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Abstract

:

Lithium ion batteries (LIBs) are widely used in numerous application areas, including portable consumer electronics, medicine, grid storage, electric vehicles and hybrid electric vehicles. One major challenge during operation and storage is the degradation of the cell constituents, which is called aging. This phenomenon drastically reduces both storage lifetime and cycle lifetime. Due to numerous aging effects, originating from both the individual LIB cell constituents as well as their interactions, a wide variety of instruments and methods are necessary for aging investigations. In particular, chromatographic methods are frequently applied for the analysis of the typically used liquid non-aqueous battery electrolytes based on organic solvents or ionic liquids. Moreover, chromatographic methods have also been recently used to investigate the composition of electrode materials. In this review, we will give an overview of the current state of chromatographic methods in the context of LIB cell research.
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1. Introduction


Since Sony first introduced lithium ion batteries (LIBs) in 1991 [1,2], a rapid technology development and market penetration has taken place [3]. Due to optimization and improvement, LIBs are now state-of-the-art for modern portable consumer electronics (smartphones, tablets, laptops or video cameras) [4,5]. Furthermore, they are considered the most promising battery technology for various electric vehicles (EVs), as well as for stationary applications including the storage of renewable energies and grid stabilization [6,7]. This success is based on an excellent mix of performance and cost parameters, e.g., high specific energy (Wh/kg) and energy density (Wh/L) and as well as high specific power (W/kg) and power density (W/L), which come along with an excellent lifetime, energy efficiency and application-relevant safety and costs [8,9,10,11]. A LIB cell consists of a carbonaceous anode [12,13] and lithium transition metal oxide or phosphate as cathodes. Furthermore, an electrolyte-soaked separator is placed between the anode and cathode [14,15,16]. The graphite anode provides a capacity of up to 372 mAh/g while the mostly used lithium (transition) metal oxide cathode (LiMO2, M = e.g., Mn, Co, Ni or Al; in varying combinations and ratios) delivers a practical capacity of ca. 150–200 mAh/g [13,17,18,19,20,21,22,23]. Generally, the cathode materials are categorized by their structure, which sub-classifies them into one-dimensional, two-dimensional and three-dimensional lithium ion conducting materials [22,24,25,26,27]. The electrolyte is comprised of a conducting salt and a solvent. Today, LiPF6 is the commercially applied conducting salt and the solvent is typically a mixture of cyclic and linear carbonates like ethylene carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC) and ethyl methyl carbonate (EMC) [28,29,30,31,32,33].



A main disadvantage of lithium ion batteries is the degradation process over time and operation, the so-called aging, which causes limited cycle and calendar lives. Understanding of those aging effects is also important regarding the recycling of batteries and the possible application of second life concepts [34,35,36]. Due to the complexity of the LIB cells, numerous aging mechanisms have been suggested which can be related to the used materials and components, as well as to the interactive reactions of those constituents [23,25,37]. For example, LiPF6 is both chemically and thermally unstable and reacts with traces of moisture and organic solvent. Even at room temperature, LiPF6 in solution is in a thermal equilibrium with PF5 and LiF [38]. This equilibrium is causes decomposition and the conversion of the organic carbonates due to the high reactivity of PF5 [39,40,41,42]. The reactions can lead to hydrolysis, organophosphate- and organofluorophosphate-based aging products inside the electrolyte, which are considered potentially toxic [43,44,45,46,47,48,49,50,51]. Furthermore, under electrochemical operation conditions, a ring opening reaction of the cyclic carbonate EC can occur; subsequent reactions also in the electrolyte present linear carbonates form oligomeric decomposition species [52,53,54,55,56,57]. In comparison, the electrochemical reduction of the electrolyte at the carbonaceous anode results in the formation of the solid electrolyte interphase (SEI). This protective layer is composed of inorganic and organic decomposition products and is necessary for long-term performance, as it is ideally only permeable for lithium ions, thus protecting the highly reactive anode against further reduction reactions [26,29,58,59,60,61]. However, transition metal dissolution (TMD) and TM migration from the cathode can lead to the deposition of the different metals on the anode. Since this process can deteriorate the SEI properties, and therefore has a negative influence on the cycle life, metal migration is known as another harmful degradation effect [62,63,64,65,66]. Similar to the SEI, a protective layer on the cathode is formed due to reactions of the electrolyte and the cathode as well, the cathode electrolyte interphase (CEI). However, the exact structure and thickness is not clear due to its varying nature that is dependent on cathode materials and cycling parameters. The protective nature of this passivation layer is distinct to prevent further electrolyte decomposition and self-discharge of cathodes [28,67,68,69,70,71].



Due to the above-mentioned phenomena and degradations effects, there is a variety of reports about methodologies and analyses in literature regarding the aging behavior of LIB cells. The investigation of the electrolyte aging is intensively based on the application of separation techniques like gas chromatography (GC), ion chromatography (IC), liquid chromatography (LC) and capillary electrophoresis (CE). Furthermore, different ionization techniques like negative and positive chemical ionization and high-resolution mass spectrometry are employed for structural elucidation. Finally, the determination of lithium, transition metals and fluorine are the object of analysis by IC or CE. In this review, we give a comprehensive overview about the applied methods including the several sample preparation steps for analysis of LIBs materials.




2. Lithium Ion Batteries—Materials and Aging Effects


2.1. Lithium Ion Battery Materials and Composition


In Figure 1, a schematic illustration of a LIB during the discharge process is shown. The negative electrode (anode) consists of graphite and the positive electrode (cathode) of a layered lithium transition metal oxide. A permeable membrane soaked with the electrolyte separates the two electrodes [14,15,16]. Upon charge, the lithium ions are de-inserted from the positive electrode, transported through the electrolyte, and then intercalated into the negative electrode. The process is then analogously reversed during the discharge process.



Cathode materials can be divided into three structural groups: one-dimensional materials (e.g., olivine structures) with a highly anisotropic lithium diffusion in a single direction, two-dimensional materials (layered structures) allowing diffusion in two spatial dimensions, and three-dimensional materials (e.g., spinel structures) which allow diffusion in all three dimensions [72,73,74]. Lithium cobalt oxide (LCO) was the first commercially employed layered transition metal [75,76]. Nevertheless, in recent years, ternary combinations of cobalt, nickel and manganese are the most promising cathode candidates. It can be applied as LiNi0.33Co0.33Mno.33O2 (NCM 111) or in Ni-rich variations (NCM 424, 523, 622 and 811, numbers indicate the relative ratios of TMs) [77,78,79].



Anode materials can be categorized into three groups as well: intercalation/de-intercalation materials like carbonaceous materials (especially graphite) or Li4Ti5O12, alloying elements like Si, Ge, Bi or Sn and conversion materials like CuO and NiO [11,80,81,82]. Despite the diversity of materials, carbon is the state-of-the-art material for commercial application. Depending on the degree of crystallinity, carbons are classified as soft (graphitizable) and hard (non-graphitizable). Graphite as a form of graphitizable carbon made at high temperatures (ca. > 2500 °C) provides a low operating potential, a high specific capacity, good cycling stability as well as inexpensiveness [12,81,83,84,85,86].



Electrolytes for LIBs consist of a conducting salt (typical concentration of 1 M), which is dissolved in a mixture of linear and cyclic carbonates. As linear carbonates, ethyl methyl carbonate (EMC), ethyl carbonate (DEC) or methyl carbonate (DMC) are commonly applied, while propylene carbonate (PC) or ethylene carbonate (EC) are used as cyclic carbonates [31,32,33]. Different lithium salts are applicable for conducting salt, e.g., lithium bis(trifluoromethane)sulfonimide (LiTFSI), lithium bis(fluorosulfonyl)imide (LiFSI), lithium bis-(oxalate)borate (LiBOB), lithium difluoro(oxalate)borate (LiDFOB), lithium tetrafluoro borate (LiBF4) and lithium hexafluorophosphate (LiPF6), where the latter is the typically commercially applied conducting salt [87,88,89,90,91,92]. Furthermore, additives (up to 5%, either by v/v or w/w) [93] can be applied to further modify the different electrolyte properties. These modifications include flame retardancy [28,29,30,94,95,96] or the enhanced formation of SEI and CEI [97,98,99,100,101,102]. During the first charge/discharge cycles, also called formation cycles, the SEI is formed and, thus, further prevents decomposition of electrolyte at the anode surface [58,60,61,103]. At the cathode surface, a similar passivation layer is formed, which is called the cathode electrolyte interphase (CEI) [71,104,105]. As a green alternative, ionic liquids (ILs) have been reported as electrolytes for LIBs [106]. ILs are by definition molten salts with melting points below 100 °C which contain organic or inorganic anions and organic cations [107,108]. As anions, hexafluorophosphate, tetrafluoroborate, imides, sulfonates or halides are applied, while as cations pyridinium, imidazolium, piperidinium or pyrrolidinium-based quaternary ammonium salts are used [109]. Common examples are 1-methyl-1-propylpyrrolidinium bis(trifluoro methanesulfonyl) imide (PYR13TFSI), 1-propyl-1-methyl-pyrrolidinium bis(fluorosulfonyl)imide (PYR13FSI), 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR14TFSI) and 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (EMIM TFSI). ILs meet several crucial requirements for LIB electrolytes like a sufficient ionic conductivity (however only at elevated temperatures) and a high oxidation stability, in case of fluorinated anions. A decent Coulombic efficiency and cycling stability can be achieved when the ILs are used with selected electrode materials. Because of their low vapor pressure and the non-flammability up to high temperatures, they are considered safer than non-aqueous organic solvent-based electrolytes [110,111,112]. Normally, lithium hexafluorophosphate or the corresponding lithium salt of the IL anion is applied to introduce Li+ as charge carrier in the electrolyte [106,107,113].




2.2. Lithium Ion Battery Aging and Degradation Mechanisms


Aging can affect all cell components. There are numerous aging mechanisms of the cell and its components, and many of them are based on the interaction of the cell’s components with each other [25,37,114,115].



Due to the hygroscopic nature of the conducting salt LiPF6, there are always traces of water present in the electrolyte. Therefore, it is in equilibrium with the gaseous PF5 and LiF, which can further react to HF and POF3.



Regarding the formation of HF inside the electrolyte, the dissolution of active material is promoted from the cathode and its subsequent migration to the anode. This is especially true for the LiMn2O4 spinel-type cathode, where TM dissolution and subsequent transport to anode leads to deterioration of the SEI [62,63,64,65,66]. Two dissolution mechanisms were postulated: (I) a disproportionation reaction: 2 Mn3+ → Mn2+ + Mn4+ and (II) an acidic corrosion, catalyzed by HF or other inorganic acids: Mn3+ + 2 HF → MnF2 + 2 H+, [37,79,116] however this mechanism was already questioned [117]. While an adaption of the mechanism to NCM-based cells seemed promising, the influence of HF was disproven. Furthermore, the contribution to the overall capacity fade showed less influence of the TMD than previously assumed [118,119,120]. In comparison, several new influences were stated which foster the mechanical spalling of the TMs, either due to electrochemically induced stress [121] or because of (I) defects within the oxygen host lattice of the NCM material, (II) structural deformation of NCM particles on the atomic scale which leads to particle cracking and (III) due to phase transformation of the particle from layered to spinel or rock salt structures on the nanoscale level [118,119,121]. Therefore, the analysis of the stoichiometry of the electrodes can reveal the loss of TMs due to the above-explained effects. While inductively coupled plasma-based methods are routinely used for this purpose, the addition of chromatographic methods can provide valuable information since certified reference materials are not available presently [59,122,123,124,125].



With respect to POF3, hydrolysis to inorganic phosphates occurs [126], several reactions with the organic carbonates can lead to the formation of organophosphate-based (Figure 2d), organofluorophosphates-based (Figure 2c) and oligocarbonate-based (Figure 2b) decomposition products [42,49,50,52,53,127,128,129,130,131]. Additionally, PF5 can initiate the transesterification of EMC to DEC and DMC (Figure 2a) [127].



