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Abstract: 

Storage of nickel-rich LiNi1-x-yMnxCoyO2 positive active materials under improper 

environmental conditions brings about undesirable surface reactions causing poor Li-ion cell 

electrochemical performances and gas generation. In this paper, a detailed stepwise 

investigation of the increasing reactivity of 532, 622, 811 and 901 NMC materials towards a 

specific H2O/CO2 atmosphere is reported. Water-soluble salts as lithium carbonate, 

hydroxide and sulfates are accurately quantified thanks to acid-base titration and inductively 

coupled plasma atomic emission spectroscopy techniques. On the other hand, the presence 

of insoluble species as transition metal oxyhydroxides and oxides is unveiled through a 

thermal decomposition study using thermogravimetric mass spectrometer coupling 

technique. Their formation and thermal decomposition mechanisms are proposed after 

careful analysis of the characteristic mass loss and O2, CO2 and H2O evolution profile in the 

50-500°C region. Interestingly, the results also highlight an in situ lithiated layered oxide 

material reformation reaction. To assess their chemical reactivity towards LiPF6-based 

electrolyte, the latter was analyzed through 19F nuclear magnetic resonance after storage 

with various reference salts and 811 NMC. LiPO2F2 is detected from storage tests with 
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Li2CO3, Li2O and Li2SO4, and fluorophosphate-type molecules are detected from LiOH; this 

experiment can help discriminate between LiOH and Li2O as NMC surface species. 
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1. Introduction 

Surface layers of layered positive electrode materials such as nickel, manganese and cobalt-

based LiNi1-x-yMnxCoyO2 play an important role on capacity retention upon cycling [1–6] as 

well as on electrode laminate processing steps during battery production [7,8]. Over the last 

decade, these materials have been entering the electric vehicle lithium-ion batteries (LIBs) 

composition, therefore extensive studies aimed at identifying the surface species 

composition and understanding their formation mechanism have been undertaken. Nickel-

rich NMC materials (x > 0.5) have been particularly investigated as they offer higher energy 

density, but, unfortunately are also prone to higher instability towards air environment 

[5,9,10]. 

Li2CO3 and LiOH were the most widely reported surface species in the literature [2–4,7,8,10–

18]. Fourier transform infrared spectroscopy (FTIR) [11] and X-ray photoelectron 

spectroscopy (XPS) [13] helped identify Li2CO3. Furthermore, X-ray diffraction (XRD) 

[4,14,19], ionic chromatography [16] and gas chromatography [10] turned out to be 

powerful techniques to quantify it whereas titration technique was mostly used to quantify 

both Li2CO3 and LiOH [2,3,7,8,17,18]. These compounds, commonly referred to as soluble 

bases (SB) are either residual from the layered material synthesis or developed upon storage 

in ambient atmosphere.  



Most of the time, their formation is associated with the presence of a rocksalt-type NiO or 

LixNi1-xO phase [14,20]. As depicted from XPS analysis, these phases entail a redox process, 

i.e. the reduction of trivalent to divalent nickel. This reaction would concomitantly produce 

active oxygen species alongside with soluble bases as follows [11,20] [Eqs 1-4] : 

Ni3+ +O2-
(lattice) → Ni2+ + O-     [1] 

O- + O- → O2-
(active) + O     [2] 

O2-
(active) +CO2 → CO3

2-     [3] 

O2-
(active) +H2O → 2OH-     [4] 

Another mechanism was established from XRD results. The substitution of NMC lithium 

cations by protons is assumed to explain structural changes, which would not imply any 

redox reaction; soluble bases would result from the reaction of lithium cations with H2O 

and/or CO2 [13]. 

Some studies also supposed, without actual evidence, the presence of lithium bicarbonate, 

LiHCO3, [5,20]. However, this hypothesis should be discarded for the reason that, according 

to thermodynamic data on LiHCO3, this compound is only stable in solution [21]. Recently, 

some authors also proposed the formation of NiCO2.2Ni(OH)2.xH2O (zaratite) from RAMAN 

spectroscopy and thermogravimetric/mass spectrometry (TG-MS) measurements [10,22]. It 

is worth noting that, unlike the above-mentioned compounds Li2CO3, LiOH and LiHCO3, this 

nickel hydroxycarbonate is insoluble in water [23]. 

Overall, these studies reveal that determining the exact surface impurity species 

composition at the extreme surface of NMC materials is still challenging, which is 

understandable when considering the very thin developed layer (5-20nm [24]). As there is no 

general agreement regarding the soluble bases global formation mechanism occurring upon 

air environment storage, we settled on undertaking a quantitative study on different NMC 



materials exposed or not to H2O/CO2 environment, by making use of complementary acid-

base titration (ABT) and inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

techniques. Additional TG-MS measurements were performed on these materials, thus 

enabling to highlight a novel formation mechanism.  

Besides, in an attempt to understand further the role of these surface species upon cycling, 

we focused on their chemical fate while in contact with the LiPF6-based electrolyte.  Some 

studies have indeed exhibited an actual reactivity of Li2CO3 with electrolyte, producing P-F 

containing species precipitated at the surface of NMC particles [25,26]. On the basis of these 

results, we started an analytical study by means of 19F nuclear magnetic resonance 

spectroscopy (NMR), to get a comprehensive insight into the reactivity of the identified 

species, as reference pure compound, and then, as part of the NMC surface layer, upon 

storage at 20 and 55°C in electrolyte. 

