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ABSTRACT 

Lithium-rich layered oxides and sodium layered oxides represent attractive positive electrode 

materials exhibiting excess capacity delivered by additional oxygen redox activity. However, structural 

degradation in the bulk and detrimental reactions with the electrolyte on the surface often occur, 

leading to limited reversibility of oxygen redox processes. Here we present the properties of P3-type 

Na0.67Mg0.2Mn0.8O2 synthesized under both air and oxygen. Both materials exhibit stable cycling 

performance in the voltage range 1.8-3.8 V where the Mn3+/Mn4+ redox couple entirely dominates the 

electrochemical reaction. Oxygen redox activity is triggered for both compounds in the wider voltage 

window 1.8-4.3 V with typical large voltage hysteresis from non-bonding O 2p states generated by 

substituted Mg. Interestingly, for the compound prepared under oxygen, an additional novel reversible 

oxygen redox activity is shown with exceptionally small voltage hysteresis (20 mV). The presence of 

vacancies in the transition metal layers is shown to play a critical role not only in forming unpaired 

O 2p states independent of substituted elements but also in stabilising the P3 structure during charge 

with reduced structural transformation to the O’3 phase at the end of discharge. This study reveals the 

important role of vacancies in P3-type sodium layered oxides to increase energy density using both 

cationic and anionic redox processes.  
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INTRODUCTION 

Since the redox reaction of oxygen ions was revealed as an alternative approach to increase the 

capacity of Li-rich layered oxides, extensive studies have been carried out to establish the mechanism 

of oxygen redox in lithium ion batteries (LIBs). The knowledge gained from LIB research has been 

translated to sodium ion batteries (SIBs) assisting the fundamental understanding of oxygen redox in 

SIBs. However, far more studies are required to draw a complete picture of the charge compensation 

mechanism driven by oxygen in SIBs as a result of the range of different polymorphs adopted by 

sodium layered oxides.  

As counterparts of Li-rich layered oxides, O3-type Na-rich oxides such as Na[Na1/3Ru2/3]O2
1 and 

Na[Na1/3Ir2/3]O2
2 (square brackets represent transition metal layers) have been explored and have 

shown oxygen redox activity based on the strong hybridization between O 2p and the 4d or 5d states 

of the transition metals. Among 3d transition metal based compounds, several studies on P2-type 

sodium manganese based oxides (NaxMyMn1-yO2 where x ≈ 0.7 and M= Li, Mg, Fe, Ni, Zn and mixtures 

of elements) have shown that appropriate substitution can produce non-bonding O 2p states which 

are responsible for oxygen redox.3–9 A few studies on P3-type sodium manganese based oxides, for 

example Na0.6Li0.2Mn0.8O2,10,11 Na2/3Mg1/3Mn2/3O2
12and Na0.67Ni0.2Mn0.8O2

13
 have also suggested the 

contribution of oxygen ions.  

In the majority of compounds exhibiting oxygen redox, there are issues such as large voltage hysteresis, 

oxygen loss from the lattice, irreversible structural change and cationic migration from the transition 

metal layers.14–17 To overcome these problems, stabilizing labile oxygen whilst retaining the layered 

structure is required. Recently, Bruce and co-workers18 reported that oxygen coordinated by three 

cations in the transition metal layers is essential to stabilize the labile oxygen avoiding oxygen loss 

upon desodiation in P2-type materials. In addition, the important role of vacancies in the transition 

metal layers for the reversibility of oxygen redox was highlighted by Yamada and co-workers.19 The 

inherent vacancies in Na4/7[□1/7Mn6/7]O2 (empty square represents vacancies in Mn sites) permit stable 

oxygen redox with exceptionally small voltage hysteresis retaining the rigid layered structure over 

several cycles.19 Li et al. also reported reversible oxygen redox in Na4/7[□1/7Mn6/7]O2 with a robust 

structure without migration of Mn cations.20 Later, Song et al. reported that the small polarization of 

oxygen redox in Na4/7[□1/7Mn6/7]O2 originates from the well-maintained oxygen stacking sequence 

without irreversible structural change and cationic migration from transition metal layers to Na ion 

layers.21  

The beneficial effects of transition metal vacancies on the oxygen redox in Na4/7[□1/7Mn6/7]O2 inspired 

us to stabilize labile oxygen via vacancies in the transition metal layers of compounds adopting the P3-
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type structure which show the same oxygen stacking (ABBCCA…) as Na4/7[□1/7Mn6/7]O2. In this report, 

P3-type Na0.67Mg0.2Mn0.8O2 was synthesized under different atmospheres and cooling rate in order to 

vary the concentration of vacancies in the transition metal layers. Two compounds prepared under 

different synthetic conditions exhibit stable cycling performance in the voltage window 1.8-3.8 V 

where Mn3+/Mn4+ redox chemistry is responsible for charge compensation. In the extended voltage 

range where oxygen redox is triggered, a new reversible plateau is found with very small polarization 

in the compound with 4% vacancies on the Mn sites induced by more oxidizing synthetic conditions. 

In contrast, the compound without Mn vacancies only exhibits large voltage hysteresis and limited 

reversibility of the oxygen redox. The presence of in-plane vacancies also permits retention of the P3 

structure upon charge and reduced structural transformation to the O’3 phase at the end of discharge.  

