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The activation of anionic redox couple is recognized as one of the best way to increase the energy density of
pasitive electrode materials in both Li and Na-ion batteries. However, for such hope, to materialize a better
understanding of the parameters govemning the activation, reversibility and effidency of the anionic redax in
NaMO, layered compounds is still sorely needed. Herein, we report a new P2~ Ng 63[(30.036Mg0.143M110 820102
compound that combines vacancies and Mg doping as well-known sources for anionic redox activation and
benchmark its electrochemical performances against P2— Nagya[Mgg,31M119.69]O2. We found that vacancies and
Mg doping trigger independently anionic redox processes that differ in terms of redox voltage and reversibility.
The one assodiated to vacancies occuurs at the lowest potential and is irreversible. Moreover, we evidenced by
monitoring the structural evolution of the pristine phase during cycling the benefice of anionic processes in
ensuring the stabilization of P2-type structure at high voltage over a wide range in Na content. These findings
highlight the impoctance of the anionic redox process origin (e.g. vacancies vs. highly electropositive cations) in
governing the material electrochemical properties, while providing a new way to efficiently stabilize, without

capacity loss, the P2-type structure through the charge process in non A-rich compounds.

1. Introduction

The activation of the anionicredox couple in Li based layered oxide is
one of the best solution to improve the specific energy of the positive
electrode materials [1 4]. However, the practical application of such
anionic redox is still limited either due to O, release or the cation
migration associated with the oxygen redox activity [S]. In paralle], the
Na ion batteries are now recognized as one of the possibilities to replace,
in dedicated range of application where gravimetric penalty is not a real
concern, the LIBs and solve the issues of distribution of resources, cost
and safety. The search for high energy density NIBs is then ongoing and
the development of layered NaMO, compounds exhibiting cumulative
cationic and anionic redox couples is investigated. Since the first evi
dence of anionic redox in the model Narich compound NazRuOs
allowing to evidence that Na, as Li, can activate the anionic redox [6,7],
the participation of non bonding |Ozjp states to the capacityhas also been
reported in Na deficient NaxMO2, where the M sites are partially occu
pied by earthalkaline (Mg) (8], vacancies [9 11] or more

electronegative Zn ions [12]. Taking benefit, in the case of Na based
layered oxides, of the wide possibility to tune chemical composition of
the transition metal layer, we decided to investigate the effect of the
combination of different species known to trigger oxygen oxidation on
the behavior of anionic redox couple.

Anionic redox in AMO, layered oxides (A Li, Naand M transition
metal) has been shown to arise from the occurrence of O(2p) non bonding
orbitals created by substituting part of the transition metal by species
engaging ionic bonds with O so that electrons on these bonds are mainly
localized on the oxygen anions. Among possibilities to activate anionic
redox, vacancies in the transition metal sites are known to lead to whether
reversible or irreversible anionic redox process when their distribution is
respectively ordered [9] or disorder [11]. The absence of positive chargein
the vacant site can be considered as leading to the limit situation where
electrons are fully localized on oxygen anionsand so that the corresponding
non bonding |0, states should present the highest energy. At the opposite,
the +2 charge carried out by Mg or Zn species, both known to activate
anionic redox, should bring the non bonding |02, states deeper in energy,

* Corresponding author. CIRIMAT, Université de Toulouse, QNRS, Université Toulouse 3 - Paul Sabatier, 118 Route de Narbonne, 31062, Toulouse cedex 9, France.
Eimail addresses: bai@chimie.ups-tise.fr (X. Bai), antonella.iadecola@synchrotion-soleil.fi (A. Iadecola), jean-marie.tarascon@college-de-france.fr

(J.-M. Tarascon), rozier@chimie.ups-tlse fr (P. Rozier).

https://doi.org/10.1016/j.ensm.2020.05.032



11.24

— P2 type T
i 11.22
# Superlattice e
o
% (&)
\I\ 41120
= y=1/3 i L\ -
\‘% y=0.3 1 L 1 L 11.18
£ ﬁ e 2,900
[= y=025 |\ A A
2
c .
£ \ | 02 4 2.805
<
©
y=015 A\ 2 4 2.890
l A ,l 1 L / 12885
. 1 A 1 i 1 . ! ! A L L 1 1
20 30 40 50 60 70 0.15 0.20 0.25 0.30 0.35
20 CuKaLZ/0 y in Na,,Mg Mn, O,

Fig. 1. (a) Evolution of XRD patterns of P2 type Nay,3[MgyMn; {]O, with y = 0.15, 0.2, 0.25, 0.3, 1/3 and calculated one using the structure data from P2 type

structure. (b) Evolution of refined cell parameters a and ¢ with the amount of Mg.

causing an energy difference with that of vacancies related one, large
enough to be distinguishable. Mg and Zn doping being reported to lead to
fully reversible anionic process and Mg showing, contrary to Zn, no cation
migration along cycling, we decided to synthesize a mixed vacancy/Mg
doped layered compound to study the effect of the combination of two
sources for anionic redox activation on the overall electrochemical
behavior. Most of anionic redox specificities such as efficiency, reversibility
and structure changes being observable during the first activation of the
process, the studies focus on the first charge/discharge behavior of model
compounds P2 Najy/3[Mnj.y,Mgy[1,]0 targeting Mn in not active +4
valence state to minimize cationic redox contribution.

