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ABSTRACT. The surface reactivity of Ni-rich layered transition metal oxides is instrumental to 

the performance of batteries based on these positive electrode materials. Most often, strong surface 

modifications are detailed with respect to a supposed ideal initial state. Here, we study the 

LiNi0.8Mn0.1Co0.1O2 (NMC811) cathode material in its pristine state, hence before any contact with 

electrolyte or cycling, thanks to advanced microscopy and spectroscopy techniques in order to 

fully characterize its surface down to the nanometer scale. Scanning transmission-electron 

microscopy-electron energy-loss spectroscopy (STEM-EELS), solid state nuclear-magnetic-

resonance (SS-NMR) and X-rays photoelectron spectroscopy (XPS) are combined and correlated 
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in an innovative manner. The results demonstrate that in usual storage conditions after synthesis, 

the extreme surface is already chemically different from the nominal values. In particular, nickel 

is found in a reduced state compared to the bulk value and a Mn enrichment is determined in the 

first few nanometers of primary particles. Further exposition to humid air allows for quantifying 

the formed lithiated species per gram of active material, identifying their repartition and proposing 

a reaction path in relation with the instability of the surface. 

1. Introduction 

The fast world population growth combined with life modernization due to the rapid development 

of new technologies have brought, over the past years, a strong increase in the demand for primary 

energy, which has been initially met mainly by the combustion of fossil fuels. Nowadays, to reduce 

the contribution of fossil resources to the existing energy mix, our modern society relies 

increasingly on electrochemical energy storage for the electrification of vehicles. Performance of 

Lithium-ion batteries, currently vastly employed for this purpose, must therefore step up as fast as 

the technology evolution to meet the requirements of an ever more demanding market. In a world 

producing more than 50 million passenger cars per year (20% of which could become hybrid 

electric vehicles or electric vehicles (HEV/EV) within the next 10 years), Li-ion batteries are 

required to provide an ever increasing energy density to guarantee a longer driving range.1 

Most positive electrode materials currently produced by the industry belong to the NMC family, 

layered oxides with general formula Li(NixMnyCo1—x—y)O2 and properties that depend on the 

relative amount of the different transition metals (TM).2 In particular, in order to achieve a higher 

capacity and thence higher energy density, the research has been heading towards high Ni-content 

NMCs for some years now.2–5 This approach also allows lowering the Co content, reducing the 
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cost in the material production, its toxicity and the humanitarian issues related to Co mining.6 

Nevertheless, by increasing the Ni content, the material thermodynamic instability increases 

together with the gas evolution upon electrochemical cycling, phenomenon of which the 

comprehension becomes an essential safety challenge at the industrial level.7 

Many studies were conducted on Ni-rich NMCs during cycling to elucidate both the origins and 

the consequences of these issues. Different gases in various amounts, such as CO2, CO and O2, are 

released during electrochemical cycling as a function of the battery state of charge, the material 

composition and surface impurities such as Li2CO3.7–10 It is clear that the nature of the active 

material (AM) surface, which often depends on synthesis and storage conditions, leads to different 

reactivities towards the electrolyte. The pristine surface of the NMC material, root of later 

evolution during cycling, is thus of utmost importance. However, despite the large number of 

publications on Ni-rich NMCs, only a few studies precisely describing the pristine material can be 

found in the literature.11,12 Such a necessary understanding of the initial state of positive electrode 

AMs was conducted by other groups on other similar transition metal oxides such as 

LiCoO2 (LCO), Li1.2(Mn0.6Ni0.2)O2 (LMNO) and Li-Mn-rich oxides, always highlighting a 

different nature of the surface compared to the bulk and thence the importance of proper and 

thorough surface characterizations of these materials at a nanometric scale.13–16  The segregation 

of Co and Ni, the depletion in surface Li, together with the nucleation of domains with different 

structures, were observed at the surfaces of the materials in these studies.  

These considerations become even more important with the development of gradient 

composition Ni-Rich NMCs, where surface and bulk compositions are purposely modified.17 The 

actual state of the surface just after synthesis needs thus to be determined precisely. Moreover, 

materials are usually not used straight from the furnace but are stored for a certain period before 
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electrode fabrication. The effect of long-term storage was investigated in various studies and 

correlated to the surface contamination layer evolutions and to the gassing.9,18–20 

Since the synthesis and storage conditions were often identified as a possible reason for the 

discrepancy between results obtained by different research groups, we propose to focus here on 

the characterization of an industrial NMC811 (UMICORE) in its initial state, as arrived from the 

production plant (Sample A0).20–22 Thanks to this approach, we provide representative results that 

can be generalized at an industrial level. In order to address the lack of studies on the material in 

its initial state previously mentioned, essential for its reactivity comprehension, we present here a 

complete characterization of a pristine industrial grade NMC811, down to the sub-nanometer level. 

We also provide a possible explanation for its behavior during storage in defined conditions. 

A multi-analytical approach based on on-site characterization techniques was used to give a 

complete picture of this complex material at different scales. MAS-NMR was used to give a correct 

quantification of the Li diamagnetic species at the surface of the material, while their speciation 

was obtained by XPS. STEM-EDX and STEM-EELS were then used to follow the composition 

trend within the first nanometers of the AM surface. We present how advanced characterization 

techniques can be coupled and exploited in a synergetic way to detect and quantify significant 

surface inhomogeneities. We also show the impact of short-term low-humidity storage conditions 

on the formation and the distribution of new compounds at the AM surface. 

