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Abstract

Lithium nickel manganese cobalt oxide (NMC) is a commercially successful Li-ion battery 
cathode due to its high energy density; however, its delivered capacity must be 
intentionally limited to achieve capacity retention over extended cycling. To design next-
generation NMC batteries with longer life and higher capacity the origins of high potential 
capacity fade must be understood. Operando hard X-ray characterization techniques are 
critical for this endeavor as they allow the acquisition of information about the evolution 
of structure, oxidation state, and coordination environment of NMC as the material 
(de)lithiates in a functional battery. This perspective outlines recent developments in the 
elucidation of capacity fade mechanisms in NMC through hard X-ray probes, surface 
sensitive soft X-ray characterization, and isothermal microcalorimetry. A case study on 
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the effect of charging potential on NMC811 over extended cycling is presented to illustrate 
the benefits of these approaches. The results showed that charging to 4.7 V leads to 
higher delivered capacity, but much greater fade as compared to charging to 4.3 V.  
Operando XRD and SEM results indicated that particle fracture from increased structural 
distortions at >4.3 V was a contributor to capacity fade. Operando hard XAS revealed 
significant Ni and Co redox during cycling as well as a Jahn-Teller distortion at the 
discharged state (Ni3+); however, minimal differences were observed between the cells 
charged to 4.3 and 4.7 V. Additional XAS analyses using soft X-rays revealed significant 
surface reconstruction after cycling to 4.7 V, revealing another contribution to fade.  
Operando isothermal microcalorimetry (IMC) indicated that the high voltage charge to 4.7 
V resulted in a doubling of the heat dissipation when compared to charging to 4.3 V. A 
lowered chemical-to-electrical energy conversion efficiency due to thermal energy waste 
was observed, providing a complementary characterization of electrochemical 
degradation.  The work demonstrates the utility of multi-modal X-ray and 
microcalorimetric approaches to understand  the causes of capacity fade in lithium ion 
batteries with Ni-rich NMC.   

1 Introduction

1.1 NMC as a Li-ion Battery Cathode

Lithium nickel manganese cobalt oxide (LiNixMnyCozO2, NMC) is an important 

lithium ion battery cathode material for electric vehicle applications due to its high capacity 

retention and high energy density.1-8 NMC can be described as a layered, ordered rock 

salt that crystallizes in a hexagonal unit cell characterized by alternating layers of 

octahedrally coordinated lithium and nickel/manganese/cobalt where the transition metals 

all share one crystallographic site.2, 3, 9 The three ions have distinct oxidation states where 

Ni is either 2+ or 2+/3+ depending on stoichiometry, Mn is 4+, and Co is 3+.4, 6, 7 The 

nomenclature for NMC commonly follows the stoichiometric ratios of the three transition 

metals. For example, LiNi0.33Mn0.33Co0.33O2 and LiNi0.8Mn0.1Co0.1O2 are referred to as 

NMC111 and NMC811, respectively.   

The properties of NMC can be optimized by adjusting the compositional ratio of 

the Ni, Mn, and Co in the material.  Ni contributes to the higher cathode discharge capacity 

through greater Li (de)insertion within a defined voltage window; Co enhances the 
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material’s rate capability and stabilizes the layered structure of the cathode for long cycle 

life; Mn supports the electrochemical stability and thermal stability of the material for 

improved safety.4, 6, 10-12   A large field of research focuses on manipulating the 

stoichiometric ratios of Ni, Mn, and Co to tune electrochemical performance. Indeed, 

Figure 13, 5, 6, 13-16 shows the recent dramatic increase in publications involving NMC 

materials. With a push to satisfy the higher energy density requirements necessitated by 

electric vehicles, significant attention has been given to Ni rich NMC compositions where 

x>0.5; in these structures the nickel is a mixture of Ni2+ and Ni3+ where Ni3+ content 

increases with x. Ni rich NMC offers higher energy density as the high Ni content leads 

to greater lithium extraction.4, 6 In particular, NMC811 is of interest due to its exceptionally 

high energy density (~195 mAh/g compared to ~160 for NMC111).6, 13-15, 17-21 However, 

the high nickel content NMCs lack the stability of their Ni deficient analogs and present 

unique structural and electrochemical phenomena that require a large breadth of 

experimental techniques for full characterization.12, 18, 20-22
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Figure 1. Papers by year for NMC111, NMC622, and NMC811 from 2000-2020 from 

SciFinder Scholar search dated September 3rd, 2021.

During charge, lithium is removed from the NMC crystallographic structure 

resulting in an initial contraction along the a axis and expansion along the c axis. However, 

at higher levels of delithiation (>0.67 electron equivalent), a dramatic contraction along 

the c axis is also observed.2, 3, 13, 14 Concurrently, nickel is oxidized to Ni3+ followed by 

Ni4+ and Co is oxidized to Co4+; the oxidation state of Mn remains unchanged throughout 

cycling.4, 6, 7 The Co-O bonds of CoO6 octahedra uniformly contract from ≈1.92 Å to 1.88 

Å as Co oxidizes from 3+ to 4+.4, 23-27 Similarly, the NiO6 octahedra also contract as nickel 

is oxidized to Ni4+ (≈1.99 Å to 1.88 Å); however, this contraction is nonuniform.4, 23-27 Ni3+ 

is a low spin d7 ion and as such is susceptible to Jahn-Teller distortions, so in the 3+ state, 

nickel is coordinated to four oxide ions at ≈1.91 Å and two at ≈2.09 Å.4, 23-27 Once charged, 

the NiO6 octahedron becomes uniform and all six oxide ions are ≈1.88 Å for Ni4+ (Figure 

2).4, 23-27 It is important to note that local Jahn-Teller distortions can be transient and may 

not translate to sustained changes in the material’s bulk structure – for example in the 

case of LiNiO2 while Jahn-Teller distortions are seen locally, the global crystallographic 

symmetry is systematically identified as a perfectly undistorted rhombohedral structure 

isostructural with LiCoO2.28  However, electrochemically induced Jahn-Teller distortions 

which are repeated and/or persist during (de)lithiation can contribute to lasting impacts 

on the crystallographic integrity of electroactive materials.
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Figure 2. (a) d-orbital splitting diagram of Ni4+, (b) coordination environment of Ni4+ 

(a=1.88 Å), (c) d-orbital splitting diagram of Ni3+, (d) coordination environment of Ni3+ 

(b=2.09 Å, c=1.91 Å).