Here we show the successful synthesis of mixed vacancy/Mg layered
oxide P2 Nag g3[[Jo.036M80.143Mng 820102 which exhibits two distinct
oxygen redox activities both in terms of voltage and reversibility. The
comparison of the electrochemical behavior with that of purely Mg
doped P2 Nag72[Mgp 31Mng 69102 compound used as reference, allows
attributing each process to the vacancy or Mg activated anionic redox
couple and demonstrates that they act in an independent way. The
investigation of structural changes during the first charge/discharge
process allows confirming the benefit of anionic redox activation on the
stabilization of the P2 structure at high state of charge with a clear
postponement or even suppression of the P2 to O2 structure change. This
stabilizing effect occurring while anionic redox is active allows main
taining capacity opposite to the loss observed when non active element
such as AI>* are used to prevent access to high state of charges.

2. Material and methods
2.1. Material synthesis and chemical quantification

The series of Naz/3MgyMn; Oz withy  0.15, 0.2, 0.25, 0.3, 0.33
were prepared via solid state reaction between NapyCOs (>99.5%
Aldrich) with 5 wt% excess and stoichiometric amounts of (MgCO3)4
Mg(OH), 5H20 (99.99% Aldrich) and Mn3O4 (>97%). The reactants
were ball milled altogether for 30min in SPEX miller at 1725 rpm with
Thall/powder Weight ratio of 7 and heat treated at 900 °C for 12h with the
ramping rate of 5 °C/min. The cooling procedure adapted to allow cre
ation of vacancies as already reported [1,2,9,13] follows first the furnace
inertia down to 400 °C and the samples are then quenched and placed in
a desiccator to avoid any side reaction with moisture before transferring
to glove box for further handling. The chemical composition of the
samples were determined using an Inductively Coupled Plasma/atomic
emission spectrometry (ICP AES) spectrometer (Varian 720 ES Optical

Emission Spectrometer). Mn oxidation state was determined by iodom
etry using the Murray method [14,15].

2.2. Structural characterization

All X ray powder diffraction patterns were collected using a Bruker
D8 diffractometer equipped with a Cu Ka radiation source. The operando
XRD was performed with a Swagelock type cell equipped with a Beryl
lium window protected by an aluminum foil as current collector. The cell
is cycled at C/30 (1 Na exchange in 30 h) and each scan covers a range of
260 from 10° to 50° in a duration of 1 h. Rietveld refinements are per
formed using FullProf software.

2.3. Electrochemical characterization

The electrochemical tests were carried out in Swagelok type cell. The
pristine materials were ball milled with 20% super P carbon black for 30
min to ensure a homogeneous mixture and to prevent for large polari
zation. A sodium metal foil pressed onto stainless steel current collector
was used as a negative electrode. The galvanostatic and voltammetric
techniques were carried out using Biologic potentiostat/galvanostat. The
cycling rates were calculated using the theoretical capacity to remove 1
Na as 1 C rate. The half cells were cycled at C/20, unless otherwise
mentioned. Voltammetric techniques (cyclic voltammetry and linear
voltammetry) were conducted in three electrodes Swagelok cell with
both Na metal casted on the stainless steel plungers as reference and
counter electrodes. All the electrochemical tests were duplicated at least
twice to get reproducible results.

2.4. XAS measurements

Ex situ XAS measurements at the Mn K edge were performed in
transmission mode at the ROCK beamline of synchrotron SOLEIL
(France) [16]. A Si (111) channel cut quick XAS monochromator with an
energy resolution of 0.65 eV at 6.5 keV and an oscillating frequency of 2
Hz was used. The intensity of the monochromatic X ray beam was
measured by three consecutive ionization detectors. A Mn foil was placed
between the second and the third ionization chamber as reference. Ex situ
samples were prepared as self standing films which were pre cycled at
C/30, recovered from Swagelok cell, rinsed with DMC, dried in vacuum
chamber and finally sealed in Kapton tape in glove box. Ex situ XAS
spectra were treated using the Athena for energy calibration and
normalization.