2. Experimental section 

2.1. Pristine samples 

Pristine NMC811 powder was synthetized at Umicore company by co-precipitating sulfates of 

TMs in presence of NaOH followed by calcination at high temperature. The nominal composition 

was determined by ICP analysis, resulting to be 80.2 : 9.8 : 10.0 (Ni : Mn : Co), with a Li/Metal 
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ratio of 1.013. This powder was then stored in the industrial partner’s dry room and shipped to us 

inside a sealed aluminum bag under dry atmosphere; once received, it was stored in an argon 

glovebox (Sample A0). The relative humidity in an industrial dry room is usually controlled to be 

between about 0.7 and 1.5% and could lead to some modifications of the material surface due to 

the extremely high reactivity of NMC811 compared to other NMCs.4,23  

The powder, in form of secondary particles, was manually ground in the argon-filled glovebox 

by using an agate mortar and a pestle, to obtain individual primary particles with a clean pristine 

surface (see Figure 2). Sample A0 was fully characterized and compared with Sample A1 and 

Sample A2 (Table 1), obtained after storage in different conditions of relative humidity (RH) and 

exposure time. To prepare these samples, Sample A0 was put in a climatic chamber after grinding, 

with controlled Relative Humidity (RH) of 30% and ambient oxygen and CO2 partial pressures. 

Sample A1 was stored under these conditions for 15 minutes and sample A2 for 2 days (Table 1).  

Table 1. NMC811 samples description. 

Sample A0 A1 A2 

Aging conditions Pristine RH = 30%; t = 15 minutes RH = 30%; t = 2 days 

 

2.2. Electron Energy Loss Spectroscopy (EELS) 

TEM Samples were deposited on a holey carbon copper grid inside the glovebox without the use 

of any solvent. The grid was then sealed in argon atmosphere in a vacuum transfer holder 

(Gatan 648). The sample surface was cleaned by means of a Fischione Instruments plasma cleaner 

(model 1070) with pure Ar gas for 30 seconds at a power level of 30% and a gas flow of 30 sccm. 

The grid was then sealed under secondary vacuum and transferred into the microscope, without 

the sample entering in contact with the ambient atmosphere. 
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STEM-EELS analyses were performed on a monochromated probe-corrected 

TEM/STEM Themis Z G3 (Thermo Fisher Scientific) equipped with a double camera 

spectrometer (Gatan Imaging Filter Quantum ERS 969). STEM-EELS data were collected at 

300 kV with a current of 60 pA using the direct detection camera (Gatan K2 Summit). More 

detailed experimental conditions can be found in Supporting Information. A large number of 

particles as well as different facets of a same primary particle were analyzed to obtain 

representative data of the whole sample, (see Figure S5 as an example). Collected data were 

processed by both Multiple Linear Least Square (MLLS) fitting and Principal Components 

Analysis (PCA) integrated in Digital Micrograph software to identify any differences between the 

surface and the bulk of the observed primary particles. 24Both procedures gave the same results.  

EEL spectra were used to quantify the different elements at a nanometric scale. For this purpose, 

the second derivative of the whole dataset was calculated in order to overcome the problem of 

overlapping edges, background subtraction difficulties, and to obtain more pronounced signals for 

Co and Mn (Figure 1), in very small quantity compared to Ni and O (1:1:8:20, respectively). The 

relative composition profile of the particle can be plotted after performing the MLLS fit on the 

whole dataset. A detailed description of the method can be found in Supporting Information 

(Figures S1-S4). 
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Figure 1. Typical second derivative (blue) of an EEL spectrum (orange) extracted from the very 

surface of a primary particle. Gray areas indicate O K-edge (around 530 eV), Mn L2,3-edges 

(around 630 eV), Co L2,3-edges (around 780 eV) and Ni L2,3-edges (around 850 eV). 

2.2. NMR spectroscopy 

7Li MAS NMR spectra were acquired on a Bruker Avance 500 spectrometer (B0 = 11.8 T, Larmor 

frequencies ν0 (7Li = 194 MHz) at RT. A Bruker MAS probe with a cylindrical 2.5 mm (o.d) 

zirconia rotor spun at a frequency of 25 kHz was used. Spectra were obtained by applying a single 

pulse sequence coupled with a pre-scan delay of 10 µsec before the acquisition of the signal. In 

this way it was possible to select the surface diamagnetic Li signal only. The paramagnetic Li 

contained in the AM is indeed characterized by a much faster relaxation time T2.25 

Since NMR spectroscopy is not an absolute quantitative technique, the realization of a 

calibration curve was essential in order to successfully quantify surface diamagnetic species. 

Details are reported in Supporting Information. For the compounds identification based on the 

isotropic chemical shift (δ), Li2CO3 was used as reference at 0.0 ppm. 

2.3.  XPS Analysis 
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XPS measurements were conducted on a Kratos Axis Nova Instrument, using a monochromated 

Al Kα source (1486.6 eV) operating at 300 W. The instrument base pressure was 5 x 10−10 Torr 

and a Pass Energy (PE) of 80 eV was used during the acquisition of the wide-range survey spectra, 

leading to an instrumental resolution of 0.9 eV. PE of 20 eV at θ = 0 °, surface analyzed of 

700 µm x 300 µm and 100 meV steps were used instead to acquire high-resolution spectra and 

exploited to quantify the compounds at the surface of the materials. In this way, it was possible to 

achieve an instrumental resolution of 0.55 eV measured at Silver Fermi edge. The 3p peaks of the 

transition metals were acquired together with the Li 1s between 35 and 85 eV in order to have a 

good background determination and a better quantification of the elements The background in the 

Li 1s region was especially designed for that matter and an example can be found in Supporting 

Information (Figure S9). Spectra of the C 1s (277−300 eV), O 1s (523−537 eV) and S 2p 

(160−177 eV) were also measured and exploited in the following analysis.  

All samples were transferred from the Ar-filled glovebox into the instrument using a dedicated 

transfer chamber system that was then connected directly to the XPS apparatus, allowing the 

analysis without letting the materials to be in contact with air. 