2. Experimental 

2.1. Layered materials 

LiNi0.5Mn0.3Co0.2O2 (532), LiNi0.6Mn0.2Co0.2O2 (622), LiNi0.8Mn0.1Co0.1O2 (811), LiNi0.9Co0.1O2 

(901), and alumina-coated LiNi0.6Mn0.2Co0.2O2 (622C) were supplied by Umicore (BET surface 

area ≈ 0.25 m2g-1, particle size D50 ≈ 11.7µm). All powders were weighed and handled in an 

argon-filled glove box (< 0.1 ppm O2 and H2O, MBraun) to avoid air exposure. 

2.2. Materials exposed to H2O/CO2 atmosphere 

12 g of NMC materials were stored in a desiccator during 6 days in a controlled atmosphere 

of 8/92 (molar ratio) CO2/Ar mixture with a 90% RH at 35°C. After exposure, the samples 

were vacuum-dried in a glass oven (Büchi, Switzerland) for 24h at 110°C prior to being 

transferred to the argon-filled glove box. 



2.3. Characterization of surface species 

Scanning electron microscopy images of selected samples were carried out by means of a 

field emission gun scanning electron microscope fitted with an energy dispersive X-ray 

spectrometer (SEM-EDX, Oxford Instrument), operating at 15 kV. The exposed materials 

were covered with a conductive gold layer before the analysis. 

2.4. Quantification of surface species 

5 g of NMC material were magnetically stirred in 100 g of bi-distilled water, for 8 or 10 

minutes, depending on the nickel content (see Results and discussion section). Thereafter, 

the powder was recovered through vacuum filtering. Half of the filtrate solution was titrated 

to quantify the basic species by means of an automatic titrimeter equipped with pH 

electrode (TitroLine 7000, SI Analytics GmbH). The solution was magnetic stirred under 

argon bubbling in an adapted closed flask fitted and titrated by a solution of HCl 0.05 M. ICP-

AES (Varian 720 ES) analysis was carried out on the remaining half of the solution. Every 

analysis was performed at least three times to ensure reproducibility. 

2.5. Thermogravimetric analysis coupled with mass spectrometry (TG-MS) 

The as-received and exposed to H2O/CO2 atmosphere NMC materials were analyzed by TG-

MS using a STA 449F3 (NETZSCH, Germany) instrument located in a argon-filled glove box 

(< 0.1 ppm O2 and H2O, Jacomex). The TG-MS experiments were performed from 25 to 900°C 

at a rate of 5 K min−1 under argon atmosphere at a flow rate of 40 mL min-1.  

2.6. Chemical reactivity with electrolyte 

The reference materials Li2CO3 (> 99%) and Li2O (97%) were purchased from Sigma-Aldrich. 

Li2SO4 was obtained by vacuum-drying at 130°C of Li2SO4.1H2O (Sigma-Aldrich, 99%). LiOH 

was synthesized by Li reaction with methanol then vacuum-dried. The reference material 



(with a reference material-to-LiPF6 molar ratio of 1.35) or 100 mg of NMC material was 

added to 1mL of an electrolyte solution consisting in 1M LiPF6 in a 1:1:1 vol. mixture of 

EC/DEC/EMC (99.9%, H2O < 20 ppm - Solvionic). The mixtures were put into an aluminum 

laminated film for pouch cell for four days of storage at 25 or 55°C. The chemical inertness of 

the bag towards the electrolyte was verified prior the experiments. After storage, 0.5 mL of 

the electrolyte was recovered in the glove box by centrifugation and transferred to an NMR 

tube for liquid 19F NMR analysis (Bruker Ultrashield 400 MHz). The fluorine (376.5 MHz) 

spectra were acquired with a 5-mm nitrogen cryoprobe and recorded with a relaxation delay 

of 5 s prior to one 90 ° pulse excitation (13.5 µs) and an acquisition time of 0.8 s (total 

relaxation for relative quantification). 

3. Results and discussion 

3.1. Surface species analysis 

     3.1.1. Washing procedure optimization for acid-base titration and ICP-AES analyses 

The amount of hydroxides and carbonates issuing from the surface of the NMC powders was 

determined using the Warder’s titration method [27,28]. To do so, these compounds were 

solubilized in an aqueous solution containing a 1:20 NMC powder-to-water weight ratio and 

the whole system was kept under argon bubbling to avoid the acidification of the solution 

with CO2 in air. 

Due to the increased reactivity of high-Ni layered materials [29], the stirring time of the NMC 

containing aqueous solution was adapted as function of the nickel composition. For that 

purpose, the pH variation was recorded immediately after the introduction of NMC powder 

in water. Fig. 1a shows the pH variation as function of time for 532, 622C, 811 and 901. The 

pH increases rapidly up to values of 11.2, 11.8, 12.15 and 12.20 for 532, 622C, 811 and 901, 



respectively, which indicates a fast soluble bases dissolution and different concentrations on 

each NMC surface. Subsequently, the pH tends to stabilize between 5 and 15 minutes of 

agitation, depending on the nickel composition. From there, the slow but constant pH 

increase can be explained by the proton exchange phenomenon, that takes place when a 

lithium ion in the material is substituted by a proton in solution [18,30]. These observations 

expressed the need to reach a compromise on the stirring time enabling a complete soluble 

bases solubilization while avoiding, as much as possible, the proton exchange phenomenon. 

