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Abstract 

Li- and Mn-rich (LMR) layered cathode materials have demonstrated impressive capacity and 

specific energy density thanks to their intertwined redox centers including transition metal 

cations and oxygen anions. Although tremendous efforts have been devoted to the investigation 

of the electrochemically-driven redox evolution in LMR cathode at ambient temperature, their 

behavior under a mildly elevated temperature (up to ~100 oC), with or without electrochemical 

driving force, remains largely unexplored. Here we show a systematic study of the thermally-

driven surface-to-bulk redox coupling effect in charged Li1.2Ni0.15Co0.1Mn0.55O2. We observed a 

charge transfer between the bulk oxygen anions and the surface transition metal cations, 

suggesting that the thermally-enhanced Li+ mobility in the hosting LMR lattice could lead to 

significant redistribution of Li ions. Our results highlight the non-equilibrium state and dynamic 

nature of LMR material at deeply delithiated state and its relaxation process in response to a mild 

temperature perturbation. 

  



Introduction 
Lithium ion battery (LIB) technology has been widely used to power portable electronics such 

as laptop computers and smart phones. Recently, the worldwide interest in applying LIB for 

electric vehicles (EVs), has further sparked enormous research enthusiasm in this field. 

Considering that fossil fuels account for over 90% of the energy consumed for transportation, the 

projected boost in the EVs in replacing the internal combustion (IC) engine powered vehicles 

could have a tremendous market potential and an immense environmental impact. 

The energy and power densities of the LIB are two of the most crucial properties for EV 

application, concerning the cruising distance and the accelerating power, respectively. To 

achieve the desired improvements in these properties, on the cathode side, a practical approach is 

to seek for addition redox center that could complement the conventional ones based solely on 

transition metal (TM) cations. Oxygen redox reaction, at high charging voltage, has been 

identified as a promising candidate and has attracted a lot of attention1-6. 

Li- and Mn-rich (LMR) layered materials have been demonstrated as a class of materials with 

great potential as high energy density battery cathode materials7. They are light, inexpensive, and 

well-performing. It has been demonstrated that the LMR could deliver excellent reversible 

capacity over 280 mAh g-1. The charge compensation mechanism of LMR involves the 

synergistic activities of multiple redox centers3, including the TM (Mn, Co, and Ni) cations and 

the oxygen anions. These redox centers are active over different voltage windows and contribute 

to the overall capacity differently3. In particular, the onset charging voltage for the oxygen redox 

reaction in LMR has been identified to be at over 4.5 V versus Li/Li+ (Supplementary Fig. 1)1, 2, 

highlighting oxygen anions’ role at the deeply delithiated state. While oxygen anions make 

substantial contributions to the total capacity, they are also the origins of the notorious voltage 



fade problem8 and, thus, are currently subjected to intense studies9-11. Moreover, the charge 

transfer among different redox centers could take place in the system, further complicates the 

reaction mechanism. 

Comparing to the amount of efforts that have been devoted into the study of the LIB cathode 

material’s chemical evolution upon electrochemical cycling under ambient temperature, the 

system’s redox behavior under slightly elevated temperature (up to ~100 oC) remains largely 

unexplored. Although the thermally-driven process is a hot research topic12-16, the conventional 

wisdom holds that the mildly elevated temperature is not enough to induce significant changes. 

Actually, most of the reported thermally-driven electrode material degradations occur at ~200 oC 

and above, where the temperature is high enough to provoke mechanical disintegration12, 

unwanted phase transformation14, oxygen release15, lithium whisker growth13, and even thermal 

runaway17-19. These results are valuable in understanding the thermal stability of the cathode 

materials and safety concerns of the batteries. On the other hand, it is also very important to 

investigate the cathode materials under mildly elevated temperature (at ~100 oC) because such 

condition could occurs in liquid LIB, and is definitely required for the operation of solid-state 

battery with polymer electrolytes20. It is also critically important to the initiation of thermal 

runaway18, 19. Particularly, for the LMR cathode, the in-depth understanding of the cationic and 

anionic evolution under such temperature could offer profound insights into the fundamental 

mechanisms of the charge compensation in the system, which ultimately determines LMR 

materials’ potential as cathode material for both conventional and solid-state LIB. 