EXPERIMENTAL SECTION 

A stoichiometric amount of sodium carbonate (Na2CO3, Fisher Chemistry, ≥ 99.5 %) was dissolved in 

deionized water (solution A). A separate aqueous solution of magnesium acetate tetrahydrate 

(Mg(CH3CO2)2·4H2O, Sigma-Aldrich, 99 %) and manganese (II) acetate tetrahydrate (Mn(CH3CO2)2·4H2O, 

Sigma-Aldrich, ≥ 99 %) was prepared (solution B). The solution A was added dropwise to solution B 

under stirring then stirred for a further 15 min. The water was removed using a rotary evaporator. The 

resulting solid was heated to 300 °C at a rate of 6 °C min-1 for 12 h and cooled to 50 °C at a rate of 

6 °C min-1. The powder was then ground and heated again to 625 °C at a rate of 5 °C min-1 for 3 h under 

air and quenched; the obtained sample is denoted Air-Na0.67Mg0.2Mn0.8O2. Alternatively, the 

decomposed powder was ground and heated to 625 °C at a rate of 5 °C min-1 for 3 h under oxygen then 

cooled to 50 °C at a rate of 5 °C min-1 to obtain Oxy-Na0.67Mg0.2Mn0.8O2. The as-synthesized materials 

were stored in an Ar-filled glovebox.  

Powder X-ray diffraction (PXRD) patterns of as-synthesized compounds were recorded on a PANalytical 

Empyrean diffractometer in Bragg-Brentano geometry with Cu Kα1 radiation (λ = 1.5406 Å). The 

obtained patterns were indexed by the Le Bail method using the GSAS package with the EXPGUI 

interface.22 Structures were refined by the Rietveld method using Topas Academic v6.23 Thermal 

parameters were constrained to typical values for this class of material. Occupancies were refined for 

the sodium sites and the sites in the transition metal layer with a variety of models being tested. 

Scanning electron microscopy (SEM) images of as-synthesized materials were recorded on a JEOL JSM-

6700F. Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis was performed 

using a PerkinElmer Optima 8300 and a iCAP 6000 Series for Air-Na0.67Mg0.2Mn0.8O2 and Oxy-

Na0.67Mg0.2Mn0.8O2, respectively. Mn K-edge X-ray absorption near edge structure (XANES) spectra 

were collected in transmission mode at the beamline B18 at the Diamond Light source. Reference 
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spectra were collected for each measurement using Mn metal foil. At least three scans were taken for 

each sample and the data were merged, calibrated, background subtracted and normalized using the 

program Athena. X-ray photoelectron spectroscopy (XPS) analysis for Air-Na0.67Mg0.2Mn0.8O2 was 

carried out using a PHI 5500 system with monochromatic aluminum Kα X-ray source (1487 eV photon 

energy). This corresponds to a depth of analysis of approximately 15 nm determined by the inelastic 

mean free path of polyethylene.24 The obtained data were plotted using the software Igor Po 6.34A. 

All peaks were calibrated based on the hydrocarbon species C 1s peak at 285 eV.  

In order to evaluate the electrochemical performance of the materials, slurries were prepared using 

the active material (Air-Na0.67Mg0.2Mn0.8O2 or Oxy-Na0.67Mg0.2Mn0.8O2), super C65 carbon and Solef 

5130 binder (a modified polyvinylidene fluoride (PVDF)) in the mass ratio 75: 15: 10 in in n-methyl-2-

pyrrolidone, which was then cast on aluminum foil using a doctor blade. After drying, 12 mm diameter 

electrode discs were punched then dried at 80 °C under vacuum for 12 h. Typical cast electrode 

loadings were 2.6 mg cm-2. Preparation of the slurries was carried out in air within 6 hrs. CR2325 coin 

cells were assembled in an Ar-filled glovebox and used for evaluation of electrochemical performance. 

The cells consisted of a disc electrode, sodium metal as a counter/reference electrode, a glass fiber 

separator (Whatman, GF/F) and the electrolyte (1M NaClO4 in propylene carbonate containing 3 % 

fluoroethylene carbonate by weight). Galvanostatic charge/discharge cycling and voltage scans (linear 

sweep voltammetry) were carried out at 30 °C using a Maccor Series 4200 battery cycler. To prepare 

electrochemically cycled Air-Na0.67Mg0.2Mn0.8O2 and Oxy-Na0.67Mg0.2Mn0.8O2 for ex-situ characterization, 

working electrodes were constructed by mixing the active material (Air-Na0.67Mg0.2Mn0.8O2 or Oxy-

Na0.67Mg0.2Mn0.8O2) and super C65 carbon in the mass ratio 75: 25 with no binder in air. The mixture 

was dried at 110 °C under vacuum for 12 h and was used as electrodes. Typical powder electrode 

loadings were 24.5 mg cm-2. For ex-situ XPS for Air-Na0.67Mg0.2Mn0.8O2, CR2325 coin cells were 

assembled as described above except that Solupor membranes replaced the glass fiber separator. For 

all ex-situ measurements except the XPS, Swagelok-type cells were assembled in an Ar-filled glovebox. 

The cells consisted of a desired amount of working electrode, sodium metal as a counter/reference 

electrode, glass fiber separators (Whatman, GF/F) and the electrolyte (1M NaClO4 in propylene 

carbonate containing 3 % fluoroethylene carbonate by weight).  