In order to define the agitation time required for each material, the solution was filtrated 

and titrated after 5, 10, 15 and 30 minutes of stirring time, denoted by the dotted lines in 

Fig. 1a. The individual acid-base titration results are depicted in Fig. 1b-e.  

 

Figure 1: a) Variation of pH values over time for a suspension of 5 g in 100 mL of bi-distilled 

water for 532, 622C, 811 and 901 materials; the vertical dotted lines in denote the times at 

which the solution was analyzed by ABT. Amounts of OH- and CO3
2- determined by ABT of 

the filtrate solution at different agitation times for b) 532, c) 622C, d) 811 and e) 901. 

 



The CO3
2- concentration reaches a maximum value at 10 minutes for 532 and 622C and at 5 

minutes of stirring time for 811 and 901 NMC materials. As for OH- concentration, it remains 

constant around 10 to 15 minutes for 532 and 622C and 5 to 10 minutes of stirring time for 

811 and 901; it increases right after, as a result of the proton exchange dominating process 

that arises during long water exposures. Considering these variations, the agitation time was 

fixed at 15 minutes for 532, 622 and 622C, and 8 minutes for 811 and 901.  

3.1.2. Quantification of OH- and CO3
2- by acid-base titration 

The amounts of CO3
2- and OH- obtained by acid-base titration from each as-received NMC 

material are shown in Table 1. The OH-concentration varies between 0.040 and 0.214 mmol/ 

gactive material powder (AM powder), increasing with the nickel content from 532 to 901. The CO3
2- 

quantity does not vary as much and reaches a maximal value of 0.040 mmol/gAM powder in 

every material. It is worth noting that there is no significant difference between the coated 

and uncoated 622 material, unveiling that this type of alumina coating does not interfere 

with soluble bases dissolution, most probably because the particles surface is unevenly 

covered, as shown by SEM (Fig. S1).  

mmol/gAM 

powder 
532 622C 622 811 901 

OH- 0.040 ± 0.001  0.090 ± 0.002  0.103 ± 0.003 0.214 ± 0.005 0.214 ± 0.005 

CO3
2- 0.018 ± 0.001 0.037 ± 0.002  0.040 ± 0.002 0.019 ± 0.001 0.039 ± 0.002 

 

Table 1: Amounts of OH- and CO3
2- determined by ABT after 15 minutes of washing time for 

532, 622, 622C, and 8 minutes for 811 and 901. 

Interestingly, all NMC materials FTIR spectra (Fig. S2) revealed bands at 878, 1425 and 1500 

cm-1 assigned to CO3
2- species. However, the characteristic band of LiOH near 3675 cm-1 is 



absent, which raises questions about its presence. This point will be further discussed in 

section 3.3.2.  

3.1.3. Quantification of lithium, sodium and sulfur by ICP-AES 

Acid-base titration technique has proven to be a powerful technique for the accurate 

quantification of OH- and CO3
2- basic species, however, ICP-AES analysis of the washing 

solutions was required as a complementary technique to unveil the presence of other 

possible soluble salts. 

Lithium, sodium and sulfur elements are detected in noticeable concentrations. The 

presence of sodium and sulfur elements does not come as a surprise as MSO4 (M= Ni, Mn 

and Co) and NaOH are used as reagents in the NMC materials industrial synthesis process 

[18]. The presence of sulfate species was also confirmed by FTIR (Fig. S2); each NMC 

spectrum reveals bands at around 1125 cm-1 that can be assigned to SO4
2-. Several particles 

containing both sodium and sulfur elements, ascribed to Na2SO4, were also found by 

SEM/EDX (Fig. S3).  

For the sake of comparison, Fig. 2 shows both ICP-AES and acid-base titration results. 

Assuming that all OH- and CO3
2- detected by ABT were lithium salts, their concentrations 

were converted into lithium concentrations with the respective molar equivalences of 2 and 

1 for Li2CO3 and LiOH.  



 

 

Figure 2: ABT and ICP-AES results comparison of lithium, sodium and sulfur elements in the 

filtrate solutions. Assuming that all soluble bases detected by ATB were lithium salts, their 

concentrations were converted into lithium concentrations with the respective molar 

equivalences of 2 and 1 for Li2CO3 and LiOH. 

  

Results from both techniques show an increase of total lithium amount with increasing Ni 

amount in NMC materials as also reported by Noh et al. [29]. Lithium concentration values 

detected by ICP-AES are found to be higher for each material.  This leads to the conclusion 

that some soluble lithium salts are not titrated due to a weak base characteristic or a non 

acid-base property. Sodium and sulfur were detected in all samples and their concentrations 

equal to 0.014 ± 0.003 and 0.040 ± 0.002 mmol/gAM powder, respectively. Assuming that the 

sulfur element detected by ICP-AES originates from sulfate(s) and considering the additional 

lithium, sodium and sulfur concentrations detected by ICP-AES, it can be inferred that these 

elements are stemming from Li2SO4 and Na2SO4 compounds.  



