were selected. A
convergence test of the cutoff energy proved that energies are converged
within 4 meV per formula unit with the chosen cutoff (cf. Figure S15,
Supporting Information). The geometries were optimized until the
residual forces on each ion were lower than 0.02 eV A~ and an electronic
convergence criterion of 107% eV was employed. For the fully charged
materials  (NagggNigsMngsO,,  Nag 19Mgg 11Nig39MngsO,),  MLFF
AIMD simulations[**] in an NpT ensemble with T = 300 K and p = 1
bar were performed. A Langevin thermostat with friction coefficients of
5 ps~! for each species was employed, along with a friction coefficient
of 10 ps™! for the lattice together with a virtual mass of 4000 au, along
with a Parinello-Rahman barostat.[%0] Simulations were conducted with
on-the-fly training, and trajectories of 20 ps in steps of 1 fs were obtained.
Resulting evolutions of energy, temperature, and pressure are shown in
Figure S16 (Supporting Information). Analysis was performed on the last
10 ps of each run (10 ps equilibration), and the lowest energy structures
were again geometry optimized with the settings described above. The
resulting geometries were used to further study the redox mechanisms by
calculating the electronic structure with the HSE06 hybrid functional.[61]
For the electronic structures, a convergence criterion of 107° eV was
used. The resulting structures and spin density differences were visualized
with help of the VESTA software package.[®?] Bader charge analysis was
conducted with the package of the Henkelman groupl(®3-6%] and projected
densities of states were obtained with the help of vaspkit.[®”] Moreover,
for analysis of the MLFF AIMD runs self-written pyhton scripts were used
that made use of some features of the pymatgen library.[6%]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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