For all ex-situ measurements, cycled cells were transferred to an Ar-filled glovebox before opening and 

the active material was extracted. The electrodes were rinsed carefully with dry dimethyl carbonate 

to remove residual electrolyte and then left under vacuum for 12 h to ensure all solvent had 

evaporated. PXRD patterns of cycled materials were collected on a PANalytical Empyrean 

diffractometer operating in capillary mode with Mo Kα radiation (λ = 0.7107 Å). Samples were 

contained in 0.7 mm glass capillaries. Structures were refined by the Rietveld method using Topas 
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Academic v6.23 Due to the presence of carbon and the background associated with the use of a glass 

capillary, the superlattice peaks are barely visible, therefore a simple P3-type structural model with 

the space group R3m was adopted. For refinements containing two layered phases the peak shapes 

were constrained to be the same. XANES and XPS measurements for cycled samples were carried out 

as described above. 

RESULTS AND DISCUSSION 

Characterization of as-synthesized compounds 

PXRD patterns of as-synthesized Air-Na0.67Mg0.2Mn0.8O2 and Oxy-Na0.67Mg0.2Mn0.8O2 were recorded 

with Cu Kα1 radiation (λ = 1.5406 Å). The major diffraction peaks of the PXRD patterns of both samples 

can be indexed to an ideal P3 structural model (space group R3m), where Na ions occupy trigonal 

prismatic sites while Mg and Mn ions are located in the octahedral sites in ABBCCA oxygen stacking. 

However, the small peaks around 20-25° are unindexed as highlighted by the blue circle in Figure S1. 

Similar characteristic peaks have been reported for other P2- and P3-type materials and typically arise 

from ordering in the transition metal layers. These peaks can be indexed on the basis of a superlattice 

model (space group Cm), in which Mg ions are in the center of a honeycomb arrangement surrounded 

by Mn ions (Figure 1a and 1b for Air-Na0.67Mg0.2Mn0.8O2 and Oxy-Na0.67Mg0.2Mn0.8O2, respectively). It is 

worth noting that the superlattice model applied in this study, (Figure 1c), represents a different 

setting from the previously published model12 and trace amounts of MgO (~1.2% for Air-

Na0.67Mg0.2Mn0.8O2 and 1.6% for Oxy-Na0.67Mg0.2Mn0.8O2, respectively) are found for both compounds. 

Refined structural results (Table S1) reveal that Oxy-Na0.67Mg0.2Mn0.8O2 contains 4% transition metal 

vacancies and the unit cell volume (242.59 Å3) is smaller than that of Air- Na0.67Mg0.2Mn0.8O2 (243.74 Å3). 

These results confirm successful introduction of vacancies in transition metal layers under oxygen 

atmosphere and slow cooling. This agrees well with previous studies carried out in our group25–27 and 

other groups28–30 showing the formation of vacancies in sodium manganese oxides under oxidising 

synthesis conditions. 

 Comparing the average valence of Mn of both compounds based on the compositions derived from 

refined occupancies and ICP-OES analysis (Table 1) shows that the oxidation state of Mn for Oxy-

Na0.67Mg0.2Mn0.8O2 is higher regardless of analytical methods.  
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Figure 1. Profile fits for as-synthesized (a) Air-Na0.67Mg0.2Mn0.8O2 and (b) Oxy-Na0.67Mg0.2Mn0.8O2 using 

the space group of Cm. Observed data points are shown in red, with fitted profile in black and the 

difference/esd shown below. Tick marks indicate allowed reflections for Cm. (c) Structural diagram of 

the superlattice model used in this study.  

Table 1. Stoichiometric ratio and average valence of Mn derived from Rietveld refinement and ICP-OES 

(normalized using Mg+Mn = 1.00) for both samples.  

 Rietveld refinement ICP-OES 

Air-Na0.67Mg0.2Mn0.8O2 Na�.��Mg�.�	Mn�.��
�.��O� Na�.�Mg�.�	Mn�.��

�.���O� 

Oxy-Na0.67Mg0.2Mn0.8O2 Na�.�Mg�.��Mn�.�
�.���□�.��O� Na�.��Mg�.��Mn�.	

�.��O� 

The morphology of as-synthesized Air-Na0.67Mg0.2Mn0.8O2 and Oxy-Na0.67Mg0.2Mn0.8O2 was 

characterized by SEM. The different synthetic conditions have a negligible influence on the morphology 

of the as-synthesised compounds which exhibit agglomerated primary particles of around 100 nm. 

(Figure 2) 
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Figure 2. SEM images of as-synthesized (a) Air-Na0.67Mg0.2Mn0.8O2 and (b) Oxy-Na0.67Mg0.2Mn0.8O2. 