Especially organofluorophosphate-based decomposition products have a high potential toxicity. [46,133] Due to the weak P-F bond of these compounds, they can irreversible react with the enzyme acetylcholinesterase (AChE), which hydrolyses acetylcholine, an essential neurotransmitter for the peripheral nervous system (PNS). The subsequent accumulation of the unhydrolysed acetylcholine inside the body can then ultimately lead to death [43,44,45,46,134]. Besides the toxicological aspect, the impact of these degradation products on the environment is another important issue as this compound class is also ecologically harmful [43,44]. Further, with regard to recycling, these characteristics are of high interest. Therefore, it is necessary to identify possible reaction and decomposition products of the electrolyte in order to get a better understanding of the aging behavior. It is also fundamental to obtain quantitative information about the organo- and organofluorophosphate-based products to evaluate potential toxicities of these compounds and possible harmful effects in case of accidents.





3. Analysis of Lithium Ion Battery Materials


Separation techniques are necessary for the analysis of non-aqueous electrolytes. Investigations are focused on the aging behavior including structural and quantitative information about the numerous decomposition products or the determination of fluorine. However, there are reports on the examination of the electrodes or ionic liquids, which will be covered beforehand.



3.1. Electrode Analysis


The investigation of electrodes is mainly focused on the quantification of elements of the respective anode of cathode to determine the amount of degradation of transition metal dissolution (TMD) that occurred.



For analysis of cations in the LIB research context, Vortmann-Westhoven et al. showed a capillary electrophoresis (CE) separation method with UV/vis detection for the determination of lithium and transition metals after microwave digestion [135]. They compared this developed method to results obtained with IC and inductively coupled plasma-optical emission spectroscopy (ICP-OES) and could get comparable results in terms of recovery rates and general analytical figures of merit. Overall, a valuable alternative to the common ICP-OES technique in this regard could be accomplished. In another publication targeting the transition metal dissolution (TMD) in LIBs, Vortmann-Westhoven et al. showed an IC technique with a post-column reactor and serial conductivity as well as spectrophotometric detection [136]. Investigation of different separation columns eventually led to the separation and quantification of transition metals from electrochemically aged electrolyte at different cut-off voltages. The TMD was concluded to increase (especially for nickel and cobalt) with higher cut-off voltage of the investigated NCM111/graphite cells.




3.2. Ionic Liquid Analysis


As ionic liquids show superior stability in a wide electrochemical window, analysis is mainly focused on the development of methods that are able no investigate the different ionic species with respect to possible degradation products or impurities. Ion chromatography (IC) and methods that separate charged particles in an electric field in general are the predominant analysis methods of choice. Hyphenation to detectors that provide structural information as well as quantitative detectors (based on conductivity or optical characteristics) are mainly used.



Hao et al. developed an ion chromatographic (IC) method for determination of trace levels of halide impurities in various types ILs: tetrafluoroborate (BF4−), bis-(trifluoromethanesulfonyl)imide (TFSI−) and bis-perfluoroethylsulfonylimide (BETI−) [137]. The determined limits of detection (LODs) in the measured solution with conductivity detection, were 0.1, 0.2 and 1.0 ppm for chloride, bromide and iodide, respectively, and 0.02 ppm for iodide with UV detection. For sample preparation, dissolution in 50% (v/v) acetonitrile was carried out for the hydrophobic TFSI− and BETI− anions. Due to changes in the retention time caused by the sample matrix, they suggested the standard addition for the quantification.



IC with conductivity detection was also applied by Villagrán et al. to investigate chloride impurities in imidazolium-based ILs (Figure 3) [138]. They examined the effect of the different cations on the chloride impurity, the possible interferences of fluoride generated by hydrolysis during sample preparation, the chromatographic system and the matrix effect.



As a result, the chloride ions changed the viscosity and density of the different ILs. LODs and limits of quantification (LOQ) were in the ppb range for all investigated samples. Additionally, the accuracy, precision and reproducibility gave decent values and thus they concluded that IC is well suited to serve as a quality control method in the production of ILs.



In a study by Zhou et al. [139], tetrafluoroborate was investigated by LC with conductivity detection. They achieved a retention time of tetrafluoroborate of less than 1 min, using the following conditions: 0.5 mM TBA and 0.31 mM phthalic acid (pH 5.5) as eluent, a column temperature of 30 °C and a flow rate of 6.0 mL/min. The reproducibility and relative standard deviation (RSD) were very good and the method was finally applied for the analysis of tetrafluoroborate in ILs. The determined recovery rates in 1-propyl-3-methylimidazolium tetrafluoroborate, 1-butyl-3-methylimidazolium tetrafluoroborate, 1-amyl-3-methylimidazolium tetrafluoroborate and 1-hexyl-3-methylimidazolium tetrafluoroborate were in the range of 98.2–101.5%.



Gao et al. determined four imidazolium-based ILs (1-ethyl-3-methyl-imidazolium tetrafluoroborate (EMIMBF4), 1-propyl-3-methyl-imidazolium tetrafluoroborate (PMIMBF4), 1-butyl-3-methyl-imidazolium tetrafluoroborate (BMIMBF4), 1-amyl-3-methyl-imidazolium tetrafluoroborate (AMIMBF4)) cations by ion-pair chromatography using direct conductivity detection [140]. For the ion-pair reagent, 1-heptanesulfonic acid sodium was chosen, and along with 10% acetonitrile + citric acid (for adjustment of the pH of mobile phase) used as eluent. As in the studies of Zhou et al. [139], several parameters influencing the retention were systematically investigated. Since the flow rate had a significant influence, namely a shortened retention time with increased flow rate, they suggested high flow rates for a fast determination.



Four pyridinium IL cations (N-ethyl-pyridinium, N-butyl-pyridinium, N-butyl-4-methyl-pyridinium, N-hexyl-pyridinium) were separated and determined by reversed phase ion-pair chromatography with ultraviolet-visible detection by Meng et al. [141]. As in previous studies, the influence of the retention time was intensively investigated. After the optimization procedure, two self-synthesized ILs (1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4) and 1-butyl-3-methylimidazolium bromide (BMIMBr)) were analyzed with regard to the concentration of the cation. The findings were in accordance to Gao et al. and the analysis of the real sample provided satisfactorily results [140].



Beside IC and LC techniques, CE and capillary zone electrophoresis (CZE) were also reported. CE was applied by Markuszewski and coworkers [142]. The aim of the study was to evaluate a routine capillary electrophoretic method for the separation of selected imidazolium ionic liquid cations. In Figure 4, all investigated compounds are shown. Several buffers were examined, including phosphate, acetate, fumarate, and citrate in order to achieve the best separation. With respect to both the peak shape and the resolution, a citrate buffer of pH 4.0 was preferred for all further investigations. For validation purposes, the method was applied to samples, which were attained during a photo degradation experiment. The target solute could be well separated from its degradation product and quantified.



Qin et al. reported the separation of imidazolium ILs and derivates using a cyclodextrin buffer solution [143]. The synthesis of 1-butyl-3-methylimidazolium chloride was monitored in terms of process control after method development. Additionally, impurities in commercially available EMIMCl and 2-ethylimidazole were probed. The authors concluded that the method could be utilized with high resolution, low LODs and good reproducibility. Furthermore, it was employed in routine analysis such as impurity testing of commercial products as well as in reaction mechanism research and synthetic reaction process control.



Two capillary isotachophoresis-based methods for the analysis of ILs were developed by Markowska et al. [144]. They investigated both anions and cations with the respected methods: nitrate(V), chlorate(V), hexafluorophosphate, dicyanimide, trifluoromethanesulfonate, phosphate(V) and bis(trifluoromethanesulfonyl)imide anions and seven short-chain alkylimidazolium, alkylpyrrolidinium, alkylpyridinium and non-chromophoric tetraalkylammonium and tetraalkylphosphonium IL cations. Both methods were optimized, and their applicability to the analysis of soil and freshwater-containing ILs proved successful.



Kosobucki et al. presented another isotachophoretic separation with direct conductivity detection, in this case for different imidazolium ionic liquids [145]. They could obtain detection limits of 10 ng/L for anions and 25 ng/L for cations. It was found that isotachophoresis offered a very promising alternative to the chromatographic methods for analysis of ILs. The possibility of determination of cationic and anionic room temperature ILs in reasonable time was established.



A method for the analysis of fluoride in electrolytes and ILs was reported by Pyschik et al. [146]. Electrolytes using LiPF6 in organic carbonate solvents and in ILs after contacted to Li metal were investigated during their work. The developed method was compared to results previously achieved and validated with a fluoride selective electrode (ISE) [147]. Regarding electrolyte analysis, the recovery rate for the CE was 95.3%–98.1% and the RSD was in a range of 1.53%–1.79%. The RSD for the ISE was in a range of 0.30%–0.68% and the recovery rate was between 100.0% and 100.9%. For the analysis of ILs, the recovery rate by CE was determined to be 104.4–105.7%. The RSD of the CE method was 3.78%. The CE operated with an injection volume in the nanoliter-range; in contrast to ISE where for each measurement 2 mL of the diluted sample were needed.



Hyphenated techniques of IC and CE with mass spectrometry were published sparsely, at least regarding the analysis of ILs. Pyschik et al. reported a method for the determination of anions of ILs by IC hyphenated to electrospray ionization-mass spectrometry (ESI-MS) [148]. The stability of 1-methyl-1-propylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR13TFSI) and 1-methyl-1-propylpyrrolidinium bis(fluorosulfonyl)imide (PYR13FSI) was investigated as well as the influence of different Li salts (LiPF6, LiTFSI and LiClO4) on the decomposition. In comparison to previous thermal aging works, the samples were stored at elevated temperatures (60 °C) for six months. In all samples, the formation of hydrolysis-based decomposition products of the hexafluorophosphate anion and HF was witnessed. However, no decomposition products of PYR13FSI were detected, when mixed with LiTFSI. In contrast, PYR13FSI mixed with LiPF6 and LiClO4 formed several decomposition products. Moreover, PYR13TFSI did not show any degradation products mixed with any electrolyte salts.



Based on the same methodology, the thermal stability of IL cations was investigated [149]. PYR13TFSI, PYR13FSI, PYR14TFSI and EMIM TFSI were stored at different temperatures (room temperature and 95 °C) and analyzed with an IC-ESI-MS setup. The influence of LiPF6, LiTFSI and LiClO4 was analyzed in a long-term stability study at room temperature and 60 °C. It was shown that the side chain of the main molecule cleaved and reacted subsequently with the main cation molecule forming new decomposition products. In comparison, any influence of the three different Li salts could be excluded, since no additional decomposition products were found. However, regarding the influence of the counter ions, different decomposition products were formed in the presence of the investigated FSI− and TFSI−.



The same group further investigated the stability of IL cations [150]. While applying the same samples and sample treatment, the performance of the IC-ESI-MS method and a newly developed CE-MS method were directly compared. The LODs and LOQs were calculated for both methods and compared with each other. The LODs and LOQs for CE method were in the range of 0.3–2.1 mg/kg and for the IC method 34.9–455.2 mg/kg. Due to the lower LODs, several new decomposition products could be determined. Furthermore, quantitative analysis was carried out, since standards were available. The PYR14+ concentration decreased by 4% at 60 °C, while the PYR13+ and EMIM+ concentration decreased by more than 10% aged at 60 °C in contrast to the sample which was aged at room temperature.



The first investigations focusing on the gassing behavior of IL-based electrolytes were performed by Chancelier et al. [151]. Besides DSC and TGA measurements the gases emerging from 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide BMIM TFSI and PYR14TFSI with LiTFSI at 350 °C were investigated. Several hydrocarbons besides trifluoro methane were identified and the nature of present hydrocarbons was reported to change with the utilized cationic species. In follow-up studies of the same group, the stability of IL-based electrolytes in lithium titanate (LTO)/NCM-based cells was investigated and compared to standard organic carbonate solvent-based electrolytes [152,153]. The cells were cycled at 60 °C and the emerging gases obtained after 100 cycles. The gases were analyzed by gas chromatography-Fourier transform infrared spectroscopy-flame ionization detector (GC-FTIR-FID) and gas chromatography-thermal conductivity detector (GC-TCD) and the DEC/EC-based electrolyte showed the most prominent signals for small hydrocarbons like ethane and propane. In the case of BMIM TFSI being used as solvent, fluorinated decomposition products and carbon monoxide, methane, propane and butane were identified. Overcharge experiments of the cells showed the same main decomposition products. However, the signal intensity of the alkanes–especially methane and butane–were increased and the authors concluded that the stability of the cation and its side chains was decreased in this case.




