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Abstract 

We investigated the local structural changes in a positive electrode of a lithium ion 

secondary battery (LiNi0.8Co0.15Al0.05O2 (NCA) as the active material) associated with 

charge-discharge cycling at elevated temperatures by scanning transmission electron 

microscopy (STEM) and electron energy-loss spectroscopy (EELS). STEM-EELS 

spectral imaging revealed the evolution of a NiO-like phase localized near the surface 

and grain boundary regions after many cycles. The amounts of capacity fading and 

resistance increase were discussed based on the results of the semiquantitative 

estimation of NiO-like and other product phases. We also identified the chemical state 

of lithium in the NiO-like phase substituting for Ni. 
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1. Introduction 

   Rechargeable lithium ion batteries are now widely used in portable equipment 

because of their high energy densities and voltages. Their applications are expected to 

be extended to power supplies for electric vehicles (EVs), hybrid electric vehicles 

(HEVs) and plug-in HEVs (PHEVs). To improve battery performance for such practical 

applications, it is necessary to develop basic technologies including research and 

development of better cathode and anode materials, and electrolytes. Balanced cell 

performance is also necessary in terms of safety, lifetime, cost, power and energy 

density. In particular, considering the automotive applications of lithium ion batteries, it 

is imperative to develop alternative cathode materials to LiCoO2 from the viewpoint of 

cost and depletion of resources. Layered LiNiO2 [1,2] and its related materials [3-9] are 

attractive materials because of their relatively less serious problems in terms of 

resources, their high capacity and high rate performance. However, LiNiO2-based 

materials exhibit significant degradation such as capacity fading and impedance rise 

when use at elevated temperatures [10-19]. According to the degradation analysis of 

batteries using LiNi0.8Co0.2O2 [10-14] and Al/Co co-doped LiNiO2-based cathode 

materials [15-19], the impedance rise of the positive electrode is mainly responsible for 

the degradation of the entire cell [10,11,16-19]. To elucidate the degradation mechanism 

under high-temperature operations, cathode materials have been analyzed by some 

research groups using macroscopic methods such as electrochemical measurements 

[10,11,16-19], X-ray photoelectron spectroscopy (XPS) [13], X-ray diffraction analysis 

[15,16] and X-ray absorption fine structure (XAFS) analysis [12,14,18,19]. Among the 

various degradation mechanisms proposed, the degradation of LiNiO2-based cathode 

materials through the irreversible formation of inactive divalent or trivalent Ni species, 
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particularly those localized in surface regions, has been shown by our group [19] and 

another group to be the most viable mechanism [12,14]. However, since the material 

degradation associated with electrochemical or chemical reactions should start 

somewhere at nanometer-scale areas in the entire positive electrode extending over a 

few tens of micrometers from the surface to the electron collector, it is crucial to 

examine wider areas of the electrode with high spatial resolution, linking the gap 

between the macroscopic electrochemical measurements and microscopic structural 

changes, that is, identifying when, where and how the degradation starts and progresses. 

Microscopic methods such as high-resolution (scanning) transmission electron 

microscopy (HR(S)TEM) and nano-electron diffraction (nano-ED) analysis require 

good sample crystallinity and proper alignment to the correct crystal orientation to 

obtain informative data, and this may not be always possible, particularly in materials 

for practical use, and more so in materials where degradations occur. Furthermore, one 

can select a local observation result that agrees well with macroscopic measurements, 

although such an observation is not always representative of the entire microstructure. 

Electron energy-loss spectroscopy (EELS) combined with STEM, particularly core 

state excitation spectral (energy-loss near edge structure: ELNES) analysis, conveys 

information on local chemical environments, or local atomic configurations around 

specific elements [20]. ELNES projects the three-dimensional local structure onto a 

one-dimensional energy-loss axis, which is generally independent of crystal orientation. 

STEM-EELS is thus an ideal tool for the problem at hand because local structural 

changes associated with material degradation can be visualized simply by scanning the 

nanosized electron probe on wide areas of the sample of interest and analyzing the data 

obtained statistically. 

 3 



By applying the method mentioned above, we have observed in a 

LiNi0.8Co0.15Al0.05O2 (NCA) cathode sample a NiO-like phase near the surface and grain 

boundary regions of active material particles both before and after a cycling test 

performed at 80 ºC, and substantial phase evolution was found after the cycling [20]. 