All data were collected using charge compensation with a low-energy electron gun and 

calibrated with the adventitious carbon 1s peak at 284.8 eV binding energy. After calibration, all 

spectra were analyzed using the CasaXPS software (version 2.3.24). The fit was performed using 

a Shirley type baseline for the background and a pseudo-Voigt function with 

Gaussian (70 %) – Lorentzian (30 %) for each component. XPS was used in our study to obtain 

compounds quantification and not as a simple atomic percentage quantification as it is commonly 

done. The explanation of this quantification method is reported in Supporting Information. 
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Results and discussion 

Cathode materials such as NMCs are typically organized in polycrystalline micrometer-sized 

particles, namely secondary particles, formed by nanometric single crystals called primary 

particles. As it can be seen in Figure 2, the primary particles orientation is not always controlled 

during the synthesis. The importance of these primary particles in the diffusion of Li during cycling 

was largely demonstrated and their characterization at a nanometric scale became crucial for the 

comprehension of Ni-rich NMC behavior. In order to obtain and analyze NMC single crystals it 

was thus important to grind the powder before each characterization. In this way, it was possible 

to break aggregates and look at individual primary particles. The surface of these primary particles 

could then be observed, without further modifications from their pristine state. Due to the grinding 

process, primary particles in the core of secondary particles could not be differentiated from those 

closer to the surface. The use of local probe analysis techniques, such as TEM, always raises 

questions about the representativeness of results. For this reason, a large number of primary 

particles were observed in this study (see Figure S5 as an example). For best clarity, results 

obtained on representative particles will only be presented in the following sections. 

 

Figure 2. SEM image of the hierarchical microstructure of NMC, from micrometer 

agglomerates (a) composed of crystallites of few tens of nanometers (b) to primary particles 

obtained after grinding (c). 
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3.1 Nanometric characterization of the pristine material 

A typical spectrum-image dataset (1 spectrum per pixel) of the pristine powder (Sample A0) is 

presented in Figure 3a. The two Ni L-edge EEL Spectra used to fit the Spectrum-Image are given 

in Figure 3b. The orange spectrum appears to be predominant at the surface of the pristine primary 

particle. It is characterized by a lower intensity of the high energy peak of the L3-edge split (around 

848 eV) when compared to the bulk spectrum (here in blue), resulting in an overall shift of the 

Ni L-edge maximum towards lower energies. This indicates a reduced state of the Ni at the surface 

of the pristine powder, closer to a Ni2+ ion signal.26 

 

Figure 3. monochromated EELS Spectrum image of A0 sample fitted by MLLS fit (a) using Ni 

spectra (b) and O spectra (c) from the surface (orange) and the bulk (blue) of an internal zone of a 

broken secondary particle corresponding to pristine primary particles. 

Surface and bulk spectra for the O K-edge are also slightly different (Figure 3c). The shift 

towards lower energies of the edge around 535 eV (at higher magnification in the inset of 

Figure 3c) indicates higher electron density (equivalent to a reduction) of the surface oxygen than 

the bulk one. Ni2+ (surface) levels are more destabilized than Ni3+ (bulk) ones and tend to form 

more ionic interactions with surrounding oxygen atoms.27 The resulting higher electron density on 
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the oxygen levels explains the edge shift towards lower energy. Such interpretation is consistent 

with the lower pre-edge peak intensity (at around 528 eV) of the surface spectrum than the bulk 

one. Surface oxygen levels are slightly more filled in electrons, hence allowing fewer transitions 

to the empty states probed by EELS. Given the surface region limited thickness and an incomplete 

transformation, it is clear in our mind that these observations should be considered as a qualitative 

trend and not as a statement of a well-defined “NiO” phase at the surface. Very similar differences 

between surface and bulk O K- and Ni L2,3-edges fine structures have been already observed, 

although more pronounced, after long cycling (successive lithiation/delithiation) or water-washing 

of Ni-rich layered materials.21,26 

The pristine material, as it arrives from the production plant, is thus already affected by a surface 

modification. Since these surface features can be related with, or lead to, the formation of 

impurities, other spectroscopy techniques, namely XPS and MAS-NMR, were exploited to 

evaluate possible consequences on a larger scale (up to secondary particles). The presence of a 

peculiar pristine surface layer could indeed be associated with the formation of Li-containing 

phases that can be well-characterized by these techniques. 

3.2. Analysis of the native contamination layer 

Essential to the quantification of diamagnetic Li-containing species at the surface of materials, we 

first exploited high field 7Li MAS-NMR. The method introduced in the experimental section and 

developed in our group by Dupré et al. allows separating the signal of the Li in paramagnetic local 

environments contained in the AM from the Li in diamagnetic local environments contained in the 

impurities and/or contamination layer at its surface.25,28 

The lithium contained in diamagnetic species at the surface of the pristine material (Sample A0) 

was found to account for 125 µmolLi/gAM (i.e. 1.2%mol). However, the identification of the various 
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species contained in the native contamination layer cannot be performed by NMR only. The NMR 

chemical shifts for the expected surface species, such as Li2CO3 and LiOH, are in fact very similar 

and most lithiated diamagnetic impurities are measured within −1.1 to 4.0 ppm. Consequently, 

XPS was used to provide for a more exhaustive description of the speciation of surface species in 

order to ensure a deconvolution of the 7Li MAS-NMR isotropic band around 0.0 ppm. The 

description of this powerful method coupling MAS-NMR and XPS is summarized in Scheme 1.  

 

Scheme 1. Method used for the complete description on the surface contamination layer. 

XPS spectra of the pristine Sample A0 are shown in Figure 4 and all XPS quantitative data are 

gathered in Table 2. The C 1s spectrum (Figure 4a) shows the hydrocarbon surface contamination 

component (C−C, C−H) at 284.8 eV, commonly detected on sample surfaces. Other signals 

corresponding to species with doubly bounded oxygen functionalities (at 287.2 eV) and ester 

functions (at 288.2 eV) were also used to deconvolve the adventitious carbon signal. 

