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HIGHLIGHTS

Charge plateau of Li2MnO3 is from

oxygen release and surface

carbonate reactions

Mn(III/IV) redox is solely

responsible for the reversible bulk

Li2MnO3 cycling

Oxygen redox shares common

nature in both Li-rich and

conventional cathodes

Li2MnO3 and alkali-rich materials

could be superior catalysts for Li–

CO2/air batteries
Li2MnO3 is a parent compound of Li-richmaterials whose electrochemical activities

are under debate. Mn and O redox reactions are analyzed both in the bulk and on

the surface during the initial and later cycles. Mn(III/IV) redox dominates the bulk

reversible reactions in Li2MnO3 with no lattice oxygen redox involved. The initial

charge plateau is from various surface activities. Oxygen redox observed in Li-rich

materials displays commonality in spectroscopic features compared with

conventional materials. The highly reactive Li2MnO3 surface enables an efficient

catalytic reaction in Li-CO2/air batteries.
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Context & scale

In the debates on how to achieve

high energy density battery

cathodes, Li-rich compounds are

often considered superior over

conventional materials due to

their high capacity associated with

the oxygen redox reactions. Here,

we clarify both the bulk and

surface reaction mechanisms of

Li2MnO3 during the initial and

later cycles. Our results reveal that

the initial charge plateau is from

two types of surface activities,

followed by predominating Mn

redox reactions with no sign of

reversible lattice oxygen redox.
SUMMARY

Li2MnO3 has been considered to be a representative Li-rich com-
pound with active debates on oxygen activities. Here, by evaluating
the Mn and O states in the bulk and on the surface of Li2MnO3, we
clarify that Mn(III/IV) redox dominates the reversible bulk redox in
Li2MnO3, while the initial charge plateau is from surface reactions
with oxygen release and carbonate decomposition. No lattice oxy-
gen redox is involved at any electrochemical stage. The carbonate
formation and decomposition indicate the catalytic property of
the Li2MnO3 surface, which inspires Li-CO2/air batteries with
Li2MnO3 acting as a superior electrocatalyst. The absence of lattice
oxygen redox in Li2MnO3 questions the origin of the oxygen redox
in Li-rich compounds, which is found to be of the same nature as that
in conventional materials based on spectroscopic comparisons.
These findings provide guidelines on understanding and controlling
oxygen activities toward high-energy cathodes and suggest oppor-
tunities on using alkali-rich materials for catalytic reactions.
The surface chemistry of Li2MnO3

indicates a highly reactive surface

to facilitate carbonate formation

and decomposition, inspiring a Li-

CO2/air battery with Li2MnO3 as a

superior electrocatalyst. The

comparison between Li-rich,

conventional, and Li2MnO3

suggests that the oxygen redox in

Li-rich and conventional materials

is of the same nature and origin.
INTRODUCTION

The pressing demand for high-energy batteries has triggered tremendous efforts in

the development of transition-metal-oxide (TMO)-based Li-ion battery (LIB) cathode

materials operated at high voltages.1–4 The high-voltage operation triggers com-

plex chemical reactions, with its concepts and mechanism under active debate.

One of the key practical concerns of the TMO electrode into the high-capacity

high-voltage region is the spontaneous involvement of oxygen activities. If the oxy-

gen activities are reversible oxygen redox reactions, they could potentially

contribute to charge compensation for the high capacity.5 However, if the reactions

are irreversible oxygen oxidation and electrolyte decomposition, they lead to detri-

mental effects with irreversible oxygen release and parasitic surface reactions.6 At

present, both the fundamental understanding and the practical control of the oxy-

gen reactions in TMO remain formidable challenges.7 In LIB research, majority of

the studies on oxygen redox activities have been focused on layered Li-rich mate-

rial,2,7–10 a compound with excessive Li occupying part of the TM sites in the TM–

O layer, which is typically described as xLi2MnO3$(1�x)LiMO2 (M = Ni, Co, Mn,

etc.), indicating the ‘‘Li-rich’’ parent compound of Li2MnO3 and the conventional

part of LiMO2.
11

At present, it has been realized that the superior capacity of most Li-rich layered elec-

trodes is enabled by the reversible oxygen redox reactions, confirmed by many exper-

imental and theoretical studies.8,9,12 Quantitative values of 44% retention rate of the
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oxygen redox reaction after 500 cycles are identified in a typical Li-rich material, Li1.17-
Ni0.21Co0.08Mn0.54O2.

13 This is impressive, especially considering oxygen activities are

often associated with fast decays. As another Li-rich system, the rock-salt disordered

Li-rich materials could display a majority of cationic redox through fluorination14; how-

ever, oxygen redox activities are triggered in most of these materials too at high volt-

ages, and fluorination is hard to achieve in layered compounds.15 We, therefore, note

that the discussions on the Li-rich material in this work refer to the Li-rich

layered compounds without fluorination. Although oxygen redox has also been a topic

of some non-Li-rich conventional LIB electrodes,16–19 as well as some Na-ion com-

pounds,13,20–22 the oxygen redox almost always exhibits fast decay once triggered in

conventionalmaterials at high voltages, e.g., 63%of reversible oxygen redox is retained

after only 10 cycles in the LiNi1/3Co1/3Mn1/3O2 (NCM111) electrode.19 Therefore, in LIB

cathode research, Li-rich has been the role model of reversible oxygen redox and has

dominated recent oxygen redox studiesonboth fundamental understandings andprac-

tical developments.2,7–10,12,23–30

To clarify the discussions on the lattice oxygen reactions in this work, we should

first try to define the scope of the oxygen redox concept. Unfortunately, the defi-

nition of the oxygen redox reaction has yet to be clearly established, mainly due to

the elusive mechanism of the oxidized oxygen state that remains a challenging

topic and is still under active debates. However, we could at least remove part

of the common confusions by labeling what should not be considered as the

oxidized oxygen states in the scope of oxygen redox concept: (1) the loss of elec-

tron density around an O atom through covalency or hybridization should not be

considered as the oxidized oxygen in the oxygen redox concept, e.g., TM–O hy-

bridized states or highly covalent states in molecules like CO2.
31 As a matter of

fact, all TM-based battery cathodes display TM–O hybridization features in oxygen

absorption spectroscopy, e.g., LiFePO4, and the hybridization gets enhanced

upon electrochemical charging.32 Therefore, depopulation of electrons around O

through TM–O hybridization itself is not an oxidized oxygen state in oxygen redox

concept, otherwise, all the TM-based cathode compounds, including LiFePO4,

would be called oxygen redox systems. (2) A justified oxygen redox reaction

should have at least one reversible cycle of oxidation (‘‘ox’’) and reduction

(‘‘red’’) reactions. The obviously irreversible oxygen oxidation, e.g., released oxy-

gen, should not be defined as oxygen ‘‘redox’’ reactions. For the same reason,

the oxygen release signal itself does not signify lattice oxygen redox reactions.

This is particularly important for understanding this work here. As we will see later,

although Li2MnO3 is well known to display a significant amount of gas released

during charging, it does not involve any oxygen ‘‘redox’’ reaction in the lattice

even in the very first cycle. However, it is important to emphasize that the regula-

tions here do not mean the TM–O hybridization and oxygen release are unrelated

to the lattice oxygen redox reactions; instead, they both show strong correlations

with the oxygen redox behaviors on various properties, especially reversibility and

stability, but with an unclear mechanism by this time.33 Therefore, although the

mechanism of the oxidized oxygen is still under debate, we could loosely define

the lattice oxygen redox reaction in TMO-based battery cathodes: the oxygen ox-

idization in the oxygen redox concept should be a depopulation of oxygen elec-

trons not through the TM–O hybridization itself but through a literal electron

loss process such as a chemical peroxo-bond formation or a physical electron

charge transfer from oxygen through a reshuffling of the electron states. Addition-

ally, the reduction of the oxidized oxygen should take place for at least one cycle,

otherwise, it is merely an irreversible oxygen oxidation process, which was found to

take place mostly in the near-surface region.34
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Electrochemically, Li2MnO3 has long been identified to be responsible for

the characteristic high-voltage plateau of Li-rich electrodes.35 This plateau is now

considered the region of oxygen oxidation reactions during the initial charge of

Li-rich electrodes.2,9,12,13 As a result, Li2MnO3 is often considered the key

model system of a Li-rich configuration, which is defined in this work as a system

with a considerable amount of lithium ions occupying the transition metal layer.

