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ABSTRACT 

Additional capacity delivered by oxygen redox activity may in principle represent a means of 

enhancing the electrochemical performance of layered sodium transition metal oxides. However, 

irreversible structural changes occurring during cycling typically cause significant capacity fade with 

limited reversibility of oxygen redox processes. Here, P3-structure Na0.67Co0.2Mn0.8O2 was synthesised 

under two different reaction conditions. Both materials exhibit very stable cycling performance in the 

voltage range 1.8-3.8 V where the redox couples of transition metals entirely dominate the 

electrochemical reaction. For the compound prepared under more oxidising conditions, anion redox 

activity is triggered in the wider voltage window 1.8-4.4 V in a reversible manner with exceptionally 

small voltage hysteresis (20 mV).  The presence of vacancies in the transition metal layers is shown to 
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play a critical role not only in generating unpaired O 2p states but also in stabilising the crystal 

structure in the high voltage region.  
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1. INTRODUCTION 

In order to meet ever-growing demand for energy storage systems, development of rechargeable 

batteries needs to consider not only their electrochemical performance but also sustainability and 

cost concerns. In this regard, sodium-ion batteries (SIBs) are a highly promising candidate to replace 

lithium-ion batteries (LIBs) in grid energy storage systems due to the high abundance of sodium.   

Manganese-based sodium layered oxides, NaxMyMn1−yO2 (0.4 ≤ x ≤ 1.0, 0.05 ≤ y ≤ 0.5, M = Li, Mg, Ti, 

Fe, Co, Ni, Zn and mixture of elements)1,2 represent a major family of positive electrode materials for 

SIBs. They adopt one of the polymorphs O3, P3 and P2, depending on the type of coordination 

environment for Na+ and the number of MnO2 slabs in the unit cell.3 The variety of structure type and 

composition is immense as a result of attempts to tune certain characteristics such as cyclability, rate 

capability, operating voltage and capacity.4,5 In general, substitution of spectator elements such as Li,6 

Mg7,8 and Zn9 for Mn provides a rigid crystal structure during cycling, suppressing Jahn-Teller distortion 

at the expense of initial capacity. In order to increase initial capacity, the substitution of Ni for Mn has 

been explored through the Ni2+/4+ redox couple, however Ni substitution in P2-based materials gives 

rise to capacity fade because of the detrimental P2-O2 phase transformation occurring in the high 

voltage region10,11 and catalytical activity of Ni4+ which accelerates electrolyte decomposition.12 To 

alleviate the structural change, doping with Li13 and Mg14 has been adopted, increasing the amount of 

Na+ left in the structure at the end of charge.  In the case of Co as an electrochemically active dopant, 

its substitution for Mn in P2-type compounds improves cycle stability via diluting Jahn-Teller active 

Mn3+ by Co3+ and shows enhanced Na+ kinetics.15,16 In the distorted P2-type compound, P’2 
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Na2/3Co0.1Mn0.9O2,  Co doping, while undesirable from a sustainability and cost perspective, also 

mitigates phase transition, resulting in enhanced cyclability.9 

The nature of dopants in NaxMyMn1−yO2 considerably influences oxygen redox, which represents an 

effective way to raise the energy density of positive electrode materials.  For example, 

electrochemically inactive dopants such as Li,17–19 Mg20,21 and Zn22,23 produce non-bonding O 2p states 

at the top of valence band upon desodiation which participate in the charge compensation 

mechanism. The reversibility of oxygen redox varies as a function of the cationic ordering in transition 

metal layers, lattice O loss and migration of transition metals. In this regard, the presence of vacancies 

in the transition metal layers promotes reversible oxygen redox, maintaining crystal structure, 

suppressing voltage hysteresis and lifting working voltage.24–26 Among electrochemically active 

dopants, Ni can trigger oxygen redox through a reductive coupling mechanism and the creation of 

hybridisation between Ni 3d and O 2p states in P3-type Na0.67Ni0.2Mn0.8O2.27 Recently, P2-type 