3.3. Non-Aqueous Electrolyte Analysis


State-of-the-art electrolytes are typically based on LiPF6 in a mixture of linear and cyclic carbonates for optimum conductivity reasons. The feasibility of separation and both qualitative and quantitative analysis of various linear carbonates by GC utilizing an argon ionization detector was first reported in 1961 by Gudzinowicz et al. [154]. However, the application of chromatographic methods in the early stages of LIB research was rare. A brief summary of the publication numbers researched by the authors of this review is shown in Figure 5. Especially the utilization of GC techniques to analyze LIB electrolytes increased drastically, which will be reviewed in subchapters concerning the respective analyses and instrumentations. Next to the classically applied hyphenation techniques (e.g., LC hyphenated to conductivity detection or GC-FID for liquids or GC-TCD for gases), a large variety of separation-detection combinations was reported to comprehensively target the analytical questions of interest in the respective study (i.e., quantitative analysis, high-sensitive detection, structural elucidation, routine analysis, etc.).



In 1994 Yoza et al. reported a separation of monofluoro phosphate (MFP) and difluoro phosphate (DFP) using an isocratic HPLC method [155]. An anion exchange column was utilized, and a post-column chromogenic reactor was applied. The method was able to separate MFP and DFP from polyphosphates introduced as reference samples, while the hexafluorophosphate (PF6−) anion did not elute in the isocratic setup. Ultimately, the authors reported the elution order of the investigated phosphates in the utilized system. While investigating analytes with relevance in to LIBs, the authors did not explicitly refer to battery research.



Arakawa et al. investigated the anodic oxidation reactions of EC and PC in presence of different conducting salts in lithium metal cells [156]. The emerging gases were sampled by evacuation using a vacuum line, and then investigated by GC-MS. Therefore, a packed polyethylene glycol (PEG) column (3 m) at isocratic oven temperatures of 30 °C was used. Besides carbon dioxide, different signals were obtained some of which could be identified and assigned to the degradation of PC; identification of decomposition products originating from EC were not reported.



The storage behavior of charged cylindrical cells with an electrolyte consisting of 1.5 M LiPF6 in EC, DEC, methyl propionate (MP) was investigated by Ohta et al. [157]. The authors reported the presence of different permanent gases–nitrogen, oxygen, methane, carbon monoxide and carbon dioxide–after storage at 60 °C for 20 days. The produced amount of gas (3 days; 85 °C) was proportional to the specific surface area regardless of the carbonaceous material that was used. Measurements of the liquid residues after 10 days of storage at 85 °C were showed signals that were assigned to DMC, EMC and ethyl propionate. However, the applied analytical method was not specified for the analysis of permanent gases and the analysis of the liquid residue was noted as GC without further information or inclusion of chromatograms.



Kominato and coworkers investigated surface films on lithium (EC:DMC electrolyte 1:1 with LiPF6 among others) after electrochemical treatment [158]. Temperature-programmed decomposition mass spectrometry (TPD-MS) was used for the evolving gases depending on decomposition temperature (30–500 °C) mainly methane, water, carbon monoxide, methanol, carbon dioxide and ethylene were found. Gases generated between 30 °C and 200 °C were trapped and analyzed with GC-MS, reaction of carbonates with lithium were postulated due to a large variety of organic decomposition products showing the feasibility of this method for mechanistic deduction. In addition, lithium-containing carbonates were found as main decomposition products and a first decomposition scheme was postulated. After solvation of the film in water, the total amount of LiF in the system amounted up to a third of the total lithium in the film. A similar study focusing on a mixture of DEC and EC (1:1) as carbonate solvents was published by Mori et al. from the same research center [159]. The application of TPD-MS as valuable tool regarding thermal analysis was confirmed.



The behavior of the electrolyte during film formation in LCO graphite cells was examined by Yoshida et al. [57]. LC-FTIR was applied to investigate changes in the composition of the carbonate solvents and the conducting salt. Thereby, the transesterification to DMC and DEC was named the predominant aging mechanism in EMC-based electrolytes for the first time. Furthermore, a variety of other aging products was identified as dimethyl-2,5-dioxahexane dicarboxylate (DMDOHC), ethylmethyl-2,5-dioxahexane dicarboxylate (EMDOHC), and diethyl-2,5-dioxahexane dicarboxylate (DEDOHC). Their structure was verified by comparison to specially prepared standards and the presence of the respective compound in DMC- and DEC-based electrolytes was proven. Moreover, the formation gases emerging in single component and mixed carbonate systems were sampled and analyzed by GC-TCD. These experiments exhibited a variety of different permanent gases ranging from hydrogen, carbon monoxide and dioxide to hydrocarbons in different volume fractions. This thorough study is highly cited as it shows high analytical value and serves as an important reference for further investigations with regard to transesterification and the formation of carbonate dimers.



Johnson et al. presented the ability of GC-MS to identify the main carbonate solvents within their study of commercially available LIBs but without detailed specification of the system properties [160]. While Blomgren already discussed the findings of Yoshida et al. in an article about electrolytes for lithium and lithium ion batteries [57,129], they also suggested the formation of carbonate dimers and discussed lithium ethoxide as main catalyst for this reaction.



Heider and coworkers reported of the use of GC, GC-MS and headspace (HS)-GC for the identification of impurities of pristine electrolytes [161]. Their studies involved the analysis of the electrolytes by GC and GC-MS and the first decomposition products of the conducting salt (LiPF6) were reported. POF3 and other unknown species were detected using different GC-setups and detectors but could not be structurally resolved. Anyway, the hydrolysis of PF6− was revealed with chromatographic methods for the first time.



Kumai and coworkers investigated the gas release of cells during electrochemical cycling, also with overcharge conditions (Figure 6) [162]. Using GC-FID and GC-TCD, hydrocarbons (mainly methane) and permanent gases (predominantly carbon dioxide most likely generated from oxygen release and subsequent reactions from the cathode) could be analyzed. In addition, after cycling, the electrolyte was leached with acetonitrile as solvent and the changes compared to the initial composition could be analyzed using GC-MS. It could be shown that ester exchange reactions occur during long term cycling (2000–3000 cycles; SOH 50%). They also suggested the electrochemical decomposition of the conducting salt LiPF6 and formation of phosphate esters, these findings are in accordance with the findings of Heider et al. [161].



3.3.1. Liquid Chromatography


After first approaches of chromatographic analysis of both the conducting salt (although not in the LIB context) [155] and investigations of the carbonates [57], we report on publications relevant to liquid chromatography (LC).



Gourdin et al. investigated the aging of an electrolyte (1.2 M LiPF6 in DEC, EC, PC (4:3:1)) during the initial charging step of a lithium ion capacitor (Figure 7) [163]. The aim of this study was the separation and identification of electrolyte-soluble products after film formation using LC-MS. Several aging products were detected after exposing the electrolyte to elemental lithium; the amount increased after the first lithiation step. Structural elucidation was performed by a detailed analysis of the obtained mass spectra. Thereby, probable structures for decomposition products could be suggested. With regard to mechanistic inferences, one-electron transfer and resulting carbonate oligomers were discussed and mechanisms were proposed.



Liu and coworkers studied the effect of vinylene carbonate (VC) with regard to effects of the electrolyte aging in LIB cells (lithium iron phosphate (LFP)/graphite) at elevated temperatures of 60 °C [164]. They concluded a positive effect of VC in the electrolyte regarding the decomposition behavior of LiPF6 and carbonates due to decreased formation of phosphate esters and carbonate oligomers. In an analogous study, Liu and coworkers investigated VC in a setup using a different carbonaceous electrode (LFP/hard carbon) also at elevated temperatures [165]. They concluded that VC positively affects the cycling performance by the formation of thermally resistant organophosphates that were claimed to prevent further degradation of the electrolyte at elevated temperatures. Consequently, they also investigated the influence of VC in NCM/graphite cells also at elevated temperatures [166]. The results align with previous studies as VC can trap free alkoxide anions leading to a pronounced reaction of EC with phosphorous compounds. The resulting film appears to be thermally resistant which improves the cycling performance. The results of subsequent studies led to a reaction scheme, explaining the formation mechanism of primary cyclic organophosphates that form on carbonaceous anode materials, although the electrochemical context was more in focus than the analytical point of view.



In the beginning of 2015, Schultz et al. developed a HPLC method with UV/vis detection for the separation and quantification of organic electrolyte components of LIBs [56]. Especially focusing on analytes with high boiling points that are not GC-accessible, this method shows good detection limits for the analytes of interest (LODcarbonates 110–380 ppm). Impurities as well as solvents could successfully be identified. Their results were interrelated with GC-based methods eventually recommending a combination of both methods for comprehensive analysis of LIB electrolytes.



In the same year, Tochihara and coworkers worked on a subject investigating the films on both electrodes after electrochemical cycling for structural elucidation of electrolyte degradation products [167]. The cycled cells were opened, and the electrodes underwent ultrasonic treatment using anhydrous acetonitrile. Subsequent analysis was performed with LC-MS using a high-resolution MS (QToF-MS); with a high resolution detector, probabilities regarding the structural elucidation were adequate. Several decomposition products i.e., carbonate oligomers and phosphate esters were found in the washing solution of the electrodes.



Via a rapid communication in 2016, Takeda and coworkers investigated the decomposition products of electrochemically aged electrolytes with LC-ESI-MS [168]. They found several decomposition products including carbonate oligomers, organo(fluoro)phosphates (also dimers) and intermixtures and gave a mechanistic estimation of possible formation that extended previous schemes of that kind. It was concluded that elevated temperatures enhance the variety and quantity of decomposition products in the electrolyte.



Kraft et al. investigated the species variety and quantity of organophosphates in electrochemically and thermally treated electrolytes [169]. They developed a LC-MS/MS method with multiple reaction monitoring that revealed total quantities of two exemplary organofluorophosphates in a range between 0.02 and 0.16 wt.%. The aging of the electrolyte was performed at 95 °C (thermal aging) and at elevated cut-off voltages of 5.5 V (electrochemical treatment) in LiNi0.5Mn1.5O4/Li cells. The authors also studied suppression effects caused by matrix for four different organo(fluoro)phosphates, which provided analytical insights of this highly relevant substance class.



The work of Schultz et al. in 2016 shows structural elucidation of carbonate decomposition products of LIB electrolytes using a novel LC-IT-ToF-MS method [55]. With the use of MSn analysis, high reliability in terms of structural elucidation of oligocarbonates comprised of up to four carbonate monomer units could be shown. Furthermore, organo(fluoro)phosphates could be detected using this method. As long-chain oligomers were found in the electrolyte, they proposed a correlation or equilibrium between SEI components at the anode and decomposition products in the electrolyte phase. In a subsequent approach in 2017, Schultz and coworkers focused on the quantitative investigation of LIB electrolyte decomposition products [170]. Therefore, a HPLC-MS/MS method was developed using multiple reaction monitoring (MRM) mode for the electrolyte main components, i.e., solvent molecules and selected aging products. They could provide decent detection limits in the low ppb-range for the decomposition products of the carbonate and the conducting salt decomposition route. Concluding, with the addition of water (thermal treatment of electrolyte) and with elevated cut-off voltage (electrochemical treatment of electrolyte in LIBs) the formation of decomposition products is much more pronounced. Both studies used LC separation of species and could show a comprehensive understanding in terms of both structural elucidation (LC-IT-ToF-MS) and quantification (LC-ESI-MS).



In 2018, Henschel and coworkers presented an application of hydrophilic interaction liquid chromatography (HILIC) with ESI-MS and IT-ToF-MS detection [171]. Focusing on the decomposition route of LiPF6, both acidic and non-acidic organo(fluoro)phosphates could be identified with this method showing the comprehensive features of this method. Further insights into the structural diversity of phosphorus-based decomposition products were given by Henschel et al. in a follow-up study [172]. They found a high complexity of thermally aged electrolytes revealing 118 decomposition products (77 organophosphates, 28 organofluorophosphates and 13 cyclic organo(fluoro)phosphates) from which the majority was not known yet. A high structural certainty could be provided as MSn was used in combination with different chromatographic separation techniques (RP and HILIC). Thus, comprehensive species information and high mass accuracy were proven to deliver credible qualitative results of decomposition compounds.



