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Abstract: P2-type sodium layered transition metal oxides have been intensively investigated as
promising cathode materials for sodium-ion batteries (SIBs) by virtue of their high specific capacity
and high operating voltage. However, they suffer from problems of voltage decay, capacity fading,
and structural deterioration, which hinder their practical application. Therefore, a mechanistic
understanding of the cationic/anionic redox activity and capacity fading is indispensable for the
further improvement of electrochemical performance. Here, a prototype cathode material of P2-type
Na0.6Mg0.3Mn0.7O2 is comprehensively investigated, which presents both cationic and anionic redox
behaviors during the cycling process. By a combination of soft X-ray absorption spectroscopy and
electroanalytical methods, we unambiguously reveal that only oxygen redox reaction is involved in
the initial charge process, then both oxygen and manganese participate in the charge compensation
in the following discharge process. In addition, a gradient distribution of Mn valence state from
surface to bulk is disclosed, which could be mainly related to the irreversible oxygen activity during
the charge process. Furthermore, we find that the average oxidation state of Mn is reduced upon
extended cycles, leading to the noticeable capacity fading. Our results provide deeper insights into
the intrinsic cationic/anionic redox mechanism of P2-type materials, which is vital for the rational
design and optimization of advanced cathode materials for SIBs.

Keywords: sodium-ion batteries; P2-tpye oxides; charge compensation mechanism; X-ray absorption
spectroscopy; electronic structure

1. Introduction

The rapid development of electronic devices and electric vehicles calls for electrochemical energy
storage with an ever-increasing energy density. At the moment, lithium-ion batteries (LIBs) are
dominating the market because of their high operating voltages and superior energy densities [1].
However, lithium availability exhaustion and rising costs have driven researchers to explore suitable
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alternatives. From this point of view, sodium-ion batteries (SIBs) are the prospective candidates of the
next-generation “beyond-lithium-ion” batteries because of the natural abundance of sodium resources
and the similar chemical properties of sodium and lithium [2,3].

So far, significant efforts have been devoted to find suitable cathode materials with desired
properties and outstanding electrochemical performance for SIBs. Generally, the cathode materials can
be mainly categorized into three groups: layered transition metal oxides (NaxTMO2, transition metal
denotes as TM), polyanionic types and Prussian blue derivates [4–6]. Among them, layered NaxTMO2

has been intensively investigated in terms of their high specific capacity, convenient synthesis process
and simple structure [6]. According to the occupied sites of Na+ and the stacking sequence of oxygen
layers, the layered NaxTMO2 materials can be further classified into two main structures: P2 phase
and O3 phase [7]. Compared with O3 phase, P2 structure provides a wider diffusion path for Na+,
leading to faster ion/electron transfer rates and superior rate performances [8]. Particularly, P2-type
NaxMnO2 has the advantages of low-cost and environmental friendliness, which make it suitable for
grid-scale energy storage [9]. However, the presence of high-spin (HS) Mn3+ in NaxMnO2 can arise the
Jahn-Teller (JT) distortion, which is detrimental to the structural stability. Different approaches have
been proposed to alleviate this issue, such as substituting Mn with other electrochemically inactive
low-valence elements (e.g., Li+, Mg2+, and Zn2+) [9,10].

To further promote the specific capacity and energy density of P2-type NaxMnO2, anionic redox
concept has been introduced as a lever to provide additional capacity [11,12]. Actually, the anionic redox
chemistry has been first proposed and then widely investigated in the LIB systems [13–15]. Starting
from the early chalcogenides, to the later LiCoO2, then to the present Li-rich layered transition metal
oxides, it is generally believed that the presence of nonbonding O-2p states causes the anionic redox
activity [16–19]. Compared with LIBs, the development of anionic redox in SIBs is relatively late and
the anionic redox mechanism in LIBs cannot be fully applied to SIBs. For example, unlike LIBs, anionic
redox activity exists in both Na-deficient and Na-rich electrode materials of SIBs [20–22]. Therefore,
a comprehensive understanding of the anionic redox in SIBs is vital to decipher the underlying
electrochemical reaction mechanism, which is still elusive so far. This is mainly because most of
the reported electrode materials, such as P2-Na5/6(Li1/4Mn3/4)O2, P2-Na0.67(Mg0.2Mn0.8)O2, contain a
certain amount of Mn3+ ions, which participate in the charge compensation in the initial charge process
and further complicate the anion redox process [23,24].