Na0.6Mg0.2Co0.2Mn0.6O2  has been shown to exhibit reversible oxygen redox, even at high rate, driven 

by Co3+ with reduced bandgap energy and strong overlap between Co 3d and O 2p states.28  

Most of these studies have been carried out on NaxMyMn1−yO2 phases adopting the P2 structure 

although the P3 structure is more environmentally friendly due to the lower sintering temperature 

compared to P2 equivalents. The difference in the oxygen stacking between P2 and P3 may lead to 

variation in electrochemical properties, in addition the introduction of vacancies in the transition 

metal layers for P3-type compounds may influence the oxygen redox activity. Thus, it is of interest to 

investigate the role of Co and vacancies in the transition metal layers for P3-type Na0.67Co0.2Mn0.8O2 as 

part of our ongoing studies of oxygen redox behaviour in P3-type NaxMyMn1−yO2.27 

Here, we report on P3-type Na0.67Co0.2Mn0.8O2 prepared under two different synthetic conditions, 

varying sintering atmosphere and cooling rate in order to maximize the difference in the concentration 

of transition metal vacancies since simultaneous oxygen uptake under more oxidising conditions 

pushes the average Mn oxidation state towards Mn4+ and the charge compensation results in 
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transition metal vacancies.29–34 The compound synthesised under oxygen with slow cooling and that 

prepared under air with quenching were thoroughly investigated providing complementary insight 

into electrochemical behaviour, electronic and crystal structure evolution. In the voltage range 

1.8 - 3.8 V, both compounds exhibit stable cycling performance, regardless of the presence of 

vacancies in the transition metal layers.  The contrast in cyclability is significant in the voltage window 

1.8 - 4.4 V where oxygen anions contribute to the charge compensation mechanism. Ex-situ Co and 

Mn XANES and PXRD measurements indicate that the vacancies solely found in the sample prepared 

under oxygen with slow cooling can trigger reversible oxygen redox with small polarisation and 

promote a robust crystal structure upon charge.  

2. MATERIAL AND METHODS 

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

deionised water (solution A). A separate aqueous solution of cobalt (II) acetate tetrahydrate 

(Co(CH3CO2)2·4H2O, Sigma-Aldrich, 98+ %) 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 10 min. The water was removed using 

a rotary evaporator. The resulting solid was heated to 275 °C for 12 h and cooled to 50 °C. The powder 

was then ground and heated to 625 °C for 3 h under air and quenched; the obtained sample is denoted 

Air-Na0.67Co0.2Mn0.8O2. Alternatively, the decomposed powder was ground and heated to 625 °C for 

3 h under oxygen then cooled to 50 °C to with a cooling rate of 5 °C min-1 to obtain Oxygen-

Na0.67Co0.2Mn0.8O2. The as-prepared materials were stored in an Ar-filled glovebox.  

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

PANalytical Empyrean diffractometer operating in transmission 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 Academic v6.35 Scanning electron microscopy (SEM) images of the as-synthesised 

materials were recorded on a JEOL JSM-6700F. Co and Mn K-edge X-ray absorption near edge 
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structure (XANES) measurements were performed at the beamline B18 at the Diamond Light source.36 

The XANES spectra were collected in transmission mode and the intensities of both the incident and 

transmitted X-ray beams were measured using gas-filled ionization chambers.  Reference spectra were 

collected for each measurement using Co and Mn metal foils which were placed in front of a third 

ionization chambers to allow the data to be corrected for any drift of the monochromator position 

and to permit accurate calibration of the energy scale. At least three scans were taken for each sample 

and the data were merged, calibrated, background subtracted and normalized using the program 

