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The operation of combined mass spectrometry and electrochemistry setups has recently become a 
powerful approach for the in situ analysis of gas evolution in batteries. It allows for real‑time insights 
and mechanistic understanding into different processes, including battery formation, operation, 
degradation, and behavior under stress conditions. Important information is gained on the safety and 
stability window as well as on the effect of protecting strategies, such as surface coatings, dopings, 
and electrolyte additives. This review primarily aims at summarizing recent findings on the gassing 
behavior in different kinds of liquid‑ and solid‑electrolyte‑based batteries, with emphasis placed on 
novel cathode‑active materials and isotope labeling experiments, to highlight the relevance of in situ gas 
analysis for elucidation of reaction mechanisms. Various instrumental and experimental approaches are 
presented to encourage and inspire both novices and experienced scientists in the field.

Introduction
As the increasing societal and commercial demand for large-
scale energy storage and electric vehicles continues to promote 
innovations in battery research, new or improved materials and 
concepts are in the focus of scientific interest. Main motives for 
these innovations are improvements in one or more of energy 
density, longevity, safety, sustainability, and ultimately costs.

For current generation lithium-ion batteries (LIBs) with 
graphite as anode material, the focus is on the tradeoff between 
larger energy density and lower costs by increased Ni content in 
the layered transition metal oxide cathode-active material (CAM) 
and reduced cycle life resulting from the change in composition 
and reactivity. While incremental improvements, mostly from 
suppressing degradation mechanisms, such as particle fracture 
(exposing additional [reactive] surface area to the electrolyte) or 
phase transitions/transformations, are made to these CAMs, their 
Ni content approaches 100%, thus limiting the possibilities for fur-
ther energy density increases at the positive electrode side [1, 2].

For improvements beyond, Li-rich CAMs, both layered and 
with rock-salt-type structures, are currently being discussed. 
These materials gain additional capacity by involving lattice 
oxygen in the redox, but the often limited reversibility of this 
reaction remains a challenge [3–5].

A relatively large increase in energy density at the anode 
side can be achieved by substitution of the graphite as stand-
ard electrode material by Li metal. However, because of den-
drite formation, cells with Li metal anodes are prone to failure. 
The solid-state battery (SSB) promises to solve this problem 
by replacing the liquid electrolyte with a solid electrolyte (SE), 
which also reduces the cell’s flammability [6]. For this reason, 
bulk SSBs are receiving increasing interest lately. Nevertheless, 
cell manufacturing and especially the development of the key 
component, an SE with favorable mechanical properties as well 
as high (electro)chemical stability and Li-ion conductivity, still 
require additional research in order to achieve SSBs with com-
petitive energy and power densities [7].
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Meanwhile, the much higher abundance of sodium com-
pared to lithium makes sodium-ion batteries (SIB) a suitable 
candidate in the field of post-LIB technologies. While the CAMs 
introduced so far can rarely match their lithium equivalents in 
terms of specific capacity, the lower costs and environmental 
impact make SIBs promising for large-scale energy storage [8, 
9].

For all battery materials and concepts mentioned so far, key 
to their continuous development and improvement is a thor-
ough understanding of (side) reaction mechanisms at play dur-
ing formation, operation, and degradation. In situ techniques 
allow for the characterization of materials within the relevant 
environment of a battery cell, while operando techniques go one 
step further and enable real-time monitoring during cycling 
operation (i.e., within a dynamic, operating system). Thus, 
it comes as no surprise that various review papers on in situ 
characterization studies are available in the literature [10–13]. 
However, most in situ or operando methods applied to battery 
materials, such as (electron) microscopy, spectroscopy and 
X-ray-based techniques, are restricted in their working princi-
ple to condensed matter or even crystalline phases only [13, 14].

As for the materials and concepts discussed above, reactions 
that include gas evolution are relevant to their evaluation, such 
as the surface (im)purity, structural (in)stability, interface for-
mation, and electrolyte degradation. The in situ gas analysis is 
therefore a useful addition to routine electrochemical experi-
ments and other analytical techniques for better understanding 
of reaction mechanisms. To this end, mass spectrometry (MS) 
is typically performed simultaneously with battery operation. 
While existing reviews focus mostly on instrumentation [15] 
and standard materials [16], in this work, an overview of recent 
developments in the field of in situ instrumentation and gas evo-
lution studies is given, with emphasis placed on novel CAMs 
(with layered and rock-salt or related lattice structures) and cell 
concepts.

In situ gas evolution measurements
Instrumentation

The combination of electrochemical testing and MS allows for 
a variety of experiments, with in situ measurements usually 
referred to as differential electrochemical mass spectrometry 
(DEMS) [17, 18]. In the battery context, pioneering work has 
been reported by Imhof et al. as early as 1998, studying the solid-
electrolyte interphase (SEI) formation on graphite by using a 
porous electrode and a hydrophobic membrane separating the 
cell from applied vacuum to selectively extract evolved gases 
from the working electrode [19]. The development history 
of in situ MS in the battery field has been described in more 
detail by Schiele et al. [15] and Lundström et al. [20]. As the 

hydrophobic membrane can be passed by organic solvents, espe-
cially those of low boiling point, a stream of carrier gas can be 
used instead to extract the evolving gasses from the cell’s head-
space [21]. The use of carrier gas comes at the price of stress-
ing the cell by electrolyte depletion, because the electrolyte sol-
vents are carried out of the cell, albeit at a slower rate, and also 
detected by the mass spectrometer. Berkes et al. implemented 
both a bubbler to saturate the carrier gas with electrolyte sol-
vents before entering the cell and a cold trap near the outlet of 
the cell to remove them from the carrier gas again [22]. While 
reducing noise and allowing for longer battery operation time, 
the introduction of carrier gas and cold trap affects the achiev-
able time resolution. For this reason, Jusys et al. chose to keep 
working with a fluoropolymer membrane in their recent setup 
[23].

An alternative to carrier gas or membranes is the use of 
closed or semi-closed headspaces. In a semi-closed headspace, as 
introduced by McCloskey et al. [24], He et al. [25] and recently 
by Lundström et al. [20], see Fig. 1(a), the evolved gasses are 
purged at set time intervals, again sacrificing time resolution, 
but gaining an environment that closer resembles a standard 
battery, as well as a potentially higher detectability of trace gas-
ses, as these have time to accumulate and are not constantly 
diluted in the carrier gas. An additional benefit of this approach 
compared to the continuous measurement of gas evolution is the 
possibility of monitoring the gassing of multiple cells with just 
one spectrometer by purging them subsequently. The choice of 
purging interval has to be reasonable compared to the timeframe 
of battery cycling, but with cells often cycled at a 0.1C rate, sam-
pling every 10 min already generates 60 data points for a single 
charge or discharge cycle. The reader should keep in mind that 
even when “continuously monitoring,” a standard quadrupole 
mass spectrometer may only measure a single m/z ratio at a 
time, thus also affecting the possible time resolution, especially 
during broadband monitoring (e.g., all m/z from 1 to 100 are 

Figure 1:  (a) Measurement cell used by Lundström et al. Adapted with 
permission from [20]. (b) Setup to analyze gassing of commercial 18650 
cells. Adapted with permission from [30].
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measured). Because of the discrete nature of the sampling times 
and the accumulation of gasses in the headspace, the gas analysis 
from a semi-closed headspace is typically referred to as online 
electrochemical mass spectrometry (OEMS) instead.

The closed headspace approach developed in the group 
of Gasteiger is also referred to as OEMS. In this case, a small 
capillary leak connects the headspace of the cell continuously 
and directly to the mass spectrometer, with only very small gas 
flow necessary, thereby eliminating the need for carrier gas, 
membranes, purge valves, and cold traps [26, 27]. Notably, as 
the headspace is not purged, the gas composition is measured 
and has to be differentiated to obtain gas evolution rates. As 
the headspace gas is not refilled, the pressure within the cell is 
decreasing over time, limiting the maximum measurement time. 
For this setup, a two-compartment solution via Li-ion conduct-
ing glass ceramic has been used to selectively measure the gas 
evolution at one electrode only [27].

We note that many of the experimental setups discussed 
herein are derived from setups for the study of metal–air bat-
teries by in situ MS. Because of conceptual differences and the 
contrasting role of gas presence, this article excludes metal–air 
battery studies.

A further simplified OEMS design has been reported by 
Hahn et al., using an X-shaped Swagelok-type cell, yet with chal-
lenges in response time and quantification, and result depend-
ency on the exact capillary position [28]. Recently, Geng et al. 
established OEMS measurements on pouch cells via the closed 
headspace principle [29] and Mattinen et al. even demonstrated 
an OEMS setup that is capable of monitoring the gassing of com-
mercial 18650 cells, see Fig. 1(b) [30].

Irrespective of the chosen design approach, quantification 
of the gases evolved is achieved by flushing the cell with a cali-
bration gas of known composition (e.g., in ppm for each gas of 
interest) after the measurement. If doing so in steps of different 
dilution with carrier gas, a calibration curve (e.g., ion current 
to ppm of gas) can be obtained. Using either the flow rate (open 
headspace) or cell volume (closed headspace), a conversion of 
concentration to evolution rate or amount of gas is possible. A 
detailed description for the calibration of a semi-closed head-
space system is provided elsewhere [20].

Gas chromatography (GC) can also be applied to batteries 
in situ [31]. In this case, it is even possible to replace the mass 
spectrometer by a simpler detector, such as thermal conductiv-
ity [32] or barrier ionization discharge detectors [33]. However, 
it should be noted that the possible sampling rate is strongly 
decreased due to the chromatographic retention times of the 
gaseous species, so that measurements have to be performed 
very slowly or only at certain potentials [32, 33]. Horsthemke 
et  al. used in  situ GC–MS to examine the consumption of 
vinylene carbonate (VC) and the formation of electrolyte aging 
products, including their identification [34]. Because electrolyte 

and aging products are not gaseous and their detection relies 
on the extraction procedure and heating ramps applied during 
GC, such studies are outside the scope of this article. The same 
holds true for works limited to a specific gas or ion, such as the 
detection of evolved oxygen via reduction at a rotating ring disk 
electrode, as described by Yin et al. [35].