Theoretically, NMC811 can deliver 275 mAh/g (1 electron equivalent) when fully 

delithiated; however, the delithiated structure is not stable and so delithiation must be 

limited to ≈67%, leading to a proportional reduction in delivered capacity.29, 30 Practically, 

this limitation can be employed by limiting the charging potential to ≈4.3 V.13, 14, 29  It is of 

interest to charge NMC811 to higher potential as this will deliver more capacity. However, 

again, greater delithiation prompts structural instability which can result in loss of capacity 

over extended cycling.13, 29, 31 Moreover, the degradation of the NMC811 material due to 

high voltage charge to 4.7 V may also result in additional heat generation. In previous 

isothermal microcalorimetic study on the LiNi0.6Mn0.2Co0.2O2 (NMC622),32 charging to 

high voltage resulted in irreversible energy conversion from chemical energy to heat. The 

increased thermal output is not only wastes energy but is a potential safety hazard. There 

are many interrelated electronic and physical properties that influence NMC’s 

electrochemical performance including but not limited to: chemical composition, transition 

metal oxidation state, metal-ligand coordination, local atomic arrangement, crystallinity, 

and even electrode structural integrity. These properties span a multitude of different 
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length scales making identifying and employing appropriate techniques of great 

importance to understand NMC’s electrochemical behavior. Using NMC811 as a model 

material, this perspective discusses common degradation mechanisms in NMC and how 

they can be elucidated using cutting edge electrochemistry coupled isothermal 

microcalorimetry (IMC) and X-ray characterization techniques. 

1.2 Hard and Soft X-rays as Absorption Spectroscopy Probes

It is worthwhile to briefly consider the differences between absorption spectroscopy 

performed with hard & soft X-rays especially as these differences can lead to surface 

sensitivity for soft X-rays. Hard X-ray absorption spectroscopy (XAS) techniques probe 

the metal K-edge of transition metals where core-shell electrons are excited to the outer 

shell p orbitals (1s2 → 1s14p1) (Figure 3).  Oxidation state and electronic structure 

information are provided through analysis of the X-ray absorption near edge structure 

(XANES) region, while details of the local atomic environment including bond lengths and 

coordination number are obtained from the extended X-ray absorption fine structure 

(EXAFS) region. The high energies (>6 keV) required for K-edge excitation of Ni, Mn, and 

Co in NMC materials enable penetration through tens of micrometers of sample 

thickness, essentially meaning that the entirety of the sample is probed.
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Figure 3. Schematic of a low-spin Ni4+ ion’s atomic orbitals during excitation due to hard 
X-rays (red) and soft X-rays (blue).  

On the other hand, soft XAS targets the L-edge of transition metals wherein a 2p 

orbital electron is excited to the 3d valence holes (2p63dn -> 2p53dn+1).33 After excitation, 

the remaining electrons in the 2s5 state split due to spin-orbital coupling giving rise to the 

L3-edge (2pJ=3/2) and the L2-edge (2pJ=1/2) in a theoretical ratio of 2:1.34 Moreover, if the 

dn orbital is partially filled, as is the case for transition metals, then the 2p63dn -> 2p53dn+1 

excitation is highly dependent on the initial electron state. Differences in oxidation state, 

electron spin-state, coordination, and crystal field strength all produce deviations in the 

L3 and L2-edges.35 Each of these four factors manifest differently for different elements in 

different environments. Additionally, soft XAS can parse changes in valence state as a 
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function of depth with different detection modes: partial electron yield (PEY, 1 nm to 2 

nm), total electron yield (TEY, ≈5 nm) and fluorescence yield (FY, ≈50 nm to 100 nm).5, 

36 Therefore, soft XAS has surface sensitivity and can be used to probe the electronic 

structure of the target element at the particle surface. 

As an important point of clarification, the difference in energies between the L and 

K-edges of transition metals determines the use of hard or soft X-rays, respectively. But 

that is not the case for all elements. The O K-edge, for example, has an edge energy of 

537 eV,37 and therefore is collected via soft XAS measurement. 

1.3 Applications of Hard X-ray Characterization Towards Elucidating Capacity 

Fade Mechanisms

Hard X-ray characterization has proven essential for elucidating capacity fade 

mechanisms in Ni-rich NMC materials.3-6, 13, 14, 38-41 In particular, significant advances 

have been made characterizing these materials using X-ray diffraction (XRD) and hard 

XAS techniques.3-6, 13, 14, 23, 38-42 Implementation of these techniques using operando 

methodology, where measurements are performed during battery operation3, 4, enable 

the acquisition of relevant oxidation state, local atomic environment and crystal structure 

information without introducing the various artifacts associated with stopping and 

deconstructing the cell for ex situ measurement.43 By performing these operando X-ray 

measurements on cells that have been extensively cycled, important insights into the 

mechanism of capacity fade can be obtained while that fade is actually occurring. To this 

end extensively pre-cycled NMC622 cells have been studied with operando XRD, 

operando XAS, and combined XRD/XAS.2-4 Operando XRD has also been applied to 
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extensively cycled LiNi0.91Mn0.03Co0.06O2, LiNi0.85Mn0.05Co0.1O2, and NMC811 cells.17, 40, 

