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1. Introduction

The widespread use of lithium-ion batteries (LIBs) in areas such
as portable electronic devices, electric vehicles, and stationary
storage systems plays an important role in maintaining and

further developing the functionality of
today’s society.[1–3] At the same time, the
use of LIBs not only enables the redistribu-
tion of renewable energy sources, which are
characterized by intermittency and variabil-
ity, but also contributes to the fight against
global warming.[4,5] However, the uneven
geographical distribution of lithium resour-
ces makes it difficult tomeet the demand for
large-scale electrochemical energy storage
and long-term sustainability.[6,7]

As a group I element like lithium,
sodium exhibits similar chemical proper-
ties, meaning the design concepts estab-
lished for LIBs can be readily adapted to
sodium-ion batteries (SIBs).[8,9] Neverthe-
less, significant differences exist between
the two systems. For example, aluminum
can be used as the anode current collector
in SIBs, which helps reduce costs.[10,11]

On the other hand, conventional graphite
anodes are unsuitable for SIBs, with hard
carbon emerging as a more appropriate
alternative.[4,12] Due to the larger ionic
radius of Naþ (r= 1.02 Å) compared to
Liþ (r= 0.76 Å), there is greater flexibility

in the selection of redox-active transition metal species for layered
cathode active materials (CAMs) in SIBs.[7,13,14]

Among the existing CAMs for SIBs, layered oxides have
attracted particular attention due to their high theoretical specific
capacity and relatively high average working potential.[15,16]

Layered oxides based on manganese, represented by NaMnO2

(NMO), have been extensively studied due to the abundance
and economic sustainability of manganese.[17,18] However,
research into the outgassing of NMO cathodes remains insuffi-
cient. In our previous study, we successfully improved the
cycling stability of NMO through titanium substitution and,
for the first time, investigated its gassing behavior in an electro-
lyte system consisting of 1M NaClO4 in a solvent mixture of eth-
ylene carbonate (EC), propylene carbonate (PC), and dimethyl
carbonate (DMC) in a volume ratio of 1:1:1, with the addition
of 5 vol% fluoroethylene carbonate (FEC).[19]

To gain a deeper understanding of the gas release, in this
work, differential electrochemical mass spectrometry (DEMS)
was employed for monitoring the electrochemical cycling of
NMO in SIB half-cells with six different electrolytes. This
approach enables a more comprehensive investigation of gas evo-
lution and provides new insights into the interfacial stability of
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Sodium-ion batteries (SIBs) are considered a promising alternative to lithium-ion
batteries due to the high availability of sodium resources. Among the various
candidates for the positive electrode, layered (O3-type) NaMnO2 has attracted
considerable attention. However, understanding of its interfacial stability remains
limited. Differential electrochemical mass spectrometry (DEMS) is a powerful
tool for monitoring gas evolution and therefore provides valuable insights into
side reactions occurring at the interface between anode/cathode and electrolyte.
In this work, the gassing behavior of SIB half-cells with NaMnO2 cathode and six
representative electrolyte formulations is investigated using DEMS. The results
show that electrolytes with fluoroethylene carbonate effectively suppress para-
sitic reactions and promote the formation of passivating interphases, resulting in
improved performance and limited gas release. PC-based electrolytes appear to
be more stable than EC-based electrolytes, especially in combination with
NaClO4. The use of NaPF6 is associated with increased H2 evolution and possible
manganese dissolution, thereby impairing interfacial stability and releasing more
lattice oxygen. An increase in the upper cutoff potential enhances gas release,
indicating more severe (electro)chemical oxidation of the electrolyte. Overall, this
study paves the way for new strategies for tailoring electrolytes to improve the
cyclability and safety of SIBs.
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the NMO cathode. In fact, the same CAM was used in this study
as in our prior work. Both its structure and electrochemical per-
formance were confirmed to be consistent with previous results;
details can be found elsewhere.[19] It should also be noted that the
NMO exhibited a secondary particle morphology resulting from
the use of a co-precipitated precursor (Mn3O4) in the synthesis.
This type of morphology is generally beneficial for electrochemi-
cal performance.

