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Electrochemical data 

The charge points along the voltage profiles during the first cycle of Li[Li0.2Ni0.16Mn0.56Co0.08]O2 

were defined via the specific capacity: P01 corresponds to the pristine electrode, P03 corresponds 

to a specific capacity of 100 mAh g-1, P04 to 200 mAh g-1, and P08 indicates the fully charged (to 

4.8 V) and subsequently discharged (to 2.5 V) sample (see Figure S1a,b). Since the current-

induced polarization affects the shape of the voltage profile (see Figure S1a), we normalized the 

voltage profiles obtained at higher dis-/charge rates (1C and 5C) to the one obtained at 0.1C in 

order to estimate the effect of, e.g., side reactions with the electrolyte at elevated potentials. In the 

absence of such side effects, one would expect the normalized voltage profiles to overlap with 

those obtained at low rates, which is indeed the case for P03, i.e., 100 mAh g-1 (Figure S1c). For 

P04, however, this is not the case anymore, as in this case very high overpotentials lead to 

accelerated side reactions with the electrolyte, and a significant amount of the capacity recorded 

originates from electrolyte decomposition. In order to also take this into account and better 

estimate the true charge capacity of the active material, we compressed the x axis in such a way 

that the curves coincide again (Figure S1d). From these curves, we were able to estimate the true 

charge capacity of the active material at P04, which is roughly 170 mAh g-1 for the electrode 

charged at 1C and about 160 mA h g-1 for that charged at 5C.  
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Figure S1. (a) Voltage profiles of Li[Li0.2Ni0.16Mn0.56Co0.08]O2 electrodes cycled in half-cell configuration, 

where the points P01 (pristine), P03 and P04 (beginning and end of the voltage plateau), P05 (fully charged) 

have been indicated for all samples. (b) All points obtained for the sample dis-/charged at 0.1C, including 

P08 for the complete charge-discharge cycle. (c) Voltage profiles normalized, considering the current-

induced overpotential. (d) Estimated “true” charge capacity of the active material at elevated charge rates 

up to P04 after subtracting the estimated contribution from side reactions such as electrolyte decomposition 

at elevated potentials owing to the higher charge rate.  
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EXAFS analysis 

The present study mainly focuses on the first charge and discharge cycle, at a few representative 

charge points: the pristine state (P01), the beginning (P03) and the end (P04) of the high voltage 

plateau, and the fully charged (P05) and following discharged state (P08). The Mn, Co, and Ni 

K-edge EXAFS oscillations measured at several temperatures and the corresponding Fourier 

transforms (FTs) of the EXAFS signal, providing real-space information on the partial atomic 

distribution around the Mn, Co and Ni atoms, are reported in Figure S2.  

The Mn, Co, and Ni K-edge EXAFS signals are multiplied by k2 to enhance the signal in the higher 

k region. The FTs are performed over the k range 2.6–15.8 Å-1 for Mn, 2.5-12.3 Å-1 for Co, and 

3.6-11.8 Å-1 for Ni. In Figure S2d, the main peaks at ∼1.44 Å and ∼2.42 Å correspond to single 

scattering contributions from the nearest neighbor O atoms and the next-nearest neighbor transition 

metal (TM = Mn, Co, Ni) atoms around Mn, respectively. The peaks at ∼1.5 Å and ∼2.4 Å shown 

in Figure S2e correspond to the first and second coordination shell around Co composed by O and 

(TM = Mn, Co, Ni) atoms, respectively. Figure S2f shows the FTs peaks at ~1.58 Å and 2.58 Å 

corresponding to the first and second coordination shell composed of O and TM (Mn, Co, Ni) 

atoms, respectively, around Ni. 

For the quantification of the local structure, the EXAFS oscillations were modeled using the 

general equation assuming the single-scattering approximation: 

 

𝜒(𝑘) = ∑
𝑁𝑖𝑆𝑜

2

𝑘𝑅𝑖
2𝑖 𝑓𝑖(𝑘, 𝑅𝑖)𝑒

−2𝑅𝑖
𝜆 𝑒−2𝑘2𝜎𝑖

2
sin[2𝑘𝑅𝑖 + 𝛿𝑖(𝑘)]             (1) 