41, 44

Capacity fade due to structural instability is a significant problem for NMC811, 

particularly at high charging potential.13, 17, 29, 31 Upon delithiation, the material undergoes 

anisotropic lattice changes, where there is initially a small drop in cell volume upon 

moderate delithiation and then a more drastic drop in volume upon additional delithiation; 

this additional delithiation occurs when charged to high potential.2, 3, 13, 14, 17, 21 These 

repeated changes in the host lattice induce stress on the particles which can lead to 

cracking which induces capacity fade by degrading the electrical connection in the 

electrode.14, 17, 19-21, 29-31, 45-47 For example, operando XRD measurements of Li/NMC811 

half cells showed a 5.1% volumetric change of NMC811 when cycled between 3.0 V and 

4.3 V, with increased microstrain correlated with microcracking of particles observed by 

scanning electron microscopy analysis.14 Particle cracking can also lead to transition 

metal dissolution due to the increased surface area formed by the cracks.2, 48  This 

dissolution results in loss of active material and can lead to deposits on the anode which 

may be detrimental to performance.2, 7, 20

While hard X-ray characterization has proven critical for studying the NMC system; 

however, fundamentally these techniques provide bulk material information due to the 

high energy of hard X-rays, with sampling depths on order of tens of micrometers.  As will 

be discussed in the next section, the surface of NMC also plays a critical role in capacity 

fading; soft XAS measurements with detection mode dependent sampling depths ranging 

from (1 nm to 2 nm) to (50 nm to 100 nm) can be used to unravel these non-bulk 

contributions.
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1.4 Soft X-ray Absorption Spectroscopy (sXAS) as a Surface Sensitive Probe for 

the Determination of Non-Bulk Fading Mechanisms

Another potential factor causing capacity fade in NMC materials is surface 

reconstruction.6 This phenomenon is spurred by repeated (de)lithiation events and results 

in the reconstruction of the NMC layered rhombohedral ( ) phase to cubic spinel (𝑅3𝑚 𝐹𝑑3

) and rocksalt ( ) phases at particle surfaces (Figure 4).49 3, 4, 6 The decrease in 𝑚 𝐹𝑚3𝑚

oxide coordination number during delithiation can encourage oxygen liberation from the 

crystal structure, which triggers conversion to the oxygen deficient spinel and rock salt 

phases,  6, 12, 17, 19, 20, 31, 50 The oxygen deficient phases tend to be less ionically conductive 

than the layered NMC parent, leading to impedance buildup and increased polarization 

which reduce electrochemical reversibility.6, 7, 17, 20 Additionally, the surface reconstruction 

phases also tend to be more soluble in carbonate-based electrolytes, which leads to 

active material dissolution & deposition on the adjacent anode, causing further fade.7, 20

There have been limited reports providing physical evidence of surface 

reconstruction using bulk measurements. For example, Bak et al. performed in situ XRD 

on previously delithiated NMC433, NMC532, NMC622, and NMC811 materials that were 

heated to 600 °C.12 The authors showed the formation of spinel and rocksalt NMC phases 

which formed at relatively lower temperatures for materials with higher Ni content. 

Critically, these phases could only be detected at the bulk level after significant heating. 

However, for NMC materials cycled at ambient temperatures and conditions, 

reconstruction is a primarily surface phenomenon and cannot be detected with bulk 

sensitive hard X-rays.  Alternatively, M. Doeff and coworkers have shown that surface 

sensitive soft XAS analysis is a powerful tool for the detection of surface reconstruction 
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phases in NMC materials of various compositions.5, 6, 49 These studies have demonstrated 

that while Ni and Co undergo reversible redox on the bulk level during (dis)charge, there 

can be irreversible reduction of Ni, Mn, and Co in the first ≈10 nm of the NMC particles, 5, 

6, 49 providing direct evidence of reduced surface phases that form during electrochemical 

cycling.

Figure 4. Schematic of the crystal structures, average transition metal charges, and 
oxygen to transition metal ratios of (a) layered NMC8119, (b) spinel51, and (c) rocksalt52. 
Lithium, transition metal, and oxide ions are colored green, gray, and red respectively. 
The tetrahedral site of the spinel (b) is noted in blue.

1.4 X-ray Imaging

In addition to the use of XRD and XAS to track the crystallographic, oxidation state 

and local atomic structure changes associated with capacity fade, X-ray imaging 

techniques can be used to further probe aging mechanisms in NMC materials by enabling 

3-dimensional characterization of microstructural and phase heterogeneities.  One such 

imaging technique is X-ray computed tomography (CT).  In conventional absorption 

contrast CT, X-rays are transmitted through a sample where differences in X-ray 

absorption from different sample components are used to provide image contrast.  The 
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technique can be used to quantify both electrode and particle level degradation in NMC 

electrodes.20 A related technique to conventional CT is X-ray diffraction computed 

tomography (XRD-CT),53, where image contrast is alternatively provided by differences 

in scattered X-rays from the sample components.  This approach enables spatial 

localization of diffraction information and thus quantification of (de)lithiated phase 

heterogeneity at the electrode scale.54-56 Recently, the first application of XRD-CT to NMC 

electrodes was used to analyze electrodes cycled under different voltage limits.56 The 

results revealing more severe unit cell volume shrinkage for particles charged to higher 

voltage, consistent with a higher degree of active Li loss, and provided demonstration that 

XRD-CT can be an effective technique for future studies aimed at understanding capacity 

fade in the material.56

A second X-ray imaging technique is transmission X-ray microscopy (TXM), which 

also uses X-ray absorption to provide image contrast, but which has higher resolution 

(tens of nanometers) and lower field of view (tens of microns) compared to conventional 