We have also found that the spatial distribution of the NiO-like phase highly correlates 

with the fluorine distribution, indicating that the degradation of the cathode takes place 

by surface reactions between active materials and the electrolyte [20]. We called the 

product phase the ‘NiO-like’ phase, which refers to the local atomic configuration and 

chemical states probed by EELS rather than to a long-range order having translational 

symmetry [12]. 

Since our analysis method works well for samples cycled at 80 ºC that are heavily 

degraded, we consider it interesting to examine similar samples cycled at practically 

more realistic temperatures. In the present study, the same methodology used in our 

previous studies, [21] is applied to the examination of an NCA-positive electrode cycled 

at 70 ºC, which exhibits moderate degradation, and capacity fading and resistance 

increase observed by macroscopic electrochemical measurements are discussed, and 

quantitatively compared with microscopic information.  

 

2. Experimental and analysis methods 

2.1 Cell preparation and cycling test 

Charge-discharge cycling tests at elevated temperatures (70 and 80 ºC) were 

performed on 500-mAh-type cylindrical cells with LiNi0.8Co0.15Al0.05O2 and graphite as 

the positive and negative electrode materials, respectively. The detailed cell fabrication 

has already been described elsewhere [19]. A polyethylene separator was wound around 
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the positive and negative electrodes, which were then put into a cylindrical cell case 

with 1 M LiPF6 dissolved in an EC/EMC/DMC mixed solvent (3:4:3 by volume). 

Cycling tests were carried out at rate of 2 C for 500 cycles in the range of 3.0 to 4.1 V at 

70 and 80 ºC after a few initial conditioning charge-discharge cycles.  

 

2.2 Electrochemical evaluation of positive electrode 

After the cycling tests, the cycled cell was disassembled in an Ar-filled glovebox. 

The cell subjected to only the initial conditioning cycles was also disassembled in the 

same manner for comparison. The collected positive electrodes were rinsed with 

dimethyl carbonate three times to completely remove the residual electrolyte before the 

electrochemical measurements and spectroscopic analysis using TEM.  

To estimate the degree of capacity fading, electrochemical measurements were 

carried out using three electrode cells with lithium metal as the counterelectrodes and 

reference electrode. The charge-discharge profiles of the positive electrodes from the 

fresh and cycled cells were recorded in the potential range between 3.0 to 4.1 V vs. 

Li+/Li with a constant current rate of 0.1 C per cycle. Cyclic voltammetry was also 

performed in the potential range between 3.0 to 4.5 V vs. Li+/Li with a scan rate of 0.2 

mV/s at 20 °C. 

 

2.3 Spectral imaging and MCR processing 

A focused ion beam thinning technique was used to prepare uniform thin films (~100 

nm thick) of the obtained positive electrodes over an area as large as ~10 µm for 

STEM-EELS. SI data was acquired at room temperature using a Jeol JEM2100 S/TEM 

system for the low-loss region (including Li-K, Co- and Ni-M2,3 absorption edges) and a 
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JEM2100F S/TEM system for the high-energy region (including O-K, Co-L2,3 and 

Ni-L2,3 edges), both equipped with a Gatan Enfina 1000 spectrometer, using a probe size 

of 6 nm, an acquisition time of 0.8 s and a scan step of 10 nm in the former and a probe 

size of 0.3 nm, an acquisition time of 0.5 s and a scan step of 10 nm in the latter. The 

energy dispersion was set to 0.1 eV/channel with an energy loss range from −10 to 120 

eV including the zero loss peak (ZLP) in the former and to 0.3 eV/channel with an 

energy loss range from 500 to 900 eV in the latter. The spectral drift correction, 

pre-edge background subtraction and deconvolution to remove the plural scattering 

were performed similarly to those in previous studies [19,20]. The carbon binder region 

surrounding the active material particles was carefully excluded for the MCR analysis 

of the higher-energy-loss region because the O K ELNES in the binder region exhibited 

a profile very similar to the degraded phase of the active material, which can cause 

additional errors in the analysis. 

As reported previously [21,22], the MCR technique is beset with two inherent 

difficulties: one is that the number of components underlying cannot be determined a 

priori; the other is that the result obtained by means of the MCR technique is not unique. 