 

where Ni is the number of neighboring atoms at a distance Ri from the absorbing atom, S0
2 is the 

passive electron reduction factor, f i(k, Ri) is the backscattering amplitude, λ is the photoelectron 

mean free path, δi(k) is the phase shift, and σi
2 is the Debye-Waller factor (DWF) measuring the 

mean square relative displacements (MSRDs) of the photo-absorber backscatter pairs.  
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Figure S2. (a-c) Mn, Co, and Ni K-edge k2χ(k) EXAFS oscillations and (d-f) the corresponding Fourier 

transform magnitudes, collected in the temperature range from 80 to 300 K over samples representing 

mainly the first charge/discharge cycle (solid lines). The dashed lines report the fits obtained for the first 

shell, with the points P01 (pristine), P03 and P04 (beginning and end of the voltage plateau), P05 (fully 

charged), and P08 (fully discharged after the first cycle) [s1].  
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The used EXAFS model for Mn considers the pristine sample to be consisting of two components: 

the layered Li(Li0.2NixMnyCoz)O2 and the monoclinic Li2MnO3-like superlattice, which mixture 

corresponds to an averaged layered structure. During charge, the partial structural degradation of 

a unique averaged layered phase (R3m plus C2/m) into the spinel phase (Fd3m) was investigated 

[s1- s4]. The phase coexistence need to be treated carefully, because the length of the spectrum 

limits the maximum number of free parameters for the EXAFS fitting (Nind), and the window in 

the FT considered. Indeed, Nind is given by the Nyquist theorem [s5]: 

 

𝑁𝑖𝑛𝑑 =
2Δ𝑘Δ𝑅

𝜋
                    (2) 

 

where Δk and ΔR are the windows used for the fittings. 

 

Due to the limited number of free parameters, we implemented two different approaches in the 

analysis: (i) the analysis based on the ab initio real-space multiple scattering theory was done using 

the FEFF8 [s6, s7] and FEFFIT [s8] codes. Calculations of the scattering amplitude and phase shift 

functions were performed by the FEFF8 code, centered on the Mn, Ni or Co atom, and having a 

radius of 6 Å. The fitting of the experimental spectra was performed in the Fourier-transformed R 

space by the FEFFIT code. (ii) The semi-empirical approach [s9, s10], where the Mn 

backscattering amplitude and phase shift functions of each coordination shell were extracted 

experimentally from the pristine spectra. The Mn EXAFS oscillations for the pristine sample (P01) 

were modeled by considering the phase shifts and amplitude empirically calculated from the 

experimental spectra. Instead, for the Co and Ni EXAFS oscillations and the formed spinel phase, 

the ab initio calculated single scattering contributions were considered. For each component 

(layered or spinel), Ni was fixed to the average values known from diffraction studies [s2, s11-

s13]. E0 was empirically chosen by fitting the pristine and spinel reference spectra and then fixed 

to -0.11 eV, 0.21 eV, -1.21 eV, or -1.65 eV for Ni, Co, Mn layered, and spinel phases, respectively. 

S0
2 was chosen by fitting the lowest temperature for each charge state and then fixed during the 

temperature-dependent analysis. S0
2 was found to be oscillating around 0.68 for Ni and 0.74 for 

Co and 0.95 for Mn.  
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The distances Ri and the corresponding DWF σi
2 of the layered and spinel phase as well as the 

ratio between the two phases (x) were the fit parameters in the Mn EXAFS fitting model. The TM-

O (TM = Co, Ni) distances (Ri) and the corresponding DWF (σi
2) were the fit parameters in the Ni 

and Co models, keeping the correlations between the fitting parameters to a minimum in the least-

squares fits. The number of free parameters was then kept always below the maximum number in 

both models (Nind (Mn) ≈ 6.71, Nind (Co) ≈ 4.99 and Nind (Ni) ≈5.22). 

The Mn, Co, and Ni K-edge EXAFS fits provided details about the Mn-O, Co-O, and Ni-O 

interatomic distances (R) and their corresponding mean square relative displacements (MSRDs) 

(σ2) as a function of temperature for Li[Li0.2Ni0.16Mn0.56Co0.08]O2 along the first cycle, as shown 

in Figure S3 for (a,c) the Mn layered and (b,d) the Mn spinel, and in Figure S4 for (a,c) the Co 

and (b,d) the Ni layered phases. The Mn-O, Co-O, and Ni-O distances in the layered structure 

(Figure S3a and Figure S4a,c) tend to contract during the first charge, which is consistent with 

earlier studies [s2, s3]. Regarding the spinel phase (Figure S3c), its local Mn-O bonding distance 

(Rspinel) shows a significant increase upon the first charge, followed by a reduction during the 

subsequent discharge [s3]. There is a small temperature effect due to the thermal expansion, which 

appears different for different states-of-charge, although the differences are within the 

experimental uncertainty. 