An important signal at 289.7 eV was assigned to the carbonate function, here considered as 

Li2CO3, a typical contaminant at the surface of NMC materials. A carbonate signal was detected 
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as well on the O 1s peak (Figure 4b) at 531.3 eV and on the Li 1s peak at 55.2 eV (Figure 4d), 

confirming the presence of Li2CO3.  

The S 2p peak (Figure 4c) is split into two components (S 2p 1/2 and S 2p 3/2 with an area ratio 

of 1:2) because of the spin orbit coupling effect. The peak position (168.9 eV for the S 2p 3/2) is 

typical of the sulfate (SO4)2− group. These sulfates are attributed to residuals from the synthesis 

and could correspond to lithiated species or not.  

 

Figure 4. XPS C 1s (a), O 1s (b), S 2p (c) and Li 1s (together with Ni 3p, Mn 3p and Co 3p in (d)) 

spectra of A0 pristine sample. Experimental data are represented in yellow dashed line and the fit 

result in straight black line. 3p peaks for Ni, Co and Mn are modeled for deconvolution purposes 

but their intensity is not exploited. 
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Unlike the C 1s peak, the deconvolution of the O 1s peak (Figure 4b) is more complicated 

since distinct components are not clearly visible, except for NMC (529.0 eV) and Li2O at 

528.0 eV. Additional contributions on the O 1s spectrum were deduced from oxygen containing 

species identified in the previously analyzed C 1s and S 2p high-resolution spectra and included 

in the fit. It was thence possible to identify one component corresponding to (SO4)2− at 532.0 eV 

thanks to the previous fit of the S 2p peak. One component gathering all the organic compounds 

at 533.1 eV was also added to the fit, together with the one corresponding to the carbonate function 

as explained earlier. Constraints on the integrated areas were imposed as described in Supporting 

Information. 

Table 2. Binding Energy (eV), FWHM, atomic percentages (%) and assignments of C, O, S and 

Li peaks from XPS spectra of pristine NMC811 powder. 

                                                 

1 Ni 3p, Co 3p and Mn 3p peaks were used here only for a better deconvolution of the Li 1s 
signal. B.E. and FWHM for these elements are thence not physically significant and so not reported 
in the Table and not further discussed. Atomic percentages were recalculated and normalized after 
subtracting transition metal signals. 

Orbital 1 B.E. (eV) FWHM (eV) Atomic % Peak 
assignment 29 

C 1s 284.7 1.5 6.7 C−C, C−H 

 286.0 1.5 0.0 C−OH, C−O−C 

 287.2 1.5 0.1 C=O 

 288.2 1.5 1.6 O−C=O 

 289.7 1.5 8.2 Li2CO3 

Total C   16.6  

O 1s 528.0 1.7 4.3 Li2O 

 529.0 1.2 10.9 NMC 

 530.3 1.3 7.2 LiOH 
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However, these components alone could not fully explain the experimental O 1s spectrum. As 

a consequence, an additional component was to be considered at 530.3 eV. The integrated area of 

this contribution, corresponding to the hydroxide function, was let free to obtain the best fit. This 

same method was used to decompose the Li 1s core peak (Figure 4d) into 5 contributions, 

discernible only by using this approach. Li2O (deduced from the O 1s peak) can be found at 

53.8 eV, slightly superimposed with the component at 54.2 eV, corresponding to Li ions 

intercalated in the NMC. For simplification purpose, all the sulfates were hypothesized to be 

Li2SO4 and a peak was thence fixed at 55.9 eV to represent this compound. On the other hand, it 

was trickier to make the difference between lithium carbonate and hydroxide. Some references 

were analyzed by XPS, evidencing a very similar peak position for the two compounds 

 531.3 1.6 25.5 Li2CO3 

 532.0 1.6 3.9 Li2SO4 

 533.1 1.6 1.4 Organic 
compounds 

Total O   53.2  

S 2p3/2 168.9 2.4 0.6 Li2SO4 
30 

S 2p1/2 170.0 2.4 0.3 Li2SO4 

Total S   0.9  

Li 1s 53.8 1.4 8.2 Li2O 

 54.3 1.4 5.6 NMC 

 55.2 1.5 7.1 Li2CO3 

 55.2 1.5 6.4 LiOH 

 55.9 1.4 2.0 Li2SO4 

Total Li   29.3  

Total   100.0  
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(Figure S6). For this reason, two different components at 55.2 eV were used to represent Li2CO3 

and LiOH. The fit was here performed by constraining the LiOH Li 1s peak integrated area in 

relation to the corresponding LiOH signal in the O 1s spectrum. Li2CO3 integrated area was instead 

let free from any constraints, since the carbonate amount was the only one not consistent with the 

7Li MAS-NMR quantification, as it will be detailed later. 

Once Li2CO3, LiOH, Li2O and Li2SO4 were identified by XPS as the principal surface lithiated 

species, this information was integrated into the fit of the 7Li MAS-NMR spectrum, representing 

the contributions of Li nuclei in various diamagnetic environments. The deconvolution of the 

isotropic resonance corresponding to the pristine powder is shown in Figure 5 and the experimental 

isotropic chemical shifts (δ) and FWHMs corresponding to each diamagnetic compound are 

summarized in Table 3. δ values of the four identified compounds are given as a difference with 

respect to Li2CO3, used here as a reference. These values were set by taking into account the ones 

calculated by Kösher et al.31 A good fit was obtained by using one component at 4.0 ppm (Li2O), 

one at 1.8 ppm (LiOH), one at 0.0 ppm (Li2CO3) and one at −1.1 ppm for Li2SO4. Once these 

chemical shifts were identified and used for the deconvolution and the fit of the pristine spectrum, 

they were fixed for all the other analyzed spectra (e.g., spectra corresponding to aged samples), 

letting FWHMs and the intensities free to change.  
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Figure 5. 7Li MAS-NMR spectrum of pristine A0 powder (black) fitted using four contributions: 

Li2O (light blue), Li2SO4 (purple), LiOH (green) and Li2CO3 (red). The sum of the different 

contributions is represented by the yellow line. 