Such a configuration has been widely believed to be responsible for the reversible

oxygen redox reactions in Li-rich electrodes.23–27,36–38 However, it is important to

note that oxygen redox itself is not bound to this charging plateau, as evidenced

by the clear signature of oxygen redox reactions in the Li-rich electrode over hun-

dreds of extended cycles with a complete disappearance of the high-voltage

plateau.12 Therefore, the high-voltage plateau itself is not a fingerprint of the revers-

ible oxygen redox and one should not attribute this initial charging of Li2MnO3 to

oxygen redox reactions merely because of its charging plateau.39

The reactionmechanism of Li2MnO3 has seen a long history of contradictory debates

betweenmodels of oxygen andMn activities. Besides the early proposals of Mn4+/5+

redox,40 Li+/H+ exchange,41 and Li2O extraction,35 etc., debates continue with revi-

talized concepts of reversible oxygen redox models,26,27 irreversible oxygen release

and surface reactions23–25,37,38,42,43, and Mn4+/7+ reactions.36 Attributing the

Li2MnO3 cycling mechanism to reversible oxygen redox is mostly based on O-K X-

ray absorption spectroscopy (XAS) and photoelectron spectroscopy (XPS) re-

sults.26,27 This model has been appreciated because it provides the natural rational-

ity of the reversible oxygen redox found in Li-rich systems. However, recent clarifica-

tions have shown that XPS signals, even with hard X-rays, may not indicate the bulk

oxygen states,42 and variations of O-K XAS pre-edge is dominated by the changing

TM characters and, thus, is not a reliable oxygen redox probe.32,33 Other than the

reversible oxygen redox model, it has long been known that the high-voltage

plateau of Li2MnO3 always comes with strong signals of oxygen release.38 Theoret-

ical works from Doublet et al. suggested the irreversible nature of the oxygen activ-

ities in Li2MnO3.
24,25 This is evaluated by Piper et al. through quantitative evalua-

tions of the gas released during the initial cycle of Li2MnO3, suggesting a large

part of the initial charging is from the irreversible oxygen oxidation,37 followed by

another consistent report.43 However, these studies show that the oxygen release

could compensate only part of the charge plateau.37,38,43,44 Other than the argu-

ment between the reversible and irreversible oxygen activities, Mn redox mecha-

nism was re-proposed recently by Van der Ven et al., strongly concluding the

Mn4+/7+ redox reaction as the Li2MnO3 charging mechanism through migrations

into tetrahedral sites, which denies the involvements of oxygen oxidation.36 Howev-

er, in situ hard X-ray spectroscopic studies, as well as other experiments onmagnetic

property tests, found no evidence of such high valence Mn states.45,46 Careful as-

sessments also show that the oxidized oxygen signals found in spectroscopy are

intrinsic and not from irradiation effects.47 Therefore, despite the intensive efforts,

critical questions remain on the Li2MnO3 cyclingmechanism, which is directly related

to the ‘‘Li-rich’’ properties regarding oxygen activities. First, on the controversial re-

ports of the reversible oxygen redox model,26,27 versus the irreversible oxygen

release model,37,43 because the oxygen release cannot compensate all the charging

plateau capacity,37,38,43,44 is it possible that a finite amount of lattice oxygen redox is

mixed with oxygen release at certain electrochemical stages, as often observed in

other Li-rich systems?2,9,12,29,48 Answering this question requires measurements of

the chemical states at all critical electrochemical potentials. Second, if reversible

oxygen redox reaction is not involved in Li2MnO3 cycling, where does the extra ca-

pacity of the charge plateau come from other than the partial contribution from
Joule 5, 975–997, April 21, 2021 977



Figure 1. O-K mRIXS of a series of Li2MnO3 electrodes at different electrochemical states

(A–G) mRIXS images collected from the electrodes with different state of charge indicated by the red dots on the electrochemical cycling profile in (H).

Numbers following the charge (Ch) or discharge (Dis) notes are the corresponding capacity in each step with the unit of mAh g�1. Materials were

synthesized with 450�C calcination temperature with a mean particle size of 70 nm. The crossing point of the white dashed lines indicate the typical

position of expected sharp features of oxidized oxygen found in many Li-rich materials if lattice oxygen redox reactions were involved in the cycling.

Horizontal dashed lines also indicate the excitation energy that one would expect enhanced low-energy-loss features close to the elastic line (right-

most faded line feature), which are not observed here either.

(I) is the mRIXS result collected from the electrode at 4.8 V charged state with material calcinated at 900�C with a mean particle size of about 140 nm.
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oxygen release?37,38,43,44 Third, if Li2MnO3 cycling does not involve reversible oxy-

gen redox reactions, where does the capacity of the following discharge or the

reversible cycling of Li2MnO3 come from? Fourth, is Mn4+/7+ redox reaction respon-

sible for the Li2MnO3 cycling,36 especially if no reversible oxygen redox is found?

Fifth, more importantly, with the clarified oxygen activities of Li2MnO3, does

Li2MnO3 provide the foundation for understanding the reversible oxygen redox ac-

tivities in Li-rich layered compounds?

In order to answer all these questions, an unambiguous clarification of the reaction

mechanism of both the O andMn in the bulk and on the surface of Li2MnO3 becomes

necessary. Here, we carefully study and analyze the bulk and surface chemistry of the

Li2MnO3 materials prepared under different synthesis conditions, which lead to

different particle sizes and surface area. In addition to the typical structural (Figures

S1–S3) and electrochemical measurements (Figures S4 and S5), independent char-

acterizations of both the Mn and O states of Li2MnO3 at representative charge

and discharge states are provided through state-of-the-art spectroscopic experi-

ments with both surface and bulk sensitivities.

For the bulk cycling mechanism, we aim for direct answers to all the aforementioned

questions based on evaluations of Mn andO states through high-efficiency mapping

of resonant inelastic X-ray scattering (mRIXS),29 which has been established as a tool-

of-choice for quantifying the bulk Mn redox and for detecting the reversible oxygen

redox reactions.2,12,13,16–19,48 The probe depth of RIXS experiments is around 100–

200 nm, which is comparable with the particle sizes here, as specified below. The

bulk sensitivity of the RIXS analysis also benefits from the sharp contrasts of the sig-

nals from the surface and the bulk along with specific emission energies.12,13,39 Our

results of Mn and O consistently show that reversible oxygen redox reaction is not

involved in any stage of the Li2MnO3 cycling (Figure 1). Strikingly, the quantified
978 Joule 5, 975–997, April 21, 2021



Figure 2. Quantification of bulk and surface Mn states upon cycling

(A) Mn-L3 mRIXS-iPFY spectra (solid lines) with over-plotted fitting results (dashed lines). Two TEY

spectra of the 1Dis and 2Dis are plotted here (red thin lines) to show the contrast between the

surface and bulk Mn states. Raw mRIXS data and TEY spectra with fittings are presented in Figures

S8 and S9, respectively. The excellent fitting is achieved by a simple linear combination of Mn2+/

Mn3+/Mn4+ references as plotted at the bottom.

