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Summary 

Nanoscale full-field (FF) transmission X-ray microscopy (TXM) and ensemble-averaged soft X-

ray absorption spectroscopy (soft XAS) were used to investigate state-of-charge (SOC) 

heterogeneities in electrochemically charged or discharged and chemically oxidized samples of 

LiNi0.6Mn0.2Co0.2O2 cathode materials. We observed considerable and similar non-uniformities 

in terms of Ni oxidation states (and, by proxy, lithium distributions) for all the samples in the 

bulk. Therefore, the chemically delithiated samples are similar to the electrochemically charged 

samples in terms of mesoscale charge heterogeneity in large polycrystalline particle ensembles. 

However, the gradient oxidation states of transition metals on the surface, which is partly 

responsible for the electrode degradation mechanism known as surface reconstruction, is much 

less apparent in chemically delithiated samples.  

Introduction  

State-of-charge (SOC) inhomogeneities are often observed in electrodes undergoing 

charge or discharge in Li-ion batteries.1–5 There are many factors, including the cell geometry, 

electrode thickness, porosity and cycling rate/history, that can affect the non-uniformity of the 

electrode both in-plane and perpendicular to the current collector.6–8 For example, considerable 

structural heterogeneity was observed in LiFePO4 electrodes after high rate charging in prismatic 

or coin cells, by means of a synchrotron based micro-diffraction study.9 Both electronic wiring 

and ionic diffusion pathways play key roles in affecting the non-equilibrium lithium distributions. 

In addition to inhomogeneity at the electrode level, SOC non-equilibrium has also been observed 

in individual secondary particles and large primary single crystal particles.10–12 For example, a 

heterogeneous SOC distribution has recently been reported in spinel LiMn1.5Ni0.5O4 (LMNO) 

micro-crystals.13 The evolution of SOC distribution within a LiCoO2 particle upon long term 
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cycling was also reported recently.14 Inhomogeneities are more easily detected in electrodes that 

exhibit two-phase behavior during redox, such as LiFePO4. These electrodes have voltage 

profiles that are flat in the two-phase region, meaning that there is no potential difference to 

drive equilibration after current is stopped.15,16 Thus electrodes are essentially “frozen” in the 

operating state. However, non-uniformity has also been observed ex situ in some systems that 

exhibit primarily solid solution behavior, in which the voltage profile is sloping, such as 

LiNi1/3Mn1/3Co1/3O2 (NMC-333). In that case, intermediate phases were detected, which persisted 

during relaxation after high rate charging, using in-situ XRD.17 SOC heterogeneity was also 

observed after equilibration for electrochemically charged NMC-333 secondary particles using 

transmission X-ray microscopy (TXM).18 In these cases, disruption of electronically or ionically 

conducting pathways due to volume changes incurred by the redox reactions led to isolation and 

prevented equilibration. 

These heterogeneities are of important consequences for the operation of electrochemical 

cells. This is because they can lead to loss of capacity, local over-charge or over-discharge, or 

unsafe conditions (e.g., loss of oxygen in the case of transition metal oxides at high SOC).19–21 

Thus, understanding the formation mechanism of the non-uniformity is fundamentally interesting 

and practically important. To study heterogeneity at the particle level, it is useful to prepare 

samples by chemical delithiation using an oxidant such as NO2BF4 or Br2. In the case of NMC 

cathodes, the stronger oxidizing power of the former means that materials can be delithiated to 

greater extent than with the latter (only about half the lithium in an NMC cathode can be 

removed, because the standard reduction potential of the Br2/Br- couple is 1.066V vs. S.H. E., 

corresponding to about 4.1 V vs. Li+/Li). This process is convenient for preparing large 

quantities of samples, and, when carried out carefully, results in pure materials free of inactive 



 3 

components such as binder and carbon. In the chemical delithiation process, the secondary 

particles are homogeneously exposed to the oxidant, avoiding any artifacts caused by non-

uniform electronic wiring and electrolyte wetting. However, there can be inhomogeneous 

exposure to the oxidant inside the secondary particles. It is still debatable how well the chemical 

delithiation process can represent the true electrochemical cycling process occurring in a real 

electrochemical cell; however, studying the chemically delithiated compounds can provide 

insights into the role that other cell components (e.g., electrolytic solution) play in degradation 

processes. In this study, we compared pristine, chemically delithiated, and partially charged or 

discharged particles to evaluate the SOC heterogeneity, using synchrotron based X-ray 

absorption spectroscopy (XAS) and TXM. Our results show that while the chemically delithiated 

samples can represent the electrochemically charged samples in terms of mesoscale SOC 

heterogeneity in large polycrystalline particle ensembles, but the surface chemistry (e.g., surface 

reconstruction) shows major differences due to the presence of cathode-electrolyte reactions in 

practical cells.  