Herein, we synthesize a prototype cathode material P2-type Na0.6Mg0.3Mn0.7O2 (NaMMO) with
Mg2+ and Mn4+ in the TM layers, both of which are considered to be electrochemically inactive owing
to their instability under higher valence states [25]. The cationic and anionic redox behaviors and
the fading mechanisms upon cycling are systematically investigated by a combination of soft X-ray
absorption spectroscopy (sXAS) and electroanalytical methods. We believe the present study can
provide a new avenue to design and optimize P2-type Mn-based NaxTMO2 material with both cationic
and anionic redox activities.

2. Materials and Methods

2.1. Material Synthesis

Na0.6Mg0.3Mn0.7O2 (referred to as NMMO below) was synthesized by a traditional solid-state
reaction of Na2CO3 (99.99%, Aladdin Reagent, Shanghai, China), Mg(OH)2 (99%, Aladdin Reagent,
Shanghai, China), and MnCO3 (99.95%, Aladdin Reagent, Shanghai, China). The precursors weighed
in the desired stoichiometric ratio were ball-milled with ethanol as dispersant for 8 h at 400 rpm, and
then dried at 80 ◦C for 12 h in the oven. The dried powders were hand-ground using mortar and pestle
and then pressed into 13 cm pellets using a press die. The pellets were calcined at 850 ◦C for 12 h in air
and quickly cooled to room temperature using the quenching method.
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2.2. Electrochemical Measurements

The electrochemical measurements were performed with CR2032 coin-type cells. The cathode
electrodes were prepared by mixing NaMMO powder with acetylene black and polyvinylidene fluoride
(PVDF) (8:1:1) dispersed in N-methy1-2-pyrrolidone (NMP). Then the homogeneous slurry was cast
on carbon coated Al foil with a doctor blade and dried at 120 ◦C for 12 h under vacuum. The battery
assembly was carried out in a glove box under argon atmosphere. Then sodium metal foil was
used as the negative electrode and glassy fiber filter was used as the separator, and 1.0 M NaPF6 in
polycarbonate (PC) with fluoroethylene carbonate (FEC, 5% in volume) as the electrolyte.

2.3. Morphology and Crystal Structure Characterizations

The phase of NaMMO was investigated with lab X-ray diffraction (XRD; Empyrean, Malvern
Panalytical, Almelo, Netherlands) using Cu Kα as the X-ray source. Rietveld refinement was conducted
by the program of GSAS. The morphology of the samples was examined by a scanning electron
microscope (SEM, G500, Zeiss, Oberkochen, Germany). High resolution lattice stripes and EDS maps
of the samples were obtained by transmission electron microscopy (TEM, 200X, Talos, Thermo Fisher
Scientific, Waltham, MA, USA).

2.4. Soft X-ray Experiments

The electrodes charged/discharged to the selected states of charge were disassembled carefully
and cleaned repeatedly with dimethyl carbonate (DMC) to remove the residual carbonate and other
impurities on the surface. Then the cleaned electrodes are put into the transition chamber and vacuum
dried and stored in an argon atmosphere.

The sample to be tested is transferred into the load lock chamber through a specially designed
glove box and evacuated. After that, it was transferred to the analysis chamber for testing under
ultra-high vacuum. The soft X-ray absorption spectra (sXAS) in TFY and TEY mode were normalized
by a gold mesh in the end station.

3. Results

The as-prepared NaMMO cathode was synthesized by a traditional solid-state method and its
crystal structure was studied by the powder X-ray diffraction (XRD). The XRD patterns are highly
consistent with the corresponding Rietveld refinement results as shown in Figure 1a, indicating that
NaMMO is well-indexed to the pure P2 phase with a space group P63/mmc. It should be noted that the
diffraction peak (enlarged view in Figure 1a) located at 2θ around 21◦ is not related to the space group
P63/mmc but to the