Here, we have systematically studied the thermally-driven evolution of the LMR cathode at 

the charged state. We have combined a set of in-situ probes including the X-ray imaging, X-ray 

diffraction, and mass spectrometry to provide complementary insights. These observations 



suggest that significant lattice transformation, mechanical disintegration, and oxygen release 

only occurs at thermal abuse conditions at ~200 oC and above, in good agreement with the 

literature report12, 13. More thorough study of the LMR cathode’s response to the mildly elevated 

temperature at ~100 oC, was then carried out using advanced soft X-ray spectroscopic tools 

including a state-of-the-art transition edge sensor (TES). Our results suggest that, in the bulk 

(probing depth at hundreds of nanometers) of the charged LMR cathode, the mild temperature 

elevation increase the oxidation of the O2- anions but not the TM cations. To compensate for the 

electron release from the oxygen anions in the bulk, the TM cations (Ni, Mn, and Co) at the 

particle surface (probing depth up to ~10 nm) are found to have lowered valence states compared 

with the room temperature (RT) sample. Such surface-to-bulk redox coupling effect is likely 

caused by the thermally-driven lithium diffusion from the bulk to the surface, resulting in 

redistribution of Li ions in the LMR cathode material. Such redistribution could have profound 

consequences on battery operation and safety at elevated temperatures. 

 

Results 

The complicated chemomechanical interplay in charged LMR under thermal abuse 

conditions. For thorough investigation of the thermally-driven chemomechanical transformation 

in charged LMR materials, we coupled in-situ X-ray imaging and diffraction with mass 

spectrometry under controlled temperature up to 600 oC. An arbitrarily selected secondary 

particle, which is recovered from an LMR electrode that was harvested at the fully charged state 

at 4.8 V, was imaged using the X-ray nano-tomography technique (also known as transmission 

X-ray microscopy, TXM). As shown in Supplementary Fig. 2a, the three-dimensional (3D) 



rendering and the virtual xy-slice through the center of the particle highlight the mesoscale 

morphological defects that are formed upon electrochemical cycling prior to any thermal 

treatments21-25. We present the morphological comparison between the initial state at room 

temperature and the state after the particle was exposed to the mildly elevated temperature at 

~100 oC for ~5 hours. It appears that there no detectable changes at this scale. In contrast, further 

increment of the temperature to ~300 oC over the course of ~2 hours induce noticeable particle 

fracturing as highlighted by the two red arrows in the right panel of Supplementary Fig. 2a. 

In general, the morphological degradation at the mesoscale originates from the lattice 

deformation which would be related with (de)intercalation of the Li ions and/or phase 

transformation of the hosting material. The lattice deformation leads to the buildup of 

mechanical stress, which is eventually released through particle cracking26, 27. As shown in in-

situ X-ray diffraction (XRD) result (Supplementary Fig. 2b), the transformation of layered 

structure to spinel structure starts to take place at ~200 oC in the LMR sample. Further thermal 

abuse at even higher temperature (~450 oC) is accompanied by the transformation of spinel 

structure to rock salt structure. These thermally-induced phase transformations at this high 

temperature are also associated with the molecular oxygen release from the LMR lattice, which 

is clearly supported by the mass spectrometry data shown in Supplementary Fig. 2c. 

Thermally-driven surface chemistry of LMR at ~100 oC. As described previously, it is of 

practical importance to carefully investigate the LMR materials’ response to the mildly elevated 

temperature at up to ~100 oC. Under such condition, we did not observe any changes using the 

bulk sensitive in-situ structural probes (TXM and XRD), nor has it been reported in the literature. 