2. Results and Discussion

To systematically investigate the electrochemical behavior of the
NMO cathode in various electrolyte environments, six represen-
tative formulations were evaluated. Electrolyte 1 was prepared by
dissolving 1M NaClO4 in a ternary solvent mixture of EC, PC,
and DMC in a volume ratio of 1:1:1, with 5 vol% FEC as an addi-
tive. Electrolyte 2 used the same EC/PC/DMC solvent system
(1:1:1 by volume) with 1M NaClO4, but without any additives,
and thus served as a baseline for elucidating the effect of FEC.
Electrolyte 3 consisted of 1M NaClO4 dissolved in PC, which
allowed comparing solvent effects under single-component

conditions. To explore the influence of the salt, Electrolytes 4
and 6 were formulated identically to Electrolytes 1 and 3, with
the only change being that NaClO4 was replaced by NaPF6. In
contrast, Electrolyte 5 was prepared by dissolving 1M NaPF6
in a binary solvent mixture of EC and DMC (1:1 by volume),
allowing for detailed evaluation of the role of PC in affecting
the electrochemical performance of the system. The different
compositions are summarized in Table 1 for clarity.

The NMO cathode was first examined in SIB half-cells using
each of these electrolytes under identical conditions, with a
potential window of 2.0–3.8 V versus Naþ/Na and at a current
corresponding to a rate of C/10. The respective first-cycle voltage
profiles are presented in Figure 1 (see Table S1, Supporting
Information, for details). In the case of NaClO4-based electrolytes
(see Figure 1a–c), Electrolyte 2 exhibited the highest specific
charge capacity (qch= 269mAh g�1), compared to 213 and
207mAh g�1 for Electrolytes 1 and 3, respectively. However,
the specific discharge capacities and initial Coulomb efficiencies
showed opposite trends. Electrolyte 2 delivered only 141mAh g�1,
corresponding to a Coulomb efficiency of φ � 52%, whereas
Electrolytes 1 and 3 achieved 159mAh g�1 (�75%) and
162mAh g�1 (�78%), respectively. These results suggest that
reversible charge storage is more favorable in the presence of
either PC or the EC/PC/DMC mixture containing FEC, presum-
ably due to fewer side reactions. In fact, Electrolyte 2 without FEC
appeared to suffer from significant parasitic reactions during the
charging process. Possible (electro)chemical oxidation and/or
reduction reactions that occur in the electrolytes will be discussed
later in the section on DEMS.

To explore salt effects, NaClO4 was replaced by NaPF6 and
tested under the same electrochemical conditions. As shown
in Figure 1d–f, similar trends were observed. The electrolyte with
FEC (Electrolyte 4) and the PC-based electrolyte (Electrolyte 6)
exhibited comparable first-cycle specific capacities, while the

Table 1. Electrolyte formulations investigated in this work.

Electrolyte Salt Solvent[s]

1 NaClO4 EC, PC, DMC 1:1:1 by vol., incl. 5 vol% FEC

2 NaClO4 EC, PC, DMC 1:1:1 by vol.

3 NaClO4 PC

4 NaPF6 EC, PC, DMC 1:1:1 by vol., incl. 5 vol% FEC

5 NaPF6 EC, DMC 1:1 by vol.

6 NaPF6 PC

Figure 1. a–f ) First-cycle voltage profiles of SIB half-cells with NMO cathode and six representative electrolyte formulations (2.0–3.8 V vs. Naþ/Na,
C/10, 25 °C).
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EC/DMC system (Electrolyte 5) achieved a lower reversible capac-
ity (with much lower initial Coulomb efficiency). Although substi-
tuting the salt led to slightly different performance results, the
overall trends remained consistent. Specifically, in the EC/PC/
DMC/FEC system, the NaPF6-based electrolyte (Electrolyte 4)
resulted in lower specific charge/discharge capacities (193/
146mAh g�1) compared to its NaClO4 counterpart (Electrolyte
1, 213/159mAh g�1), while the impact of the salt in pure PC
(Electrolytes 3 and 6) appeared to be less significant. In the case
of Electrolyte 5, which contained only EC and DMC, the NMO
cathode experienced severe side reactions similar to those
observed with Electrolyte 2. However, the initial specific charge/
discharge capacities were even lower than those achieved with
Electrolyte 2 (see Table S1, Supporting Information), suggesting
that PC likely contributes positively to the overall electrochemical
behavior.