The DWF (σi
2) covers the temperature-independent structural disorder effects (σ0

2) as well as the 

thermal disorder (σ2 (T)): i.e., σi
2 = σ0

2 + σ2 (T). A correlated Einstein model was used to describe 

the σ2 (T) measured by EXAFS experiments [s5]. Indeed, in the harmonic and single scattering 

approximation, it is the simplest model to describe the temperature dependence of σ2 (T). The used 

Einstein equation is: 

 

𝜎2(𝑇) =
ℏ2

2𝜇𝑘𝐵𝜃𝐸
 𝑐𝑜𝑡ℎ (

𝜃𝐸

2𝑇
)                                        (1) 

 

where ℏ is the Planck constant, μ is the reduced mass, kB is the Boltzmann constant, T is the 

temperature, and θE is the Einstein temperature. The temperature-independent part of the correlated 

DWFs (σ0
2, i.e., the static disorder) can be estimated by extrapolating the temperature behavior to 

0 K (Fig 2c). The static disorder σ0
2 of the Mn-O, Co-O, and Ni-O bonds tends to increase during 

the charge process. From the Einstein temperature, we have extracted the Einstein frequency 
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(ωE = kBθE/ℏ) and quantified the effective local force constant (K = μ𝜔𝐸
2) for the Mn−O, Co−O, 

and Ni−O pairs (Fig 2d). The Einstein temperatures are included in Table S1.   
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Figure S3. (a,b) The Mn−O bond lengths and (c,d) the temperature-dependent DWFs (σ2) as a function of 

temperature for Mn in the layered structure (top panels) and Mn in the spinel structure (bottom panels) at 

different charge rates, i.e., 0.1C (solid lines), 1C (dotted lines), and 5C (dashed lines). The lines in the left 

panels represent the correlated Einstein model fits, 0.1C (solid lines), 1C (dotted lines), and 5C (dashed 

lines). 
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Figure S4. (a,b) The Co−O and Ni−O bond lengths and (c,d) the temperature-dependent DWFs (σ2) as a 

function of temperature for Co (top panels) and Ni (bottom panels) at different charge rates, i.e., 0.1C (solid 

lines), 1C (dotted lines), and 5C (dashed lines). The solid lines in the left panels represent the correlated 

Einstein model fits, 0.1C (solid lines), 1C (dotted lines), and 5C (dashed lines). 

 

 

Table S1. Einstein Temperatures (θE) for Li[Li0.2Ni0.16Mn0.56Co0.08]O2 at the different states of charge. 

Sample Layered Spinel 

Mn-O Co-O Ni-O Mn-O 

P01 843±42 703±67 598±35 - 

P03 761±34 661±46 518±34 472±24 

P04 636±32 555±31 439±34 302±18 

P05 619±31 533±34 424±23 287±19 

P08 722±40 622±36 584±31 398±22 
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Charge balance evaluation  

We calculated the stoichiometry and redox states for the different samples using data quantified 

for Mn, Co, and Ni from the XAS measurements and electrochemistry, and imposing charge 

neutralityand some additional assumptions for the oxygen stoichiometry as detailed below. The 

lithium stoichiometry was calculated from the capacity Q, considering that 1.2*F electrons are 

released when lithium is completely extracted from 1 mol of the active material 

Li1.2Mn0.56Ni0.16Co0.08O2: 

 

x = 1.2*(1-Q/Qth), 

Qth = (1.2*F) / Mw   mAh g-1 

 

where F is the Faraday constant (26,801.4 mAh mol-1) and Mw the molecular weight (85.2 g mol-1). 

The oxidation states of Mn, Co, and Ni were determined via XAS. In Table S2, we report the 

values obtained for the different samples at 0.1C and 5C. 

 

Table S2. The oxidation states of Mn, Co, and Ni as well as the Li stoichiometry at 0.1C and 5C. 

Sample Q (mAh g-1) Li stoichiometry Mn ox. State Co ox. State Ni ox. state 

P01 (0.1C) 0 1.200 + 3.979 +3.000 +2.000 

P03 (0.1C) 103 0.873 + 3.861 + 3.494 +3.268 

P04 (0.1C) 200 0.565 + 3.839 +3. 779 +4.000 

P05 (0.1C) 347 0.098 + 3.844 +3.975 +4.000 

P08 (0.1C) 109 0.854 + 3.884 +3.120 +2.068 

P03 (5C) 98 0.873 + 3.851 + 3.555 +3.439 

P04 (5C) 160 0.565 + 3.785 +3. 803 +4.000 
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For oxygen, oxygen vacancies were considered in the pristine active material (P01) to compensate 

the Mn oxidation state, admitting O at the -2 state. The same assumption was made for the fully 

discharged sample (P08). No oxygen loss is assumed until P04, while the oxygen content in P05 

is assumed equal to P08, implying loss at the end of charge (P04 → P05) in agreement with the 

literature [s15, s16]. Results are depicted in Table S3. 

Table S3. The oxygen parameters for the two different dis-/charge rates of 0.1C and 5C. 

Sample O stoichiometry O ox. State 

P01 (0.1C) 1.994 -2.000 

P03 (0.1C) 1.994 -1.924 

P04 (0.1C) 1.994 -1.834 

P05 (0.1C) 1.805 -1.777 

P08 (0.1C) 1.805 -2.000 

P03 (5C) 1.994 -1.938 

P04 (5C) 1.805 -1.883 
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