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HIGHLIGHTS

P2-type Na0.72[Li0.24Mn0.76]O2

shows high reversible specific

capacity �270 mAh/g

Anionic redox reaction (ARR)

solely contributes�210mAh/g for

the first charge

Suppressed phase transition and

low-strain features are associated

with ARR

Neutron pair distribution function

identifies reversible change of

O-O pair
3+
Na0.72[Li0.24Mn0.76]O2, with reversible anionic redox reaction (ARR) and Mn /

Mn4+ redox, delivers the highest energy density (�700 Wh/kg, �270 mAh/g, 1.5–

4.5 V) among all Na cathode materials reported to date, surprisingly showing

suppressed phase transition and low-strain characteristics. Our findings break the

traditional cognition that ARR could only help increase the capacity. It is

demonstrated in this work that ARR also plays a key role in stabilizing the structure

to induce an even higher capacity with low strain.
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Context & Scale

Anionic redox reaction (ARR) has

been considered an effective way

to promote storage capacity of

the layered cathodes for Li-ion or

Na-ion batteries. However, ARR is

likely to induce irreversible

structure degeneration (Mn

migration to Li layer) and voltage

fading in Mn-based Li-rich layered

oxide cathodes. In contrast to Li-

rich materials, highly reversible

ARR behavior could be found in

P-type Na-layered cathode

without transition-metal

migrations. In the present work,

we found that the ARR process

could suppress P2/O2 transition

and induce low-strain character,

which solely contributes to a

superior high specific capacity of

�210 mAh/g for the initial charge.

Here we demonstrate for the first

time that the unique structure-

stabilizing mechanism of ARR

enables the high amount of Na

intercalation/deintercalation.
SUMMARY

Layered metal oxides have attracted widespread attention as cathodes for

Na-ion batteries (NIBs) because of easy synthesis, high specific capacity, and

high energy density. However, most reported layered oxides suffer from

complex phase transitions upon a large amount of Na deintercalation. Here

we report a P2-type Na0.72[Li0.24Mn0.76]O2, exhibiting exceptionally high initial

charge capacity of �210 mAh/g (0.72 Na) based on a pure anionic redox

reaction (ARR). Surprisingly, global P2 structure can be maintained with minimal

volume change (1.35%) upon complete removal of Na+ ions. This is due to the

reduced Coulombic repulsion associated with ARR and consequent suppression

of the phase transition as observed in other P2 materials. Here we reveal for the

first time that ARR has the functionality of stabilizing the structure, in addition to

its role in increasing its already known capacity. This would pave the way for the

further improvement of high-energy-density NIBs.

INTRODUCTION

Recently Na-ion batteries (NIBs) have reattracted great attention, particularly for large-

scale energy-storage systems.1 NIBs have the same working principle as Li-ion batteries

(LIBs), called ‘‘rocking chair’’ batteries, but are predicted to be of lower cost than LIBs

due to the abundant reserves and wide distribution of sodium resources as well as

low-cost Al foil as current collector for both cathode and anode. It is difficult to make ac-

curate comparison betweenNIBs and LIBs given that LIBs have been commercialized for

decades. Nevertheless, the further reduction of the cost per Wh for NIBs is still the key

requirement for the future development toward practical application. Although

numerous cathode and anode materials have been reported to date, suitable materials

still need to be identifiedwith low cost (Ni/Co free and easily available elements2,3), long

cycle life (>1,000 cycles4,5), high power density (such as Prussian blue6), and high energy

density (>500Wh/kg for cathode,3 >300mAh/g for anode7,8), which together determine

the cost of NIBs in practical applications. Most reported cathode materials for NIBs are

polyanionic compounds, layered and tunnel-type oxides, among which layered oxides

(NaxMO2;M= transitionmetal), first reported byDelmas et al. in the early 1980s, are the

most extensively studied.1,9 In general, the Na layered oxides can be classified into two

main groups (O3 and P2), according to the Na environment (O, octahedral sites; P, pris-

matic sites) and oxygen packing sequence (3: AB CA BC; 2: AB BA).9

Manganese-based cathodes are an important category of layered oxides, partly due

to the relatively low cost and environmentally friendly nature of Mn. The first reported
Joule 3, 1–15, February 20, 2019 ª 2018 Elsevier Inc. 1
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P2-type Na-Mn-O oxide for NIBs is P2-type Na0.70MnO2.25, which was discovered by