Readers keen on establishing own DEMS or OEMS setups 
are encouraged to take a look at the available literature, as well 
as to consider their own needs and interests, as the setups should 
be tailored to the system(s) of interest. This kind of tailoring 
is highlighted when comparing the OEMS setups of Mattinen 
et al. [30] and Lundström et al. [20], which, while published 
recently and almost at the same time, are fundamentally differ-
ent in almost any aspect. Commercial turnkey DEMS solutions 
are available, but are in most cases not optimized for battery 
research. Some criteria to consider are the intended operation 
time and (dis)charge rate of the cell; the size and loading of elec-
trodes; the use of standard (calendered) electrode tape versus 
the need to specifically coat membranes, separators, or mesh 
[15]; the ability to measure multiple cells at the same time; the 
expected amount of evolved gasses; the ability to do measure-
ments in pouch cells, Swagelok-type cells, or in a customized 
cell setup; the ability to switch between electrode materials and 
electrolytes; the volume of electrolyte required; restrictions of 
electrolyte by vapor pressure or melting point, and the need for 
a cold trap.

State‑of‑the‑art LIBs

For an introduction into and the history of gas evolution in bat-
teries, the reader is referred to the existing literature [15, 16]. In 
this article, more recent findings relevant to the fundamental 
mechanistic understanding of gas evolving (side) reactions and 
Ni-rich CAMs will be reviewed.

Cathode gassing

For  LiNixCoyMnzO2 (NCM) materials,  CO2 is the main compo-
nent of gasses released at the cathode side. Additionally, a con-
current evolution of CO is usually observed. Apart from surface 
carbonate impurities, which will be discussed separately in the 
next section, the CAM itself does not contain carbon, leaving 
conductive carbon black, polymer binder, and electrolyte as pos-
sible sources. Because  O2 evolution from the CAM is often also 
detected, albeit at a lower level, the conclusion of oxidation of 
one of the aforementioned components is only logical. However, 
it should be noted that the organic carbonate electrolytes, such 
as the widely used ethylene carbonate (EC), can also release  CO2 
upon hydroxide-catalyzed hydrolysis.

The exact nature of the electrolyte oxidation reaction, with 
different onset potentials reported earlier, as well as of the  O2 
release, has been clarified by Jung et al. and Streich et al. They 
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demonstrated that for NCM811 (80% Ni), NCM622 (60% Ni), 
and NCM111 (33% Ni), the onset of gas evolution varies, being 
at a lower potential with increasing Ni content (when the state 
of charge (SOC) reaches ≥ 80%) [36, 37]. From this observation, 
Jung et al. were able to assign the SOC-dependent  CO2 evolution 
below 4.7 V vs.  Li+/Li to the chemical oxidation of EC by  O2 
released from the NCM lattice. Above 4.7 V, also electrochemical 
oxidation was apparent, as demonstrated with an electrode con-
taining no CAM. In a follow-up study, they further showed that 
the onset potential is not dependent on temperature, but only 
on SOC, which at a given potential only changes slightly with 
increasing temperature [38]. They also observed an increase in 
gas evolution at elevated temperature and, using 13C-labeled 
electrolyte, identified (and quantified) electrolyte hydrolysis and 
impurity oxidation as the reasons for gas evolution prior to the 
 O2 release from the NCM.

As lattice oxygen is released, the layered oxide surface 
undergoes a reconstruction toward a redox-inactive rock-salt-
like phase. The thickness of this layer can be calculated from the 
observed gas evolution  (O2 and  CO2 from chemical electrolyte 
oxidation) and the CAM’s specific surface area [37]. However, 
as Oswald et al. recently demonstrated in a comparison of poly-
crystalline and single-crystalline NCM CAMs, the increase in 
specific surface area due to particle fracture upon delithiation 
(charge) has to be taken into account [39]. In a follow-up study, 
they examined the role of particle morphology, i.e., primary par-
ticle size, finding both a lower total gas release, with no  O2 but 
only  CO2 evolution, for single-crystalline material [40].

Metzger et  al. investigated the electrochemical oxida-
tion of carbon black and EC containing different supporting 
lithium salts at various temperatures by using 13C-labeled car-
bon electrodes and common 12C-electrolyte in order to distin-
guish the reaction products (13CO2 and 12CO2) in OEMS [41]. 
They observed that the conductive carbon is oxidized in the 
presence of  LiClO4, but not in the presence of  LiPF6, lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) or  LiBF4, whereas 
EC oxidation took place in the presence of  LiPF6, thus conclud-
ing that  LiBF4 is best suited for use at high potentials.

A major discovery in the field of battery gas evolution was 
the in situ observation of singlet oxygen (1O2) generation by 
both NCM and Li-rich CAMs, which will be discussed sepa-
rately, by Wandt et al. [42]. In previous works, it has already been 
speculated that the released oxygen is highly reactive, because 
the electrolyte is not oxidized when handled in air. Using the 
633 nm photon emission of 1O2 dimers upon return to ground 
state, Wandt et al. developed an operando photomultiplier setup 
that is capable of detecting the released photons, revealing the 
presence of 1O2 above ~ 80% SOC and correlation with the gas 
evolution from OEMS. This work has major implications, as it 
suggests that not stability against electrochemical oxidation, 

but instead against 1O2 is the foremost requirement for electro-
lytes when CAMs are operated at high SOC. Freiberg et al. also 
demonstrated the reaction of EC or dimethyl carbonate (DMC) 
with 1O2 using rose bengal dye to excite oxygen dissolved into 
the electrolyte upon irradiation while also monitoring the gas 
evolution [43]. In EC, they observed the formation of  CO2 (but 
no CO) and consumption of  O2, while in DMC no signal above a 
background experiment without dissolved oxygen was detected, 
highlighting the stability of DMC against 1O2. A reaction mecha-
nism has been proposed from density functional theory (DFT) 
calculations, including (in the first step) the dehydrogenation of 
EC with the formation of VC and  H2O2. The presence of  H2O2 
has been confirmed colorimetrically via the [Ti(O2)]2+ complex 
and its subsequent oxidation probed using OEMS, revealing the 
evolution of  O2 at 4.4 V vs.  Li+/Li, leaving  H2O and acid protons 
behind. The formation of  H2O and acid protons has multiple 
detrimental effects, such as the hydrolysis of  LiPF6, producing 
HF and leading to transition metal leaching from the CAM [44].

The effect of increased Ni content in NCM CAMs on gas 
evolution has been studied by considering the endmember 
 LiNiO2 (LNO). de Biasi et al. used DEMS to show that some 
(mostly minor)  O2 evolution (and thus also  CO2 evolution) 
already occurs in the H2 region (x(Li) ≈ 0.3), with the gassing 
being reduced during the H2–H3 phase transformation before a 
large increase in rate of gas evolution is observed (SOC > 80%). 
Surprisingly, they also detected  O2 evolution in the H2 region 
during discharge [45]. A mechanistic insight on oxygen evo-
lution has been given by Li et al. They combined DEMS with 
synchrotron X-ray absorption spectroscopy (XAS) and reso-
nant inelastic X-ray scattering (RIXS) and showed that during 
charge, starting from 4.3 V vs.  Li+/Li,  O2 evolution is observed, 
with the Ni ions at and near the surface decreasing in oxidation 
state again. This result indicates the presence of oxidized oxy-
gen, for which a RIXS feature remains present until discharge 
to 3.8 V [46]. Figure 2(a) shows the corresponding RIXS and 
DEMS results. The oxidation of oxygen anions to form molecu-
lar  O2 thus goes in hand with the reduction of  Ni4+. In a follow-
up study, Li et al. demonstrated that doping with  Al3+ leads to 
increased oxygen redox and  O2 evolution, as the local concentra-
tion of redox-active cations is reduced [47].

Papp et al. compared the gas evolution of  LiCoO2 (LCO) 
and LNO upon charging to 5 V vs.  Li+/Li, focusing on the elec-
trochemical electrolyte oxidation. They revealed that while 
LNO releases one order of magnitude more  CO2 in the initial 
cycle, it shows much less gas evolution in the following cycles 
[48]. The authors inferred that LNO has a higher electrocata-
lytic activity for electrolyte degradation, but at the same time 
forms a passivation layer faster. A distinction between chemical 
and electrochemical oxidation was possible through the use of 
18O-enriched CAM.
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Surface modification is a well-established concept to 
mitigate CAM degradation, and it is not surprising that also 
the gas evolution can be affected by cathode electrolyte inter-
phase (CEI)-forming additives [49, 50] or coatings [51–53]. 
For example, Zhu et al. demonstrated that by enclosing LCO 
in a shell of  LiMn0.75Ni0.25O2, the oxygen redox can be uti-
lized with no apparent  O2 evolution, yielding a specific charge 
capacity of more than 250 mAh/g at 4.6  V vs.  Li+/Li, see 
Fig. 2(b) [54]. Comparing the gassing behavior of coated and 
uncoated CAMs requires attention to the amount of surface 

impurities, as they will affect the gas evolution, especially in 
the case of carbonates, as discussed in the following.