Bloom et al. investigated the effect of electrochemical overcharging of NCM/graphite cells [173]. The anode was scraped off the current collector and reconditioned in several steps for HPLC-MS analysis. The authors concluded the presence of organophosphates as reaction products of the decomposition route of the conducting salt.




3.3.2. Ion Chromatography


The first mentioning of IC in the LIB research context was presented in a paper by Tasaki and coworkers in 2003, dealing with the decomposition of LiPF6 and the stability in water and organic electrolyte [174]. Although theoretical calculations were in focus, IC was used for further analysis in this regard. It was concluded that the salt had a better stability in pure water compared dilution in organic carbonates with trace amounts of moisture.



A decade later, in 2012, Terborg et al. determined hydrolysis products of hexafluorophosphate (with different cations: Li+, Na+, K+) salts by IC and both UV/vis and conductivity detection [126]. Different columns were evaluated in terms of species separation eventually proposing a reaction pathway (hydrolysis) of the PF6− anion. In 2013, Terborg et al. explored the thermal aging and the hydrolysis mechanism of commercial electrolyte for LIBs with IC coupled to ESI-MS and ICP-OES [175]. An electrolyte salt decomposition mechanism was proposed after decomposition products could successfully be analyzed. The separation showed room for improvement as isocratic separation was used in this study. Nevertheless, the authors suggested a stronger influence of temperature on the decomposition of the conducting salt compared to the influence of moisture.



In 2014, thermal decomposition products of LIB electrolytes were studied via IC-ESI-MS by Kraft and coworkers [49]. Commercially available LIB electrolytes were investigated using IC columns with different capacity and stationary phases. Several new organophosphates were identified using IC-ESI-MS/MS including the possible reaction pathways of formation. Two-dimensional separation of compounds was recommended as procedure for future investigations, which was reported in 2015 with a developed two-dimensional IC technique with heart-cutting mode to separate ionic organophosphates in thermally aged LIB electrolytes [50]. The previously developed method was optimized by the separation of organophosphates from PF6− as highly concentrated analyte (Figure 8). On a second column, the species of interest were separated by probing several columns and eluent compositions. Eventually, groups of chemically similar compounds could successfully be baseline-separated. Moreover, proof of principle investigations were conducted with ICP-MS hyphenation, exhibiting the possibility of quantification of different groups of compounds. Mechanistic conclusions and identification of several OPs could be gained as well as conclusions about retention behavior on different columns. In the same year, Kraft and coworkers demonstrated an in-house developed method for the investigation of thermally decomposed LIB electrolytes by using IC-ESI-MS and GC-MS [176]. They studied the thermal decomposition behavior and proposed a reproducible thermal aging procedure for LiPF6-based electrolytes in a temperature range between 60 °C and 80 °C for two to three weeks. In addition, they supported the findings of Handel and coworkers and showed a strong influence of glass towards aging [177]. Glass vials or similar materials showed BF4− in the electrolyte as a reaction product of HF and boron oxide (as component of the glass).



Menzel and coworkers proceeded previous works of this group [49,50] and implemented a quantitative analysis technique for acidic organo(fluoro)phosphates using 2D-IC-ICP-MS hyphenation (Figure 9) [178]. The composition of a thermally aged electrolyte (with water addition) could be characterized (with ESI-MS) and simultaneously quantified, while focusing on the decomposition pathway of the conducting salt. The authors concluded a high influence of moisture in the system affecting the decomposition behavior of the electrolyte as quantities of decomposition products increased immensely depending on the amount of added water.



In 2018, Stich and coworkers compared the hydrolysis of LiPF6 in carbonate-based electrolytes for LIBs and in aqueous media [179]. They proposed the reaction of POF3, an intermediate of the decomposition route of the conducting salt, to be fast in order to align with the results of their study. Furthermore, the decomposition of LiPF6 in organic electrolyte does not follow rate laws of first or second order. Therefore, a kinetic model was proposed for the degradation pathway. As experimental data is missing, the adaptability of the model could not fully be verified.




3.3.3. Pyrolysis-GC-MS


A solid sample introduction system utilizing pyrolysis (PY) prior to a GC-MS system was reported in literature to investigate the active material surfaces. For the elucidation of surface films and reactions occurring at the interphases and interfaces, this branch of GC-based investigation was first reported in the LIB research context.



In 2001, Ota et al. investigated the SEI on graphite with moderate charge/discharge condition [180]. TPD GC-MS was used for the analysis of the thermally decomposed SEI components with a similar setup that was reported by Kominato and coworkers [158]. Analogously to previous findings, carbon dioxide and sulfur dioxide (electrolyte PC:ethylene sulfite (ES)) and ethylene glycol were the main decomposition products (reductive decomposition of both PC and ES). In addition, IC was used for the analysis of Li+, CO32−, SO4− and F−. The use of pyrolysis or TPD GC-MS, respectively, was reported in a similar manner by Sano and coworkers in 2009, where they investigated the film on graphite surfaces by the analysis of trapped gases after pyrolysis [181]. The sample was heated to 200 °C after washing and drying. The emerging gases were trapped at −70 °C and introduced into the GC-MS system. The m/z ratios of polymerized 1,3,2-dioxathiolane-2,2-dioxide and ethylene oxide were identified.



In 2001, Ogumi et al. investigated the surface film formation on graphite flakes versus lithium metal without any binder addition to analyze the formed layer solely [182]. The method of choice was PY-GC-MS, which is schematically displayed in Figure 10. They could show that ethylene carbonate is reductively decomposed and forms a polymer-like structure with repeated oxyethylene units. Ethylene glycol and its oligomers but also monomers that could indicate crosslinking of the polymer could be separated with this analytical setup. Structural elucidation on an active material other than lithium was performed for the first time, they suggested that mainly cyclic EC is forming the SEI layer and that linear carbonates (DEC in that case) play only a minor role.



In 2003, Mogi and coworkers investigated the decomposition of alkylated carbonates on lithium metal using PY-GC-MS in two analogous studies [183]. After pyrolysis, separation and detection a mechanistic approach with regard to the decomposition mechanism was attempted to explain the found pyrolyzates. A comparison of the decomposition mechanism of EC on lithium and in the pyrolyzer were interrelated with respective reaction pathways. The formation of lithium alkoxides and/or lithium alkyl carbonates from linear carbonates could be shown. Furthermore, the elimination reaction of FEC to HF and VC was suggested since the film-forming properties of the electrolyte additive FEC could be shown with this analytical technique. A reaction pathway also indicating the formation of dimers initiated and accelerated by FEC were reported. Structures similar to the previously reported DMDOHC, EMDOHC and DEDOHC where the carbonate monomers are connected via a C3 bridge (most likely originating from PC) were detected. Since the formation of a uniform surface film is faster in presence of FEC, improved cycling efficiency is attributed to the additive. Eventually, a LiPF6-based electrolyte showed a much smaller amount of organic compounds and a more pronounced formation of inorganic compounds in the surface film compared to the electrolyte that used LiClO4 as conducting salt.



In 2017, Börner et al. showed the use of pyrolysis as an analysis technique for the investigation of surface films of commercial 18650-type cells [115]. The anode surface film of cells that were cycled at different temperatures to an SOH of 80% was investigated. They could show that with the sample introduction of pyrolysis individual compounds of the electrode organics, electrolyte residues and decomposition products can be analyzed. Oligocarbonates as well as organophosphates could be found in electrochemically aged electrolyte; these findings were attributed to the stability of the SEI in terms of more effective formation.




3.3.4. GC Investigations on Electrolyte Components


After first works, GC-based analysis of electrolyte components was widely used for structural elucidation of decomposition products and mechanistic conclusions as well as to obtain information about the degree of decomposition of LIB electrolytes.



In 2001, Sloop and coworkers investigated the chemical reactivity of PF5 in electrolyte solvents (EC/DMC) [127]. By using GC to compare decomposition products, it could be observed that both in a system of LiPF6 in the solvent mixture and the solvent mixture with PF5 gas show similar decomposition products. Thus, the equilibrium of LiPF6 and LiF + PF5 is crucial when investigating electrolyte decomposition.



Zhang et al. studied high power 18650 cells after cycling with GC-FID [184]. The electrolyte was extracted from the separators using a mixture of dichloromethane (DCM) and water and pure DCM. They obtained a signal for DEDOHC, which was linked to a reaction of PF5 gas and performed experiments using DEC and PF5 gas to externally generate this bis carbonate. Among other reasons, the cell power loss was attributed to the decomposition of the conducting salt in the electrolyte at elevated temperatures.



Aurbach et al. published a study also focusing on cylindrical 18650 cells [185]. GC-MS was again proven a valuable tool for the post mortem analysis of the electrolyte showing trans-esterification of EMC, organic fluorinated compounds as well as organofluoro phosphorus compounds. The combination of high-resolution MS, spectral database comparison and chemical ionization for molecular weight confirmation gave comprehensive identification of compounds.



Ravdel and coworkers investigated the thermal stability of several electrolyte compositions [39]. GC-MS was used for analysis of thermally treated electrolytes; a distinct temperature-dependency with regard to the extent of decomposition and the variety of decomposition products could be determined with GC-MS. The formation of a variety of organophosphorus decomposition products could be proven. In this regard, EC free electrolyte was used, thus, from a mechanistic point of view the formation of organofluorophosphates was further resolved. The phosphorous decomposition products contained alkyl side chains depending on the linear solvent used (DMC → methyl, DEC → ethyl, EMC → ethyl).



Another approach to understand the reactivity of PF5 in a LIB electrolyte was conducted by Sloop and coworkers [128]. Solutions of 1 M LiPF6 in EC/DMC or EC/EMC were heated in sealed glass vials under He atmosphere. The solutions were analyzed in regular intervals by GC-FID. Furthermore, pure LiPF6 was heated to 100–120 °C and the emerging gas was led through a vacuum line to a cooled mixture of EC/DMC. Then, the EC/DMC mixture was slowly warmed after the release of excess PF5. Sample preparation was done by dilution in DCM or quenching with excess water and DCM extraction in a comparable way to Zhang and coworkers [184]. The aqueous samples were investigated by HPLC and CE, the DCM samples by GC or GC-MS. DMC, DEC and the three transesterification products were found by GC analysis proving the equilibrium of LiPF5 and PF5 to be crucial with respect to decomposition reactions. The same decomposition products were obtained in analogous sampling of 18650-type cells. The presence of the transesterification products and polymers was confirmed by gel permeation chromatography (GPC).



In 2004, Campion and coworkers investigated the suppression of toxic alkyl fluorophosphate compounds in thermally treated LIB electrolytes [41]. They could show that quantitatively 30–50% of the initial hexafluorophosphate is converted to mono- and di-fluoro-ethylphosphate compounds (1 M LiPF6 in DEC). By using GC-MS and NMR an autocatalytic decomposition scheme of LiPF6 including decomposition products could be postulated. They showed that thermal decomposition is inhibited or at least less pronounced, when strong Lewis bases are present to stabilize the equilibrium of LiPF6 and PF5. The accumulation of POF3 that would be the consequence of this kind of decomposition scheme was not investigated further.



In a second study, the thermal decomposition of LiPF6-based electrolytes was again in focus of Campion et al. by using GC-MS [40]. Addition of PF5 and POF3 (a hydrolysis products of PF5) to electrolyte solutions were investigated by GC-MS. The obtained product distribution of the thermally treated electrolyte was also confirmed by NMR data. Again, an autocatalytic mechanism was suggested. The authors also proposed that the minimization of protic impurities should improve the thermal stability of the electrolyte radically; those impurities enhance the autocatalytic decomposition cycle and DEC reacting to ethylene as driving force for decomposition.