In general, the number of components is increased one by one until the spatial 

distribution of the residual seems to be random statistical noise with no spatial structure. 

To check out the uniqueness and validity of the spectral decomposition we also 

confirmed whether identical spectral profiles of the resolved components with very 

similar spatial distributions are obtained by independently applying the MCR to a 

number of secondary particles. 

 

2.4 Theoretical prediction of Li K ELNES 
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We calculated theoretical ELNES for possible compounds using the augmented 

plane wave plus local orbital (APW+lo) band method within the generalized gradient 

approximation (GGA; WIEN2k) [23,24] to compare the relative peak intensities and 

positions of the experimental and theoretical spectra. For Ni d states, we adopted the 

same Hubbard-type orbital-dependent interaction, as described previously [23]. The 3 x 

3 x 3 supercell of the primitive cell containing 128 atoms per supercell with a core hole 

introduced at the excited atom was used. Prior to the spectral calculations, the structural 

parameters were optimized using the projected augmented wave method (VASP). The 

atom positions were freely relaxed under the constraint of the given symmetry of the 

supercell within the fixed supercell size until the residual force was reduced to less than 

0.05 eV/Å. The final ELNES spectrum was broadened using a Gaussian function with 

an FWHM of 1.0 eV. The energy loss axis was calibrated using the experimental and 

theoretical spectra of the known standards of Li2O and LiNiO2.  

 

3. Results and discussion 

3.1 Electrochemical performance of positive electrode 

  Figure 1 shows the discharge profiles of the harvested positive electrodes. The 

discharge capacities were 177.1 and 159.5 mAh/g for the initial and cycled electrodes 

(70 ºC), respectively. The values of capacity fading associated with the degradation 

were 10.0% for the sample cycled at 70 ºC and 27.0% for that cycled at 80 ºC [19]. As 

mentioned previously [19], most of the capacity fading of the entire cell cycled at 70 ºC 

is attributed to that of the positive electrode.  

Cyclic voltammograms of the positive electrodes after the initial conditioning and 

cycling at 70 ºC are shown in Fig. 2. The cyclic curve for the fresh positive electrode 
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exhibited three peaks on both the oxidation and reduction curves, corresponding to the 

phase transitions associated with the intercalation/deintercalation of Li ions [25]. The 

voltammogram of the positive electrode cycled at 70ºC, on the other hand, showed 

broader peaks than those of the fresh positive electrode, suggesting an increase in 

reaction resistance. We observed no clear difference in crystal structure between the 

fresh and cycled positive electrode materials by conventional X-ray diffraction analysis. 

It was hence considered that the degradation of the positive electrodes proceeded on the 

microscopic scale, undetected by macroscopic measurements.  

 

3.2 Analysis of O-K, Co-L2,3 and Ni-L2,3 ELNESs 

   As has been shown previously [19,20], it is useful to examine the changes in the 

ELNESs of oxygen and transition metals to extract the spatial distributions and 

evolution of the assumed product phases. The STEM image and projected spatial 

distributions of the constituent phases resolved by the MCR analysis of the STEM-SI 

datasets are shown in Figs. 3(a)-(c) for the sample after the initial conditioning and in 

(d)-(f) for the sample after 500 cycles at 70 ºC, where the number of constituent 

components was assumed to be two. Since the residual component exhibited an almost 

random spatial distribution pattern for both samples, it should be unnecessary to 

increase the number of components any more. The embedded spectral components 

resolved were found to be common for both samples, as shown in Fig. 3(g). Comparing 

the spectral profiles of the resolved spectral components with those of the samples in 

the previous report (cycling at 80 ºC), we found the lithium-deficient phase to be 

missing in the present study, which is not essential for the interpretation of the present 

results. The same primary product phase assigned to the NiO-like phase in the previous 
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report is again distributed near the surface of primary active material particles in the 

present samples, as shown in (c) and (f). The NiO-like phase seems to evolve after 500 

cycles at 70 ºC, but is less conspicuous than that observed in the sample cycled at 80 ºC. 

