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H I G H L I G H T S  

• Development of an intermittently closed OEMS setup for large-format Li-ion cells. 
• Decoupling internal cell pressure change and gas evolution of H2/C2H4/CO2. 
• Associating cell pressure and electrode active material phase changes. 
• Correlating CO2 release and cathode active material degradation.  
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A B S T R A C T   

Advances in methodologies for real-time analysis of batteries have come a long way, especially with the 
development of Operando Electrochemical Mass Spectrometry (OEMS). These approaches allow for the deter-
mination of side reactions during battery cycling with unprecedented selectivity and sensitivity, providing vital 
information necessary for determination of lifetime-limiting processes. However, the work thus far has primarily 
been carried out on model battery systems, where cell atmospheres are largely altered (through open flow, closed 
cell, and intermittent sampling approaches) and operation conditions are therefore not comparable with real-life 
situations. Herein, the development and validation of an intermittently closed OEMS system adapted for readily 
available commercial batteries is showcased. We provide a detailed description of a unique analysis design for 
large-format PHEV2 cells, with subsequent pressure and gassing data. A qualitative analysis of the results shows 
that side reactions brought on by structural transitions within both electrodes can be clearly observed. Transi-
tions causing large volume changes in graphite induce H2 and C2H4 as SEI reformation products while the c 
lattice collapse in NMC induces CO2 evolution (through O2 release). OEMS can therefore be used for the quick 
and effective study of commercially available rechargeable batteries without influencing the internal battery 
chemistry.   

1. Introduction 

Capacity loss of large-format lithium-ion cells, particularly those 
found within electric mobility, must be mitigated. The race for electri-
fication has begun resulting in most automobile manufacturers forgoing 
combustion engines in favour of the battery. A significant contribution 
to the shift away from fossil fuels is their rising cost and government 
legislation, thereby setting CO2 regulations on manufacturers and min-
imum targets for public procurement of clean vehicles [1]. As a result, 
research has spurred on the development of various battery technologies 

in order to accommodate these objectives [2]. Due to their considerably 
high coulombic efficiency and energy density, Lithium-ion batteries 
(LIBs) have gained the most attention [3]. However, when implement-
ing new energy technologies that directly impact people one needs to 
consider several important aspects such as safety and lifetime. 

A commercial battery consists of multiple separate cells, electrically 
connected in series or parallel, and come in several different shapes 
based on their application and desired size. Electric vehicle (EVs) bat-
teries typically contain one of three cell types: prismatic, pouch or cy-
lindrical, all of which have their own safety and lifetime considerations 
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[4]. In addition to a variety of cell designs, LIBs cover a large range of 
different chemistries primarily with regards to the materials found in the 
cathode and anode [5]. Currently most commercialized LIBs incorporate 
a layered transition metal oxide (TMO) in the cathode and graphite (G) 
in the anode. TMOs have traditionally been based on Co, which during 
the last decade has been increasingly substituted for Ni and Mn to 
enhance performance while reducing the amount of the rare cobalt [6]. 
Most notably, the Ni-rich LiNixCoyMn1-x-yO2 (x > 0.8) show outstanding 
reversible specific capacities. Even so, the enrichment in Ni has also 
shown to increase the extent of parasitic side-reactions resulting in en-
ergy loss, shorter lifetime, and decreased safety of the cells [7,8]. Battery 
electrodes become increasingly reactive when polarized, which results 
in both structural and chemical changes to the cell composition. Adverse 
structural transformations include the layered to rock-salt crystal phase 
change in TMOs, which in turn impede lithium intercalation and elec-
trical contacts [9]. On the other hand, reversible structural trans-
formations may propagate other side reactions. That is, a battery cell 
naturally experiences internal pressure and volume changes primarily 
brought on by reversible electrode volume changes during intercalation 
and deintercalation of lithium. A number of authors have reported that 
this causes TMO particle cracking which in turn creates new surfaces 
that allow further unwanted side reactions to take place [10–13]. 
Typical chemical degradation products are solid, liquid (dissolved in the 
electrolyte), and gaseous. The most frequently observed gasses are: H2, 
O2, C2H4, and CO2, which evolve at the interface where the electrodes 
and electrolyte meet. For instance, the TMOs are structurally metastable 
in their delithiated state, which enhance the risk of particle cracking and 
release of oxygen, O2 or other oxygenated species, which in turn react 
rapidly with the electrolyte and trigger further evolution of H2 and CO2. 
Over time the cell degrades, losing capacity to these parasitic side re-
actions and irreversible structural changes resulting in eventual end of 
life while simultaneously increasing safety concerns [8]. 

A significant amount of work has gone into identifying and pre-
venting side reactions from occurring. Nevertheless, since only a very 
minor fraction (~300 ppm) of the total electrochemical reactions that 
occur in the cell are irreversible (state-of-the-art LIBs exhibit a 
coulombic efficiency of >99.97%), advanced and novel methodologies 
with high selectivity and sensitivity are necessary. Furthermore, a bat-
tery cell is a completely closed system highly sensitive to both its 
operational mode and environment, hence a non-invasive means of 
operando analysis under practically relevant conditions is ideally applied 
[14]. A method of achieving the previously mentioned criteria has been 
described by Schmitt et al. who interfaced a sensitive pressure sensor 
into the casing of a large-format prismatic cell [15]. This allowed them 
to monitor gas pressure changes while continuously cycling. They were 
able to correlate pressure increase and capacity fade, hence proposing a 
novel strategy to determine LIB state of health. Matasso et al. monitored 
internal pressure changes by piercing a cyclable cell inside a gas 
chamber equipped with a sensor [16]. This allowed them to correlate 
gas generation with end-of-life onsets. Through their analysis of the total 
pressure in LIB systems the authors were able to understand a link be-
tween cell pressure and the state of health of large-format cells. Yet, 
pressure analysis is only one form of information required for the 
fundamental understanding of side reactions and in turn cell 
degradation. 