Sasaki and coworkers studied the formation of alkyl dicarbonates with an electrochemical aging setup in Li metal cells [53]. They concluded that lithium alkoxides are the active species for the formation of dicarbonate species, which occurs through a two-step nucleophilic reaction. The experimental setup involved pure solvent molecules as well as different electrolyte formulations. Identification of species was performed using GC-MS with LODs given at 1 ppm. In a second study, they tried to suppress the formation of carbonates via addition of VC as sacrificial carbonate and surface modification of the graphitic anode [52]. Free alkoxide anions could successfully be trapped forming cyclic carbonate compounds with alkoxide substituents. These results appeared to show this benefit of VC as electrolyte additive or co-solvent as it was shown to enhance the cycle and power performance.



Gireaud et al. showed a dependence of the material size and electrolyte regarding the electrolyte decomposition behavior [186]. GC was used for separation; detection was performed with a high resolution-MS also using chemical ionization for structural elucidation of compounds. Polyethylene glycol-like compounds that also showed crossover reactions with carbonate molecules could be identified. This study was the first using high resolution-MS for structural elucidation of electrolyte decomposition products in the LIB context.



Li and coworkers investigated thermal reactions of electrolyte with the surface of metal oxide cathode (LiNi0.8Co0.2O2 and LiCoO2) particles [187]. They claimed that the thermal stability of the electrolyte at moderately elevated temperatures (60–100 °C) is enhanced due to the cathode particles but transesterification products were obtained. The experiments were conducted in glass vials at elevated temperatures, which could be problematic due to interactions of electrolyte decomposition products and the glass [177]. In a following study, they investigated the storage behavior of different cathode materials in a DMC, DEC, EC (1:1:1) electrolyte with and without dimethyl acetamide as stabilizer at different temperatures [188]. The changes in the liquid electrolyte of RT and 85 °C experiments were investigated by GC-MS. No changes could be observed for LiNi0.8Co0.2O2, LiCoO2, and LiMn2O4. The active material LiFePO4 showed bulk electrolyte decomposition when stored at elevated temperatures without additive.



A similar study compared to Li [187] was conducted by Xiao et al. showing transesterification products of electrolyte carbonates in the presence of anode material and at elevated temperatures [189]. It appears that the carbonaceous anode material does not inhibit any decomposition reactions in contrast to the findings of Li et al. Additionally, the surface film increased depending on the length of storage time and the temperatures which was concluded due to the presence of PEG-like oligomers.



A mechanistic approach was conducted by Gachot and coworkers to decipher the degradation mechanism of carbonate-based electrolytes of LIBs [190]. Electrolytes were electrochemically aged at low potential in a lithium-based cell in this regard. Previous findings were summarized in a well-organized manner and new results were implemented for the postulation of several reaction mechanisms. The authors also differentiated between the pure chemical and the electrochemical formation of species in the regard of formation of oligocarbonates. They postulated an electrochemical initiation of the decomposition that evolved chemically due to the formation of reactive intermediates resulting in a highly diverse reaction cascade (Figure 11).



Yang and coworkers studied six different electrolytes with different solvents (PC, dimethoxy ethane, 1,3-dioxolane) and 4 different conducting salts for lithium metal application [191]. As the group of Lucht proposed before [187], dimethyl acetamide (1% addition) inhibited the decomposition reaction of the electrolyte. For the current state-of-the-art conducting salt, POF3, dimethyl ether, diglyme were found as aging products in a thermally treated electrolyte.



Eom et al. investigated the effect of VC on the storage behavior of 18650-type cells at elevated temperatures [192]. The gas was collected after the storage experiment time and then investigated using GC-TCD. The addition of VC showed a decrease of methane evolution during formation and thus a stable SEI formation. The residual electrolyte and thus the remaining VC was investigated using GC-FID. The formation of DEC seems to be less pronounced when VC was still present in the electrolyte and not consumed due to film forming reactions. These findings align with the proposition of VC as sort of sacrificial carbonate as it was proposed before [52].



This influence on the formation of bis carbonates was also studied by Petibon et al. [193]. The aging of different electrolytes in LCO/graphite and NCM/graphite pouch cells was investigated. The electrolyte was extracted by DCM, filtered and the ionic species were removed by water addition. The additive consumption as well as the possible inhibition of emerging bis carbonates was quantified by means of GC-MS. An addition of VC to the electrolyte prevents the conversion of EMC to DMC and DEC. The majority of VC consumption could be connected to the formation cycle. However, VC is, depending on its initial concentration, not completely consumed. It was shown, that the residual VC was then consumed slowly during the following cycling procedure. The formation procedure concerning the influence of additives towards VC was further investigated in 2014 [194]. The impact of the electrolyte additives methyl phenyl carbonate (MPC) and ethyl phenyl carbonate (EPC) and diphenyl carbonate (DPC) was investigated in presence of VC in NCM/graphite pouch cells. All additive mixtures suppressed the EMC transesterification, which was obtained at weight fractions of 20% in the control [195]. In 2016, Petibon et al. analyzed 10% FEC in LP57 in LCO/Si-alloy:graphite pouch cells [196]. The reactivity of LiOR towards the electrolyte, especially in relation to the transesterification was investigated in the supplemental information of this study. FEC inhibited the transesterification while EC-OMe and EC-OEt were assigned to emerging signals (MS-spectra given). However, the electrolyte without FEC addition showed the reactivity reported in preceding papers of the group.



In 2011, Gachot and coworkers showed the importance of GC-MS to investigate degradation products in LIB analysis [197]. Especially for analytes in the lower mass range that are highly volatile, this paper demonstrates the importance of GC as analysis technique. Volatile compounds were collected after charge/discharge cycling and investigated using a sophisticated experimental setup (Figure 12). Carbonate oligomer as well as phosphate-based decomposition products could be identified successfully. The decomposition products were also assigned whether they originated from thermal degradation or the reduction of cyclic or linear carbonates.



Lithiated carbonaceous material and electrolytes was investigated by Gachot and coworkers in 2012 [54]. Using the same injection system as in previous studies [197], the authors could elucidate a large variety of highly volatile compounds that form using lithiated and delithiated graphite that is even more diverse at elevated temperatures. With that, conclusions of electrolyte solvent molecules and their influence on the SEI were possible also with regard to the solubility of the SEI itself. In a follow-up study, Gachot et al. investigated an electrolyte consisting of LiPF6 in DMC/EC (1:1 w/w) which was heated to 200 °C in presence of LiC6 [198]. The volatile compounds were investigated by GC-FTIR and GC-MS. A wide variety of signals was obtained; some signals could only be seen using one detector, others are identified by both detectors. The compounds range from light hydrocarbons, carbon monoxide, carbon dioxide and small ethers to different esters and alcohols. Furthermore, methyl fluoride and ethyl fluoride were identified. The authors also investigated a commercially available cell that was bloated after charge/discharge cycling. Carbon monoxide, carbon dioxide, light hydrocarbons and different fluorinated alkanes, could be detected by either GC-FTIR, GC-MS or both experiments. The remaining liquid phase showed DEC, PC and EC with tert-amylbenzene as additive. Furthermore, DEDOHC, the transesterification product glycol group and 2-((diethoxyphosphoryl)oxy)ethyl ethyl carbonate were identified. They presented this method as a valuable tool for safety investigations of LIBs.



Kim et al. investigated the electrolytes containing different linear carbonates (DMC, EMC, DEC) in mixtures with EC [199]. The electrolyte was recovered from cells at different charge steps of the first cycle (C/50) and the emerged amount of DMDOHC, EMDOHC and DEDOHC was quantified (normalized versus EC). It was shown that DMDOHC and DEDOHC are predominantly formed at distinct potentials vs. Li/Li+ (~0.12 V; 0.6–0.9 V). This study proved the applicability and compatibility of analytical methods for LIB electrolytes. They also followed a mechanistic approach for the formation of the bis carbonates using several educts and showed different reactivity in this regard.



In 2014, Terborg et al. showed a newly developed method using GC-MS and GC-FID for the analysis of organic carbonate-based LIB electrolytes [200]. In addition, a headspace approach was conducted for the analysis of LIB electrodes and separators. All common carbonates that are used in LIB electrolytes were both separated and quantified with GC-FID. Real sample investigation including MS analysis showed the applicability of the developed method. Using HS-GC-MS, solid samples like electrodes and separators could be investigated and electrolyte compounds of interest were identified. Using this developed method (amongst others) of their working group, Grützke et al. reported the investigation of electrolyte after supercritical carbon dioxide extraction [201]. Method development for extraction could successfully be shown as well as real sample investigation. GC-MS (also including chemical ionization), GC-FID and IC were used for the analysis of extracted electrolytes. Carbonate oligomers could be identified as aging products as well as transesterification of solvent carbonates; LiPF6 was not extracted (only in traces) using this method. The combination of different chromatographic techniques exposed a comprehensive overview of extracted compounds. In a second study, a supercritical (and liquid) carbon dioxide extraction procedure also using additional solvents was presented by Grützke and coworkers [202]. As shown before, identification and quantification using GC and IC-based techniques could successfully be conducted also including the extraction of the conducting salt. Almost quantitative recovery rates could be achieved using a solvent-assisted liquid carbon dioxide extraction.



In this regard, Liu et al. investigated the extraction of an electrolyte (DMC, EMC, EC; 1:1:1) from a separator by static supercritical fluid extraction (SFE) [203]. The extract was afterward analyzed by GC-MS and no significant difference between the pristine electrolyte and the extract was obtained. They also put the SFE in the context of electrolyte recovery to prevent environmental pollution and to reduce waste of resources through a possible recycling approach. Liu et al. also investigated the extraction of a DMC/EMC/EC (1:1:1) from a polypropylene separator by flow-through SFE at different pressures in 2016 [204]. DEC was used as the internal standard after the extraction to resolve potential variations in the sample preparation/instrument behavior. The recovered electrolyte was quantified by GC-FID and the amount of regained carbonates were time resolved for different extraction times. The standardization using DEC could be problematic as the influence of the extraction in the regard of transesterification was not refined in this work.



In 2017, Mönnighoff et al. investigated commercially available 18650-type cells and studied the influence of the electrolyte on the strong capacity fading they observed at different temperatures (20 °C and 45 °C) [205]. They could obtain different volatile organic aging products by investigations with GC-MS using EI and both positive and negative chemical ionization. As a result, 17 different compounds could be detected and identified from which seven compounds were not known to literature so far.



As methods that were developed for the analysis of lab cell size LIBs were available, the application for analysis of larger cells was also conducted by Grützke et al. in 2015 [51]. A study of the electrolyte of a field-tested hybrid vehicle with GC-MS, GC-FID and IC-ESI-MS was performed. Quantification of carbonate solvents could successfully be conducted as well as the quantities of ionic species in the electrolyte. Reactions of the carbonates and the conducting salt lead to the formation of organophosphates as it was reported before, thus, an extension of the decomposition pathway of the conducting salt was proposed.



Within the development of sample preparation methods, Horsthemke et al. investigated the influence of reduced pressure protocols applied during the manufacturing of 18650-type cells [206]. The used protocol was found to be non-destructive with respect to the ratio between the linear and cyclic carbonates. Furthermore, a short examination of the applied extraction procedure - centrifugation of the jelly roll in their case - was conducted and the authors found a discrimination of the linear carbonate in case of the analysis of certain cells. Due to the limited number of analyzed cells, a more precise investigation was recommended for future experiments.



Handel et al. investigated the influence of protic impurities on the thermal aging of LIB electrolytes [177]. The addition of water (also as trace moisture in cathode materials) at different temperatures was studied with HS-GC-MS. In addition, the influence of glass vials was investigated with headspace-GC-MS showing a large influence of the material in which the aging is conducted. The influence of undried active material was found to be small whereas the addition of moisture to the system resulted in a larger content of decomposition products.