The role of carbonates, peroxides, and surface treatments

Impurities are regularly found on the surface not only of NCM 
but of LIB CAMs in general, with  Li2CO3 and LiOH being the 
most common. They are formed from excess reagents during 
synthesis and exposure to ambient air and moisture, thus being 
more or less unavoidable.  Li2CO3 decomposes under release 

Figure 2:  (a) Demonstration of oxygen redox in LNO via RIXS and DEMS. Adapted with permission from [46]. (b) Effect of a solid shell around the LCO 
core on the LCO gassing. P-LCO and G-LCO refer to pristine and gradient LCO, respectively. Adapted with permission from [54] .
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of  CO2 and therefore is of great importance in gassing stud-
ies. In situ gas analysis setups can be modified to determine 
the amount of carbonates present by measuring the  CO2 evolu-
tion upon addition of acid to the CAM, and the contribution of 
carbonate decomposition to the total  CO2 evolution, which is 
significant in the initial cycle, can be quantified by isotope labe-
ling [55, 56].  CO2 is released both by chemical decomposition 
in acidic environment (Eq. 1) or by electrochemical oxidation 
at potentials above 3.8 V vs.  Li+/Li (Eq. 2).

While the rate of  Li2CO3 decomposition has been found 
to increase with electrode potential and the reaction is known 
from metal–oxygen (air) batteries, no  O2 evolution is usually 
detected. Using carbon/Li2CO3 electrodes, Mahne et al. dem-
onstrated that the electrochemical oxidation leads to the forma-
tion of 1O2, similar to the release of lattice oxygen from NCM 
CAMs, which is typically not detected, as it reacts quickly with 
the electrolyte [57]. The authors achieved this in an experiment 
using 9,10-dimethylantracene as chemical probe in the electro-
lyte to trap the 1O2 and then detect the reaction product, and 
in another experiment by detecting  O2 evolution after adding 
a quencher to the electrolyte. However, the slow and incom-
plete decomposition of carbonate species in SSB cells, i.e., in 
the absence of liquid electrolyte, raises the question of the rate 
at which the electrochemical decomposition occurs [58, 59].

Freiberg et al. have shown via OEMS that a carbon/Li2
13CO3 

electrode releases the amount of 13CO2 equal to complete car-
bonate decomposition even when separated from the working 
electrode by a non-conducting polyester layer, making direct 
electrochemical oxidation impossible [60]. The source of acid 
protons necessary for the chemical decomposition of carbonates 
has been determined to be the oxidation of alcoholic impuri-
ties, which already occurs at 3.5 V vs.  Li+/Li and helps explain 
the often observed early onset of carbonate decomposition. 
The presence of protons has a catalytic effect, as  H2O formed 
by the carbonate decomposition hydrolyzes  LiPF6, leading to 
the generation of additional HF and  POF3. In contrast, Kauf-
man et al. observed no 13CO2 evolution when performing an 
experiment similar to that of Freiberg et al., in which they used 
a  Li2

13CO3-containing separator instead of a disconnected car-
bon/Li2

13CO3 interlayer [61]. Figure 3(a) and (b) shows the 
results from both groups. Overall, the individual contributions 
of the chemical and electrochemical pathways to carbonate 
decomposition remain disputed.

Performing acid titration either on charged or discharged 
cathodes, Renfrew et al. found that charged cathodes have a 
larger carbonate content than the pristine ones and the content 
is only reduced below that of pristine cathodes upon discharge. 

(1)Li2CO3 + 2H
+
→ 2Li

+
+ H2O + CO2

(2)2Li2CO3 → 4Li
+
+ 4e

−
+ 2CO2 + O2

This result indicates that the degradation of organic carbonates 
leads to the formation of a surface layer containing carbonate-
type side products during charge, which are desorbed with dis-
charge [55]. In the same study, the authors also observed  O2 
evolution in acid titration experiments using charged cathodes, 
which they explained by the formation of a peroxo-like sur-
face layer, notably prior to the onset of lattice oxygen evolu-
tion. Upon acid titration, peroxides release oxygen according 
to (Eq. 3).

From a follow-up study, indicating that the thickness of the 
peroxo-like layer is not dependent on the electrolyte but the 
SOC [62], the authors suggested that organic carbonates are 
deposited onto the cathode, where they can react with lattice 
oxygen, explaining the origin of  CO2 containing isotope-labeled 
lattice oxygen before the actual release of  O2 from the lattice. 
The observation of electrolyte fragments attached to diatomic 
oxygen during acid titration, including both 16O from the lattice 
and 18O from  Li2C18O3 by Kaufman et al. indicates a complex 
interplay of the carbonate species and the lattice reactivity [61]. 
Taking the peroxo-like surface layer and carbonate decomposi-
tion together, Houchins et al. proposed a mechanism for 1O2 
generation based on superoxide formation and disproportiona-
tion [63].

Removal of surface carbonates via washing of the CAM 
appears obvious. However, while indeed reducing their amount, 
the overall effect on gas release is complex. Depending on the 
exposure time to  H2O and the applied drying procedure, the 
surface reactivity of the CAM varies, as discussed by Pritzl et al. 
[64] and Renfrew et al. [65]. Not only are washing steps directly 
decreasing the peroxo-like character, but also removing lithium 
from the CAM, thereby negatively affecting the capacity and 
forming a Li-deficient surface layer. Upon heating (drying), the 
latter may decompose to a rock-salt or spinel-type phase with 
increased impedance. For this reason, washing procedures have 
to be developed with care.

For Li-rich CAMs, similar surface treatments have been 
shown to suppress  O2 evolution by the formation of a passivat-
ing surface film [66, 67]. For example, carbonates [68, 69] or 
ternary lithium metal oxide shells [70, 71] have been deliberately 
prepared to later be washed off, eventually showing lower gas 
evolution.

Anode/electrolyte gassing

The gassing behavior of electrolytes and anodes is interwoven, 
as the SEI formation is the most relevant process in terms of gas 
evolution. The SEI is a complex surface layer, with its forma-
tion and composition depending on many factors. Herein, only 
in situ studies on the SEI formation are reviewed.

(3)2Li2O2 + 4H
+
→ 2H2O + O2 + 4Li

+
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Figure 3:  Conflicting 13C-labeling experiments on electrically isolated  Li2
13CO3 providing (a) supporting and (b) disputing evidence for chemical 

decomposition in a battery environment. Adapted with permissions from [60, 61].
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Trace  H2O and acid-derived protons are reduced to evolve 
 H2 while leaving  OH− ions and other anions behind. These ions 
lead to the hydrolysis of cyclic organic carbonates, such as EC or 
propylene carbonate (PC), resulting in the evolution of  CO2 and 
generation of alkoxide anions, which in turn can react with the 
electrolyte solvent to produce glycol species [72]. The main gas 
evolution at the anode side is the electrolyte reduction, which 
below ~ 0.9 V vs.  Li+/Li leads to the formation of lithium ethyl-
ene dicarbonate (LEDC) as an SEI component and  C2H4 in the 
case of EC and lithium propylene dicarbonate and  C3H6 in the 
case of PC [73]. Note that for the detection of  C2H4, the (frag-
ment) signal at m/z = 26 is suited best, because both  N2 and CO 
are also detected at m/z = 28.

The role of  H2O impurities present in the battery cell has 
been discussed by Bernhard et al. [74] and Kitz et al. [75], 
observing increased rates of  H2 and  CO2 evolution with 
increasing  H2O level. With the closed headspace OEMS used 
by Bernhard et al., the subsequent consumption of  CO2 has been 
seen. This consumption can be explained by the formation of 
 Li2CO3 in a reaction of  CO2 with  OH− ions. Indeed, by com-
bining OEMS with electrochemical quartz crystal microbalance 
(EQCM), Kitz et al. found that the addition of trace  H2O leads 
to a thicker and more rigid SEI with increased  Li2CO3 content. 
Using additionally surface-enhanced Raman spectroscopy, 
Mozhzhukhina et al. observed a carbonate band appearing at 
1.8 V vs.  Li+/Li, while LiF was found to deposit onto the elec-
trode after the onset of  H2 evolution [76]. The latter stems from 
HF, which results from the hydrolysis of  LiPF6, as discussed 
previously.

Combining OEMS and EQCM, Melin et al. were also able to 
show that both EC and PC do form an SEI with accompanying 
gassing upon reduction. However, the gas evolution rate and 
mass deposition were much higher in the case of PC, forming a 

thicker layer that re-dissolves when current is no longer applied, 
thus explaining the lack of stable SEI formation in PC [73]. Fig-
ure 4 summarizes the discussed anode gas evolution processes 
and SEI formation in EC- and PC-based LIB electrolytes.

The common electrolyte additives VC and fluoroethylene 
carbonate (FEC) have been investigated by Schwenke et al. [77] 
and Kitz et al. [78] regarding their effect on gas evolution dur-
ing SEI formation and the resulting SEI properties. Both groups 
observed the evolution of  CO2 upon reduction, as opposed to 
the evolution of  C2H4 for EC-containing electrolyte. Because 
the additives are decomposed at higher potentials (1.3–1.1 V 
for VC and 1.45–0.95 V for FEC) [78] than EC, they mitigate 
the subsequent electrolyte reduction by passivating the anode, 
resulting in a thinner SEI (note that the evolved  CO2 can lead 
to the formation of  Li2CO3). While FEC also leads to the forma-
tion of LiF in the SEI, VC is capable of suppressing it. Based on 
these observations, Schwenke et al. demonstrated that a  CO2 
atmosphere in the cell can lead to the formation of a carbonate-
containing SEI even for EC-free electrolytes. Specifically, they 
used OEMS to track the consumption of 13CO2 during cycling. 
Alternatively, Solchenbach et al. introduced lithium oxalate as an 
electrolyte additive, which is oxidized to  CO2 in the first charge 
cycle, and demonstrated the effect on the SEI formation while 
using OEMS to verify a 1  e−/CO2 conversion [79].