Athena.37  

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

the active material (Air-Na0.67Co0.2Mn0.8O2 or Oxy-Na0.67Co0.2Mn0.8O2), 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 aluminium foil using a doctor blade. After drying, 13 mm diameter 

electrode discs were punched then dried at 80 °C under vacuum for 12 h. To prepare electrochemically 

cycled Air-Na0.67Co0.2Mn0.8O2 and Oxy-Na0.67Co0.2Mn0.8O2 for ex-situ characterisation, working 

electrodes were constructed by mixing the active material (Air-Na0.67Co0.2Mn0.8O2 or Oxy-

Na0.67Co0.2Mn0.8O2), and super C65 carbon in the mass ratio 75: 25. The mixture was dried at 110 °C 

under vacuum for 12 h. The preparation of electrodes was carried out within 6 hrs in ambient 

conditions. 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 fibre separator (Whatman, GF/F) and the electrolyte (1M NaClO4 

in propylene carbonate containing 3 % fluoroethylene carbonate by weight). For all ex-situ 

measurements, Swagelok-type cells were assembled in an Ar-filled glovebox. The cells consisted of a 

desired amount of working electrode, consisted of 75 wt % active material and 25 wt % super C65 with 

no binder, sodium metal as a counter/reference electrode, glass fibre separators (Whatman, GF/F) 

and the electrolyte (1M NaClO4 in propylene carbonate containing 3 % fluoroethylene carbonate by 
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weight). Galvanostatic charge/discharge cycling and voltage scans (linear sweep voltammetry) were 

carried out at 30 °C using a Maccor Series 4200 battery cycler.  

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.  XANES and PXRD measurements for cycled samples were carried out as described 

above.  

3. RESULTS AND DISCUSSION 

3.1. Characterisation of as-synthesised materials 

Fitted PXRD patterns for both as-synthesised Air-Na0.67Co0.2Mn0.8O2 and Oxy-Na0.67Co0.2Mn0.8O2 are 

shown in Figure 1a and b, respectively. The diffraction peaks for both compounds can be indexed on 

the basis of a simple P3 structural model (space group R3m), where Na ions occupy trigonal prismatic 

sites while Co and Mn are located in the octahedral sites in a trigonal unit cell with ABBCCA oxygen 

stacking. The Rietveld refinements of these two materials were carried out using a simple P3 structural 

model since a previous powder neutron diffraction study showed no in-plane ordering for a sample 

prepared under air and quenched.38 The results of the Rietveld refinement are presented in Table 1 

and reveal a smaller unit cell parameter a for Oxy-Na0.67Co0.2Mn0.8O2 than that for Air-

Na0.67Co0.2Mn0.8O2, indicating a higher concentration of Mn4+ as a result of the more oxidising synthesis 

conditions using oxygen flow and slow cooling.7, 34 In addition, a smaller unit cell parameter c for Oxy-

Na0.67Co0.2Mn0.8O2 than that for Air-Na0.67Co0.2Mn0.8O2 is a good indicator of the formation of vacancies 

on the transition metal sites because the in-plane vacant sites bear a negative effective charge in the 

crystal structure.39 Such cell parameter changes may also result from variations in sodium content but, 

as shown below, the refined values in this case are essentially identical. The formation of vacancies in 

sodium manganese oxides under oxidising synthesis conditions has been known for many years. 

Examples include materials adopting the P2 structure and Na2Mn3O7.24–26,29,31,40 Additionally, these 
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conditions result in the formation of 6% vacancies in the transition metal layers as shown in the refined 

occupancies. The introduction of vacancies in the structural model resulted in an improved fit to the 

data (Rwp = 3.31% vs 3.41% without vacancies) with more sensible refined occupancies relative to the 

starting composition. Henceforth the materials will be referred to by their refined compositions. 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 1c-d).  

 

Figure 1. Profile fit for as-synthesised (a) Air-Na0.67Co0.2Mn0.8O2 and (b) Oxy-Na0.67Co0.2Mn0.8O2. 

Observed data points are shown in red, with fitted profile in black. Tick marks indicate allowed 

reflections for the P3 phase. The asterisk indicates the reflection from the capillary sample container. 