In addition, the cycling performance of the NMO cathode over
20 cycles under the same conditions is shown in Figure S1
(Supporting Information). A bar chart comparing capacity reten-
tion is presented in Figure S2 (Supporting Information). As evi-
dent from this data, Electrolytes 1 and 3 demonstrated similar
capacity retention, both around 58%, indicating that NaClO4 with
either PC or EC/PC/DMC/FEC exhibits comparable stability in
SIB half-cells. A similar finding was made for Electrolytes 1 and
4, although Electrolyte 4 achieved a slightly higher capacity reten-
tion (60% vs. 58%). Considering the voltage profiles in Figure 1,
these results reveal that although the type of salt plays a certain
role in the cycling performance, it is not the decisive factor for the
stability of NMO in the EC/PC/DMC/FEC-based systems.
Surprisingly, Electrolyte 6 showed the lowest stability with a
capacity retention of only 47%, suggesting that NaClO4 is more

favorable than NaPF6 in PC-based systems. Electrolytes 2 and 5
also exhibited relatively poor stability, with Electrolyte 5 exhibit-
ing the lowest capacity retention of 52% among them. Overall, it
can be concluded that the introduction of PC into the EC/DMC
solvent mixture has a positive impact on cell cyclability.

To better understand how the electrolyte formulation affects
the cyclability of the NMO cathode, an in situ gas analysis
was performed on the different SIB half-cells using DEMS.
Figure 2 and 3 and Table S2 and S3 (Supporting Information)
present the results for the six electrolytes, including gas evolution
rates and total amounts of evolved oxygen (O2, m/z= 32), hydro-
gen (H2,m/z= 2), and carbon dioxide (CO2,m/z= 44), as well as
the signals at m/z= 26 and 28. Ethylene (C2H4) is typically
detected in fragmented form, with m/z= 26 being the most
representative fragment, while m/z= 28 often originates from
a mixture of species, such as C2H4, CO, N2, or CO2 frag-
ments.[20,21] Since these signals cannot be accurately quantified
using calibration gas, their amounts are expressed as ion cur-
rents. In general, CO2 can originate from three main sources,
including electrochemical or chemical decomposition of surface
carbonates, chemical oxidation of the electrolyte by reactive oxy-
gen, and electrochemical oxidation of the electrolyte at potentials
above 4.5 V versus Liþ/Li.[5,7,19,22] H2 is typically formed from
water present in the cell or from protic species generated at high
potentials at the cathode side, which subsequently migrate to the
anode.[21,23] O2 is released through irreversible lattice oxygen
loss. However, due to its high reactivity, it is often detected in
the form of CO2.

[7,24]

For Electrolyte 1 (NaClO4 in EC, PC, DMC 1:1:1 by vol., incl.
5 vol% FEC), shown in the left panel of Figure 2, the gassing
behavior has already been reported in considerable detail in

Figure 2. Voltage profiles of SIB half-cells with NMO cathode and various NaClO4-based electrolytes (2.0–3.8 V vs. Naþ/Na, C/10, 25 °C) and corre-
sponding time-resolved evolution rates (left y-axis) and cumulative amounts (right y-axis) of H2, O2, and CO2, as well as ion currents form/z= 26 and 28
from DEMS.
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our previous work.[19] In brief, a small amount of O2 was
detected, which is likely due to irreversible release of lattice oxy-
gen. Notably, gas evolution occurred around 3.25 V versus Naþ/
Na, coinciding with the phase transition of NMO to the O1 phase,
where oxygen loss may be associated with manganese migra-
tion.[25] The detected CO2 can be attributed to the chemical oxi-
dation of the electrolyte by lattice oxygen and/or the (electro)
chemical decomposition of surface carbonates. As described
above, the detected H2 is likely related to the formation of protic
species or the presence of residual moisture. No signal corre-
sponding to m/z= 26 was observed, indicating that EC did
not undergo reductive decomposition to form C2H4. In contrast,
them/z= 28 signal appeared at an onset potential comparable to
that of H2 and CO2, suggesting that it may originate from CO2

fragments or CO.[21,26] However, due to overlapping contribu-
tions, a clear assignment cannot be made.