Results and Discussion 

Physical Properties 

LiNi0.6Mn0.2Co0.2O2 (NMC-622) consists of spherical secondary particles (Figure 1A), 

with sizes ranging from 5µm to 25µm, comprised of agglomerates of 200-600 nm primary 

particles. To prepare samples for the designed study, these particles were treated in different 

manners. For the chemical delithiation, a sample of NMC-622 powder was partially delithiated 

with oxidant NO2BF4 in acetonitrile solvent. The amount of lithium removal was controlled by 

tuning the molar ratio between NMC-622 and the oxidant. The residual lithium content was 

analyzed by ICP-OES and the composition was found to be Li0.43Ni0.6Mn0.2Co0.2O2. For the 
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electrochemical processes, electrodes were prepared and cycled in coin cells to different stages at 

C/10 rate between 2.5V-4.7V. As shown in the charge-discharge curve in Figure 2a the cells 

delivered a charge capacity of 238 mAh·g-1 and a discharge capacity of 214 mAh·g-1. The 

nominally “50% charged” electrode was charged to 3.88V and the “50% discharged” electrode 

was charged to 4.7V and then discharged to 3.88V. After electrochemical charge (Figure 1C) and 

discharge (Figure 1D), the morphologies of the secondary particles remain mostly intact. 

However, chemical delithiation induced significant damage to the secondary particles, resulting 

in some disaggregation of the primary particles. (Figure 1B). The cracks could be induced by 

evolution of NOx gas when using NO2BF4 as the oxidant. However, when the milder oxidant 

(Br2) was used in this study (as discussed in a later section), similar cracks and secondary 

particle disconnection were observed. We hypothesize that the fairly high concentration of 

oxidant used to remove lithium relatively rapidly from the host structure resulted in stress that 

led to cracking. In electrochemical processes, the composite electrode configuration significantly 

alleviates the cracking of active material particles because of the presence of the polymeric 

binder, although long-term cycling can eventually lead to some cracks.22  

XANES and TXM Results  

The chemical heterogeneity at sub-particle level plays an important role in affecting the 

overall performance of the electrode material. This is because the macroscopic behavior of the 

material is believed to originate from the ramifications of its microscopic structure and chemical 

properties at fine length scales. To visualize the distribution and understand the interplay of 

different chemical species at nanoscale, we employed FF-TXM to study the lithium distribution 

within and between the secondary particles. Although, in our 2D measurements, the information 

regarding the chemical depth profile along the beam direction is not available, the FF-TXM can 
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still reveal the lateral chemical heterogeneity with nominal spatial resolution at ~30 nm. More 

details of this technique can be found in the experimental methods section.  

The distribution of nickel oxidation states in the particles is a good proxy for the state-of-

charge as reported in the literature23–27 evidenced by transition metal K-edge X-ray absorption 

near edge structure (XANES) spectra. As shown in Figure 2b, the Ni absorption edge shifts to 

higher energy upon chemical or electrochemical removal of lithium, indicating oxidation of Ni 

cations. Unlike Ni, Mn K-edge spectra (Figure 2c) show almost no change of edge position but 

slight change in the shape of the edge. This slight change is attributed to alteration of the Mn 

local environment, and Mn remains tetravalent upon Li extraction.28,29 Co K-edge XAS spectra 

(Figure 2d) show edge shift upon delithiation; however, the change is accompanied with edge 

shape alteration. This leads to ambiguities in the interpretation of the Co oxidation state by solely 

using the edge positions since changes in local environment can also affect the edge features.23,27 

As predicted by theoretical calculations for Li1-xCo1/3Ni1/3Mn1/3O2, Co3+/Co4+ redox only takes 

place in the range of 2/3 ≤  x ≤ 1.30 However, a later in situ XAS investigation of an Al-

substituted NMC (LiNi0.4Mn0.4Co0.15Al0.05O2, NMC-442) showed evidence for Co redox activity 

throughout the entire delithiation process.25 For both types of materials (NMC-622 and the 5% 

