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ARTICLE INFO ABSTRACT

Keywords: In this work, we present an innovative design of an electrochemical three-electrode cell for in-operando gas

Aging chromatography-mass spectrometry analysis, which allows performing electrochemical measurements while

EFLCSI probing and analyzing the liquid electrolyte in real-time. The presented cell shows similar electrochemical
Eécﬁg yte performance to commonly used lab-scale cells and can be utilized for the investigation of any kind of electro-
Operando chemical system. The three-electrode configuration enables the differentiation of processes occurring at the

respective positive or negative electrode. Investigating the aging of electrochemical cells, it is possible to obtain a
detailed time-resolved insight into occurring decomposition processes. As a model case, we investigated aging
processes occurring in an electric double-layer capacitor containing a one-molar solution of tetraethylammonium
tetrafluoroborate in acetonitrile. Showing a time- and voltage-dependent evolution, decomposition products of
the salt, solvent, and electrode were detected and assigned to aging processes occurring at the respective positive
and/or negative electrode-electrolyte interphase. Used for the detection of soluble decomposition species within
the electrolyte, in-operando gas chromatography-mass spectrometry is uniquely suited to be combined with

Supercapacitor

techniques focused on the electrode and/or gas phase of electrochemical energy storage devices.

1. Introduction

Electrochemical energy storage devices, such as electrochemical
capacitors and batteries, are widely used in today’s society and enable
the use of electric vehicles, electric mobile devices, and many more
systems. However, such devices have limits regarding their respective
specific energy, specific power, and lifetime. Increasing those parame-
ters is therefore vital to meet society’s growing demand for more effi-
cient and more powerful energy storage systems [1,2].

When operated above their rated parameters aging processes occur
within the electrolyte-electrode interphase of these devices. Primary
aging processes of electrochemical capacitors include electrolyte-
depleting and electrode pore-blocking side-reactions, mechanical
detachment of the active material from the current collector (delami-
nation), as well as internal cell pressure increase due to the evolution of
volatile side-products. Typically, they are recognizable by capacitance
fading and an increase of the equivalent series resistance (ESR) [3-5]. In
batteries, occurring aging processes include parasitic side reactions,
poor solid electrolyte interphase formation, dendrite formation, active
material dissolution, electrolyte decomposition, delamination, as well as
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gas evolution, and thus pressure increase. Those processes result in ca-
pacity loss, power fading as well an increase of the ESR [6].

It is evident that being able to track and understand the occurring
side reactions, which lead to cell aging, is of fundamental importance for
the development of advanced energy storage devices. In the last years,
various in-situ/in-operando techniques have been developed to investi-
gate energy storage mechanisms, which may also be used to study
respective aging processes [7-13]. In literature, the terms in-situ and
in-operando are often freely exchanged with each other. Generally, they
refer to techniques that enable the investigation of occurring processes
at the place of their origin during operation (here: during an electro-
chemical measurement). However, a distinct differentiation between
those two terms can be proposed: According to the Oxford English
Dictionary, the term in-situ can be described as ‘in its (original) place; in
position/at the place or locality in question’, whereas the term in-oper-
ando translates as ‘working or operating’ further distinguishes the
additional temporal resolution of a measurement [14,15]. The success-
ful application of in-situ/in-operando calorimetry [16-19], simultaneous
thermal analysis (STA) [20], dilatometry [21,22], (pulsed) differential
or online electrochemical mass spectroscopy (PEMS/DEMS/OEMS)
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[23-25], electrochemical quartz microbalance (EQCM) [26-33], (sur-
face-enhanced) Raman spectroscopy (SERS, Raman) [34-38], attenu-
ated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)
[37,39-44], nuclear magnetic resonance spectroscopy (NMR) [10,
45-51], electrochemical atomic force microscopy (EC-AFM) [33,
52-57], X-ray diffraction (XRD) [58-67], and X-ray photoelectron
spectroscopy (XPS) [68-71], have been reported, just to mention a few.
Among these techniques, in-situ STA is an effective technique to inves-
tigate the variation of heat flow, mass loss, internal resistance, and
capacity/capacitance loss [20]. Measurements by PEMS/DEMS/OEMS
enable the quantitative and qualitative analysis of evolving gases. The
combination with in-situ dilatometry provides a powerful tool to inves-
tigate the nature and cause of the cell pressure built up [21-25]. EQCM
enables precise tracking of mass changes during electrochemical mea-
surements. By superimposing an applied constant potential with an
electrochemical impedance spectroscopy (EIS) signal, it is possible to
separate the broad EQCM response into individual anion, cation, and
solvent molecule signals. Further, depending on configuration,
geometrical and morphological changes as well as changes in the reac-
tion mechanism (passive layer formation, decomposition) can be
monitored [26-33]. Raman spectroscopy can provide information on
the electrode structure, oxidation states, kinetics, chemical composition
as well as lattice defects [34-38]. NMR provides the possibility to study
ion configuration, ion confinement, ion dynamics, (de)solvation effects,
and adsorption structure inside (nano)pores during electrochemical
measurements [10,45-51]. XPS is a powerful tool for the investigation
of the dynamics and stability of electrode-electrolyte interphases during
polarization. Further, variation of oxidation states as well as electronic
states (energy levels) can be monitored in real-time [68-71].

