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Differential electrochemical mass spectrometry (DEMS) is a
powerful operando method for analyzing side reactions in
batteries. We describe our DEMS setup highlighting the
relevance for implementing a reference electrode. Although the
method provides valuable information, the correct assignment
of the DEMS signals to types of gases and quantifying the
amounts released can be challenging. A frequent limitation is
that gas concentrations are calculated from single m/z ratios.
This has the drawback of overlooking unexpected gases which
can cause misinterpretation of the signal intensities, or even
attributing to gases which are not actually formed. We present
a multiple concentration determination (MCD) algorithm that

uses the full MS-spectra, which allows a more reliable determi-
nation of the gas release. We demonstrate this approach for Na-
ion half-cells with P2-Na0.67Mn3/4Ni1/4O2 (NaMNO) as cathode
active material (CAM). Studying the gassing behavior for two
electrolyte formulations (1 M NaPF6 in propylene carbonate (PC)
and in diglyme (2G)). Against the general belief that glymes
lead to more gassing at high potentials, we find that gas
evolution for PC electrolytes is larger compared to 2G electro-
lytes. Dimethyl ether is found to be a decomposition product of
2G. Pressure change measurements are used to independently
validate the gas quantification.

1. Introduction

Sodium-ion batteries (SIBs) are a promising alternative to state-
of-the-art lithium-ion batteries (LIBs). They are particularly
beneficial as low-cost alternatives that use more abundant
resources, which can be obtained from less critical economic,
social, and environmental sources.[1–5] The energy density of
SIBs can be significantly higher than that of lead-acid or nickel
metal hydride batteries, while being close to or even on par
with some LIB cell chemistries.[2] Moreover, SIBs can be
manufactured using LIB production lines, which implies that the
production processes are already available at an industrial
scale.[6] However, further research is required to develop
materials for SIBs in order to attain a competitive level. This
remains the most pressing topic for SIBs to achieve sufficient
cycle life.

To enhance battery performance, it is crucial to compre-
hend gas formation during cell cycling. Gas formation in both
LIBs and SIBs usually takes place during cell formation (SEI
formation), which releases larger quantities of gases such as CO,
CO2 or C2H2.

[4,7] Gas may also be released during battery cycling.
Gas formation typically indicates undesired side reactions,
which may be caused by overcharging or overdischarging.
These reactions can lead to the decomposition of the electro-
lyte and/or the electrode materials. Even a very minor gas
release can be a sign of continuous cell degradation which
limits cycle life. To improve battery performance, it is highly
desirable to detect gases and link their formation to parameters
such as the state of charge or temperature.[3,4,7] Differential
electrochemical mass spectrometry (DEMS) is a method that
combines electrochemical measurements with gas analysis.[7–9]

It provides information on the types and amounts of gases
released during electrochemical experiments. This information
can enable a more knowledge-based improvement in materials
development and battery cycling conditions.

The properties of Ni� Mn based compounds are currently
intensively studied and depend a lot on their exact
compositions.[35–37] For example, elements such as Li, Ca, Mg, or
Sc are used as substitutional elements for this.[38–41] Gas release
can occur due to electrolyte oxidation and/or structural
degradation of the positive electrode.[7] Determining the onset
potential for gas release when charging the electrode of LIBs or
SIBs is a crucial aspect of using DEMS. This is especially relevant
for SIBs, as the layered oxides show a very sloping voltage
profile,[5,10] which makes it difficult to determine an upper cut-
off potential that allows for safe and prolonged cycling. Most of
the layered oxides studied for SIBs are cycled above 4 V, which
can cause electrolyte decomposition. To determine the relevant
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electrode potentials precisely, it is generally advantageous to
use a 3-electrode setup.

Only a few DEMS studies on SIBs have been published to
date, most of them in the last years.[11–19] While there is more
knowledge on gassing in LIBs,[4,7,20,21] not all of it can be easily
applied to SIBs. In half-cell configurations, Li or Na are
commonly used as a counter electrode. However, the higher
reactivity of Na metal and the increased solubility of degrada-
tion products in the electrolyte solvents lead to new
challenges.[11] Also, the storage mechanism, as in the case of
graphite, may be entirely different.[5]

Most publications focus on cells with carbonate-based
electrolytes as they are the most common electrolytes in
LIBs.[11,14–16,18] Much less is known about the stability of ethers
although they are attractive solvents for next generation
batteries.[22] A popular ether solvent is diglyme (2G). Due to its
favorable stability at low (reductive) potentials, it has been
utilized to study a variety of anode materials, such as Sn[23–25] or
graphite,[12] as well as various types of full-cells with Na metal as
an anode.[26,27] On anode materials, 2G is believed to form a thin
and stable SEI through ether polymerization.[13,24,28] Possible
decomposition products may include ethane, methane, and
dimethyl ether; however, they are not always detected. For
example, Tsiouvaras and Meini et al. confirmed the formation of
dimethyl ether in Li-O2 batteries,

[29,30] while Qin et al., found only
H2 release on the tin anodes in SIBs.[13] It is generally believed
that ethers are less stable at high (oxidative) potentials.[31] The
evolution of gas in SIBs can be significantly influenced by the
conductive salt. This has been demonstrated in various 2G
electrolyte formulations for graphite electrodes or symmetric
Na jNa cells.[17] However, there is limited information available
on the gassing behavior of SIBs overall.

The publication is divided into two parts. The first part
describes the DEMS setup and data processing using a multiple
concentration determination (MCD) algorithm. The second part,
discusses the results of the DEMS analysis for sodium
manganese nickel oxide (NaxMn3/4Ni1/4O2, abbreviated as NaM-
NO) as the working electrode[32–34] and Na metal as the counter
electrode. The gas formation was compared for two different
electrolyte formulations using 2G and PC as solvents, with
NaPF6 as the conductive salt, and for two different upper cut-off
potentials. When exceeding redox potentials of 3.8 V vs Na+/
Na, CO2, methane, and dimethyl ether were found as decom-
position products in case of 2G.