The complementarity of the two techniques allowed the identification of all soluble bases in 

the five types of NMC material and gave reliable quantification results. Furthermore, 

evidence was given that, contrary to the common knowledge, Li2CO3 and LiOH are not the 

only soluble species in as-received materials, there are also sulfate species. Those sulfates 

M2SO4 (M = Li, Na) are present in all samples with an equal concentration of 40 µmol/gAM 

powder. On the other hand, Li2CO3 and LiOH concentration values increase from 18 to 40 and 

from 40 to 214 µmol/gAM powder, respectively, with the nickel content in the different NMC 

materials. 

  3.2. Influence of H2O/CO2 exposure 

Since the early 2000’s, several investigations have been devoted to defining the impact of air 

exposure [4,5,8–10,12–14,16,19,20,22,31,32] on NMC particles. However, despite these very 

interesting works, reaction mechanism(s) regarding surface species formation still lack of 

clarification, which incited us to further investigate and expand the study to the comparative 

reactivity of the different NMC compositions towards a similar H2O/CO2 exposure. The study 

of the surface species composition has been carried out by making use of acid-base titration 

and TG-MS techniques with a view to gain insight into the reaction mechanism involved.  

 

3.2.1. Quantification of OH- and CO3
2- by acid-base titration  

The amounts of soluble bases detected by acid-base titration in the as-received and the 

exposed NMC materials are displayed in Figs 3 a and b. The materials surface composition is 

quite different as hydroxide anion is mostly detected in the as-received materials, while 

carbonate anion is the main species detected after H2O/CO2 exposure. The same trend was 

already observed in literature with 532 material (D50 ≈ 12 µm) exposed for one year in air, 

with LiOH values of 23 and 15 µmol/gAM powder and Li2CO3 values of 15 and 38 µmol/gAM powder 



before and after exposure, respectively [8]. These results indicate the transformation upon 

exposure of the LiOH contained in pristine materials into Li2CO3. As demonstrated by William 

et al. [33], the reaction takes place following a two-step process with hydrated lithium 

hydroxide as intermediary species [Eqs 5 and 6]:  

2LiOH + 2H2O ↔ 2LiOH.H2O     [5] 

2LiOH.H2O + CO2 � Li2CO3 + 3H2O    [6] 

After exposure, LiOH is detected only in the case of the highest Ni content containing NMC 

materials, 811 and 901, and its concentration does not exceed 50 µmol/gAM powder. It is worth 

noting that the 811 values are close to the ones reported in literature for a 811 material 

(diameter of c.a. 25µm) exposed for 7 days in air, as being 82 and 257 µmol/gAM powder for 

LiOH and Li2CO3, respectively [34]. The most significant result is the increase of the total 

soluble bases content in all NMC materials. Their formation requires lithium ions, which 

implies a delithiation of the material. When becoming prominent, this process induces a 

surface textural modification clearly observed in SEM images, as exemplified in Fig. 3c and 

3d, with the Li2CO3 flakes growth at the outermost surface of the exposed 901 material. 



 

 

Figure 3: Amounts of OH- and CO3
2- determined by ABT analysis in the filtrate solution for a) 

the as-received and b) exposed materials. SEM images of an (b) as-received and (c) H2O/CO2 

exposed 901 particles. 

 

The extracted lithium quantity was calculated from acid-base titration results (Table 2) 

assuming, as above-reported, that all detected hydroxide and carbonate were lithium salts. 

It increases with the amount of nickel in NMC. For the exposed 532, 622 and 622C materials, 

the molar percentage of extracted lithium does not exceed 2%. Similarly to the above 

observations on as-received materials, exposed coated and non-coated 622 materials display 

similar values of 1.72 and 1.77%, demonstrating the inefficiency of the present coating to 

prevent a surface structure modification upon this specific H2O/CO2 exposure. More 

significantly, values as high as 5 and 8% were reached for 811 and 901 materials, 



respectively, in only six days of exposure. For the sake of comparison, Bichon et al. [8] 

reported from titration analysis, an extracted lithium quantity value of 0.3% for a 532 

material exposed in air for one year and Matsumoto et al. [19], from Li2CO3 quantification by 

XRD, a value of 8% for a NCA material exposed for 500 hours in air. The highest values 

depicted in case of Ni-rich materials were expected as a higher reactivity towards CO2 was 

already reported in literature [35] to depend on Ni3+ content in NMC materials, causing 

severe capacity fade.  

Lithium amount  532 622C 622 811 901 

as-received 

(mmol/gAM powder) 
0.080 ± 0.003  0.164 ± 0.006  0.182 ± 0.006 0.252 ± 0.007 0.292 ± 0.007 

exposed 

(mmol/gAM powder) 
0.143 ± 0.004 0.341 ± 0.008 0.365 ± 0.009 0.788 ± 0.020 1.079 ± 0.027 

extracted 

(mol %) 
0.63 ± 0.01 1.72 ± 0.01 1.77 ± 0.02 5.30 ± 0.03 7.90 ± 0.03 

 

Table 2: Calculated lithium amount from ABT results for the as-received and exposed 

materials and calculated lithium molar percentage extracted upon H2O/CO2 exposition.  

 

As far as lithium and sodium sulfates quantified in as-received materials are concerned, a 

question may arise on their chemical behavior when stored in a CO2/H2O atmosphere. They 

are chemically inert to CO2 gas but would form hydrated sulfates such as Li2SO4.1H2O and 

Na2SO4.10H2O. Based on our ICP-AES results, a maximum H2O concentration of 150 

µmol/gAM powder could be uptaken. However, sodium sulfate decahydrate is known to 

decompose peritectically upon heating at 32.4°C to yield anhydrous sodium sulfate along 

with a saturated aqueous solution of Na2SO4 [36] and lithium sulfate monohydrate was 

found to dehydrate around 100-120°C [37]. Hence, the water removal is expected to occur 

upon electrodes drying process before cells assembling.  