Solchenbach et al. also studied the effect that cathode transi-
tion metal leaching has on the SEI by adding either Ni(TFSI)2 or 
Mn(TFSI)2 to the electrolyte and monitoring the  C2H4 signal. 
They observed a larger evolution in the case of Ni and a larger 
and continuous evolution over multiple cycles in the case of 
Mn [80]. However, by preforming the SEI, the additional gas-
sing could be strongly suppressed. By switching to DMC, which 
does not release  C2H4, after preforming the anode and then still 
detecting  C2H4 evolution in the presence of Mn, the authors 
were able to conclude that  Mn0 species can catalytically reduce 
LEDC to  Li2CO3 and  C2H4, leading to a carbonate-rich SEI.

Regarding beneficial additives, Tezel et  al. showed 
reduced  CO2 and  H2 evolution during SEI formation by 
tris(hexafluoroisopropyl)borate [81]. A systematic study of 
phosphate additives has been presented by Zhao et al. They 
found via DEMS that the unsaturated compounds, especially 
the alkyne-containing ones, greatly suppress gas evolution both 
at the cathode and anode, with thinner and more uniform CEI 
and SEI, respectively [49].

Although the reactivity of  LiPF6, especially toward acid pro-
tons and hydrolysis, has already been mentioned earlier, some 
more observations shall be summarized here. As demonstrated 
by Solchenbach et al. and Guéguen et al., protic (electrolyte) 
oxidation products can already trigger decomposition, result-
ing in the formation of  PF5, which is detected as  POF3 owing to 
high reactivity with moisture [82, 83]. Bolli et al. demonstrated 
that tris(trimethylsilyl)phosphate (TMSPa) not only serves as 

Figure 4:  Gas evolution and SEI formation in (a) EC and (b) PC electrolytes. 
Reproduced with permission from [73].
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chemical scavenger for HF and LiF, but that the product of 
this reaction,  Me3SiF, can be detected by OEMS (m/z = 77) and 
therefore is suited as an operando probe for fluoride formation 
in batteries [84]. They were able to study the formation of LiF 
from FEC and the proton release by electrolyte oxidation at the 
cathode side and subsequent  LiPF6 decomposition. They also 
demonstrated the presence of HF in a cell free of fluorinated 
compounds except for polyvinylidene fluoride (PVDF), prov-
ing that the binder is indeed dehydrofluorinated under oper-
ating conditions. Guéguen et al. added the similar component 
tris(trimethylsilyl)phosphite (TMSPi) in a follow-up study com-
paring TMSPa and TMSPi, demonstrating that both additives 
mainly work as acid scavengers [85]. Protons and protic side 
products lead to  H2 evolution at the anode due to electrochem-
ical cross-talk, which Metzger et al. revealed by employing a 
sealed diffusion barrier between cathode and anode [86].

Other anode materials for LIBs, such as  Li3VO4 [87], 
 TiNb2O7 [88], Si in carbon shells [89], and  NbO2/carbon nano-
hybrids [90], to name a few, have also been investigated regard-
ing their gassing behavior, typically to examine the stability of 
the SEI formed on these electrodes.

Lithium‑rich cathode‑active materials

A good introduction to the history and development of Li-rich 
CAMs can be found in the literature [4]. The same holds true 
for the recent progress and future perspectives [3]. Herein, we 
aim to discuss the role of gas evolution measurements in the 
characterization and design of these materials.

Layered cathodes

Substituting lithium for transition metals in the respective layer 
requires compensation for the lower charge of lithium ions com-
pared to the transition metal ions. For this reason, the valence 
state of the remaining metals is increased, limiting the amount 
of lithium replacement to 1/3 of the atoms in the transition 
metal layer, where then all remaining ions are in oxidation state 
4+. The resultant structure can be written as  Li[Li1/3M2/3]O2 
(M = Ni, Mn) or  Li1.33M0.67O2 to express the similarity to NCM 
CAMs, or it can be summarized as  Li2MO3. Intriguingly, lithium 
can be electrochemically de-intercalated from these materials, 
resulting in large specific charge capacities, even though all of 
the transition metals are in the highest (expected) valence state 
and cannot be oxidized further for charge compensation. This 
opens the possibility of anionic redox, i.e., the at best reversible 
oxidation of oxygen anions to either peroxide or even super-
oxide species or to molecular oxygen. Rana et al. have shown 
via DEMS that for  Li2MnO3 almost all charge current can be 
attributed to oxidation of lattice oxygen to  O2 (4  e−/O2 process) 
and reversible oxygen redox is negligible, as no correspond-
ing RIXS feature was detected and MS titration experiments 

revealed minor amounts of peroxides (equivalent to 10 mAh/g) 
[91]. Because the  O2 released from the lattice is 1O2 [42],  CO2 
evolution due to electrolyte oxidation also needs to be consid-
ered. Depending on the experimental procedures, either of these 
two gas species might be predominantly observed, as discussed 
by Guerrini et al., who also demonstrated that oxygen oxidation/
loss is the main contributor to the charge capacity of  Li2MnO3 
[92]. For  Li2NiO3, Bianchini et al. have shown via DEMS that 
almost all charge capacity of the CAM is due to  O2 evolution, 
leaving a rock-salt-type structure behind, which after 100 cycles 
still delivered about 100 mAh/g [93].

While detailed gas analysis indicates that reversible anion 
redox cannot be utilized in  Li2MnO3, a reduced lithium content 
leads to materials of the form  Li[M1−xLix/3Mn2x/3]O2 (M = Co, 
Ni, Mn), which can also be written as xLi2MnO3·(1 − x)LiMO2, 
representing a layered NCM-type CAM with nanoscale domains 
of  Li2MnO3 [94]. For  Li1.2Ni0.2Mn0.6O2, Armstrong et al. dem-
onstrated already in 2006 that the charge plateau at 4.5 V vs. 
 Li+/Li is associated with  O2 evolution [95]. For the same mate-
rial and also for  Li1.2Ni0.13Co0.13Mn0.54O2, Luo et al. examined 
the anion redox in detail, observing only  CO2 evolution at the 
4.5 V plateau, with additional  O2 evolution at higher potentials 
[96, 97]. By enriching the lattice oxygen with 18O, the authors 
were able to show that the  CO2 (containing  C16/18O2) in fact 
contains lattice oxygen, see Fig. 5(a). These CAMs revealed a 
stable cycling behavior from the second cycle onward, achieving 
specific discharge capacities of about 270 mAh/g. Using RIXS, 
the authors demonstrated the presence of oxidized oxygen in the 
charged cathodes. At the same time, the electrodes did not show 
Raman bands representing peroxide species, with the authors 
concluding that localized electron holes are formed on oxygen 

Figure 5:  (a) Evidence of lattice oxygen loss from the  Li1.2Ni0.2Mn0.6O2 
cathode at 4.5 V vs.  Li+/Li during the first cycle. Reproduced with 
permission from [96]. (b) Substituting Ni and/or Co for Mn decreases the 
fraction of charge capacity stemming from oxygen loss. Reproduced 
with permission from [106].
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ions coordinated by  Mn4+ and  Li+. Based on the gas evolution 
in DEMS, they calculated an oxygen redox contribution of 0.5 
 e−/formula unit (~ 157 mAh/g) and of only 0.05  e−/formula unit 
(~ 16 mAh/g) by  O2 evolution for  Li1.2Ni0.13Co0.13Mn0.54O2.

Bulk transformation of the  Li2MnO3 domains toward elec-
trochemically active  LiMnO2 under lithium extraction and  O2 
evolution, referred to as “activation,” is often used to explain 
the behavior of Li-rich CAMs in the first charge cycle. How-
ever, the amount of  O2 detected in the aforementioned studies 
and by Strehle et al. for  Li1.17[Ni0.22Co0.12Mn0.66]0.83O2 [98] is 
far too low to sustain the assumption of a bulk transformation. 
Instead, Strehle et al. calculated the thickness of a spinel surface 
layer based on the quantified gas evolution in OEMS, reaching 
2–3 nm, in good agreement with transmission electron micros-
copy (TEM) observations. Teufl et al. analyzed the gas evolution 
of xLi2MnO3·(1 − x)LiMO2 compositions with varying x. They 
found significant increases in oxygen evolution and spinel sur-
face layer thickness with increasing x, starting to also observe 
bulk spinel formation at x = 0.5 [99]. The authors emphasize that 
for a fair comparison between the different CAMs and also with 
the corresponding NCM (x = 0), the gas evolution has to be nor-
malized to the specific surface area, which was ~ 10 times larger 
for the Li-rich materials. In contrast to the spinel surface layer 
formation, Yin et al. reported about a bulk phase transforma-
tion by adding a constant voltage charge at 4.8 V vs.  Li+/Li for 
 Li1.2Ni0.13Mn0.54Co0.13O2, upon which they observed strong  O2 
evolution and were able to detect the new bulk phase via in situ 
X-ray diffraction (XRD) [100].

The at least partially unavoidable gas evolution of Li-rich 
CAMs is a main challenge for commercial application. Recently, 
Schreiner et al. disclosed the production of multilayer pouch 
cells using  Li1.14[Ni0.26Co0.14Mn0.60]0.86O2 on a pilot scale pro-
duction line [101]. Via OEMS, they found that a formation step 
at 45 °C instead of 25 °C allows to concentrate most gas evolu-
tion into the initial cycle.

Multiple structural modifications and protection strate-
gies have been reported to suppress the gas evolution of Li-rich 
CAMs. Cao et al. demonstrated that the preparation via chemi-
cal ion exchange from the Na-containing precursor results in 
less  O2 loss compared to the preparation via electrochemical 
ion exchange [102]. Following a similar approach, Cao et al. 
obtained both a Li-deficient (in the lithium layer) and Li-rich (in 
the transition metal layer) CAM  Li0.8[Li0.2Mn0.8]O2, for which 
they quantified the irreversible  O2 loss via DEMS and observed 
an increasing peroxide character during charge [103].