As it can be seen in Figure 5, while the peak corresponding to Li2CO3, at 0.0 ppm, is very sharp 

(FWHM = 2.4 ppm), all the other contributions are much broader (Table 3). This sharp signal 

suggests the formation of a well-defined Li environment in Li2CO3 (narrow distribution of 

environments) as well as further distance from the surface of the paramagnetic material (weaker 

Li nucleus-electron dipolar interaction) than the other detected lithiated species. A more disordered 

environment as well as a closer intimacy with the AM would be expected in the case of the 

formation of Li2CO3 from the direct reaction of the surface of the AM with the surrounding 

atmosphere (even though controlled). The formation of well-defined and separated Li2CO3 as a 

secondary product —hence further away from the surface—, is in better agreement with the 

observed sharper NMR signal. 
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Table 3. Isotropic Chemical Shift δ (ppm) and FWHM of the contributions used for the 

deconvolution of 7Li spectrum of pristine NMC811 powder. 

 

The larger FWHM of Li2O, Li2SO4 and LiOH signals compared to that of Li2CO3 reported in 

Table 3, could be both due to a higher disorder in the Li environment and to a higher proximity to 

the paramagnetic surface of the NMC material. This intimacy indeed leads to a faster T2* 

relaxation time and thus to a broader line width. The analysis of the intensity distribution of these 

four contributions over the spinning side bands helped us confirming the second explanation. 

Larger sideband manifolds, like those shown in Figure 6c-e for Li2O, Li2SO4 and LiOH are in fact 

typical of a stronger electron-nucleus dipolar interaction between the observed Li nuclei and the 

paramagnetic centers of the NMC. Li2CO3, having a small 155 ppm FWHM of the sideband 

manifold (Figure 6b), is therefore submitted to a much weaker dipolar interaction. Such an 

interaction decreases quickly with the distance (typically as 1/r3, where r is the distance between 

the observed nucleus and the paramagnetic center),25 and suggests that Li2CO3 is the further away 

from the bulk material.32 The compound LiOH seems to be present at an intermediate distance, 

while Li2SO4 and Li2O are the closest to the bulk material. Li2SO4 and Li2O are typical “native” 

impurities, straight from the synthesis. Li2SO4 is the expected form of sulfur, which is often 

detected by ICP performed on the pristine powder, because of the sulfate based precursors. Li2O 

has often been considered as the form of residual lithium after calcination.9,33 

Compound δ (ppm) FWHM (ppm) 

Li2SO4 -1.1 13.9 

Li2CO3 0.0 2.4 

LiOH 1.8 13.9 

Li2O 4.0 12.3 
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Figure 6. 7Li MAS-NMR spectrum of pristine powder (a) and distribution of the intensity of each 

contribution (Li2CO3 in red, LiOH in green, Li2SO4 in purple and Li2O in light blue) over the 

spinning side bands (b-e). Spectra b-e are normalized with respect to the intensity of the isotropic 

resonances and indications of the FWHM of the sidebands manifold are given for each 

contribution. 

The results for the quantification of the native contamination layer performed by both XPS and 

NMR are shown in Figure 7. For the XPS data presented here, the components of NMC, residual 

hydrocarbon and adventitious carbon contaminations were excluded in order to compare solely the 

species that are measurable by both techniques. MAS-NMR based on 7Li nucleus obviously detects 

only surface diamagnetic lithiated species (a complete XPS quantification can be found in 

Table 2). Clear differences can be seen between the two quantification measurements. Li2O, LiOH 

and Li2SO4 quantities seem to be underestimated when calculated by XPS, while the amount of 

Li2CO3 is largely overestimated. These two techniques are in fact sensitive to different parts of the 

sample. While the NMR analyses the whole sample, XPS is limited by the spot size 

(700 x 300 µm) and by the sampling depth, typically around 5 nm. XPS is thence not 

representative of the whole sample, but only of the extreme surface of the analyzed area. Moreover, 
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one has to keep in mind that the composition and thickness of the native contamination layer are 

expected to vary significantly from one place to another over the spot size. The coupling with 

NMR is therefore a major asset in this study, considering that XPS is usually one of the most 

common tools used to analyze NMCs surface chemistry in the literature. 

 

Figure 7. Quantification (± 10%) of the native contamination layer on pristine ground powder 

determined by both XPS and NMR. Phase percentages for Li2CO3 (red), Li2O (light blue), LiOH 

(green) and Li2SO4 (purple) are indicated. 

The difference in the Li2CO3 quantification, representing only 1% in the NMR quantification (that 

is 0.4 µmol/gAM) versus 54% in XPS, can be explained considering that this compound is mostly 

formed at the very surface of the sample (as demonstrated by the dipolar interaction study in the 

MAS-NMR signal, Figure 6) and is situated on the external part of the pristine interphase. XPS 

quantification thus overestimates the Li2CO3 percentage largely. It is however quite interesting 

that the respective proportions of Li2O, LiOH and Li2SO4 are found to be very similar in both 

techniques. Ratios LiOH/Li2O and Li2SO4/Li2O are indeed close to 2 and 0.5, respectively. From 

the good agreement between these two analysis techniques, it can be deduced that even if Li2O, 

Li2SO4 and LiOH are stacked (in this order) from the NMC surface, this distribution suggested by 
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NMR should not be seen as well-defined successive layers. Hence, XPS results help us mitigating 

the oversimplified vision of an ideal layered surface suggested by NMR. 