Delmas et al., in 1985.10 Although the pristine P2-type NaxMnO2 compounds have

relatively high capacity, there are several disadvantages, including: (1) the lower

operating voltage of Mn3+/Mn4+ redox couple associated with the Jahn-Teller effect

of Mn3+ introduces detrimental phase transition; (2) complicated phase transition

associated with large repulsive interaction between Na ions leads to a deterioration

tendency in cycle stability and rate capability. Although the substitution of Mn3+

with other transition-metal cations (e.g., Ni, Fe, Cu) can partially solve these problems,

the deep extraction of Na+ from these materials often causes phase transition from P2

to other phases (e.g., O2 for Na0.67[Ni0.33Mn0.67]O2,
11 OP4 or Z for Na0.67[Fe0.5Mn0.5]

O2
3,12), along with the slide of the MO2 slabs and large change in volume of the unit

cell. Therefore, the upper charging cut-off voltage has to be restricted to ensure stable

cycling performance, with the compromise of the Na storage capacity. Recently,

doping a small amount of inactive elements, such as Mg, Al, and Li, has been

reported,13–20 which reveals that these substitutions for Mn ions in the P2 phase are

highly beneficial for enhancing the structure stability and thus improving the electro-

chemical performance. In addition, anionic redox reaction (ARR) seems liable to be

activated over the high-voltage charging process without destroying the global P2

structure.13,14,16,18,19,21 Inactive element substitution, in particular using Li substitu-

tion to trigger the lattice oxygen redox reaction for higher capacity, was first

discovered and extensively studied in Li-rich or Li-excess Mn-based layered cathode

oxides (xLi2MnO3-(1-x)LiMO2) for LIBs.
22–24 Similar phenomena have been observed

in Na-Mn-O with Li/Mg/Al substitution. For instance, Komaba et al. reported a

Li-substituted Na5/6[Li1/4Mn3/4]O2, which delivers a reversible specific capacity

of �200 mAh/g and retains �175 mAh/g after 20 cycles (initial charge capacity

�160 mAh/g) in the voltage range between 1.5 and 4.4 V.19 Later on, Nazar, Aurbach

and coworkers reported the electrochemical performance of P2-type Na0.6[Li0.2Mn0.8]

O2, delivering a stable and high specific capacity up to �190 mAh/g after 100 cycles

(initial charge capacity 162 mAh/g) in the voltage range between 4.6 and 2.0 V in

Na half cells.21 P3-type Na0.6[Li0.2Mn0.8]O2 (initial charge capacity �130 mAh/g)

reported by Goodenough et al. also confirmed the ARR as well,16 and the correlation

of ARR reversibility with the reversible crystal structure in the same material

was revealed in our previous work.14 Besides, a series of Mg-doped P2-type

Na0.67[MgxMn1�x]O2 (0 % x % 0.2, initial charge capacities <125 mAh/g)20 and

Na0.67[Mg0.28Mn0.72]O2 (initial charge capacity �150 mAh/g)18 materials reported

respectively by the groups of Bruce and Komaba also show high capacity. Overall,

the initial charge capacity, the reversible capacity over the subsequent cycling, and

the cycle stability all vary with charge/discharge voltage range and the Mn/(Li/Mg)

ratio.

Inspired by the previous work, here we report a Mn-based P2-type Na0.72
[Li0.24Mn0.76]O2 for the NIB cathode material, which only contains Mn4+ as reported

for Na0.6[Li0.2Mn0.8]O2 but possesses a higher amount of Na; hence a higher

charge capacity is expected. This is experimentally confirmed by the ultrahigh

reversible Na storage capacity of �270 mAh/g in the voltage range between 1.5

and 4.5 V versus Na+/Na. So far, to the best of our knowledge, the as-prepared

P2-Na0.72[Li0.24Mn0.76]O2 shows the highest capacity and energy density compared

with other previously reported Na layered oxide cathode materials (Figure S1). Such

high capacity, corresponding to 0.93 Na+ deintercalation/intercalation, is far

beyond what could be obtained fromMn3+/Mn4+ redox reaction. The large capacity

from reversible redox reaction on oxygen anions has been confirmed. In addition,

the structural evolution together with the charge compensation mechanism have

also been comprehensively investigated.
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Figure 1. Electrochemical Performance of P2-type Na0.72[Li0.24Mn0.76]O2 Electrode

(A and B) Initial charge to 4.5 V and then discharge to 1.5 V versus Na/Na+ (A), and cycling

performance of P2-Na0.72[Li0.24Mn0.76]O2 in two different voltage ranges: 1.5–4.5 V and 2.0–4.5 V

versus Na/Na+ (B).