Al-substituted NMC-442), Co contents are relatively low, so that the contribution to redox 

processes is minor, and Ni oxidation state changes serve as a good proxy for lithium content. For 

the sample chemically delithiated with NO2BF4, the high standard oxidation potential of the 

NO2
+/NO2 redox couple (~5.1 V vs. Li+/Li) can lead to potential decomposition of acetonitrile 

and cause proton insertion (i.e., Li+/H+ exchange) within the layered structure. However, proton 

insertion31 occurs only upon deep delithiation (> 60% Li removal). Therefore we can eliminate 

contributions of proton insertion to charge compensation in this sample, because it is less than 60% 
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delithiated. Bearing this in mind, we scanned across the Ni K-edge and the 2D projected SOC 

distribution is mapped here for different samples (Figure 3).  

Representative multi pixels averaged Ni K-edge XANES spectra based on TXM images 

are shown in Figure 3a and the result is consistent with the ensemble averaged results we 

obtained from hard XAS (Figure 2b), where large number of particles were evaluated. In 

addition to the oxidation, both chemical delithiation and electrochemical charge/discharge lead to 

narrower distribution of Ni oxidation states as evidenced by the reduced width of the peaks in the 

histogram in Figure 3b. We quantified the lithium content in the sample delithiated with NO2BF4. 

by ICP analysis and concluded that 0.57±0.06 Li per formula unit was removed from pristine 

NMC-622, whose original lithium content was 1 per formula unit (lithium content was confirmed 

to be 1.02 with ICP analysis). For samples that went through electrochemical processes, based on 

the specific capacity, the lithium removal amount was determined to be x=0.43 and x=0.49 for 

the electrochemically charged and discharged samples, respectively. Cell variation and parasitic 

reactions can lead to some over- or under-estimation of the absolute amount of lithium 

intercalated into and deintercalated from the host material for electrochemical processes. 

Nevertheless, the differences in SOC can be clearly seen in Figure 3c-3f, in which the images are 

color coded to the legend on the bottom, with the red color indicating more lithium removal 

resulting in a higher oxidation state for Ni and the blue color corresponding to less lithium 

extraction (i.e., less oxidized nickel). Although there are some differences in the total amount of 

lithium removal among the samples, the chemical heterogeneity, which is the focus of this study, 

is still clearly visible in all particles shown in Figure 3. For better statistics, 5-10 different fields 

of view (single or multiple particles in each view) were evaluated for each sample. Only two of 

the imaged fields of view are shown in Figure 3 but more data is presented in the supporting 
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information (Figure S1). It is obvious that the Ni K-edge shifted from lower energy to higher 

energy in the order of pristine, electrochemically charged, electrochemically discharged and 

chemical delithiated samples, which is consistent with the estimates of lithium content from the 

coulometry and the ICP analysis.  

To better visualize the variation, new sets of color maps were generated based on the probability 

distribution of the local edge energy (the histogram shown in Figure 3B). It has been reported 

recently that both Li-rich and Li-poor phases coexist in NMC-333 electrodes when cycled at very 

high rates (10-60C).17 In our study, a slow rate of 0.1C and long relaxation times were used to 

avoid large overpotentials and to rule out the kinetically driven heterogeneity. Interestingly, SOC 

heterogeneity in the electrochemically treated secondary particles was still observed for every 

particle despite the low charging rate. An in-situ XRD study of NMC-622 indicates that the 

structure expands along the “c” direction while it contracts along the “a” direction upon charging 

to ~3.9V, which corresponds to the endpoint potentials of the electrochemically delithiated 

samples (both for the partially charged sample and the partially discharged sample) reported 

here.32 This anisotropic volume change within the primary particles lead to stress within the 

secondary particles and, subsequently, the disconnection and de-activation of the primary 

particles, causing lithium redistribution and SOC heterogeneity within the secondary particles. It 

is worth pointing out that the heterogeneity seen here is consistent with the observations of SOC 

heterogeneity reported by Gent et al. for charged NMC-333 secondary particles. As shown in 

Figure 4, the chemical delithiation and electrochemical processes lead to similar degrees of 

heterogeneity in terms of the lithium distribution within and between particles. Many factors 

might lead to the heterogeneity, as listed in Table 1. In both cases, the penetration of liquid phase 