An analytical technique that has garnered momentous attention for 
complementing electrochemical analysis is mass spectrometry (MS), 
otherwise most commonly known as differential or online electro-
chemical mass spectrometry (DEMS/OEMS). Regardless of the termi-
nology, the technique is capable of recording the partial pressures inside 
the battery cell during dis-/charge. MS applied to an electrochemical 
system was first developed by Wolter and Heitbaum in 1984 [17] and 
since then the technique has been significantly developed [18]. For 
headspace gas analysis, primarily three main categories of gas sampling 
configurations adapted for batteries are found today, namely (1) open 
flow, (2) closed cell and (3) intermittent sampling. 

The majority of applications in the literature fall under the first 
category, open flow sampling. Novák et al. included a headspace volume 
above the electrodes from which gas could then be drawn into the MS 
via an Ar carrier gas flow [19]. But since gas is constantly purging the 
cell, the electrolyte composition gradually changes as its volatile com-
ponents (e.g. dimethyl/ethyl carbonates) are removed and only 
short-term experiments are advised. Berkes continued to adapt the setup 
by including a cold trap between the cell and the MS in order to remove 
volatile electrolyte species from the Ar gas flow to the MS, hence 
increasing the setup sensitivity, but not circumventing the challenge of a 
changed electrolyte composition [20]. Gasteiger et al. avoided this issue 
by establishing a novel setup based on closed cell sampling. A crimped 
capillary MS gas inlet significantly reduced the overall gas sampling rate 
to the MS with no need for a carrier gas flow [21]. Although most gases 
remain inside the cell and the MS only samples minor gas amounts, the 
sample rate is continuous and cell gas pressure decreases throughout the 
experiment, hence again limiting the time of experiment to 1–2 days. In 
the third category of OEMS, intermittent cell sampling, gas is periodi-
cally removed and replenished from the headspace volume at a constant 
time interval. This allows for much longer experimentation since vola-
tile components of the cell are not continuously being withdrawn from 
the system. Intermittent OEMS was first seen in 2011 when McCloskey 
et al. utilized it to study gassing in Li-air batteries and has since been 
heavily built on by both He and Lundström [14,22,23]. As illustrated 
above, a main focus within the development of OEMS has been the cell 
design and how the gas is sampled from it. 

Using either category of DEMS/OEMS as an operando means for 
analysis of commercially available LIBs has, however, seen far less 
attention. A potential reason for this is two-fold; one either needs to 
collect the evolved gas by piercing the cell, or insert a sensor into the cell 
itself. Both options provide potential safety hazards and the likelihood of 
interference with the cell environment. On the other hand, Mattinen 
et al. made a significant step forward in the field by applying an open 
flow OEMS configuration to a pierced cylindrical cell within a sealed 
housing, reporting the gas ratio changes over time [24]. 

To our knowledge an OEMS setup providing quantitative and qual-
itative gas analysis of prismatic large-format LIBs has not yet been re-
ported. Herein, we will build upon the work of Lundström et al. and 
present an intermittent OEMS setup in which the gas being withdrawn 
from the cell is not replaced by a carrier gas, herein referred to as 
intermittently closed OEMS (ICEMS). This is beneficial as long as the 
volume extracted is small enough (low μL values) as the environment 
within the cell would be essentially unchanged during study, providing 
the ability to observe secondary gas reactions (consumption of evolved 
gas species) on an even closer level than is possible in the intermittent 
approach with gas replenishment. Furthermore, no complex valve sys-
tem is necessary as seen in current open flow and intermittent ap-
proaches removing a degree of difficulty from the concept. Additionally, 
building upon the work of Schmitt et al. we include a means of inter-
facing the new methodology with a commercial prismatic LIB. A vali-
dation experiment is showcased as well as operando gassing data from a 
large-format PHEV2 cell. 

2. Experimental 

2.1. Setup 

The setup of our ICEMS system can be linearly separated into four 
main parts moving from left to right, (1) a MS, (2) an interface, (3) an 
electrochemical cell, and (4) a pressure sensor (PS) — all illustrated in 
Fig. 1. The mass spectrometer (QME220, Pfeiffer) employs a closed 
electron ionization source, a quadrupole mass analyser (1–200 amu) and 
a continuous secondary electron multiplier detector. The working 
pressure in the ionization chamber is kept at ~ 5 × 10− 6 mbar and can be 
pumped down to ~ 10− 9 mbar by a turbomolecular pump (HiCube80, 
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Pfeiffer). The MS is connected to the interface via a fused silica capillary 
(l = 2 m, ØID = 50 μm, Trojan, Australia) with a flow rate of ~11.5 μL/ 
min. The interface consists of a single miniature high-speed solenoid 
valve (“Sx”, 24 V, Series 99, Parker, US). The capillary plus the volume 
on the MS-side of the valve are referred to as the analysis volume, Va (53 
μL). In order to make Va as small as possible a VCR-Valco Vici union 
(ZU1M, Switzerland) containing a one-piece graphite ferrule is welded 
directly onto the “in” side (smaller volume of the two sides) of the valve. 
A Swagelok VCR connection (1/8′′, SS-2-VCR-3, US) is welded onto the 
“out”-side of the valve such that it can then be connected to any elec-
trochemical cell equipped with a VCR union. Two different electro-
chemical cells are studied within this setup, both of which will be 
described in the following sections. Alongside the volume within the 
electrochemical cell, Vc comprises the “out”-side of the valve and a high- 
sensitivity pressure transducer (PAA-33X, Keller-Druck AG, 
Switzerland) capable of measuring both pressure (800–1200 mbar) and 
temperature. The interface, electrochemical cell and the pressure sensor 
are all housed in an efficient climate-controlled chamber (Tritec, Ger-
many) that can cool and heat for temperature-controlled measurements 
and as a safety feature. A heating coil (BriskHeat, US) set at 70 ◦C is 
wrapped around the length of the capillary to prevent electrolyte solvent 
condensation-induced blocking. A gas measurement program powered 
by an Arduino Uno and operated with LabView 2018 (National In-
struments, US) controls the solenoid valve. 