Table 1
Summary of compositional analyses for Na,Mg,Mn, ,O, with y = 0.3 and 0.15

Sample Mn™* Na/Mg/Mn ratio Composition
y 015 +3.76(2) 0.65/0.15/0.85 Nao,63[[Jo.036M80.143Mn0.52102
y 03 +3.86(2) 0.72/0.311/0.689 Nag 72[Mgo.31Mng 69]O2

3. Results

3.1. Structure and chemical composition analysis

The X ray diffraction (XRD) patterns of the Na,3[Mg,Mn;_,]O; samples
withy 0.15, 0.2, 0.25, 0.3, 0.33 reported in Fig. 1 and compared with
calculated one using structure data reported by Delmas [17] show that all
samples correspond to P2 type layered structure. The XRD pattern for
sample with y  0.33 shows extra peaks corresponding to MgO impurity
which indicates that the limit of the solid solution domain is restricted to y

0.3 in agreement with reported data [8,18]. Extra asymmetric and broad
diffraction peaks (marked as # in Fig. 1a) exhibiting increasing intensity
with increasing Mg content indicate the partial and progressive ordering of
Mg/Mn distribution [18]. However, for conciseness, the small hexagonal
unit cell (Space Group P6s/mmc, a 2.9 A, ¢ 11.2 A) describing the
average structure with random distribution of species in the transition metal
layer is used to refine all structures. Lowest (y ~ 0.15) and highest (y  0.3)
Mg content are selected for deeper analysis. The atomic ratio of cation
species is determined using ICP (Table S1) and the Mn valence state is
determined by titration techniques. The combination of data summarized in
Table 1 shows thatfory 0.15 sample, to balance the Mn valence state, the
presence of vacancies has to be taken into account and leads to the com
positions Nag,63[[To.036Mg0.143Mn>" . 196Mn* " 624102. For the sample

withhigh,y 0.3, Mg content, the balance of Mn valence state agrees with
the absence of Mn defects leading to the formula
Nag 72[Mgg 31Mn>* g g97Mn** 50310, Rietveld refinement using Fullprof
software was performed using the structure data of the average structure
(space group P63/mmc) as initial model. For the accuracy of the refinement,
the occupancy of the two Na sites and of the sites shared by Mg/Mn are
constrained in such a way that the sum is fixed to the stoichiometry given by
ICP. Thermal displacement parameters of Na ions and of Mg/Mn are con
strained to be identical. Once all parameters refined, a final test confirms the
absence of large divergence of the site occupancy from the chemical
composition. The comparison of calculated and experimental XRD patterns
is presented in Fig. 2 and reliability factors and refined structural parame
ters are summarized in Table 2. The Mg/Mn ratio calculated from refined
occupancies confirms the stoichiometry Nag72[Mgp 31Mng 69102 for y
0.30 sample, while, fory  0.15, the contribution of cation vacancies has to
be added and results in the stoichiometry Na0_63[|:|0,036Mg0_143Mn0_320] 02.
The presence of vacancies in Mn based layered oxides is not a total surprise
and agrees well with previously reported studies showing that tuning
chemical synthesis parameters allows governing to some extend the amount
of Mn defects [13].

3.2. Electrochemical behavior

The galvanostatic cycling in half cell versus Na was performed at C/
20 (theoretical (de)intercalation of 1 Na™ per Nay [MgyMn; y]O3 in 20 h)
in the voltage range [1.5 4.5 V] vs. Na™/Na® at room temperature. The
voltage composition curves are presented in Fig. 3a and Fig. 3b for
respectivelyy 0.3andy 0.15samples. They both show a first sloping
domain associated to the extraction of 0.1 and 0.2 Na for respectively y

0.3andy 0.15) which agrees well with oxidation of remaining Mn>*
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Fig. 2. Results of Rietveld refinement of XRD patterns of P2-type a) Nag 72[Mgo 31Mng 9102 and b) Nag ¢3[[Jo.036Mg0.143Mng 82102 based on S.G. P63/mmc.

Table 2
Refined crystallographic parameters for (a) P2— Nag 72[Mgo.31Mng 9102 and (b) P2— Nag ¢3[[J0.036M80.14Mng g2102. The fixed parameters are marked with *.
(a) S.G.:P63/mmc  a 2.8966(1)A ¢ 11.191(1)A Rwp 134 Rb 5.04 Rf 6.13 22 7.08
Atom Wycoff positions X Y Z Biso(A?) Occup.
Na. 2d 1/3 2/3 3/4 3.6(2) 0.428(1)
Nag 2b 0 0 1/4 3.5(2) 0.292(1)
Mn 2a 0 0 0 0.42(2) 0.681(2)
Mg 2a 0 0 0 0.42(2) 0.319(2)
(0] 4f 1/3 2/3 0.0907(5) 0.76(4) 1*
(b) S.G.:P63/mmc a 2.8881(2)A ¢ 11207(2)[\ Rwp 2 Rb 6.97 Rf 5.77 x* 5.21
Atom Wycoff positions X Y Z Biso(A%) Occup.
Na. 2d 1/3 2/3 3/4 3.8(5) 0.388(1)
Na¢ 2b 0 0 1/4 3.1(2) 0.242(1)
Mn 2a 0 0 0 0.4(1) 0.747(2)
Mg 2a 0 0 0 0.4(1) 0.253(2)
(0] 4f 1/3 2/3 0.1037(5) 1.04(2) 1*
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(0.14 and 0.24 for respectivelyy 0.3andy 0.15) to Mn*". Above 4V,
the presence of voltage plateau domains indicates the existence of
additional oxidation processes besides Mn oxidation. Fory 0.3 com

pound it corresponds to an extra capacity of 127 mAhg™! (0.44 Na)
associated to one plateau (4.2 V) while fory 0.15, it corresponds to two
voltage plateaus (4.1 V and 4.35 V) associated to capacity of respectively

~34 mAhg~! (0.12 Na) and ~36 mAhg~! (0.13 Na).

