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Lattice anionic (oxygen) redox reactions (ARR) offers opportunities for developing high-capacity batteries,
however, often suffers the notoriously high hysteresis in voltages and low initial coulombic efficiency. Partic-
ularly, ARR was widely considered inherent to these kinetic issues. In this paper, unambiguous evidences of
strong and reversible ARR is found in Nay/3Nij3Mny,302 through mapping of resonant inelastic X-ray scattering
(mRIXS). Strikingly, the material displays negligible voltage hysteresis (0.1 V) and high initial coulombic effi-
ciency with a highly stable electrochemical profile. Our independent analysis of the Ni, Mn and O states

consistently interpret the redox mechanism of Nay/3Ni; ;3Mny/305, which reveals a strong ARR system with facile
kinetics and highly stable electrochemical profile that previously found only in cationic redox systems of con-
ventional non-Alkali-rich materials.

1. Introduction

Anionic redox reactions (ARR) has attracted extensive attention
because they offer opportunities to significantly improve the specific
capacity of cathode materials in batteries [1-4]. However, the anionic
redox in oxide electrodes, i.e., oxygen redox reactions [5], seems
inherent to many performance issues [2,6], among which, strong
voltage hysteresis [7-9] and low Coulombic efficiency [10] are broadly
observed and widely associated with ARR [2,3,11]. This not only re-
duces energy density, but also greatly decreases energy storage effi-
ciency, which becomes a fatal problem for its practicality. Indeed, a
recent review by Assat and Tarascon pointed out that the voltage hys-
teresis and the sluggish kinetics are the most important practical issues
for utilizing ARR, and the fundamental understanding of the association
between them remains missing [2].

There are several interesting systems that provide direct indications

on the intriguing relationship between the ARR and voltage hysteresis.
Firstly, the most studied ARR systems are the Li-rich compounds that
include mostly 3d transition-metal (TM) oxides [1,2,12,13], but have
been extended to 4d/5d TMs [14-17]. Voltage hysteresis problem is
almost universal in these compounds. The only exception is LiyIrOs,
which displays highly reversible electrochemical profile with very low
voltage hysteresis [14]. However, later studies clarified that LisIrOs it-
self does not have ARR unless doped with Sn, and voltage hysteresis
unfortunately gets strong while ARR emerges in the Sn doped LipIrOs
systems [18].

Secondly, very recent reports have revealed that non-Li-rich con-
ventional layered compounds display ARR at high voltages too [19-22].
These findings benefit from recent advances of O-K high-efficiency
mapping of resonant inelastic X-ray scattering (mRIXS), which could
reliably detect the lattice (non-released) ARR in battery electrodes at
charged states [23]. Other conventional Na-ion materials were also
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found to feature strong ARR [24,25], but the Mg dopants are highly ionic
and actually mimic the chemical environment to oxygen as alkali metals,
i.e., the case alike Li-rich compounds. Anyway, although all these
non-alkali-rich compounds with ARR display generally improved
voltage hysteresis behaviors compared with Li-rich compounds, the ARR
itself takes place at high voltages, which often leads to strong voltage
hysteresis and highly irreversible reactions [19-21].

Thirdly, several Na-ion battery cathode materials were reported with
very low voltage hysteresis. For example, NasMn3O; displays a low
voltage hysteresis of only about 50 mV [26,27], and Nag ¢[Lig 2Mng g]O2
shows a 0.2 V voltage hysteresis, which are significantly lower than
those of Li-ion compounds [28,29]. Both systems, however, display low
Coulombic efficiency during initial cycles. Strikingly, P2-type
Nay/3Nij3Mny,302 (NNMO) not only displays a very low voltage hys-
teresis of only about 0.1 V [30-32], it also shows a highly reversible
electrochemical profile with well-defined plateaus close to each other
upon its charge and discharge process, leading to a high Coulombic ef-
ficiency during the initial cycle (Fig. 1a). Additionally, this material is
highly air stable with great practical potentials [33], as well as excellent
rate performance indicating facile kinetics [34]. The critical question
here is whether the highly stable and high-rate properties stems from the
typical cationic redox mechanism, or ARR could also offer such a good
electrochemical performance with facile kinetics.