√
3a ×

√
3a-type supercell, implying the existence of long-range Mg2+/Mn4+ cationic

honeycomb ordering within the TM layers [26]. The corresponding crystal structure of NaMMO is
depicted in Figure 1b,c, which is composed of alternate TMO6 layers and Na+ layers in the z-direction.
Specifically, the oxygen layers stack with the ABBA sequence, in which the cations orderly distribute in
the form of honeycomb-type as aforementioned to minimize the electrostatic energy [27]. In addition,
there are two types of Na+ sites situated between the TMO6 slabs: one sharing two faces with the
TMO6 slabs, called Naf; the other sharing six edges with the TMO6 slabs, called Nae.
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2a,b, exhibit a plate-like layered structure with a lateral size of ~1 μm. The high-resolution 
transmission electron microscope (HRTEM) image depicted in Figure 2c shows the distinct lattice 
fringes, suggesting the high crystallinity of NaMMO. In addition, the interplanar spacing is 4.75 Å, 
which corresponds to the (200) plane. This is consistent with the Rietveld refinement results discussed 
above, further confirming the highly crystalline P2-type structure of NaMMO. Furthermore, the 
uniform distribution of Na, Mg, Mn and O elements in the particles is evidenced by the 
corresponding energy-dispersive spectrometry (EDS), as shown in Figure 2d–h. Overall, these results 
unambiguously confirm the successful synthesis of P2-type NaMMO with high crystallinity. 
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The electrochemical performance of the NaMMO electrode was systematically investigated 
using Na half cells with 1.0 M NaPF6 in propylene carbonate (PC) with fluoroethylene carbonate 

Figure 1. (a) XRD patterns and Rietveld refinement curves of NaMMO. The insert shows the enlarged
view at 2θ between 19◦–22◦. (b) Schematic diagram of the crystal structure. (c) Mg2+/Mn4+ cationic
honeycomb ordering in the TM layers, viewed along the z directions.

The scanning electron microscopy (SEM) images of as-synthesized NaMMO, displayed in
Figure 2a,b, exhibit a plate-like layered structure with a lateral size of ~1 µm. The high-resolution
transmission electron microscope (HRTEM) image depicted in Figure 2c shows the distinct lattice fringes,
suggesting the high crystallinity of NaMMO. In addition, the interplanar spacing is 4.75 Å, which
corresponds to the (200) plane. This is consistent with the Rietveld refinement results discussed above,
further confirming the highly crystalline P2-type structure of NaMMO. Furthermore, the uniform
distribution of Na, Mg, Mn and O elements in the particles is evidenced by the corresponding
energy-dispersive spectrometry (EDS), as shown in Figure 2d–h. Overall, these results unambiguously
confirm the successful synthesis of P2-type NaMMO with high crystallinity.
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The electrochemical performance of the NaMMO electrode was systematically investigated using
Na half cells with 1.0 M NaPF6 in propylene carbonate (PC) with fluoroethylene carbonate (FEC, 5% in
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volume) as the electrolyte. The galvanostatic charge/discharge curve of the first cycle in the voltage
range of 1.5–4.5 V at a rate of 0.05 C is displayed in Figure 3a. The initial specific charge capacity
reaches 154 mAh/g with a very long plateau at ~4.2 V, corresponding to the strong peak at the high
voltage region shown in the dQ/dV curve shown in Figure 3c. Considering that tetravalent manganese
cannot be further oxidized in the set voltage range, the long plateau at ~4.2 V suggests that oxygen is
involved in the charge compensation process during the first charge process.
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It is noteworthy that different from the first charge profile, the following discharge profile presents
a long slope, suggesting the relatively large voltage hysteresis. This can be seen more intuitively in the
differential capacity curve (Figure 3c), which shows a reduction peak at 2.75 V, corresponding to the
oxygen reduction. Note that this reduction peak is about 1.5 V away from the oxidation peak of 4.25 V.
This strong voltage hysteresis could be associated with the intrinsic property of oxygen redox, and/or
the honeycomb superstructure ordering in the TM layers, as reported recently [28,29]. Note that the
assignment of redox peaks using dQ/dV curve has been widely applied for Mn-based sodium layered
transition metal oxide cathodes for SIBs, and the Mn redox potential is usually lower than 2.5 V [28,29].