Electrochemical properties of Air-Na0.67Mg0.2Mn0.8O2 and Oxy-Na0.67Mg0.2Mn0.8O2  

Electrodes with Air-Na0.67Mg0.2Mn0.8O2 and Oxy-Na0.67Mg0.2Mn0.8O2 were prepared and the assembled 

coin cells were tested in two different voltage windows. Figure 3a shows their galvanostatic cycling 

performance cycled between 1.8 and 3.8 V. Both materials exhibit stable cycling performance, 

retaining around 96% of their initial discharge capacity after 25 cycles. Oxy-Na0.67Mg0.2Mn0.8O2 delivers 

smaller first charge capacity of 26 mAh g-1, corresponding to the removal of 0.09 Na+ compared to that 

of Air-Na0.67Mg0.2Mn0.8O2 (40 mAh g-1, equivalent to deintercalation of 0.14 Na+). As the 

electrochemical reaction is dominated by Mn redox in this voltage range, the smaller charge capacity 

is indicative of a lower content of Mn3+ in Oxy-Na0.67Mg0.2Mn0.8O2, which agrees well with the refined 

unit cell volume. Charge/discharge curves and the corresponding differential capacity versus voltage 

(dQ/dV) plots collected on the second cycle are shown in Figure 3b and Figure 3c, respectively. Both 

materials exhibit a smooth voltage profile thanks to the dilution of Jahn-Teller active Mn3+ centers with 

Mg2+ which pushes the average Mn oxidation state towards Mn4+.31 In the case of 

Oxy-Na0.67Mg0.2Mn0.8O2 this effect is enhanced by the introduction of vacancies. The absence of the 

very short plateau at around 3.5 V in Oxy-Na0.67Mg0.2Mn0.8O2 further supports the higher concentration 

of Mn4+. Interestingly,  a small plateau at around 2.0 V is found only for Air- Na0.67Mg0.2Mn0.8O2, 

reflected in the dQ/dV plot as a corresponding sharp redox pair (oxidation and reduction peaks at 2.0 

and 1.9 V, respectively) followed by a broad oxidation (at 2.2 V) and reduction (at 2.1 V) peaks. In 

contrast, Oxy-Na0.67Mg0.2Mn0.8O2 only shows sharp and intense oxidation and reduction peaks at 2.2 V 

and 2.1 V, respectively. Since the operating voltage is strongly related to the covalency of the Mn-O 

bonds, the redox couple around 2.15 V for both materials can be attributed to a Mn4+ rich environment 

whereas the redox pair at 1.95 V exclusively shown in Air-Na0.67Mg0.2Mn0.8O2 might stem from the more 

covalent nature of Mn3+ in accordance with the increased concentration of Mn3+ in this compound.32,33  
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Figure 3. (a) Galvanostatic cycling performance of Air-Na0.67Mg0.2Mn0.8O2 (black) and Oxy-

Na0.67Mg0.2Mn0.8O2 (red) cycled at 30 °C between 1.8 and 3.8 V at a rate of 10 mA g-1. Empty and full 

symbols represent charge and discharge capacity, respectively. (b) Charge/discharge curves on the 

second cycle and (c) the corresponding dQ/dV plots for Air-Na0.67Mg0.2Mn0.8O2 (black) and Oxy-

Na0.67Mg0.2Mn0.8O2 (red). 

The rate performance of Air-Na0.67Mg0.2Mn0.8O2 was further investigated, fixing the voltage window at 

1.8-3.8 V. As displayed in Figure 4a, excellent capacity retention is shown at rates of 10, 50 and 

200 mA g-1, while the capacity retention after 50 cycles is only 53 % at a rate of 500 mA g-1. As the rate 

increases from the slow regimes (10 and 50 mA g-1) to the faster regimes (200 and 500 mA g-1), the 

discharge capacity decreases from 141 mAh g-1 to 107 mAh g-1. This originates from incomplete 

sodiation on the first cycle (Figure 4b). In order to further confirm this, Air-Na0.67Mg0.2Mn0.8O2 

electrodes were cycled at 200 mA g-1, varying the lower cut-off voltage from 1.8 to 1.5 V. As shown in 

Figure S2, increased capacity is delivered over the wider voltage window. Figure 4c shows that at rates 

of 200 and 500 mA g-1, the polarization in the charge/discharge curves on the second cycle significantly 

increases in the lower voltage region at high levels of sodiation, where the phase transformation to an 

O’3 structure is likely because of additional intercalation of Na ions (confirmed by ex-situ PXRD). It is 
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shown that Na diffusion in O3 and O’3  structures is slower than that in P3 because Na ions diffuse 

through shared faces between two adjacent prismatic sites in the P3 structure whereas Na ions pass 

via interstitial tetrahedral sites between two octahedral sites in the O3 structure.34 This suggests that 

the increased polarization in Air-Na0.67Mg0.2Mn0.8O2 at faster rates might arise from the sluggish 

migration of Na ions in the O’3 structure. This limited Na ion kinetics becomes more obvious at cycle 

50 where the low voltage process is inaccessible at the highest rate (Figure 4d). In the case of the cell 

cycled at 500 mA g-1, not only the incomplete sodiation but also the sluggish reactions caused by the 

phase transformation (P3 to O’3) as well as limited kinetics in the O’3 phase are responsible for the 

capacity fade. The enlarged polarization is also observed in Oxy-Na0.67Mg0.2Mn0.8O2 cycled at 200 mA g-1 

(Figure S3) since the phase transition to O’3 also occurs (confirmed by ex-situ PXRD) whilst slightly 

higher initial capacity is delivered than Air-Na0.67Mg0.2Mn0.8O2 consistent with the results at 10 mA g-1. 