(i.e., the electrolytic solution for electrochemically treated samples and the oxidant for chemical 
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delithiation) is likely inhomogeneous throughout the secondary particles, which is partly 

responsible for the non-uniformity. Furthermore, the redox processes drive anisotropic changes 

in the lattice structure, which can result in disconnection and, possibly, deactivation of primary 

particles. However, there are also some unique causes that differ between two methods. It is 

possible that the heterogeneity seen in the chemically delithiated sample is also due to the 

exposure of new surfaces induced by the microcracking in the secondary particles (Figure 1B). 

These new surfaces had a shorter exposure time to the oxidant media (NO2BF4 solution) 

resulting in lower Ni oxidation states on these new surfaces (blue color, indicated by the brown 

arrows in Figure 4A). On the other hand, electrochemically treated secondary particles remained 

intact. However, the heterogeneity of the SOC for electrochemically treated samples can be 

attributed to the distribution of the electronic wiring and electrode configuration, which are not 

factors in chemical delithiation. Irrespective of the root causes of the heterogeneity, both 

chemical delithiation and electrochemical treatment result in similar SOC heterogeneities within 

and between secondary particles in the bulk.  

SOC Distribution for Chemical Delithiated sample with a Mild Oxidant (Br2) 

As discussed earlier, NO2BF4 is a strong oxidant and releases NO2 gas during the 

delithiation process. The high oxidizing potential and the gas evolution may contribute to the 

observed SOC heterogeneity. For a comparison, we used a milder oxidant (Br2, which has an 

oxidizing potential of 4.1V vs Li+/Li) as a control. As shown in Figure 5A, cracks are still 

observed in the chemically delithiated samples, even after treatment under these milder 

conditions. This rules out gas evolution from NO2BF4 as a primary reason for cracking of 

secondary particles in samples oxidized with this. Instead, the relatively high concentrations of 

NO2BF4 and Br2 used during the chemical delithiation may have led to the observed cracking 
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due to rapid removal of lithium and the associated volume changes. Delithiation with Br2 as the 

oxidant resulted in removal of about half the lithium, similar to the conditions used with NO2BF4, 

as evidenced by comparing the Ni K-edge XANES spectra in Figure 5B, the color mapping in 

Figure 5D (for the Br2 delithiated sample) and Figure 3D (for the NO2BF4 delithiated sample). 

(Increasing the amount of Br2 did not result in further removal of lithium, due to its fairly low 

oxidizing power). More importantly, similar SOC heterogeneities were observed regardless of 

the oxidizing potential of the reactant. Figure 5C indicates that similar Ni oxidation state 

distributions (peak widths) were obtained with Br2 as with NO2BF4. To visualize the SOC 

heterogeneity, the color mapping of the sample was determined using the statistical peak energy 

from Figure 5C as the center, and then -1.5eV (blue) and +1.5eV (red) as the two end limits. The 

Br2 delithiated sample exhibited similar levels of SOC nonuniformity and particle to particle 

variations as those treated with NO2BF4 or electrochemically delithiated samples,. Therefore, the 

SOC heterogeneity within secondary particles persist regardless of the reagent used for the 

chemical delithiation. Furthermore, it appears that chemical delithiation processes in general lead 

to similar bulk SOC distributions as electrochemical processes, although the causes differ.  

Soft XAS Results 

Although the above described results of the FF-TXM experiments allowed us to visualize the 

distribution of nickel oxidation states throughout the bulk of these micro-sized particles, the 

chemical composition variation on the particle surface (several nm thick) cannot be detected 

using TXM due to the limited spatial resolution. It is common for transition metals in NMCs to 

exhibit a redox state gradient going from the surface (several nm thick) into the bulk after 

exposure to various conditions such as electrochemical charge, cycling, aging, or storage of 

pristine materials in electrolytic solution.33 Reconstruction from a layered to a rock salt structure 
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results in the reduction of metals at or near particle surfaces34 and is driven by the higher 

reactivity of oxygen near the surface compared to that in the bulk (Tian et al, manuscript in 

preparation). It is therefore worthwhile comparing the surface properties of chemically 

delithiated and electrochemically prepared materials to observe whether there is a significant 

difference. The metal L-edge (2p to 3d transition) soft XAS is also sensitive to the oxidation 

state, the spin state, and the covalency.35,36 The measurements with different detection modes 

offer complimentary and depth dependent information about the nickel oxidation states; total 

electron yield (TEY) probes about 5-10 nm into the surface while fluorescence yield (FY) probes 