In addition, the attribution of the feature at 2 V to the Mn reduction is mainly based on the
dramatic decrease of the Mn oxidation state after discharging to lower voltage range below 2.5 V, as
discussed below, so in addition to the oxygen reduction peak, another reduction peak occurs at ~2 V,
corresponding to the reduction of manganese. In other words, unlike the charge process where only
oxygen is oxidized, both oxygen and manganese are involved in the reduction process during the
discharge process. The NaMMO electrode delivers an initial discharge capacity of 207 mAh g−1 in
the voltage range of 1.5–4.5 V at 0.05 C, and a capacity retention of 50% is achieved after 50 cycles.
The galvanostatic intermittent titration technique (GITT) was further performed to investigate the
diffusion kinetics of this cathode material (Figure 3d). A quasi-open circuit voltage (QOCV) of the
long voltage plateau is 4.12 V, suggesting the relatively poor kinetics. The inferior capacity retentions
and sluggish kinetics are probably related to the irreversible oxygen activity and electrode/electrolyte
interface side reactions as discussed below.
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The above results clearly indicate that the charge capacity of the first cycle mainly originates
from the oxidation of oxygen. In order to understand the contributions of oxygen and manganese
reduction to the discharge capacity, controllable charge/discharge profiles were obtained by controlling
the charging time [30]. As shown in Figure 4a, with increasing the charging time from 5 h to 20 h,
the charge capacity continuously increases from 42 mAh/g to 170 mAh/g accompanied by the growth
of the discharge capacity above 2 V. By setting specific cut-off voltages to exactly match the discharge
capacity with the charge capacity, it is found that these cut-off voltages vary around a small range
(1.96 to 2.17 V), which may result from irreversible oxygen activity and structural distortion during
the charge process. This part of the released oxygen cannot be reduced during discharge, so certain
manganese is required to participate in the charge compensation mechanism to provide capacity,
causing a slight decrease in the low cut-off voltage. Similar phenomenon has also been observed for
the electrode material Na2/3Mg1/3Mn2/3O2 [30]. Interestingly, in addition to the growth of the discharge
capacity above 2 V, with the increase of charging time, the dQ/dV curve of the corresponding discharge
curve (Figure 4b and Figure S1 in Supplementary Materials) also shows a continuous increase of the
oxygen reduction peak at ~2.75 V, explicitly revealing that the discharge capacity above 2 V is mainly
provided by oxygen reduction.
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To further investigate the charge compensation mechanism of P2-type NaMMO upon
sodiation/desodiation, we used soft X-ray absorption spectroscopy (sXAS) for NaMMO electrodes
at different states of charge (SOCs) using the surface-sensitive total electron yield (TEY) mode and
bulk-sensitive total fluorescence yield (TFY) mode.

Mn L-edge sXAS spectra are first measured to elucidate the valence state evolution of manganese
as a function of SOCs. Note that TM K-edge hard XAS (hXAS) has been widely applied to electrode
materials for exploring the oxidation states of different metal elements. However, the K-edge
corresponds to the 1s-np transitions, which cannot effectively fingerprint the TM valence states
(i.e., d states). In contrast, because of the dipole-allowed excitations from 2p to nd states, TM L-edge
sXAS can directly probe the empty d orbitals, which are extremely sensitive to the formal valence
states of TMs [31–33].

Figure 5a shows the Mn L-edge sXAS of NaMMO at different SOCs of the first cycle. In general,
there are mainly two features located at 638–643 eV and 649–657 eV, which are assigned to the L3

(Mn 2p3/2 to Mn 3d transition) and L2 edges (Mn 2p1/2 to Mn 3d transition), respectively. Note that
the 2p1/2 core hole has a shorter lifetime, leading to a broad feature for L2 edges [34], and therefore,
we will mainly focus on the Mn L3-edge features in the following discussions.
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For the spectrum of pristine electrode, it exhibits an obvious Mn4+ feature with two well-defined
peaks at 640.3 and 642.8 eV, suggesting that the pristine electrode mainly contains Mn4+ as expected.
Upon charging to 4.25 V, a little hump at around 642 eV appears, representing the emergence of the
trace amount of Mn3+ on the electrode surface. This counterintuitive phenomenon could be related to
the electrolyte degrades in high voltage region, which produces a surface parasitic reaction to reduce
the Mn on the surface [35]. The spectral shape remains invariant with the discharge voltage above
3.1 V, indicating that manganese does not participate in the charge compensation during this part
of the electrochemical process, in good accordance with the above electroanalytical measurements.
With continuous discharge to 2.5 V, a weak shoulder peak at 639.9 eV related to Mn2+ and a broad
hump at 642 eV attributed to Mn3+ emerge, implying the gradual reduction of Mn. When discharging
to 2 V, the spectral lineshape displays a substantial difference compared with the spectrum discharged
to 2.5 V. The intensities of the characteristic features of Mn3+ and Mn2+ largely increase accompanied
by a further decrease of the Mn4+ features. At fully desodiated state (1.5 V), this trend is further
strengthened by the near obliteration of the Mn4+ features, while the characteristic features of Mn2+

and Mn3+ reach their maxima. Obviously, the concentrations of Mn2+ and Mn3+ are much higher
than that of the pristine electrode, which implies a dramatic change in the chemical environment and
structure of the electrode surface after just one cycle. The high concentration of Mn2+ on the surface at
discharged state is ascribed to the surface reaction with electrolyte and/or the surface densification
induced by oxygen release, as proposed previously [36].