The role of Ni and Co bulk doping in stabilizing Li-
rich and Mn-rich CAMs has been examined by multiple 
groups. Shen et al. gradually replaced Ni by Co, starting from 
 Li1.13Ni0.275Mn0.58O2. With increasing Co content, they observed 
a strong increase in  O2 evolution via OEMS (also leading to 
increased spinel layer formation), which was barely detectable 

against the background signal in the Co-free material [104]. 
However, it should be noted that at the same time, the  CO2 
evolution rates decreased and the authors did not provide a 
comparative quantification of the total gas amounts released, 
thus leaving the contribution of chemical electrolyte oxidation 
unattributed. A similar observation of reduced gas evolution 
and spinel formation has been made by Huang et al. for Mn-
rich NCM CAMs [105]. Boivin et al. compared the irrevers-
ible charge capacities resulting from gas evolution after doping 
 Li2MnO3 with Ni and/or Co and observed reduced gassing for 
both dopants, yet with Ni having a more pronounced effect, see 
Fig. 5(b) [106]. The authors showed that unlike Co, Ni dop-
ing leads to a Ni-rich, Li-poor rock-salt-type shell, mitigating 
surface degradation due to gas evolution. Zhang et al. found 
that Zr doping of  Li1.21Ni0.28Mn0.51O2 leads to the formation 
of  Li2ZrO3 slabs in the structure, affecting the oxygen redox by 
reducing the formation of  O2 versus electron holes localized on 
the oxygen anions [107]. Shin et al. performed a computational 
screening of dopants regarding their effectiveness in increas-
ing oxygen retention, confirming experimentally that 2% Ta-
doped  Li1.3Nb0.3Mn0.4O2 shows surface enrichment effects and 
a substantially reduced  O2 evolution [108]. Increased surface 
carbonate content, as confirmed by acid titration experiments, 
explained the larger  CO2 evolution for the doped CAM, again 
highlighting the importance of surface carbonates for correct 
interpretation of in situ gas analysis results.

Wang et al. reported that the lattice oxygen release from 
 Li1.2Ni0.27Mn0.53O2 was reduced by anion doping with chlorine 
 (Li1.2Ni0.27Mn0.53O1.976Cl0.024), finding both lower  O2 and  CO2 
evolution [109]. As early as 2008, Zheng et al. demonstrated 
via DEMS that by coating  Li1.2Ni0.2Mn0.6O2 with  AlF3, the ratio 
between the released gasses changes, with mostly  O2 evolving 
from coated CAM and  CO2 from pristine CAM [110]. A decade 
before the experimental detection of 1O2, the authors already 
proposed that the oxygen may become less reactive while pass-
ing through the coating. Li et al. presented a three-in-one strat-
egy, consisting of a  Na2SiO3 coating with concurrent Na and Si 
doping, for which they showed reduced  O2 evolution via DEMS. 
However, they did not report the  CO2 evolution profiles, thus 
hindering a quantitative comparison (including chemical oxida-
tion of electrolyte) [111]. With a similar  Na5AlO4 coating, Maiti 
et al. achieved suppressed gas evolution for Li-rich NCM up to 
4.65 V vs.  Li+/Li. A strong increase in  O2 release was observed 
at higher potentials and explained by the decomposition of the 
coating, resulting in  Na2O2 formation among others [112]. Gim 
et al. further reported the lack of  O2 detection by coating of Li-
rich CAM (40 nm thickness) using  CoPO4 nanoparticles, albeit 
not discussing  CO2 evolution [32]. Organometallic reagents like 
those used in atomic layer deposition (ALD) have been found by 
Evenstein et al. and Rosy et al. to alter the free surface of Li-rich 
CAMs by forming a layer of reduced transition metal oxide and 
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metal species from the reagent, a process they refer to as atomic 
surface reduction [113, 114]. For both diethylzinc- and tri-
methylaluminum-treated Li-rich NCM, they observed reduced 
 O2 and  CO2 evolution rates. Sun et al. studied a thin lithium 
polyacrylate coating, for which reduced  CO2 evolution, yet no 
change in  O2 evolution, was observed at high potentials, thus 
indicating a beneficial effect mostly against electrochemical elec-
trolyte oxidation, supported by the finding of reduced  CO2 and 
 POF3 evolution with glassy carbon electrodes [115].

With the inherent  O2 release of Li-rich CAMs during the 
first charge cycle and the high working potential of these mate-
rials, the stability of electrolytes against oxidation is of great 
importance. By comparing the  CO2 evolution for EC and FEC 
both on carbon black and NCM622 electrodes, Teufl et al. dem-
onstrated that both electrolytes show a similar stability against 
electrochemical oxidation, while EC is more readily chemically 
oxidized by lattice oxygen [116]. Consequently, when using pre-
activated CAM, the performance in EC is greatly improved.

Wu et al. were able to demonstrate that with the ionic liquid 
electrolyte N-butyl-N-methylpyrrolidinium bis(fluorosulfonyl)
imide a stable CEI is formed on  Li1.2Ni0.2Mn0.6O2, leading to 
reduced gas evolution and rock-salt-type phase formation 
[117]. Han et al. investigated the working mechanism of lith-
ium fluoromalonato(difluoro)borate as electrolyte additive, 
also observing the formation of a stable CEI. Using DEMS, 
they showed that after the initial decarboxylation of the addi-
tive, reduced  O2 evolution is achieved [118].

Li-rich layered oxides are not necessarily based on Mn. 
Xu et al. found that the replacement of 3d Mn by 4d Ru in 
 Li1.2Ni0.2M0.6O2 (M = Mn, Ru) leads to lower irreversible charge 

capacity and the absence of severe evolution of both  O2 and 
 CO2, even after increasing the potential to 5 V vs.  Li+/Li [119]. 
A RIXS feature indicating anion redox was only present for 
 Li1.2Ni0.2Mn0.6O2, while in situ XAS revealed reversible cation 
redox of Ru in  Li1.2Ni0.2Ru0.6O2. Yu et al. probed the oxygen 
redox of  Li2RuO3, demonstrating O–O coupling through exten-
sive synchrotron characterizations, and used DEMS to quantify 
the oxygen loss during the first charge. The observed reduc-
tion of Ru at high potentials cannot be explained by oxygen 
loss alone, thus anion redox must be present [120]. In a follow-
up study, Yu et al. examined the effect that Ru substitution in 
 Li2RuO3 (by Ti, Cr, Mn, Fe, Ru, Sn, Ir, and Pt) has on the revers-
ibility of oxygen redox, which they quantified from integration 
of dq/dV and DEMS curves, see Fig. 6 [121]. The irreversibility 
increased with the ionic character of the substituents, an obser-
vation explained by increased distortion of the M–O octahedra, 
enabling easier O–O dimer formation. Ning et al. demonstrated 
that O–O dimerization is suppressed in intralayer-disordered 
 Li2RuO3, which they prepared via ion exchange from  Na2RuO3 
[122]. In contrast to common  Li2RuO3, where cations in the 
intralayer show the so-called honeycomb arrangement, no  O2 
and less  CO2 were detected for the disordered material.

McCalla et al. synthesized the model compounds  Li4FeTeO6 
(specifically  Li4.27Fe0.57TeO6) and  Li4FeSbO6 for the detailed 
study of anion redox and  O2 release [123, 124]. For the former, 
they found via DEMS that nearly all charge capacity is reflected 
in  O2 evolution. For the latter, Fe oxidation and O oxidation 
upon charge (4.2 V plateau) have been observed, with incom-
plete reduction of the oxygenated species during discharge. 
However, when the material was charged beyond the plateau, 

Figure 6:  The effect of transition metal substitution on gas evolution of  Li2Ru0.75M0.25O3 (M = Ru, Ti, Mn, Fe). Adapted with permission from [121].
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strong  CO2 and  O2 evolution occurred. At 5 V, Fe was found 
to be reduced again, accompanied by  O2 evolution. Ting et al. 
confirmed the existence of such a reductive couple (Fe and oxy-
genated species), with oxygen redox also for the Ni-containing 
equivalents  Li4NiTeO6 and  Li1.15Ni0.47Sb0.38O2, yet limited to the 
surface of the materials [125]. While observing  O2 evolution via 
OEMS, the outgassing was much smaller for the latter materials 
than the Fe-containing ones.

Jaquet et  al. studied the anion redox and gas evolution 
of layered CAMs of composition  Li3RuyIr1−yO4 and reported 
reduced gassing for the Ir-free  Li3RuO4. For  Li3RuO4, they found 
a new degradation mechanism, namely, the dissolution of  RuO4/
RuO4

−, oxidizing the electrolyte and forming  CO2 and solid 
 RuOx [126]. The presence of Ir can suppress the dissolution. 
However, in this case, increased gas evolution has been detected.

Li3RuO4 has a rock-salt structure and can either possess 
Li-only layers alternating with Li/Ru layers or show a random 
arrangement of Li and Ru, with the former structure being 
referred to as ordered and the latter as disordered rock-salt 
(DRX). Li et al. reported similar gas evolution in the initial 
charge cycle for both polymorphs [127]. In a recent study, Li 
et al. demonstrated that  Li1.2Ni0.4Ru0.4O2 can be prepared with 
intergrown layered and DRX phases, exhibiting anion redox 
with minimal  O2 evolution, thus combining the benefits of both 
layered and DRX materials [128].