2. Method

2.1. Technical Aspects of the DEMS Setup

Before discussing the method, it is important to note that there
is no consistent terminology for determining gas release during
electrochemical experiments using mass spectrometry. The
term ‘online electrochemical mass spectrometry’ (OEMS) refers
to the measurement system where the MS is applied online to
the cell,[42,43] which is applicable to the system described here.
At the same time, the measured signals represent the differ-

ential to the accumulated gases over time. The system
presented here has a high enough time resolution to generate
differential signals in reference to the time scale of the cell
cycling. This is achieved by using a carrier gas, that purges the
formed gases from the cell.[44,45] For these systems, the term
differential electrochemical mass spectrometry (DEMS) was
coined.[8] This method differs from others that have similar time
resolution but measure accumulated gas amounts over
time.[43,46,47] Although, both terms generally apply to the method
discussed here, we will use only the term DEMS for simplicity.

The cell design is based on the setup developed by Berkes
et al.,[45] but it has been extended by implementing a sodium
metal reference electrode. This allows for monitoring the
electrode potentials of both the working and counter electro-
des, which is crucial determining the maximum possible cut-off
potential of the layered oxide with precision. This is particularly
relevant in full-cell experiments, which will be part of a
forthcoming study. Even in half-cells, the use of a reference
electrode can be important as the polarization of the counter
electrode may strongly depend on the electrolyte formulation.
This can drastically influence the cut-off potential reached at
the working electrode. Although there is a clear benefit when
measuring in three-electrode geometry, there are known
limitations of sodium metal as a reference due to its reactivity
towards electrolytes. Na� Sn has been proposed as an alter-
native reference electrode.[48] However, caution must be exer-
cised due to the complexity of the phase diagram. Additionally,
the presence of other components, such as tin, in the DEMS
measurement may affect the overall behavior of the cell. This
could potentially compromise the comparability of the results,
particularly for gas-forming side reactions. On the other hand,
several publications demonstrate the extended and stable cycle
life of electrode materials in half-cells with Na metal as a
counter electrode. Therefore, a relevant potential drift in our
experiments is unlikely. The cells underwent a 24 h equilibration
period. The voltage plateaus of the cathode materials (Figure 6
and Figure 7) being at the same potentials suggest that any
difference in the potential of the reference in the different
solvents should be negligible.

The measurement cell as illustrated in Figure 1A) was
designed to be comparable to other commonly used research
cells such as Swagelok® type cells or coin cells.[49] The distance
between the working and counter electrodes was also reduced
to minimize the electrolyte volume, a common limitation of
many DEMS cells..[42,50–52] However, a drawback of commonly
used coin or Swagelok-type cells is the small electrode size,
which is typically around 1 cm2. To improve the MS signal-to-
noise ratio in this study, we used larger working electrodes
(11.24 cm2) because smaller electrodes produce less gas and
make it more difficult to reach the detection limit of the MS. For
other instruments, electrodes cast on porous membranes are
used.[42,51,52] We opted for electrodes cast on standard current
collectors, specifically aluminum foil, to ensure comparability
with other experiments.

The current collector for the working electrode is structured
with a gas flow field. To enhance gas diffusion from the
electrolyte into the carrier gas stream, the working electrode
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current collector foil has been perforated with a needle roller.
Figure 1 B) provides a flow diagram of the overall system.
Helium is used as a carrier gas with a flow rate of 5 NmLh� 1.
Helium is preferred as a carrier-gas because it exerts less
sputtering stress on the internals of the MS compared to argon.
The system is supplied with helium via a mass flow controller.
The second mass flow controller is an inlet for calibration gas
mixtures. This enables calibration of the system with adjustable
molar fractions of calibration gases by further diluting the
calibration gas mixture with pure helium. The connections and
valves are made from stainless-steel Swagelock® parts.

To reduce the background signals from electrolyte solvent
molecules, a cold trap (� 30 °C) is added after the cell. A PTFE
screw cap system rated for vacuum applications is used to
connect the stainless-steel tubing to the cold trap, which uses a
glass tube. The cold trap condenses majority of the evaporated
solvent, resulting in improved background. It is crucial to
minimize high signals from the solvent background to reduce

noise and facilitate accurate data assignment to specific gases.
This is a problem with other types of setups.[42]

Behind the cold trap, the gas stream is continuously
sampled through the inlet capillary of the MS, a Pfeiffer Vacuum
OMNISTAR™ GSD320 with a range of 1–200 Da. The system is
maintained at a pressure of 1.6 bar to prevent diffusion of air
traces into the system. To ensure a constant pressure and hence
constant sample gas flow into the MS, a back-pressure regulator
is used after the junction to the MS. The residual gas is vented
to the exhaust system.

A sudden change in gas concentration can be detected
after a response time of approximately 30 s, resulting in a peak
width of around 5 min. Compared to electrochemical processes,
which take about 10 h per half cycle, the signal response is
quasi instantaneous.

The system enables measurements exceeding 200 hours,
allowing for the study of multiple charge/discharge cycles. Such
measurement times are significantly longer than the 10–

Figure 1. A) DEMS cell design, for three electrode measurements.1) working electrode current collector with gas flow field; 2) connection to counter electrode
current collector from top of the cell; 3) reference electrode current collector; 4) counter electrode current collector; a) working electrode on current collector
foil; b) separator; c) reference electrode (sodium metal); d) counter electrode (sodium metal); e) counter electrode mounting plate.
B) Process flow diagram of the DEMS measurement setup. Legend of letter symbols for measurement and control units: C=controller, F= flow, I= indicator,
P=pressure, T= temperature.
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30 hours those reported for other systems.[29,53] Exceeding
200 hours can result in erratic results due to the cell drying out.