CT.57 TXM has been used to detect cracking in secondary particles of NMC materials 

induced by electrochemical cycling.21, 58, 59 In one notable example, TXM provided 

evidence of an electrode depth dependence on particle fracture, where mechanical failure 

is more severe in active materials near to the separator.21   An additional advantage of 

TXM is that the XANES region of the sample can be obtained by scanning the incident X-

ray energy across component element’s X-ray absorption edge, thus enabling chemical 

state information as a function of spatial location.  Using this approach, TXM has been 

used to quantify oxidation state heterogeneity in polycrystalline NMC secondary 
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particles60, 61, and has indicated that the alignment of the primary grains plays a critical 

role in  determining cell polarization and capacity retention.61 

1.5 Case Study: Capacity Fade as a Function of Charge Potential in NMC811

To highlight the importance of multimodal X-ray characterization for elucidating 

mechanisms contributing to capacity fade, this section presents a case study on NMC811. 

Specifically, this study aims to elucidate the various factors that lead to capacity fade as 

a function of charging potential; to this end, cells were cycled either from 3.0 V to 4.3 V 

or 3.0 V to 4.7 V. Operando XRD and XAS measurements were performed on Li/NMC811 

cells before and after 100x cycling under those potential windows, providing direct 

measurements of oxidation state, local atomic environment, and crystal structure as fade 

progresses. sXAS measurements were performed to detect differences in the level of 

surface reconstruction that were invisible to the hard X-ray measurements. Additionally, 

operando isothermal microcalorimetry was performed to understand how charging 

voltage affects impacts thermal energy waste within the battery. The case study illustrates 

that a combined approach is needed to fully understand the factors leading to capacity 

fade in Ni-rich NMC. 

2 Results and Discussion

2.1 Electrochemistry

To study the origins of capacity fading at high charging potentials in NMC811, a 2 

X 2 matrix of Li/NMC811 cells was considered. Cells that were uncycled and cells that 

were cycled 100x from either (3 to 4.3) V or (3 to 4.7) V were studied using operando 

techniques at the same potential windows; these cells are designated as 4.3 fresh, 4.7 

fresh, 4.3 cycled, and 4.7 cycled.
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When charged to 4.7 V, the NMC811 initially delivers 14% higher capacity than 

when charged to 4.3 V (Figure 5A,B); consistent with the higher potential leading to 

greater delithiation. However, the (3 to 4.7) V cells fade significantly faster; the initial 

increased capacity is no longer observed by cycle 35, and after cycle 100 the (3 to 4.7) V 

cells lose 30% of their initial capacity compared to only 10% when cycled from 3 V to 4.3 

V. It should be noted that the electrochemistry is comparable in both coin and pouch cells 

demonstrating the reproducibility independent of cell format. When charged (Figure S1 

and S2), two plateaus are observed: the first at ≈3.7 V and the second smaller plateau at 

≈4.2 V, followed by a steep increase in potential with no notable features. These plateaus 

are observed upon discharge as well; they become much less defined after cycling. After 

100 cycles, a significant increase in impedance is observed, where the increase is more 

pronounced for the cell charged to the higher potential (Figure 5C). 

Figure 5. (a) Representative galvanostatic cycling of Li/NMC811 coin cells, (b) 
representative galvanostatic cycling of Li/NMC81 pouch cells, and (c) representative EIS 
spectra collected on coin cells prior to cycling and cycled from 3 V to 4.3 V and 4.7 V.

2.2 Operando X-ray Diffraction and Scanning Electron Microscopy 

To understand the structural evolution of the NMC811 material during (dis)charge, 

operando XRD measurements were collected on the four cell conditions during a full 
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cycle, consisting of an initial charge step, followed by a discharge (Figures S1-S4). The 

unit cell parameters were determined by Rietveld refinement of the XRD patterns, and 

the key results are presented in Table 1 and Figure 6. As NMC811 charges to the first 

plateau at 3.7 V there is a slight volume contraction consistent with removal of lithium. 

The volume contraction is caused by an anisotropic change in the host lattice where the 

a parameter contracts and the c parameter expands; this change in the lattice can be 

described as an H1 to H2 transition, although it should be noted that these H1 and H2 

phases are crystallographically equivalent in terms of space group and atomic sites and 

are only distinguished by their different unit cell dimensions. (Figure 6).3, 5 Upon further 

charging, a second plateau is reached at 4.2 V, where there is a much more significant 

volume contraction caused by a drastic decrease in the c parameter. This finding is 

consistent with an H2H3 transition, although it should be noted that the c parameter 

does not decrease as far as ≈13.7 Å - which would be expected for H3 NMC811 – 

suggesting that there is insufficient delithiation to fully access the volume contracted H3 

phase.3, 5 Above 4.3 V, there is a sharp increase in potential up to 4.7 V. During this final 

part of the charging, the c parameter and volume continue to contract while the a 

parameter remains unchanged, showing that the H2H3 transition only occurs 

completely at the higher potential. These transitions are reversible and after discharge 

the material converts back to H1 NMC811.