See also Figures S5–S7, S10, and S11.
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RESULTS

Structure of P2-type Na0.72[Li0.24Mn0.76]O2

Na0.72[Li0.24Mn0.76]O2 was synthesized by a simple solid-state reaction and the

morphology of the as-prepared sample was investigated by scanning electron mi-

croscopy (SEM) with the particle size distributed in the range of 1–4 mm (Figure S2).

Inductively coupled plasma measurements show a stoichiometric ratio of 0.735

Na:0.242 Li:0.758 Mn, confirming the designed composition. Sample phase was

verified using both neutron powder diffraction (NPD, Figure S3) and lab-based

powder X-ray diffraction (XRD, Figure S4). The Rietveld refinement of NPD with

hexagonal P2 phase (space group P63/mmc) as model structure was performed,

and the results are shown in Table S1 and Figure S3. 4.4 wt% Na0.44MnO2 was found

by two-phase Rietveld refinement of the NPD data, which is common in Na-Mn-O

materials.14 The Na and Li/Mn atoms alternatively distributed within the oxygen

framework stacked in ABBA. sequence. Na+ ions are confirmed to locate at both

edge-shared 2d (with Mn/Li-O6 octahedra) and face-shared 2b prismatic sites as

previously reported for P2-Na5/6[Li1/4Mn3/4]O2.
19

Electrochemical Performance of Na0.72[Li0.24Mn0.76]O2

The electrochemical performance of Na0.72[Li0.24Mn0.76]O2 was evaluated in Na half

cells. The voltage profile of the electrode within the voltage range of 1.5–4.5 V and

under the current rate of 0.05C (10 mAh/g) is shown in Figure 1. When the study

starts with a charge process, the voltage profile presents a long slope from �3.8

to �4.4 V, while during the subsequent first discharge, the voltage profile demon-

strates a long sloping shape from�4.0 V to�1.5 V with the initial average discharge

voltage of 2.55 V (Figure 1A). The typical initial charge capacity is �210 mAh/g and

the initial discharge capacity is �270 mAh/g, corresponding to �700 Wh/kg initial

discharge energy density (solely considering the active material of cathode). Thus,

this material shows almost the highest energy density in all the reported cathode

materials for NIBs to date. A similar study was then conducted by starting with a

discharge to 1.5 V (�75 mAh/g) followed by a charge to 4.5 V (�290 mAh/g) as

shown in Figure S5, providing a reference for the analysis of charge compensation

(in the next section) of the following cycles. The cycling performances in the voltage

range of 1.5–4.5 V and 2.0–4.5 V are presented in Figure 1B, demonstrating that the

material has relatively better cycle stability in the voltage range of 2.0–4.5 V. The

corresponding charge and discharge profiles are presented in Figure S6, both

showing highly reversible electrochemical behavior. Full cells were assembled using
Joule 3, 1–15, February 20, 2019 3
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P2-Na0.72[Li0.24Mn0.76]O2 as cathodes and sucrose hard carbon spherules25 as

anodes, which exhibit outstanding performance with a high discharge capacity

(�150 mAh/g based on cathode) and a high full-cell energy density (�270 Wh/kg,

based on the total mass of cathode and anode) without any modification, shown

in Figure S7. With the same anode, P2-Na0.72[Li0.24Mn0.76]O2 (�270 Wh/kg)

delivers much higher energy density than that of O3-Na0.9[Cu0.22Fe0.30Mn0.48]O2

(�210 Wh/kg).2,25 The full-cell performance could be further improved by modifica-

tion of full-cell electrolytes and adoption of Na compensation technology.26

Charge Compensation Mechanism

Normalized Mn K-edge X-ray absorption structure (XANES) spectra of Na0.72
[Li0.24Mn0.76]O2 electrodes at different charged and discharged states are shown

in Figure 2 (ex situ experiments). Upon Na deintercalation up to 4.5 V for the initial

charge process, the Mn K-edge spectrum exhibits only a slight change in shape

without significant edge shift, indicating that the change in Mn local environment

does not affect the Mn4+ valence throughout the initial charge process. This sug-

gests that the charge compensation is provided by redox reaction on oxygen anions.