It is important to remark that, due to the nature of the different
charge-storage mechanisms of electrochemical devices (faradic, capac-
itive, or pseudocapacitive), not every in-situ/in-operando technique can
be applied for each case. Further, due to an open-cell design and/or
required vacuum atmosphere within the analytical instrument, some
techniques are limited to devices containing only ionic liquids, low-
volatile organic, or aqueous electrolytes.

To the best of our knowledge, so far, only a few in-situ/in-operando
techniques have been utilized for the investigation of aging processes
occurring within non-aqueous electric double-layer capacitors (EDLCs,
often referred to as supercapacitors). Due to safety concerns, especially
the pressure increase occurring in EDLCs has been investigated using
differential or online electrochemical mass spectroscopy (DEMS/
OEMS). Hahn et al. investigated propylene carbonate (PC) based EDLCs.
Here, carbon dioxide (CO,), propene, and hydrogen (Hs) were detected
as the major gaseous decomposition products. The formation of propene
and H, was assigned to the reduction of the solvent at the negative
electrode and the evolution of CO, was attributed to the solvent
oxidation at the positive electrode [24]. Using in-operando dilatometry
Hahn et al. recorded reversible and irreversible cell pressure changes at
voltages up to 3 V for PC-based EDLCs. While cycling within a cell
voltage window of 2.5 V, a reversible pressure decrease and increase
during charge-discharge was determined, which the authors attributed
to concentration-related volume changes of the electrolyte. When
applying cell voltages above 2.5 V significant and irreversible gas evo-
lution was observed [21]. Comparing different electrolytes Kotz et al
showed that the extent of cell pressure build-up in EDLCs is strongly
dependent on the stability of the respective solvents. Significant gas
evolution was observed in y-butyrolactone (GBL) at 2.5V, inPCat 3.0 V,
and in acetonitrile (ACN) at 3.25 V. The authors noted, that even though
gas evolution in acetonitrile started at higher potentials than in pro-
pylene carbonate, PC showed significantly lower faradic currents than
ACN (and GBL). Thus, attributing the higher leakage currents of
ACN-based EDLCs to the formation of soluble electrolyte decomposition
products instead of gas evolution reactions [22]. In-operando calori-
metric measurements by Munteshari et al. revealed irreversible endo-
thermic reactions for PC-based EDLCs when operated at cell voltages
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above 3 V, which has been assigned to the reductive decomposition of
the solvent [16]. The measurements carried out by Hess et al. utilizing an
in-situ STA cell correlate the variation of heat flow, mass loss, capaci-
tance, and ESR during the aging of PC-based EDLCs [20]. It is important
to point out, that these techniques focus on the analysis of evolving gases
formed due to the reductive or oxidative degradation of the respective
electrode-electrolyte interphase.

To achieve greater insight into the occurring aging processes within
EDLGCs, the use of in-situ or in-operando techniques that can supply in-
formation about the formation of non-gaseous decomposition products
within these systems appears of great importance. However, to the best
of our knowledge, these techniques have been not considered so far.
Particularly, there is a lack of information about the decomposition
processes taking place at the electrode-electrolyte interphase resulting
in the formation of soluble, non-gaseous decomposition products.