Table 1. Unit cell parameters of NMC811 as determined by Rietveld refinement.
Pristine Charged DischargedCondition

a (Å) c (Å) V (Å3) a (Å) c (Å) V (Å3) a (Å) c (Å) V (Å3)
4.3 Fresh 2.874 14.21 101.6 2.812 13.99 95.8 2.868 14.23 101.4
4.7 Fresh 2.872 14.19 101.4 2.812 13.57 92.9 2.868 14.22 101.3

4.3 
Cycled

2.876 14.21 101.8 2.814 14.05 96.3 2.868 14.24 101.4
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4.7 
Cycled

2.862 14.29 101.4 2.813 13.83 94.8 2.860 14.25 101.0

After cycling, the NMC811 exhibits similar transitions; however, the total volume 

change is somewhat less consistent with the lower capacities, and therefore more limited 

delithiation, observed after cycling. The fact that the (3 to 4.7) V cell maintains a greater 

degree of phase transitions after cycling has important implications for cycling 

performance. For the 4.3 fresh cell, there is a 5.7% volume contraction upon charge and 

that change is quite similar for the 4.3 cycled cell, 5.4%. On the other hand, the 4.7 fresh 

cell has an 8.4% contraction which is still at 6.5% for the cycled cell. This increase in 

anisotropic volume changes that is maintained over cycling at high potential will likely lead 

to particle cracking which can degrade electrical contact and lead to increased active 

material dissolution which will lead to capacity fade.3, 7 It is noted that although the volume 

change during (de)lithiation of the cycled electrodes is slightly reduced after 100x cycles, 

no significant changes in the lattice parameters are observed compared to the fresh 

electrodes. This finding is consistent with a previous study which indicated no major bulk 

structural changes in NMC811 electrodes after cycling 1000x, where an upper voltage 

cutoff of 4.5 V was used.62
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Figure 6. Unit cell volumes determined by Rietveld refinement of the operando XRD 
patterns. (a) Patterns collected during charging and (b) patterns collected during 
discharging.

The presence of particle cracking was confirmed by SEM measurements of 

NMC811 cathodes both before and after cycling from 3 V to 4.3 V and 4.7 V. High 

magnification images (10,000x) reveal significant particle cracking occurs primarily in the 

sample cycled 100 times between (3 to 4.7) V vs. Li/Li+ (Figure 7). Cracking appears 

along the grain boundaries (inter-granular fracture) of the polycrystalline micrometer sized 

particles, breaking the particle apart and possibly causing the smaller particles to lose 

contact with the conductive carbon and binder matrix. In contrast, there is minimal 

difference between the cathode cycled from 3 V to 4.3 V and the pristine cathode.
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Figure 7. SEM images at 10,000x magnification (top) and 1,000x (bottom), collected top-
down of NMC811 cathodes before and after cycling.

Notably, some recent studies have suggested that a “fatigued”, underlithiated 

secondary NMC material can be detected upon charging after significant cycling has 

occurred.17, 40 These studies cite this as an additional fading mechanism caused by either 

kinetic limitations40 or lattice strain at the bulk-surface interface.17 This “fatigued” material 

is not detected here consistent with the lower cycle number as compared to those studies 

(i.e. the onset of the “fatigued” phase was reported at 15040 or 30017 cycles for the 

aforementioned studies which is greater than the 100 cycles experienced by NMC in this 

work).

2.3 Operando Hard X-ray Absorption Spectroscopy

To gain additional information about the oxidation state and local environment of 

the transition metal cations in NMC811 during cycling, operando XAS measurements 

were performed on the four cell types (Figure S5-S7). XANES on the K-edge of nickel 

shows a marked increase in the edge energy as the cells charge, followed by a decrease 
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in edge energy as the cells discharge again (Figure S5). This suggests that nickel is 

oxidized significantly during charge and then reduces again during discharge. Cobalt 

(Figure S7) shows similar behavior albeit to a lesser extent implying that the cobalt is 

less redox-active than nickel. There is minimal edge shifting for the manganese XANES 

which suggests that the manganese is redox-inactive (Figure S6). When charged to 4.7 

V, there is somewhat more oxidation of nickel than when charged to 4.3 V; there is also 

a more striking increase for the oxidation of cobalt at the higher potential. After cycling, 

the level of oxidation is more similar between potential windows consistent with the 

capacity fade observed for the (3 to 4.7) V cells.

 

Figure 8. Oxidation state of nickel and cobalt as determined by linear combination fitting 
of XANES spectra collected on charging cells. Oxidation states of (a) nickel and (b) cobalt.

To quantify the changes in oxidation state, linear combination fitting (LCF) was 

performed on the XANES spectra (Figure 8, Figure S8). Manganese was found to have 

an oxidation state of 3.9+ for all cells and states of charge which is consistent with the 

lack of observed edge shifting. Nickel experiences the most significant redox, oxidizing 

from 2.9+ to 3.9+ at 4.3 V and then reducing to 3.1+ back at 3.0 V. At 4.7 V, the oxidation 
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state was slightly higher at the top of charge, 3.95+. After cycling, the two charging 

potentials lead to similar oxidation of nickel, 3.9+. Similarly, cobalt also experiences redox 

during cycling but to a lesser extent, 3+ to 3.5+ then to 3+ for the 4.3 fresh cell and 3+ to 

3.6+ then to 3+ for 4.7 fresh cell. Likewise, the two potential windows are much more 

similar after cycling. The nickel oxidizes uniformly throughout the charge, while the cobalt 

does not begin oxidation until the end of the first plateau. This shows that delithiation 

leads to a conversion from H1 to H2 NMC811 characterized by oxidation of nickel followed 

by a conversion from H2 to H3 with further nickel oxidation and oxidation of cobalt. 

To gain additional insight about the local structure of NMC811 during (de)lithiation, 

EXAFS data were obtained from the X-ray absorption spectra for the nickel edge as the 

XANES spectra show it to be the most active. (Figure S9). Two main peaks are observed 

consistent with the nearest neighboring oxygen and transition metal atoms as expected 

for the NMC structure. During charge, these peaks shift to lower distance consistent with 

oxidation of the nickel which would result in shorter bond distances. During discharge, 

this process is reversed. Upon charge the Ni-O peak experiences a reversible narrowing 

that is not seen in the other peak. 