(B) shows the quantification results of the Mn valence contents, both in the bulk (through mRIXS-

iPFY fittings) and on the surface (through TEY fittings). Quantitative values are provided in Tables S1

and S2. The bottom panel displays the final results of the averaged Mn valence evolution upon

cycling.
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Mn3+/4+ redox reaction could compensate almost all the discharge capacity immedi-

ately after the initial charging. After the initial cycle, a small amount of irreversible ox-

ygen oxidation takes place during the 2nd charging, but Mn3+/4+ redox remains the

dominating contributor to the reversible part of the Li2MnO3 cycling (Figures 2 and3).

Clarifying the Li2MnO3 bulk cycling mechanism raises two more crucial questions: (1)

the reaction mechanism during the initial charging plateau and (2) the origin of the

reversible oxygen redox in Li-rich materials. To answer the first question, we per-

formed a detailed study of the surface chemical evolution. In addition to the many

previous works on oxygen release,37,38 our surface data reveal a clear signature of

surface carbonate cycling (Figures 4 and 5). The surface of Li2MnO3 particles is highly

reactive to the electrolyte even without electrochemical potential, indicating a

strong catalytic nature. The decomposition of this pre-formed surface carbonate,

combined with the oxygen release, is responsible for the charge plateau capacity

(Figure 6). Furthermore, the intriguing finding of a relatively reversible surface car-

bonate cycling on large particles inspires a demonstration of a Li-CO2 battery with

Li2MnO3 as an effective electrocatalyst, which displays a fairly reversible high capac-

ity compared with the systems based on other typical TMO catalysts (Figure 7). To

answer the second question, we performed a direct comparison of the oxygen

mRIXS features in all the relevant compounds of charged Li-rich, NCM111, LiCoO2,

LiNiO2, and Li2MnO3 (Figure 8). The comparison shows that reversible oxygen redox
Joule 5, 975–997, April 21, 2021 979



Figure 3. Cycling mechanism of Li2MnO3

(A) is the cycling profile with electrochemical capacity values of each charge (Ch) and discharge

(Dis) step with a unit of mAh g�1. Colors of the profile lines represent roughly the different redox

mechanism, blue for reversible Mn3+/4+ and pink for irreversible reactions invoving oxygen release

and surface reactions.

(B) shows the quantified Mn3+/4+ redox reactions (blue) compared directly with electrochemical

capacity. Mn redox fully covers the discharge capacity in both cycles, with irreversible reactions

during the initial charging and part of the 2nd charging.
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reaction in Li-rich resembles those in conventional materials, implying that oxygen

redox is a common property of most TMO cathodes at highly oxidized states, and

the Li-rich configuration only ‘‘affect’’ oxygen redox behavior, by either over-pro-

moting irreversible oxygen oxidation in systems like Li2MnO3 or improving its revers-

ibility in other systems like Li-rich.

RESULTS AND DISCUSSION

Material synthesis, structure, and electrochemistry

In order to confirm the robustness of the results, we have tested Li2MnO3 materials

with different particle sizes and surface areas, synthesized in different ways, with

different precursors, and by different battery material groups. Technical details on

material synthesis are provided in Supplemental information. In general, materials

were prepared in two different ways by poly (vinyl pyrrolidone) (PVP)-assisted gel

combustion method and solid-state reaction method with different calcination tem-

peratures of 400�C, 450�C, 800�C, and 900�C. The structure and its evolution of the

material synthesized through standard solid-state reaction have been reported pre-

viously in detail through X-ray diffraction (XRD), spherical aberration-corrected scan-

ning transmission electron microscopy (STEM), and neutron diffraction.49 We

noticed the material prepared by PVP-assisted combustion method shows a better

crystallization, which has been demonstrated in other battery cathode materials.50

The better crystallization leads to a bit larger particle size in general, compared

with the materials prepared by solid-state reactions. However, the materials pre-

pared in different synthesis methods display the same trend of the particle size in-

crease upon calcination temperature. More importantly, they display the same elec-

trochemical profile variation upon calcination temperatures, as well as spectroscopic

results, as described below, indicating the robustness of our findings among all

Li2MnO3materials prepared through different synthesis methods and/or conditions.
980 Joule 5, 975–997, April 21, 2021



Figure 4. Surface-sensitive TEY XAS of 400�C-synthesized Li2MnO3 electrodes during the first

electrochemical cycle

(A) Electrochemical states of the samples marked on cycling curves.

(B–D) (B) Mn-L, (C) O-K, and (D) C-K XAS of reference samples (bottom) and cycled Li2MnO3

electrodes. All spectra are collected in TEY mode, expect the dotted line of sample #5 in (C) that is

the O-K TFY spectrum for comparison. Dashed lines and ovals indicate the major Mn and Li2CO3

spectroscopic features. Full energy range TEY and TFY spectra over extended cycles are presented

in Figures S10, S11, and S14. Only the Mn-L3 and carbonate features are displayed in the main figure

here. ‘‘Li2MnO3’’ samples are pristine Li2MnO3 powders. ‘‘AP’’ samples are as-prepared Li2MnO3

electrodes that are exposed to electrolyte but before any electrochemical cycle. All electrode

samples are carefully washed and handled as described in Supplemental experimental procedures.
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As in previous reports,38,49 the different Li2MnO3 calcination temperatures lead to

very different particle sizes, as well as different levels of crystallization. Fig-

ure S1 presents the SEM images of the 450�C and 900�C samples prepared by the

PVP-assisted combustion method, with the mean particle sizes of 70 and 140 nm,

respectively. Other than the large particle size, the material calcined at high temper-

ature displays much sharper peaks in XRD patterns, indicating better crystallization

than the low-temperature materials. Note again that the materials synthesized

through the standard solid-state reaction display exactly the same trend in particle

size and crystallization, which have been reported previously.38,49 Figure S2 displays

the XRD patterns and corresponding Rietveld refinements of the same 450�C and

900�C calcined materials. All peaks from both samples can be indexed to a typical

monoclinic layer structure (ICDD PDF #04-011-3411) with C2/m space group. The

XRD patterns are refined with the same Li2MnO3 structure with C2/m space group,

and the results along with refined cell parameters are shown in Figure S2. Relatively,

Li2MnO3 materials synthesized through standard solid-state reactions display less

crystallization (Figure S3) with the detailed structural study of the same material in

a previous report,49 again, consistent with previous reports on Li2MnO3 materials
Joule 5, 975–997, April 21, 2021 981



Figure 5. Surface-sensitive TEY XAS of cycled 800�C-synthesized Li2MnO3 electrodes

(A) Electrochemical states of the samples.

(B–D) (B) Mn-L, (C) O-K, and (D) C-K XAS of the cycled Li2MnO3 electrodes, as well as Mn2+ and

Li2CO3 references (bottom). Dotted green lines in (B) are fittings to obtain Mn valence

concentrations. Dotted black lines of ‘‘1D’’ in (C) and (D) are TFY spectra for comparison. Full

energy range TEY and TFY spectra are presented in Figures S12, S13, and S15. The evolving

carbonate and Mn peaks are emphasized by the shaded ovals and dashed lines.
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from many groups.51–56 Upon electrochemical cycling, the material crystallization is

largely damaged and the detailed structural changes during the initial delithiation

and relithiation process have been studied to reveal the amorphousness, disrupted

Li/Mn ordering in the transitionmetal layer, and the development of the spinel phase

in previous reports.38,49,51–57

The electrochemical profile of Li2MnO3 has also been reported previ-

ously,38,49,54,56,57 which has well documented that, compared with the high-temper-

ature calcined materials, the low-temperature materials display a much

higher capacity, especially on the charging plateau during the initial cycle. The

high-temperature material displays a low capacity, however, with better capacity

retention upon cycling. Figure S4 shows the charge and discharge profiles of

Li2MnO3 synthesized through solid-state reactions at 400�C and 800�C. All elec-
trodes show the characteristic and irreversible 4.5 V plateau in the initial charge cy-

cle, with higher capacity (270mAh g�1) of 400�C samples than that of 800�C samples