2.2. Electrochemical cell 

Two different electrochemical cells were investigated in this study, 
(I) a model system used to validate the novel ICEMS setup and (II) a 
commercial large-format cell.  

I. The model system consists of a dedicated OEMS coin cell design 
previously described by Lundström et al. [14]. The stainless-steel 
cylindrical base is used without any additional PEEK insets so as to 
increase Vc. The lid is electrically separated from the base with a 
high-density polyethylene (HDPE, Christian Berner, Sweden) gasket 
and in turn connected to the interface and pressure transducer via 
Swagelok VCR connections. The same chemistry as used by 
Lundström et al. is chosen as a means of setup comparison; lithium 
cobalt oxide (LCO)/G in LP40 electrolyte. The electrodes were pre-
pared using the same materials and procedure as Lundström et al. 
(LCO: Ø 15 mm, mactive material = 24 mg and G: Ø 18 mm, mactive 

material = 19.6 mg) [14]. The setup is assembled in an Ar atmosphere 
in a glovebox sealing the cell by attaching the valve and PS so that it 
can be transported to the MS.  

II. A 48 Ah PHEV2 cell (Shenzhen BAK Power Battery Co., Ltd., China) 
is connected to the setup via a dedicated “adapter plate” illustrated in 
Fig. 2. The design and manufacture of the parts were done in-house 
at Ångström Laboratory. A Swagelok T-union is connected to the 
adapter plate via a welded gland. The solenoid valve and PS are 
attached to either side of the union. Stack pressure is applied via two 
twin stainless-steel plates placed on either side of the cell and 

screwed together such that lateral movement is prohibited. A Teflon 
O-ring (Ø 7.65 mm, Lundgrens, Sweden) is placed between the cell 
and a groove (Ø 12.03 mm, � 1.3 mm) in the adapter plate to ensure 
an airtight system. The adapter plate is then screwed with four 
screws into the top of the side plates, flattening the O-ring against the 
top of the PHEV2 cell. 

2.3. Calibration 

The volume, Vc for the model cell setup is calculated by mathemat-
ically comparing the gradients of controlled pressure-drop experiments. 
This is done by replacing the interface (previously a solenoid valve) with 
three different precision tubes (1, 2, and 5 mL, SL1KCUW, SL2KCUW 
and SL5KCUW, Valco Vici). The pressure within Vc is constantly moni-
tored immediately after the system is closed. The flow rate, C, and cell 
volume, Vc are then calculated to be 11.5 μL/min and 10.6 mL respec-
tively. Va can then be calculated by reattaching the solenoid valve to the 
interface and leaving the MS to pump it down to vacuum. The valve is 
then opened for 1 s while monitoring the cell pressure, Pc. The pressure 
observed within the cell before the valve opening, Pn

c , within the cell after 
the valve opening, Pń

c and Vc are then substituted into Equation (1) 
giving a value of 53 μL. Additionally, Equation (1) in conjunction with 
Va is used to calculate the unknown Vc of the large-format cell. 

Va =

(
Pn

c

Pń
c
− 1

)

Vc Equation 1 

Calibration of the MS for quantitative analysis of any evolving gasses 
is done via the same process highlighted by Lundström et al. (for O2, H2, 
CO2, Ar, and C2H4) and Solchenbach et al. (for PF5/POF3) [14,25]. This 
process results in a calibration matrix S and a background vector B̂ for 
each m/z value under question. 

2.4. Operation 

Once an electrochemical cell has been assembled in an Ar atmo-
sphere, it is transferred to the climate chamber. During this move, Va fills 

Fig. 1. Schematic representation of our ICEMS setup highlighting the four main 
components as well as the analysis (Va) and cell volume (Vc). 

Fig. 2. Illustration of a PHEV2 cell with dedicated adapter plate fitting for 
ICEMS highlighting the O-ring sealing. 
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up with air. The capillary is connected directly to the valve (relying on 
the turbo pump in the MS) to evacuate Va. After about 2 h the ionization 
source and detector are turned on and left to warm up for an additional 
hour. The ion currents are constantly monitored for stable values before 
starting an experiment. A potentiostat (Astrol Bat-Small, Switzerland for 
model systems; Biologic VMP2 with 5A/20V Booster, France for large- 
format cells) is connected to the cell. 

The operation begins by simultaneously starting the electrochemical, 
gas measurement, and MS programs, while constantly measuring the 
cell pressure. The gas measurement program is set to open and close the 
valve every 20–30 min depending on the size of Vc. The valve open time 
is set to 0.5 s. Every time the valve opens, gas from Vc expands into Va 
and is subsequently drawn into the MS. This is detected as an ion current 
peak ̂I on the MS program and a discrete drop in Vc on the PS program 
and is referred to as a measurement point, n. Both processes occur 
simultaneously as illustrated in Fig. 3. Henceforth information from 
within Vc and Va will be differentiated via a subscript c and a respec-
tively. Additionally, information from either before (Pn

c ) or after (Pń
c ) a 

measurement point (n-1) will be represented in superscript; such that P2
c 

implies the cell pressure right before the 3rd measurement point. The 
cell temperature is similarly saved (Tn

c and Tń
c ) in order to compensate 

for its influence on the cell pressure, if necessary. 
After sampling the gas from the cell, the MS ion-currents Î are 

recorded at the current top (10 data points are averaged) and converted 
into partial pressures X by entering the ̂I values, sensitivity matrix S, and 
background vector B̂ into Equation (2). 

Î = SX + B̂ Equation 2 

Fig. 3 additionally highlights the positioning of each calculated X 
value and from which volume they originate. The partial pressure values 
for each measurement point and m/z channel are then normalized 
against the sum of all partial pressures. 