Next to thermal and electrochemical aging, Ortiz and coworkers introduced radiolysis as a tool for accelerated aging studies of LIB electrolytes [207]. DMC and DEC have been treated by radiolysis experiments and the liquid decomposition products have been evaluated by GC-MS. They concluded that the detected electrolyte decomposition products were partially consistent with electrochemical aging procedures. Thus, radiolysis introduced a radical-induced decomposition to the reported model aging by thermal treatment or water addition. In a follow-up study of the aging procedure, the behavior of a PC electrolyte using radiolytical and electrochemical degradation was investigated with respect to the forming aging products in the gas phase and the liquid residue [208]. The addition of LiPF6 to the irradiated sample led to shifted intensities for the already identified compounds and the introduction of additional reaction products. Some could be assigned to (fluoro)phosphorous-containing species. This new model approach showed that radically induced decomposition might deliver decomposition products (on a short timescale) that are mechanistically closer to electrochemical than thermal treatment.



In 2015, an approach for the identification of organophosphates in LIB electrolytes was performed by Weber et al. via GC-based techniques and MS detection using different ionization principles [209]. To obtain a large variety of decomposition compounds thermal aging of the electrolyte was conducted. Fifteen organo(fluoro)phosphates could be identified and described by characteristic EI fragments. Mechanistic consideration led to the conclusion that electrolyte quality can be determined using typical decomposition products as fingerprint marker that could indicate the age or the aging of the battery electrolyte. One year later, a comprehensive study including GC-MS and IC-ESI-MS techniques was performed by Weber and coworkers [48]. They focused on acidic and non-acidic organophosphates as decomposition products of electrolytes from electrochemically treated LIBs (cut-off voltage >4.5 V vs. Li/Li+). GC-investigations focused on the non-acidic decomposition products. A high dependency of the applied upper cut-off voltage on the variety of decomposition products was discovered. In addition, new fingerprint compounds were determined (as reported before in [209]) to describe the electrolyte status in terms of aging. The possibility of the determination of the age of the electrolyte and concomitant the LIB is of high value with regard to safety and also recycling.



Börner and coworkers studied the degradation effects of commercial layered cathode materials [121]. In that context, HS-GC-MS was used for the investigations of electrolyte that was electrochemically aged at elevated cut-off voltages. The formation of organophosphates could be shown only in the framework of this study next to carbonate oligomers as described before. Evertz et al. showed the applicability of GC-MS and IC methods for the identification of aging products in electrolyte that were previously developed in this group [119]. Reliable information about oligocarbonates, transesterification products and fluoride content could be given as routine analysis by then.



The relative quantities of decomposition products in relation to their storage time (in shredded state) was examined by Grützke and coworkers [210]. Positive and negative chemical ionization was used to precisely describe a large variety of different decomposition products including phosphorous and oligocarbonate compounds. The method was optimized to separate all compounds of interest (28 signals) in a short analysis time of twelve minutes.



Michan et al. investigated the reduction products of pure VC and FEC emerging by a reaction with lithium naphthalenide [211]. The analytes of the liquid residue in their study showed traces of VC for the reaction of FEC. An elimination produces HF and VC as a reaction of FEC; this makes these two carbonates especially noteworthy for film formation in LIBs with FEC additionally delivering HF for the formation of inorganic LiF in the films.



Horsthemke and coworkers showed a fast screening method of the electrolyte of a commercial LIB cell using solid phase microextraction (SPME) hyphenated to GC-MS [212]. General electrolyte compounds as well as additives and decomposition products (oligocarbonates) could successfully be described with this easy and fast analysis technique. All cell components were investigated by the extraction technique and interrelated. In addition, alkane structures of the electrolyte of industrial cells were accessible with this setup. A subsequent study was focused on the enhanced availability of carbonate-based decomposition products achieved by the applied preconcentration method [213]. MS with chemical ionization was applied to achieve additional information and the assigned structures—namely carbonates with C3/C4 moieties—were verified by synthesized standards. The authors concluded that a carbon-carbon bond formation occurred during cell operation.



Strehlau et al. showed an approach for toxicological investigations of LIB electrolytes after liquid-liquid extraction and GC-MS investigation of a cell culture medium that was incubated with electrolyte [214]. The stability of carbonates in the medium was studied and it was concluded that transfer of organic carbonates through the blood-(blood-cerebrospinal fluid) barrier occurred in this experimental setup. The method showed decent recovery rates and analytical figures of merit. The highly relevant aspect of toxicity of electrolytes and the influence towards mammals in general was presented.



In the regard of possible toxicological influences of LIB electrolytes and their decomposition products, Stenzel and coworkers investigated organo(fluoro)phosphates using GC for the separation of species with a hyphenated ICP-sector field-MS [215]. After method development, thermally aged electrolyte could successfully be investigated giving quantities of the identified organophosphates as decomposition products of LIB electrolytes. In a following study, Stenzel et al. showed the applicability of derivatization of phosphorous species for simultaneous analysis of non-acidic and (previously not GC-accessible) acidic decomposition products with only one method [216]. The mainly formed decomposition products could be identified after silylation, which proves the possibility of simultaneous analysis of both non-acidic and acidic with GC-MS. The authors concluded that the silylation did not affect the electrolyte matrix significantly and that the influence on aging products was negligible.




3.3.5. Permanent Gas Analysis


A clear differentiation of typical permanent gases emerging from LIB electrolyte and the analysis of the liquid electrolytes is challenging. On the one hand, the solubility of various gases in organic electrolytes leads to their presence in analysis attempts with liquid injection; on the other hand, the low vapor pressure of the linear carbonates, their surrogates and decomposition products causes their presence in the gas phase. Nevertheless, different GC system and especially the selected columns provide a differentiation between analyses focusing on either the liquid phase or the permanent gases. The columns developed to analyze the permanent gases typically show high retentions for the linear carbonates while being able to separate the permanent gases of interest. Standard columns for liquid injections, on the other hand, typically lead to co-elution of permanent gases. A direct comparison of columns developed to separate permanent gases (Figure 13a,b; polystyrene-divinylbenzene-based, 20 µm film thickness) and the liquid constituents (Figure 13c; cyanopropyl polysilene-siloxane-based, 0.25 µm film thickness) was among others reported by Gachot et al. [198]. Thereby, the importance of choosing the column that is best suited for the respective analysis is shown. Diethyl carbonate is present in both the gas and the liquid sample of the investigated swollen pouch cell. However, the observed retention times are completely different with DEC being the last analyte eluting from the column (a, b) and exhibiting the lowest retention time in case of the liquid analytes (c). Furthermore, the experimental part and the supplemental information of this paper exhibit a comprehensive summary about all technically relevant information to analyze permanent gases—e.g., injector and detector temperatures and gas flows; oven program. Studies reporting analysis techniques for permanent gases in similar detail were done by Bai [217], Ortiz [208], and the Dahn group [195,218].



In the last two decades, the analysis of emerging gases by online electrochemical mass spectrometry (OEMS) has been frequently reported within the LIB context [219,220,221,222,223]. The method benefits in comparison to GC-based techniques from a time-resolved signal, which can be directly connected to the reactions occurring in the cells. However, analytes emerging at the same time are not separated from each other and thereby detected simultaneously. Therefore, the wide variety of emerging permanent gases, which often show similar fragments, cause complex mass spectra leading to challenging qualifications and quantifications. Although being an important analytical tool in the field of LIB analysis the OEMS technique is not in the focus of this review, as separation is not given.



The sampling of permanent gases and especially their quantitation leads to a variety of challenges. The accessibility of gases emerging in the cells is limited and requires specifically designed cells or devices to puncture the cell housings without affecting the cell performance. Furthermore, the amount of emerging gas during normal charge/discharge cycling is explicitly small. Several sampling methods, which are prone to sample losses, require the flushing of sampling loops or vials. Apart from typical charge/discharge cycling conditions, different reasons are known to induce the formation of higher amounts of permanent gases. Therefore, the presence of high amounts of permanent gases is strongly connected to four main reasons:




	a)

	
Gases emerging during cell formation procedure




	b)

	
Overcharge of the cells and related electrode/electrolyte reactions




	c)

	
Elevated temperature conditions




	d)

	
External abuse of the cells ultimately leading to thermal runaway









In case of excessive reactions typically taking place during thermal runaway or overcharge, the emerging gas amount simplifies the sampling procedures. For instance, the gases formed during thermal runaway in an accelerated rate calorimetry (ARC) system can be sampled in vessels comprising sufficient volumes and overpressure. In addition to the above list of origins of permanent gases, experiments based on different model aging of LIB components and the subsequent identification of emerging permanent gases adds a fifth category of the gas origin. Table 1 summarizes the discussed literature with respect to the origin of the analyzed gases and the utilized detectors.



The analyses of permanent gases emerging during the formation procedure was investigated by a variety of different research groups. Yoshida et al. [57] focused their work on open prismatic cells and their findings are already discussed in 3.3, while Ota et al. [228] used an assembly-type cell (stainless steel). They described the investigation of permanent gases emerging during the formation procedure of cells containing 1 M LiPF6 in DMC/EC (1:1). The applied GC setup consisted of two different columns at isothermal conditions (70 °C) while the utilized detection method was not specified. Carbon monoxide, carbon dioxide and different hydrocarbons were found in the standard electrolyte with methane, carbon monoxide and ethene as main components. The addition of 2% VC shifted the ratio in direction of carbon dioxide and an electrolyte consisting of LiPF6 in VC showed carbon dioxide and low amounts of carbon monoxide while the authors reported the presence of ethyne traces in this case. Furthermore, the authors found that the presence of hydrogen was only confirmed in case of increased water content of the cell materials.



However, all of the other referenced studies were based on pouch cells. The cell format provides easy access to the emerging gas volume i.e., by directly puncturing the foil with a syringe. Onuki et al. subsequently utilized a GC system with atomic emission detector (AED) to analyze the gases emerging from NCA-based cells with DEC/EC electrolyte stored at elevated temperatures [224]. Hydrogen, carbon monoxide and carbon dioxide were identified. The application of 13C marked carbonates enabled a more precise classification of their origin using the shifted C–O emission line (177.49 to 176.93 nm). Further experiments were performed with anode and cathode materials in presence of the electrolyte. Carbon dioxide was reported to be formed at the cathode side. Subsequently the developed method was applied to analyze gas emerging during the formation procedure. The main constituents were identified as hydrogen, ethene and carbon monoxide and the isotope analyses showed that ethene was exclusively attributed to EC, while the origin of ethane, which was found in traces, was assigned to DEC.



As already described in the section focusing on the electrolyte analysis (3.3.4) the formation behavior of a variety of different additives was investigated by the group of Dahn. Besides the electrolyte, emerging gases were examined. Self et al. analyzed the gas expansions in NCM-based pouch cells including the qualification of the emerging formation gas [218]. Therefore, a special gas extraction device was developed, enabling a punctuation of the cells in a closed environment, which was evacuated (100 mTorr) prior to the cell opening. Afterwards, the extracted gas was diluted by argon to reach atmospheric pressure, withdrawn by a gastight syringe and injected into the GC-MS system. Carbon dioxide, ethene and ethane were found to be the most prominent components in all cases. In contrast, the addition of VC to the EMC/EC-based electrolyte reduced the signals related to methane and propene. Furthermore, the authors note that a detection of hydrogen, which is expected to emerge during the LIB formation, was not possible with the used MS detector. Petibon et al. investigated the formation gases emerging during formation of cells with EMC/EC-based electrolytes and methyl phenyl carbonate and diphenyl carbonate as additives [195]. In compliance to the findings of Self et al. carbon dioxide, ethene and ethane showed the most prominent signals. Furthermore, the authors proposed different decomposition pathways of the applied additives resulting in the found permanent gases and e.g., benzene, which was identified besides the permanent gases. The study focused on the film forming behavior of ethylene sulfite (ES) and VC by Madec et al. [226] utilized the same experimental setup as Self et al. [218] and Petibon et al. [195]. Formation of the cells at 2.4 V and 3.5 V showed a significant difference in the present permanent gases. The formation at 3.5 V showed carbon dioxide, ethene and ethane as main components for all electrolyte formulations. Whereas the signal corresponding to ethane is missing in the composition of the 2.4 V formation. Furthermore, the authors concluded that the presence of VC lowers the ethene signal originating from an EC reduction, while the ES does not seem to influence the gassing behavior other than adding sulfur-containing permanent gases.