Along the first discharge both compounds uptake more sodium
(around 0.7 Na) than released on charge leading to a discharge capacity
of ~198mAh g~! and the high voltage plateaus observed in the first
charge are converted to a S shape voltage profile coupled with a large
hysteresis. This peculiar profile is well known to be the electrochemical
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Fig. 4. Voltammetry technique through gradual enlargement of upper voltage limit up to 4.5V on (a, ¢) a new cell and (b, d) on a cell after 3 cycles vs. Na*/Na® in 3-
electrode Swagelok type cell at scan rate of 0.05 mV/s for (a,b) sample P2-Nag 75[Mgp.31Mng 69105 and (c,d) sample P2-Nag ¢3[[Jo.036M80.143Mng 82102 respectively.



Normalized intensity
S S
1 1

o
~
1

0.0 H

— Pristine

(b)
0.6

J=0.5

05—
2
3
==
9
E N 6550 6552
N (o)
T 0.10
£
o
z

0.05

0.00

T T T
6540 6560 6580
Energy / eV

T
6600

6540 6544
Energy / eV

Fig. 5. (a) Mn K-edge XANES spectra of ex-situ Nag 63[[Jo.036M8g0.143Mng g2]10- including pristine, mid-charged (4V), mid-charged (4.2V), fully charged (4.5V), mid-
discharged (2.67V) and fully discharged (1.5V) states, compared with some selected references for Mn3* (Mn203). (b) zoom of the edge region, where Jump = 0.5 (c)

zoom of the pre-edge region.

fingerprint of materials exhibiting oxygen redox activity.

The following charge profiles show a larger sloping domain from 1.5
V to around 4 V, followed by a single quasi flat plateau at around 4.2 V
for both compounds corresponding to the removal of 0.23 Na
(~67mAhg ™) and 0.12 Na (~34mAhg 1) for respectivelyy 0.3 and y

0.15 samples. This shows that the voltage plateau observed at 4.1 V
along the first charge is not recovered along the second charge indicating
that it should be associated to an irreversible process.

Along the next discharge process, the remaining plateaus convert to S
shape voltage profile with large hysteresis characteristic of anionic redox
process before reaching the typical sloping domain with low polarization
characteristic of cationic redox processes. Even if in both samples the
large hysteresis characteristic of anionic redox process is observed, the
domain in capacity over which it is observed is shorter fory  0.15 than
fory 0.3 as only Mg doping trigger anionic redox couple.

The following charge/discharge profiles perfectly superimpose
showing the absence of drastic extra changes in the electrochemical
processes.

To clearly identify the origin of the obvious change in the number of
high voltage plateaus from first to second charge observed fory 0.15
compound, a new experiment is performed with upper cut off voltage set
to 4.3 V to prevent the access to the highest voltage plateau (4.35 V). The
corresponding voltage profile reported in Fig. 3c shows that along the
first charge the voltage plateau at around 4.1 V is observed with a ca
pacity ~34 mAhg ! (0.12 Na) equivalent to the first experiment. Along
the first discharge, it is converted to sloping profile with a low hysteresis
and is not recovered along the second charge which exhibits only a
sloping profile. This new electrochemical profile is then stable over the
following cycles with small voltage hysteresis observed over the whole
investigated voltage range. The comparison of profiles obtained for y
0.15 in the two different voltage ranges confirms that the voltage plateau
occurring at 4.1 V is associated to an irreversible process.

To get a better visualization on the redox couples involved, cyclic
voltammetry (CV) experiment is performed in a 3 electrode Swagelok
cellatalowscanratev 0.05mV/s in voltage range [1.5 4.5 V] for both
samples and also in the narrowed [2.3 4.3 V] voltage range for the low
Mg content sample. The electrochemical curves obtained in the [1.5 4.5
V] reported in Fig. 3d for y 0.3 sample show the presence upon first
positive polarization of two anodic peaks (2 V and 4.2 V) and two
cathodic ones (1.8 V and 2.6 V). For the sample y  0.15, the electro
chemical curves (Fig. 3e) collected in the same [1.5 4.5 V] voltage range

shows a more complex behavior enlisting upon first positive polarization
four anodic peaks (three sharp at 2.3V, 4.1 V, 4.35 V; one broad at 2.8 V)
and only two cathodic peaks (one sharp at 1.8 V; one broad at 2.6 V).
Upon following polarizations, fory 0.3 sample, only a large decrease in
the intensity of the anodic peak current at 4.2 V is observed, while for y