The amount of evolved gas is calculated by solving a variation of the 
Ideal gas law: 

N =
PV
RT

Equation 3  

Where the number of moles of gas left over in Va before a measurement 

point 

Nn
a =

Pn
aVa

RT
Equation 4  

is subtracted from the number of moles of gas in Va after a measurement 
point is taken 

Nń
a =

Pń
aVa

RT
Equation 5  

Where Pa both before and after an n is the only unknown. The Pne
a 

however should be the same as Pne
c at the point the valve is open, 

therefore Equation (5) can be rewritten such that: 

Nń
a =

Pń
cVa

RT
Equation 6 

Using the same logic, Pn
a is calculated by rearranging Boyle’s law 

P1V1 =P2V2 Equation 7  

Pn
aVa +Pn

cVc =Pń
c(Vc +Va)

Pn
aVa =Pń

cVa + Vc
(
Pń

c − Pn
c

)

Which is then substituted into Equation (4) producing a complete for-
mula with measurable variables for the number of moles inside Va before 
a measurement point. 

Nn
a =

Pn
aVa

RT
=

Pń
cVa + Vc

(
Pń

c − Pn
c

)

RT
Equation 8 

Using the above method, the total amount of moles of all gasses 
within Va is calculable. In order to determine the moles of gas produced, 
the total mole value is multiplied by the appropriate partial pressure 
amount, X. All amounts after a measurement point are related to Xń

a of 
the same n, while all amounts before a measurement point are related to 
X(n− 1)́

a . The generated gas between two measurement points is then 
calculated according to: 

Generated gas=
(
N 2́

a X2́
a − N2

a X1́
a

)
−
(
N 1́

a X1́
a − N1

a X0́
a

)
Equation 9  

Which is further converted into generated gas rate by relating the 
calculated values to the measurement interval time. 

All experiments’ end points are governed primarily by the PS’s limits 
(in this case 800–1200 mbar) and secondly the vapour pressure of the 
solvents in question (in the event the PS’s limit goes that low). 

2.5. Validation procedure 

The ICEMS setup described herein was validated against an inter-
mittent OEMS setup previously published by Lundström et al. [14]. Two 
batches of LCO and G electrodes were prepared (as described by 
Lundström et al. LCO: Ø 15 mm, mactive material = 24 mg and G: Ø 18 mm, 
mactive material = 19.6 mg). Electrodes from the first batch were assem-
bled in the electrochemical model cell with one Celgard 2325 separator 
(Ø 26 mm, Celgard LLC, US) soaked in 200 μL LP40 electrolyte (1 M 
LiPF6 EC:DEC 1:1, Solvionic, France) and connected to the ICEMS setup 
(N/P ratio of 1.11). Following Lundström et al.‘s procedure, the cell was 
cycled with G as the counter electrode (bottom of the model cell) and 
electrochemically tested using cyclic voltammetry (CV) after having 
rested at open circuit voltage for 3.5 h (2 h longer due to Va evacuation 
time). The cell was then cycled at a scan rate of 0.1 mV/s between 4.85 V 
and 2.55 V and held at a temperature of 25 ◦C, while the solenoid valve 
was set to open every 30 min for 0.5 s. Another cell was assembled in the 
same manner using the second batch of electrodes and connected to the 
intermittent OEMS setup were the valve was set to open and purge the cell 
every 10 min. 

Fig. 3. Concept behind data analysis illustrating the simultaneous measure-
ment of the ion currents (from the MS) and the cell pressure (from the trans-
ducer). Mathematical representations of the averaged ion currents ( Î

ne
a , 

highlighted in red) and cell pressure (Pne
c ) before (f) and after (e) each mea-

surement point are superimposed. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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2.6. Large-format cell 

A 48 Ah PHEV2 cell (Shenzhen BAK Power Battery Co., Ltd., China) 
was tested with the calibrated ICEMS setup. It was a calendar-aged un- 
cycled cell sitting at 30% state of charge (SOC) stored in a cabinet at 
room temperature (RT) for ~1 year after formation. The cell was dis-
charged to 5% SOC (3.470 V) before being transferred to an Ar atmo-
sphere glovebox. Positioning for a hole into the cell was calculated using 
a side view X-ray image of PHEV2. Using a handheld electric drill fitted 
with a drill bit (Ø 1 mm) and drill stop (placed 4.1 mm from the tip) a 
hole was carefully drilled into the top of the cell (52.7 mm from the side 
with the positive terminal and half way along the width). The cell was 
drained of as much electrolyte as possible by inverting the cell and 
squeezing it by hand until liquid no longer dripped out. The adapter and 
side plates were connected as described in Fig. 2 with the PS and sole-
noid valve directly attached to the t-union. Vc was increased slightly by 
including an extra t-union in between the solenoid valve and the original 
t-union. The cell was electrochemically tested using two protocols, 5% 
SOC (3.470 V) – 60% SOC (3.787 V), and 5% SOC – 100% SOC (4.180 V) 
at C/15 (based off of cells nominal capacity). Measurement points were 
taken every 20 min and the climate chamber set to 25 ◦C ± 0.5 ◦C. 