 

3.3 Quantitative estimation of NiO-like phase evolution 

   Since our group [19,20] and another group [12,14] have reported that the cathode 

degradation is mainly ascribable to the evolution of the NiO-like phase, it should be 

necessary to examine the quantitative correlation between capacity fading and the 

evolution of the NiO-like phase. The MCR analysis yields the normalized spectral 

profiles and their relative contributions to the entire experimental data set. If the 

ionization cross section of the corresponding core state is known, the contribution of 

each component can be converted to the relative concentration of the spectral 

component of interest. It was, however, found that the amount of NiO-like phase often 

tends to be overestimated because thin damage layers are formed on the sample surface 

during FIB thinning and that the O-K ELNES of the damage layer is very similar to that 

of the NiO-like phase. 

Thus, to obtain a more robust estimation method, we measured the projected 

thickness of the NiO-like phase near surfaces or grain boundaries, because the NiO-like 

phase is likely to be localized around an active material particle surface in contact with 

the electrolyte, whereas the damage layer by FIB should uniformly cover the sample 

surface. 

 First, the intensity profile perpendicular to the surface or grain boundary was 

plotted at a selected area on an MCR map of the NiO-like phase, an example of which is 

shown in Fig. 4. The background baseline due to the surface damage layer was drawn 
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along the constant intensity profile within the grain. The net thickness of the NiO-like 

phase was set equal to the distance between the surface and the half-maximum of the 

intensity profile of the inner-grain side, as shown in Fig. 4(b). This procedure is justified 

because the formation of the NiO-like phase starts from the surface and proceeds 

gradually inward of the grain. Moreover, the thin degradation layer actually exhibits a 

steeper intensity profile, while the thick one shows a long intensity tail inward. The 

procedure was repeated for 40-50 profiles along the grain surfaces over the 

experimental data in each sample and the measured thickness values were statistically 

averaged. The obtained average thicknesses and their standard deviations of the 

NiO-like phase for the samples after the initial conditioning, cycled at 70 ºC and 80 ºC 

are listed in Table 1. The larger standard deviation for the more strongly degraded 

sample suggests that the degradation rate highly depends on grain morphology under 

different conditions, such as grain size, surface morphology and distance from the 

electrode surface. 

   To examine the correlation between the obtained amount of NiO-like phase and 

capacity fading, the following model was considered. For simplicity, the primary 

particle shape of the active material was assumed to be spherical. Then the size of many 

particles was measured for each type of sample. The radius of an irregular shape particle 

was calculated as the radius of the corresponding circle having the same projected area, 

and then the average radius of the particles was estimated. The average volume fraction 

of the NiO-like phase was deduced by calculating the ratio 4π<r>2<∆z>/4/3π<r>3, 

where <r> is the average particle radius and <∆z> is the estimated average NiO-like 

phase thickness. The derived volume fraction of the NiO-like phase in each sample is 

compared with the actual capacity fading in the last rows of Table 1. Since the number 
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of grains measured was limited to ~10-20, the number of significant digits for the 

present estimation should be at most two. The relative capacity fading is quite consistent 

with the decrease in the volume fraction of the original phase. Considering the 

accuracies of the average particle radius, average NiO-like phase thickness and 

spherical particle assumption, it can be concluded that the present capacity fading is 

quite consistent with the amount of NiO-like phase evolved in the active material 

particles. 

 

3.4 Analysis of Li-K ELNES 

   The SI data cubes extracted from the low-loss region covering the Li-K, Co-M2,3 

and Ni-M2,3 edges were also treated by the MCR technique. The STEM image, spectral 

components extracted and their spatial distribution maps are respectively shown in Figs. 

5(a), (b), (c) and (e) for the samples after 500 cycles at 70 ºC as a result of 3-component 

analysis, in which the uniform background component was omitted. Component #1 

(blue line) corresponds to the original LiNiO2-based phase, as shown in a previous 

study21. Component #2 (red line) in Fig. 5(e) is newly found in the cycled sample. This 

component is always found in the particles analyzed and its spatial distributions well 

correlate with those of the NiO-like phase at the same area, as shown in Fig. 5(d) for 

comparison. The present new phase and NiO-like phase are distributed near the surfaces 

in the particle grains, whereas lithium fluorophosphates are found in the initial state 

along the peripheries of the particle surfaces [20]. This suggests that component #2 

could be interpreted to be lithium occupying the Ni site in the NiO structure. The 

point-to-point EELS analysis in our previous study [19] actually confirmed that lithium 

is present in the NiO-like phase. 
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The theoretical Li-K ELNES for substitution of a Li atom at a Ni site is shown in 