During Na intercalation, from 4.5 to 2.5 V, the main features of Mn K-edge do not

show obvious change, indicating that oxygen anions undergo the reversible redox

reaction while Mn still maintains the valence at Mn4+. Upon further discharge to

1.5 V, clear Mn K-edge shifts to lower energy can be observed, indicating the

decrease in the average oxidation state of Mn ions. During the second charge pro-

cess (Na+ deintercalation), the Mn K-edge shifts back to the initial state at �3.5 V,

and the edge shape does not show much change upon further charge to 4.5 V.

This indicates that the lower slope region of the charge process could be mainly

attributed to the oxidation reaction of Mn3+ to Mn4+, while the upper one could

be assigned to the oxidation of O2�. The oxygen K-edge soft X-ray absorption

spectra (XAS), which directly probe the unoccupied state of oxygen ions, were

measured and the results are shown in Figures S8 and S9. The soft XAS spectra

were collected in both total electron yield (TEY) and total fluorescence yield (TFY)

modes, which reflect information at the surface (�5 nm) and close to bulk

(�100 nm), respectively. All spectra show a sharp pre-edge peak located at

threshold energy of around 528 eV and a broad peak located at higher energy of

535–545 eV. The pre-edge peak corresponds to O 2p character mixed with Mn 3d

band, whereas the broad peak corresponds to O 2p character mixed with Mn 4sp

bands. A notable change in pre-edge peak can be seen for the initial charged

(deintercalated) sample, which recovers to the initial state after Na reintercalation.

According to previous literature reports,27,28 such changes in pre-edge feature

can be ascribed to electron loss and gain on O 2p band, which confirms the

redox reaction on oxygen anions. Differential capacity curves (dQ/dV) and the

voltage profiles versus state of charge or discharge for different cycles are shown

in Figures S10 and S11, showing similar reversible characteristics. It is also observed

that the Mn3+/Mn4+ redox peaks gradually shift to higher voltage and the length of

ARR plateaus (intensity decay) shortens, indicating the possible evolution of the

charge compensation mechanism affected by side reactions between oxygen spe-

cies and electrolytes at the high voltage.

Structural Evolution upon Na+ Deintercalation/Intercalation

To investigate the structural evolution of Na0.72[Li0.24Mn0.76]O2 upon Na+ deinterca-

lation and intercalation, we performed in situ XRD measurements, the results of

which are displayed in Figure 3. It could be observed that on initial Na deintercala-

tion process, the (002) peak first shifts to a lower angle and then slightly shifts to a

higher angle, while (100), (102), and (104) peaks continuously shift to higher angles.
4 Joule 3, 1–15, February 20, 2019



Figure 2. Investigation of Charge Compensation Mechanism of Na0.72[Li0.24Mn0.76]O2 during

Sodium Deintercalation-Intercalation

(A and B) Normalized Mn K-edge XANES spectra of P2-type Na0.72[Li0.24Mn0.76]O2 electrode during

charge and discharge of the initial cycle (A) and then during recharge to 4.5 V in the second cycle (B).

(C) Function of sodium content and voltage. The chosen samples are marked with circles

corresponding to colors in (A) and (B).

See also Figures S8–S11.
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No notable sign of the formation of O2 or OP4 phase (or Z phase), as reported in

Na0.67[Ni0.33Mn0.67]O2
11 or Nax[Fe0.5Mn0.5]O2,

3,12 can be observed. The phase evo-

lution proceeds in a reverse manner in general over the discharge process, and no
Joule 3, 1–15, February 20, 2019 5



Figure 3. Crystal Structural Evolution of Na0.72[Li0.24Mn0.76]O2 Electrodes

(A) In situ XRD patterns collected during the first charge/discharge and the second charge of the Na0.72[Li0.24Mn0.76]O2.

(B–D) Evolution of the lattice parameters during the charge/discharge process: a axis (B), c axis (C), and unit cell volume (D).

See also Figures S12–S14.
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new peak can be observed. This result is also confirmed by the ex situ XRD analysis

(Figure S12).