Overall, quantifying soluble bases after exposure in H2O/CO2 atmosphere helped estimate 

the incremental reactivity of NMC materials as function of the nickel content. Such exposure 

brings about the transformation of LiOH into Li2CO3 along with a material delithiation 

process. For a better understanding of the change in material surface composition, further 

experiments were conducted using TG-MS techniques.  

3.2.2. TG-MS analysis  

Thermogravimetric analysis (TGA) was already used [9,20,30,34] as an attempt to capture 

the composition of surface impurity species grown at the surface of NMC materials upon 

storage in air. All studies showed, after storage, weight losses in the 35-800°C temperature 

range. More specifically, three main regions were clearly distinguished. Thanks to 

complementary TPD-MS analysis on LiNi0.8Co0.2O2, Liu et al. [20] were the first to attribute 

these weight losses, thanks to O2, CO2 and H2O evolution profiles, to removal of superficial 

water (<100°C), desorption of bicarbonate (LiHCO3), hydroxyl (LiOH)  and carbonate species 

(200-400°C) and then decomposition of Li2CO3 in the 680-780°C region. Very recently, 

Sicklinger et al. [34] suggested, from TG-MS patterns analysis, that basic nickel carbonate 

NiCO3.2Ni(OH)2.2H2O was arguably the major contaminant upon air exposure of NMC 

materials. Given the different interpretations of the results, we undertook a stepwise 

investigation of the thermal decomposition of the as-received and exposed NMC materials 

by TGA-MS up to 900°C, in the hope to shed some new light on species nature and the 

associated reaction mechanisms.  

3.2.2.1. As-received NMC materials   

 Figs 4 a and b display the TG and O2 (m/z 32) MS curves for each as-received material. The 

five materials present no visible weight loss until the characteristic high temperature range 



corresponding to the NMC materials decomposition associated with O2 evolution. The 

figures clearly demonstrate the influence of the increasing trivalent nickel content, as 532 

and 901 materials start decomposition at 800 and 625°C, respectively.  As these experiments 

are performed under argon flow (O2 < 2ppm), the oxygen partial pressure is too low to 

stabilize the +III oxidation state of nickel at these high temperatures, leading to its reduction 

through the following NMC structural transformation exemplified for 811 materials [Eq. 7]:  

LiNi0.8Mn0.1Co0.1O2                 0.3LiNi1/3Mn1/3Co1/3O2  + 0.7NiO + 0.7/2Li2O + 0.7/4O2 Ar
∆

 [7] 

  Noteworthy that H2O (m/z 18) and CO2 (m/z 44) evolution profiles do not depict any 

noticeable signals around the thermal degradation temperatures of 400 and 700°C for LiOH 

and Li2CO3 respectively, suggesting that soluble bases are in too low concentration to be 

detected. Furthermore, anhydrous lithium and sodium sulfate species are not expected to 

decompose in the temperature range up to 900°C.  

 

Figure 4:  a) TG curves of as-received NMC materials and b) mass traces of O2 (m/z 32).  

 

 

3.2.2.2. Exposed NMC materials 

 According to the above-reported literature on TGA results, the H2O/CO2 exposed materials 

present two main weight loss (Fig. 5a) regions between 150-450°C and above 650°C. The 



latter region turns out to be unaffected by the exposure, which is coherent with regard to 

the material bulk decomposition evolving O2, as above-mentioned. However, compared to 

the as-received materials, no additional weight loss peak is observable around 700°C due to 

Li2CO3 decomposition, in spite of its increased concentration with storage as detected by 

acid-base titration measurements.  Only a weak signal in the 700°C region of CO2 (m/z 44) 

MS profiles accounts for its presence. 

The weight loss in 150-450°C region, pertaining to the decomposition of the surface species 

formed during the H2O/CO2 exposition, increases from 0.4 to 2.13 % with increasing Ni3+ 

amount of NMC materials. Noteworthy that maximum values of 3.7-4 % are reported in 

literature [9,20].  

The gas detected in this region (Figs 5 b-d) are H2O (m/z 18), CO2 (m/z 44) and O2 (m/z 32). 

First, H2O evolves from each material between 150 to 300°C, displaying an almost 

undetectable to a clear two-step signal from 532 to 901 materials. CO2, on the other hand, is 

detected between 200-550°C with peak broadening with increasing Ni3+ content in NMC. The 

CO2 produced at low temperature is highly believed to originate from the decomposition of 

adsorbed carbonate-containing species. From TPD-MS measurements, comforted by the fact 

that H2O and CO2 peaks evolved at the same temperature of around 270°C, Liu et al. [20] 

proposed the decomposition of the bicarbonate species, LiHCO3, into Li2O, H2O and CO2. 

However, as discussed in introduction, the existence of LiHCO3 as solid compound can be 

thermodynamically ruled out. The other reported explanation [34] for H2O and CO2  

evolution is the decomposition of MnCO3.xH2O, CoCO3.xH2O and an hydroxycarbonate of 

nickel (NiCO3.Ni(OH)2.xH2O). However, from this work, there is no suggested formation 

mechanism and no clear explanation for the O2 gas generated around 300°C.  