The middle panel of Figure 2 corresponds to Electrolyte 2
(NaClO4 in EC, PC, DMC 1:1:1 by vol.) and shows how the
absence of FEC alters the gassing behavior compared to
Electrolyte 1. In this case, both the evolution rate and cumulative
amount of H2 increased significantly, as also evident from Table
S2 (Supporting Information), and signals at m/z= 26 and 28
were detected. In contrast, no release of O2 or CO2 was observed,
which is somewhat surprising, since one would assume that lat-
tice oxygen loss would lead to measurable amounts of these
gases. The absence may be explained by the reaction of released
(reactive) oxygen with the electrolyte to produce CO, which is
then detected atm/z= 28.[24,27] In addition, this finding suggests
that the higher CO2 level for Electrolyte 1 may originate not only
from the sources described above, but also from the oxidative
and/or reductive decomposition of FEC.[6] Furthermore, the

signal at m/z= 26 clearly indicates cathodic degradation of EC
(C2H4 formation), suggesting that it is also involved in the for-
mation of sodium ethylene dicarbonate (NEDC) within the solid-
electrolyte interphase (SEI) on the anode.[28,29] Under typical
conditions, EC reduction is largely suppressed once a stable SEI
has formed.[24] However, in the second cycle, a weak m/z= 26
signal was still observed. Therefore, C2H4 evolution likely also
contributes to the signal at m/z= 28. Accordingly, the presence
of FEC as an electrolyte additive promotes the formation of a more
effective (passivating) SEI. This, in turn, helps mitigate adverse
side reactions that would otherwise occur at the anode side.[6,30]

The H2 evolution is probably due to reduction of protic species
resulting from electrolyte oxidation, with residual water possibly
contributing too.[1] The much higher cumulative amount of
released H2 compared to Electrolyte 1 indicates considerable oxi-
dation, suggesting that FEC may also promote the formation of a
cathode-electrolyte interphase (CEI), thereby mitigating (electro)
chemical electrolyte degradation. Consequently, the more severe
side reactions resulted in a lower initial Coulomb efficiency
and poorer capacity retention compared to Electrolyte 1.

The right panel of Figure 2 shows the in situ gas analysis
results for the NaClO4-based electrolyte containing only PC as
solvent (Electrolyte 3). The data revealed no detectable O2,
CO2, and m/z= 26, while H2 and m/z= 28 signals were clearly
observed. Since Electrolyte 3 did not contain EC, the absence
of m/z= 26 indicates that C2H4 formation can be ruled out.
Considering the lack of CO2 evolution and the proven tightness
of the DEMS system, this suggests that the signal at m/z= 28 is
more likely to originate from CO than from N2 or CO2 frag-
ments. The formation of CO can be attributed to the anodic
decomposition of PC, which is induced by the irreversible release

Figure 3. Voltage profiles of SIB half-cells with NMO cathode and various NaPF6-based electrolytes (2.0–3.8 V vs. Naþ/Na, C/10, 25 °C) and corres-
ponding time-resolved evolution rates (left y-axis) and cumulative amounts (right y-axis) of H2, O2, and CO2, as well as ion currents for m/z= 26 and 28
from DEMS.
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of lattice oxygen from the NMO cathode, while the pronounced
H2 evolution is again explained by the reduction of protic species
and/or residual water. In addition, PC can also be reduced on the
anode to form sodium propylene dicarbonate (NPDC). We note
that NPDC is more soluble in the electrolyte than NEDC and can
migrate to the cathode, where it may undergo further oxidation
reactions.[28] Nevertheless, despite the occurrence of these para-
sitic reactions, the specific capacities in the first cycle, the initial
Coulomb efficiency, and the cycling stability were similar to
those of Electrolyte 1 (see Table S1, Supporting Information).
It has been reported that this is due to the formation of a robust
SEI in the NaClO4/PC-based system, which stabilizes the elec-
trode|electrolyte interface.[31] It is also worth mentioning that
in DMC-containing electrolytes, the higher stability of DMC
against reactive oxygen and the use of a relatively low upper cut-
off potential (3.8 V vs. Naþ/Na) mean that its (electro)chemical
oxidation only makes a minor contribution.[2]

Figure 3 shows the gassing behavior after replacing NaClO4

with NaPF6. When comparing Electrolytes 1 and 4, it becomes
clear that the general evolution profiles are similar, although
the total amounts of individual gases differ. As summarized
in Table S2 (Supporting Information), Electrolyte 4 (NaPF6 in
EC, PC, DMC 1:1:1 by vol., incl. 5 vol% FEC) exhibited a slightly
lower CO2 release than Electrolyte 1, whereas the evolution rates
and cumulative amounts of the other gases were higher. The
increase in H2 evolution is likely related to the HF generated
by the decomposition of NaPF6.