3. Results and discussion 

3.1. Validation of the ICEMS setup 

Fig. 4 shows results from the validation experiments. Gassing data is 
highlighted from an LCO/G system investigated via intermittent OEMS 
(top graph) and ICEMS (bottom graph). Cyclic voltammetry was per-
formed (0.1 mV/s, 2.55–4.85 V) here in order to more accurately 
determine voltage-induced gas evolution reactions during overcharge. 
Although the current response is largely similar, differences are 
observed and related to slightly varying LCO electrode qualities from 
two different batches. Despite these differences in currents, the gas 
evolution profiles from the two setups are qualitatively very similar with 
the same gas onset voltages and similar total gas amounts of C2H4 (~4.7 

μmol) and H2 (~1.3 μmol) in the first two dis-/charge cycles. A notable 
difference in terms of the total amounts evolved is however observed for 
CO2 (~3 μmol for OEMS and 0.5 μmol for ICEMS). A possible explana-
tion for this is the solubility of CO2 in the electrolyte. Anouti et al. have 
previously reported that the solubility of gasses, especially that of CO2 in 
LIB electrolytes is especially high [26]. A much smaller amount of gas is 
being withdrawn and not replaced by pure Ar in ICEMS. Therefore, the 
gas headspace of the cell doesn’t experience large removals in gaseous 
CO2 during sampling and the CO2 that forms largely remains dissolved 
in the electrolyte rather than being detected as evolving gas. Hence, the 
essentially closed cell configuration of the ICEMS setup more closely 
mimics a practical Li-ion battery cell. 

Results from both setups show characteristic gas evolution behaviour 
of a LCO/G system [14]. CO2 evolves early (2.1 V) as a result of EC 
ring-opening [14, eqs. (12, 13)], while C2H4 and H2 evolve later and 
originate from the reduction of EC and electrolyte impurities [14, eq. 
(14)], respectively. Going into overcharge (>4.3 V) both CO2 and H2 
evolve as a result of electrolyte oxidation and TMO decomposition. Most 
notably, a negative dip in evolution of CO2 occurs just after 2.6 V in both 
setups indicating an electrochemically driven consumption reaction 
rather than just dissolution. The clear correlation in the data between 
the two different MS setups indicates that ICEMS is able to reliably 
monitor the gassing behaviour of battery systems. Additionally, ICEMS 
allows for the closer study of subsequent reactions of evolving gases, 
such as CO2, since the amount of gas removed from the battery envi-
ronment is negligible. 

3.2. Pressure profiling during electrochemical cycling of a PHEV2 cell 

Fig. 5 shows the results from the PHEV2 cell connected to the gal-
vanostat and the adapter plate (Fig. 2), which permit for the recording of 
cell voltage as well as both the total and partial pressures during two 
galvanostatic cycles at C/15 in the SOC range 5–100%. The voltage 
profile (Fig. 5a) is typical for a full-cell based on a Ni-rich NMC positive 
electrode coupled with a G negative electrode. If the valve to the MS 
would not be opened during cycling, a pure representation of how SOC 
effects the internal gas pressure of the cell is measured. In Fig. 5b the 
relative internal gas pressure difference ΔP as compared to the recorded 
pressure at 5% SOC is shown and found to be largely reversible. During 
cycling, the ambient temperature is kept constant at 25 ◦C in the climate 
chamber and the internal cell temperature is seen to fluctuate relative to 
the pressure changes by a maximum of only 0.6 ◦C. Therefore, tem-
perature changes are minor with no observable influence on the internal 
pressure changes, which are rather attributed to gas evolution and in-
ternal head-space volume change from reversible electrode swelling 
[27]. The amount and identity of the gasses evolved are determined via 
ICEMS (described in detail in the section below) and found to be much 
smaller (four orders of magnitude lower) than observed for ΔP. Since the 
total volume of the cell itself is kept constant, we conclude that ΔP 
predominantly results from internal volume changes. Schmitt et al. re-
ported similar behaviour in a prismatic cell containing NMC811 and G, 
where they describe the SOC dependence on internal gas pressure [15]. 
Graphite undergoes a stepwise increase in volume (up to 13%) as a result 
of lithium intercalation while NMC materials shrink when lithium 
deintercalates from their lattice (down to 8%) [6,27,28]. Both Graph-
ite’s and NMC’s crystal structures experiences several different phase 
and staging transitions depending on the degree of lithiation. Based on 
this knowledge, the data can be qualitatively divided into four regions 
with respect to SOC (I <35% SOC < II< 70% SOC < III< 93% SOC <
IV<100% SOC) and the plateau-like characteristic features in the ΔP 
profile. In region I (<35% SOC), we observe the effects of graphite 
transitioning between what are known as the dilute phases at lower 
levels of lithiation [29]. In these, lithium randomly fills every other layer 
such that there is always one completely empty layer in-between the 
dilute partially filled layers, often referred to as 1L (where the number 
refers to the number of unfilled graphene layers in between the dilute 

Fig. 4. Comparison of gas analysis of an LCO/G system between intermittent 
OEMS (top) and ICEMS (bottom) both carried out at 25 ◦C (RTP). 
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layers). As the cell voltage increases and more lithium is forced into 
graphite, the phase shifts from 1L to 4L–3L and then to the final dilute 
phase, 2L [30]. The exact number and placement of the dilute phases is 
under debate; however, we propose, due to the evidence of two plateaus 
in the first region, that we can see at least two phase transitions in the 
pressure data at 3.54V and 3.58V (marked with asterisks in the zoom in 
Fig. 5b.) which roughly equate to a lithium content of LiC102 and LiC54 
respectively [31]. Then in region II, at higher levels of lithiation, about 
LiC24, the partially filled layers of 2L start to fill up completely tran-
sitioning towards the dense stage 2 (LiC12) with very minor change in 
crystal volume and hence influence on ΔP. Then in both region III and IV 

(split due to the onset of NMC induced volume change at LiC7) stage 2 
transitions towards the fully lithiated stage 1 (LiC6), which starts at 
~3.85V with more pronounced volume and ΔP increases. 