50-100 nm in (i.e., into the bulk). As shown in Figure 6, the nickel L-edge spectra have a L3 

(2p3/2→3d, hν ≈ 853 eV) and a L2 (2p1/2→3d, hν ≈ 870 eV) region due to spin-orbital 

coupling. Moreover, multiplet effects, crystal field strength and spin-orbital polarization leads to 

changes in the shape of L3 and L2 peaks.37 When the nickel oxidation state increases, the relative 

intensity for the higher energy peak (L3 high in Figure 6A) increases and the low energy peak (L3 

low) decreases. Therefore, by monitoring the relative ratios of the intensities of these two peaks, 

we can qualitatively compare the oxidation states (Table 2). For ease of discussion, we define the 

L3 high/L3 low intensity ratio as γ and Δ = γ(FY) -γ(TEY). As expected, when lithium was 

removed either chemically or electrochemically, nickel was oxidized (i.e., γ increased) both on 

the surface as detected in TEY mode and in the bulk (FY mode). Even for the pristine sample, 

however, the average oxidation state of Ni on the surface is somewhat lower than that in the bulk 

(Δpristine =0.27), as is seen commonly in Ni-rich layered oxides, depending upon their history.38 

In pristine NMC-622, the nominal average oxidation state of Ni is +2.67 (i.e.; about 2/3 of the Ni 

is trivalent and 1/3 is divalent), but trivalent Ni is readily reduced,26 particularly on particle 

surfaces.  For electrochemically charged and discharged samples, the discrepancies are larger; Δ 
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values are 0.41 and 0.47, respectively. This indicates that at higher SOCs, where Ni is further 

oxidized in the bulk, NMCs are even more prone to surface reduction. This is consistent with 

previous observations of more severe surface reconstruction when NMCs are cycled to higher 

potential limits (4.7V vs. 4.3V) in lithium half-cells.32 Surprisingly, the sample chemically 

delithiated with NO2BF4, which had the highest SOC (i.e., highest average nickel oxidation state) 

only has a Δ value of 0.14. This value is much smaller than that of the electrochemically 

prepared samples and even that of the pristine material. This interesting finding indicates that the 

chemical delithiation results in a different surface chemistry from the electrochemical processes, 

even though heterogeneity in the bulk appears to be similar, as discussed above. The soft XAS 

results suggest that it is the interaction between highly oxidized nickel and electrolytic solution 

that leads to the surface reconstruction. Exposure to air during processing also can result in a 

small degree of surface reduction in the pristine material (this is concomitant with production of 

Li2O, which reacts with CO2 to form Li2CO3). During the chemical delithiation, no reductant is 

present, so that the surface reconstruction is less likely to occur. 

Conclusions 

In conclusion, chemical delithiation and electrochemical charge and discharge result in 

similar bulk SOC heterogeneities within secondary particles and between primary particles. Both 

liquid penetration limits and the anisotropic changes in lattice parameters, which result in 

disconnection and deactivation of primary particles, are responsible for the nonuniformity. 

However, there are some differences. For chemical delithiation, anisotropic lattice parameter 

changes, gas formation, and the lack of binder (present for electrochemical delithiation) results in 

particle cracking, which creates fresh surfaces. The nickel ions at these new surfaces are less 

oxidized than at the originally exposed surfaces because of their shorter exposure time to the 
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chemical oxidant. For the electrochemically prepared samples, the nonuniformity is partly 

attributable to disruptions in the electronic wiring and subsequent particle isolation. The surface 

chemistry of the chemically prepared sample also differed from that of the pristine material and 

the electrochemically charged or discharged samples. Ni L-edge soft XAS performed in two 

different modes, which probed surface and bulk oxidation states, showed that the Ni on particle 

surfaces was more reduced than that in the bulk for the pristine and electrochemically prepared 

samples, whereas there was much less discrepancy for the chemically delithiated material. Our 

results indicate that, while surface reconstruction plays a significant role in the surface chemistry 

of electrochemically delithiated or cycled samples, it does not occur to the same extent in 

chemically prepared materials. It further suggests strongly that interactions between the 

electrolytic solution and solid electrode particles play a role facilitating the undesired surface 

reconstruction.  