We, therefore, turn to studying the surface electronic structure of the charged LMR, which could 

have a pronounced spectroscopic fingerprint. We first carried out soft X-ray absorption 



spectroscopic (XAS) measurements at all transition metals (TMs, Ni, Co and Mn) L2,3-edges and 

O K-edge on the charged LMR electrode before and after the thermal treatment at ~100 oC for ~5 

hours. As shown in Fig. 1a-c, the TMs L-edge XAS spectra, which were measured in the total 

electron yield (TEY) mode (probing depth at ~5 nm), reveal that the portion of the high valence 

state of TMs are relatively reduced after heating treatment. And such TM reduction is not 

associated with the well-known surface reconstruction phenomenon, in which the layered lattice 

structure reconfigures into a mixture of spinel and rock salt lattice structure. This is because the 

surface reconstruction is usually accompanied by the loss of oxygen from the lattice in the form 

of O2 gas release and our mass spectroscopic data (Supplementary Fig. 2c) has already ruled out 

such possibility at 100 oC. On the other hand, the TEY signal over the oxygen K-edge remains 

unchanged after the thermal treatment at 100 oC. In order to maintain charge neutrality of this 

system, there must be a charge transfer mechanism between the bulk and the surface of the LMR 

material, which will be thoroughly investigated in the following sections. 

The redox activity of TMs in the bulk of LMR at ~100 oC. To elucidate such surface-to-bulk 

redox coupling effect, we investigate the LMR’s spectroscopic fingerprint via the total 

fluorescence yield (TFY) mode, which probes a few hundred nanometers into the bulk. Note that 

the TFY signal is often utilized to probe the material’s bulk electronic structure. However, it 

suffers from the competition between the intrinsic absorption efficiency and the penetration 

depth, that are often going opposite at the first absorption edge very abruptly, leading to severely 

distorted spectrum shape. And such a distortion is further affected by the intrinsic "self-

absorption" effect, which results in stronger fluorescence at higher energies than at the leading-

edge energies (Supplementary Fig. 3). In particular, the TFY signal over the Mn L-edge are the 

most severely affected. 



To overcome this limitation, we employed a state-of-the-art TES detector for measuring a 

partial fluorescence yield (PFY) on the LMR material. The TES detector possesses good energy 

resolution of ~1.4 eV over the energy range that we work with. Therefore, when equipped with a 

TES detector, the conventional spectroscopic scan could offer valuable insights in the resonant 

inelastic X-ray scattering (RIXS), PFY, and X-ray fluorescence (XRF) modalities (see 

Supplementary Fig. 4 for an overview of the TES-based spectroscopic data). In Fig. 2, we 

present the Mn, Co, and Ni L2,3-edges RIXS data on the fully-charged LMR electrode before (left 

column) and after (middle column) the thermal treatment (~100 oC for ~5 hours), which shows 

no detectable difference. The extraction of PFY signal28 from the regions of interest (highlighted 

in left and middle columns of Fig. 2) in the RIXS data greatly enhances the signal-to-noise ratio 

of the spectra, which carries the bulk signal of the LMR electrode. The comparison of PFY 

spectra (right column of Fig. 2) and the TFY spectra (Supplementary Fig. 3) clearly features the 

TES-facilitated data quality improvement by rejecting unwanted photons that are irrelevant to the 

targeted signal. This result clearly indicates that there is no significant valence state deviation of 

the TMs in bulk of the LMR material upon thermal treatment at ~100 oC, which is in consistent 

with the implication of Fig. 1. We note here that the inversed-PFY (iPFY) of the O-K emission 

signal could potentially be used to further avoid the intrinsic self-absorption induced spectrum 

distortion. The limited signal to noise ratio in our data is, unfortunately, insufficient for in-depth 

analysis of the iPFY data. 