Fig. 6. Apparently, the theoretical ELNES does not well agree with the spectrum of 

component #2. However, the MCR procedure performed under certain conditions can 

yield a solution of the major component and a difference spectrum between the major 

and minor components, as shown in Appendix. As has been mentioned in Ref. [21] , for 

Li-K ELNES where transitions from shallow core states are studied, theoretical 

predictions based on the density functional theory (DFT) do not generally reproduce the 

experimental spectra well, particularly with respect to peak separation and relative peak 

intensities.21 In spite of these difficulties, Fig. 6 actually shows that the theoretical 

difference spectrum between the Li-K spectra of LiNiO2 and Li in NiO corresponds 

well to the MCR solution of component #2.  

 

3.5 Fluorine distribution 

   The lithium fluorophosphates found along the particle surfaces and grain boundaries 

are not explicitly isolated by MCR in the cycled sample, partly because their main peak 

positions overlap with those of the Li-K ELNES in the NiO-like phase. To study the 

correlation between degradation and surface reaction with the electrolyte, the spatial 

distribution of fluorine was examined using energy-filtered images, as shown in Fig. 7, 

in which F-K-edge intensities are between the energy loss of 690 and 700 eV with the 

pre-edge background subtracted. Since the F-K ELNES intensities are nearly the same 

as the noise level, the ELNES was not clearly observed. The amount of fluoride after 

cycling at 70 ºC seems to be decreased, compared with that in the initially conditioned 

state. For the heavily degraded sample cycled at 80 ºC, on the other hand, fluorine 

penetrated the areas where the NiO-like phase is distributed [21], so that we concluded 
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that the surface reactions at the particle/electrolyte interface trigger oxygen evolution 

and the subsequent degradation. The present results at 70 ºC suggest that surface 

fluorides are decomposed during cycling and have little to do with the NiO-like 

degraded phase formation. 

 

4. Conclusions 

   We have shown using STEM-EELS and MCR that in LNCA active material 

particles, the NiO-like phase grows near the surface and grain boundaries after 500 

cycles at 70 ºC, as observed in the same material cycled at 80 ºC. We estimated the 

relative amounts of NiO-like phase before and after cycling at 70 and 80 ºC, which 

mostly explained the capacity fading of the positive electrode. In accordance with the 

results above, it was shown that some Li atoms substitute for Ni atoms in the NiO-like 

degraded phase. 

   The degradation of LNCA-type positive electrodes at elevated temperatures 

proceeds by oxygen evolution from an unstable Ni1-x(Cox)O2 configuration locally 

formed by delithiation and the subsequent collapse of NiO6 octahedra to the NiO-like 

phase. It is thus crucial to strengthen Ni-O bonds to suppress the degradation of the 

cathode, and Mg doping was proposed for such a purpose [25]. We theoretically 

considered the effects of Mg doping, based on the discussion on Mg-ELNES/XANES 

spectra [24], and the corresponding experimental evidence in terms of microstructures 

will be reported elsewhere. 
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Appendix 

In this Appendix, we will show using intuitive concepts and ideas rather than strict 

mathematical means that, under certain conditions, a minor component spectrum may 

be resolved into a major component and a difference spectrum between the minor and 

major component spectra. We adopt a two-component system to avoid unnecessary 

complication. Then an experimental dataset can be expressed in the form 

)()()( 2211 EScEScEX iii += ,             (A-1) 

where Xi(E) is the i-th experimentally observed spectrum as a function of the energy 

loss E, S1(E) and S2(E) are pure component spectra and cij is the relative fraction of each 

component in Xi(E). In our case, each spectrum is normalized as 

∫ = ,1)(1 dEES  ∫ = 1)(2 dEES             (A-2) 

to relate cij to the composition of each component spectrum. For simplicity, the 

Euclidian norm applies instead hereafter: 

∫ = ,1)( 2
1 dEES  ∫ =1)( 2

2 dEES ,            (A-2)’ 

where  
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11 )( .                         (A-3) 

The summation in the square root stands for the sum of square of all the elements in 

S1(E), in which k ranges over the channel number. This makes no essential difference in 

S1(E) and S2(E). 