 

 

Figure 5: a) TG curves of exposed materials and mass traces of b) H2O (m/z 18), c) CO2 (m/z 

44) and d) O2 (m/z 32). 

 

In this work, acid-base titration, ICP-AES and FTIR experiments have provided sound data on 

the reactivity of NMC materials surface while exposed to H2O/CO2 atmosphere. The soluble 

bases, LiOH and Li2CO3 as well as MSO4 (M=Li and Na), have been identified from the as-

received samples washing procedure.  Upon exposure, LiOH turns into Li2CO3, and further 

TG-MS experiments proved the occurrence of a surface chemical transformation, increasing 

with the Ni3+ content into the NMC structure. As depicted from acid-base titration analysis, 

this transformation takes place alongside with Li2CO3 growth. Considering that no redox 



process takes place during exposure, metallic elements should maintain their oxidation state 

in accordance with the proposed following reaction [Eq. 8]: 

LiNi
1-2x-y

(+III)Ni
x
(+II)Mn

x
(+IV)Co

y
(+III)O

2
                 1/2Li

2
CO

3
 + (Ni

1-2x-y
Co

y
)(+III)OOH + xNi(+II)O + xMn(+IV)O

2

H2O/CO2

[8] 

The formation of an oxyhydroxide is supported by the fact that typically, nickel oxyhydroxide 

is thermally decomposed between 150-400°C to form NiO along with H2O and O2 [38–40], 

according to Eq. 9, precisely the temperature range where O2 and H2O are detected in these 

MS experiments.  

                   
(Ni

1-2x-y
Co

y
)OOH          (Ni

1-2x-y
Co

y
)O + 1/2H

2
O + 1/4O

2

∆

                [9] 

However, the formation of these compounds does not explain the CO2 production in the 250 

-450°C range, as the decomposition of Li2CO3 occurs around 700°C. To get more insight into 

the thermal decomposition processes, an exposed 811 sample was washed with water to 

eliminate Li2CO3 then dried. Afterwards, the sample was analyzed by TG-MS under the same 

previous conditions. 

Fig. 6 shows the comparison of the exposed 811 before and after washing. Up to around 

300°C, the weight loss profile is identical for both samples and both H2O and O2 gas evolve in 

a similar way. This result supports the above mechanisms [Eqs 8 and 9] involving the 

formation of water-insoluble oxyhydroxides that remain at the particles surface after the 

washing procedure. Beyond this temperature, the weight loss depicted for the washed 

exposed material is less important (of 0.35 wt. %) than for the exposed sample. The CO2 gas 

is almost undetectable along the complete temperature range, indicating that nearly all the 

Li2CO3 was removed from the surface. Considering these results, we propose that the 

following chemical reaction [Eq. 10] occurs upon the thermal analysis: 



(Ni1-2x-yCoy)O + 1/4O2+ 1/2Li2CO3          Li(Ni1-2x-yCoy)O2 + 1/2CO2

∆

                        [10] 

This reaction cannot take place after the washing procedure, as it requires the presence of 

Li2CO3. The oxide-type reactant is formed upon H2O/CO2 exposition [Eq. 8] or, in situ, along 

with O2, from thermal decomposition of nickel oxyhydroxide [Eq. 9]. It is worth noting that 

this reaction yields lithiated lamellar oxide compound which may explain why, after 

annealing of air-exposed NMC materials, researchers observe a partial cell capacity retention 

recovery [41]. 

 

Figure 6: TG curve along with mass traces of H2O (m/z 18), O2 (m/z 32) and CO2 (m/z 44) of 

an exposed 811 and exposed 811 after washing. 

 

Very recently, Jeong et al. [42] and Pritzl et al. [30] also proposed the formation of CoOOH 

and NiOOH compounds at the surface of LiCoO2 and Ni-rich NMCs, respectively, due to Li+/H+ 



exchange upon washing procedure. Interestingly, same O2 (m/z 32) and H2O (m/z 18) TG-MS 

profiles were obtained from their water-washed compounds between 120 and 450°C, 

without CO2 (m/z 44) evolution, which supports our hypothesis of in situ reaction of Li2CO3 

consumption [Eq. 10].  

Overall, these experiments gave evidence of the chemical reaction of NMC materials under 

H2O/CO2 atmosphere to yield a variety of water-soluble as Li2CO3 and LiOH soluble bases, 

and MSO4 (M=Li, Na) as well as water-insoluble surface species as rocksalt-type oxide, MnO2, 

(Ni1-2x-yCoy)O and oxyhydroxide (Ni1-2x-yCoy)OOH. These results allowed to propose their 

formation and thermal decomposition mechanisms through quantitative experiments as 

titration, ICP-AES and careful analysis of H2O, CO2 and O2 evolution from TG-MS 

experiments.  

3.3. Reactivity of surface species towards electrolyte 

With the aim of exploring the chemical reactivity of surface species with the LiPF6-based 

electrolyte, storage experiments were carried out at 25 and 55°C. First, the reactivity of 

reference Li2CO3, LiOH, NiO, Li2SO4 and Li2O compounds was evaluated. As its presence on 

NMC surface was suggested by Paulsen et al. [18], the reactivity of Li2O was also 

investigated. Second, given the presence of significant concentration of surface species, the 

as-received and exposed 811 materials were tested under similar storage conditions.  