The EXAFS fit results are shown in Figures S10-S11. During charge the Ni-O and 

Ni-M bond distances contract by about ≈0.09 Å and ≈0.06 Å respectively consistent with 

oxidation of the nickel. These changes are reversible as observed from the discharging 

EXAFS data. Figure S11 shows that there are clear changes in Debye Waller factors for 

the Ni-O and Ni-M distances. During charge, there is a dramatic decrease in the Ni-O 

path from ≈0.009 Å2 to 0.004 Å2 while the Ni-M path experiences a more moderate 

decrease, ≈0.004 Å2 to 0.003 Å2. When the nickel is oxidized, it changes from Ni~3+ to 
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Ni~4+ as observed in the XANES. Ni3+ is d7 and is vulnerable to Jahn-Teller distortions; 

this leads to the broader Ni-O peak with more disorder that is observed at the initial and 

discharged states.

Interestingly, although there are clear differences in the capacity retention and the 

bulk structure as determined by operando XRD, only minimal differences are noted using 

operando hard XAS between the (3 to 4.3) V and (3 to 4.7) V potential windows. Thus, 

sXAS measurements were performed to determine if additional differences between the 

two conditions could be detected.

2.4 Soft X-ray Absorption Spectroscopy 

Ni, Mn, and Co L-edge data was recorded for pristine electrodes, and recovered 

after formation cycling  and extended cycling  to 4.3 V and 4.7 V. The Mn FY spectrum is 

absent due to a poor signal-to-noise ratio, attributed to self-absorption and saturation 

effects.63 Across all spectra there was good agreement for the TEY, PEY, and FY 

measurements, suggesting that the material’s composition was consistent for the top 

≈100 nm (Figure S12). Therefore, the TEY spectra were used for further analysis, (Figure 

9). Soft XAS and L-edge spectroscopy varies greatly by element and local atomic 

environment and the interested reader may look to these references for more details 

about Ni, Mn, Co, or L-edge spectroscopy in general.34, 64 35, 65
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Figure 9. Comparison of TEY for (a) Mn, (b) Co, and (c) Ni of pristine NMC811, and 

cycled electrodes to 4.3 V and 4.7 V.

Significant differences in the soft XAS spectra were observed after extensive 

cycling, dependent on the charge voltage. The Ni L3-edge can be described as the 

combination of the L3,high and L3,low peaks, with the ratio between the two peak intensities, 

also known as the gamma value, γ, where a drop in gamma value is correlated with a 

lower oxidation state.5 For these data, the gamma values decrease from 0.579 to 0.552 

and 0.327 for the pristine, 4.3 V, and 4.7 V cells, respectively (Figure 9c) suggesting 

reduced Ni2+ on the surface of the NMC811 particles due to surface reconstruction.  It is 

noted that the LiNiO2 standard used in this study for comparison to the NMC811 data 

here exhibits a diminished L3,high peak in the Ni L-edge when compared to previous work 

which reported L3,low and L3,high features of roughly equal intensity66,  with the L3,high peak 

diminishing as the lithiation content decreases.67 This indicates slight reduction of the 

LNO standard; however, the gamma value of LNO is still significantly higher than the 

divalent NiO standard (γ=0.54 for LiNiO2, γ=0.25 for NiO), indicating that the oxidation 

state of the standard is still primarily Ni3+.
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           Furthermore, the Co and Mn spectra also show evidence of reduction. For the Mn 

spectra, there is a clear shift to lower eV in the L3-edge (Figure 9). Theoretical analyses 

of Mn soft XAS show that the Mn L3-edge shifts approximately 2 eV per Mn oxidation 

state,68 and analysis of Mn standards show shifts of 1.89 eV and 1.72 eV for Mn2+/Mn3+ 

and Mn3+/Mn4+ states (Figure S13). With extended cycling, the Mn4+ peak diminished as 

the Mn2+ peak increased, and the presence of both peaks suggests a mixed oxidation 

state (Figure 9a). In contrast with hard XAS spectra, the soft XAS spectra show clear 

signatures of the different Mn oxidation states, rather than an average value.  Similarly, 

there was minimal change of the Co L-edge after formation suggesting no change in 

oxidation state.5 However, after extended cycling, low eV features were detected that are 

indicative of Co2+ ions.49, 69

While extremely useful for determining redox behavior, probing the transition 

metals alone neglects equally dynamic changes that can occur to the O2- ions of NMC. 

Moreover, the spectral response of transition metals’ L-edge is largely influenced by 

coordination environment, crystal field strength, and spin state. All three of these 

properties are highly dependent on the coordinated anions. The use of soft XAS to probe 

the transition metal L-edges also provides the opportunity to gain information about the 

O2- ligands, through O K-edge measurements, with excitation energy ≈537 eV for liquid 

water.37   
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Figure 10.  (a) TEY Ni L-edge of the Ni standards, (b) NMC811 electrodes, (c) gamma 

values from the Ni L-edge. (d) TEY O K-edge of the Ni standards (e) NMC811 electrodes, 

and (f) the pre-edge features.

The O K-edge post-edge features, ≈537 eV to 545 eV, relate to the sp bonds of 

oxygen, while the pre-edge features, ≈525 eV to 537 eV, vary greatly by cationic species. 

In the case of NMC, oxygen serves as the coordinated anion for the Li, Ni, Mn, and Co 

cations. All these cations can influence the pre-edge features resulting in a complicated 

pre-edge region. The pre-edge region of NMC811 is simplified by the Ni-rich nature of the 

material, such that the pre-edge region can be generally indexed to nickel oxide standards 

(Figure 10). The pre-edge can be indexed to four peaks, a-d, with peaks a, b, and d, 

being exclusive to the LiNiO2 standard.70-72  The lower excitation energy of the a and b 

peaks is attributed to a lower charge transfer energy due to the opening of lower valance 

sub-bands in the Ni3+ electronic structure.73 
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Electrochemically cycled samples have notably different pre-edge features than 

the pristine electrodes (Figure 10ef). The low energy a and b peaks are largely absent 

from the cycled electrodes suggesting more O-Ni2+ bond character. Moreover, the 

electrode recovered from the 4.3 V cycled cell shows more evidence of peak d then the 

electrode recovered from the 4.7 V cell, suggesting that the 4.3 V electrode has slightly 

more O-Ni3+ bond character than the 4.7 V cell (Figure S14). These findings further 

support previous claims of surface reconstruction, where O-Ni2+ bonds suggest the 

presence of lower oxidation state spinel and rocksalt phases (Figure 4). 