The debate on whether the NNMO is an ARR system has been going
back and force in previous literature [26,31,35-38]. Early works
considered the stoichiometry and expected that the reaction mechanism
is dominated by Ni®*/4* redox reactions, because the Ni redox with
double electron transfer could compensate all the desodiation of
Nay,3Nij ,3sMny,304 [26,31,37,38]. However, recent report by Risthaus
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et al. claimed signs of ARR in NNMO based on XAS analysis [35]. Note
that the used O-K XAS pre-edge feature is dominated by the TM-3d
states through TM-O hybridization that often does not represent oxygen
redox states [39]. Indeed, such a conclusion was challenged by Cheng
et al., who concluded that no ARR was found in the NNMO based on
their RIXS observations [36]. However, this latest work also showed a
strange finding on the Ni oxidation states, which remains very low
throughout the cycling, indicating that the charged electrodes were
somehow not fully oxidized in the study and contradicting other works
with strong Ni2**t redox signatures [31,38]. Therefore, the redox
mechanism of NNMO remains an open and important question. Clari-
fying the redox mechanism, especially the ARR, in NNMO system thus
becomes a critical topic because it may finally confirm an ARR system
without the kinetics issues in a commercially viable 3d TM based con-
ventional electrode system for the first time.

In this work, we have carefully examined a series of NNMO elec-
trodes with different SOC through electrochemically cycling. Each
electrode was re-checked on their potential before experiments to make
sure their charged states were sustained (see the experimental section).
We performed a comprehensive experimental study and analysis of both
the cationic redox activities, i.e., the evolution of Ni and Mn valence
states [40-43], and the ARR activities through O-K mRIXS [24,44,45].
Our results show quantitatively, self-consistently, and unambiguously
that NNMO system is a strong ARR system with negligible voltage hys-
teresis and high initial cycle Coulombic efficiency. We note that this is
the first-time clear evidences of strong ARR are found in a
non-alkali-rich system with highly reversible electrochemical profile
even at the high voltage (ARR) range.
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Fig. 1. The voltage profiles and the Ni, Mn valence evolutions. (a) The charging and discharging profiles of Nay,/3Ni; sMny,30, at 0.1C (1C = 160 mA g~ 1). (b)
The Ni-L3 edge TFY (solid) and fitted curves (dotted). (c) The Ni valence evolution upon electrochemical potentials.
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2. Experimental
2.1. Materials preparation

Nay/3Nij ,3sMny,305 was prepared by PVP-combustion method. Stoi-
chiometric NaOAc-4H>0, Ni(OAc)»-4H50 and Mn(OAc),-4H50, and PVP
(the molar ratio of PVP monomer to total metal ions was 2.0) were
dissolved in deionized water and pH = 3 was achieved by adding 1:1
HNOs3. The mixture was stirred at 120 °C to obtain dried gel. The dried
gel was ignited on a hot plate to induce a combustion process which
lasted for several minutes. The resulting precursor was preheated at 400
°C for 2 h and then calcined at 1000 °C for 6 h with the heating rate of 5
°C min~!. After heat treatment, the oven was switched off and the
sample was cooled down naturally. The whole process was performed in
air.

2.2. Preparation of the characterized samples

The Najy/3Ni;,3Mny,30, cathode was prepared by mixing 80 wt%
active material, 10 wt% acetylene black (AB) and 10 wt% poly-
vinylidene fluoride (PVdF) binder in N-methylpyrrolidone (NMP) to
form a slurry. The slurry was doctor-bladed onto aluminum foil, dried at
60 °C, and then punched into electrode discs with a diameter of 12.7
mm. The prepared electrodes were dried at 130 °C for 12 h in a vacuum
oven and show typically an active material loading of about 4 mg cm 2,
Swagelok cells were fabricated with the Nay,3Nij 3Mny, 302 cathode,
sodium foil anode, 1 mol L™! NaClO4 in propylene carbonate (PC) as
electrolyte, and double layered glass fiber as separator in an argon-filled
glove box.

The cells were electrochemically cycled to the representative SOC at
0.1C rate, and then rested for 4 h to approach the open circuit potential
(OCV). The cells were disassembled, and the electrodes were cut to two
parts. One part was reassembled in the same Swagelok cell and its OCV
was tested to ensure the electrode free of shortening. Another part was
rinsed immediately with DMC thoroughly to lock the SOC and remove
surface residue and then was vacuum dried at room temperature. The
obtained electrodes were then loaded into our special sample transfer
chamber inside the Ar-filled glove box. The sample transfer chamber
was sealed, mounted onto the loadlock of XAS endstation for direct
pump-down to avoid any air exposure effects.

2.3. X-ray absorption spectroscopy (XAS)

Soft x-ray absorption spectroscopy was performed in the iRIXS
endstation at Beamline 8.0.1 of the Advanced Light Source (ALS) at
LBNL [46]. XAS data are collected from the side of the electrodes facing
current collector in both TEY and TFY modes. All the soft XAS spectra
have been normalized to the beam flux measured by the upstream gold
mesh. The experimental energy resolution is 0.15 eV without consid-
ering core-hole lifetime broadening.