2.2. Data Processing

General approach: Another focus of this work was to improve
the processing of data from DEMS measurements in battery
research. The conventional method of analyzing DEMS data
involves quantifying a specific gas using one m/z
ratio.[11,13,16,17,42,45,53–58] However, overlapping signals from differ-
ent gases can lead to misinterpretation. To address this issue,
signals are often corrected for contributions from other gases
with known concentration.[58,59] Alternatively, a less precise
method is to define a m/z signal to a specific gas without
correction.[11,16,17,54–56] Both methods require an educated guess
by the researcher, but overlapping signals can make it
challenging to identify and quantify gases, particularly when
unexpected or unknown gases are formed. For instance, a mass
of m/z=28 can correspond to CO, N2 or C2H2, for example. This
demonstartes that identifying a specific gas and determining its
quantity can be difficult, particularly when unknown gases are
also present.

In this work, we take a different approach by analyzing the
full mass spectra between 1 to 100 m/z instead of detecting
single m/z values. The most probable concentrations are fitted
using a multiple concentration determination (MCD) algorithm
based on the intensities of all m/z ratios. Therefore, an additive
overlap of the individual spectra of the expected species is
calculated, using the least-squares method to fit this to the

baseline corrected spectra. This analysis provides quantitative
gas evolution rates for all expected gases from the full spectra,
using a suitable calibration. The approach described has been
applied to mass spectrometry in the past[60] but, to the best of
our knowledge, has never been applied to DEMS studies of Li-
ion/Na-ion batteries. He and Lundström et al. used a similar
mathematical approach for DEMS in batteries, but only using
selected m/z values for expected gases.[61,62] In this case,
unexpected gases might be overseen. The contributions of
unexpected gases to the signals of expected gases can lead to
misinterpretation. The described protocol, allows for verification
of the results and identification of any unexpected gases. A
detailed example is provided in the supporting information.

The DEMS measurement’s raw data undergoes pre-treat-
ment, including smoothening, normalization, and baseline
correction, before calculating gas concentrations. Figure 2a)–c)
compares the data from raw data through the different steps of
pretreatment. Note that m/z values of 1, 3 and 4 were excluded
for the analysis. For a more detailed description of the
algorithm, please refer to the supporting information.

The initial step, involves smoothing the raw data. Gas
concentration may vary during acquisition of a single spectrum.
This is due to the difference between the system’s response
time (approximately 30 s) and the time required to acquire the
full spectrum (approximately 100 s). To address this issue a
Gaussian smoothing is applied over five spectra. The smoothing
process was found to maintain signal sharpness without
blurring or broadening, while also smoothing out concentration
changes over a few spectra. The impact of signal smoothing on

Figure 2. Steps of the data processing for the example of a NaMNO cell with 1 M NaPF6 in PC as electrolyte with sodium metal counter and reference
electrodes. a) Raw data of the ion currents Ix for all m/z values evaluated. b) Smoothened signals normalized to Ion current I8 of m/z 8. c) Signals after
baseline subtraction. d) Deviation of the signal from norm residual resolution fit to calculate gas concentrations.
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the data is demonstrated in the Figure SI-4 Supporting
Information.

In the second step, the signals are then normalized to the
ion current I8 of m/z=8, which is representsonly the Helium
dimer ion He2

+ from the carrier gas. He2
+ acts as an internal

standard in our measurements to correct for the general drift in
sensitivity of the instrument over time. Figure 2a) shows the
original data measured with the MS for a typical measurement,
Figure 2b) shows the smoothed and normalized signals. Finally,
the data is baseline corrected. This is done by subtracting the
signals from the cell bypass (pure He carrier gas) from the
overall signals, as shown in Figure 2c).

The pretreated data is then used for quantifying the
different gases. For each single spectrum, the least-square
solution is calculated against a calibration table to determine
the most probable composition at a given time. This approach
assumes that the fragments of the different components do not
influence each other, meaning that the measured spectra is the
sum of all individual components.

The calibration table was determined using calibration gas
mixtures containing He and a set of individual gases in the
expected range of concentrations. For each cell, the common
decomposition products including H2, CO2, and CO, as well as
the background gases N2, O2, Ar, and water vapor were
considered. The sources for the background gases include the
cell assembly in the Ar glovebox or residual air and moisture in
the tubes and fittings.

The mass spectra of liquids were obtained by filling the cold
trap with each individual liquid and changing the temperature
of the cold trap. Gas streams with varying concentrations were
obtained using this method, and the corresponding spectra
were determined. These reference measurements provided
qualitative information regarding the contribution of the
solvents to the mass spectra during cell cycling. CH4, dimethyl
ether and 2G vapor were measured for cells with 2G-based
electrolytes, and propene and PC vapor were measured for cells
with PC-based electrolytes. The selection of those gases gave
good results. Ethane, ethene and propane were also considered
but excluded from the calculation as they were not found in
the spectra.

Overall, this approach has a major advantage that it allows
for monitoring the entire battery cycling process to determine
whether the algorithm provides meaningful results for the
entire spectrum (m/z from 1 to 100). This minimizes the risk of
missing unexpected gases or incorrectly attributing signals. The
quality of the fit was tested by calculating the theoretical
spectrum of the measured gas amounts and subtracting it from
the original baseline-corrected spectra. In an ideal scenario, the
algorithm should attribute all signals in the spectrum to a
certain gas concentration, resulting in a zero deviation.
However, deviations from this scenario lead to some noise,
which may be caused by non-linearities or deviations of the
spectrum from the calibration spectrum. Figure 2d) provides an
example of such a quality check, which shows a very small
deviation, indicating that the approach can deliver reliable
results. More detailed information can be found in the
supporting information.

2.3. Method Validation Using a Pressure Cell

The DEMS data processing provides quantitative results on the
types and amounts of gases released. To validate these results,
pressure monitoring during galvanostatic cycling (PMGC),[63,64]

can be used as an independent method. PMGC measures the
pressure change in a closed cell of defined volume during
battery charge/discharge. The pressure change is directly
related to the formation of gas, the total amount of gas
released can be calculated using the the pressure change, the
dead volume of the cell, and the ideal gas law. A commercial
device with a two-electrode geometry was used for this
purpose. Figure 3 shows a comparison of the accumulated
gases measured independently with DEMS and PMGC over the
first two cycles of a cell.