Thermally activated oxygen redox chemistry in the bulk of LMR at ~100 oC. Since the 

valence state of TMs in the bulk of the LMR material demonstrates no change at ~100 oC, the 

oxygen evolution, which has been identified as a key player in the LMR system, becomes the 

next focus in our search for the charge compensation mechanism for the thermally-driven surface 



TMs reduction. The oxygen RIXS features have been thoroughly studied and indexed in previous 

literature1, 2, 29, 30. In particular, the oxygen RIXS feature at an excitation energy (i.e., incident 

photon) of ~531 eV and emission energy (emitted photon) of ~523 eV is broadly observed and is 

attributed to the oxygen redox activities. For LMR materials, it has been reported that the 

formation and evolution of this feature is associated with the deep delithiation of the LMR 

cathode, which activates oxygen redox reaction at high charging voltage1. Note that in 

Supplementary Fig. 5, we systematically compare the oxygen RIXS data from the LMR 

electrode at pristine state and fully charged state (4.8 V). We clearly observed the formation of 

the above mentioned RIXS feature when the LMR cathode is charged to 4.8V. Our result 

confirms that, at high SoC, the lattice oxygen redox reaction in LMR material is activated and is 

a major charge compensation mechanism for the LMR cathode at deeply delithiated state. To 

rule out the contamination of oxygen signal from the inactive domains in the electrode, we 

fabricated an electrode without loading of the active LMR particles. This LMR-free electrode has 

no detectable oxygen RIXS signal, confirming that the LMR is indeed the sole contributor to the 

measured signal of oxygen RIXS. 

The comparison of the oxygen RIXS data before and after the thermal treatment of charged 

LMR electrode at ~100 oC (Fig. 3) suggests that the oxygen redox activity is enhanced upon 

heating. Such enhancement is more evident in the super-partial fluorescence yields (sPFY)28 

plots shown in Fig. 3c (see also the comparison of the normalized sPFY spectra in 

Supplementary Fig. 6) as well as the X-ray emission spectra at selected excitation energy (Fig. 

3d-f). The temperature dependent oxygen RIXS data suggests the thermally-promoted transition 

of O2- to oxygen with higher valence state (O-) in the bulk of the LMR cathode. In other words, 

mildly elevated temperature could enhance the oxygen activity in the LMR lattice and, thus, 



favor the oxygen redox through previously proposed mechanisms like the formation of O-O 

dimers31, localized oxygen holes9, or other specific oxygen chemical bonds10. The oxidation of 

the oxygen anions in the bulk is, therefore, the charge compensation mechanism for the reduction 

of TMs on the surface at ~100 oC. Such surface-to-bulk redox coupling between the TMs cations 

and oxygen anions are likely resulted from the thermally driven Li ions diffusion within the 

LMR lattice, which motivates a more thorough investigation of the lithium diffusivity in the 

LMR material. 

Evolution of lithium diffusivity in LMR upon charging. To further understand the observed 

changes in the charged LMR sample upon heating to ~100 oC, it is important to investigate the 

influence of charging on the physical property of the LMR material, especially Li+ transport 

properties. Galvanostatic intermittent titration technique (GITT), an effective electrochemical 

method to calculate the lithium diffusion coefficient, is employed in this work. The experimental 

details are described in the method section and the analysis follows that proposed by Weppner 

and Huggins32. The GITT curve of LMR material during the 1st cycle charging is shown in Fig. 

4a with the inset graph illustrating how the voltage evolves during a titration step. Specifically, 

upon a pulse charging, the voltage is immediately increased by IR, in which I is the current and 

R is the resistance, respectively. Then the voltage slowly increases, due to the galvanostatic 

charge pulse, in order to maintain a constant concentration gradient. When the charging current 

is stopped, the voltage is immediately decreased by IR. Then the voltage slowly decreases as 

lithium is diffused in the bulk until an equilibrium is reached in the system. By measuring 

various voltage increases or drops during the titration process and using the following equation, 

Li+ diffusion coefficient can be calculated33: 



୐୧శܦ = ߨ4 ൬݉୆ ୑ܸܯ୆ܵ ൰ଶ ( ୗ߬ܧ߂ ቌ݀ܧఛ ݀√߬൘ ቍ)ଶ 						ቆ߬ ≪  (1)																											୐୧శቇܦଶܮ
where mB is the mass of the active material in the electrode, VM is the molar volume, MB is the 

molecular weight of LMR material, S is the active surface area of the electrode whose value is 

based on Brunauer, Emmett, and Teller (BET) result34, τ is the time duration in which the current 

is applied, and L is the thickness of the electrode. If Eτ and τ follow a linear relationship as 

shown in Fig. 4b, equation (1) can be further simplified into: 