The reasoning above is based on the fact that all surface species detected by XPS are also 

detected by NMR. Considering that 7Li MAS-NMR only was used, surface species not containing 

lithium will be missed by MAS-NMR. A deeper examination of XPS quantification values on the 

carbonate reported in Table 2, shows that the ratio Li(Li2CO3) / C(Li2CO3) results to be 0.9 / 1 instead 

of the expected 2 / 1 that would be obtained if all carbonates were fully lithiated. Other carbonate 

sources may thus be present at the material surface, such as LiHCO3 and/or (TM)CO3. Fits, 

detection limits and characteristics of XPS and NMR techniques did not allow us to go deeper in 

this determination. The possible existence of transition metal carbonates is a very valuable piece 

of information, considering that this hypothesis was already proposed by Jung et al.. This group 

suggested the extraction of Ni from the NMC811 surface to form part of the contamination layer 

upon storage in ambient conditions.20 However, in our pristine powder (not an electrode as in their 

work), the quantity of such transition metal carbonates appears to be quite small when XPS and 

NMR results are combined. As a matter of fact, if we make the hypothesis that the composition 

found by XPS is representative of the average composition of the surface lithiated layer, 

approximately 50% of the carbonates would be under the form of TM(CO3). This would mean that 

Li2CO3 and TM(CO)3 would be in the same amount of around 0.6 µmol/gAM, i.e. 0.007%wt. This 

represents roughly 10 times less than the quantity they deduced by gas chromatography on the 

fresh electrodes. 

3.3. Nanometric quantification at the primary particle surface 

The presence of transition metal impurities in the contamination layer suggested by XPS and 

MAS-NMR analyses could imply the modification of the NMC811 extreme surface TM 
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composition (over a few atomic layers). In order to determine whether such a variation can be 

evidenced at the primary particles surface, the pristine powder was analyzed by both STEM-EDX 

and STEM-EELS, the sole techniques with sufficient spatial resolution. This is a quite challenging 

task since any sample preparation that would be too harsh on the material chemistry would affect 

any conclusion. For this reason, we chose to simply crush in a mortar the pristine secondary 

particles. The following results thus reflect surfaces of primary particles situated either in the core 

or at the surface of the secondary particles, the latter ones being more exposed to the external 

atmosphere but in lesser amount than the former ones. 

 

Figure 8. Calculated ratios for A0 pristine sample: O/Ni (blue), Mn/Ni (orange) and 

Co/Ni (yellow) from (a) STEM-EELS and (b) STEM-EDX data. Theoretical bulk values are 

indicated by the dashed black line and are 2.5 and 0.125 for O/Ni and TM/Ni, respectively. 

 

The ratios Mn/Ni, Co/Ni and O/Ni calculated from the STEM-EELS pristine powder spectra 

(Sample A0) are represented in Figure 8a as a function of the distance from the beginning of the 

AM primary particle surface (0 nm). A detailed description of the method can be found in the 

Supporting Information file. This same analysis was performed on many particles of different 
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shapes and with different crystalline orientations, always obtaining similar results. Our method 

does not rely on a lengthy and possibly biased crystal orientation procedure and thus allows 

measurements on dozens of surfaces (Figure S5). Figure 8a is thus quite representative of the 

pristine sample surface state. Since these analyses were obtained after binning all the pixels at the 

observed surface, they represent an average over hundreds of nanometers. This method 

necessitating the use of a reference element, Ni was used here as such, being the one with the 

higher signal to noise. Surface composition in Figure 8a is thus given with respect to Ni. The 

elemental composition was measured to be quite stable within the bulk of the primary particles 

(beyond ~5 nm). Closer to the external surface, variations were observed. Considering that Mn/Ni, 

Co/Ni and O/Ni ratios behave quite differently when approaching the surface, the variations cannot 

be interpreted as due to a Ni depletion (or increase) only. Compositional changes were found to 

exist within the first 3 nm of the AM primary particles surface. 

Firstly, the surface appears to be oxygen deficient with respect to nickel. Even if only a trend 

can be asserted here, the ratio tends towards 1. This value is in line with the hypothesis of an 

extreme surface of the AM primary particles (thickness inferior to 1 nm) —the surface in direct 

contact with the atmosphere and, potentially, the electrolyte— approaching to a NiO phase. This 

analysis is consistent with our previous observation of the surface Ni oxidation number reduction 

towards a Ni2+ state resulting from the Ni-L2,3 fine structure measurements. Similarly, it is also in 

line with affirmations found in the literature.34,35 However, the lower surface oxygen content is not 

compatible with the presence of NiCO3 in the contamination layer.20  

Secondly, a Mn enrichment is clearly visible at the AM extreme surface. To the best of our 

knowledge, such an unexpected result has never been reported before. One could argue that a 

nickel depletion (e.g. to form new compounds in the contamination layer) would also result in the 
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observation of a Mn enrichment, since ratios and not absolute values are reported here, but this 

would be inconsistent with the rather stable Co/Ni ratio. This debate can also be overcome thanks 

to the STEM-EDX measurements. In this case, the percentages of the 4 elements (oxygen and 

TMs) can be obtained without necessitating a reference element. For the sake of comparison with 

EELS, the resulting calculated ratios are presented in Figure 8b. The same Mn amount increasing 

trend was measured (Co quantity being roughly constant until the extreme surface). In spite of the 

different detection methods (inelastically transmitted electrons or emitted X-rays), results are 

consistent. However, it should be mentioned that a lower surface oxygen content was not detected 

by STEM-EDX. Since the oxygen Kα emission energy (0.5 keV) is much lower than the one of 

transition metals (from 5.9 keV to 7.5 keV), absorption corrections affect greatly the oxygen 

percentage determination. Despite the use of four EDX detectors, the varying orientations of the 

crystal surfaces with respect to them cannot be totally compensated. Furthermore, the presence of 

high oxygen content compounds such as LiOH and/or carbonates cannot be excluded. 