The total gas amounts found in both experiments are
comparable reaching values of around 200–250 μmol/g. This
indicates accurate calibration of the DEMS data and correct
assignment of the evolved gases. It is worth noting that the
PMGC data also shows an undulating behavior, which is initially
unexpected as a continuous release of gas should result in a
continuous increase in pressure. However, since the pressure
cell is a closed system, some gases may be consumed by
successive reactions or diffuse out of the cell over time. The
latter would be particularly likely for H2. The major influence on
can be attributed to changes in the volume of the electrodes
depending on the state-of-charge. The expansion and shrinkage
of the Na metal anode, due to plating and stripping, especially
contributes to the observed shape. Overall, the PMGC measure-
ments provide strong support for the analysis of the DEMS data
obtained for the cell with the 2G electrolyte.

The PMGC measurements revealed an important aspect
regarding the gassing behavior of electrochemical cells. This
concerns possible misinterpretation of data when using two-
instead of three electrode cells. This aspect can be seen for cells
with PC-based electrodes with Na metal as the counter
electrode, see supporting information Figure SI-5 and Figure SI-
6). Experiments are often conducted in half-cells with Na (or Li)
as the counter electrode, providing only the voltage of the cell
instead of the individual potential of the working electrode.
However, the measured voltage between the working and
counter electrode is often incorrectly stated as the electrode
potential of the working electrode, i. e. V vs. Na+/Na. This effect
is negligible if the polarization of the Na counter electrode is
small, which is the case for the diglyme-based electrolyte (at
reasonable currents). For carbonate electrolytes, however, the
polarization can be much larger due to a more resistive SEI.[17]

The consequence of this is that the upper cut-off potential of
the working electrode is effectively reached already at a lower
value. For instance, a targeted cut-off potential of 4.2 V vs. Na+/
Na would be effectively reached already at 4.1 V vs. Na+/Na, if
the counter electrode causes a 0.1 V polarization. This is the
order of magnitude of the observed polarization for the PC
electrolyte, as can be seen in the inset of Figure 4. This
indicates, that the stability of the electrolyte may be over-
estimated.
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Figure 3. Accumulated gas formed over the first two cycles in 1 M NaPF6 in 2G half-cells against sodium metal Integrated signals form DEMS cell (left) and
calculated via ideal gas law form pressure cell at 25 °C (right). For the experiments the same electrodes and electrolyte volumes (relative to the geometric
surface area of the working electrode) were used.

Figure 4. DEMS results for symmetric Na -Na cells for two different electrolyte solutions (1 M NaPF6 in 2G and PC respectively). Plating and stripping is shown
over 5 cycles at 0.11 mA/cm2 over 10 h intervals. To compare the gas release, the molar gas fluxes were normalized to the active material mass of the
corresponding NaMNO cells, see further below. Spike-signals in the PC cell are from small gas-bubbles. The voltage profiles are given in the same scale as
throughout this publication, the insets show magnifications, to highlight the higher polarization in the PC electrolyte.
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Poor SEI formation of Na metal in carbonate electrolytes is a
known issue in battery research.[17,65–68] Our results underline the
general problem when comparing electrochemical measure-
ments in a two-electrode configuration, particularly when using
Li or Na as counter electrodes and different electrolyte
formulations (ethers vs. carbonates). Unknown polarization
effects at the counter electrodes can lead to different electrode
potentials at the working electrodes. To avoid incorrect
determination of the electrolyte or electrode stability, it is
recommended to perform measurements in a three-electrode
geometry.

3. Results

This section presents the DEMS results obtained for Na jNa
symmetrical cells as well as Na jNaMNO half-cells. The electrode
potentials of the working and counter electrodes were recorded
using a Na metal reference electrode. All measurements were
performed over 5 consecutive cycles. All cells were equilibrated
for 24 hours prior to measurement. Since electrolyte decom-
position typically occurs at high potentials, measurements were
performed at two different cutoff potentials (3.80 V and 4.25 V
vs. Na+/Na). For all measurements, the gassing for electrolyte
solutions of 1 M NaPF6 in carbonate (PC) and ether (diglyme,
2G) are compared.

3.1. Na jNa Symmetrical Cells

Figure 4 shows the DEMS data for symmetric Na j Na cells with
two different electrolytes over 5 plating/stripping cycles at
0.11 mA/cm2 in intervals of 10 h. The current density is close to
that used for the half-cells with NaMNO as the working
electrode discussed below.

The lower figure shows that the electrode polarization is
stronger in the case of PC, indicating, as expected, a more
resistive SEI. Despite the subsequent plating and stripping, the
gas release is continuous or decreases with time. This is
consistent with findings in the literature that both carbonate[11]

and diglyme[69] based electrolytes undergo continuous decom-
position in contact with Na metal. H2, CO2 and propene are
found for the PC electrolyte (as expected from literature[11])
while H2, CO2 and dimethyl ether are found for the 2G
electrolyte.

The appearance of dimethyl ether (albeit in small amounts)
is different from our previous study in where H2, CO, CH4 and
ethylene were found for symmetrical cells with a 2G
electrolyte.[17] This highlights the advantage of using the MCD
algorithm and the full mass spectrum. Only the inclusion of
dimethyl ether in the calibration matrix gave satisfactory results
for the fitted spectra. The amount of dimethyl ether is very
small, but can be observed more clearly in the half-cell
experiments. The quality of the fit for both measurements is
shown in Figure SI-3 in the Supporting Information. The
detection of dimethyl ether is consistent with Qin et al. who

suggested that this compound is a likely degradation product
of 2G13 and has been found in Li-O2 batteries.