[6,32] At the same time, the higher

evolution rate of O2 may be due to HF-induced manganese dis-
solution (rather than differences in state of charge), which facil-
itates lattice oxygen loss.[33] The appearance of a weak signal at
m/z= 26 suggests minor EC decomposition. The slight reduc-
tion in CO2 evolution may also be explained by the presence
of HF, which increases the acidity of the electrolyte and suppresses
OH�-induced hydrolysis of EC and/or PC.[21,34] Furthermore, the
formation of a CEI is believed to help passivate interfacial reac-
tions, thereby reducing the evolution of CO2.

[28,29] Similarly, the
preferred reduction of FEC leads to the formation of NaF, which
contributes to the construction of a stable SEI.[31] This stabilizing
effect prevents additional side reactions, e.g., with the PC. Overall,
differences in salt type only have a limited impact on the electro-
chemical performance and gassing behavior of the NMO cathode
in SIB half-cells using the EC/PC/DMC/FEC systems (Electrolytes
1 and 4).

The middle panel of Figure 3 presents the DEMS data for
Electrolyte 5, in which both FEC and PC were absent. This for-
mulation enabled a more focused investigation into the specific
role of PC within the system. Compared to Electrolyte 2, which
contained PC, Electrolyte 5 showed clear signals of O2 and CO2

release. In contrast, the evolution profile of H2, as well as those
for m/z= 26 and 28, was comparable to that of Electrolyte 2.
However, a higher cumulative amount of released H2 (and
m/z= 28) was observed for Electrolyte 5, suggesting that PC
likely alters, to some extent, the anodic degradation behavior
of the EC/DMC-based system. However, the role of HF in this

Figure 4. a) First-cycle voltage profiles, b) cycling performance, and c) gassing behavior of SIB half-cells with NMO cathode and NaClO4-based electrolyte
(2.0–4.2 V vs. Naþ/Na, C/10, 25 °C). Time-resolved evolution rates (left y-axis) and cumulative amounts (right y-axis) of H2, O2, and CO2, as well as ion
currents for m/z= 26 and 28 from DEMS, are shown in panel c).
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context remains largely unclear. In addition, notable differences
in CO2 evolution were observed between Electrolytes 4 and 5.
While CO2 release was still detectable for Electrolyte 5 without
PC, the evolution rate and cumulative amount were significantly
lower than for Electrolyte 4. This again supports the conclusion
that a larger proportion of the CO2 originates from the decom-
position of FEC.

When PC is used as the only solvent (Electrolytes 3 and 6),
regardless of the salt, as shown in the right panels of Figure 2
and 3, signals at m/z= 2 and 28 were consistently observed.
This suggests that gas evolution is not merely a linear combina-
tion of the decomposition of individual electrolyte components,
but rather the result of unique interactions between different sol-
vents and salts. Such synergistic effects help reduce electrolyte
degradation during cycling. Furthermore, the presence of PC
appears to suppress the direct evolution of both O2 and CO2, sug-
gesting that oxygen released from the CAM preferentially reacts
with PC to produce CO, thereby altering the gas composition.
Although Electrolyte 6 did not exhibit a particularly strong gas
evolution profile, its electrochemical performance was less satis-
factory. Since NaPF6 is the only variable in Electrolyte 6, it is
likely the main factor. Unlike EC, PC alone cannot form an effec-
tive passivation layer, resulting in continuous PC decomposition
during battery operation and thus poorer stability.[28,31] Apart
from that, the introduction of NaPF6 inevitably leads to the for-
mation of HF, which accelerates the dissolution of manganese
from NMO and further impairs cell cyclability.[33] Note that prior
studies have reported that in PC-based electrolytes, NaClO4 can
form a more uniform and stable SEI compared to NaPF6. This
helps explain the enhanced cycling performance of Electrolyte 3
compared to Electrolyte 6.[31]

Since Electrolyte 1 showed the best overall performance
among the six electrolytes employed in this work, it was further
tested with a higher upper cutoff potential of 4.2 versus Naþ/Na,
as shown in Figure 4. As can be seen, the evolution rates of H2

and CO2 in particular increased sharply with increasing cutoff
potential during charging (see Figure 4c and Table S2, Support-
ing Information), with the most intense gas release observed
near 4.2 V. This result therefore suggests that a higher upper cut-
off potential leads to a greater degradation of the electrolyte,
which is in line with expectations. Surprisingly, however, the
different gassing behavior had no immediate effect on the cycling
performance of the respective SIB half-cells over the first 20 cycles
(see Figure 4a,b and Table S1, Supporting Information). We
assume that long-term cycling is necessary to detect discernible
differences in stability.