0.15 sample, one anodic peak fully disappeared, only three anodic
peaks (at 2.3V, 2.8 V, 4.2 V) remain, and the two cathodic peaks (at 1.8 V
and 2.6 V) are still observed. Here again to confirm the irreversibility of
one of the electrochemical processes, a new experiment in narrow
[2.3 4.25 V] voltage range is performed for y  0.15 sample. The elec
trochemical curve reported in Fig. 3f shows that beside the suppression of
pair of peaks excluded by selected voltage windows, the anodic peak at
4.2 V observed upon first positive polarization is not associated to a
cathodic peak which confirms that the corresponding redox process is
fully irreversible.

To correctly couple the anionic and cathodic peaks, new cyclic vol
tammetry experiments were conducted starting with positive polariza
tion and gradually opening the voltage window toward higher voltages.
In a first experiment, the low voltage cut off is maintained to 1.5 V for y

0.3 sample and allows confirming the allocation of the Mn redox
couple (Figure SI 1). For all the other experiments the low voltage cut off
is maintained at 2.3 V to focus only on high voltage phenomena. The
results obtained while maintaining the low voltage cut off at 2.3 V pre
sented in Fig. 4a and c for respectivelyy 0.3 andy 0.15 shows that
the anodic peaks at high voltage (between 4.1 and 4.5 V) are compen
sated by only one cathodic peak at around 2.8 V. This shows that, for y
0.15, the first anodic peak at 4.2 V is not significantly compensated upon
negative polarization which confirms that the associated redox process is
irreversible. To evidence if such an irreversibility is partial and occurs
progressively along cycling, new cells were assembled and cycled 5 times
before conducting the same cyclic voltammetry technique with pro
gressive opening of the voltage window (Fig. 4b and d). The absence of
obvious changes in the intensity of cathodic and anodic peaks confirms
that the irreversible phenomenon occurs only at the first cycle.

3.3. Charge compensation mechanism

Based on similarities of electrochemical curves obtained fory 0.3
andy 0.15 samples with reported ones [8,10,12,17], we can associate
unambiguously the high voltage phenomena observed in
P2 Nag.72[Mgo.31Mng 9102 to oxygen redox activity and suggest that
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both high voltage plateaus observed for P2 Nag g3[[0.036M80.143Mng g20]
O, are also related to anionic redox phenomena. To avoid duplication of
already reported results, main characterization of y 0.3 sample is given
in SI. The XAS experiments have been carried out to follow mainly the
evolution of Mn valence state and therefore to infer the oxygen partici

pation. The Mn K edge normalized XANES spectra for the ex situ samples
(y 0.15) at different states of charge are reported in Fig. 5. The Mn
K edge shifts towards higher energy from pristine (6551.4 eV) to sample
charged at 4 V (6552.2 eV) then remains unchanged for samples charged
upto4.2Vand4.5V.Itindicates that the Mn reaches 4+ oxidation state at
4V where the sloping domain observed in electrochemical curve is ended
and keeps in 4+ state over the domain of two high voltage plateaus. Upon
discharge, the Mn K edge shifts back towards lower energy from 6552.2
eV at charged state to 6551.8 eV at mid discharge (2.67 V) and finally to
6550.8 eV at full discharge down to 1.5 V. Despite insertion of 0.3 Na at the
beginning of the discharge, the small shift of Mn K edge clearly indicates
that, in this domain, Mn is only slightly reduced and gives an indirect proof
of the participation of O redox couple at early stage of sodiation. Upon
further sodiation down to 1.5 V, the large shift (around 1 eV) of Mn K edge
reveals that Mn is more reduced than in pristine compound, in agreement
with the obtained composition Na; Mg 14Mng g205. The increase in in

tensity of the pre peak upon first charge indicates a change in the Mn
environment attributed to distortions of the MnOg octahedra, as already
reported in several compounds exhibiting anionic redox activity [20 22].
The further decrease in intensity of the pre peak during first discharge
until 1.5 V indicates the MnOg distortion is dominated by the Jahn teller

effect, as large amount of Mn is reduced to 3+.