Figure 11. Conceptual schematic of hard and soft X-rays interacting with (a) a pristine 

NMC811 particle and (b) a NMC811 particle after extended cycling.

Taken together, the soft XAS results suggest that there is a more pronounced 

reduced transition metal layer on the surface of the NMC811 particles after cycling from 

3 V to 4.7 V (Figure 11). This is consistent with the formation of a reduced spinel and 
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rocksalt surface reconstruction layer that has been implicated in capacity fading in NMC, 

consistent with the observed impedance rise and loss of delivered capacity (Figure 5). 

These results highlight the highly useful complementary role that sXAS can play to 

operando hard X-ray characterization. 

2.5 Operando Isothermal Microcalorimetry

To gain a more comprehensive understanding of battery degradation, the real-time 

thermal effect upon (de)lithiation of NMC811 was monitored by operando IMC 

experiments. IMC is a powerful, non-destructive tool to capture the instantaneous heat 

flow released from a cycling battery with ultra-high precision. 74, 75 The IMC tests were 

performed with coin-type Li/NMC811 cells cycled with two upper voltage limits, 4.3 V and 

4.7 V (Figure S15). Two cells were successively cycled for four cycles at C-rates of C/10, 

C/5, C/2, and 1C following formation cycling. Independent of current rate, the voltage 

hysteresis enclosed by the charge and discharge electrochemical profiles is significantly 

expanded in the cell cycled in 3-4.7 V (Figure 12b) compared to that of the cell cycled 

with a moderate voltage limit of 4.3 V (Figure 12a). The area of the voltage hysteresis is 

an effective indicator of electrochemical inefficiency.76 The enlarged voltage hysteresis 

physically represents an increased amount of electrical energy loss, and commonly 

thermal dissipation could be a major contributing factor to this energy loss.32 For the cell 

cycled in 3-4.7 V, an intense heat flow spike could be spotted at a high state-of-charge 

(>4.3 V) at every C-rate (Figure S15b). Representative heat flow curves during the 

charge step at C/5 were demonstrated in Figure 12c, where a ~5X heat flow surge 

occurred at the end of charge in the high-voltage area. The total heat generated 
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throughout a complete charge-discharge cycle was calculated based on eq. (1) and 

shown in Figure 12d. 

 (eq. 1)𝑄 = ∮𝑞ⅆ𝑡

The thermal dissipation generated from the cell cycled at 3-4.7 V was almost 

double compared to its counterpart cycled at 3-4.3 V, regardless of the current rate from 

C/10 to 1C. Therefore, the high voltage charge to 4.7 V on Li/NMC811 cells would 

cause a significant rise of heat dissipation and lower the energy conversion efficiency 

from the stored chemical energy to useful electrical work through thermal energy waste. 

Figure 12. Galvanostatic cycling of Li/NMC811 coin cells in the operando IMC test with 

a charge limit of (a) 4.3 V and (b) 4.7 V. (c) Representative heat flow curves of cells 
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charged to 4.3 V and 4.7 V at C/5. (d) The total heat generated throughout a complete 

charge-discharge cycle at different C-rates.

Figure 13. (a) Electrochemical profile and its corresponding differential capacity (dQ/dV) 

plot of cells cycled in the IMC test (charge to 4.3 V at C/5). (b) The enthalpy potential 

upon charge to 4.3 V at C-rates of C/10, C/5, and C/2. (c) The enthalpy calculation method 

in multiple-step structural evolution processes. 

The heat dissipation from electrochemical cells upon cycling is tightly correlated 

with the structural change of the electrode materials.77 However, thermodynamic 

parameters of LixNi0.8Mn0.1Co0.1O2 were commonly studied in cases of high-temperature-
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induced decomposition77, 78 rather than electrochemical (de)lithiation at room 

temperature. Herein, the thermodynamic enthalpy change upon solid-state phase 

transitions was also investigated using the IMC data. 

A representative electrochemical profile and its corresponding differential capacity 

(dQ/dV) plot are shown in Figure 13a. In the dQ/dV plot, two distinct peaks at ~3.75 V 

and ~4.20 V are observed that are associated with the H1→H2 and H2→H3 transitions, 

respectively. The enthalpy potential upon the delithiation (charge) of NMC811 was 

determined with the IMC data based on eq. (2), 32 where V and I are loaded voltage and 

current of the cycling cell and  is the instantaneous heat flow. 𝑞

 (eq. 2)𝑈𝐻 = 𝑉 ―
𝑞
𝐼

The calculated enthalpy potential (UH) curves at different C-rates varying from C/10, C5, 

and C/2 were superimposed on each other (Figure 13b), which indicates that the 

enthalpy potential is a thermodynamic parameter and independent of kinetics. The 

enthalpy values were further calculated by integrating the UH (in units of volts) over 

capacity (in units of mAh/g) in areas corresponding to multiple-step structural evolution 

processes (Figure 13c). 79 Calculation results are presented in Table 2.

Table 2. Capacity-normalized enthalpy values upon NMC811 delithiation

Enthalpy (J/g) Capacity (mAh/g) Capacity-Normalized 

Enthalpy (J/mAh)

H1 972.8 73.8 13.2

H1→H2 1490.6 106.4 14.0
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H2→H3 372.1 25.2 14.8

As revealed by the Table 2, when delivering a unit capacity, the occurrence of the 

H2 and H3 phases successively contributed to increased reaction heat (ΔH). Therefore, 

regardless of the applied current rates, an in-depth delithiation accompanying the 

presence of the H3 phase results in an enlarged heat generation from thermodynamics. 