Disordered rock‑salt cathodes

While the formation of a rock-salt-type surface layer in NCM 
CAMs is detrimental, in DRX materials, the percolation of the 
so-called 0-TM diffusion channels, in which the tetrahedrally 
coordinated (activated) lithium site is not neighbored by a 
transition metal ion, can lead to high and SOC-independent Li 
mobility, as demonstrated by Lee et al. [129]. A main benefit of 
cation disorder is the much lower and isotropic volume change 
of the CAM upon battery operation. For a detailed review of 
mechanisms, possibilities and constraints of DRX materials, 
the reader is again referred to the literature [5]. DRX materials 
require a certain amount of Li excess to enable 0-TM perco-
lation, and like layered Li-rich CAMs therefore show limited 
capacity by transition metal redox. They rely on anion redox to 
achieve high specific capacities, with the risk of showing sub-
stantial  O2 evolution. As an example, Cambaz et al. observed 
via DEMS that  O2 evolution only occurs in the Li-rich DRX 
 Li1.2Ni1/3Ti1/3W2/15O2, but not in stoichiometric  LiNi0.5Ti0.5O2 
[130]. No longer constrained by the requirements of a layered 
structure, the partial replacement of oxygen by fluorine has been 
shown to suppress the evolution of  O2, while the lower valence of 
fluoride ions allows for an increase in the redox-active transition 
metal content, as demonstrated by Lee et al. in a comparison 
of  Li1.15Ni0.375Ti0.375Mo0.1O2 and  Li1.15Ni0.45Ti0.3Mo0.1O1.85F0.15 

[131]. Not only Ni, but also both Mn redox couples  (Mn2+/Mn4+ 
and  Mn3+/Mn4+) can be utilized in DRX cathodes, where again 
fluorination reduced the  O2 evolution [132–135]. Combining 
DEMS and the titration of peroxide-like species and carbonates, 
Crafton et al. examined the effect of fluorination by compar-
ing  Li1.2Mn0.6Nb0.2O2 (LMNO) and  Li1.2Mn0.625Nb0.175O1.95F0.05 
(LMNOF) [136]. They found reduced and delayed  O2 evolution, 
see Fig. 7(a), and were able to show that the contribution of 
anion redox as a whole is reduced by fluorination, as the frac-
tion of redox-active cations with lower initial oxidation num-
ber is increased. Using TMSPa as a probe (evolution of gaseous 
 Me3SiF), the authors also showed that fluorinated cathodes suf-
fer from fluoride dissolution near the end of charge over mul-
tiple cycles. Sathish et al. demonstrated that soaking the same 
CAM in electrolyte leads to the removal of Li and F, thereby 
increasing the material’s capacity retention and suppressing  O2 
evolution, similar to the already discussed acid washing steps 
[137].

Huang et  al. recently showed that DEMS and related 
acid titration methods in combination with 18O enrich-
ment can be used to deconvolute the redox processes in 
 Li1.15Ni0.45Ti0.3Mo0.1O1.85F0.15. During acid titration, oxidized 

Figure 7:  (a) Reduced oxygen evolution upon fluorination of LMNO. 
Adapted with permission from [136]. (b) Electrochemical contributions 
determined by combining isotope labeling, DEMS and acid titration 
measurements. Adapted with permission from [138].
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lattice oxygen (the contribution of anion redox) is released 
as (18O-enriched)  O2 according to Eq. (3), while at the same 
time the CAM is dissolved and both  Ni3+ and  Ni4+ (the con-
tribution of cation redox) oxidize  H2O, leading to  O2 evo-
lution without isotope enrichment. This way, the relative 
contributions can be calculated from the observed isotope 
ratio, see Fig. 7(b) [138]. Consequences of a large reliance on 
anion redox have been demonstrated by Kan et al. for single-
crystalline  Li1.3Nb0.3Mn0.4O2, where the authors reported not 
only gas evolution, but also volume changes leading to particle 
fracture [139].

The choice of the redox-active transition metal and its effect 
on the anion redox and electrochemical properties have been 
analyzed by Jaquet et al. by comparing  Li1.3Ni0.27Ta0.43O2 and 
 Li1.3Mn0.4Ta0.3O2 [140]. They found that the Ni-containing CAM 
exhibits a large voltage hysteresis and increased gas evolution 
coinciding with partial Ni reduction, which the authors both 
attributed to a smaller charge-transfer band gap (supported by 
DFT calculations).

To stabilize DRX structures, redox-inactive (in the given 
voltage range)  d0 metal ions, such as  Ti4+ and  Nb5+, are often 
required [141]. While being redox-inactive, they still affect the 
anion redox, as demonstrated for  Li1.3M0.3Mn0.4O2 (M = Nb, Ti) 
by Chen et al. [142]. For Nb, the authors found increased  O2 
evolution and a larger capacity contribution of anion redox in 
the initial cycles, while Ti stabilized oxidized oxygen species, 
thereby increasing the reversibility of anion redox and lead-
ing to a lower  O2 evolution and reduced CAM degradation. 
By comparing RIXS data of cycled electrodes, the authors also 
demonstrated that anion redox features decrease stronger for 
Nb than Ti. Yue et al. found that the introduction of Mo into 
 Li1.15Ni0.35Ti0.5O1.85F0.15 (yielding  Li1.15Ni0.45Ti0.3Mo0.1O1.85F0.15) 
results in a lower voltage hysteresis after migration of Mo into 
the tetrahedral sites, yet with increased  O2 evolution [143]. 
Cambaz et al. observed via DEMS and X-ray photoelectron 
spectroscopy (XPS) that concurrent with  O2 evolution from 
 Li1.2Ni1/3Ti1/3Mo2/15O2, partial reduction of  Mo6+ to  Mo4+ is 
occurring at the particle surface, indicating a reductive couple 
and formation of a densified surface layer [144].

Finally, the introduction of configurational entropy (high-
entropy concept) into DRX materials and their gas evolution 
behavior have been reported by Breitung et al. and Lun et al. [145, 
146]. Lun et al. found improved energy density and better rate 
capability for high-entropy  Li1.3Co0.1Cr0.1Mn0.2Nb0.2Ti0.1O1.7F0.3 
compared to low-entropy  Li1.3Mn0.4Ti0.3O1.7F0.3. However, the 
former material showed stronger  CO2 evolution, which the 
authors attributed to increased interfacial side reactions with 
the electrolyte.

In summary, in situ gas analysis has proven indispensa-
ble in the study of Li-rich CAMs both with layered and DRX 
structures, as it can provide quantitative information on the 

irreversibility and extent of anion redox, a key feature of these 
electrode materials.

Solid‑state batteries

On the one hand, the gas analysis of SSBs is simplified by the 
lack of continuous liquid electrolyte degradation and accom-
panied electrolyte fragment detection. On the other hand, the 
assembly of a test cell is complicated by the fact that most SSBs 
are cycled under external pressure to assure proper contacting 
and conductivity. Bartsch et al. first reported about DEMS meas-
urements on SSBs with  Li3PS4 as SE in 2018, utilizing pellets of 
NCM622 CAM, SE separator and In anode, as well as a rather 
robust cell housing [58]. They attributed the  H2 evolution to 
the initial reduction of trace  H2O, while both  CO2 and  O2 were 
detected clearly in the charge cycle. The only possible source for 
 CO2 in this configuration were residual carbonates, as proven by 
13C-labeling experiments. The authors observed minor amounts 
of  CO2 compared to the overall carbonate content, presumably 
due to the lack of acid protons.  O2 evolved from the NCM lattice 
at high SOC and from the electrochemical carbonate decompo-
sition, as discussed previously. Oxidation of the SE by the reac-
tive oxygen has been observed, leading to traces of  SO2 being 
detected. In later studies, the same group examined the effect 
of  Li2CO3,  Li2CO3/LiNbO3 (with  Li3PS4 as SE) [147],  Li2CO3/
Li2ZrO3 (with argyrodite  Li6PS5Cl as SE) [148], and more com-
plex nanoparticle coatings [149] on NCM CAMs on the gas evo-
lution, observing that a  Li2CO3 coating alone leads to increased 
 CO2 release as expected, but in a dual coating, the  CO2 evolu-
tion is greatly reduced and minor or no  SO2 is detected. From 
this observation, DEMS allowed for the conclusion of a uniform 
(hybrid) coating structure, as opposed to areas in which only the 
carbonate is present.  Li2ZrO3 prevented the formation of  SO2, 
even when the coated CAM was annealed in air (note that in 
this case the carbonate content and  CO2 evolution were larger 
than for the uncoated material). Extending the scope of CAMs 
to LNO,  CO2 has only been detected in the initial cycle, while 
the release of lattice  O2 continued at high potentials during the 
second cycle [150]. In all aforementioned studies,  H2 and  CO2 
have been detected at the onset of charge (first cycle). In a liq-
uid cell, such gassing behavior would be attributed to organic 
carbonates reacting at the anode side, which does not apply to 
SSBs. Because the  H2 evolution is explained by the reduction of 
trace  H2O in the cell, the authors assume a correlation between 
 H2 and  CO2 evolution.

Major challenges of SSBs are the variation in performance 
and lack of scalability for pellet-stack cells. Tape-cast electrodes 
can alleviate these issues while requiring the development of 
slurry recipes and the use of polymer binders. Teo et al. studied 
the binder choice for SSB cathodes containing NCM622 CAM, 
 Li3PS4 SE, conductive carbon, and one of three binders using 
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a design of experiments (DOE)-guided approach [151]. The 
binders tested were polyisobutene (OPN), poly(styrene-co-
butadiene) rubber (SBR) and hydrogenated nitrile butadiene 
rubber (hNBR) having different functional groups on the poly-
mer chain. Using DEMS, the influence of the binder choice has 
been investigated, initially revealing a distinct double peak in 
 CO2 evolution, not observed in previous SSB studies, indicating 

that in addition to carbonate gassing also binder oxidation 
occurs. OPN-based cathodes showing the best performance 
overall revealed the most pronounced gas evolution  (O2,  CO2, 
and  SO2), which seems counterintuitive, but was explained by 
the higher SOC achieved with this binder. Using  LiNbO3-coated 
NCM622 instead, a comparison of OPN- and SBR-based cath-
odes at similar SOC was possible, see Fig. 8(a). In this case, a 

Figure 8:  Gas evolution comparisons between (a) OPN and SBR polymer binders for tape-cast SSB electrodes and (b) glassy and crystalline SEs. Adapted 
with permissions from [151, 154].
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larger  O2 evolution was found for OPN, but a more distinct dou-
ble peak and cumulative amount of  CO2 for SBR, demonstrating 
that SBR is more readily oxidized than OPN.