௅௜శܦ = ߬ߨ4 ൬݉஻ ெܸܯ஻ܵ ൰ଶ  (2)																																																						ଶ(ఛܧ∆ௌܧ߂)
The calculated lithium diffusion coefficients during 1st cycle charging of LMR material is shown 

in Fig. 4c. It shows that at the beginning of charging, DLi
+ is on the order of 10-14 cm2 s-1 which is 

in good agreement with results in the literature33, 35. When more than 0.3 Li is extracted from the 

lattice, a sharp decrease in DLi
+ is observed, with several orders of magnitude change (the y axis 

is log10DLi
+). A minimum in DLi

+ is reached (on the order of 10-17) when around 0.7 Li is 

extracted. After that, DLi
+ increases but remains much lower than the initial stage of charging. 

Such results indicate that Li+ transport properties deteriorates significantly in LMR material 

during the 1st cycle charging. This can induce a large Li concentration gradient within the 

particle if a relatively large current is applied for charging as in the case of normal operation. 

Consequently, the chemical potential of Li in the bulk is likely to be higher than that near the 

surface, creating thermodynamic driving force for the Li ions to migrate when the particle is 

relaxed. Such Li migration is believed to be the root cause of the observed surface-to bulk redox 

coupling phenomenon. 

 



Discussion 

Battery materials’ response to elevated temperature is fundamentally important. Comparing to 

the tremendous amount of effort that was devoted to the investigation of battery electrodes under 

thermal abuse conditions, the materials’ behavior at mildly elevated temperature (up to ~100 oC) 

is largely unexplored. One possible reason is that such mild temperature treatment can only 

induce very subtle if any changes, requiring highly sensitive experimental technique for 

detection. Also, the thermal activation of the material evolution can kinetically sluggish at such 

mildly elevated temperature. This temperature window, however, is relevant to several important 

scientific questions including the operation of solid-state battery with polymer electrolyte and the 

initiation of thermal runaway. These questions are of fundamental interest and substantial 

industrial relevance as well. 

In this work, we employed a series of in-situ experimental techniques to investigate the 

charged LMR cathode’s response to elevated temperature. We started with in-situ X-ray imaging 

and diffraction, together with mass spectrometry, and elucidated the structural evolution of LMR 

electrode at different length scales. While we clearly observe that the mesoscale particle 

fracturing, atomic scale lattice reconstruction, and molecular oxygen release happen concurrently 

at 200 oC and above, the material seems to be indifferent at temperature up to ~100 oC. We then 

thoroughly study the spectroscopic fingerprints of the charged LMR electrode before and after 

mild temperature treatment at ~100 oC for ~5 hours. We observed the reduction of TMs on the 

surface upon the mild thermal treatment. More importantly, the redox reaction of the lattice 

oxygen in the bulk of LMR material is promoted under such conditions, compensating the TM 

reduction on the surface. Such surface-to-bulk redox coupling effect is facilitated by the 

promoted lithium diffusivity at mildly elevated temperature. We further investigated the 



evolution of the lithium diffusivity in LMR upon charging using GITT method, which reveals 

the increased resistance of lithium diffusion at high SoC. At the charged state, the LMR cathode 

likely exhibits a lithium concentration gradient with higher lithium concentration in the bulk and 

lower lithium concentration on the surface, due to the limited lithium diffusivity in LMR lattice. 

Starting from such ununiform distribution of lithium, the mild temperature perturbation promotes 

the lithium mobility and causes the system to rearrange as it settles to a new equilibrium. In this 

scenario, thermally-promoted ionic mobility in the hosting LMR lattice could facilitate the 

surface-to-bulk redox coupling effect and maximizes the entropy of the system. We have 

summarized our results in a schematic illustration in Fig. 5. 

The presented findings and their implications offer insights into oxygen redox reaction in 

LMR lattice, which ultimately determines the potential of LMR material as high voltage cathode 

for applications in both conventional and solid-state batteries. 