3.3.1. Reactivity of reference compounds towards electrolyte  

First and foremost, unlike Li2CO3, Li2O, LiOH and Li2SO4 reference compounds, and NiO do 

not reveal any reactivity towards the electrolyte whatever the temperature. 



Fig. 7 shows the 19F NMR results of Li2CO3, LiOH and Li2O at 25 and 55°C. In all cases, the 

doublet signal corresponding to LiPF6 is centered at δF=-74.2 ppm (J(P,F)=709 Hz). In the case 

of Li2CO3 and Li2O (Fig. 7 a, b and d), another doublet centered at a lower chemical shift (δF= 

-84.6 ppm, J(P,F) = 929,4 Hz) can be attributed to LiPO2F2 [43]. LiF is also clearly observed at 

55°C at δF= -155.8 ppm (Fig. S4).  

 

Figure 7: Liquid 19F NMR spectrum of the electrolyte recovered after storage, for 4 days at 25 

and 55°C, in presence of a, b) Li2CO3 c, d) Li2O and e, f) LiOH with LiPO2F2/LiPF6 molar ratio 

(R) as determined from peaks integration. Labels 1, 2, 3 and 4 stand for the doublets 1) 

OPF(OH)2, 2 and 3) OPF(OR)(OR’) with R = CH3 or C2H5 and R’= H or CH3 or C2H5, and 4) 

OPF2(OH), respectively. 



 

The reaction mechanism [Eqs 11 and 12] leading to LiPO2F2 can be proposed for both 

reactants as followed: 

                
2Li2CO3 + LiPF6       LiPO2F2 + 4LiF + 2CO2

   [11]  

                 
2Li2O + LiPF6       LiPO2F2 + 4LiF

                    [12] 

The first reaction [Eq. 11] was already proposed by Parimalam et al. [25] during the study of 

the solid electrolyte interphase (SEI) generated at the negative electrode surface. The 

chemical reaction of Li2CO3 with LiPF6-based electrolyte was also investigated by Bi et al. [6] 

by making use of XRD and GC-MS techniques. They concluded that, although it was 

electrochemically stable, Li2CO3 could be chemically decomposed into LiF, and form a 

coating on 811 particles, along with CO2 and POF3 gas evolution. 

The LiPO2F2/LiPF6 molar ratios R calculated from the NMR peaks integration range from 

almost zero, when the reaction temperature is 25°C, to 0.645 in presence of Li2CO3 at 55°C. 

Considering the reaction stoichiometry and the starting molar ratio M/LiPF6 (M=Li2CO3, Li2O) 

of 1.35, a R maximum value of 2.08 can be expected. However, this value could not be 

reached as the LiPO2F2 solubility in carbonate solvents [44] is less than 0.5 M. On the other 

hand, the FTIR analysis of the white precipitate recovered after the storage test at 55°C did 

not reveal any Li2CO3 (only LiPO2F2 and LiPF6). Thus, it can be concluded that the reaction 

[Eq. 11] is complete with Li2CO3 reactant at this temperature. Regarding storage test with 

Li2O, the R value reaches only 0.07 at 55°C.  Hence, the lithium carbonate turns out to be 

much more reactive towards LiPF6 than Li2O to produce LiPO2F2. This reaction generates CO2 



gas, which can have a detrimental effect on the battery lifetime. Regarding Li2SO4, the test at 

55°C reveals the presence of a low amount of LiPO2F2 with a molar ratio R of 0.013 (Fig. S5). 

Furthermore, LiOH is extremely reactive, even at 25°C. Based on previous studies [45–48], 

most of the peaks can be ascribed to fluorophosphates (Fig. 7 e and f) such as:  

- OPF(OH)2 with a doublet centered at δF= -77.3 ppm (J(P,F) = 927 Hz), labelled 1 

- OPF(OR)(OR’) with R= CH3 or C2H5 and R’= H, CH3 or C2H5 

- a doublet centered at δF= -81 ppm (J(P,F) = 944 Hz), labelled 2 

- a doublet centered at δF = -81.3 ppm (J(P,F) = 943 Hz), labelled 3 

- OPF2(OH) with a doublet centered at δF= -85.2 ppm (J(P,F) = 950 Hz), labelled 4. 

The temperature increase (Fig. 7f) leads to the consumption of difluorophosphate (species 4) 

and the formation of fluoroalcane. LiF is also clearly detected (Fig. S6), as previously in the 

experiments with Li2CO3. 

As observed, the reaction with LiOH does not produce LiPO2F2, as Li2CO3 and Li2O does, but 

on the contrary, forms fluorophosphates. The fact that lithium-based species react and lead 

to non-lithium-based species indicates a more complicated pathway. To account for this, we 

propose a two-step mechanism; i) the lithium alkyl carbonates formation by the reaction of 

LiOH with linear carbonates [Eq. 13]. The feasibility of this reaction was proven by FTIR 

analysis of reaction product after mixing EMC with LiOH at 55°C during 4 days (Fig. S7) ii) the 

reaction of these alkyl carbonates with LiPF6 to form the fluorophosphates [Eqs 14-16] as 

demonstrated by Parimalam et al. [25]. 