For an SSB, the properties of the SE have a profound effect 
on the cell characteristics. For this reason, the influence of 
SEs on the gas evolution has been studied by various groups. 
In an OEMS comparison of a solid polymer electrolyte (SPE) 
based on trimethylene carbonate units with liquid organic 
carbonates containing LiTFSI as supporting salt, Sångeland 
et al. noted that during reduction, the SPE releases  CO2, while 
the liquid electrolyte releases  C2H4 [152]. The formation of 
 CO2 has been explained by the presence of trace  H2O, form-
ing  H2 and  OH− ions upon reduction, the latter leading to 
hydrolysis with subsequent decarboxylation of the electrolyte. 
At the cathode side, both electrolytes degrade under evolution 
of  CO2 and  H2 (formed at the anode from protic degradation 
species) and, interestingly,  SO2 originating from the decompo-
sition of TFSI upon radical attack, due to the weak N–S bond.

Strauss et al. reported a quantitative comparison of the 
gas evolution of 13C-carbonate-labeled NCM622 CAM in 
combination with two SEs  (Li3PS4 and  Li6PS5Cl) and a liquid 
electrolyte (LP57), noting minor differences in the cumulative 
amounts of  O2 and  CO2 (virtually only 13CO2) between the 
SEs. However,  SO2 evolution has been observed when using 
 Li3PS4 [153]. Because  SO2 was absent for  Li6PS5Cl, a higher 
stability of this electrolyte against reactive oxygen and/or for-
mation of only solid degradation products was suggested. In 
comparison, in liquid electrolyte cells, much larger  CO2 evolu-
tion, with more 12CO2 from electrolyte oxidation than 13CO2, 
and lower  O2 evolution have been detected, indicating almost 
complete consumption of the released reactive oxygen. By acid 
titration after cycling, it was shown that in the SSB cathodes, 
a larger fraction of  Li2

13CO2 remained, presumably due to the 
lack of acid protons and the known issue of inactive (isolated) 
CAM in SSBs. To ensure comparability of the gas evolution, 
a similar SOC was targeted by restricting the specific charge 
capacity of the liquid electrolyte cells to 240 mAh/g, resulting 
in a lower upper cutoff potential.

Teo et al. compared the crystalline SE  Li6PS5Cl with the 
glassy SE 1.5Li2S-0.5P2S5-LiI via DEMS among others (in 
slurry-cast cathodes with  LiNbO3-coated NCM622). They 
observed relatively more  O2, but no  SO2 evolution in the 
former and less  O2, but also  SO2 evolution in the latter, see 
Fig. 8(b) [154]. This finding is well explainable by the con-
sumption of oxygen for the formation of  SO2 and supported by 
the observation of oxygenated sulfur and phosphorus species 
via XPS and time-of-flight secondary ion mass spectrometry 
(ToF–SIMS). However, although more SE degradation has 
been observed, the electrochemical performance of SSB cells 
using the glassy SE was better, indicating that a stable and ion-
conducting layer of degradation products with good contact to 

the CAM particles forms and the increased  SO2 evolution is a 
side effect of tight contact between CAM and SE.

The decomposition of SE, in this case based on polyeth-
ylene oxide (PEO), has also been studied by Nie et al. [155]. 
They found that while PEO itself only starts to decompose via 
dehydrogenation and formation of protonated TFSI (HTFSI) at 
4.5 V vs.  Li+/Li, in the presence of LCO, this reaction can occur 
at potentials as low as 4.2 V vs.  Li+/Li, due to undercoordinated 
surface oxygen of LCO, a problem solved via coating the cathode 
with  Li1.4Al0.4Ti1.6(PO4)3. Seidl et al. identified methanol and 
2-methoxyethanol as degradation products of HTFSI forma-
tion, but observed limited capability for the determination of 
onset voltages due to low sampling rate [156]. Li et al. prepared 
a sandwich composite polymer SE, consisting of reduction-
resistant PEO and oxidation-resistant polyacrylonitrile with a 
PVDF layer in between, each containing  Li3xLa2/3−xTiO3 fib-
ers. Using DEMS, they showed that while the individual layers 
alone degrade under gas generation in an NCM811|SE|Li cell, 
no gas evolution is detected for the sandwich composite [157]. 
However, the authors reported only the evolution rates of  C2H2, 
 C2H4,  C2H6, and  H2 and did not include  CO2.

Lastly, the gassing behavior of garnet SEs has also been 
investigated. Delluva et al. demonstrated that  Li7La3Zr2O12 
(LLZO) will release  CO2 and  O2 at potentials above 3.8 V vs. 
 Li+/Li, as expected for the electrochemical oxidation of  Li2CO3 
impurities, not only in an  LiMn2O4|LLZO|Li cell, but also in 
an Au|LLZO|Li cell, ruling out CAM contributions to the gas 
evolution [158]. The authors concluded that at the cathode|SE 
interface,  Li2CO3 impurities of the SE are oxidized, with the 
resulting gas release leading to delamination, thus highlighting 
the need for fast and carbonate-free processing of LLZO. For 
the related  Li6.4La3Zr1.4Ta0.6O12, Yang et al. have shown that by 
coating the garnet SE with a thin layer of LCO, surface contami-
nation is suppressed and stability against  Li2CO3 formation in 
air is achieved [159].

In summary, the (out)gassing tendency of CAMs is similar 
for liquid- and solid-electrolyte-based cells. However, because 
many follow-up reactions are occurring at the interface to the 
electrolyte, SSBs have unique features that allow for an advanced 
characterization of SE and said interface.

Sodium‑ion batteries

Driven by the scarcity of lithium and relative abundance of 
sodium, many efforts are made to introduce SIBs as a cheaper 
and more sustainable or complementary alternative to LIBs 
[160], mostly in the field of stationary energy storage [9]. 
Among the existing CAMs, layered oxides of either P2 or O3 
structure, differing in the coordination and amount of Na per 
formula unit, show the largest resemblance to LIB cathodes. 
Apart from that, polyanionic cathodes, foremost  Na3V2(PO4)2F3 
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(NVPF) and Prussian blue analogs (PBAs), also hold promise 
for application in SIBs [8]. Herein, the outgassing of all three 
material families is reviewed as well the application of gas evo-
lution measurements to study the SEI formation on different 
anode materials.

A systematic OEMS study of SIBs has been presented 
recently by Zhang et  al., including screening of common 
electrolyte solvents (EC, DMC, PC) and a comparison of the 
CAMs NVPF (polyanionic and showing biphasic behavior), 
 NaNi0.45Zn0.05Mn0.4Ti0.1O2 (NNZMTO, layered and show-
ing purely cation redox and solid-solution behavior), and 
 NaLi1/3Mn2/3O2 (NLMO, involving anion redox) [161]. Versus 
Na metal anodes, they observed recurring strong  H2 evolution 
at higher potentials with NNZMTO and NVPF cathodes and 
explained this by the reduction of protic electrolyte degradation 
products at the anode. A direct comparison of gas evolution 
rates may be misleading, as the two cathodes were charged to 
different potentials. Using hard carbon as negative electrode, 
the  H2 evolution was reduced, probably due to better passiva-
tion of the anode. Instead,  C2H4 was observed as a result of SEI 
formation. NNZMTO also released  CO2 at high potentials, yet 
only during the first cycle, thus suggesting surface carbonates as 
the cause. For NLMO, significant  O2 release at high potentials 
in the initial cycle has been detected, with evolution of  CO2 also 
in the subsequent cycles, proving the partial irreversibility of 
anion redox. It is worth to point out that the authors attempted 
isotope labeling experiments, but ran into purity issues with the 
labeled solvents, highlighting another challenge that comes with 
such experiments.

Starting with P2 cathodes, Maitra et al. demonstrated that 
 Na2/3Mg0.28Mn0.72O2 (NMMO) not only shows oxygen redox 
without alkali ions in the transition metal layer, but also that 
no  O2 loss occurs during charge, with the only gas evolution 
contributions coming from surface carbonates and electrolyte 
decomposition [162]. In a follow-up study, House et al. com-
pared NMMO with the Li-containing  Na0.78Li0.25Mn0.75O2 
(NLMO) and found that both materials do not show  O2 loss at 
4.5 V vs.  Na+/Na. Utilizing 18O-labeled CAMs under CV charge 
at 5.0 V, a cell with NMMO only released  C16O2 stemming from 
electrolyte decomposition, while a cell with NLMO also released 
18O2 as well as  C16O18O and  C18O2, clearly indicating the irre-
versible oxygen loss and chemical oxidation of electrolyte, see 
Fig. 9(a) [163]. However, shortly after, the same group demon-
strated via high-resolution RIXS that molecular oxygen formed 
both in NMMO and NLMO at 4.5 V, but has no way of escaping 
the solid phase and is reduced again during discharge. Note that 
a slight change in stoichiometry of NLMO to  Na0.6Li0.2Mn0.8O2 
led to a ribbon structure instead of a honeycomb structure, 
thereby preventing the formation of  O2 [164, 165]. This obser-
vation emphasizes the rare case that even with good signal-to-
noise ratio and low detection limit, the lack of gas detection is 

necessary but not sufficient to exclude the underlying reaction 
mechanism.