 

Methods 

Electrochemical measurement. The Li1.2Ni0.15Co0.1Mn0.55O2 powder was provided by Toda 

company. Electrodes were prepared by spreading the slurry (N-Methyl-2-pyrrolidone as the 

solvent) containing active materials (LMR, 80 wt.%), acetylene carbon (10 wt.%) and 

polyvinylidene difluoride (PVDF, 10 wt.%) as the binder and casting it on carbon-coated 

aluminum foils. The electrodes were then dried overnight at 120 °C in a vacuum oven and 

transferred into an Ar-filled glove box for future use. The active mass loadings for the electrodes 

were 2 mg cm-2. CR2032 coin cells were assembled in an Ar-filled glovebox (O2<0.5 ppm, 

H2O<0.5 ppm) using the composite cathode, lithium foil (MTI) anode with thickness of 250 μm, 



Celgard 2500 as the separator and electrolyte made of 1M LiPF6 dissolved in ethylene carbonate 

(EC) and ethyl methyl carbonate (EMC) (1:2 in volume). The GITT experiments were done on a 

Biologic SP-300 potentiostat/galvanostat. The cell was charged at a current density of 20 mA g-1 

for 30 minutes, followed by relaxation for 4 h to reach a quasi-equilibrium state. Such process is 

repeated until the charging voltage limitation was reached. 

In-situ XRD and Mass Spectroscopy. The harvested electrode powders were loaded into a 

quartz tube furnace in the glove box and transferred to the thermal stage of beamline 17BM, at 

Advanced Photon Sources (APS), Argonne National Laboratory (ANL). The wavelength used 

was 0.7718 Å. To track the structural changes during thermal degradation, XRD patterns were 

continuously recorded by an amorphous silicon area detector (Perkin-Elmer) in the transmission 

mode. During heating, helium is used as the carrier gas. The outlet is connected to a mass 

spectrometer (i.e., residual gas analyzer, RGA) for analyzing the components of the released gas. 

The sample is heated from RT (25 oC) to 600 oC at a rate of 2 oC min-1. Each XRD pattern takes 

about 3 minutes to collect. For easy comparisons with the results in the literature, the 2θ angles 

are converted to values corresponding to Cu Kα radiation. 

In-situ TXM measurement. In-situ nano-tomography of a selected secondary particles of the 

charged LMR material was carried out using the transmission X-ray microscope at beamline 6-

2c at the Stanford Synchrotron Radiation Lightsource (SSRL) of the SLAC National Accelerator 

Laboratory. This instrument has a nominal spatial resolution of ~30 nm. More details of the 

experimental setup and details of the tomography reconstruction steps can be found in the 

literature. During the tomographic scan, the particle was rotated from -90 degree to 90 degree 

with a step size of 0.5 degrees. The energy was set to 9 keV for optimal zone plate efficiency and, 

thus, optimal signal to noise ratio. The temperature was controlled using an in-house developed 



heater. Data analysis was performed using an SSRL in-house developed software package 

known as TXM-Wizard36. 

XAS measurement. Soft XAS measurements were carried out at the elliptically polarizing 

undulator (EPU) beamline 13-3 at SSRL. The two pieces of charged LMR electrode (with and 

without exposure to the thermal treatment at 100 oC for ~5 hours) were mounted in an ultra-high 

vacuum (UHV) chamber for the measurement. The vertically polarized X-ray (sigma-

polarization) was used. The incident beam was monochromatized by a 600-lines/mm spherical 

grating monochromator (SGM), and its angle was set at 30 degrees from the sample surface. 

Both TFY and TEY signals were acquired simultaneously. All the XAS spectra were normalized 

by the intensity of the incoming X-ray beam that was concurrently measured as a drain current 

on an electrically isolated gold-coated mesh. A linear background, which was determined by the 

intensity of the pre-edge region, was subtracted from the data. Hard XAS measurements were 

performed at the 7-BM beamline of the National Synchrotron Light Source II (NSLS II) at 

Brookhaven National Laboratory (BNL) in transmission mode. The X-ray absorption near edge 

structure (XANES) were processed using the Athena software package37. The AUTOBK code 

was used to normalize the absorption coefficient. 