The UH plots calculated from cells that were charged to 4.7 V at different C-rates were 

illustrated in Figure S16. Similar to what demonstrated in Figure 13b, in most of state-

of-charge (SoC) ranges, the UH curves corresponding to charge processes to 4.7 V at 

C/10, C/5, C/2 were also overlaid with each other. Nevertheless, local discrepancies 

among curves could be observed in high-voltage area (Figure S16), which indicates path-

dependent thermodynamics locally at high voltage. The path-dependent thermodynamic 

path, suggesting thermodynamically irreversible electrochemical processes, could be an 

origin of voltage hysteresis triggering energy conversion inefficiency. 32, 76 Additionally, 

parasitic reactions, including the surface reconstruction revealed by the sXAS, at high 

voltages can be another critical contributing factor to the significantly increased heat 

dissipation. In summary, high-voltage and high SoC charge (delithiation) could cause 

irreversible energy loss through thermal dissipation due to thermodynamic factors. Even 

in low C-rate cycling, this part of energy loss cannot be recovered by subsequent recharge 

and thereby contributes to the rapid fading of energy storage capacity in the long term. 

2.6 Future Outlook
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The combined use of hard and soft XAS techniques provides a comprehensive 

view of the dynamic structural and electronic changes resulting in capacity fade of Ni-rich 

NMC materials.  For hard XAS measurements, advances in cell design have enabled 

operando measurements on extensively cycled batteries, with the case study presented 

here as a relevant example.  This type of methodology permits correlation of oxidation 

state, local and long-range structural information with changes in electrochemical 

behavior after battery aging.  At the same time, this approach eliminates possible issues 

with cell-to-cell consistency, electrode shorting or contamination that can occur during 

destructive analysis of batteries for ex situ measurement.  

Future operando hard X-ray studies of NMC degradation mechanisms should 

move towards measurement of aged cells in lithium limited (full cell) configurations to 

approximate the conditions of commercial graphite/NMC batteries more closely. For soft 

XAS, the complex and nuanced nature of transition metal L-edge and O K-edge have 

resulted in no clear-cut best practices, especially in the battery field.  Experimentally, 

taking inspiration from hard XAS, there is a push towards operando soft XAS, where 

numerous logistical challenges are being met through a combination of beamline 

improvements and modified cell designs.80 For example, recent studies suggest that the 

formation of oxygenated electrolyte decomposition products on the surface of NMC 

materials are significant and must be considered during assessment of O K-edge data.18 

Additionally, the improvement and growing accessibility of computational modeling will 

also continue to inform both types of characterization techniques and should be included 

whenever viable.
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Beyond the probing of electrochemical thermodynamics, future operando IMC 

investigations should expand the research focus to the understanding of the impacts of 

electrochemical kinetics to the thermal behavior upon NMC811 (de)lithiation. The majority 

of heat dissipation from battery cycling comes from the ohmic heat which is numerically 

proportional to the current squared. Therefore, fast charging (≥ 4C) is expected to 

simultaneously bring significant heat dissipation which can be a concern from both 

perspectives of the full energy utilization and safe operation. A comprehensive 

understanding of real-time thermal features during fast charging is essential to address 

unanswered questions and navigate methods to control excess heat release. 

3 Conclusions

NMC, especially Ni-rich NMC, is an immensely important cathode for Li-ion battery 

systems; however, its capacity must be limited to well below its theoretical value to 

preserve cycling stability. To utilize a greater portion of that high theoretical capacity the 

underlying causes of fading in the NMC system must be first understood. Substantial 

progress has been made to this end using hard X-ray characterization, in particular when 

conducted operando, to track the evolution of structure, oxidation state, and local 

coordination environment during NMC (de)lithiation. Studies have demonstrated that 

NMC undergoes significant anisotropic lattice changes during cycling that can cause 

repeated volume changes on both the crystallite and particle level. These changes can 

cause particle fracture which in turn can cause capacity fading due to loss of electrical 

contact, loss of active material, and increased cathode-electrolyte interface reactions. 

Critically, the evolution of the NMC surface has also been implicated in capacity fading, 

where reduced spinel and rocksalt NMC phases form on the particle surface due to loss 
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of oxygen during cycling. Here sXAS presents an avenue for more complete 

understanding through the acquisition of detailed information about the oxidation state 

and coordination environment on the particle surface. 

To illustrate the utility of using X-ray probes to characterize mechanisms of 

capacity fade in NMC811, a case study is presented in which the material was cycled 

from 3.0 V to upper voltage limits of 4.3 V or 4.7 V. The system was characterized with 

operando XRD and XAS over extended cycling which allowed for the study of fading 

mechanisms as the fading occurred in real time. XRD and complementary SEM showed 

that the high voltage limit led to increased structural distortions and particle fracture; 

however, operando hard XAS revealed limited additional differences between the two 

voltage windows. Additional ex situ sXAS measurements were collected and revealed 

significant surface reduction specifically after cycling at 4.7 V consistent with a more 

substantial surface reconstruction layer and thus the observed capacity fade. 

Furthermore, operando isothermal microcalorimetry reveals a substantial rise in heat 

dissipation coupled with lower efficiency of energy conversion from the stored chemical 

energy to useful electrical work, suggesting that greater levels of capacity fade observed 

during high voltage charging may be triggered by greater thermal energy waste. 

Overall, these results showcase the importance of comprehensive X-ray characterization 

and microcalorimetric techniques to obtain a full picture of the causes of capacity fading 

in the NMC materials. 
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