[29]

The MCD algorithm also points out the difficulty of
unambiguously detecting and quantifying CO by DEMS.[11,70]

There is some literature reporting the formation of CO.[42,46,53,71,72]

Here, the intensity of m/z=28 is either taken directly, or is
corrected for the fragments of other gases present, and the
remaining signal is expected to be CO. Figure SI-8 in the
Supporting Information shows the result when CO is included
in the analysis. The CO signal shows strong drift and noise, and
is additionally also strongly influenced by traces of N2 as a
background gas. The drift is caused by the indistinguishable
assignment of the signal of m/z=28 to either CO or N2 by the
MCD algorithm. Both gases show a strong intensity at m/z=28
and only minor signals for other m/z values (12, 14, 16), which
also overlap with other gases. While the calculation over the
whole spectrum leads to a robust assignment of all signals to
specific gases, small fluctuations and noise lead to very different
calculated amounts for these two gases. Fortunately, with the
exception of the nitrogen background, the inclusion of CO does
not significantly affect the calculated amounts of the other
gases formed. In other words, for the quantification of the other
gases it does not matter whether CO is present or just an
artifact. The strong drift of the CO signal is found for both cells
with different solvents. This shows that, at least in our measure-
ment setup, the amount of CO is not easy to determine even
when using the MCD algorithm approach. CO is therefore not
easy to distinguish from measurement artifacts and other
methods such as IR spectroscopy should be used in parallel.[70]

Figure 4 also shows several sharp peaks for the PC electro-
lyte measurement. Similar features can be seen in some of the
measurements throughout this study. Although these peaks
look prominent, the peak area is very small and the related
amount of gas is very small. We attribute these features to gas
bubbles trapped on their way from the counter electrode
through the separator and electrolyte to the gas stream.
Figure SI-11 shows the data including the Ar background, which
illustrates that the spikes occur simultaneously for all gases.
While it would be a further improvement to the measurement
to avoid these bubble formations, it shows how quickly the
measurement system itself reacts to changes. An abrupt change
in gas concentration, such as a popping bubble, results in a
very sharp signal. This also means that signals with longer tails
are not caused by slow gas transport, but rather the result of a
longer gas evolution process.

3.2. Half-Cells with NaMNO (Na0.67Mn3/4Ni1/4O2) as the Working
Electrode and High Cut-Off Potential of 4.25 V vs. Na+/Na

The gases produced in sodium-symmetric cells can serve as a
good indicator of the gases released from the counter electrode
in half-cell experiments. In half-cells, the amount of gas released
by the Na electrode alone should be approximately half of what
is detected in the symmetrical cells. Additionally, as previously
staated, gas release in the symmetric cells is rather continuous
and does not vary when reversing plating/stripping. All changes
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in gas release during cycling of the half-cells can be attributed
to processes involving the NaMNO cathode. This can be
evolution directly from the cathode or from crosstalk of side
products between the cathode and anode.

The investigated P2 type NaMNO material is composed of
spherical dense particles and exhibits solid solution behavior
within the voltage range of 1.5–4.0 V, with a single P2 phase. At
4.2 V, it displays a voltage plateau and a two-phase reaction
with an O2 phase. SEM images of the electrodes are presented
in Figure 5. Previous research has demonstrated that the high
voltage plateau is primarily responsible for the observed
capacity fade of the material. This indicates that side reactions
dominate at this state of charge, which is supported by the
presented DEMS data. For a detailed description of the NaMNO
material, refer to a recent publication,[34] that focuses on
material synthesis and characterization.

The measurements presented in Figure 6 were conducted
using 1 M NaPF6 in 2G (left) and PC (right), within a voltage
window of 1.5 V to 4.25 V vs. Na+/Na reference.

H2 as the main gas: H2 is the major gas formed in both
electrolytes, although the total amount is much higher in the
case of PC. The formation of H2 in DEMS measurements can be
caused by a number of factors.[7,20] Trace water impurities are a
common cause[59,73] but for several reasons we consider this
unlikely to be the main source. All cell parts were carefully
dried, and any remaining traces of water should have reacted
with the Na metal prior to the measurements as the cells
equilibrated over 24 hours. Trace water should also continu-
ously react with Na metal, resulting in continuous H2

evolution.[74] This is obviously not the case as the H2 evolution
changes over the cycles. Another indicator is the absence of
signals for POF3, which is a common product of the hydrolysis
of PF6

� . Taken together, these considerations strongly suggest

that trace water is not the dominant source of H2, but originates
from electrolyte solvent degradation.[42]

For both electrolytes, the first cycle behaves differently from
the following ones. Starting from the second cycle, a clear
potential-dependent behavior is observed. In the case of 2G
electrolyte, there is an initial increase in H2 formation as the
potential rises steeply during charging, followed by a second,
stronger H2 formation after reaching the high voltage plateau.
The gas evolution increases up to the inflection point at the
highest potential. During discharge, the H2 signal decreases to a
minimum at the lowest potential.

The two steps suggest that there are two distinct reactions
leading to H2 formation. The first peak (maximum at 3.3 V) is
not visible in the first cycle and increases in subsequent cycles.
This behavior indicates that the reactant for H2 formation is not
present at the beginning but forms during decomposition
reactions at higher potentials. Therefore, the source of H2

formation is related to processes in the previous cycle.
The first peak overlaps with the onset of a less pronounced

step in the voltage profile. At this redox potential, the sodium
content in the NaMNO structure is about 0.5, the conversion of
Mn3+ to Mn4+ is complete, and Ni2+ begins to be oxidized to
Ni3+. This observed behavior is reproducible over several cycles
and is found for different cells (see comparison Figure SI-7 in
the Supporting Information). It seems plausible that the overlap
is not a coincidence and reflects the properties of the electrode
at this specific potential. For example, a certain catalytically
active site is only present at potentials lower than 3.3 V during
charging. This could be Mn3+, which is known to be a good
oxidizing catalyst in other fields due to its Jahn-Teller
distortion[75–77] and the dissolution of Mn2+ from the dispropor-
tion of Mn3+.[78] These processes could be the cause of the gas
evolution at these potentials. On the other hand, one would
also expect Ni3+ or Ni4+ to be active centers for dehydrogen-

Figure 5. SEM images of the NaMNO electrode. Top-view (top) and cross section (bottom) with different magnification.
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ation and oxidation catalysts as well.[42,79,80] These should form at
higher potentials and could also activate the surface oxygen to
chemically react with the electrolyte.[71,81,82] Therefore, more
active catalytic centers should form towards higher potentials,
and gas evolution would be expected to further increase
instead of showing a local maximum for a catalytic effect.