Gas chromatography-mass spectrometry (GC-MS) allows the inves-
tigation of trace amounts of dissolved analytes within an appropriate
solvent. Thus, it appears as an ideally suited technique for the investi-
gation of formed decomposition products within the electrolyte of an
electrochemical storage device. So far, several post-mortem in-
vestigations have been carried out utilizing this technique. An important
example of this type of investigation is the work of Kurzweil and
Chwistek, which addresses the degradation processes of the state-of-the-
art electrolyte, a one-molar solution of tetraethylammonium tetra-
fluoroborate in acetonitrile (1 m TEABF,4 in ACN), in EDLCs. Considering
their analytical findings, the authors postulated possible degradation
mechanisms of acetonitrile and its oxidation products as well as the role
of the respective salt. In the liquid phase of the aged electrolyte acet-
amide, acetic acid, several heterolytic compounds (e.g. pyrazines), and
flouroacedic acid were successfully identified. The latter only at cell
voltages as high as 6 V [3]. Recently, our group used post-mortem GC-MS
measurements to investigate the degradation processes of electrolytes
containing the salt 1,1-dimethylpyrrolidinium tetrafluoroborate
(Pyr11BF4). When compared to the TEABF4-based electrolyte, fewer
decomposition products were observed at elevated cell voltages and
temperatures [72].

However, to the best of our knowledge, the combination of electro-
chemical measurement with the in-operando analysis of the liquid elec-
trolyte via GC-MS has not been reported so far, neither for
electrochemical capacitors nor for batteries. Considering the amount of
important information that could be acquired utilizing this type of in-
operando cell, its development appears of great interest.

Herein, we present an innovative design of an electrochemical three-
electrode cell for in-operando gas chromatography-mass spectrometry
analysis of the liquid electrolyte of electrochemical energy storage de-
vices. This cell supplies a detailed time-resolved insight into the for-
mation and possible causes of degradation products. Further, the three-
electrode configuration enables the differentiation between aging pro-
cesses that occur at the positive and/or negative electrode. As a model
case, the cell has been utilized to monitor the degradation processes
occurring on activated carbon-based electrodes tested in combination
with a non-aqueous electrolyte (1 m TEABF4 in ACN) and on EDLCs
containing the same electrodes and electrolyte.

2. Material and methods

The design of the developed electrochemical three-electrode in-
operando GC-MS cell is shown in Fig. 1 [73]. The two current collectors
of the cell consist of stainless steel (1.4301, X5CrNi18-10). Electrodes
can be inserted into the cell and connected to the current collectors by
applied pressure. Within the cell, they are separated by an in-house build
spacer made from polyether ketone (PEEK) that has the shape of an
O-ring with a cut on the top. The cell can be assembled in a two- or
three-electrode configuration. In this latter case, a silver wire (Alfa
Aesar, 99.9985%) can be used as a reference electrode. The cell body
consists of polyetheretherketone (PEEK). All screw-type parts are sealed
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Fig. 1. Schematic drawings of the in-operando GC-MS cell (patent application
102022002412.8). [73] (a) 3D model, top view, (b) 2D model, side view. A)
electrolyte chamber, B) top screw with piercable PTFE/silica septum, C)
reference electrode (Ag-wire), D) adjustment screw, E and G) current collectors,
and F) location of electrodes and spacer. (c) Picture of the assembled cell in a
three-electrode configuration mounted inside the automated liquid sampler
(ALS) and connected to a potentiostat/galvanostat.

either using gaskets and/or septa of fluoroelastomers (Viton®) or pol-
ytetrafluorethylene (PTFE). Glue, which has been used during the
fabrication of the cell, is not in direct contact with the electrolyte. The
cell can be assembled in an argon-filled dry box and filled with
1000-1200 pL electrolyte. The top of the cell is sealed using a PTFE/-
white silica septum (Agilent) which allowed in-operando sampling of the
electrolyte.