Nevertheless, such a limitation has a little effect on the high energy transition metal peaks. The 

surface Mn enrichment (50 to 100% increase vs. bulk composition, Figure 8) can thus be 

confirmed A last comment on these results should be that no variability could be evidenced as a 

function of the surface crystallographic planes, suggesting that an extreme surface of pristine 

primary particles presents this divergence from the nominal bulk composition 

Following the work of Jung et al. showing the formation of nickel based carbonates after 

storage, a strongly nickel deficient surface would be more logical.20 Other authors found instead a 

Co content increasing at the extreme surface.16 We may suggest that this Mn enrichment is a 

consequence of different surface phases stabilities during the synthesis rather than being related to 

storage. Thermodynamic data were gathered by Shurtz et al. for LiMnO2, LiCoO2 and LiNiO2.36 
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Despite the important lack of thermodynamic data for these compounds, we can roughly assume 

that oxide stabilities are correlated with their formation enthalpies (enthalpies of mixing should 

here be neglected).37 Experimental formation enthalpies for LiNiO2, LiCoO2 and LiMnO2 at 298 K 

are -593.0, -679.6 and -839.5 kJ mol–1, respectively. A significant difference between Ni, Co and 

Mn based oxides can be noticed. Since a high temperature step is necessary for the formation of 

the desired NMC811 phase, the observed Mn enrichment could result from the higher stability of 

a Mn-rich surface in NMC layered materials. The Mn excess would not need to be compensated 

by a departure of Ni and Co from the AM surface, but it could be provided by a negligible (and 

unmeasurable) Mn composition gradient from the core of the primary particles. We have not found 

a detailed theoretical study that would neither contradict nor validate this suggestion. 

The above AM extreme surface analyses revealed a nickel reduced oxidation state and a Mn 

enrichment. Since they might be correlated or not, submitting the material to an accelerated aging 

could help us determine which are the conditions controlling their advent. 

 

3.4. Influence of storage conditions 

The pristine NMC powder studied till now was then stored in specific conditions to obtain 

samples A1 and A2, after 15 minutes and 2 days in RH = 30%, respectively, as detailed in 

Experimental Section (see Table 1). The aim was here to exacerbate reactions occurring at the 

NMC surface in order to determine whether small amounts of water vapour could initiate the 

transformations previously observed. Specific RH storage conditions have already been shown to 

result in the formation of various species, such as Li2CO3.20,38 Based on our previous detailed 

study, we used 7Li MAS-NMR and XPS to characterize and quantify the lithiated species at the 

NMC surface after storage. Moreover, since the extraction of lithium from the material is expected 
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to occur together with a change in the TM oxidation state, STEM-EELS experiments were carried 

out to confirm this hypothesis and to determine its extent. 

As for the previous data analysis on A0 pristine powder, two components were used to fit A1 

and A2 Ni L2,3-edges Spectrum-Images (Figure 9). Each pixel can be described as a combination 

of a surface (Ni in a more reduced state) and a bulk (mainly Ni3+) spectrum. Coefficients were 

normalized to be able to compare their evolution from the surface, but their absolute values were 

much smaller at the surface, due to the reduced thicknesses. 

 

Figure 9. (a) EEL Spectrum-image of A2 sample after MLLS fit and (b) comparison for 

A0 (straight line) and A2 (dashed line) samples of surface (orange) and bulk (blue) contributions 

as a function of the distance from the beginning of the particle surface. 

The surface component (orange full line) becomes negligible around 7 nm from the beginning 

of the surface in the pristine sample A0; the bulk component is then predominant. The thickness 

of this reduced Ni layer increases up to 15-20 nm in the sample aged for two days in RH 30% 

(orange dotted line). The phase change is thus clearly extended further inside Sample A2 than in 

the pristine material (Sample A0). The fine structures at the edges were found to be very similar 

in Samples A0 and A2. This phase change was found to be associated with a lithium extraction 
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from the AM, as proven by 7Li MAS-NMR measurements. As a matter of fact, the total lithium 

contained in the diamagnetic species at the surface of the NMC increases significantly from 

117 µmolLi/gAM to 148 µmolLi/gAM and 176 µmol/gAM when going from Sample A0 to A1 and A2, 

respectively (see Table 1 for samples description).  

The evolution upon storage of each diamagnetic compound (Li2SO4, LiOH, Li2O, Li2CO3) 

measured quantities (µmol/gAM) is presented in Figure 10. Our method allowed demonstrating that 

Li2SO4 and Li2O amounts remain nearly constant, while a large Li2CO3 and LiOH increase was 

measured. Li2SO4 and Li2O not being affected by the storage conditions, their presence could be 

interpreted as stemming from initial synthesis residuals. This result further validates our analytical 

strategy and points at LiOH and Li2CO3 as the essential coupled products of the NMC811 surface 

reactivity. It should be stressed that MAS-NMR quantities are multiplied by ~2 and ~30 for LiOH 

and Li2CO3 respectively after 15 minutes of exposure only (sample A1). This result suggests an 

extremely fast reaction time. Even if our samples were exposed to much higher relative humidity 

in our experiments than in industrial dry room (and still sensibly lower than in other studies), our 

results indicate a hypersensitivity of the NMC811 bare surface to the H2O/CO2 atmosphere.  

The greater increase in carbonate compared to the hydroxide amount could be explained by the 

carbonate being the end product of the surface change. The reaction 2LiOH+CO2  Li2CO3+H2O 

is thus instrumental to the observed change. The LiOH could be —at least partially— formed 

according to the suggested reaction: 

2LiNiO2 + H2O  2NiO + 2LiOH + 1/2O2 

This reaction would also justify the presence of reduced Ni at the NMC811surface.  

The hydroxide quantity only doubles again (from 68 to 112 µmol/gAM) after 2 days (Sample A2). 