RIXS measurement with TES spectrometer. RIXS measurement was performed at beamline 

10-1 at the SSRL using a TES spectrometer38, 39. The TES spectrometer consists of a 240-

channel energy-dispersive detector array facing the sample-X-ray interaction point at 90 degrees 

with regards to the incoming X-ray beam. The distance between the interaction point and the 

TES detector array was 5 cm. To achieve higher energy resolution of the TES than in a normal 

operation mode, only a subset of the detector array (64 pixels) was employed during the O K-

edge RIXS measurements. In TMs L-edge RIXS measurements, the full detector array was used, 



and each transition-metal edge was scanned 5 times (~ 550 seconds per scan), which gave 

sufficiently high signal-to-background ratio. The energy measured by the TES was calibrated 

through separate measurements of a reference sample consisting of C, N, O, and various 3d 

transition-metal oxides with known emission energies. Sample exposure to the air was 

minimized using N2-filled glove bags during the sample mounting, and the samples were 

measured under UHV condition ~ 5e-9 Torr. No sign of radiation damage was observed in the 

RIXS measurements based on no noticeable change in the measured spectral shape between 

consecutive scans. 

 

Data Availability 

The data that support the plots within this paper and other finding of this study are available from 

the corresponding author upon reasonable request. 
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Fig. 1 TEY signals from the charged (4.8 V) LMR electrode before and after it is exposed to 
mildly elevated temperature (100 oC) for ~5 hours. The transition metal elements (Ni, Co, and 
Mn) appear to be slightly reduced upon heating. All the spectra were normalized at the maximum. 
  



 

Fig. 2 RIXS (left and middle column) and PFY (right column) fingerprints of transition metal 
elements (Ni (a-c), Co (d-f), and Mn (g-i)) in fully-charged (4.8 V) LMR electrode before and 
after the thermal treatment at ~100 oC for ~5 hours. Panels (a), (d) and (g) are the RIXS maps 
collected on the charged LMR electrode under room temperature. Panels (b), (e), and (h) are the 
RIXS maps collected after the thermal treatment. Panels (c), (f), and (i) are the comparison of 
PFY signals before and after the thermal treatment. The PFY spectrum is extracted by vertically 
integrating the signal in corresponding RIXS map. The diagonal white dashed lines in all the 
RIXS maps are ascribed to the elastic line. No noticeable thermally-induced changes are 
observed in the RIXS and PFY signatures over the transition metal elements’ absorption L-edges.  
  



 

 

Fig. 3 Oxygen RIXS maps from the charged LMR electrode at room temperature (panel (a)) and 
after thermal treatment at ~100 oC for 5 hours (panel (b)). Panel (c) is the sPFY signal extracted 
by vertically integrating the signal across a super-partial range marked by the white frames in 
panels (a) and (b). Panels (d) and (e) are the X-ray emission spectra at selected excitation energy 
points from 530 eV to 532 eV in RIXS maps (a) and (b), respectively. Panel (f) is the comparison 
of the X-ray emission spectra at excitation energy of 531 eV shown in Panel (d) and (e). The 
formation and enhancement of the RIXS feature at excitation energy of ~531 eV and emission 
energy of ~523 eV, which is attributed to the oxygen redox reaction, are clearly observed. The 
solid lines are guide to eyes. 
  



 

Fig. 4 GITT measurement of LMR and the computed lithium diffusivity during charging. (a) 
Voltage profile during the GITT experiment with the inset graph showing how voltage evolves 
during a titration step. The meanings of the variables are described in the text. (b) The linear 
relationship between voltage and the square root of τ during the voltage increase stage when the 
current is applied. (c) Li ion diffusivity evolution during the first cycle charging process of LMR 
material. 
  



 

 

Fig. 5 Schematic illustration of the observed thermally activated redox coupling effect. The mild 
temperature elevation to 100 oC triggers the charge transfer between the oxygen anions in the 
bulk and the transition metal cations on the particle surface through activation of the lithium ion 
diffusion. 