At the same time, the unit cell volume of Ni-rich NMC decreases in 
two noticeable steps during delithiation (charging of the full cell) [6] in 
regions II and IV. Initially, the a lattice parameter shrinks but only a 
relatively small decrease is observed since the c lattice parameter in-
creases simultaneously, this is represented in Region II by a phase 
transformation from hexagonal (H1) to monoclinic (M) [32]. The slight 
decrease in pressure during region II is most likely as a result of H1 to M 
since graphite’s volume is relatively stable while the 2L phase and stage 

Fig. 5. Data collected from the ICEMS setup: (a) 
Electrochemical profile of the PHEV2 cell over two 
cycles from 5%− 100% SOC at C/15 and 25 ◦C with 
the four main phase transition regions for NMC/G 
labelled in Roman numerals; (b) Internal cell pres-
sure changes during cycling as compared to the 
pressure at 5% SOC along with the phase transitions 
within each region (the zoom-in highlights the two 
plateaus before 36% SOC), those attributed to NMC 
are highlighted in red; (c) gas evolution rate of m/z 
= 44 (CO2), (d) m/z = 2 (H2) and 26 (C2H4). (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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2 coexist [27]. There is no observable decrease as a result of the M to H2 
phase transition in region III as the stage 2 to 1 transition within graphite 
dominates. At higher levels of delithiation (Region IV) the c lattice 
parameter drastically shrinks during a third phase transformation from 
H2 to a third hexagonal phase, H3, which can be clearly seen at 4.09V 
(LiC7) [28]. The volume increase in graphite slows down as it ap-
proaches LiC6 allowing the shrinkage of the NMC to significantly affect 
the ΔP [27,31] resulting in the stage 2 to stage 1 transition within 
graphite to be divided into two regions (III and IV). The H2 to H3 
transition is most pronounced in NMC materials with high Ni content 
(limited c lattice shrinking in NMC111), and has been reported to be 
associated with significant cell ageing [6,28,31]. 

Due to the large internal volume changes brought on by both elec-
trodes, Vc can no longer be considered constant (as it is in the model cell 
setup). Therefore, a pressure dependent Vc is calculated in comparison 
with the initial Vc (determined by Equation (1) and the first pressure 
drop). PHEV2’s starting gas headspace volume is calculated to be 21.07 
mL (the maximum) with a minimum value of 19.33 mL at the start of 
region IV during the second cycle (the change in Vc in region IV is pri-
marily caused by the NMC) which is equivalent to an 8% decrease. If the 
first volume change caused by the NMC (at 3.66 V due to the H1 to M 
transition) is excluded, the percent decrease changes to ~8.2%. Since 
graphite is known to increase in volume by ~13% during charging it is 
reasonable to say that this decrease in Vc is proportional to an 8.2% 
volume increase of graphite during lithiation [28,29]. 

3.3. Gas compositional analysis of large-format PHEV2 LIB 

H2, C2H4, and CO2 (m/z = 2, 26, 44) are observed with H2 and C2H4 
as dominating gases while cycling between 5% and 100% SOC at C/15 
and 25 ◦C (Fig. 5c and d). Upon comparing the onsets of gassing events 
and phase transitions within both the graphite and Ni-rich NMC, several 
correlations are observed during the charge and discharge steps. Gas 
evolution will henceforth be discussed in the order they appear from 
region to region, focusing on the charging steps first and ending with 
behaviour connected with the discharge steps. 

3.3.1. Charging steps 
Region I: After connecting the cell, residual gases trapped over time 

and during formation are released, resulting in an initial gas evolution 
partly unrelated to the regular operating conditions. Therefore, gassing 
in region I during charging in the first cycle is disregarded. Although, 
there is a pronounced increase in H2 evolution (with a smaller increase 
in C2H4) during charging in the second cycle while CO2 stabilizes and 
tapers off. The shift from 1L to 2L within G produces a large volume 
increase that applies strain on both electrodes, likely causing a crack in 
the existing SEI. This would in turn expose reactive graphite surface 
towards the electrolyte allowing for SEI reformation processes to reoc-
cur and release H2 and C2H4. The CO2 seen is likely left over from a 
process during the discharge step in region I, in which gas is seen to 
evolve at ~3.53 V. 

Region II: Due to the fact that there is a relatively small volume 
change in both electrodes in region II, the cell components experience 
little to no strain — and as such, no peak in SEI reforming gas evolution 
is observed during either the 2L–2 (graphite) or H1-M (NMC) transitions 
[27]. Evolution of all three gasses actually decreases, with a larger dip in 
H2, indicating a period of rest or low release rate in gas producing side 
reactions. 

Region III: During the 2–1/M–H2 phase transition of graphite and 
NMC in the charging step (starting at 3.85 V) all three observed gasses 
evolve slightly. Nevertheless, there is an initial decrease in evolution of 
H2 and C2H4 before a sharp increase half way through the region (at 
3.94 V). This suggests that there is a point at which the induced phase- 
transition-strain overcomes the structural integrity of the SEI, cracking it 
and allowing for formation processes to reoccur. CO2 is also observed to 
evolve which is likely the result of oxygen being released from the 

cathode due to both the increased strain caused by the 2–1 phase tran-
sition and from the M to H2 transition which is then detected as CO2 
[27] due to rapid side-reactions between the highly reactive O2 and the 
electrolyte. O2 is itself not observed since it has to travel through the 
relatively large stack before reaching the gas outlet, and is therefore only 
seen as CO2. 

Region IV: The third major phase transition in Ni-rich NMC mate-
rials, H2 to H3 has a profound effect on the integrity of the cathode, seen 
in a c lattice parameter collapse as the structure is continuously deli-
thiated. This collapse in the structure cracks both the secondary and 
primary particles in the cathode, producing large amounts of exposed 
surface area and releasing reactive oxygens attacking the electrolyte and 
causing the evolution of CO2. A limiting factor in NMC materials with 
high Ni content is therefore the onset of this transition [13,33,34]. The 
onset of both O2 and CO2 evolution has also been observed in LNO 
during the pure H2 phase by de Biasi et al. which would occur at the 
interface of Regions III and IV [34]. This suggests that some of the 
evolution we observe comes from the shift between phase transitions. 
Fig. 5 highlights that at the phase transition onset of H2 to H3 in the 
NMC at 4.09V an event occurs such that a relatively large amount of CO2 
is evolved. There is no obvious onset at the same voltage for either H2 or 
C2H4 however there is a small increase in evolution from both gasses 
indicating that the collapse of the NMC impacts the graphite as well. 