3.4. Structural evolution upon cycling

The evolution of the operando XRD patterns collected during galva
nostatic experiments at C/30 in the [1.5V 4.5 V] voltage range as well as
the refined cell parameters are reported in Fig. 6 and Fig. 7, for respec
tively y 0.3 andy 0.15 samples. For clarity, regions of identical
behavior (solid solution or bi phasic processes) are visualized (using
roman numbers) for both charge and discharge processes. At the begin
ning of the charge (Region I), the behavior of both compounds is similar.
The desodiation is accompanied by a solid solution process with a
decrease in app lattice parameter in agreement with the oxidation of
remaining Mn®" to smaller Mn*" (contraction of MnOg octahedra) and
an increase in cp; lattice parameter due to increased repulsive O O effect
(smaller Na screening effect). Upon further desodiation where activation
of anionic redox is triggered (Region II and III), only a broadening of the
peaks associated to the growing of stacking faults [23] is observed while
lattice parameters remain constant. Despite this is expected for the apy
lattice parameter since Mn stays at +4 valence state, it is more surprising
for the cpy lattice parameter for which continuous Na removal should
leads to a lowering of the screening effect and so to increase inthe O O
repulsive effect. This apparent discrepancy will be discussed later. While
fory 0.15sample this process occurs up to the fully charged state, for y

0.3 compound the growing of an additional broad diffraction peak at
18.4° indicates the appearance of a new phase (Region IIl in Fig. 6b). The
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calculated interlayer distance (4.82 f\) being close to the d value of
02 type structure [24] and much more shorter than the one of OP4 [13,
25] or Z [17,26] phase (5.1 5.2 10\), we can consider that O2 type is
formed at the end of charge of the y 0.3 sample. Upon the first
discharge, they 0.3andy 0.15 samples undergo different structural
evolutions. For y  0.15, the cpy lattice parameter (Fig. 7b) remains
constant at the early beginning of the sodiation process (Region IV) and
then gradually decreases until insertion of around 0.6Na following a solid
solution process (Region V) in a perfect symmetric way compared to the
first charge. For y 0.3, the cpy lattice parameter (Fig. 6b) remains
constant over the full sodiation range up to 0.6 inserted Na (Region IV
and V). However, a gradual and continuous shift of the (002)p2 peak
towards lower angle is observed until it merges with the (002)py peak for
0.6 inserted Na. The structural evolution of y 0.3 sample indicates that
a bi phasic mechanism is at the origin of the formation of O2 type phase
at the end of the first charge but that the first sodiation follows a solid
solution mechanism occurring only on the O2 type phase. In addition,
the gradual shift of (002)p2 peak indicates that the increase in the
screening effect is larger than the increase in the oxygen negative charge
leading, when the large interlayer distance is reached, to the conversion
from O2 type structure to more stable prismatic surrounding for Na i.e. to
P2 type structure. Above 0.6 Na inserted (Region VI), both compounds
consist of only P2 type phase and show similar evolution of cell param
eters (Figs. 6b and 7b), in agreement with reduction of Mn** to Mn®* and
increasing of Na screening effect, confirming the existence of a solid
solution process. In addition, the splitting of (00l) peaks and growing of a

small peak at 35° suggest the conversion from P2 to P'2 type structure in
agreement with distortions induced by the cooperative Jahn Teller effect
of Mn®" [17]. Upon second charge (Figs. 6¢ and 7c), the P'2 to P2
transition occurs at early stage of desodiation (Region I) and then the
evolution of P2 type lattice parameters characteristic of a solid solution
process is observed in the region where Mn is electrochemically active
(Region II). At the highest state of charge (Region III), no evolution of the
P2 type lattice parameters is observed for both compounds. The growing
and shifting of (002)py peaks observed for y 0.3 sample, is perfectly
symmetric as compared to the first discharge which confirms the
reversibility of the structure transition. For bothy 0.15andy 0.3
samples, the second charge is then perfectly symmetric to the first
discharge showing that irreversibility is observed only along the first
cycle.

4. Discussion

The comparative analysis of the studied compounds (y 0.15 and y

0.3) shows that despite they belong to the solid solution P2 NayMn;.
yMgy0o, the low Mg content compound exhibits vacancies in the tran
sition metal oxide layer while no vacancies have been evidenced in the
high Mg content compound. The latter is close to the already widely
studied P2 Nay/3Mgp.2sMng 7202 [8,18] showing, among others, the
activation of anionic redox corresponding, in the voltage curve, to a
plateau at around 4.2 V. Interestingly, the electrochemical behavior of
P2 Nag 63[[0.036M80.143Mng 820102 shows during the first charge two
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high voltage plateaus, both corresponding to the redox contribution of
oxygen. This indicates that the presence of Mg or vacancies in the sur
rounding of oxygen gives rise to non bonding |Ooj, states at two different
energies. This shows that randomly distributed Mg and vacancies have a
distinct effect on the electronic structure. Moreover, in agreement with
the proposed relationship showing that the lower the cationic charge
around one oxygen is, the higher in energy its |Oy, states is expected
[27], the energy of the |02p state along Na O [] (zero cationic charge)
should be higher than the one along Na O Mg. This allows attributing
the lowest (4.1 V)/highest (4.35 V) voltage plateaus to respectively
vacancies/Mg doping activated anionic redox couples.