SEM images of as-synthesised (c) Air-Na0.67Co0.2Mn0.8O2 and (d) Oxy-Na0.67Co0.2Mn0.8O2. 
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Table 1. Rietveld refinement results of (a) pristine Air-Na0.67Co0.2Mn0.8O2 and (b) pristine 

Oxy-Na0.67Co0.2Mn0.8O2. 

(a) Pristine Air-Na0.67Co0.2Mn0.8O2 

Rexp = 2.23%, Rwp = 2.75%, 100% P3 

Lattice parameters P3 Space group R3m a = b= 2.8490(2) Å, c = 16.939(2) Å 

atom 
Wyckoff 
symbol 

x/a y/b z/c Occupancy Biso 

Co1/Mn1 3a 0 0 0 0.202(1)/0.808(4) 0.3 

Na1 3a 0 0 0.1643(6) 0.65(2) 5.7(4) 

O1 3a 0 0 0.3877(9) 1 0.5 

O2 3a 0 0 0.5997(7) 1 0.5 

 

(b) Pristine Oxy-Na0.67Co0.2Mn0.8O2 

Rexp = 2.34%, Rwp = 3.31%, 100% P3 

Lattice parameters P3 Space group R3m a = b= 2.8418(2) Å, c = 16.856(2) Å 

atom 
Wyckoff 
symbol 

x/a y/b z/c Occupancy Biso 

Co1/Mn1 3a 0 0 0 0.189(1)/0.756(4) 0.3 

Na1 3a 0 0 0.1626(4) 0.64(1) 4.3(2) 

O1 3a 0 0 0.3885 (7) 1 0.5 

O2 3a 0 0 0.6018(6) 1 0.5 

 

3.2. Electrochemical properties 

Electrodes prepared with Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 and Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2 were 

cycled in two different voltage windows: 1.8-3.8 V and 1.8-4.4 V. Figure 2a shows the galvanostatic 

cycling performance of Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 and Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2, cycled in 

the voltage window 1.8-3.8 V. In the narrower voltage window, both compounds exhibit stable 

cyclability with capacity retention of 94.4% and 100% over 20 cycles for Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 

and Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2, respectively. Coulombic efficiency of Oxy-

Na0.64(1)Co0.189(1)Mn0.756(4)O2 (around 99%) is slightly higher than that of Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 

(around 98%) (Figure S1a). Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2 delivers smaller first charge capacity of 

27.3 mAh g-1, corresponding to the removal of 0.10 Na+ compared to that of Air-

Na0.65(2)Co0.202(1)Mn0.808(4)O2 (43.5 mAh g-1, equivalent to deintercalation of 0.16 Na+). As the 
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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-Na0.64(1)Co0.189(1)Mn0.756(4)O2 and the difference in the 

deintercalated Na+ agrees well with the concentration of transition metal vacancies. Typical 

charge/discharge profiles at cycle 2 for both compounds are shown in Figure 2b. The sample prepared 

under oxygen shows smaller cell polarisation with a smooth load curve and a steep slope followed by 

a distinctive plateau at around 2.1 V. These characteristics of Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2 are 

reflected in the differential capacity versus voltage (dQ/dV) plots (Figure 2d) whilst Air-

Na0.65(2)Co0.202(1)Mn0.808(4)O2 exhibits several minor oxidation/reduction peaks above 2.6 V and broad 

redox peaks in the lower voltage region.  