Zhao et al. observed  O2 evolution during charge to 4.5 V 
vs.  Na+/Na for NLMO of again slightly different stoichiometry 
 (Na0.66Li0.22Mn0.78O2) and found that partial bulk substitution 
of O by F, yielding NLMOF  (Na0.65Li0.22Mn0.78O1.99F0.01), sup-
presses this  O2 release [166].

Kulka et al. used OEMS to rule out  O2 evolution as a rea-
son for capacity loss in  Na0.6MnO2, albeit only at potentials up 
to 4.0 V vs.  Na+/Na [167]. It is in the nature of the P2 phase 
that as-synthesized materials are Na-deficient, and a higher 
degree of sodium intercalation is only achieved during opera-
tion. While not a problem in half-cells with near infinite Na 
supply, the capacity of full cells is thus reduced. Adding sac-
rificial sodium salts that decompose in the initial cycle to the 
cathode composite can alleviate this issue. Marelli et al. dem-
onstrated that the addition of sodium rhodizonate  (Na2C6O6) 
increases the full cell performance of  Na0.67Mn0.5Fe0.5O2 and 
used OEMS to verify the decomposition to  CO2 (the onset of 
oxidation was as low as 3.8 V vs.  Na+/Na) [168].

Only recently, CAMs with O3-type structure have been 
characterized via in situ gas analysis. Wang et al. used OEMS 
to quantify the first cycle  O2 loss due to anion redox for 
 NaLi1/3Mn2/3O2. From that, they calculated the composi-
tion of the charged cathode to be  Na0.09Li1/3Mn2/3O1.86 while 
demonstrating the presence of peroxo-like species within 
the structure via hard XPS (HAXPES) and RIXS [169]. Two 
other studies have shown that both in  NaMn1/3Fe1/3Ni1/3O2 
[170] (charged up to 4.6 V vs.  Na+/Na) and in  NaNi2/3Ru1/3O2 
[171] (charged up to 4.1  V vs.  Na+/Na) no  O2 evolution 
occurs, although the formation of peroxo-like species has 
been observed via X-ray absorption near edge spectroscopy 
(XANES) and XPS.

The DEMS investigation of the high-entropy PBA 
 Nax(Fe0.2Mn0.2Ni0.2Cu0.2Co0.2)[Fe(CN)6]1−y for SIBs revealed 
that next to  H2 and  CO2 as expected gasses from crystal water, 
surface carbonates and electrolyte decomposition, ethanedini-
trile [(CN)2, cyanogen] evolves at high potentials, see Fig. 9(b) 
[172]. Overall, it has been shown clearly that the oxidative 
dimerization of anions is not limited to oxide CAMs.

In their extended study [161], Zhang et al. observed con-
tinuous gassing of linear carbonates in contact with Na metal, 
suggesting their inability to form a stable SEI. On hard carbon 
as the standard anode material, more and diffuse gas evolution 
has been observed for linear carbonates, compared to sharp gas 
evolution peaks with cyclic carbonates, indicating again a bet-
ter SEI formation with the latter.  H2 evolution, due to cross-talk 
via the formation of soluble protic species, is also observed in 
the SIB systems. Equivalent findings to those in LIBs have been 
made when discussing the role of electrolyte additives. Both VC 
and FEC lead to suppressed  C2H4 evolution, but increased  CO2 
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evolution during SEI formation, while TMSPi reacts with  NaPF6 
resulting in constant  POF3 release. Sodium difluoro(oxalate)
borate was able to suppress most of the gas evolution during 
SEI formation and cycling.

While graphite cannot reversibly intercalate large amounts 
of sodium when using standard electrolyte solvents and there-
fore hard carbon is applied as anode material instead, the use 
of ether-based electrolytes allows for the highly reversible co-
intercalation of solvated sodium [173]. This raises questions 

Figure 9:  (a) Loss of lattice oxygen in NLMO, but not in NMMO, demonstrated via isotope labeling. Adapted with permission from [163]. (b) Formation 
of (CN)2 in PBA cathodes indicating that anion oxidation is not limited to lattice oxygen. Adapted with permission from [172].
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about the nature of the SEI involved. Goktas et al. used OEMS to 
probe the SEI formation on graphite in diglyme containing 1 M 
 NaPF6 as electrolyte, with the surprising finding that no SEI for-
mation is observed via TEM, and yet gas evolution is restricted 
to the first cycle only [174]. The gas evolution is explained by 
the not recurring reaction of graphite surface groups, forming 
soluble reaction products (rather than an SEI). Hence, graphite 
in diglyme has been reported as the first SEI-free anode. In a 
following study, again utilizing OEMS, the authors showed that 
this observation depends on the conductive salt used. While 
diglyme containing NaOTf and  NaPF6 releases the least gas and 
forms no SEI on graphite, the use of sodium bis(fluorosulfonyl)
imide (NaFSI) or NaTFSI leads to significant gas evolution, SEI 
formation, and capacity fading, as these salts have been found 
not to be stable against the anode [175].

Tin (Sn) is an alternative anode candidate in SIBs. However, 
the low initial Coulombic efficiency and poor cycle life are chal-
lenging. Both effects have been shown via DEMS to be caused 
by excessive gas evolution and poor SEI formation, due to elec-
trolyte decomposition at the relatively higher electrode potential 
of tin than hard carbon. As found by Liu et al., lowering the 
potential by mechanically pre-alloying Sn and Na leads to the 
formation of a stable SEI with less concurrent gas evolution and 
a drastically improved Coulombic efficiency [176]. Qin et al. 
demonstrated that the use of glyme electrolytes leads to largely 
suppressed gas evolution and a more stable, inorganic SEI [177].

In summary, the (out)gassing of SIB electrode materials 
often shows analogies to their respective LIB counterparts, yet 
the broader chemistry range considered for application leads to 
a larger variety of possible reaction mechanisms and evolving 
gasses.

Challenges and future perspectives
As the search for solutions to improve or replace today’s LIB 
technologies continues, novel and creative ideas are presented 
and for these, the in situ gas analysis plays an important role in 
understanding stability, redox activity, and degradation—mostly 
related to side reactions occurring at electrode interfaces. Thus, 
it comes as no surprise that more and more research groups 
develop their own, customized capabilities for in situ gas evo-
lution measurements. After first being applied to understand 
reaction mechanisms in LIBs in detail, a second spring for gas 
analysis investigations is now imminent as part of the charac-
terization and evaluation of new battery materials and concepts.

Gas evolution studies on various novel cell chemistries will 
certainly increase in the near future. First DEMS experiments 
on potassium-ion batteries have already been reported, show-
ing that the  KxCrO2 cathode does not undergo  O2 loss during 
potassium extraction at high potentials, while the evolved  CO2 
could be attributed to electrolyte (EC/DEC) decomposition 

(after proving the absence of carbonates via acid titration) [178]. 
Similarly, DEMS has been used to probe  FxReO3 as a host mate-
rial for fluoride ions, demonstrating that it does not release oxy-
gen upon fluorination and oxidative current is in fact due to 
operation of the cathode rather than electrolyte decomposition 
[179]. Beneficial  O2 evolution in the first charge cycle has been 
reported for the zinc-ion battery cathode material  Ca2Mn3O8 by 
Wang et al., allowing for the controlled introduction of perfor-
mance-enhancing vacancies [180].

In situ gas evolution measurements can, after a compara-
tively low initial investment [181], be performed on a daily 
basis in a regular laboratory. However, establishing an experi-
mental setup tailored to the needs not only of today’s, but also 
tomorrow’s research remains a challenging task (because of 
many choices and necessary work in design, manufacture, and 
assembly of custom-built parts). Apart from that, correct opera-
tion, data acquisition, and assignment, also of unusual gassing 
phenomena or m/z signals, require mental and resource com-
mitment, even more so when involving isotope labeling experi-
ments. It is to hope that academic cooperation and exchange 
are fostered by the DEMS/OEMS community, working on mak-
ing gas evolution measurements available to a broader range of 
researchers.

While the study of gas evolution has been shown to allow 
for insights into many reaction mechanisms, some conclusions 
can be drawn too fast, especially when comparing materials, 
due to the complex interplay of SOC/potential, composition, 
and surface impurities. Moreover, even mechanisms that seem 
established in the community, such as the 1O2 evolution during 
battery operation, can be challenged based on the possibility of 
side reactions and theoretical considerations [182].

Conclusions
In this review article, recent developments in the field of in situ 
gas analysis of batteries have been discussed, spanning from 
instrumentation and state-of-the-art LIBs over Li-rich cath-
ode materials and SIBs to SSBs, emphasizing the versatility of 
the method and its role in the evaluation of current and next-
generation electrode materials. The unique gas detection and 
quantification capabilities of DEMS/OEMS allow elucidating 
formation, operation and degradation mechanisms in batter-
ies that cannot be assessed by other in situ techniques. Isotope 
enrichment has been shown to be a powerful and versatile tool, 
with which multiple processes evolving the same gas species can 
be distinguished from one another. Still, reaction mechanisms 
can be more complex than they initially seem, highlighted by 
the development in understanding the decomposition of sur-
face carbonate impurities among others. At the same time, the 
combination of gas analysis with complementary techniques, 
such as EQCM in the study of SEI formation or RIXS in the 
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study of anion redox, can help to provide detailed insights into 
complex phenomena and becomes more relevant as DEMS/
OEMS matures.

The increasing number of research groups performing 
in situ gas evolution measurements demonstrates the method’s 
appeal, and we hope that this article will inspire and encour-
age readers to include gas analysis in their future work.
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