(82 mAh g�1). The high-temperature material displays better capacity retention, and

the dQ/dV also displays a better sustained 4.5 V feature, mechanism of which will be

clarified later in this work. Figure S5 displays the electrochemical profile of Li2MnO3

synthesized by PVP-assisted combustion method at 450�C and 900�C, with capac-

ities of 290 and 95 mAh g�1 during the initial charging, respectively. Despite the

quantitative differences of the materials synthesized by different methods, which

should be related with the better crystallization of the PVP-assisted combustion

method as mentioned above, all the electrochemical behaviors, e.g., capacity
982 Joule 5, 975–997, April 21, 2021



Figure 6. Quantified surfaceMn oxidation states in Li2MnO3 electrodes over extended cycles and

schematics of the surface reaction layer thickness during the initial charge

(A–C) The concentration of (A) Mn4+, (B) Mn3+, and (C) Mn2+ are obtained by fitting experimental

Mn-L XAS data (dotted green lines in Figures 5B, S14, and S15) with a linear combination of the Mn

reference spectra. Mn2+ emerges from the 1st discharged state with the overall amount increasing

upon cycling in both 400�C and 800�C-synthesized samples.

(D) Schematics of the two types of surface reactions that contribute to the initial charge plateau: the

oxygen oxidation upon material delithiation in the form of oxygen release and the surface

carbonate decomposition. Both reactions are within several nanometers of the particle surface,

with a thicker active layer on smaller particles, as estimated in the section, ‘‘The origin of the high-

voltage charge plateau of Li2MnO3.’’.
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changes upon calcination temperatures, capacity retention, cycling lineshapes, etc.,

are typical properties of Li2MnO3, consistent with the previous studies.38,49,54,56,57

Additionally, we note that, for the spectroscopic experiments, we have tested elec-

trodes in charged states in different types of cells, i.e., coin, pouch, and Swagelok

cells, but found no difference among the results.

Searching for lattice oxygen redox in Li2MnO3

Figure 1 displays theO-KmRIXS images of a series of Li2MnO3 electrodes, based onma-

terials calcined at 450�C, at different charge/discharge states indicated on the cycling

curve. All the main mRIXS features are from Mn–O hybridization states,29,48 which get

broadened and strengthened in charged states (Figures 1D and 1F). Such a variation is

consistent with the intensity increase in O-K XAS (Figure S6), but it is only from the

enhancedMn–Ohybridization upon charging and is not a probeof oxidizedoxygen.32,33

As reported in previous reports of Li-rich electrodes,2,9,12,29,48mRIXS detects the latticed

oxidized oxygen through two coexisting characteristic features in charged states: (1) a

sharp feature around 531 and 524 eV excitation and emission energies,

respectively,2,9,12,29,33,48 and (2) a low-energy-loss feature close to the elastic line at the

sameexcitationenergy.16,48 These features are generally consistentwith theoxidizedox-

ygen states in molecular systems of Li2O2 and O2, but with certain spectroscopic con-

trasts.31,58 As indicated by the white dashed lines in Figure 1, none of these lattice

oxidizedoxygen features couldbeobserved throughout the cyclingof Li2MnO3. Further-

more, Figure 1I displays the mRIXS result of the charged electrode prepared with the
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Figure 7. Li-CO2:O2 (2:1) and Li-CO2 batteries with Li2MnO3 based electrocatalyst

(A) Electrochemical cycling of a Li-CO2:O2 (2:1) cell with the EC/DMC electrolyte.

(B) Electrochemical cycling of a Li-CO2 cell with the same electrolyte.

(C) Electrochemical cycling of a Li-CO2:O2 (2:1) cell with LiCF3SO3/TEGDME (1:4) electrolyte.

(D and E) (D) C-K and (E) O-K XAS TEY spectra of the Li2MnO3 electrodes that are cycled to the 1st

and 4th charged (Ch) and discharged (Dis) states. Carbonate cycling is indicated by its

characteristic XAS peaks marked by dashed lines. Full energy range TEY and TFY data are shown in

Figures S17 and S18.

(F–H) SEM images show the morphology change of Li2MnO3 electrodes in Li-CO2:O2 cells,

including the pristine (F), 1st cycle discharged (G), and 2nd cycle charged (H) electrodes.
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material calcinatedat 900�Cwith a large (140nm)meanparticle size. Still, nooxidizedox-

ygen feature could be observed. Note again that the missing signature of oxidized oxy-

gen in Li2MnO3 thin films and the 1st cycle fully charged state have been noticed

before;28,37 the thorough investigation here concludes that the lattice oxygen redox re-

action never takes place at any electrochemical stage. A model of trapped O2 molecule

has been recently proposed as the oxidizedoxygen state in Li-richmaterials.21,36,59How-

ever, we have not observed any particle size effect here on the absence of

oxidizedoxygenspecies inLi2MnO3particlesof70and140nm.Morespecificdiscussions

on the trapped O2 model are provided later in the discussions.

The reversible reaction of Li2MnO3 cycling

A critical question emerges now on how Li2MnO3 could be electrochemically active

with reversible charge/discharge capacities without lattice oxygen redox. Mn be-

comes the only candidate for reversible redox reactions. As reviewed above, the

Mn4+/7+ redox couple has been proposed very recently to explain the reversible

cycling.36 However, even with in situ experiments, hard X-ray TM-K studies of Li-

rich compounds found only decreased TM oxidation states upon discharge.60 Tech-

nically, it is difficult to use Mn-K for quantitative analysis of Mn states, as both the

edge position and the lineshape could vary significantly even with the same Mn
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Figure 8. Comparison of O-K mRIXS of the fully charged states in different cathode systems

(A–E) were collected from the 1st cycle fully charged electrodes of (A) Li1.17(Ni0.21Co0.08Mn0.54)O2,

reproduced from Gent et al. 12 with permission, (B) Li (Ni1/3Co1/3Mn1/3)O2, reproduced from Lee

et al. 19 with permission, and (E) Li2MnO3, as well as remotely related (C) LiCoO2, reproduced from

Zhang et al. 18 with permission, and (D) LiNiO2, reproduced from Li et al.17 with permission. mRIXS

results of these electrodes at other electrochemical states, e.g., pristine or discharged, could be

found in the previous reports as listed here. Horizontal and vertical dashed white lines are guides to

eyes for direct position comparison. Diagonal yellow dashed lines indicate the elastic lines, i.e., the

line with the same excitation and emission energies.

(F) is a lineshape comparison of the RIXS cuts at 531 eV excitation energy of all the electrodes.
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valence.61 Mn-L offers direct measurements of the 3d valence states that could be

quantified to calculate the capacity contribution.62 The only Mn-L edge study of

Li2MnO3 we could find is through conventional XAS, mainly showing theMn2+ devel-

oped on the surface.26 As a matter of fact, it is known that the bulk-sensitive Mn-L

through the fluorescence yield (FY) in conventional XAS technique suffers lineshape

distortions that hinder the quantitative analysis (Figures S7B, S14, and S15).29

In order to provide a quantitative evaluation of the bulk Mn redox and compare it

with the Li2MnO3 capacity, we combined the quantitative fitting methods,62 with

the inverse partial FY (iPFY) signals extracted from Mn-L mRIXS experiments.29 We

note that such a quantitative evaluation of Mn redox reactions based on the fitting

of mRIXS-iPFY has been demonstrated in many reports of Li-ion and Na-ion elec-

trodes.6,13,30 With the technical details provided in Supplemental information and

Figures S7 and 2A presents the mRIXS-iPFY spectra (extracted from mRIXS images

in Figure S8), over-plotted by their quantitative fittings (dotted lines) with excellent

agreements. The fitting results of the Mn valence contents and averaged valence at

different electrochemical states are provided in Table S1 and plotted in Figure 2B. In

comparison, we also collected the surface-sensitive total electron yield (TEY) signals

of Mn-L XAS and performed the same detailed fittings (Table S2; Figure S9). The

strong contrast between the TEY surface and mRIXS-iFPY bulk signals, especially

on the surface Mn2+ (Figure 2), indicates the different surface/bulk reactions de-

tected by the two techniques, and both could be quantified through the
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demonstrated fitting method and are presented in Figure 2B. Below, we elaborate

on the bulk redox behaviors first, then the surface activities.