Given that the narrower voltage window provides stable cyclability, both compounds were cycled at 

higher rate (100 mA g-1) to investigate their rate capability. As shown in Figure 2e, Co substitution for 

Mn delivers 130 mAh g-1 and 140 mAh g-1 at the first cycle for Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 and Oxy-

Na0.64(1)Co0.189(1)Mn0.756(4)O2, respectively, even at ten times faster rate. This faster rate can also 

mitigate the electrolyte decomposition, leading to enhanced capacity retention after 30 cycles (99.2 % 

and 100 % for Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 and Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2, respectively) and 

better Coulombic efficiency than those at 10 mA g-1 (Figure S1b). The voltage profile curves at the 

faster rate at cycle 2 (Figure 2f) exhibit slightly increased cell polarisation that is more significant in 

the lower voltage region where the intercalation of additional Na+ ions can induce the gliding of 

Mn(Co)O2 slabs, to form an O’3 phase. It has been shown that the diffusion of Na+ ions in prismatic 

sites (P-type structures) requires less activation energy than in octahedral sites (O-type structures) 

because Na+ ions diffuse through shared faces between two neighbouring prismatic sites in the P-type 

structures whereas Na+ ions pass via interstitial tetrahedral sites between two octahedral sites in the 

O-type structures.4,41 In line with previous studies, the enlarged polarisation in the lower voltage 

region is presumably a consequence of the slower Na+ kinetics in the O’3 structure.    
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Figure 2. Galvanostatic cycling performance of Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 (black) and Oxy-

Na0.64(1)Co0.189(1)Mn0.756(4)O2 (blue) cycled at 30 °C in the voltage range 1.8−3.8 V at a rate of (a) 10 mA g-1 

and (e) 100 mA g-1. Empty and full symbols represent charge and discharge capacity, respectively. 

Charge/discharge curves of Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 (black) and Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2 

(blue) at cycle 2 cycled at 30 °C in the voltage range 1.8−3.8 V at a rate of (b) 10 mA g-1 and (f) 

100 mA g-1. Differential capacity versus voltage plots corresponding to cycle 1 (black), cycle 2 (blue), 

cycle 10 (red) and cycle 20 (olive) for (c) Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 and (d) Oxy-

Na0.64(1)Co0.189(1)Mn0.756(4)O2 from (a).  
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Increasing the upper cut-off voltage results in increased capacity fade for both compounds as shown 

in Figure 3a. The capacity fade is far more significant for Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2, which 

maintains only 67.9% of its initial capacity whereas Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2 shows capacity 

retention of 89.1% after 20 cycles. A more intense irreversible oxidation peak at around 4.0 V in the 

dQ/dV plots (Figure 3c) and lower Coulombic efficiency (Figure S1c) for Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 

than Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2 confirm lower capacity retention of the sample prepared under 

air with quenching. Interestingly, the sample synthesised under oxygen and slow cooling exhibits a 

reversible process (Figure 3b) with an oxidation peak at ca. 4.22 V and a coupled reduction peak at ca. 

4.20 V on the first cycle, which persists over 10 cycles (Figure 3d). It is worth noting that this redox 

couple occurs with very small hysteresis (about 20 mV) and is exclusively observed in the presence of 

vacancies in the transition metal layers. The amount of Na+ intercalated per formula unit associated 

with this redox couple is around 0.06, in good agreement with the vacancy content derived from the 

structure refinement (Table 1b). The sharp dQ/dV peak at around 2.1 V for Oxy-

Na0.64(1)Co0.189(1)Mn0.756(4)O2 is indicative of a single redox process.42,43 In contrast, Air-

Na0.65(2)Co0.202(1)Mn0.808(4)O2 shows a broad dQ/dV peak with a smooth voltage profile in the low voltage 

region indicative of a range of redox processes.42,43 The presence of vacancies induces more covalent 

Mn(Co)-O bond character that leads to the decrease of electrochemical potential.44 These features 

can be reconciled with the average working potentials of 2.56 and 2.69 V for Oxy-

Na0.64(1)Co0.189(1)Mn0.756(4)O2 and Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2, respectively. In line with the widely 

reported behaviour of Na2Mn3O7
24–26

 the reversible redox process in the high voltage region for Oxy-

Na0.64(1)Co0.189(1)Mn0.756(4)O2 is assumed to originate from oxygen redox associated with the vacancies 

in the transition metal layers.  