Similarly, the carbonate amount doubles after the same period of time (Sample A2), the formation 



 28 

paths being linked between the two. At the beginning of exposure, the surfaces are relatively fresh 

and the new phase identified on the pristine material (similar to NiO) is not thick enough to prevent 

a fast reaction with atmosphere to form new LiOH and Li2CO3. A further progression of the 

reaction front is then more difficult in presence of the 10 nm layer measured in Figure 9b. A slower 

Li2CO3 and LiOH formation rate is thus consistent with the new observed interphase. 

 

Figure 10. Quantity of lithiated species (± 10%) detected by 7Li MAS-NMR at the AM surface 

for the pristine (A0), A1 (15 minutes) and A2 samples (2 days in RH = 30%). Li2SO4 (purple), 

Li2CO3 (red), Li2O (blue) and LiOH (green).  

The Li2CO3 7Li MAS-NMR signal gives further information about its localization. The signal 

broadening (Table 4) implies that the formation of the new carbonate species (Samples A1 and 

A2) is situated closer to the AM surface when compared to Sample A0. The intensity distribution 

on the spinning side bands indeed increases upon aging. It could be interpreted as a consequence 

of this new Li2CO3 formation on the relatively fresh NMC surface obtained after grinding. The 

Li2O linewidth and intensity distribution over the spinning sidebands remain nearly constant, 

indicating that the original Li2O on the pristine sample (A0) is unaffected by the large surface 

modifications described above. XPS experiments confirmed these conclusions. The Li2CO3 signal 

represents 95% of the lithiated compounds in sample A2 (Figure S7). Other species become 
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extremely difficult to quantify. The newly created Li2CO3 is thus most probably present in the form 

of an extended layer of ~10 nm thickness masking the underlying LiOH. The sequence 

NMC/LiOH/Li2CO3 is further confirmed by the measurement of a larger FWHM of the LiOH 

7Li MAS-NMR signal compared to that of Li2CO3, again indicative of a LiOH higher proximity 

with the active material. 

Table 4. Parameters from 7Li MAS-NMR signal features for A0, A1 and A2 samples.  

 δ (ppm) FWHM (ppm) I isotropic resonance % 

A0 

Li2SO4 −1.1 14 15 

Li2CO3 0.0 2 74 

LiOH 1.8 14 25 

Li2O 4.0 12 13 

A1 

Li2SO4 −1.0 12 15 

Li2CO3 0.0 5 25 

LiOH 1.7 12 17 

Li2O 4.0 13 13 

A2 

Li2SO4 −1.1 13 19 

Li2CO3 0.0 7 18 

LiOH 1.7 14 15 

Li2O 4.0 12 15 

 

Moreover, as for the A0 pristine sample, XPS fits on samples A1 and A2 were performed in 

order to evaluate the possible quantity of carbonates other than Li2CO3. It appears that the Li and 
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C amounts corresponding to the carbonate are very close to the expected values of a phase Li2CO3 

(C 1s and O 1s peaks, Figure S8) in samples A1 and A2. This would mean that species like 

LiHCO3 or transition metal carbonates become minority phases after aging in humid air. Such 

finding is consistent with the idea that the newly created and thicker lithium carbonate is formed 

on an increasingly thick LiOH layer and could not interact anymore (if any) with transition metals 

of the surface. 

 

Figure 11. Calculated ratios for A2 sample: Co/Ni (blue), Mn/Ni (green) and O/Ni (red) as 

measured by STEM-EELS. Theoretical bulk values are indicated by the dashed black line and are 

2.5 and 0.125 for O/Ni and TM/Ni, respectively. 

Finally, Samples A1 and A2 surface compositions were investigated by STEM-EELS to inquire 

on the effect of short-term storage on the surface element quantifications. The results for the TM 

quantification of aged materials were very similar to those obtained one on the pristine sample A0 

(Figure 11). A small (~5 nm) surface Mn enrichment was measured. Despite the higher RH 

atmosphere samples A1 and A2 were subjected to, despite the increased reduced Ni surface layer 

and the important formation of LiOH compared to Sample A0, these changes are taking place 

without major relative TM compositional modifications and are thus not strong enough to promote 
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a selective diffusion of TMs. Figure 11 also shows that the oxygen amount decrease at the surface 

is less significant than in the pristine material (Sample A0). As a matter of fact, the oxygen content 

can often be found to be above the nominal bulk value. This result is due to the contamination 

(mainly oxygen-carbon based) that considerably occurs on these exposed to humid air samples. 

Surface contamination is a well-known consequence of such treatment. 

3. Conclusion 

We presented in this study a complete characterization of a pristine industrial grade NMC811 

powder, down to the sub-nanometer level, providing a possible explanation for its behavior during 

storage in defined short-term and low-humidity conditions. A multi-analytical approach based on 

on-site characterization techniques was used to give a complete picture of the material at different 

scales. The lithium contained in diamagnetic species at the surface of the pristine material 

(Sample A0) was found to account for 1.2%mol by MAS-NMR and to account up to 1.5%mol and 

1.7%mol upon storage in the studied conditions (Samples A1 and A2 respectively). Such species 

were identified to be Li2O, Li2SO4, LiOH and Li2CO3 (from the closest to the furthest from the 

surface of the active material). Li2CO3 is found in minor proportion but its amount increases faster 

after exposure to humid air. By combining both MAS-NMR and XPS, it was possible to quantify 

the evolution of the lithiated species and their distribution from the surface. This allowed us to 

propose a succession of reactions taking place at this surface and to stress its hyper reactivity even 

towards minute amounts of H2O. The lithium extraction from the material to the surface layer was 

demonstrated to be accompanied by a progressive reduction of the surface nickel, tending to form 

NiO, as evidenced by the STEM-EELS data acquired in monochromated mode. STEM-EDX and 

STEM-EELS were then used to monitor the composition trend within the first atomic layers of the 

active material through the quantification of oxygen and transition metals at a nanometric scale, 
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showing a Mn enrichment at the surface, not dependent on the storage conditions and therefore 

probably coming from the synthesis. 
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