The quantitative values of Mn oxidation states based on mRIXS-iPFY at different

charge-discharge states define the electron charge transfer numbers through Mn

redox reactions, providing directly the amount of Mn redox reactions in Li2MnO3.

Figures 3A and 3B visualize the amount of Mn redox in direct comparison with the

electrochemical capacity. Amazingly, the discharge capacity right after the initial

charging could all be compensated by Mn3+/4+ redox reactions. Mn3+/4+ redox is

responsible for the reversible cycling in the 2nd cycle too, but with a small amount

of non-Mn3+/4+ activity during the 2nd charging, which is again irreversible as evi-

denced by the pure Mn3+/4+ redox during the 2nd discharge. The quantitative anal-

ysis of the Mn3+/4+ reaction here not only reveals the origin of the reversible cycling

of Li2MnO3, it also indicates no oxygen reduction reaction is involved during the

discharge process, supporting directly the findings through O-K mRIXS on the

absence of reversible oxygen redox reaction in Li2MnO3.

The highly reactive Li2MnO3 surface and carbonate cycling

The aforementioned quantification of the bulk Mn redox contribution reveals the

Mn-redox dominated reversible cycling of Li2MnO3 right after the initial charging,

indicating a different nature of the reactions during the initial charging. As a matter

of fact, the initial chargingmechanism of Li2MnO3 has been the central topic of many

studies.23–25,37,38,43 The studies have indicated two important parts of the reaction

mechanism during the initial charging, the oxygen release and the surface reactions.

Gas release tests have been extensively performed on Li-rich materials, including

Li2MnO3, since it was found to be electrochemically active.38 A significant amount

of O2 and CO2 gas release could be observed during the initial charging of Li2MnO3.

A recent gas release and titration evaluation shows that the O2 and CO2 gas release

could compensate for a large fraction of the charging capacity.37 Furthermore,

studies also suggest the CO2 gas release is from the reaction of the evolved singlet
1O2 with the electrolyte on the electrode surface.43,63 Still, all these gas release an-

alyses have found that the initial charge capacity cannot be all compensated by the

oxygen release,37,38,43,44 i.e., other reaction mechanisms during the initial charging

need to be clarified.

In addition to the gas release studies during the Li2MnO3 initial charging, many

works have implied the crucial role of surface reactions in Li2MnO3 electrodes. For

example, at temperatures above 50�C, Li-rich electrodes display anomalous capac-

ity exceeding the theoretical value.64,65 This high-temperature capacity gain was

also observed in pure Li2MnO3, accompanied by significantly enhanced CO2 gas

release.38 The involvement of carbon species implies the importance of surface re-

actions with the electrolyte. Additionally, the capacity of the initial charge plateau

also depends on the synthesis temperature of Li2MnO3 materials. As discussed

above, a lower synthesis temperature leads to smaller particle size, thus larger sur-

face area, which increases the initial charging capacity (Figures S1 and S3–S5). Partic-

ularly, Yu et al. have shown a positive linear relationship between the capacity and

specific surface area of Li2MnO3,
38 directly suggesting again the significant role of

surface activities during the Li2MnO3 initial charging. Therefore, we perform a

detailed and systematic study of the Li2MnO3 surface chemistry at different electro-

chemical states over extended cycles through both the surface-sensitive (about

10 nm probe depth) TEY and bulk-sensitive (100–200 nm probe depth) total fluores-

cence yield (TFY) channels of soft X-ray XAS experiments in all the elemental edges,

i.e., Li-K, Mn-L, O-K, and C-K (Figures S10–S16).
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Figure 4 displays the XAS TEY spectra collected from a series of electrodes based

on the 400�C calcined materials at different electrochemical potentials. The surface

Mn state evolves in the same way as that of the 450�C samples discussed above

(Figures 2 and S9; Table S2), with surface Mn2+ species clearly observed after the

initial cycle. All the Mn-L spectra are quantitatively fitted and will be discussed

further below with the 800�C calcined samples. Here, we focus on the surface sig-

nals from O-K and C-K. The full range of TEY and TFY spectra are shown in Figures

S10 and S11. Figures 4C and 4D zoom in on the evolving features that are aligned

with the Li2CO3 fingerprinting signals. A small amount of carbonate signal in the as-

synthesized Li2MnO3 could be seen from the TFY spectra (Figure S10), indicating a

typical carbonate impurity specie from sample synthesis. Strikingly, the as-pre-

pared (marked as ‘‘AP’’) electrode before any electrochemical cycling, but with

exposure to the electrolyte (then washed with dimethyl carbonate (DMC), see Sup-

plemental experimental procedures), displays clear signatures of carbonate spe-

cies, especially in the surface-sensitive TEY signals. This is in contrast with the car-

bonate impurity signal that is weak and relatively stronger in the bulk-sensitive TFY

signals (Figure S10). The strong carbonate signal of the AP electrode suggests that

carbonates are formed on the surface of pristine Li2MnO3 particles before any elec-

trochemical cycling, i.e., this initial carbonate formation does not rely on the oxy-

gen evolution from Li2MnO3, instead, it indicates a highly reactive Li2MnO3 surface

when contacting the electrolyte.

The carbonate signal disappears upon charging, then reappears after the first-cycle

discharge. But it does not show up again after the 2nd cycle charging (Figure S10). So

the surface carbonate seems to be reversibly formed and decomposed for only one

cycle on the 400�C-synthesized particles.

Figure 5 displays the evolving features in XAS TEY spectra of the electrode based on

800 �C calcined materials, with the full O-K and C-K TEY and TFY spectra in Figures

S12 and S13. Due to the higher calcination temperature, the material impurity of the

carbonate species is negligible even in the TFY spectrum (Figure S12). The same sur-

face reaction takes place and a clear peak of carbonate appears with the as-prepared

electrode (AP) after the exposure to electrolyte before cycling. For the 400�C sam-

ples, the surface carbonate becomes negligible after the 2nd cycle charge. However,

for the 800�C samples, the appearance and disappearance of the carbonate signals

in both O-K and C-K during discharging and charging could be clearly seen even af-

ter 20 cycles, indicating a relatively more reversible surface carbonate formation and

decomposition over extended cycles.

In addition to the carbonate signals, we have quantitatively fitted all the surface-sen-

sitive Mn-L TEY spectra collected from the 400�C and 800�C samples (Figures 5A,

S14, and S15) based on a linear combination of theMn reference spectra.62 Excellent

fittings have been achieved (dashed lines in the figures), and the results are dis-

played in Figure 6, showing a consistent surface Mn behavior upon cycling over

extended cycles. Upon cycling, surface Mn2+ increases from around 5% to 40%

from the 1st discharged (1D) to the 20th discharged (20D) states. The Mn2+ specie

accumulates on the surface, so even in the charged states, there is a significant

amount of Mn2+ after extended cycles, which could also be seen directly through

the 640 eV peaks in Mn-L spectra (Figures 5A, S14, and S15). We note again that

this surface behavior is the same as that of the 450�C samples prepared differently

(Figure 2). Furthermore, the zig-zag patterns of the Mn-L2 feature, although cannot

be used for quantitative evaluation, could be seen in bulk-sensitive TFY results too

(Figures S14 and S15), which indicate the reversible bulk Mn redox chemistry over
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extended cycles, again consistent with the quantified results from the 450�C samples

based on mRIXS-iPFY analysis (Figures 2, 3, and S8).