During the second charge process, the phase evolution behavior is almost reversible

to that of the first discharge process. In situ XRD measurement of the 10th cycle was

also performed and the result is shown in Figure S13, once again showing

suppressed P2/O2-transition character and thus confirming its unusual structure

stability. As the global crystal structure is relatively rigid against the irreversible

structural change for the large amount of Na+ intercalation/deintercalation, this

compound shows good cycle reversibility with ultrahigh capacity for the first several

cycles. The (112) peak at high angle splits into (132) and (202) peaks with weak inten-

sity at low voltage, as shown in Figure S14, which is caused by the Jahn-Teller effect

of Mn3+.

The local structure was further studied by performing neutron pair distribution

function (nPDF) experiments and data analysis. The real-space-based PDF utilizes

both the Bragg diffraction and diffuse scattering signal and thus is highly sensitive

to the local distortion and chemical short-range ordering. Because oxygen has a

very large neutron-scattering length, it makes a dominant contribution to the

nPDF patterns. As a result, nPDF is an ideal tool to study the structural changes

associated with oxygen redox reaction. To perform nPDF fitting, we first

fitted Ni standard data to extract instrumental contribution toward broadening/

dampening, which are Qbroad and Qdamp. We then fixed the fitted two values for

all the following fitting of the Nax[Li,Mn]O2 samples. Except for the pristine

sample, the possibility of oxygen vacancy is considered by fitting the oxygen

occupancy. This turned out to improve the fitting slightly for those charged

samples (4.5 V, 3.7 V, and 2.5 V). The fitted oxygen occupancies are shown in
6 Joule 3, 1–15, February 20, 2019
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Figure 4. Detection of Local Structural Changes upon Deintercalation

(A–D) neutron PDF of Na0.72[Li0.24Mn0.76]O2 collected at different states: pristine state (A), first charged to 4.5 V (B), first discharged to 2.5 V (C), and first

discharged to 1.5 V (D).

(E) Ex situ neutron PDF with contributions from major atomic pairs shown.

(F and G) Evolution of O-O bond distance.

See also Figure S15.
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Table S6, suggesting that oxygen vacancy is likely to occur at a charged state.

The refined nPDF results are shown in Tables S1–S5. For the pristine material

(Figure 4A), a generally satisfactory fitting result can be obtained by using a

single P2 phase. However, the long-range structure cannot be so well fitted

for the charged sample (Rw = 33.8%) as shown in Figure 4B. Using a two-phase

strategy by including both P2 and O2 phases and considering oxygen vacancy

slightly improves the fitting, but the results are still not satisfactory (Rw =

29.8%). Even if the nPDF patterns of the charged phase cannot be well fitted,

the general shape of the two patterns (pristine and charged) present strong

similarities in the whole r domain. This suggests that the P2 packing is maintained

in the first approximation. The opposite behavior has been recently observed in

the case of Na0.5VO2 phases with P2 and P3 packing: the PDF patterns are similar

below 5 Å and completely different above 5 Å as soon as two slabs are involved.29

After one cycle to 2.5 V the PDF pattern is very similar to the pristine one, as

expected (Figure 4C).

When the material is discharged to 1.5 V (Figure 4D), Mn inevitably participates in

the redox reaction and Mn3+ appears in the system, which is shown in previous

XAS results. As Mn3+ is a Jahn-Teller active cation, significant evolution of the

Mn-O bond is expected. It could be only identified in the nPDF data that the average

bond length becomes slightly larger with the peak broadening. Meanwhile there are

other atomic pairs (such as Na-O) in the long Mn-O bond distance region (which is

around 2.3 Å).12,30 The potential risk of using Mn3+/Mn4+ redox couple is that the

cooperative Jahn-Teller distortion can lead to the phase transition (P2 to P20) at a
low voltage, and even if the structure is maintained at the XRD scale, the individual

octahedron around Mn3+ is distorted, which has been observed in several Mn-con-

taining systems. However, such phase transition with Jahn-Teller distortion is

suppressed in our material, and the 1.5-V sample can be fitted using just the

P2 phase. It should bementioned that the amount of Mn3+ (28%) is limited in the fully

intercalated state.

The interlayer/intralayer O-O distances were determined by first fitting the nPDF

data against model structure and then measuring the specific distances in the fitted

model. The variation of the interlayer and intralayer O-O distance along Na+ deinter-

calation and intercalation is shown in Figures 4E and 4F (nPDF fitting of 2 C/3.7 V

sample is shown in Figure S15). The obvious shortening of the interlayer O-O dis-

tance, which is closely related to the oxygen redox reaction as demonstrated in

our study on a P3-Nax[Li,Mn]O2 system,14 can be clearly observed in the fully

charged sample, further proving the participation of oxygen redox in the charge

compensation.