 

Figure 4. (a) Galvanostatic cycling performance of Air-Na0.67Mg0.2Mn0.8O2 cycled at 30°C between 1.8 

and 3.8 V at a rate of 10 mA g-1 in black, 50 mA g-1 in red, 200 mA g-1 in blue and 500 mA g-1 in green. 

Empty and full symbols represent charge and discharge capacity, respectively, (b) dQ/dV plots for the 

first cycle, Charge/discharge curves for (c) the second cycle and (d) 50th cycle.  
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capacity retention for both Air-Na0.67Mg0.2Mn0.8O2 and Oxy-Na0.67Mg0.2Mn0.8O2. Charge/discharge 

curves on the first cycle and the corresponding dQ/dV plots are presented in Figure 5b and 5c, 

respectively. When the compounds are charged to 4.3 V, both compounds exhibit a plateau beyond 

4.0 V on the first charge. Upon subsequent discharge, no obvious plateau is found for Air-

Na0.67Mg0.2Mn0.8O2 while Oxy-Na0.67Mg0.2Mn0.8O2 shows a reversible plateau at 4.2 V with small 

polarization (Figure 5b). This contrast is clearly reflected in the dQ/dV plots on the first cycle (Figure 

5c) where an irreversible peak is observed at ca. 4.15 for Air-Na0.67Mg0.2Mn0.8O2 whereas an additional 

reversible oxidation peak at 4.22 V coupled with a reduction peak at 4.2 V is found for Oxy-

Na0.67Mg0.2Mn0.8O2. In addition, the reversible process solely observed in Oxy-Na0.67Mg0.2Mn0.8O2 is 

maintained over several cycles as shown in Figure 5d. Due to the instability of the electrolyte in the 

high voltage region and/or side reactions between the active material and decomposed electrolyte 

products, the reversible oxygen redox is limited but clearly observed on the second cycle (Figure S4a). 

It is challenging to quantify the exact discharge capacity as a function of the redox source because the 

discharge process of the oxygen redox associated with Mg doping occurs at around 2.7 V where 

Mn3+/Mn4+ redox also occurs. Instead, we compared how much discharge capacity is delivered by the 

oxygen redox in the high voltage region (3.8 – 4.3 V, region in magenta in Figure S5) among the total 

reversible capacity originated from the oxygen redox and certain amount of the Mn redox (2.7 – 3.8 V, 

region in violet in Figure S5). The results reveal that 9% and 5% of discharge capacity originate from 

only the oxygen redox for Oxy-Na0.67Mg0.2Mn0.8O2 and Air-Na0.67Mg0.2Mn0.8O2, respectively. This agrees 

well with the presence of 4% vacancies in Oxy-Na0.67Mg0.2Mn0.8O2 and confirms that the vacancies are 

an additional source of the oxygen redox in Oxy-Na0.67Mg0.2Mn0.8O2. The ratio of discharge capacity 

from Mn redox (1.8 – 2.7 V, region in cyan) to the sum of the Mn redox and oxygen redox (2.7 – 3.8 V, 

region in violet) was also calculated. Oxy-Na0.67Mg0.2Mn0.8O2 delivers 30% capacity from the Mn redox 

within the voltage range of 1.8 – 2.7 V while the Mn redox provides 35% discharge capacity in Air-

Na0.67Mg0.2Mn0.8O2. Again, this result is consistent with the presence of transition metal vacancies in 

Oxy-Na0.67Mg0.2Mn0.8O2. In the low voltage region, both materials display a plateau at 2.1 V upon 

discharge, which persists on subsequent cycles (Figure S4b and 5d for Air-Na0.67Mg0.2Mn0.8O2 and Oxy-

Na0.67Mg0.2Mn0.8O2, respectively). Interestingly, the reversible plateau observed at 1.95 V for Air-

Na0.67Mg0.2Mn0.8O2 (Figure 3c) cycled over the narrow voltage window (1.8 – 3.8 V) disappears, implying 

rearrangements of electronic and/or local structure associated with oxygen redox.  
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Figure 5. (a) Galvanostatic cycling performance of Air-Na0.67Mg0.2Mn0.8O2 (black) and Oxy-

Na0.67Mg0.2Mn0.8O2 (red) cycled at 30 °C between 1.8 and 4.3 V at a rate of 10 mA g-1. Empty and full 

symbols represent charge and discharge capacity, respectively. (b) Charge/discharge curves on the first 

cycle for Air-Na0.67Mg0.2Mn0.8O2 (black) and Oxy-Na0.67Mg0.2Mn0.8O2 (red) with an arrow indicating 

reversible oxygen redox and (c) the corresponding dQ/dV plots for Air-Na0.67Mg0.2Mn0.8O2 (black) and 

Oxy-Na0.67Mg0.2Mn0.8O2 (red). (d) dQ/dV plots corresponding to cycle 1 (black), cycle 2 (red), cycle 5 

(blue), cycle 10 (green) and cycled 30 (dark yellow) for Oxy-Na0.67Mg0.2Mn0.8O2.  