We propose that the H2 at lower potentials is a diffusion
limited reaction resulting from the further decomposition of
species formed in the previous cycle. The reactants are depleted
near the cathode, and therefore the gas evolution passes
through the maximum at 3.3 V. Further evidence for this
hypothesis is provided by the measurements with lower cut-off
potential discussed below.

The minimum between the two H2 peaks is at 3.9 V, in the
middle of the steep slope towards the high voltage plateau.
The H2 evolution then increases again to its maximum at the
upper cut-off potential. Throughout the discharge, the H2

evolution decays slowly. This suggests that most of the
oxidative electrolyte decomposition occurs during the high
voltage plateau.

A better understanding of H2 release can be obtained by
considering the cross-talk between the two electrodes. Oxida-
tion of the electrolyte or other electrode components, such as
the conductive carbon results in protic species that can diffuse
to the sodium metal counter electrode. The reduction of these
protic species at the counter electrode then leads to the release
of H2, i. e. the formation of H2 is due to cross-talk between the
two electrodes. This was nicely demonstrated by Metzger et al.
for Li-cells using a DEMS setup in which the cross-talk between
the electrodes was eliminated by implementing a solid electro-

lyte membrane.[53] Similar results were reported by Michalak
et al. using a LiMNO jgraphite full-cell. They found an onset for
CO2 and H2 evolution when Ni is completely converted to Ni3+

and Ni4+ starts to form, and that the H2 evolution is mainly
caused by the counter electrode.[83] Comparison of these
findings with the present results indicates that the same
decomposition processes occur in Li and Na layered oxides. The
cross-talk mechanism is also consistent with the decrease in H2

evolution during discharge, as the concentration of protic
species decreases with decreasing potential.

Comparing the H2 evolution for the 2G electrolyte with the
PC electrolyte, one can qualitatively observe a similar cycle
dependent behavior, although the two peaks are less defined in
the case of PC. The first H2 evolution peak appears as a shoulder
at 3.5 V starting from the third cycle. This indicates that similar
processes take place in both electrolytes, but a major difference
is that the gas release for the PC electrolyte is about 4 times as
much as for the 2G electrolyte. Theoretical calculations indicate
that ketones and aldehydes are likely to be the first oxidative
decomposition products of cyclic carbonates.[84] Since sodium
metal can react as a strong base, the α-position to the carbonyl
group should be acidic enough to be deprotonated under the
release of hydrogen. It seems plausible that oxidation of 2G
could also lead to the formation of aldehyde or ester species,
but at lower rates. Such products, along with carbonate,
formate, and acetate are known decomposition products in
alkali metal air batteries.[85] The formation of these ketones and
aldehydes, along with the overall stronger reaction with sodium
metal, may explain the higher H2 release for the PC electrolyte.
On the other hand, supporting this hypothesis would require

Figure 6. First five cycles of NaMNO cells with 1 M NaPF6 electrolytes 2G (left) and PC (right) cycled in a voltage window of 1.5 to 4.25 V vs. Na+/Na and
current density of 20 mAg� 1. Na metal is used as counter and as reference electrode. Insets show magnification of the minor gas species.
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the use of complementary analytical tools that also provide
information on soluble and solid decomposition products.

Other gases: The second most commonly observed gas for
both electrolytes is CO2, which occurs mainly in the first cycle.
The signal in the first cycle is also clearly different from the
following ones, especially for 2G. The strong evolution in the
first cycle can be attributed to the decomposition of carbonate
impurities from the electrode material, as described for Li
cells.[47,86] It is triggered by the presence of protic species, which
can be formed by oxidation at elevated potentials. The CO2

evolution for both electrolytes starts during the first cycle, at
the beginning of the high voltage plateau. This suggests that
protic decomposition products are formed at this point. Since
the chemical reaction of the carbonates consumes protic
species,[47] this could be another explanation for the H2

evolution in the first cycle also being different and less intense
compared to the following ones. The surface contamination
with carbonates is discussed in detail in the publication on the
synthesis of the here used material.[34]

During the subsequent cycles, the CO2 evolution is signifi-
cantly lower, and the distribution over the cycling profile is
different. This indicates that most of the carbonate impurities
are consumed during the first cycle. The CO2 evolved in the
consecutive cycles is produced through other reactions, such as
the oxidation of the electrolyte or the conductive carbon.[71]

Both electrolytes show the formation of three distinct CO2

peaks. A smaller peak is observed at low potentials (3.3 V), while
two overlapping peaks are observed at high potentials of 4.15 V
and 4.25 V.

The two overlapping peaks are one at the beginning of the
high voltage plateau and one at the upper cut-off voltage. This
behavior can be seen for other materials as well.[15,54] An
explanation for the first increase during the voltage step could
be the cracking of the material, which creates a higher surface
area,[87] while the second is more likely to be related to active
lattice oxygen oxidizing the electrolyte. It has been shown that
materials similar to the one presented here, Na0.66Ni0.33Mn0.67O2,
undergo anionic oxygen redox[88] and show oxygen release at
potentials above 4.2 V.[89] Alkali metal-rich layered oxides are
known to undergo oxygen release at high potentials.[14–16] No
evidence for oxygen release from the active material was found
in the MS data. However, for some active materials, it is possible
that reactive oxygen species react with the electrolyte or
conductive additive to form CO2, which is then detected by the
MS.[71,74,90] This was shown with 18O-labeled cathode materials of
similar structure by House et al. While the lattice oxygen in P2-
Na0.67Mg0.28Mn0.72O2 appeared stable, reactions involving lattice
oxygen were found for the Li-stabilized layered oxide P2-
Na0.78Li0.25Mn0.75O2.