2.4. Mapping of Resonant inelastic X-ray Scattering (mRIXS)

mRIXS measurements were performed in iRIXS endstation at
Beamline 8.0.1 of the ALS [46]. Data were collected through the
ultra-high efficiency modular spectrometer [47]. The resolution of the
excitation energy is about 0.35 eV, and the emission energy about 0.25
eV. An excitation energy step size of 0.2 eV was chosen for all the maps.
mRIXS were collected at each excitation energies. Final 2D images are
obtained through a data process involving normalization to the beam
flux and collection time, integration and combination, which has been
detailed previously [48].

3. Results

Fig. 1a shows the initial voltage profile of NNMO at 0.1C. Sample
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preparation and electrochemical profile have been discussed in previous
works [34]. It is very important to note that the NNMO displays excel-
lent rate capability and cycling stability with highly reversible
charge-discharge profile, indicating decent kinetics in NNMO system
[34]. The voltage hysteresis of 4.2-V plateau is only about 0.1 V at 0.1C
(16 mA g’l), which is comparable with traditional cathode materials, e.
g. LiCoOy [21]. Studied samples are indicated in Fig. 1a as the pristine,
Ch-4.0, Ch-4.2, Ch-4.5 and D-2.3.

The Ni redox reaction could be quantitatively analyzed by fitting the
Ni-L TFY spectra using a linear combination of the Ni2™3+/4* standard
TFY spectra from calculations [41]. Fig. 1b shows the Ni-Lg XAS spectra
in TFY mode and the fitted curves. The fitted curves are in good
agreement with the spectra, and the relative error of constant valence
components is less than 5% (Table S1). Fig. 1c shows the Ni valence
distribution at different charge/discharge states. From pristine to
Ch-4.0, 80% of Ni%™ is oxidized to Ni®*, as expect. Strikingly, charging
the electrode from 4.0 to 4.5 V leads to a significant drop of Ni®* and
increase of Ni" contents, which is directly indicated by the strong
lineshape change between the Ch-4.5 and Ch-4.0 spectra in both the TEY
(Fig. S1) and TFY (Fig. 1b) results. Such a counterintuitive increase of
Ni2* at high voltage state provides the experimental evidence of the
reductive coupling mechanism, which is also found in some ARR sys-
tems including LiNiOy [19,49-51]. However, the lineshape change here
is much stronger than that in LiNiOy [19]. In the meantime, the content
of Ni** keeps increasing during this high voltage plateau, indicating that
the change of the Ni states during the high voltage charging may be also
due to the disproportional reactions of Ni** into Ni2*/#* [52], resulting
in a 47% Ni*" and 52% Ni** composition at the Ch-4.5 state. Quanti-
tatively, the charge transfer by Ni redox per 1 mol NNMO can be
calculated by total Ni valence change times Ni content (1/3) and are
shown in Table S2. The results during charging and discharging are both
0.35 mol, which is only about a half of total Na™ transfer amount.

Other than the new findings of the reductive behavior of Ni at high
voltages, the Ni redox behavior and the inactive Mn (Mn remains Mn*t
in the 2.3-4.5 V range, as expected and detailed in SI section 1) are
generally consistent with most previous reports [26,31,37,38]. How-
ever, our quantitative analysis reveals that TM redox cannot compensate
all the Na deintercalation. We now switch to our central findings of this
work on directly probing the ARR activities in the NNMO system.

The O-K edge XAS spectra in both TEY and TFY mode are shown in
Fig. S3 just for reader’s reference because they cannot provide conclu-
sive evidence of ARR reactions due to the strong Mn/Ni-O hybridization
[39]. mRIXS images of all the five electrodes are shown in Fig. 2a.
Clearly, the characteristic feature of lattice oxidized oxygen around
523.7 eV emission energy, which has been found in ARR systems as well
as oxidized oxygen references [23,24,39,45,53], start to emerge at 4.0 V
and gets strong and clear at 4.5 V (red arrows in Fig. 2a). The feature
disappears at the fully discharged state, indicating a reversible ARR
activity in NNMO system.

As demonstrated previously [24,54], super particial fluorescence
yield (sPFY) could be extracted from the mRIXS images for quantitative
analysis of the reversibility and relative contributions of ARR reactions,
as shown in Fig. 2b. The intensity around 531 eV (pink shaded area)
increases upon charging and forms a defined peak at Ch-4.2 and Ch-4.5,
then completely recovers at discharged D-2.3 state. Fig. 2c displays the
integrated peak areas of the shaded zone with the area of the pristine
sample set to zero for comparison purpose. The evolution of the mRIXS
images and sPFY analysis reveal directly the highly reversible ARR ac-
tivity in the NNMO system. Note that the oxidation state of oxygen in-
creases faster than Na™ deintercalation amount increase from Ch-4.0 to
Ch-4.5 (the points in x axis are according to specific capacity). This in-
dicates again the reductive coupling mechanism, as discussed above,
leads to electron transfers from oxygen anions to TM cations [51].