Experimental Procedures 

Chemical delithiation 

The pristine LiNi0.6Mn0.2Co0.2O2 (NMC-622) powder was provided by a third party. To prepare 

the 50% chemically delithiated sample, pristine powder was mixed with the oxidant (0.1M 

NO2BF4 in acetonitrile media or 0.05M Br2 in acetonitrile media) using a stoichiometric ratio, 

inside the argon-filled glovebox. The mixture was stirred inside the glovebox for 24 hrs before 

centrifuging. The powder was washed with pure acetonitrile for four times between each 

centrifugation to remove any unreacted residue of NO2BF4 or Br2. The powder was finally dried 

in a vacuum oven and air exposure was avoided. 
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Electrochemical processes 

NMC-622 powder, polyvinylidene fluoride (PVdF) (Kureha Chemical Ind. Co. Limited) 

in N-methyl-2-pyrrolidinone (6%, wt%), and acetylene carbon black (Denka, 50% compressed), 

with solid matter ratios of 92:4:4 were mixed into a slurry and cast onto aluminum current 

collectors. The electrodes were first dried with an IR lamp and subsequently heated in a vacuum 

oven overnight at 120oC. Typical active material areal loadings were 4 mg cm-2. 2032-type coin 

cells were assembled in an argon-filled glove box using these electrodes as the cathodes, Li 

metal foils as the negative electrodes, Celgard 2400 as the separator, and 1 M LiPF6 solution in 

1:1 v/v ethylene carbonate/diethyl carbonate (EC-DEC, Novolyte Technologies) as the 

electrolytic solution. Galvanostatic cycling was performed at C/10, where 1C is defined as the 

current corresponding to discharge of the theoretical capacity of NMC-622, i.e., 276 mAh g−1 in 

one hour. The electrodes cycled to different stages were disassembled from the coin cells, rinsed 

with dimethyl carbonate and dried in an argon-filled glove box prior to post-characterization. 

Materials characterization 

Pristine and chemically delithiated powders were dissolved in concentrated nitric acid 

and analyzed with an inductively coupled plasma optical emission spectrometer (ICP-OES, 

Perkin-Elmer Optima5400) to determine the chemical composition. Scanning electron 

microscopy (SEM) was performed on a JEOL JSM-7000F with a Thermo Scientific energy 

dispersive X-ray spectroscopy (EDS) detector. For soft X-ray absorption spectroscopy (soft 

XAS) experiments, samples were mounted on an aluminum sample holder with double-sided 

carbon tape in an argon-filled glove box, transferred in a double-contained jar to a glove bag 

purged with argon connected to the XAS load-lock chamber.  Measurements were conducted on 

the bending magnet beamline 8-2 at Stanford Synchrotron Radiation Lightsource (SSRL) using a 



 14 

ring current of 500 mA and a 1100 l mm−1 spherical grating monochromator. The 

monochromator was operated with 40µm entrance and exit slits, providing~2.0×10 10 ph s−1 at 

0.4 eV resolution in a 0.1 x 0.1 mm 2 beam spot. Data were acquired under ultrahigh vacuum 

(10−9 Torr) in a single load at room temperature using total electron yield (TEY, measured by 

sample drain current) and Fluorescence Yield (FY, measured with an IRD AXUV-100 silicon 

diode) modes. All spectra were normalized by the current from a gold-evaporated fine grid 

positioned upstream of the main chamber. Hard XAS measurements were carried out in both 

transition and fluorescence modes at beamline 2-2 of SSRL. Calibration was applied to all 

spectra using the first inflection point of the corresponding Ni, Mn or Co metal foil. XANES data 

were analyzed by Athena software.39 

To visualize the sub-particle level SOC heterogeneity, we performed FF-TXM at 

beamline 6-2C of SSRL. Pristine powder and powder samples recovered from the electrodes 

were loaded into quartz capillary tubes with diameters of 100 m and wall thicknesses of 10 m. 