[14] Note that a slightly lower potential for CO2

release has been reported for another layered oxide by X Ji
et al.[91] However, a direct comparison should be made with
caution because the composition of the electrode and electro-
lyte is slightly different and limited information is provided on
the DEMS experiment and data analysis.

Figure SI-9 in the Supporting Information shows the fitting
result including CO. As mentioned above, the correct incorpo-
ration of CO is challenging in general. While again some data

drift is observed, the fit results nevertheless still indicate CO
evolution in parallel with CO2 formation at high potentials for
both electrolytes.

CH4 and dimethyl ether in the case of 2G evolve at
potentials above 3.9 V, so they should be products of electrolyte
oxidation at high potentials. The peaks of these gases increase
from cycle to cycle, so intermediates must be formed first, or
the surface reactivity of the electrode towards the decomposi-
tion increases over cycling. Another reason might be particle
cracking, which leads to an increasing reactive surface area. This
indicates poor stabilization of the electrode-electrolyte interface
and suggests that film forming additives for the cathode active
material (CEI formation) may be an important measure to
increase the cycle life of SIBs.

In the case of PC, the propene signal shows a small peak at
high potentials together with the first sharp increase in CO2.
The peak is absent in the following cycles, but the propene
signal increases slightly over the cycles and shows minima
together with the CO2 release. Such a first peak of alkene
formation is usually attributed to SEI formation at the anode,
here Na metal.[11,74] Interestingly, no such cycle dependent
behavior was observed in the symmetric Na jNa cell, but a more
constant decay was observed at the beginning of the measure-
ment. Propene is known to be the product of the ring-opening
reaction of cyclic carbonates. This process is catalyzed in the
presence of trace water and even stronger OH� under battery
operating conditions.[59] Since the peak occurs together with
CO2 evolution, which we attribute to decomposition of
inorganic carbonates with protic species, we suggest that this
initial propene peak is caused by ring-opening of PC under
these protic conditions.

For another Ni/Mn-based layered oxide, it has been
suggested that solvent molecules may enter the lattice when
exceeding potentials of 4.0 V.[92] This would imply a larger
contact area between the electrolyte and the active material,
which could be the reason for higher gas evolution. Also, the
P2–O2 phase transition occurs at about 4.15 V, which could also
be a cause for higher reactivity.[93] Both suggestions would be
consistent with our findings showing the highest gas evolution
at these potentials. The longer high voltage plateau in the first
cycle of the PC electrolyte is consistent with a greater amount
of detected gas. The observed excess capacity is therefore likely
the result of electrolyte decomposition.

3.3. Half-Cells with NaMNO (Na0.67Mn3/4Ni1/4O2) as Working
Electrode and Low Cut-Off Potential of 3.80 V vs. Na+/Na

It is known that lowering the upper cut-off potential can
significantly improve the cycle life of NaMNO-type
electrodes.[32,92,93] Experiments with the upper cut-off at 3.8 V vs.
Na+/Na confirm that the side reactions are mainly triggered at
the high potentials. This potential is just at the onset to the
high voltage plateau of the P2–O2 phase transition. The results
of these measurements are shown in Figure 7. Lowering the
cut-off potential obviously leads to a much lower overall gas
release, even at lower voltages, only the H2 signal during the

Wiley VCH Dienstag, 02.07.2024

2407 / 355901 [S. 111/115] 1

Batteries & Supercaps 2024, 7, e202400006 (10 of 14) © 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

Batteries & Supercaps
Research Article
doi.org/10.1002/batt.202400006

 25666223, 2024, 7, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/batt.202400006 by H
elm

holtz-Z
entrum

 B
erlin Für, W

iley O
nline L

ibrary on [14/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



first cycle of the 2G cell is higher. However, this is within the
range of deviation between similar cells. Figure SI-7 in the
Supporting Information compares two identical 2G cells.

More significant than the reduction in total gas evolution is
the reduction in cycle-dependent gas evolution. For the 2G-
containing cell, the H2 evolution shows only a small cycle-
dependent increase above the expected baseline. For the PC
containing cell, the overall H2 evolution is about twice that of
the Na jNa symmetric cell, but there is no consistent cycle-
dependent evolution.

It can also be seen that reducing the cut-off potential to
3.8 V prevents the formation of CH4, dimethyl ether and
propene, respectively. A small and decaying CO2 evolution is
found in the 2G-containing cell. This might originate from a
chemical reaction with the sodium metal or the slow decom-
position of the carbonate impurities of the cathode, which now
occurs over several cycles due to the lower cut-off potential. In
the PC-containing cell, the CO2 evolution is slightly higher
compared to the Na jNa-symmetric cell, shows small peaks at
potentials above 3.3 V, and the signal increases slightly over
cycles.

Taking all the results together, most of the side reactions for
the studied cell with NaMNO as the cathode active material are
caused by oxidation reactions above 3.8 V. This includes the
evolution of gases seen at lower potentials after the first cycle
in the cells cycled to 4.25 V, proving that the reactants causing
the gas evolution at low potentials around 3.3 V are mainly due
to side products formed at higher potentials in the previous

cycles. For Na0.58Ni1/3Mn2/3O2, Cai et al. identified 2.6–3.8 V as the
stable voltage window and suggested that higher voltages
cause side reactions due to the formation of O2

x� -species.[94]

This is in good agreement with what was found in the Mn-
richer material studied here. Even if no O2 release was found,
the reactive oxygen species are likely to be the reason for the
increased electrolyte oxidation at these potentials.

4. Conclusions

In this work we propose the use of a DEMS system with 3-
electrode geometry combined with MCD analysis of the full MS
spectra for the study of Na and Na-ion battery materials. The
setup allows measurements for more than 200 hours before the
cells are drying out. The MCD algorithm provides a robust data
evaluation that allows to evaluate how well the full MS spectra
can be fitted to a mixture of gases. This approach was validated
using pressure monitoring during galvanostatic cycling.