It has been shown that a large voltage hysteresis may be associated with migration of the substituted 

element from the transition metal layers.8,12 Recently, it was reported that honeycomb ordering in the 

transition metal layer favors in-plane migration of Mn, leading to a lower discharge voltage associated 

with oxygen redox.35 Given that honeycomb ordering is present and Mg is substituted for Mn in both 

Air-Na0.67Mg0.2Mn0.8O2 and Oxy-Na0.67Mg0.2Mn0.8O2, it is reasonable that the in-plane migration of Mn 

and/or the partially reversible Mg motion between transition metal and Na ion layers may occur in the 

high voltage region, resulting in a large voltage hysteresis for oxygen redox. In order to clarify the 

discharge voltage associated with oxygen redox, a series of cyclic voltammograms was collected by 

applying a progressively higher positive potential with a scan rate of 30 µV s-1 from OCV to upper cut-

off voltages at 3.3, 3.8 and 4.3 V, fixing the lower cut-off voltage at 1.8 V for each cycle. For Air-

Na0.67Mg0.2Mn0.8O2 (Figure 6a), two reduction peaks at around 1.9 and 2.1 V are observed on the first 

cycle where the positive potential was applied from OCV to 3.3 V followed by negative potential to 
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1.8 V. On the subsequent cycle, two oxidation peaks at ca. 2.1 and 2.3 V are observed with the 

corresponding reduction peaks at around 1.9 and 2.1 V, overlapping with those of the first cycle 

(Mn3+/Mn4+ redox). On the following cycle, the oxidation peak at about 4.25 V is coupled to a small and 

broad reduction peak at about 2.7 V, confirming the low discharge voltage and large hysteresis 

associated with oxygen redox. In the case of Oxy-Na0.67Mg0.2Mn0.8O2 (Figure 6b), the Mn3+/Mn4+ redox 

at the lowest voltage is significantly smaller, while the oxidation and reduction peak at 2.3 and 2.1 V, 

respectively, dominates below 3.8 V. By enlarging upper cut-off voltage, a new oxidation peak emerges 

at 4.25 V which is accompanied by two reduction peaks at 4.2 and 2.7 V, arising from oxygen redox. 

The voltammetric analysis not only validates the reduced discharge voltage of oxygen redox but also 

suggests an additional novel mechanism of oxygen redox exclusively found in Oxy-Na0.67Mg0.2Mn0.8O2.  

 

Figure 6. Voltammetric analysis for (a) Air-Na0.67Mg0.2Mn0.8O2 and (b) Oxy-Na0.67Mg0.2Mn0.8O2 at a scan 

rate of 30 µV s-1. Red arrows represent reduction peaks associated with oxygen redox. 
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Evolution of electronic structure for Air-Na0.67Mg0.2Mn0.8O2 

In order to confirm oxygen redox in the high voltage region, the evolution of the oxidation state of Mn 

was investigated. XANES measurements were carried out at the Mn K-edge for Air-Na0.67Mg0.2Mn0.8O2 

extracted at the end of charge and discharge, cycled over two different voltage windows as shown in 

Figure 7a. The collected Mn K-edge XANES spectra are presented in Figure 7b. The Mn valence for 

individual samples was calculated from the position of the centroid of the pre-edge (Figure 7d) relative 

to those from standard references, Mn2O3 and MnO2.36 Qualitatively comparing the standard 

references with the spectrum of the as-synthesized material, the pristine sample contains 

predominantly Mn4+ with a minor presence of Mn3+. The quantitatively determined Mn valence for the 

pristine sample based on the pre-edge fitting (3.80 ± 0.15) agrees with that deduced by refined 

occupancies (3.72) and ICP-OES analysis (3.64) within error. After charge to 3.8 V (3.8CH), the inflection 

point of the spectrum shifts subtly toward higher energy (Figure 7c), indicating oxidation of the residual 

Mn3+. Further charge to 4.3 V (4.3CH) shows no evidence of a significant shift, reflecting no contribution 

from the Mn to charge compensation (Figure 7c). At the end of discharge following charge to 3.8 V 

(3.8CYC) and 4.3 V (4.3CYC), the shape and edge position of the XANES spectra are essentially identical 

and shift towards lower energy, representing Mn reduction. These results provide indirect evidence of 

the participation of oxygen in the charge compensation mechanism beyond 3.8 V for Air-

Na0.67Mg0.2Mn0.8O2, giving rise to a long plateau above this voltage. Promoting further oxidation of Mn 

with the creation of in-plane vacancies under more oxidizing synthetic conditions is demonstrated by 

the XANES spectrum of as-prepared Oxy-Na0.67Mg0.2Mn0.8O2 of which the inflection point is nearly 

overlapped with that of Air-Na0.67Mg0.2Mn0.8O2 after charge to 3.8 V and 4.3 V where the Mn oxidation 

state is nearly tetravalent (Figure S6). Our study on P3-type materials with different dopants shows 

that the evolution of Mn valence is unaffected beyond 3.8 V by the presence of transition metal 

vacancies.37,38 Therefore, a long plateau observed in both compounds on the first charge indicates the 

participation of oxygen in the charge compensation.  
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Figure 7. (a) Galvanostatic cycling curves recorded at 10 mA g-1 for Air-Na0.67Mg0.2Mn0.8O2 cycled at 

30 °C in the two voltage windows: 1.8-3.8 V and 1.8-4.3 V with the points where XANES, XPS and PXRD 

were conducted. (b) Mn K-edge XANES spectra of the ex-situ Air-Na0.67Mg0.2Mn0.8O2 compared with 

reference of Mn3+ (Mn2O3) and Mn4+ (MnO2) with an inset for the pre-edge (c) zoom of the main peak 

of the absorption edge, ascribed to the transition of 1s to 4p states and (d) Variation of Mn oxidation 

state, calculated from the position of the centroid of the pre-edge.  