3.3.2. Discharge steps 
There is an increased total evolution rate of CO2 during the discharge 

step as compared to the charging step — this is likely due to a combi-
nation of crosstalk, remaining effects from oxygen release (lag in 
diffusion through the relatively large cell stack) and reduction of elec-
trolyte species on graphite (leading to the formation of Lewis bases) [7, 
18,35]. This is mostly notable in region III during both cycles. There is 
no observed increase in the evolution rates of H2 and C2H4 as compared 
to the charging steps since their evolution are not related to oxygen 
reactivity. The gassing from region to region will now be discussed 
starting from the charge to discharge transition at 100% SOC. 

Region IV: As a result of the remaining oxygen release effects, a 
continuous evolution in CO2 is observed with a very slight plateau just 
before the beginning of region III. In contrast to the charging step, the 
evolution rate for both H2 and C2H4 decreases. This coupled with the 
small CO2 plateau at the end of the region indicates that no new elec-
trode surface area is being exposed to the electrolyte. 

Region III: The onset of the phase transition from stage 1 to stage 2 
and H2 to M exhibits evolution in all three gasses. The gas rate increases 
until about half way through the region before the rate drops — 
behaviour similar to that of region III in the charging steps. The sudden 
coordinated evolution of all three gasses in region III is likely due to the 
reduction of electrolyte species on the G leading to the production of 
Lewis basis which are known to ring open EC (forming both H2 and CO2) 
[35]. In addition, evolution of CO2 has been observed for both LCO and 
LNO specifically upon discharge [14,34]. As reported for LNO, the 
interface between Regions IV and III will contain a pure H2 phase before 
transitioning to the M phase, producing a larger amount of both O2 and 
CO2 than in the charging step [34]. This suggests that a combination of 
the volume changes of graphite coupled with residual oxygen and the 
presence of the pure H2 phase (on its way to the M phase) all add to the 
increased amounts of total gas formed in region III. 

Region II: Much like during the charging step, no further gas 
forming reactions occur during the limited volume change of both the G 
(stage 2–2L) and the NMC (M–H1) of this region. 

Region I: In the first cycle, H2 and C2H4 start to decrease in evolution 
rate at about the same time CO2 starts to increase (at 3.53 V) — opposite 
behaviour to the processes in region I during charging. Similar to the 
gassing behaviour in region III, the increase in CO2 half way through the 
region is largely due to stress in the electrode (large decrease in G vol-
ume). The decrease in SEI reformation gasses indicates a relaxing sys-
tem, physically and chemically — while the increase in CO2 suggests an 
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additional process thus far unexplored. It is likely that the evolution is 
linked with shrinkage of the SEI coupled with voltage dependent elec-
trolyte reduction and consequent further Lewis base activity. 

3.3.3. Full cycle 
The coulombic efficiency of the cell is calculated to be 99.54%. It can 

be stated that the 0.46% lost is primarily due to overpotentials (larger 
than usual since no potentiostatic step was carried out), inaccuracies 
within the galvanostat and resistances within the cabling (multiple 
connections between galvanostat and cell). A further contribution is 
parasitic gas evolving reactions that use up electrons that would 
otherwise flow through the circuit. If we assume that for every molecule 
of each analysed gas formed (H2, C2H4 and CO2), two electrons are used, 
the total amount of gas that would form to cause the loss in coulombic 
efficiency would be ~ 3.44 × 106 nmols. Integrating the curves in Fig. 5 
gives roughly ~5300 nmol, ~1600 nmol, and ~1000 nmol of H2, C2H4 
and CO2 formed respectively, which in total is just over two orders of 
magnitude less than the theoretical amount. It is likely that in combi-
nation with the overpotential induced CE loss, the majority of gasses 
formed undergo additional processes that remove or consume them 
before they reach the MS. Such processes include dissolution in the 
electrolyte, reacting further with other species to form new products, or 
get trapped in the porous matrix of the electrodes. These processes are 
not fully understood, especially inside large format cells and are ques-
tions that we will look into in future work. 

Commercialized cells are not expected to produce very much gas 
during normal operation, and the same is true for this PHEV2 cell. 
Relative to the amounts of gas produced in non-commercialized battery 
systems where between 10 and 100 nmol/min can form [15,24], the 
quantity observed here is 1–2 orders of magnitude less. Yet, onset events 
for gas evolution can still be observed, indicating the power of the herein 
developed ICEMS. 

4. Conclusions 

A novel ICEMS setup specifically designed for the analysis of gassing 
in large-format lithium-ion cells is developed, validated, applied, and 
presented in this work. Specific information on the method of inter-
facing a model battery cell and a PHEV2 cell with the MS, analysing the 
raw data, and possible applications for the work are discussed at length. 
Comparing the results of our setup with data collected by intermittent 
OEMS show the validity of the setup as well as highlight unique features 
of ICEMS; namely the ability to monitor how consumption reactions 
within battery cells operate due to limited internal environment 
tampering and a lack of purging. The internal gas pressure is monitored 
during cycling and presents a strong correlation with voltage induced 
structural changes within both electrodes. The volume changes brought 
on by phase transitions within graphite are observed as five distinct 
pressure changes during charging. The first three are related to the 
initial dilute phase transitions 1 L–4L, 4L–3L, and 3L–2L. Altogether, the 
dilute phase shift from 1L to 2L induces a large pressure increase of ~30 
mbar, with three plateaus indicative of each transition. The final two 
pressure changes correlate well with the 2L to stage 2 and stages 2 to 1 
transitions. The latter producing a total pressure increase of ~35 mbar, 
while during the former, the internal pressure decreases. This pressure 
decrease is attributed to the first of three transitions observed within Ni- 
rich NMC materials where the first hexagonal phase, H1 transitions to 
the monoclinic phase, M. The second phase transition within NMC, M to 
H2 does not impact the pressure as the coexisting stage 2 to 1 in graphite 
dominates. However, the third transition, H2 to H3 is also clearly 
evident at higher delithiation levels (at a cell voltage of 4.09 V) observed 
as a decrease in the cell pressure. 