The origin of the high-voltage charge plateau of Li2MnO3

The study of the surface activities of Li2MnO3 materials with different particle sizes

reveals several interesting phenomena. First, the emerging low valence Mn2+ specie

on the surface is consistent with the oxygen release model, which takes place in the

near-surface region,34,43 leading to the continuous decrease of TM valence on the

surface. Below, we will compare our analysis with three quantitative evaluations

based on oxygen release of Li2MnO3 sintered at 425�C,38 600�C,37 and 800�C,43

with 54%, 70%, and 70% of the initial charge capacity compensated by the released

oxygen, respectively. All these gas release tests suggest oxygen release contributes

to only part of the initial charge capacity.

Second, unlike the Mn-L spectra that could be quantitatively fitted by linearly

combining reference spectra (Figures 2, 4, 5, S14, and S15), it is hard to quantify

the number of carbonates based on only the O and C K-edge lineshapes. XAS is

very sensitive to the p*(C=O) orbitals of carbonates through the distinct peaks

and a clear peak could show up even with only a trace amount of carbonates.

However, the qualitative contrast between the 400�C and 800�C samples on how

sustainable the surface carbonate cycles, i.e., for only one cycle on 400�C (Fig-

ure S10) but for 20 cycles on 800�C (Figure 5) samples, displays an intriguing con-

sistency with the electrochemical profile associated with the high-voltage plateau:

as shown in Figure S4, the dQ/dV curves of the 800�C electrodes display a weak

but sustained oxidation reaction at the high voltage beyond the initial cycle. As a

matter of fact, a weak kink at the high voltage could be seen directly on the voltage

profile of the 800�C samples for at least the first 5 cycles. Although the amount of

this high-voltage reaction is subtle after the initial charging, these experimental

findings indicate that carbonate decomposition is associated with the charge

plateau. We also note that previous experiments indeed found that Li2CO3 decom-

position takes place with a clear voltage plateau at 4.3–4.5 V with decomposition

products of Li/Li2O, O2, and CO2.
66–70

Third, we could now try to interpret the reaction mechanism of the initial charge

plateau of Li2MnO3 by combining the observations here and by checking the con-

sistency with previous reports. Two distinct reactions take place within the Li2MnO3

material itself and on the surface: (1) the delithiation of the Li2MnO3 material itself.

Because of the stable Mn4+ bulk state during the initial charging (Figure 2) and the

absence of lattice oxygen oxidation (Figure 1), the oxidation reaction associated

with this delithiation leads to the oxygen release in the near-surface region,34,43

as extensively studied in previous reports with partial contributions to the initial

charge plateau.37,38,43,44 This is also consistent with the clear signature of the

Mn2+ formation only on the particle surface (Figures 2, 4, and 5). Furthermore,

the following discharge is dominated by Li-ion re-intercalation, leading to the Mn

reduction in the material (Figures 2 and 3). (2) the surface carbonate decomposi-

tion. We emphasize again that this is not simply from the carbonate impurities

from material synthesis that is often found in oxide electrodes, instead, this reac-

tion is enabled by the carbonate formation on the pristine Li2MnO3 particles before

cycling (Figures 4 and 5).

For reaction (1), the delithiation in the low-temperature synthesized materials with

small particle size,�70 nm, and high capacity,�290mAh/g, displays the discharge ca-

pacity of 156 mAh/g from Li-ion re-intercalation (Figures 2 and 3). This value is 54% of
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the initial charging capacity (290 mAh/g) but is complicated by the Coulomb efficiency

that is counterbalanced by a trace amount of carbonate formation after the first charge,

as discussed above. Yu et al. found that the oxygen release from Li2MnO3 synthesized

at roughly the same temperature (425�C) with the same particle size (70 nm) compen-

sates 54% (190 mAh/g) of the initial charging capacity (350 mAh/g).38 The exact match

of the percentage (54%) here is likely just a coincidence. However, the consistency be-

tween the Li-ion re-intercalation during discharge and oxygen release data suggests

that it is reasonable to expect �50% of the initial charging capacity is from the

�70 nmmaterial delithiation, whichmanifests itself as oxygen release. If we assume ox-

ygen release takes place in the region of a fully delithiated phase, this means the oxy-

gen release takes place within a layer of about 4.2 nm of the outer shell of a 70-nm-

sized Li2MnO3 particle. This value is an effective thickness of the surface layer because

the diffusion of Li-ions within the particle will blur the boundary, leading to a relatively

thicker surface layer of oxygen release. Nonetheless, recent gas release and structural

measurements show a highly delithiated layer of about 6 nm on Li2MnO3 surface cor-

responding to the oxygen release region.43

For reaction (2), Li2CO3 has a theoretical specific energy of 724 mAh/g with a

2.11 g/cm3 material density, while the values are 459 mAh/g and 3.73 g/cm3 for

Li2MnO3. Based on these values, the decomposition of a layer of 3.8 nm of surface

carbonate will compensate the other half of the initial charge capacity that is not

from the oxygen release. Note again that this is an estimation based on a condensed

Li2CO3 layer. In reality, the thickness may be increased by other carbonate and/or

organic components in the formation layer and by the typical amorphous structure

of the surface interphase. However, in general, a thin layer of several nanometer

thickness of carbonates seems to be enough to compensate for the part of the initial

charging capacity besides the oxygen release.

For the high-temperature synthesized materials with 140 nm particle size and 82

mAh/g charging capacity, the discharge capacity (51 mAh/g) corresponding to

the Li-ion re-intercalation is about 62% of the charging capacity. This is higher

than that for 70 nm small particles described above but is again consistent with

the higher value, �70%, found in large particle materials on the oxygen release

contribution.37,43 The contributions from oxygen release (51mAh/g) and surface car-

bonates (31 mAh/g) require a �2.7 nm thick layer of Li2MnO3 on the surface for ox-

ygen release and �1.5 nm of carbonate formation.

A schematic of the rough estimation above is presented in Figure 6D. The estima-

tion indicates an important difference between the 400�C (small) and 800�C (large)

Li2MnO3 particles: the smaller the particle size, the thicker a surface reaction region

is involved. This seems to be counterintuitive but is understandable if one considers

the low capacity of the large-sized particles, as well as the more efficient volume

increase on the outer shell for larger particles. Therefore, the 800�C-synthesized
large particle involves a thinner layer of surface reactions compared with the

400�C-synthesized small particle. As oxygen release triggers phase transformations

from the pristine Li2MnO3 phase toward more stable spinel phases, as found in

many Li-rich compounds including Li2MnO3,
44,49,51,52 the pristine phase is thus sus-

tained much better in the 800�C-synthesized larger particles, leading to a more

sustained carbonate cycling. Therefore, consistent with the observations of a signif-

icant amount of carbonate formation on pristine material before cycling, the

contrast between the 400�C and 800�C materials on the surface carbonate cycling

indicates again that it is the pristine Li2MnO3 phase that enables the surface car-

bonate activities.
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Li2MnO3 as an electrocatalyst for Li-CO2 and Li-air batteries

As an intercalation type of electrode, it is almost impossible to maintain the pristine

Li2MnO3 phase due to the surface oxygen loss and phase transformations once the

electrochemical charging starts. Additionally, the carbonate cycling in a standard LIB

cell consumes the electrolyte, eliminating any practical application. Therefore, bet-

ter utilization of the surface catalytic property of Li2MnO3 is to employ the material in

a catalytic system with a supply of reaction sources of carbonates, instead of using it

as an intercalation type of electrode.