To further explore the surface evolution and the capacity fading mechanism of NaMMO electrode
upon extended cycles, we further record the Mn L-edge TEY spectra of the fully charged/discharged
electrodes after 2 and 10 cycles, as shown in Figure 5b. The spectral shape of NaMMO electrode after
second charge is identical to that of the first charge, indicative of the recovery of Mn4+. A similar
phenomenon is also observed for NaMMO after second discharge, indicating the high reversibility of
Mn redox for the first two cycles. Therefore, the capacity fading (Figure S2 in Supplementary Materials)
should be mainly ascribed to the possibly irreversible oxygen activity. Interestingly, the reversibility of
Mn redox decreases and the amount of Mn2+ on the electrode surface gradually increases after 10 cycles,
as shown in Figure 5b. To better visualize the reversibility of manganese redox upon extended cycles,
the spectral difference and spectral derivative for the 1st, 2nd and 10th cycles are shown in the Figure
S3 (See Supplementary Materials), which demonstrate that the Mn redox reversibility is relatively
high for the first two cycles compared with that of the tenth cycle. The above data indicate that the
evolution of manganese valence may experience a main reversible cycling reaction (Mn4+

→Mn4+/3+

↔Mn3+/2+) followed by a progressively irreversible degradation process (Mn4+
→Mn2+, irreversible)

during extended cycles. Note that the Mn2+ on the electrode surface may dissolve from the cathode
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and deposit on the anode, which is detrimental to the battery performance [37]. Therefore, the increase
of low-valence manganese is partially responsible for the decreased capacity upon extended cycling.

It should be mentioned that due to the self-absorption effect, the bulk-sensitive Mn L-edge
TFY spectra are distorted, resulting in the intensity suppression of the Mn L3-edge [38]. However,
the L2-edge features are less influenced, as shown in Figure S4 (See Supplementary Materials). We can
therefore conclude the oxidation state change of bulk Mn through the shift of the L2-edge centroid [39].
It is found that the peak centroid of NaMMO remains constant during whole initial charge process,
demonstrating that Mn redox in the bulk is suppressed and only oxygen is involved in the charge
compensation. With the increase of the cycle numbers, the position of the peak is gradually shifted
towards lower energy region, indicating the gradual decrease of Mn oxidation state in the bulk. The Mn
reduction occurs both in the bulk and on the surface of NaMMO electrodes, leading to the observed
capacity fading upon extended cycles.

To further understand the interplay between the cationic redox and anionic redox for NaMMO
electrodes, O K-edge XAS measurements are also conducted (Figure 6). Generally, the spectra can be
divided into two regions. The pre-edge features below 535 eV correspond to the excitation from O 1s
orbitals to unoccupied O 2p orbitals hybridized with Mn 3d orbitals. While the broad hump above
535 eV represents the transition from O 1s orbitals to O 2p orbitals hybridized with Mn 4s and 4p
orbitals. Obviously, two pre-edge features centered at 529.5 eV and 531.5 eV are assigned to the t2g and
eg states as a consequence of a combined effect of exchange energy and crystal field, respectively [40].
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Figure 6. (a,d) O K-edge XAS spectra of NaMMO electrodes at different SOCs during the initial cycle
in TEY and TFY modes, respectively. (b,e) The intensities of the pre-edge features at different SOCs
during the initial cycle in TEY and TFY modes, respectively. (c,f) The O K-edge XAS spectra of NaMMO
electrodes at fully charged/discharged states after 2 and 10 cycles in TEY and TFY modes, respectively.