Surface structures of pristine and initial charged/discharged samples are identified

at atomic scale by high-angle annular dark-field (HAADF) and annular bright-

field (ABF) scanning transmission electron microscopy (STEM), as shown in Fig-

ure 5. According to HAADF (transition metal with bright dots) and ABF STEM images

(Na and O between the transition layers), the structure of both pristine and initial
8 Joule 3, 1–15, February 20, 2019



Joule 3, 1–15, February 20, 2019 9

Please cite this article in press as: Rong et al., Anionic Redox Reaction-Induced High-Capacity and Low-Strain Cathode with Suppressed Phase
Transition, Joule (2018), https://doi.org/10.1016/j.joule.2018.10.022



Figure 5. Local Structural Changes on the Particle Surface

(A–E) [010] HAADF STEM images of Na0.72[Li0.24Mn0.76]O2 of different charge/discharge states on

the particle surface (A) pristine; (C) initially charged to 4.5 V; and (D) initially discharged to 1.5 V.

(B and E) [010] ABF STEM images of the pristine (B) and initial discharged samples (E) taken from

same areas.

(F) Schematic diagram of P2-type and O2-type structures.
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discharged samples could be attributed to the P2 phase, which is consistent with the

XRD and NPD results. For the initial charged sample (Figure 5C), the structure on the

particle surface is complex with majority P2 phase along with few small O2-type

domains in terms of the oxygen distribution pattern. Moreover, an even disordered

phase with mixed cations is also detected on the surface. The formation of defects

and disordered phase on the surface could be one of the factors that lead to the

structural irreversibility of the material.

DISCUSSION

The overall understanding of the charge compensation mechanism is shown in

Figure 2C. During the initial charge, the charge compensation solely depends

on the oxygen redox reaction, while during the initial discharge and subsequent

cycles, both oxygen and Mn contribute to the observed capacity. Notably, during

Na intercalation one would consider that the oxygen reduction occurred before

that of Mn, which will display a slope change in the discharge curve. However,

such a situation is not the case, meaning an overlap of the occurrence of two redox

processes exists. This is clearly shown by the continuous decrease of the voltage

(Figure 1B), and the exact same phenomenon is observed in the case of Li-rich

materials.

An important question raised concerns how the material tolerates such an amount of

Na intercalation/deintercalation, showing excellent structure stability. To under-

stand what is going on, we consider various processes that occur during Na deinter-

calation. As previously discussed with regard to in situ XRD, the change in the (002)

peak position, which gives the interslab distance, is significantly different from that

observed upon cycling of all P2-type materials without oxygen redox process, and

the comparison with several systems is shown in Figure 6A. For Na0.72[Li0.24Mn0.76]

O2, the interslab distance variation is limited. In the case of the Nax[Fe1/3Mn2/3]O2

system,30 like all other P2 ones, there is a strong decrease in the interslab distance

upon Na deintercalation near the end of charge. An almost fully deintercalated

phase was obtained in the Naz0[Ni1/3Mn2/3]O2 system with a very small interslab

distance of 4.42 Å.11 This value is close to that obtained by extrapolation in the

O2-LiCoO2 system.31

From this point of view, it is important to describe why the P2-O2 structural

transition occurs upon Na deintercalation. A large decrease of the interslab

distance upon deintercalation occurs when the Na amount becomes smaller

than z0.3; there is occurrence of a two-phase domain with formation of an

‘‘O2’’ phase with smaller interslab domain. In the P2 structure, the two oxygen

layers around the Na+ ions are exactly superimposed, and the Na+ ions screen

the O-O repulsion. In the 0.3 < xNa < 1 domain the shielding effect decreases

with the deintercalation, leading to an increase of interslab distance (Figure 6A).

For x < 0.3 there are not enough Na+ ions to stabilize the P2-type packing;

therefore a structure collapse, with a slab gliding, occurs in order to minimize

the interactions between the O 2p orbitals. This behavior is schematized in

Figure 6B, which presents a section of the P2 and O2 layered structure
10 Joule 3, 1–15, February 20, 2019



Figure 6. Effects of Oxygen Oxidation on the Stability of the Deintercalated P2-

Na0.72[Li0.24Mn0.76]O2 Phase

(A) Comparison of the change in the interslab distance versus Na amount in various P2 systems.