This hypothesis inspires us to test out a system based on CO2/carbonate cycling with

Li2MnO3 electrocatalyst. We explored rechargeable Li–CO2:O2 (2:1) and Li-CO2

cells with Li2MnO3 as the electrocatalyst (see technical details in Supplemental

experimental procedures). Figures 7A and 7B display the electrochemical cycling

of a Li-CO2:O2 (2:1) and a Li-CO2 cell with standard EC/DMC electrolyte, respec-

tively. The 800�C Li2MnO3 is used as an electrocatalyst to facilitate the cycling of

Li2CO3. Previous work has shown that Li-CO2:O2 could exhibit reversible behavior

with carbonate cycling, however, the cyclability is very limited (10 cycles) and the

voltage drop is significant even with an optimized electrolyte.68 Utilizing Li2MnO3

catalyst clearly improves the cyclability here. Still, the Li-CO2 cells tend to fail after

several cycles, due to the failure of electrolyte,71 although the cycling is partially

reversible (Figures 7A and 7B). Replacing the electrolyte with LiCF3SO3/tetraethy-

lene glycol dimethyl ether (TEGDME) (1:4) significantly improves the cycling stabil-

ity. Figure 7C displays the 30th cycle of a Li-CO2:O2 (2:1) cell based on TEGDME

electrolyte, with a capacity of 1,000 mAh g�1 (500 mAh g�1 for the full electrode).

O-K (Figures 7D and S17) and C-K (Figures 7E and S18) XAS confirm the disappear-

ance/reappearance of the characteristic carbonate peaks at charged/discharged

states. The SEM images show that a significant amount of surface layer is formed dur-

ing the discharge process, covering up the pristine particles, but is largely decom-

posed with recovered morphology after charging (Figures 7F–7H). The reaction

mechanism of the reversible cycling in Li-CO2/air batteries was proposed before

as shown in Equation 168,69:

2Li2CO3 + C#4Li + + 3CO2 + 4e� (Equation 1)

Therefore, the voltage plateau around 4.2 V in the Li–CO2 cells stems from the car-

bonate decomposition, consistent but a bit lower than the 4.3–4.4V carbonate

decomposition voltage with NiO and Co3O4 in previous reports.66,67 We also note

that the discharge capacity here is also greatly improved over the systems based

on those typical oxide electrocatalysts.66,67 Additionally, Li2MnO3 is of low cost

compared with Ru and Au based systems,69 indicating its superior potential on sur-

face reactivity for catalytic reactions in Li-CO2 and Li-air battery systems.

Commonality of the oxygen redox feature in Li-rich and conventional electrodes

The aforementioned holistic picture of the bulk and surface cycling mechanism of

Li2MnO3 suggests the dominating Mn3+/4+ redox reaction is responsible for the

reversible part of the Li2MnO3 cycling. This is in sharp contrast with the Li-rich

electrodes, where a significant amount of reversible oxygen redox reaction

could be observed through mRIXS.2,9,12,16,29,33,48 For a direct comparison, we re-

plotted in Figure S19 rough quantification results of the reversible redox reactions

of Li1.17Ni0.21Co0.08Mn0.54O2 based on previous reports.12,13 It is clear that the

reversible oxygen redox reactions in Li-rich compounds are different from the

Li2MnO3 behaviors. We thus compare directly the oxidized oxygen mRIXS features

between several representative systems.
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Figure 8 presents the O-K mRIXS results of a series of fully charged electrodes of

Li1.17Ni0.21Co0.08Mn0.54O2 (Li-rich),12 LiNi1/3Co1/3Mn1/3O2 (NCM111),19 LiCoO2,
18

LiNiO2,
17 and Li2MnO3. Experimental details and results from pristine or discharged

states of these electrodes are available in the previous reports.12,17–19 Here, we

concentrate on the fingerprinting mRIXS features of the oxidized oxygen found in

these charged electrodes. Other than the broad features for all the compounds

around 523–527 eV emission energy (horizontal axis), which stem from the strong

TM–O hybridization,48 all the charged electrodes, except for Li2MnO3, display the

two fingerprinting features of the oxidized oxygen state: the feature around 531

excitation and 523.5 eV emission energies (red arrows) and the enhanced intensity

close to the elastic line around the same excitation energy (light blue arrows).48

Both features could be observed in typical oxidized oxygen references such as

Li2O2 and O2.
31,58 The former stands out from the broad hybridization feature,

although it is relatively weak in LiNiO2, but the latter, although relatively weak, is

also useful for particular analysis as they sit on a clean background far away from

the hybridization feature.16,48

Overall, the oxidized oxygen features found in the charged Li-rich, NCM111, Li-

CoO2, and LiNiO2 display a striking similarity, although with differences in both their

spectral intensities and energy positions for a small amount (see the horizontal and

vertical while lines as guides to eyes). We note here that these are all 3d TMO com-

pounds and some TM systems with oxygen redox reactions could display a more sig-

nificant difference in the energy values in spectroscopy. In sharp contrast, such

oxidized oxygen features are absent in Li2MnO3, as discussed in this work. Figure 8F

further plotted the RIXS lineshape comparison of all the samples collected at 531 eV

excitation energy, where the contrast between Li-rich and Li2MnO3, as well as the

similarity between Li-rich and the non-Li-rich conventional materials, could be clearly

seen. The comparison indicates that the oxygen redox reaction in Li-rich is of the

same nature as those that emerge in non-Li-rich conventional compounds; however,

the Li-rich parent compound, Li2MnO3 cannot maintain any lattice oxidized oxygen

state for reversible oxygen redox reactions.

During the review process of this work, the energy-loss features close to the elastic

line has been resolved and used as evidence for a new oxygen redox model based

on reversible formation and reduction of ‘‘trapped O2 molecules21,59,’’ and we were

asked to discuss the possible association between our findings here and this new

model. Although it seems there could be a possibility that all formed O2 molecules

escape from the Li2MnO3 material, leading to the absence of mRIXS features on

oxidized oxygen, our experimental observations indicate this is not likely the case.

Our results show that different particle sizes of 70 and 140 nm have no effect on

the absence of oxidized oxygen feature in mRIXS (Figure 1); however, they display

a 3 times difference in the initial charging capacity (Figure S5). If the formation of

O2 is the major reaction mechanism during charging with a complete release, the

specific capacity should be more or less the same, which directly contradicts the 3

times difference in experimental results. Additionally, for Li-rich electrodes that do

display the mRIXS oxygen redox features, the reversible behavior of the appearance

and disappearance of the mRIXS features has been found over 500 cycles.12 Fairly

stable oxygen redox reactions were also found in Na-ion systems for a hundred cy-

cles with strong signatures of such energy-loss features.13 Extended cycles of Li-rich

electrode display only slow voltage fade instead of the voltage plateau and strong

hysteresis during the initial cycle, which indicates that if the trapped O2 model is

responsible to the hysteresis and plateau during the initial cycle,59 the practically

meaningful reversible oxygen redox reaction in Li-rich compounds should be of a
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different origin. Therefore, it remains an open question on whether the resolved

phonon features, which seems to be close to O2 vibronic modes could conclude

the nature of the oxidized oxygen mechanism as trapped O2 molecules, especially

considering the same feature is sustained after hundreds of cycles in battery mate-

rials. Additionally, other experiments that detect the vibronic modes associated

with the oxidized oxygen states in Li-rich materials, e.g., Raman spectroscopy, found

the vibronic frequency of the solid-state peroxo-specie,72 instead of the vibronic

mode of O2 molecules. Sitting at the center of these puzzles is the clarification of

the fundamental picture of oxygen redox reactions and the fundamental origin of

these key RIXS features.

Conclusions and perspectives

In summary, this work clarifies the bulk and surface chemistry involved in the electro-

chemical activities of the Li2MnO3 material. The clarifications based on systematic

and comparative studies of a sample with different synthesis conditions lead to

two groups of technical findings and two major conclusions.