   MCR may result in the following type of two-component resolution: 
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may in general hold because of the non-negativity constraint. Considering that the 

variable E is actually discrete corresponding to the detector channel number, and each 

component spectrum is regarded as a vector in the N-dimensional space (N: number of 

channels in the detector), the MCR fitting converges into a solution so that the resolved 

component vectors make an angle as close to the right angle as possible. In the present 

case, S1, S2 and S3 are normalized and all the elements in those vectors are non-negative, 

and hence the angles θ1 between the vectors S1 and S2 can be defined as 

211cos SS ⋅=θ .                                (A-6) 

In this new MCR solution, the normalization should be in the form  
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by introducing a new parameter ai2, and eqs. (A-4) and (A-7) yield  

2
2 11 qaq i +<≤− ,                              (A-8) 

because 0 < S1·S2 ≤ 1. Then eq.(A-4) is rewritten as  

)()()()( 322111 ESacESbcEX iiiii ++= .            (A-9) 

This new decomposition into S1 and S3 is possible so long as the minor component 

extends over the broader region than the major component in the energy-loss axis and 

eqs.(A-5) holds because of the non-negativity constraint.  

The angle θ2 between S1 and S3 can then be written as 
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since 0 < q < 1 and cosθ1 < 1. It can be readily shown that θ1 and θ2 can be limited 
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within the range from -π/2 to π/2 without losing the generality. Hence  

21 θθ < .                        (A-11) 

In this case, the difference spectrum S3(E), instead of the correct component spectrum 

S2(E), is thus preferably derived from the MCR treatment if the S2(E) extends over the 

broader range than S1(E), and eq.(A-5) holds over the energy-loss range. These are the 

necessary conditions and this situation can occur when the minor component spectrum 

does not oscillate with large amplitudes and the spectral components S1(E) and S2(E) are 

not spatially isolated. 
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Figure captions 

Figure 1 Discharge curves of positive electrodes obtained from fresh and cycled 

batteries at 70 ºC. 

 

Figure 2 Cyclic voltammograms obtained at 20 ºC with scan rate of 0.2 mV/s for 

positive electrodes of a fresh battery and one cycled at 70 ºC. 

 

Figure 3 Two-component MCR analysis of NCA cathode after initial conditioning (a-c) 

and after cycling at 70 ºC (d-f): (a),(d) ADF-STEM images of cathode. Framed areas 

were scanned for SI data acquisition. (b),(e) Spatial distribution maps of component #1 

(original phase). (c),(f) Spatial distribution maps of component #2 (NiO-like phase). (g) 

Extracted spectral components. 

 

Figure 4 (a) Typical example of spatial distribution map of NiO-like phase (reproduced 

from Fig. 1(f)). (b) Intensity distribution along white dotted line in (a). ∆z is the 

estimated projected thickness of NiO-like phase.  

 

Figure 5 Example results of Li analysis of the 70 ºC cycled sample. (a) ADF-STEM 

image and (b) spatial distributions of component #1, (c) component #2 in MCR analysis 

in low-loss region and (d) NiO-like phase extracted from higher-energy spectral region 

for comparison. (e) Spectral components extracted by MCR analysis. Distinct peak 

positions are marked by pink broken lines. 

 

Figure 6 Theoretical Li K ELNES assuming that Li is substituted at a Ni site in NiO (a), 
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Li in LiNiO2 (b) and difference spectra between the two (c). Pink broken lines 

correspond to those in Fig. 5(e) 

 

Figure 7 Energy-filtered images selected for 695-705 eV with the pre-edge background 

subtracted, showing fluorine distributions in the same areas as those in Fig. 3(d) (after 

initial conditioning) and Fig. 5 (after cycling at 70 ºC). 
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Table 1 Average radius of active material primary particles <r>, average thickness <∆z> 

and its standard deviation σ, and volume fraction ∆V/V for NiO-like phase estimated 

from the experimental results for the respective samples. Cathode capacities 

electrochemically estimated for the samples are also listed for comparison. 

 Init. conditioning 70 ºC 80 ºC 
<r> (nm) 750 600 550 

<∆z> (nm) 26 35 71 
σ (nm) 9.8 20 47 
1-∆V/V 0.90(4) 0.83(10) 0.64(21) 

∆(∆V/V )× 100 (%) - −8(10) −24(15) 
Cathode capacity (mAh/g) 177.1 159.5 (−10%) 129.3 (−27.0%) 
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Fig. 3 
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Fig. 5
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