 

 

3.3.2. Reactivity of as-received and exposed 811 materials towards electrolyte  

Likewise, reactivity tests were performed with the as-received and exposed 811 materials. 

From the 19F RMN analysis, only LiPF6, LiPO2F2 and LiF are detected in both materials and at 

both temperatures. The absence of fluorophosphates is intriguing, as they were found to be 

easily produced from hydroxide species. It implies that most probably, Li2O is present at the 

NMC surface instead of LiOH. The lithium oxide in contact with water is transformed into 

LiOH by the following reaction [Eq. 17]:  

2Li2O + H2O       2LiOH
   [17] 

The latter being titrated by acid-base titration. This result explains the absence of the LiOH 

band in FTIR spectra (Fig. S2). It is noteworthy that for the exposed 811 material, the other 

surface species as the oxyhydroxides or oxides, do not generate fluorophosphates when in 

contact with electrolyte. 

The LiPO2F2/LiPF6 molar ratios R deduced from the different NMR analyses are reported in 

Table 3. For both as-received and exposed materials, the LiPO2F2 formation is facilitated with 



temperature increase. From these R values, the LiPO2F2 moles quantity in 1 mL of electrolyte 

was calculated and compared to the one expected from the complete reaction of soluble 

bases with electrolyte [Eqs 11 and 12], considering Li2O and not LiOH. Note that from 25°C, 

for the as-received 811 material, the whole amount of soluble bases react to form LiPO2F2.  

Material 
SB from ABT (µmol/gAM p.) Expected LiPO2F2 from 

ABT results for 100 mg of 

NMC in 1 mL (µmol) 

NMR experiments 

Li2CO3 LiOH 
Storage 

temperature (°C) 
R 

n LiPO2F2 in  

1 mL (µmol) 

811 

as-received 
19 ± 1  205 ± 14  6.1 ± 0.8 

25 0.006 6 

55 0.007 7 

811 

exposed 
370 ± 10 17 ± 5  18.9 ± 1.2 

25 0.003 3 

55 0.013 13 

 

Table 3. Comparison of expected LiPO2F2 from ABT results and experimental LiPO2F2 moles 

quantity present in 1mL of LiPF6-based electrolyte after storage in presence of 100 mg of as-

received and exposed NMC 811. 

 

The highest quantity of Li2CO3 for the exposed NMC material leads obviously to a higher 

quantity of expected LiPO2F2 (18.9 vs. 6.1 µmol) but the transformation process seems to be 

slowed down as the reaction yield does not reach 100%, even at 55°C. It could be explained 

by the fact that the surface transformation occurring during the H2O/CO2 exposure leads to a 

complex surface layer made of oxyhydroxides, oxides and soluble bases, which makes the 

accessibility of LiPF6 to the soluble bases more difficult. 

From these experiments, we clearly demonstrated that soluble bases and Li2SO4 produce 

LiPO2F2 upon storage with LiPF6-based electrolyte even at room temperature. Since it has 

been reported that LiPO2F2 is an efficient electrolyte additive [49], notably to decrease the 

impedance of the positive layered and negative electrodes, and to improve the capacity 

retention of batteries [50,51], it is suggested that soluble bases and Li2SO4 may be beneficial 



to the batteries electrochemical performances. However, the surface transformation during 

air exposure produces other surface species as oxyhydroxides or oxides and NMC 

delithiation, which may affect negatively these performances. 

4. Conclusion 

Acid-base titration technique is relatively easy to implement and well-suited for quantifying 

soluble bases in NMC materials aqueous filtrates. Furthermore, it allows accurate 

assessment of the delithiation amount after a long-time storage or a water-washing 

procedure undertaken in industry for the purpose of capacity retention improvement. 

However, this technique revealed to be not sufficient to provide a complete characterization 

of the whole surface species, including water soluble and insoluble species.  

This work, devoted to studying the influence of a H2O/CO2 atmosphere exposure onto five 

different NMC materials, clearly illustrated, through combined acid-base titration and TG-MS 

analysis, the increasing chemical instability of the materials with Ni3+ amount. Evidence was 

given that the exposition to such atmosphere brings about a chemical transformation of the 

surface material resulting in the lithium carbonate, nickel cobalt oxyhydroxides and nickel 

and manganese oxides formation following a clearly established mechanism. It was deduced 

that the characteristic weight loss between 150-450°C is due to the thermal decomposition 

of oxyhydroxides and the subsequent in-situ reaction between oxides, oxygen and lithium 

carbonate to reform a layered material, which may explain the partial electrochemical 

capacity recovery after annealing treatment of exposed NMC materials. 

 A stepwise investigation of the chemical reactivity of the surface species towards LiPF6
-

based electrolyte was carried out through 19F NMR measurements. As LiOH titrated through 

acid-base titration measurements should react with LiPF6 to form fluorophosphate-type 



compounds, their absence in electrolyte after contact with the pristine 811 NMC material 

led us to conclude that LiOH was the reaction product of Li2O with water. The surface 

species, Li2CO3, Li2O and Li2SO4 contained in the positive electrode react with LiPF6 to 

produce LiPO2F2. The latter being known as an effective electrolyte additive, it is supposed 

that soluble bases and Li2SO4 could have a beneficial effect on capacity retention. However, 

the presence of insoluble bases as oxyhydroxides and oxides may increase the impedance 

and thus be responsible for the harmful impact of electrochemical performances storage on 

cells. 
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