For the bulk chemistry, our quantitative analysis of the Mn redox reactions through

Mn-LmRIXS-iPFY, combined with the searching of lattice oxygen redox through O-K

mRIXS, concludes the Li2MnO3 bulk cycling mechanism: the oxygen activities during

the initial charging of Li2MnO3 contain no reversible lattice oxygen redox at any

voltage. The following discharge capacity is from a complete crossover to Mn3+/4+

redox reactions, which could be quantified and agrees with the electrochemical ca-

pacity. The 2nd cycle charging is a majority Mn3+/4+ oxidation process, but with a

small amount of non-Mn reactions, followed again by a pure Mn3+/4+ reduction dur-

ing the 2nd discharge. Our results rule out both the reversible oxygen redox scenario

and the Mn4+/7+ models. Additionally, analysis of Li2MnO3 materials with different

particle sizes, which display a 3-times contrast on capacities, but no difference on

the absence of the oxidized oxygen signature, disagrees with the recently proposed

trapped O2 model and also indicates the important role of surface reactions.

For the surface chemistry, we performed a detailed evaluation of the surface chem-

istry of Li2MnO3 based on surface-sensitive spectroscopy with quantitative analysis.

We found an intriguing carbonate formation and decomposition over

extended cycles on the surface of relatively large (better crystallized) Li2MnO3 par-

ticles. This is accompanied by evidence of a highly reactive Li2MnO3 surface and

continuously accumulated Mn2+ species on the surface. We note that, although

the existence of Li2CO3 on the surface of Li-rich compounds has been observed

before,38,67,70,73 it was typically considered to be the results of the oxygen evolution

from Li2MnO3 after electrochemical cycling. Here, we show that the high reactivity is

an intrinsic surface property of pristine Li2MnO3before any electrochemical cycling.

The surface carbonates formed on the pristine Li2MnO3 material before cycling get

decomposed during the initial charging plateau. The combination of the oxygen

release and surface carbonate decomposition, both in the near-surface region, is

responsible for the high-voltage charging plateau of Li2MnO3.

The findings of the highly active catalytic properties of the pristine Li2MnO3 surface

inspires the concept of utilizing Li2MnO3 not as an intercalation material but as an

electrocatalyst to improve the carbonate cycling in Li–CO2 and Li-air battery sys-

tems. We, therefore, tested three different systems with Li2MnO3 acting as an elec-

trocatalyst, which demonstrates that Li2MnO3 is indeed an effective catalytic mate-

rial for the carbonate formation and decomposition. This opens up a broad field on

utilizing alkali-rich oxide materials as catalysts for not only Li-air, Li-CO2, and fuel cell
992 Joule 5, 975–997, April 21, 2021
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applications but also other emerging battery systems, such as Na+, Mg2+, and Al3+

batteries, in which greenhouse gas could be captured and utilized to achieve revers-

ible energy storage.

The absence of lattice oxygen redox chemistry in Li2MnO3 motivates further investi-

gations on the origin of the reversible oxygen redox reactions found in Li-rich mate-

rials. Comparisons between the Li-rich, Li2MnO3, and conventional materials such as

NCM111, LiCoO2, and LiNiO2, reveals that the reversible oxygen redox features

found in Li-rich (xLi2MnO3$(1-x)LiMO2) resemble those in conventional compounds,

whereas Li2MnO3 exhibit no signature of reversible oxygen redox. These similarities

and contrasts, strongly suggest that the reversible oxygen redox reaction is a prop-

erty of TM oxide cathode at high voltages regardless of Li-rich or not. On

the contrary, Li2MnO3, as the extreme case of the Li-rich configuration, displays

only irreversible oxygen release with no lattice oxygen redox involved. However,

previous reports show that the oxygen redox reaction in Li-rich system could be sus-

tained over hundreds of cycles, while most oxygen redox in conventional materials

decay quickly upon cycling. Therefore, the Li-rich configuration should be consid-

ered as a modulator that could affect the oxygen redox behavior, by either

improving its cyclability or over-promoting the oxygen oxidation into the irreversible

oxygen release. Nonetheless, the spectroscopic comparison implies that the driving

force and the nature of the oxygen redox reaction are the same in both Li-rich and

non-Li-rich conventional compounds.

It is important to note that the conclusion on the common nature of the oxygen redox

in oxide cathodes here is by no means to despise the many seminal works on the ox-

ygen activities in Li-rich compounds, which directly inspired this work. However,

properties of Li-rich systems, e.g., cation migrations, structural phase transitions,

and local chemical bond configurations are no longer considered the fundamental

driving force of oxygen redox reaction here but could be coupled with and modify

the oxygen redox activities. These modification effects from Li-rich configuration

have indeed been found to change the oxygen redox reversibility, voltages, kinetics,

and stability. These effects could sometimes be beneficial, e.g., the improved

reversibility of oxygen redox in Li-rich compounds over conventional materials,

but other times be detrimental, e.g., over-promoting oxygen oxidation to irrevers-

ible oxygen release as in the case of Li2MnO3. As a matter of fact, examples of

such modulation effects could be seen in many pieces of literature. For example, a

recent study of a ‘‘rejuvenation’’ effect in Li-rich materials found that the change of

local ordering associated with oxygen redox leads to better kinetics upon the cycling

of Li-rich materials.74 Other works indicate that the irreversible oxygen activities in

Li2MnO3 could be enabled through stoichiometry, structural variations, surface coat-

ings, and elemental doping. A direct demonstration is the emergence of oxygen

redox reaction in the acid-treated Li2MnO3 system.75 Understanding thesemodifica-

tion mechanisms from the Li-rich configuration, instead of taking it as the funda-

mental trigger of oxygen redox, is vital for understanding and improving oxygen

redox-based cathodes.

Fundamentally, emphasizing the common nature of the lattice oxygen redox in TM

oxide cathodes should be differentiated from the universally existing TM–O hybrid-

ization in TM oxides. As we defined at the beginning of this work, changes in oxygen

electron density through covalency or hybridization should be differentiated from

the oxygen redox concept here. The common behavior of lattice oxygen redox in

both conventional and Li-rich electrodes also implies that the true fundamental

driving force of oxygen redox activities is beyond models built on Li-rich
Joule 5, 975–997, April 21, 2021 993
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configurations. More importantly, this commonality naturally points the fundamental

origin of oxygen redox to the primitive TMO system with a driving force applicable

for all, or almost all, TMOs under highly oxidized states, instead of a specific oxygen

orbital configuration or a particular material configuration. A direct theoretical calcu-

lation of the critical mRIXS features in TMO without arbitrary parameters remains the

key for understanding this fundamental driving force of lattice oxygen redox reac-

tions, which remains a grand challenge to the fields of both fundamental physics

and material sciences.

Finally, it is worth noting that some of the non-alkali-rich conventional Na-ion com-

pounds not only exhibit strong oxygen redox activities but also display superior

properties of facile kinetics of the oxygen redox reactions,20,21 which is notoriously

sluggish in Li-rich systems and has been formidable to be improved.7 Therefore, it

seems some conventional materials under certain circumstances have their own

beneficial effects on the oxygen redox behaviors. Of course, practical developments

of oxygen redox-based electrodes also require other significant efforts, e.g., high-

voltage electrolyte, than just the cathode material itself. Our comparison also indi-

cates that the oxygen redox behaviors in conventional materials vary among

different TM systems, e.g., it seems to be relatively suppressed in the Ni system

that is of interest for the Ni-rich material explorations. Comparative studies between

the many conventional systems with different compositions and stoichiometry will

likely open opportunities for rich sciences and great potentials for high-voltage bat-

tery operations. While scientists are pursuing the ultimate clarifications of the oxy-

gen redox mechanism, the quickly evolving machine learning algorithms could be

practically useful to reveal the underlying composition-chemistry-performance cor-

relations related with the complex oxygen activities in the vast field of conventional

cathode materials, which have not been explored as much as those for Li-rich com-

pounds on its high-voltage and oxygen behaviors.
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