Based on the qualification method described in the previous studies, Petibon et al. quantified the permanent gases emerging during the formation of cells based on a silicon alloy/graphite blend vs. LCO [196]. The applied electrolyte consisted of 1 M LiPF6 in EMC/EC/FEC (63:27:10) with increased amount of film forming additive, which is typical for electrolytes applied in silicon-containing anodes. Furthermore, the MS detection system was replaced and a TCD detector was used - the advantages and disadvantages of the different detector systems will be discussed in the end of this chapter. Based on a standard mixture containing hydrogen, nitrogen, carbon monoxide, carbon dioxide and different hydrocarbons the emerged gas (0.17 mL) was reported to consist of hydrogen (7.9%), carbon dioxide (92.1%) and trace amounts of carbon monoxide.



Ellis et al. investigated the gassing behavior of a cell with graphite/NCM chemistry by GC-TCD [227]. First experiments showed that a cell initially charged to ≈3.5 V resulted in less gas formation than in the fully charged state <4.5 V. The main constituents of the emerging gas at the two different charge voltages were similar except for carbon dioxide, which was absent in the gas sampled at the lower voltage. Furthermore, the gas of an initially charged cell (4.5 V) was monitored under open circuit voltage conditions over a period of 300 h and the amounts of hydrogen, carbon monoxide, carbon dioxide and ethene were found to be decreasing. The authors concluded that the gas is partially consumed in the full cell system and separately investigated the influence of charged anodes and cathodes. These findings were further investigated by measuring the volume changes of pouch bags comprising of the gases of interest and charged electrodes. Furthermore, the authors verified the tightness of the applied measurement systems by gas storage experiments summarized in the supplemental information.



In contrast to the gases emerging during the formation procedures, the gas amounts present in case of normal cycling are typically lower. Thus, their accessibility is limited and the utilization of cells with larger sizes beneficial. Matasso et al. used a custom battery test chamber (Figure 14) for cells of the 26650-type with LCO vs. graphite chemistry and analyzed the emerging gases applying different charge/discharge protocols [230]. The emerging gases were withdrawn after the end of life criterion (SOH 60%) of the commercially available cells (1 M LiPF6 in DMC:EMC:EC; 1:1:1) was reached. The gases were investigated by GC-MS and methane, carbon dioxide and ethane were identified in all cases. Furthermore, cells cycled with doubled discharge current (1 C to 2 C) showed an additional signal assigned to propane.



Permanent gases emerging during overcharge cycling of LIBs comprising different cathode materials have been analyzed by Kong et al. [232]. They investigated 18650 cells, which were preparated by drilling a hole into the cap prior to cell assembly. The GC-MS experiments of the gas fraction from cells cycled under normal conditions showed several signals. In the case of normal charge/discharge conditions, the number of peaks–assigned to methane, ethene, ethane, fluoro ethane, propene and propane–did not significantly differ with changed cathode material. However, the changes induced by overcharge cycling were found to be strongly related to the utilized cathode material. LCO- and LFP-based cells showed a strong increase of the peak assigned to carbon dioxide, while ethyne was reported in the case of LMO-based cells. The authors suggested an oxidation of ethene to explain these findings.



Safety investigations of LIBs have been an important research topic from the beginning of LIB application [235,242,254]. Especially accelerated rate calorimetry (ARC) analyses of cells driven into thermal runaway benefit from a high amount of gases, which are formed in a hermetically closed environment. The direct introduction of the gases into GC systems and the trapping of gases in extraction vessels is possible and the quantification of these gases was realized. However, in case of some early works detailed information about the applied analytical procedures and systems would be beneficial for comparison and interrelation between different studies.



Gachot et al. investigated the gas phase emerging during the reaction of lithiated graphite with a DMC/EC-based electrolyte at 200 °C using a parallel GC-FTIR-MS system [198]. A variety of different signals was obtained, and structural elucidation was performed using the information of both detector systems. In addition to the already described permanent gases like carbon monoxide, carbon dioxide and hydrocarbons, different compounds containing ether and ester moieties have been identified. Furthermore, the authors reported the presence of fluorinated alkanes and alcohols. Additionally, the gas phase extracted from a swollen pouch cell was investigated and methane, carbon dioxide, ethane and propane were identified as main constituents (Figure 13) while some of the previously identified decomposition products were found in traces.



Commercially available 18650-type cells with different cathodes materials were deliberately driven into thermal runaway by Golubkov et al. and the emerging gases were analyzed by GC-TCD [236]. Except for ethane, which was not identified in case of NCM-based cells the same gases were present in all cases. However, the quantification showed distinct differences with respect to the concentrations of the constituents. Especially the ratio of carbon monoxide to carbon dioxide shifts strongly. LFP cells showed about 50 mol% carbon dioxide and only 5 mol% carbon monoxide, whereas the LCO/NCM cells showed about 25 mol% for both components. In a subsequent study the influence of the SOC including overcharged cells was investigated and a shift from carbon dioxide to carbon monoxide and hydrogen was found with increasing SOC [237].



Lammer et al. developed a test rig enabling the automated sampling of emerging gases during the thermal runaway of 18650 cells (Figure 15) [238]. A gas portion from different defined points during the thermal runaway of NCA-based cells was sampled and analyzed by µ-GC. During the first venting incident and the thermal runaway carbon dioxide is the most prominent constituent in all investigated systems, whereas, the gaseous deflagration products shift to hydrogen and carbon monoxide. A subsequent study using the same test rig was carried out by the same author focusing on changes introduced by cyclic aging or calendric aging at elevated temperatures prior to the thermal runaway [239]. Therein, distinct changes were reported, e.g., the strongly increased ethene fractions in the gas obtained from the first venting incident of the cells stored at 60 °C.



A variety of fully charged NCM-based cells dedicated to automotive applications was forced into thermal runaway by Koch et al. [240]. The emerging gases were extracted from the utilized autoclave setup and quantified by GC-TCD. The authors identified seven different permanent gases and their combined volume fractions were reported to be responsible for 99 vol.% of the emitted gases in most cases. The gases were assigned into three groups; (a) main components with around 30 vol.% including carbon monoxide, carbon dioxide and hydrogen; (b) methane and ethene with about 5 vol.%; (c) trace components with concentrations below 1 vol.% (ethane and propane). Furthermore, the total amount of emerging gas did not show an influence on the volume ratio of the constituents. Note that the authors refer to a German ISO equivalent for detailed information about the utilized system parameters and use the German abbreviation WLD (Wärmeleitfähigkeitsdetektor) for the detection system.



Bai et al. showed the power of a recently introduced detector for GC systems to analyze complex gas mixtures [217]. Among other samples, commercially available 18650 cells with different cathode chemistries were driven into thermal runaway and the emerging gases collected in sampling bags. After GC separation, the analytes were identified by a vacuum ultraviolet (VUV) detector, which uses the absorption of the analytes in the wavelength area between 115–240 nm. Besides the commonly identified gases, carbonyl sulfide, chloromethane, different ethers and aldehydes were assigned to the obtained signals. The characteristic absorption of the analytes even enabled the identification of co-eluting species by signal deconvolution.



Seo et al. examined different carbonate solvents on their reactivity towards lithium naphthalenide, which was used as one electron reducing agent with a potential close to lithiated graphite [246]. The permanent gases, which emerged in these reactions were analyzed by GC-MS. EC, PC, DMC and DEC were reported to produce ethylene, propylene, methane and ethane, respectively. Michan et al. expanded the study and investigated the film forming additives VC and FEC [211]. In the case of VC, an absence of carbon dioxide was reported and only carbon monoxide was found. These results are contradictory to the results of Ota et al.; they reported almost exclusively detected carbon dioxide during the formation of an electrolyte consisting of LiPF6 in VC [228]. Whereas the FEC reduction showed both gases. All reaction products were discussed with respect to proposed reaction schemes.



Ortiz et al. examined radiolysis experiments as model aging methods for LIB electrolytes. The samples were irradiated using different doses and the emerging gaseous decomposition products were qualified and quantified by GC-MS and µ-GC [207]. Carbon dioxide, hydrogen, ethane and carbon monoxide were identified as main products and their respective abundance increased in a linear manner with higher irradiation doses. Other hydrocarbons and compounds with ether or aldehyde moieties were reported to be present in low concentrations. The study was expanded to the investigation of PC and mixtures of different conducting salts in PC in a follow-up paper [208]. The irradiated PC showed hydrogen, carbon monoxide and carbon dioxide as main constituents of the gaseous phase. Moreover, the addition of LiPF6 to PC led to almost doubled radiolytic yields of carbon dioxide while the yields of the other compounds stayed almost constant. In order to classify the results of the radiolysis experiments an electrolysis of 1 M LiPF6 in PC was performed. The emerging gases were analyzed using GC-FTIR-TCD for the inorganic gases and GC-FTIR-FID to detect the organic gas fractions. The authors concluded that the high dose rate radiolysis may mimic, with a fair approximation and within much shorter times, the degradation processes involved in electrochemical experiments. Further investigations focusing on radiolysis experiments as model aging techniques of LIB electrolytes and their components were performed by Wang et al., who investigated the differences between single carbonates and their binary mixtures [249]. Varenne et al. used radiolysis in presence of active materials to investigate the forming agglomerates [250].



Xiong et al. investigated the gassing behavior of differently charged cells and single electrodes at elevated temperatures [247]. The cells were employing NCM cathodes with different stoichiometry vs. graphite charged to 4.2 or 4.4 V after formation. Afterwards the cells were either disassembled and the electrodes separately transferred to pouch bags with control electrolyte. Cells and pouch bags were stored at elevated temperatures (40 °C, 60 °C) for a period of 500 h and emerging gases were analyzed by GC-MS. No gas evolution was observed in case of the charged anodes, while the cells and pouch bags with charged cathodes showed gas formation. The main difference between the cells and pouch bags with cathodes was found for the amount of carbon dioxide that was formed. The pouch bags showed carbon dioxide as main constituent and different hydrocarbons and compounds with ether moieties. Whereas the carbon dioxide showed only minor signals in the gases extracted from LIB full cells. This leads to the conclusion that a fraction of the emerging gases from the cathode side might be reduced again on the anodes of full cells. In a follow-up study, the influence of different additives on the gassing behavior was investigated. Known film forming additives were reported to show no significant difference on the gas volume and the carbon dioxide content of the pouch bags [248].



The summarized literature focusing on the analysis of permanent gases (Table 1) reveals four mainly applied detector types–namely FID, FTIR, MS and TCD–and two detectors, which were only applied in one single study (AED, VUV). The FID and TCD systems do not provide any information other than the retention time, signal intensity and in case of the FID the number of contained carbon atoms (exception: highly oxidized carbon atoms). Whereas the FTIR and MS detectors provide additional information about the detected analytes and thereby are favored for non-target analysis and structural elucidation. However, the TCD is able to detect hydrogen besides the other permanent gases, while the FID detector benefits from low LODs and LOQs of hydrocarbons and a wide linear range. Summing up the qualified permanent gases with respect to the LIB research, hydrogen, oxygen, carbon monoxide, carbon dioxide, a variety of light hydrocarbons and some fluorinated hydrocarbons have been reported as main components. Therefore, the typically present gas mixtures have a moderate complexity and the probability of a co-elution of compounds of interest can be minimized utilizing appropriate columns and temperature programs. Thus, the applicability of TCD and FID detection systems in association with gas mixtures used as standards should be given. Nevertheless, a verification of the assigned compounds using FTIR or MS detectors would always be beneficial - especially in case of the addition of sulfur or nitrogen e.g., as heteroatoms deployed in electrolyte additives. Within this context i.e., Madec et al. detected sulfur-containing permanent gases, which add to the sample’s complexity [226].



Therefore, the authors recommend a description of the following parameters when studying the permanent gases:




	a)

	
Column parameters (stationary phase, length, inner diameter, coating thickness)




	b)

	
Carrier gas and column flow




	c)

	
Oven parameters (injector temperature, oven program, transfer line/interface temperature)




	d)

	
Detector system and utilized parameters (e.g., temperature, gas flow, detector voltages, etc.)




	e)

	
A chromatogram displaying the retention times of the investigated analytes









In case of quantitative analyses, a clarification of the reference for the often-listed vol.% or mol.% would be appreciated—e.g., mol.% relative to the quantified compounds. Since the recovery-rates of 98%–102% are typical for analysis systems–even when analyzing known compositions–a recovery-rate of exactly 100% in case of numerous different, complex samples should not be obtainable. Among others Koch et al. discussed these issues and concluded that in case of the ARC measurements they conducted in most cases seven species add up to over 99 vol.% of the total gas volume [240]. However, by missing the hydrogen, i.e., in case of the utilization of MS detectors, the quantification would miss roughly 20% of the generated gas volume.