Pressure change within the cell is primarily linked to electrode vol-
ume expansion and shrinkage during cycling since the total cell volume 
is kept fixed and gas evolution is negligible comparatively. An increase 
of 8.2% in graphite and a decrease of 1.2% in the NMC is observed 

during charging with the reverse occurring during discharge. Further-
more, there is a clear correlation between the onset of each phase 
transition and gassing behaviour, primarily observed as H2, C2H4 and 
CO2 evolution. H2 and C2H4 are seen to evolve throughout the cycling 
protocol with certain clear onset points notably observed at the phase 
transitions resulting in the largest volume change. These volume 
changes apply strain across the electrodes causing cracks to form in the 
SEI. These in turn expose reactive areas of graphite to the electrolyte and 
thus allow SEI formation reactions to reoccur. 

The processes resulting in CO2 evolution are a main takeaway from 
this study. Large amounts of CO2 are released both at 4.09V which is 
linked to the H2–H3 c lattice collapse (and subsequent O2 release) 
within the cathode and during the discharge step (primarily when the 
NMC is in the H2 phase and at the start of the stage 1 to stage 2 transition 
in the G). We suggest that the reason for the increased amounts of CO2 
evolution during discharge are due to a combination of three processes; 
reduction of electrolyte species at the G forming Lewis Bases that then 
ring open EC, residual oxygen species formed during the charging steps 
continuing to react with the electrolyte, and an unstable H2 phase in the 
NMC. Additionally, there is clear evidence for CO2 evolution upon 
discharge half way through the 2L–1L phase transition. The exact 
mechanism causing the CO2 evolution is not yet fully known, however, it 
is assumed to be linked to a combination of SEI shrinkage and reduction 
of the electrolyte at the G. Oxidation of the SEI could be a potential 
contributor to gas evolution as well. 

Some advantages of ICEMS are discerned during this work, namely 
its limited influence on the internal cell environment, its relative 
simplicity and ability to perform detailed analysis in just 2 cycles. 
Further success in this field could result in more accurate state-of-health 
analysis over shorter periods of time (2–4 cycles), removing the need to 
carry out expensive long-term cycling (>100 cycles). On the other hand, 
it is worth noting that the method of interfacing with the MS in this study 
is specific to dimensions of a PHEV2 cell. Yet, due to the adapter’s 
relative simplicity it can easily be manipulated to accommodate a 
multitude of prismatic cell dimensions in the future. 

CRediT authorship contribution statement 

Casimir Misiewicz: Conceptualization, Methodology, Software, 
Validation, Formal analysis, Investigation, Writing – original draft, 
Visualization. Robin Lundström: Methodology, Formal analysis, 
Writing – review & editing. Istaq Ahmed: Resources, Writing – review 
& editing. Matthew J. Lacey: Resources, Writing – review & editing. 
William R. Brant: Supervision, Writing – review & editing. Erik J. 
Berg: Conceptualization, Methodology, Software, Validation, Formal 
analysis, Data curation, Writing – review & editing, Supervision, 
Funding acquisition. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

The authors acknowledge the Swedish Electromobility Centre (SEC), 
Knut and Alice Wallenberg (KAW) Foundation (Grant 2017.0204), 
Swedish Research Council (2016–04069), and Stiftelsen för Strategisk 
Forskning (SSF, FFL18-0269) for financial support and StandUP for 
Energy for base funding. The PHEV2 cell was supplied by Scania through 
SEC and all machining was carried out by Leif Edlén at Ångström 

C. Misiewicz et al.                                                                                                                                                                                                                              



Journal of Power Sources 554 (2023) 232318

9

laboratory. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jpowsour.2022.232318. 

References 

[1] Regulation of the European Parliament and of the Council Concerning Batteries 
and Waste Batteries, Repealing. Directive 2006/66/EC and Amending Regulation 
(EU) No 2019/1020, vol. 0353, no. 2019, Eur. Comm., 2020 [Online]. Available: 
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52020PC0798. 

[2] Y. Yang, E.G. Okonkwo, G. Huang, S. Xu, W. Sun, Y. He, On the sustainability of 
lithium ion battery industry – a review and perspective, Energy Storage Mater. 36 
(2021) 186–212, https://doi.org/10.1016/j.ensm.2020.12.019. April 2020. 

[3] F. Yang, D. Wang, Y. Zhao, K.L. Tsui, S.J. Bae, A study of the relationship between 
coulombic efficiency and capacity degradation of commercial lithium-ion batteries, 
Energy 145 (2018) 486–495, https://doi.org/10.1016/j.energy.2017.12.144. 

[4] A. Perner, J. Vetter, Lithium-ion Batteries for Hybrid Electric Vehicles and Battery 
Electric Vehicles. Advances in Battery Technologies for Electric Vehicles, 
Woodhead Publishing, 2015, pp. 173–190. https://doi.org/10.1016/B978-1- 
78242-377-5.00008-X. 

[5] M. Li, J. Lu, Z. Chen, K. Amine, 30 Years of lithium-ion batteries, Adv. Mater. 30 
(33) (2018), https://doi.org/10.1002/adma.201800561. 

[6] L. De Biasi, A.O. Kondrakov, H. Geßwein, T. Brezesinski, P. Hartmann, J. Janek, 
Between Scylla and charybdis: balancing among structural stability and energy 
density of layered NCM cathode materials for advanced lithium-ion batteries, 
J. Phys. Chem. C 121 (47) (2017) 26163–26171, https://doi.org/10.1021/acs. 
jpcc.7b06363. 
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