Most of the oxygen redox processes activated by elemental substitutions in NaxMyMn1−yO2 show 

significant hysteresis in their voltage profiles21,22 rendering the corresponding discharge process hard 

to distinguish in the galvanostatic cycling plots. In order to address this phenomenon, a series of cyclic 

voltammograms were collected by applying a progressively higher positive potential with a scan rate 
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of 30 µV s-1 from OCV to the upper cut-off voltage of 4.4 V with a voltage step of 0.3 V, fixing the lower 

cut-off voltage at 1.8 V for each cycle. The voltammetric analysis for Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 is 

shown in Figure 3e. By gradually extending the upper cut-off voltage, a broad oxidation peak at 2.4 V 

and small oxidation peaks at 2.8 V, 3.1 V, 3.5 V and 3.7 V are compensated by corresponding reduction 

peaks in a reversible manner until the cut-off voltage of 3.8 V. When the positive potential is extended 

to 4.1 V, a new oxidation peak appears without any equivalent reduction peak on the following 

negative potential sweep. On the subsequent cycle, a small bump appears at the end of charge 

without any coupled reduction peak even at lower voltage, confirming the absence of high voltage 

redox activity. In the case of Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2  (Figure 3f), a sharp redox couple is found 

at 2.1 V with only small redox peaks apparent in the middle voltage region. An irreversible oxidation 

peak appears at 4.0 V analogous to that observed in Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 but with much 

lower intensity. Extending the upper voltage limit to 4.4 V reveals a clear redox process with oxidation 

and reduction peaks at 4.22 and 4.21 V, respectively.  This redox couple is only observed in the 

material prepared under more oxidising synthetic conditions with oxygen flow and slow cooling.  
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Figure 3. (a) Galvanostatic cycling performance of Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 (black) and Oxy-

Na0.64(1)Co0.189(1)Mn0.756(4)O2 (blue) cycled at 30 °C in the voltage range 1.8−4.4 V at a rate of 10 mA g-1. 

Empty and full symbols represent charge and discharge capacity, respectively. (b) Charge/discharge 

curves of Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 (black) and Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2 (blue) at cycle 1. 

Differential capacity versus voltage plots corresponding to cycle 1 (black), cycle 2 (blue), cycle 10 (red) 

and cycle 20 (olive) for (c) Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2, (d) Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2. 

Voltammetric analysis of (e) Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2, (f) Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2 at a 

scan rate of 30 μV s−1. 
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3.3. Charge compensation mechanism 

In order to study the changes in oxidation states of Co and Mn for both compounds during the first 

cycle, Co and Mn K-edge XANES spectra were collected at different states of charge (Figure 4a and 4b 

for Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 and Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2, respectively) and their 

shoulder and main peak of the absorption edge, ascribed to the transition of 1s to 4p states, were 

qualitatively compared with those of references. As shown in Figure 4c, pristine Air-

Na0.65(2)Co0.202(1)Mn0.808(4)O2 contains predominantly Mn4+ and its tetravalent state is largely unaffected 

upon charge to 4.4 V and subsequent discharge to 3.8 V.  In the pre-edge feature, corresponding to 

the transition from 1s to 3d states, the intensity increases continuously upon charge, indicating 

simultaneous distortion of the Mn(Co)O6 octahedron.45 Further discharge to 1.8 V exhibits a shift 

towards lower energy, corresponding to reduction of Mn4+ as more Na+ ions are intercalated. For Co 

K-edge XANES spectra (Figure 4d), the position of the maximum of absorption for the pristine Air-

Na0.65(2)Co0.202(1)Mn0.808(4)O2 occurs at higher energy than LiCoO2 by 2.1 eV, corresponding to low-spin 