A stack of transmission images, with nominal spatial resolution at ~30 nm, were recorded as the 

energy of the incoming x-rays was scanned across the Ni absorption K edge. In the near edge 

region, the energy step was set to be 1 eV for sufficient energy resolution. Over the pre-edge and 

post edge regions, we scanned the energy at a larger step size of 10 eV in order to cover a wide 

energy window for normalization of the X-ray absorption spectra.40 After initial data reduction 

using an in-house developed software package known as TXM-Wizard,41 we effectively 

recovered over 20 million XANES spectra with each one of them associated with a unique pixel 

in the image. The shape of the spectra represents the local chemical fingerprints and can be used 

to quantify the Ni oxidation state over the corresponding pixels. More details of the experimental 

setup and the concept of the nanoscale spectro-microscopy can be found elsewhere.42–44 
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Figure Captions 

Figure 1. SEM images of (a) pristine NMC-622 powder; (b) 50% chemically delithiated NMC-

622 using NO2BF4 as the oxidant in acetonitrile solution; (c) NMC-622 electrode 

electrochemically charged to 3.88V (halfway charged) (d) electrochemically discharged (half 

discharged in the first cycle) NMC-622 electrode. Insets are single secondary particles for each 

sample. 

Figure 2. a) Charge-discharge curves of NMC-622 half-cells. Normalized b) Ni, c) Mn and d) 

Co K-edge XANES spectra for pristine (black), chemically delithiated (red), electrochemically 

charged (blue) and electrochemically discharged (green) samples. 

Figure 3. (a) Representative multiple pixels averaged XANES spectra and (b) histogram of Ni 

K-edge shifts for pristine (black curve), chemically delithiated (red curve), electrochemically 

charged (blue) and electrochemically discharged (green) samples. 2D mapping of Ni K-edge 

under different conditions: (c) pristine NMC-622; (d) chemically delithiated NMC-622; (e) 

electrochemically charged NMC-622 electrode and (f) electrochemically discharged NMC-622 

electrode. The color maps were determined by using the single pixel Ni K-edge XANES data, 

where blue represents less oxidized (8338 eV) and red indicates more oxidized states (8345 eV). 

Figure 4. Color mapping of (a) chemically delithiated NMC-622; (b) electrochemically charged 

NMC-622 electrode and (c) electrochemically discharged NMC-622 electrode. The color 

mapping was determined using the statistical peak energy from Figure 2F as the center, and then 

-1.5eV (blue) and +1.5eV (red) as the two ends. Multiple views (single or multiple particles in 

each view) were collected to avoid sample selection related error. Arrows in 3a point to regions 

of microcracks, which are less oxidized than surrounding areas. 
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Figure 5. (a) SEM image of NMC-622 chemically delithiated with Br2 (inset: SEM image with 

higher magnification. (b) Representative multiple pixels averaged XANES spectra and (c) 

histogram of Ni K-edge shifts for NMC-622 chemically delithiated with NO2BF4 (red curve), 

and with Br2 (purple curve) NMC-622 samples. (d) 2D mapping of Ni K-edge in NMC-622 

chemically delithiated with Br2; (e) Color mapping of NMC-622 chemically delithiated with Br2, 

where the color mapping was determined using the statistical peak energy from Figure 6C 

(purple curve) as the center, and then -1.5eV (blue) and +1.5eV (red) as the two end limits. 

Figure 6. Ni L-edge XAS spectra of (a) pristine NMC-622; (b) NMC-622 chemically delithiated 

with NO2BF4; (c) electrochemically charged NMC-622 electrode and (d) electrochemically 

discharged NMC-622 electrode collected using TEY (solid black curve) and FY (dashed red 

curve) modes. 
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Table 1. Comparison of factors leading to heterogeneity for chemically delithiated and 

electrochemically treated samples. 
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Table 2. Relative L3 high to L3 low peak intensity ratio from nickel L-edge XAS spectra. 

L3 high/L3 low 

Intensity (γ) 

Pristine Electrochemically 

charged 50% 

Electrochemically 

discharged 50% 

Chemical delithiation 

50% 

γ TEY 0.56 0.87 0.57 1.64 

γ FY 0.83 1.28 1.04 1.78 

Δ = γ TEY - γ FY 0.27 0.41 0.47 0.14 
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Figure S1. Additional 2D TXM color maps for samples shown in Figure 2: A) pristine 

NMC-622 B) chemically delithiated NMC-622, C) electrochemically charged NMC-622 

electrode, and D) electrochemically discharged NMC-622 electrode. 
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