Surface study for Air-Na0.67Mg0.2Mn0.8O2   

One of the main reasons for the capacity fade often observed for oxygen redox active materials is 

detrimental reactions with the electrolyte in the high voltage region.15,39 In order to address this matter, 

XPS measurements were performed for the extracted samples at different states of charge for Air-

Na0.67Mg0.2Mn0.8O2 and the collected XPS spectra for Mn 2p, O 1s and C 1s regions are shown in Figure 8. 

The Mn 2p spectra (Figure 8a) show the surface changes on the electrode Air-Na0.67Mg0.2Mn0.8O2. Two 

peaks at 643 and 655 eV can be assigned to Mn 2p3/2 and Mn 2p1/2, respectively.40 There are no 

significant changes when the material is charged to 3.8 V. In contrast, the intensity of the spectra of 

4.3 CH and 4.3 CYC is reduced, which might originate from the deposit of electrolyte decomposition 

products on the active material particle surface. Due to the high signal/noise ratio in the Mn 2p spectra, 

the oxidation state of Mn cannot be identified.  The O 1s spectrum of the as prepared electrode shows 
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a component at 530 eV, which is characteristic of O2- in the crystal lattice (Figure 8b).41 An additional 

peak at 532 eV can be attributed to Na2CO3, often present in layered sodium transition metal oxides, 

and/or surface adsorbed species.9,42 Two more components at 534 and 535 eV, corresponding to C-O 

and O=C-O chemical environments, are present for all electrodes exposed to the electrolyte. The 

contribution of these components is substantial especially for the 4.3 CH and 4.3 CYC samples. In the 

C 1s spectra (Figure 8c), super C65 mainly contributes to the peak at 285 eV, attributed to C-C and C-H 

components. The peak at 291 eV can be assigned to C-F in the PVDF backbone and CO3
2- carbon 

environments. Two additional components at 286.5 and 289 eV, which can be attributed to the C-O 

and O=C-O components, respectively, are gradually enhanced for the samples charged to 4.3 V. This 

observation is consistent with those in the O 1s spectra. The electrolyte decomposition observed in 

Air-Na0.67Mg0.2Mn0.8O2 is also expected to occur in Oxy-Na0.67Mg0.2Mn0.8O2 since a major driving force 

of the decomposition is electrochemical instability of the electrolyte in the high voltage region.43  

 

Figure 8. XPS spectra in (a) Mn 2p, (b) O 1s and (c) C 1s regions. 
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Structural evolution upon cycling Air-Na0.67Mg0.2Mn0.8O2 and Oxy-Na0.67Mg0.2Mn0.8O2 

The presence of transition metal vacancies has been shown not only to promote crystal structure 

retention19,21 but also diminish the number of stacking faults by self-ordering during oxygen redox.1,44 

In order to  investigate the structural evolution of Air-Na0.67Mg0.2Mn0.8O2 and Oxy-Na0.67Mg0.2Mn0.8O2, 

ex-situ PXRD measurements were carried out for both compounds. The refined profile fits using the 

Rietveld method are shown in Figure 9 and the refined structural results are presented in Tables S2 

and S3 for Air-Na0.67Mg0.2Mn0.8O2 and Oxy-Na0.67Mg0.2Mn0.8O2, respectively. Due to the presence of 

carbon and the background associated with the use of a glass capillary, the superlattice peaks are 

barely visible, therefore a simple P3-type structural model with the space group R3m was adopted.  

Since oxygen loss does not occur in the Mg-doped P2 system and is reported to occur very gradually 

on extended cycling in P3 Na2/3Mg1/3Mn2/3O2, the occupancies of the transition metal site were 

assumed to remain the same as those observed in the pristine material.19,21 

When the compounds were charged to 4.3 V, 2% of the P3 phase is converted to the O3 phase in Air-

Na0.67Mg0.2Mn0.8O2 while the P3 phase is retained in Oxy-Na0.67Mg0.2Mn0.8O2 (Figure 9g). The number 

of deintercalated Na ions is 0.25 per formula unit for both compounds based on the refinement results, 

which is smaller than those determined by the charge capacity (removal of 0.44 and 0.35 Na+ for Air-

Na0.67Mg0.2Mn0.8O2 and Oxy-Na0.67Mg0.2Mn0.8O2, respectively). This discrepancy is attributable to the 

decomposition of the electrolyte as confirmed by XPS. The smaller discrepancy associated with Oxy-

Na0.67Mg0.2Mn0.8O2 is consistent with the reduced oxidation peak seen in the dQ/dV plot (Figure 5c). 

Interestingly, even without transition metal vacancies, 98% of the initial phase is maintained. This 

observation is in contrast to the previous report which demonstrated that P3-type Na2/3Mg1/3Mn2/3O2 

is prone to transformation to the O3 structure upon charge above 4.0 V, which then persists upon 

subsequent discharge to 1.6 V rather than undergoing a reversible two-phase reaction from O3 to P3. 