We first discuss the pre-edge features of the bulk-sensitive TFY spectra. Note that the spectral
lineshape of two pre-edge peaks is dominated by the valence states of TMs, and the integrated pre-edge
intensity (525.5–533.5 eV; marked with shadow region) corresponds to the Mn-O hybridization
strength [41,42]. During the first charge process, there are two main changes in this regime. Firstly, the
intensity of the pre-edge features increases, indicating the hybridization between transition metal and
oxygen is enhanced. Combined with the result that manganese is not involved in the redox reaction in
this interval, it is very likely that the increase in hybridization strength is partly related to the influence
of ligand oxygen [43]. Secondly, the dip between t2g and eg states is gradually filled. Note that mapping
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of resonant inelastic X-ray scattering (mRIXS) is a powerful tool to explore the lattice oxygen redox
by disentangling the intrinsic oxygen redox from the TM-O hybridization [41]. In mRIXS, the lattice
oxygen redox can be confirmed through the emergence of a specific feature at 531 eV excitation energy
and 523.7 eV emission energy [44,45]. The position of this feature lies exactly between t2g and eg

features in the excitation energy coordinate system. Hence, this filled dip can indirectly indicate the
presence of lattice oxygen redox during the first charge process. It should be noted that the filling of
this dip may also be related to the reduction of manganese, as proposed previously [46]. However, the
exact explanation for this phenomenon remains ambiguously, which will be investigated in detail for
our future study.

Upon subsequent discharge to 2.5 V, the integrated intensity decreases continuously, with the
reappearance of the dip between t2g and eg states. In combination with the Mn L2-edge TFY spectra
and the electrochemical analysis discussed above, the reappearance of the dip should be related to
the reduction of oxygen in this voltage regime. The further decrease of the pre-edge intensity after
discharge to 1.5 V is related to the reduction of Mn and thus the decreased hybridization strength
between Mn and O, in good accordance with the downward shift of the peak centroid of Mn L2-edge.

The spectral evolution of O K-edge XAS in TEY mode shows a similar trend as that in TFY mode.
For the TEY results, the slope from point I to point II is higher than that of the TFY results, which is
related to the surface activity at charged state. More specifically, after discharge to 2 V, the intensity ratio
of t2g and eg states (t2g/eg) dramatically decreases as a consequence of electron filling into the t2g energy
level. The different t2g/eg ratios between bulk and surface once again suggest that manganese is more
reduced on the electrode surface compared with that in the bulk, indicating a gradient distribution
of the valence state of Mn from the surface to the bulk. This phenomenon is related to the surface
densification and/or the surface side reaction with organic electrolyte and the formation of oxygen
vacancies on the surface of the cycled electrode due to the irreversible oxygen activity, which has been
reported for the related Na-deficient SIB cathodes and Li-excess LIB cathodes [8,33,43]. The pre-edge
intensity is continuously reduced after 2 and 10 cycles, further demonstrating the continuous reduction
of Mn as the cycle number increases, which leads to the inferior electrochemical performance upon
extended cycling.

4. Conclusions

In summary, we have successfully designed and synthesized P2-type NaMMO electrode materials
for advanced SIBs. The charge compensation and capacity fading mechanisms of NaMMO have been
systematically investigated by a combination of sXAS and electroanalytical methods. The results
provide solid evidence that the initial charge capacity is solely provided by the anion oxidation, leading
to a long charge voltage plateau. While for the following discharge process, the capacity from the high
voltage region is provided by anion reduction, and the capacity is mainly contributed by manganese
reduction at the low voltage region. Combined with the surface-sensitive and bulk-sensitive sXAS
spectra, a gradient distribution of Mn valence states from the surface to the bulk of the cycled electrodes
is disclosed, which is highly associated with the irreversible oxygen activity and surface reaction with
electrolyte. A decrease in the average valence of Mn upon extended cycles, which may be caused by
irreversible oxygen activity, is observed, which results in gradual capacity fading. We believe that
this work can provide a better understanding of cationic and anionic redox behaviors in Na-deficient
layered cathodes, which may offer a promising perspective for developing high-performance P2-type
cathode materials for SIBs.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/21/5729/s1,
Figure S1: The dQ/dV curves for the corresponding charge/discharge curves as a function of charging time. Figure
S2: charge/discharge curves for the first two cycles at C/20 between 4.5 and 1.5 V (vs. Na+/Na). Figure S3: (a)
The spectral difference between Mn L-edge TEY of 1 Ch 4.5 V and that of 2 Ch 4.5 V. (b) The spectral difference
between Mn L-edge TEY of 1 Ch 4.5 V and that of 10 Ch 4.5 V. (c) The spectral derivative of 1 Ch 4.5 V, 2 Ch 4.5
V and 10 Ch 4.5 V, respectively. Figure S4: (a) The Mn L-edge XAS spectra (TFY mode) collected on NaMMO
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electrodes as a function of SOCs during the initial cycle. (b) The Mn L-edge XAS spectra (TFY mode) collected on
NaMMO electrodes as a function of SOCs after 5 and 10 cycles.
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