(B) Interaction between the slabs when only transition metal is oxidized.

(C) Interaction between the slabs when oxygen oxidation is involved. The oxygen 2p orbital of

oxidized oxygen is colored pink.

See also Figure S16.
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along the (110) plane. In this case, the remaining Na+ ions are in an octahedral

environment. This reaction type was discovered in the 1980s when O2-LiCoO2

was obtained for the first time by Li+/Na+ exchange from P2-NaxCoO2.
32 The

same effect is observed in the LixCoO2 (O3) system, which gives CoO2 (O1) after

deintercalation.33 However, in the general case of P2-Nax[Li,Mn]O2, the formation
Joule 3, 1–15, February 20, 2019 11
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of the ideal O2 structure by Na deintercalation has never really been proved. In

fact, the slab gliding can occur in two directions, leading to a huge number of

stacking faults and indicating no long-range ordering in the c direction. The struc-

ture obtained in this case contains octahedral Na empty layers without ordering in

the packing.

Moreover, it is important to compare the interslab distance changes in both of the

P2-Nax[Li,Mn]O2 and P2-Nax[Mn2/3Fe1/3]O2 as the latter only involves the transi-

tion-metal redox process.30 In the fully intercalated state, both phases have almost

identical interslab distance (chex./2) close to 5.4 Å; however, during Na deinterca-

lation both materials undergo an increase in distance with a smaller increase extent

for P2-Nax[Li,Mn]O2 than P2-Nax[Mn2/3Fe13]O2 (5.55 Å versus 5.7 Å). At the end of

deintercalation there is a smaller decrease to 5.45 Å for the P2-Nax[Li,Mn]O2

phase, which is different from the low values found for the Z-Na0.15[Mn2/3Fe1/3]

O2 composition (5.2 Å) and in O2-Naz0[Ni1/3Mn2/3]O2 (4.42 Å). P2-Nax[Li,Mn]O2

shows outstanding structure stability and low-strain character. This is the first

time such behavior has been observed, indicating that the structural changes are

completely altered once oxygen is involved.

In terms of the P2-Nax[Li,Mn]O2 system there is no large collapse of the interslab

distance, which means there is less sufficient driving force to form the O2 phase.

Upon deintercalation, the negative charge carried by oxygen decreases with the

oxidation of oxygen, minimizing the repulsions between the two oxygen layers

around the Na layer (see Figure S16 for more details). The deintercalation of all

Na+ ions (0.72) requires the oxidation of 36% of the O2� to the O� state. Ceder

et al. shows by density functional theory calculation that there is no formation

of peroxo-like O=O2� species in homologous Li-rich phases.34 They also

demonstrated that only the oxygen ions surrounding a Li+ ion in the [Li,Mn]O2

slab are involved in the oxidation. In Figures 6C and 6A, Li and Mn distribution

in the slabs was schematically considered with oxidation of the oxygen ions bound

to Li ions. In this case the average repulsions between the O 2p orbitals is smaller

compared with the activation energy required to make the P2-O2 slab glide.

Therefore, there is no decrease in the interslab distance. Moreover, the small

size of O� versus O2� leads to oxygen displacement in both the plane and perpen-

dicular directions, consistent with the nPDF study. In this model, with two types of

oxygen, the HAADF STEM image (Figure 5C) reveals that the oxygen ions are no

longer exactly superimposed and the P2 packing is not destabilized, with only local

atomic displacements without bond breaking.

This new layered oxide cathode material for NIBs shows an ultrahigh capacity

(�270 mAh/g) and the highest energy density (�700 Wh/kg) among all Na

cathode materials reported to date. The X-ray spectroscopic results indicate the

participation of oxygen redox into the charge compensation, thus contributing

to the high reversible capacity. Structural investigations show that with the optimal

composition of Na0.72[Li0.24Mn0.76]O2, the overall structure of this compound can

be maintained in P2 phase during such a large amount (�0.93 Na) of Na+

deintercalation and intercalation. The change in oxygen radii upon Na

deintercalation leads to oxygen displacement parallel and perpendicular to the

slabs. Moreover, as the negative charge carried by the oxygen ion decreases,

there is a decrease of oxygen repulsion around the empty Na layer. It is found

that the fully deintercalated P2 phase with oxygen displaced from its ideal position

is not destabilized. Although the cycling capability of the reported compounds

still needs further improvement, this work undoubtedly substantiates that the
12 Joule 3, 1–15, February 20, 2019
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capacity could be further improved by introducing oxygen redox reaction to lead

to a further increase in energy density, thus breaking through the biggest barrier of

NIBs.