Discharge to 1.8 V after charge to 3.8 V allows more Na ions to intercalate (Figure 9h), leading to a 

major conversion to an O’3 phase with 11% and 18% P3 phase remaining for Air-Na0.67Mg0.2Mn0.8O2 

and Oxy-Na0.67Mg0.2Mn0.8O2, respectively. Refinement of the sodium occupancy in the O’3 phase gave 

values close to unity in all cases. As a result, the sodium content was fixed at 1 for the final refinements. 

The ratio between lattice parameters a and b (a/b) in the monoclinic lattice is about 1.87, significantly 

greater than √3 , consistent with the expected Jahn-Teller distortion.28 As shown in the rate 

performance data for Air-Na0.67Mg0.2Mn0.8O2, the phase transformation in the lower voltage region (P3 

to O’3) is sufficiently reversible to deliver stable cycling performance at rates of 10, 50 and 200 mA g- 1. 

The P3 to O’3 phase transformation occurs to minimize the Coulombic repulsion between Na and Mn 

cations.28 The presence of vacancies in the transition metal layers may be able to stabilize the trigonal 

prismatic coordination of NaO6 via □-Na+-□ Coulombic attraction. In consequence, 
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Oxy-Na0.67Mg0.2Mn0.8O2 with vacancies in the transition metal sites exhibits greater structural 

reversibility within the P3 phase, which remains stable to higher sodium contents. The beneficial effect 

is considerable when the materials are cycled in the voltage range 1.8-4.3 V. At the end of discharge, 

significantly reduced phase transformation to the O’3 phase (43 %) is observed with 57 % P3 phase 

remaining for Oxy-Na0.67Mg0.2Mn0.8O2 whereas 86% O’3 is observed in Air-Na0.67Mg0.2Mn0.8O2.  

 

Figure 9. Profile fits for Rietveld refinements of Air-Na0.67Mg0.2Mn0.8O2 (a) charged to 4.3 V, (c) cycled 

between 1.8-3.8 V and (e) cycled between 1.8-4.3 V. Oxy-Na0.67Mg0.2Mn0.8O2 (b) charged to 4.3 V, (d) 

cycled between 1.8-3.8 V and (f) cycled between 1.8-4.3 V. Observed data points are shown in red, 
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with fitted profile in black. Tick marks indicate allowed reflections. (g) P3 phase fraction and (h) total 

content of Na ion at different states of charge. 

Discussion 

Considering the similarity in the crystal structure between P3-type Oxy-Na0.67Mg0.2Mn0.8O2 and 

Na4/7[□1/7Mn6/7]O2, crystallizing in the triclinic space group P1� where the edge-sharing MnO6 octahedra 

build up □1/7Mn6/7O2 layers with the ordering between vacancies and Mn ions and sodium ions located 

between the layers,45 the novel oxygen redox mechanism exclusively found in 

Oxygen-Na0.67Mg0.2Mn0.8O2 can be reconciled with previously reported studies on Na4/7[□1/7Mn6/7]O2.  

The non-bonding oxygen 2p states generated along Na+-O-□ or □-O-□ participate in the reversible 

oxygen redox in this compound.19,20 The absence of large voltage hysteresis is one of the primary 

characteristics of anion redox in Na4/7[□1/7Mn6/7]O2 and recently this phenomenon was explained by 

the well-maintained oxygen stacking sequence without gliding of □1/7Mn6/7O2 layers and Mn migration 

from octahedral sites in the transition metal layers to tetrahedral sites in Na ion layers.21 In addition, 

the ordered vacancies in the material permit the stable structure in the bulk as well as on the surface 

thanks to Coulombic attraction between Na ions and transition metal vacancies.21 Vacancies on Mn 

sites in Na0.653Mn0.929O2 which adopts the P2 structure also exhibit oxygen redox with an obvious 

voltage plateau at about 4.2 V.29 There are general rules that permit the rationalization of the effects 

of unhybridized O 2p states on reversible oxygen redox in LIBs.46 Based on the observations in the 

current study and those of previous studies,19–21,29,46 we propose that two different oxygen redox 

mechanisms occur in Oxy-Na0.67Mg0.2Mn0.8O2 associated with the presence of transition metal 

vacancies and the substituted Mg. The former is triggered at slightly higher voltage than the latter and 

is reversible with a notably narrow polarization due to the retention of the P3 structure at the end of 

charge to 4.3 V. The oxidized oxygen originating from the unpaired O 2p states created by substituted 

Mg is then reduced at a significantly lower voltage, resulting in large voltage hysteresis.  

CONCLUSIONS 

The P3-type Air-Na0.67Mg0.2Mn0.8O2 and Oxygen-Na0.67Mg0.2Mn0.8O2 show stable cycling performance in 

the voltage range 1.8-3.8 V where the electrochemical reaction is entirely based on the Mn3+/Mn4+ 

redox couple. Over the wider voltage window from 1.8 to 4.3 V, both compounds exhibit oxygen redox 

in the high voltage region. The limited oxygen redox based solely on the substituted Mg for Air-

Na0.67Mg0.2Mn0.8O2 is extended for Oxygen-Na0.67Mg0.2Mn0.8O2 by a further decoupled mechanism 

based on transition metal vacancies. The presence of vacancies in the transition metal layers for P3-

type Na0.67Mg0.2Mn0.8O2 not only provides a reversible oxygen redox couple but also preserves the P3 

structure over several cycles.  
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