The combination of the O-K mRIXS-sPFY and Ni-L XAS analysis
provide the ultimate interpretation of the redox mechanism of NNMO
during the initial charge and discharge operation. The detailed
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Fig. 2. The oxygen activities of Nay, 3Ni; ,3Mn,,30, during initial cycle. (a) The mRIXS images of Nay,3Ni; ,3Mny,30, electrodes. The key oxygen redox features
are indicated by the red arrows. (b) The mRIXS-sPFY spectra extracted from mRIXS by integrating the characteristic 523.7 eV emission energy range, as indicated by
the two horizontal dashed lines in Fig. 2a. (¢) The mRIXS-sPFY 531 eV peak areas.

description of the mRIXS-sPFY quantification is provided in Supple-
mentary Information Section 1 and has been demonstrated in previous
works [24,54]. Table S2 and Fig. 3 show the quantitative analysis results
of the Ni and O redox in different stages marked with different colors.
The charge transfer of ARR in stage 1, 2 and 3 are 0.08, 0.18 and 0.25
mol, respectively. Thus, the reversibility of ARR in the initial cycle is
0.25/(0.08 + 0.18) = 96%. Note this value of reversibility depends only
on the relative mRIXS feature change at charged and discharged state,
independent of the absolute quantification numbers. The grey area in
stage 2 (0.04 mol) has to be from irreversible reactions, including sur-
face oxygen activity and other interface reactions [19,54,55]. Other
than this small amount of contributions from irreversible reactions, the

0.7
I Na transfer [l Ni redox [l O redox
Irreversible reactions
069 <us
s 4
"zﬂ 4.0
2054 % 35
1S S 30
kS g Stage 1 Stage 2 Stage 3
e 044 <
8 Na transfer per formula
@
2ol o
c
i
© 4
2 0.2
0.14
0.0-

Stage 1

Stage 2 Stage 3

Fig. 3. Decipher the total electrochemical capacity by independent
quantifications of Ni, Mn and O redox. The error bars represent the estimated
total error of the three kinds of redox.

spectral analysis results of the ARR and Ni redox contributions are in
excellent agreement with electrochemical capacity.

4. Discussion and summary

The comprehensive spectroscopic studies of both the TM and O redox
activities consistently show that reversible ARR strongly contribute to
the charging and discharging process of Nay,3Nij/3Mng,302, especially
during the 4.2V charging plateau. This finding is nontrivial because the
system consists of only 3d transition metal elements and displays a
negligible 0.1 V voltage hysteresis of the high voltage plateau, where
ARR clearly takes place. Additionally, the excellent rate performance
and cycling stability of our material indicating an optimum configura-
tion of the ARR on its kinetics [34]. This is the first time that strong and
reversible (96%) ARR is conclusively confirmed with highly reversible
electrochemical profile in both the voltages and profile lineshape, which
were previously considered inherent to only cationic redox reactions.

The results here trigger several intriguing questions. First, Nag/3Ni;,
3Mngy,30, is a conventional system with only 3d TMs in the TM-O layer.
This is fundamentally different from the other Na = 2/3 compounds
with Li or Mg in the TM layer that were reported before with strong ARR
[24,25,54], because the highly ionic bonding between Li/Mg and O
resembles that in Li-rich systems. As a truly non-Na-rich system, the
stoichiometry of the NNMO system does not “require” ARR to
compensate for the charge transfer during cycling because Ni redox
could nominally compensate all Na deintercalation. Therefore, the
finding of clear signature of ARR in NNMO suggests that ARR does not
rely on either the exhaustion of cationic redox reactions for charge
transfer compensation or the alkali-rich environment.

Second, the independent probes of the TM redox and ARR show that
the two redox reactions are mixed even during the high voltage
charging. It remains unknown at this time whether such mixed activities
help stabilize the ARR and/or improve its kinetics, nonetheless, such a
behavior is in sharp contrast with most other ARR systems, including the
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Li-rich and Nay/3sMg1,3Mny,302 systems where ARR takes place exclu-
sively at the high voltage during the initial charging [24,25,53].

Therefore, the finding of ARR in NNMO with a superior cycling
performance not only provides the optimism on ARR system with good
kinetics in conventional 3d TM materials, more importantly, it clarifies
and detaches the seemingly inherent bounding between the ARR and
kinetic issues. As an air-stable 3d TM material, our results suggest that
NNMO is a unique candidate for studying the details of an optimized
ARR system with the electrochemical performance comparable to
established cationic redox systems. Further studies in both experiments
and theory of such materials could lead to the developments of ARR-
based commercially viable battery electrodes.
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