Co3+ as previous reported in P2-type Na2/3Co2/3Mn1/3O2.46,47 It may be noted that the presence of Co4+ 

in the pristine sample is also feasible due to the deficiency of Na+ ions.48  In addition, the spectral 

features of Co are sensitive to stacking sequence, requiring much attention to determine oxidation 

state with experimental fingerprints.49 Considering the difference of the oxygen stacking between O3-

type structure LiCoO2 (ABCABC…) and P3-type Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 (ABBCCA…), often 

accompanied by stacking faults associated with low temperature synthesis, it is likely that an 

admixture contribution of Co3+ and Co4+ is found in the pristine Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2. The 

spectrum upon charge to 4.4 V and subsequent discharge to 3.8 V show little edge shift, implying that 

Co valence remains essentially same as the pristine material. At the end of discharge, the inflection 

point of the spectrum as well as of the half-height energy shift slightly towards lower energy, showing 

subtle reduction of Co cations.46 These results imply that a minority of Mn and Co participate in the 

charge compensation mechanism during desodiation before 3.8 V whilst the excess charge in the first 

cycle is attributable to electrolyte decomposition beyond 3.8 V. Irreversible oxygen activity such as 
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lattice oxygen loss might also occur in Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2, leading to the appearance of O3 

phase at the end charge as confirmed by ex-situ PXRD.  In the case of Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2, 

the Mn oxidation state in the pristine sample is nearly Mn4+ and almost no shift is observed except for 

the sample at the end of discharge to 1.8 V (Figure 4e). The Co oxidation state of Oxy-

Na0.64(1)Co0.189(1)Mn0.756(4)O2 remains unchanged upon charge to 4.4 V and following discharge to 3.8 V 

(Figure 4f). More oxidising synthetic conditions promote a higher population of Mn4+ and Co4+ for the 

as-prepared sample (Figure S2), in good agreement with the reduced first charge capacity delivered 

in the narrow voltage window. The intensity of the pre-edge slightly increases when charged to 3.8 V 

but the intensity decreases upon further charge to 4.1 V and 4.4 V. This implies electronic 

rearrangement takes place that permits stabilisation of Mn(Co)O6 possibly thanks to the vacancies. As 

a result of the electronic rearrangement in 3d-4p hybridisation, the intensity changes in the transition 

of 1s to 4p states in Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2. Electrolyte decomposition when charged to 4.4 V 

is also expected to occur in Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2 since a major driving force of the 

decomposition is electrochemical instability of the electrolyte in the high voltage region.50 However, 

the near absence of shifts in Mn and Co XANES spectra in the voltage range 3.8-4.4 V for Oxy-

Na0.64(1)Co0.189(1)Mn0.756(4)O2 provides indirect evidence that the oxidation/reduction peaks at around 

4.2 V originate from oxygen redox, which is solely found in Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2, due to the 

presence of vacancies. Interestingly, the Mn and Co spectra of the end of discharge to 1.8 V shift 

towards even lower energy than those of Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2, implying additional Na+ ions 

are intercalated for Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2, accompanying extra reduction of Mn and Co.  
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Figure 4. (a) Charge/discharge curves on the first cycle recorded at 10 mA g-1 for (a) Air-

Na0.65(2)Co0.202(1)Mn0.808(4)O2 and (b) Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2  cycled between 1.8 V and 4.4 V with 

the points where XANES measurements were conducted. Mn K-edge XANES spectra of the ex-situ (c) 

Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2, (e) Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2 compared with reference of Mn3+ 

(Mn2O3) and Mn4+ (MnO2) with an inset for the pre-edge and Co K-edge XANES spectra of the ex-situ 

(d) Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2, (f) Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2 compared with reference of Co3+ 

(LiCoO2) and Co4+ (LiCoO2 charged to 4.7 V). 
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3.4. Structural evolution 

Given that Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 shows an irreversible oxidation peak beyond 3.8 V, 

delivering the excess charge capacity and the vacancies in Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2 can stabilise 

NaO6 octahedra via the □-Na+-□ Coulombic attraction (□ : vacancies in the transition metal layers),51,52 

ex-situ PXRD measurements were carried out at the end of charge and discharge on the first cycle in 

the voltage range 1.8-4.4 V to investigate the changes in the crystal structure.  