3. Conclusion

In summary, this study compared the cyclability and gassing
behavior of SIB half-cells with NMO cathode and various
NaClO4- and NaPF6-based electrolytes. It is found that systems
containing EC, PC, and DMC as solvents and FEC as an additive
exhibit minimal gas evolution and favorable electrochemical per-
formance, regardless of whether NaClO4 or NaPF6 is used. This
is primarily due to the formation of a robust SEI and/or CEI in
the presence of FEC. Furthermore, the use of NaClO4 with PC as
the sole solvent also enables relatively good cyclability. In

contrast, the addition of EC without FEC leads to increased
gas release, accompanied by a deterioration in performance,
regardless of the salt. Aside from that, for the EC/PC/DMC/
FEC-based system with NaClO4, the upper cutoff potential is
shown to determine the rates of gas evolution and cumulative
amounts, while it has only a minor effect on SIB performance
and stability over the first 20 cycles.

4. Experimental Section

Synthesis: The NaMnO2 cathode active material was prepared by a
single-step solid-state synthesis method. Specifically, Mn3O4 (d50 �
14 μm, BASF Shanshan Battery Materials Co. Ltd.) and Na2CO3

(99.9%, Sigma-Aldrich) were weighed in a molar ratio of 1:1.05 and thor-
oughly mixed for 10min under Ar atmosphere using a high-speed labora-
tory blender (Kinematica) to ensure homogeneity. The resulting powder
blend was then placed into an alumina crucible and subjected to calcina-
tion at 800 °C for 12 h in a tubular furnace (Nabertherm RHTC80/230/16)
under a continuous flow of air (7 L h�1). The temperature was increased at
a rate of 5 Kmin�1. After thermal treatment, the samples were rapidly
cooled to room temperature.

Battery Testing: The electrodes were prepared by casting a slurry con-
taining 80 wt% NaMnO2 cathode active material, 10 wt% Super C65 as a
conductive carbon additive, and 10 wt% polyvinylidene difluoride (PVDF,
Solef 5130, Solvay) as the binder, all dispersed in N-methyl-2-pyrrolidone
(NMP). The slurry was homogenized using a planetary centrifugal mixer
(Thinky ARE-250) at sequential speeds of 2000 and 400 rpm for a total of
6 min. The resulting slurry was then coated onto 30 μm-thick aluminum
foil, serving as the current collector, using a film applicator (Erichsen
Coatmaster 510) at a rate of 5 mm s�1. After coating, the cathode sheets
were dried in a dynamic vacuum at 120 °C and subsequently compacted
using a roll press (Sumet Messtechnik) at a line pressure of 14 Nmm�1 to
increase electrode density. Finally, circular electrodes of diameter 13mm
and with areal mass loadings of (6� 1) mg cm�2 were punched out for cell
assembly.

CR2032 coin cells were assembled in an Ar glovebox using sodium
metal as counter and reference electrodes, GF/D glass fiber as separator,
and 95 μL of electrolyte. A battery cycler from MACCOR Inc. was used for
electrochemical testing via galvanostatic cycling in a potential window of
2.0–3.8 or 4.2 V versus Naþ/Na, with a constant voltage step at the upper
cutoff potential, either for 30 min or until the current decreased below
C/100, and with 1C being defined as 200mA g�1.

Differential Electrochemical Mass Spectrometry: DEMS measurements
were performed on customized SIB half-cells with cathodes of 30 mm
in diameter and areal mass loadings of about 10mg cm�2 using 700 μL
of electrolyte. Electrochemical cycling was performed at a rate of C/10.
A continuous flow of helium (purity grade 6.0, 2.5mLmin�1) as a carrier
gas was maintained through the cells. The evolved gases were extracted in
real-time and analyzed using a mass spectrometer (OmniStar GSD 320,
Pfeiffer Vacuum GmbH).
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