We can therefore also conclude that among both anionic redox pro
cesses, only the one triggered by vacancies is irreversible. This is in
agreement with reported poor reversibility of vacancies activated
anionic redox in similar compounds e.g. O3 Li[Nijy/e[11/6Mng,3]102
[28] and P2 Na0.754[D0_065Ni04241Mn0_693]02 [11]. In these cornpounds

it has been speculated that the irreversibility is due to whether the
elimination of the vacancies caused by local structural distortion or
irreversible phase transition [29]. The absence of phase transition, as
deduced by operando XRD, privileges the local structural distortion as the
source of the irreversibility of the anionic redox process associated to
vacancies. This contrasts with the reversibility of the anionic redox ac
tivity observed for Nas,7_x[[11,7Mng,7102 (NagMn307) [19] in which the
ordering of vacancies is speculated to create homogenous Na' []
coulombic attraction which stabilizes the stacking of TM layers upon
sodiation [9,10]. The relationship between ordering and reversibility is
in accordance with the reversibility of Mg doping activated anionic redox
observed fory 0.15andy 0.3 samples both exhibiting, in pristine
material, Mg ordering as evidenced by the presence of superstructure
peaks in XRD patterns (Fig. 1). Then it can be concluded that while
several sources (vacancies or adequate doping) can trigger anionic redox
activity, their distribution in the pristine compound over the TM layer
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seems to govern the reversibility of the process.

Beside the absence of clear irreversible structure changes, the
operando XRD analysis allows evidencing that the activation of anionic
redox couple leads to a change in the evolution of cell parameters. The
comparison of the refined lattice parameters for bothy 0.3 and y
0.15 samples (Fig. 8) shows that, beside the conventional evolution
associated to Mn**/Mn3* redox couple, both apy and cpy lattice pa
rameters remain constant on the whole composition range corre
sponding to the activation of anionic redox. As discussed previously,
upon charge the decrease in apy reflects the oxidation from Mn3* to
Mn** and the increase in cpy is ascribed to the increased repulsive O
O effect brought by the decrease of Na screening. In the domain where
oxygen redox couple is active, Mn remains at the +4 valence state
explaining the absence of variation of the apy lattice parameter. The
absence of variation of cpy indicates that the lowering of the negative
charge associated to the oxidation of oxygen balances perfectly the
lowering of screening effect due to continuous Na removal. Moreover,
the P to O structure change typically correlated to the increase in the
repulsive effect between oxygen of adjacent layers is not observed for
y  0.15 and appears only at highest state of charge for y  0.3.
Interestingly, the comparison of the P2 type stability domain upon first
charge (Fig. 9) determined in this study with reported ones for com
pounds exhibiting combination of both anionic and cationic redox
couples (Nag.59[[Jo.1Mno.9]O2 [13], Nag.754[[Jo.065Nio.241Mng 693102
[11], Nagy3Lig.24Mng 7602 [30]) and non anionic redox compounds
(Nay/3[Nij3Mny/3]02 [24], Nage7Nip.2Mgo.1Mng 702 [31], Nage2
[Fe1/,2Mn; /2105 [17]1, P'2 Nagg4MnO; [13]) shows an equivalent
trend. All compounds with anionic redox activity exhibit a stability
domain of the P2 type structure largely expanded in the low Na con
tent part compared to purely cationic redox active compounds. This
confirms that the oxidation of oxygen balances the decrease in the
screening effect and is beneficial for the stabilization of the P type
structure. Besides the well established positive effect of anionic redox
reaction in providing extra capacities for Na rich compounds, our re
sults show that it also enables to stabilize the Na deficient P2 type
structure at high state of charge. Surprisingly, such stabilizing effect
seems not to be effective in O type structure. As evidenced in this
study, O2 type structure once formed at highest states of charge, reacts
with Na insertion/extraction following a solid solution process with
increase/decrease in the interlayer space as evidenced by the gradually
shift of (002)p2 peaks. This may indicate that in this case the Na
screening effect is not fully compensated by the corresponding change
in the charge carried out by the oxygen.

5. Conclusion

We compared two members of the same solid solution in which we
can discriminate the effects, on the anionic redox, of different activation
sources (vacancies, Mg2+) with the one associated to the cation vacancies
occurring at lower voltage and being irreversible. We demonstrated the
importance of the cation vacancies and Mg?" distribution in ruling the
reversibility of the anionic redox process with the process being irre
versible when the vacancies are pinned to local structural distortion in a
disorder way during the charging process and reversible when the Mg?"
distribution is ordered. Additionally, we provided evidence, via operando
XRD, for enhancement of the compositional stability range of the P2 type
structure till high state of charge which is consistent with the lowering of
charge carried out by the oxygen due to the anionic redox process.
Practically wise, this is beneficial as it enables to recover the capacity
usually lost by the need to add electrochemically inactive element (such
as Al, and many others) to stabilize P2 structure. Although anionic redox
activity in layered oxides has been intensively studied, this work brings
another dimension in decoupling the importance of cation vacancies vs
highly electropositive cations (Mg?") in governing the activation and

reversibility of anionic redox process. Moreover, these results show that
the activation of anionic redox is beneficial not only for Na rich but for all
layered compounds even Na deficient ones, as it stabilizes the P2 type
structure at high state of charge without capacity loss opposite to the
use of electrochemically non active stabilizers.
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Chemical composition analysis

ICP-AES was carried out on selected y=0.15 and y=0.3 samples of the P2- NaxMgyMn1.yO>
solid solution. The results are summarized in Table SI-1. The measured weight fractions are

converted to atomic composition using the normalization Mg+Mn=1.