4. Further Literature


Since chromatography has become an important technique in LIB research, other sources already reviewed some overlapping literature works in part and in different contexts. Ranging from the description of post mortem analyses techniques for LIBs by Waldmann et al., representing a summary of applicable cell opening processes and subsequent analysis techniques [255]. Nowak et al. described the analysis techniques applied with respect to transition metal dissolution and lithium distribution [122]. The focus of other literature was solely on the sub- and supercritical fluid extraction of LIB electrolytes, followed by chromatographic analysis of the extracts [132]. Moreover, Nowak et al. reviewed the efforts in the chromatographic method development mainly focusing on the emerging, toxic organofluorophosphates compounds within a mini-review [47]. Rosenberg et al. summarized the developments in the early stages of chromatography-based analyses of LIB electrolytes [256].




5. Summary and Conclusions


In this review, we report on the use of a variety of chromatographic and related separation methods for the investigation of LIB materials. The progress of methodology suggests a clear progression of the analytical tools and related understanding. The characterization of pristine battery materials (especially electrolytes) was the first approach of chromatographic analysis. Decomposition products could be identified and quantified, and thus mechanistic conclusions were possible that improved the general understanding of LIBs. Carbonates and ionic liquids as media/solvents for conductive salts were investigated as well as the conductive salts that are used in (state-of-the-art) LIB electrolytes. The reactivity of both individual components and their interrelation were extensively studied and the resulting compounds such as main and side products of SEI and CEI film formation, fluid oligomers, active materials or possible hazardous decomposition products were identified and interpreted. A universal overview of analysis fields with a large quota of chromatographic-based techniques is shown in Figure 16. Ranging from extraction techniques like SFE, liquid-liquid or SPME over to chromatographic set-ups (GC, LC, IC, CE) in all their varieties up to a wide range of molecular and elemental detection systems, the broad applicability of chromatography in LIB analysis was shown by numerous examples. Despite the bandwidth of methods that were discussed in this review, total numbers of publications although showing an increasing trend (Figure 5) are still relatively underrepresented. As chromatographic or separation techniques heavily used analytical techniques, increasing numbers of investigations with a focus on the identification and quantification including validation and comprehensive studying of the matter are in need. Right now, analytical and “battery analytical” publications show differences regarding the extent of metrology elements, validation and comprehensiveness. We suggest collaborative work including expertise in battery investigations and analytical expositions of findings to meet the high standards of both fields. Additionally, as the presence of analytical standards is still lacking, we also encourage the authors to conclude (next to their results) difficulties they encountered during their research to address and appeal to the community to find solutions and to initiate research ideas in the respective regard. The profit, especially for a topic with a global interest like energy storage in general and the lithium ion battery in particular, would be enormous. Further, with regard to the application of LIBs, studying of aging mechanisms is of great importance as recycling strategies or second life application are up and coming. Thus, a final understanding of the black box aged LIB also regarding ecological influences, as well as occupational safety is imperative.



Universally valid conclusions of the analyzed LIB samples are thus meaningful, but we encourage improvements in terms of sample preparation, sample transfer and treatment prior to analysis to ensure validity of results and thus insightful knowledge transfer from analytics to the respective LIB-related scientific fields. The conclusions that were obtained in the reported literature studies shed new light on the lithium ion battery, as we know it today. Continuation and improvement of analysis methods now seem to provide many state-of-the-art techniques for every analysis problem. The investigated topics show both battery-technical and analytical value and prove that a synergy of both disciplines is key for the optimization and understanding of non-aqueous batteries of today and the future.
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Abbreviations




	AChE
	acetylcholinesterase



	AED
	atomic emissions detector



	AMIM+
	1-amyl-3-methyl-imidazolium [cation]



	ARC
	accelerated rate calorimetry



	BETI−
	bis-perfluoroethylsulfonylimide [anion]



	BMIM+
	1-butyl-3-methyl-imidazolium [cation]



	BOB−
	bis-(oxalate)borate [anion]



	CE
	capillary electrophoresis



	CEI
	cathode electrolyte interphase



	CZE
	capillary zone electrophoresis



	DCM
	dichloromethane



	DEC
	diethyl carbonate



	DEDOHC
	diethyl-2,5-dioxahexane dicarboxylate



	DFOB−
	difluoro(oxalate)borate [anion]



	DFP
	difluoro phosphate



	DMC
	dimethyl carbonate



	DMDOHC
	dimethyl-2,5-dioxahexane dicarboxylate



	DPC
	diphenyl carbonate



	EC
	ethylene carbonate



	EMC
	ethyl methyl carbonate



	EMDOHC
	ethylmethyl-2,5-dioxahexane dicarboxylate



	EMIM+
	1-ethyl-3-methyl-imidazolium [cation]



	EPC
	ethyl phenyl carbonate



	ES
	ethylene sulfite



	ESI
	electrospray ionization



	xEV
	electric vehicle



	FID
	flame ionization detector



	FSI−
	bis(trifluoromethane)sulfonamide [anion]



	FTIR
	fourier transform infrared spectrometer



	GC
	gas chromatography



	GPC
	gel permeation chromatography



	HILIC
	hydrophilic interaction liquid chromatography



	HS
	headspace



	IC
	ion chromatography



	ICP
	inductively coupled plasma



	IL
	ionic liquid



	ISE
	ion selective electrode



	IT
	ion trap



	LC
	liquid chromatography



	LCO
	lithium cobalt oxide (LiCoO2)



	LFP
	lithium iron phosphate (LiFePO4)



	LOD
	limit of detection



	LOQ
	limit of quantification



	LTO
	lithium titanate (Li4Ti5O12)



	MFP
	monofluoro phosphate



	MP
	methyl propionate



	MPC
	methyl phenyl carbonate



	MRM
	multi reaction monitoring



	MS
	mass spectrometry



	NCM
	lithium nickel cobalt manganese oxide (LiNixCoyMnzO2; x + y + z = 1)



	OEMS
	online electrochemical mass spectrometry



	OES
	optical emissions spectroscopy



	PC
	propylene carbonate



	PEG
	polyethylene glycol



	PMIM+
	1-propyl-3-methyl-imidazolium [cation]



	PNS
	peripheral nervous system



	PY
	pyrolysis



	PYR13+
	1-methyl-1-propylpyrrolidinium [cation]



	PYR14+
	1-butyl-1-methylpyrrolidinium [cation]



	QToF
	quadrupole time-of-flight [mass spectrometer]



	RP
	reversed phase



	RSD
	relative standard deviation



	SEI
	solid electrolyte interphase



	SFE
	supercritical fluid extraction



	SPME
	solid phase microextraction



	TCD
	thermal conductivity detector



	TFSI−
	bis-(trifluoromethanesulfonyl)imide [anion]



	TMD
	transition metal dissolution



	TPD
	temperature-programmed decomposition



	VC
	vinylene carbonate



	VUV
	vacuum ultraviolet [detector]
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Figure 1. Schematic illustration of the fundamental operating principle of a LIB during discharge. 
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Figure 2. General decomposition pathways for the formation of transesterifications products (a), oligocarbonate-based products (b), organophosphate-based products (d) and organic fluorophosphate-based products (c) and hydrolysis products [42,49,50,52,53,127,128,129,130,131,132]. 
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Figure 3. General preparation for the imidazolium-based ILs, which were investigated by Villagrán et al. Reprinted with permission from [138], Copyright 2004 American Chemical Society. 
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Figure 4. The compounds studied by Markuszewski et al., their R1 and R2 substituents, counter anions, and relative molecular masses (Mr). Reprinted with permission from [142], Copyright 2004 John Wiley & Sons, Inc. 
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Figure 5. Number of publications researched by the authors focusing on chromatographic techniques in the field of LIB. 
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Figure 6. (a) Schematic drawing of the vessel for the release of generated gases in the cells. (b) Schematic diagram of the apparatus for gas volume measurements by Kumai et al. Reprinted with permission from [162], Copyright 1999 Elsevier. 
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Figure 7. Schematic depiction of the analysis routine (electrochemical lithiation, LC-MS analysis, data evaluation) presented by Gourdin et al. Reprinted with permission from [163], Copyright 2014 American Chemical Society. 
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Figure 8. Anion conductivity chromatograms (aqueous Na2CO3and NaOH eluents) of an LP50 electrolyte, which was stored for 15 days at 80 °C (1a: 1.8 mM Na2CO3/1.7 mM NaHCO3, 1b: 9 mM NaOH). The separation was performed with the A Supp 4 column. Reprinted with permission from [50], Copyright 2015 Elsevier. 
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Figure 9. Experimental setup of a 2D-IC system hyphenated to ESI-MS and ICP-MS according to Menzel et al. [178]. Published by The Royal Society of Chemistry. 
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Figure 10. Schematic depiction of a typical Py-GC-MS system from Ogumi et al. Reprinted with permission from [182], Copyright 2001 Elsevier. 
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Figure 11. Global scheme of the decomposition routes of carbonate-based aging products according to Gachot et al. Reprinted with permission from [190], Copyright 2008 Elsevier. 
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Figure 12. Schematic sampling setup applied by Gachot et al. that allows the analysis of volatile products that are released from LIB components under heating conditions. Reprinted with permission from [197], Copyright 2011 American Chemical Society. 
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Figure 13. (a) GC/FTIR Gram–Schmidt with picture of the swollen battery. (b) GC/MS chromatogram of the gas formed in a swollen commercial battery. (c) GC/MS chromatogram of the electrolyte solvent and less volatile degradation compounds formed in the battery. Reprinted with permission from [198], Copyright 2014 Royal Society of Chemistry. 
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Figure 14. Custom battery test chamber designed to examine in situ pressure evolution of 26650-type LIBs, from Matasso et al. Reprinted from [230], Copyright 2015 according to CC BY-NC-ND 4.0 published by ECS - The Electrochemical Society. 
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Figure 15. Schematic of the test rig consisting of electric resistance furnace containing the cell under test (a), thermocouples (b), inert gas inlet (c), off gas releases (d), purge gas inlet (e), syringe pump (f), automated multi-port valve (g), sample vials for GC-analysis (h), purge port (i) and fluid displacement tubes including scales (j). Reprinted from [238]. Published by The Royal Society of Chemistry. 
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Figure 16. Schematic depiction of the main fields of chromatography in lithium ion battery analysis. The most commonly used separation techniques are depicted at the respective arrows of the fields of analysis of (i) permanent gases, (ii) hazardous compounds, (iii) active materials, (iv) electrolyte in general and (v) interphases (from left to right). 
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Table 1. Literature including the chromatographic analysis of permanent gases emerging in LIBs.
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Origin of the Gases

	
Detector

	
References






	
Formation

	
AED

	
[224]




	
MS

	
[195,218,225,226]




	
TCD

	
[57,196,227]




	
n/a

	
[228]




	
Cyclic Aging

	
FID

	
[229]




	
MS

	
[230]




	
TCD

	
[229]




	
n/a

	
[231]




	
Overcharge

	
FID

	
[152]




	
FTIR

	
[152,153]




	
MS

	
[232]




	
TCD

	
[153]




	
n/a

	
[233]




	
Thermal Runaway/Abuse Conditions

(ARC, etc.)

	
FID

	
[234]




	
FTIR

	
[198]




	
MS

	
[198,235]




	
TCD

	
[234,236,237,238,239,240]




	
VUV

	
[217]




	
n/a

	
[241,242]




	
Model Aging of LIB Components

(Thermal; Radiolysis, etc.)

	
FTIR

	
[243,244]




	
MS

	
[151,207,208,211,243,244,245,246,247,248,249,250]




	
TCD

	
[207,208,249,250]




	
n/a

	
[251,252,253]
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