Profile fits and refinement results are presented in Figure 5 and Table S1 for four ex-situ samples. Air-

Na0.65(2)Co0.202(1)Mn0.808(4)O2 at the end of charge exhibits 6(2)% phase transformation from the P3 

structure to an O3 structure, whereas Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2 maintains its P3 structure 

throughout the charging process. The unit cell parameter a for the P3 phase decreases for both 

compounds as a result of the oxidation of Mn(Co)3+. The driving force for the P3-O3 transition is the 

minimisation of the Coulombic repulsion between adjacent Mn(Co)O2 slabs. As more sodium is 

removed, the screening between adjacent slabs in the P3 structure is reduced, thereby promoting the 

structural transition.29 The gliding of the transition metal oxygen slabs is poorly reversible, leading to 

large hysteresis in the charge/discharge profile for Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 (Figure 3b).21 In 

contrast, in-plane vacancies for Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2 can minimise the P3-O3 

transformation by maintaining a higher overall sodium content at the end of charge.  In addition the 

structure may be pinned by the vacancies, via □-Na+-□ Coulombic attraction as well as Na+-Mn4+ 

Coulombic repulsion.51 The variation of the unit cell parameter a between pristine and the charged 

samples is larger for Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2, consistent with a higher Mn3+ population in the 

as-prepared state. The number of deintercalated Na ions is 0.24 and 0.22 per formula unit for Air-

Na0.65(2)Co0.202(1)Mn0.808(4)O2 and Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2, respectively based on the refinement 

results, which is smaller than those determined by the charge capacity (removal of 0.38 and 0.28 Na+ 

for Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 and Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2, respectively). This discrepancy 

is significantly larger for Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 consistent with the larger irreversible process 
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above 4 V which may be attributable to the greater decomposition of the electrolyte as compared with 

Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2. At the end of discharge, the major phase for both compounds is O’3 

with a minor amount of P3 phase (19(2)% and 17(2)% for Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 and Oxy-

Na0.64(1)Co0.189(1)Mn0.756(4)O2, respectively) because additional intercalation of Na+ causes the formation 

of  Jahn-Teller active Mn3+, confirmed by the XANES spectra.  Although the degree of phase 

transformation to O’3 is essentially equivalent, Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2 exhibits significantly 

enhanced cyclability, presumably as a result of the changes occurring at the end of charge. 

 

Figure 5. Profile fits for (a) Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 charged to 4.4 V, (b) Oxy-

Na0.64(1)Co0.189(1)Mn0.756(4)O2 charged to 4.4 V. (c) Air-Na0.65(2)Co0.202(1)Mn0.808(4)O2 charged to 4.4 V and 

discharged to 1.8 V, (d) Oxy-Na0.64(1)Co0.189(1)Mn0.756(4)O2 charged to 4.4 V and discharged to 1.8 V. 

Observed data points are shown in red, with fitted profile in black. Upper tick marks indicate allowed 

reflections for the O3 phase and lower tick marks for the P3 phase for (a). Upper tick marks indicate 

allowed reflections for the P3 phase and lower tick marks for the O’3 phase for (c) and (d).  
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4. CONCLUSIONS 

P3-type Na0.67Co0.2Mn0.8O2 prepared under two different synthetic conditions in order to vary the 

concentration of transition metal vacancies are shown to function as promising positive electrode 

materials with good cyclability in the voltage range 1.8-3.8 V. The use of oxygen flow and slow cooling 

permit the creation of in-plane vacancies for P3-type Na0.67Co0.2Mn0.8O2. The presence of vacancies 

activates reversible oxygen redox beyond 3.8 V in the absence of the poorly reversible gliding of 

oxygen layers upon charge. This study paves a new route to realise oxygen redox in layered oxides 

without large voltage hysteresis that can deliver high energy density. 
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