(a) (b)
Elementin wt% Elementin wt%
Sample Sample
Na Mg Mn Na Mg Mn
18.0(3) 8.22(5) 41.1(3) 15.8(2) 3.81(8) 49.7(9)
Elements in molar% Elements in molar%
0.78(1 0.338(2 0.748(5 0.69(1 0.157(3 0.90(2
Pristine M @ ®) Pristine M ) @
Normalize to molar%(Mg +Mn)=1 Normalize to molar%(Mg +Mn)=1
0.72(1) 0.311(2) 0.689(5) 0.65(1) 0.149(3) 0.85(2)

Table SI-1: Chemical composition analysis by ICP-AES for NaxMgyMn1.yO> with (a) y=0.3
and (b) y=0.15.

Cyclic voltammetry:

To correctly couple the anionic and cathodic peaks observed in cyclic voltammetry
experiments, new experiments are conducted starting with positive polarization and gradually
opening the voltage window toward higher voltages. The result of such an experiment carried

outon P2-Na _ [Mg . Mn ]O, is presented in the Figure SI-1 where each color shade area

0.69
represents 100% coulombic efficiency of oxidative and anodic capacity. The gradual expansion,
from low cut off voltage 1.5 V, of the voltage window for y=0.3 shows that the anodic peak at
2 V is compensated by the cathodic peak at 1.8 V (see orange color region in Figure SI-1) in
agreement with reported voltage for Mn redox couple. The anodic peak current at 4.2 V is
compensated by the cathodic peak at 2.6 V (see blue color region in Figure SI-1) and the current
intensity of anodic peak after scanning beyond 4.1 V decreased drastically, which indicates the

presence of certain degree of irreversibility.
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Figure SI-1: Cyclic voltammetry technique with gradual enlargement of upper voltage limit

0
during the first cycle in the [1.5 or 2.3-4.5 V] vs. Na /Na voltage for P2-NaO 72[Mgo ,Mn 69]02.

Data are collected in 3-electrodes Swagelok type cell at scan rate of 0.05mV/s.

XAS experiments on exsitu P2-Na _ [Mg , Mn ]O,

Ex situ XAS measurements at the Mn K-edge were performed in transmission mode at the
ROCK beamline of synchrotron SOLEIL (France)'®. A Si (111) channel-cut quick-XAS
monochromator with an energy resolution of 0.8 eV at 8 keV and an oscillating frequency of 2
Hz was used. The intensity of the monochromatic X-ray beam was measured by three
consecutive ionization detectors. A Mn foil was placed between the second and the third
ionization chamber as reference. Ex situ samples at different states of charge/discharge were
prepared as self-standing films which were pre-cycled at C/30 in hal cell vs Na, recovered from
Swagelok cell, rinsed with DMC, dried in vacuum chamber and finally sealed in Kapton tape
and plastic bagin glove box. Ex situ XAS spectra were treated using the Athena for energy

calibration and normalization.

The results reported in the Figure S1-2 shows that Mn oxidation state in the pristine material is
slightly lower than +4 in agreement with the stoichiometry. We consider the energy value

obtained at half normalized energy step to follow the evolution of the oxidation state of Mn



Upon cycling, the Mn K-edge position is shifted toward higher energy corresponding to purely
Mn** for mid-charged sample and remains unchanged for samples at fully charged state (4.5
V), mid-discharged states (3.2 V) and 2.5 V, excluding any Mn redox activity in this voltage
range. Below 2.5 V, a large shift of around 1.5 eV toward lowest energy shows that the Mn is
reduced and its oxidation state is close to +3 for the fully discharged sample (1.5 V). The
increasing of pre-peak intensity upon first charge indicates a change in the local geometry of
the MnOg octahedron, as already reported in several compounds exhibiting anionic redox
activity>3# The further decreased intensity during first discharge until 1.5 V confirms the
presence of MnOe distortion induced by the Jahn-teller effect, as large amount of Mn is reduced

to 3+.
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Figure SI-2: Mn K-edge XANES spectra of (a) ex-situ P2- Nao.72[Mgo.31Mno.69]O2 including
pristine, mid-charged(4 V), fully charged(4.5 V), mid-discharged(3.2 V), mid-discharge (2.5
V) and fully discharged (1.5 V) states, compared with some selected references for Mn3*
(Mn203) and Mn** (LiMn2O4 delithiated). The inset shows a zoom of the pre-edge region.
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