EXPERIMENTAL PROCEDURES

Materials Synthesis

P2-type Na0.72[Li0.24Mn0.76]O2 was prepared by a solid-state reaction using precur-

sor of Na2CO3 (99.9%, Alfa), LiOH (98%, Alfa), MnO2 (99.9%, Alfa); 2%more Na2CO3

and LiOH were used for the volatilization loss during the process. The mixture was

pressed into a pellet and heated at 700�C for 15 hr in air atmosphere, then allowed

to cool to room temperature naturally.

Electrochemical Measurements

All the electrochemical tests were conducted using coin cells (CR2032) assembled in

an argon-filled glovebox. The working electrode was prepared by rolling out the

mixture of active material (80 wt%), carbon nanotube (15 wt%) and polytetrafluoro-

ethylene (5 wt%) into thin films, then cut into equal-area pieces and drying at 120�C
in vacuum for 6 hr. The loading mass of active material on positive electrode was

controlled to between 6.0 and 7.0 mg/cm�2. The electrolyte was a solution of 1 M

NaClO4 in ethylene, dimethyl carbonate (DMC), propylene carbonate (1:1:1 in

volume), and fluoroethylene carbonate (2% in volume). Sodium foil was used as

the counter electrode and glass fiber was used as the separator. The charge and

discharge tests were carried out using a Land CT2001A battery test system (Wuhan,

PR China) at room temperature.

Materials Characterization

Laboratory XRD and SEM

The structure was characterized using an X-ray diffractometer (D8 Bruker) with Cu-Ka

radiation (l = 1.5405Å) in the scan range (2q) of 10�–80�. The morphologies of the

samples were investigated by a scanning electron microscope (Hitachi-S4800). For

the in situ XRD studies, the working electrode was prepared using polyvinylidene

fluoride as binder on an Al foil. A specially designed Swagelok cell equipped with

an X-ray-transparent aluminum window was used for the in situ measurements.

The in situ XRD patterns were collected with an interval of 30 min for each 2q scan

from 10� to 75� on charge and discharge at a current rate of 0.05 C, between 1.5

and 4.5 V versus Na/Na+. For all ex situ characterizations, the cells were disas-

sembled at different states of charge and discharge, and the electrodes were

washed three times in DMC before drying in an argon-filled glovebox.

Neutron Diffraction

Powder neutron-scattering data were collected at the NOMAD beamline at the Spall-

ation Neutron Source at Oak Ridge National Laboratory. About 0.12 g of powder

samples (pristine sample with carbon, sample charged to 4.5 V with carbon, dis-

charged to 1.5 V with carbon, and sample recharged to 4.5 V with carbon) were loaded

into 3-mmquartz capillaries. Two 30-min scans were collected for each powder sample

and were then summed together to improve the statistics. The detectors were cali-

brated using a diamond powder standard prior to the measurements. NPD data

were normalized against a vanadium rod and the background was subtracted. Small

box (unit-cell based) refinements were carried out using TOPAS software (version 6).

X-Ray Absorption Spectroscopy

Hard XASmeasurements of Mn K-edge were performed at the 12BMbeamline of the

Advanced Photon Source at Argonne National Laboratory in the transmission mode.
Joule 3, 1–15, February 20, 2019 13



Please cite this article in press as: Rong et al., Anionic Redox Reaction-Induced High-Capacity and Low-Strain Cathode with Suppressed Phase
Transition, Joule (2018), https://doi.org/10.1016/j.joule.2018.10.022
The XANES was processed using the Athena software package.35 The AUTOBK

code was used to normalize the absorption coefficient. Oxygen K-edge soft XAS

measurements were carried out in both TEY mode and TFY mode at beamline 8.0

of the Advanced Light Source, Lawrence Berkeley National Laboratory. The XANES

spectra were processed using the Athena software package (spectra normalization

and background subtraction by AUTOBK algorithm).

STEM Imaging

A JEM-ARM200F scanning transmission electron microscope fitted with a double aber-

ration-corrector for both probe-forming and imaging lenses was used to perform

HAADF imaging, operated at 200 kV. The convergence angle was 25 mrad and the

angular range of collected electrons for HAADF imaging was about 70–250 mrad.
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