The analysis was systematically applied to study the stability
of NaMNO (Na0.67Mn3/4Ni1/4O2) as a positive electrode for Na-ion
batteries in two different electrolytes based on diglyme and PC.
The measurements were performed in half-cell geometry, as
this is the most common cell configuration in research studies.
The contribution of the Na counter electrodes to the gas release
was studied using Na jNa symmetric cells and was found to be
smaller in most cases compared to the reactions related to
NaMNO. The study also emphasizes the relevance of using a

Figure 7. First five cycles of NaMNO cells with 1 M NaPF6 electrolytes 2G (left) and PC (right) cycled in a voltage window of 1.5 to 3.8 V vs. Na+/Na and current
density of 20 mAg� 1. Counter and reference electrode from Na metal.
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reference electrode, otherwise the stability of electrode materi-
als may be overestimated.

For the NaMNO material, the major gas-forming side
reactions are triggered at potentials exceeding 3.8 V vs. Na+/Na.
At potentials above 3.8 V, the known decomposition products
H2, CO2 and propene for PC and H2, CO2 and methane for 2G are
found. In addition, we show that dimethyl ether is a decom-
position product of the 2G electrolyte in SIBs at these
potentials. Gases formed at potentials around 3.3 V for cells
cycled to 4.25 V can be suppressed by lowering the upper cut-
off to 3.8 V. This suggests that the species reacting at these
lower potentials were formed at higher potentials in the
preceding cycle. H2 formation is presumably caused by cross-
talk of protic species. These species are formed at the NaMNO
electrode during charging (oxidation) and then diffuse to the
counter electrode where they are reduced. The measurements
also indicate that Na2CO3 impurities from the synthesis of the
NaMNO decompose when charged to 4.25 V, but several cycles
are required when cycling to 3.8 V.

Interestingly, when looking at the overall gassing behavior,
the 2G-based electrolyte seems to cause less side reactions
compared to PC, even at high potentials. This is a rather
surprising finding, as ethers are generally considered to have
poorer oxidative stability. Nevertheless, additional measures are
required for both electrolytes to allow higher charging voltages.
The use of appropriate film forming additives (CEI formers),[95]

coatings[96–98] or materials with composition gradients[99] are
therefore, similar to LIBs, important strategies to further
improve the performance of electrode materials for SIBs.[31]

DEMS can certainly help to accelerate the search for stable cell
chemistry and operating conditions.

Experimental Details

NaMNO Electrodes

The synthesis of the layered sodium manganese nickel oxide (P2-
Na0.67Mn3/4Ni1/4O2) was carried out by hydroxide co-precipitation
followed by mixing with sodium hydroxide and subsequent heat
treatment in air. The co-precipitation was performed under
vigorous stirring with aqueous solution of manganese nitrate (Carl
Roth) and nickel nitrate (Carl Roth), sodium hydroxide (Carl Roth)
and ammonia (Carl Roth) as continuous feeds into a continuously
stirred tank reactor (CSTR, V=1 l). The obtained dense, spherical
hydroxide precursor (Mn3/4Ni1/4(OH)2) was continuously filtered,
dried, and mixed with an appropriate amount of sodium hydroxide
(Carl Roth). Pre-calcination at 450 °C for 5 h in air was followed by
calcination at 900 °C for 10 h in air. More details regarding the
synthesis and characterization of the layered oxide can be found
elsewhere.[34]

Cathode active material, PVDF binder (Solef P5130, Solvay) and
conductive carbon (SuperP� Li, Timcal) in the respective weight
ratio of 83.2%, 8.3%, 8.5% are dispersed in appropriate amounts of
n-methyl-2-pyrolidone (NMP, anhydrous, Sigma Aldrich). The result-
ing homogeneous slurry is casted on 20 μm aluminum foil using
the doctor blade technique. After drying, the electrode sheets are
calendered at 5 N/mm line pressure and 100 °C. Electrodes with a
diameter of 38 mm are punched and dried overnight at 80 °C and
dynamic vacuum in a Büchi glass oven.

Electrolytes

Solvents 2G (Sigma-Aldrich®, anhydrous, 99.5% purity) and PC
(Sigma-Aldrich®, 99.7% purity) were stored for several days over a
1 :1 mixture of 3 Å and 4 Å molecular sieves before use. NaPF6 (Alfa
Aeser®, 99+% purity) was used as the electrolyte salt. The
electrolytes were always freshly prepared just before the cells were
assembled. The electrolytes thus prepared have a water content of
<10 ppm, which was determined by Karl Fischer titration.

DEMS Measurements

Cells were assembled in argon atmosphere. Before assembly, all cell
parts were dried at 60 °C for at least 12 h. Whatman™ GF/A glass
microfiber filters were used as separators, those were dried at
110 °C under vacuum overnight. A piece of sodium metal serves as
reference electrode. For the counter electrode, sodium metal was
roll-pressed to a flat foil using a standard kitchen pasta machine.
The working electrode was placed in the top of the cell towards the
current collector with the gas flow field. 1.6 mL of 1 M electrolyte
was used in each cell. A resting time of 24 h was applied before the
cycling started. Cycling for all cells was performed at 20 mAg� 1 in
reference to the NaMNO active material. For the symmetrical Na j
Na cells, the same current was used as for the PC cell with 4.25 V
cut-off. This current is in the same range as all cells shown in this
paper. The duration of a half-cycle was set to 10 h, which is just a
little longer than expected for the NaMNO at 20 mAg� 1.

Pressure Cell

Pressure measurements were performed with an El-Cell® PAT-Cell-
Press. All parameters were set to be the same as the compared
DEMS measurements. The same materials were used. With respect
to the geometric electrode area, which was 1.13 cm2, 160 μL of
electrolyte was used. The measurements were conducted in a
climatic chamber at 25 °C. Note that the PAT-Cell-Press allows 3-
electrode measurements, but this requires special ring reference
electrodes, which were not available for Na during the course of
the study.
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