The cell can either be assembled symmetrically (two electrodes with
almost identical mass), which is the case if a device is investigated, or
asymmetrical (where one electrode is oversized in mass compared to the
other), which is the case if processes occurring on one singular electrode
are aimed to be investigated. The cell can be used with any type of
electrochemical test. In the case of this study, the cell has been elec-
trochemically cycled utilizing the sequence described in Fig. 1 of Sup-
plementary Information (SI). In the case of an asymmetric set-up (Fig. 1a
of SI), the potential of the positive and/or negative electrode is
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controlled against the Ag/Ag™ reference electrode. Depending on the
investigated electrode the applied potentials are either positive or
negative. Firstly, electrochemical impedance spectroscopy (EIS) was
performed within the range of 500 kHz to 10 mHz. After that, three
cycles of galvanostatic charging and discharging (GCD)at1Ag 'uptoa
set potential of 1 V (-1 V) vs. Ag/Ag" followed by a 1 h floating period at
the previously set potential are conducted. After five repetitions the set
voltage is increased by 0.25 V (-0.25 V), at which point the sequence is
repeated. This is repeated until a voltage of 2.25 V (-2.25 V) vs. Ag/Ag"
is reached. The measurement ended with a final EIS measurement. In the
case of a symmetric set-up (Fig. 1b of SI) the cell voltage, measured
between the positive and the negative electrode, is controlled. Starting
with impedance spectroscopy, three cycles of galvanostatic charging and
discharging (GCD) at 1 A g_1 up to a cell voltage of 2.0 V are performed,
followed by a 1 h floating period at the previously set voltage. After five
repetitions the set voltage is increased by 0.5 V, at which point the
sequence is repeated. This procedure is repeated until a voltage of 4.5V
is reached. The measurement ended with a final EIS measurement.
During both procedures, each 5 h of floating (so after EIS measurement,
5 respective cycles of charge-discharge and floating at one potential) a
sample of the liquid electrolyte is automatically taken via the automated
liquid sampler, injected, and analyzed via GC-MS. After the injection of
the sample mass spectra were continuously obtained. Different analytes
will be separated via gas chromatography at which point they reach the
mass spectrometer. When those analytes reach the MS, the obtained
mass spectra can be compared with NIST databases and possible
decomposition products can be identified.

To highlight the benefits of in-operando detection the same electro-
chemical aging protocol has been performed utilizing post-mortem X-
cells, previously described in earlier publications [72,74,75]. Those cells
display a similar design to the here presented in-operando GC-MS cell: A
three-electrode set-up, where the working and counter electrode are
separated by a 3 mm thick ring-shaped spacer. This spacer is made from
PEEK and has a cutout on one side to enable better diffusion of the
degradation products from the electrode-electrolyte interphase to the
bulk electrolyte. The electrolyte reservoir was filled with 1.2 mL of
electrolyte.

From the GCD profiles, the equivalent series resistance (ESR) [Q
cm?] can be calculated by:

AVesr

ESR =
12

@

Ael.

where I is the applied current [A¢ ] and AVggg [V] is the voltage drop
(ohmic drop) between the highest potential during the charge phase and
the potential of the discharge phase after a time delay of 100 ms (or
between the lowest potential during the discharge phase and the po-
tential of charge phase after a time delay of 100 ms) [76].

The specific capacitance C [F g7'] is given by:

(2)

Cen.jdis. =

e

)ch./dis.

where m is the active mass of the electrodes [g] and dV(t)/dt [V s!] is
the slope of the charge/discharge curve [77].

Electrochemical testing was performed with an SP-150 from Bio-
logic. The gas chromatographic and mass spectrometric measurements
were performed with an Agilent 5977A EI-MSD - 7890 B GC System
(mass range 1.6 - 1050 amu). The system is equipped with an Agilent
7683 Series automatic liquid sampler and an HP-5ms column from
Agilent (30 m, ID 0.25, DF 1, Temp range -60 to 325/350°C). The
applied temperature ramp was from 40°C to 280°C at 15 K min! and the
respective carrier-gas flow (He) was set to 1 mL min ™" at a split ratio of
2:1. The respective injection volume of liquid samples has been set to 1
uL by a 10 pL syringe. The obtained mass spectra were compared to a
NIST/EPA/NIH Mass Spectral Library (version 2.2, build June 10,
2014), with the determined analytes showing a match probability higher
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than 60% displayed in the respective total ion chromatograms (TICs).
The TICs were subjected to background subtraction and baseline
correction.

Composite carbon electrodes were produced by mixing activated
carbon (Kuraray YP-50F, 90 wt.%), carbon black (IMERYS Super C65, 5
wt.%), and binder (Dow Chemical Walocell sodium carboxymethylcel-
lulose, NaCMC, 5 wt.%) in 8 ml water. This slurry was stirred in a
dissolver for 30 min until it yielded a homogenous suspension. This
suspension was cast on aluminum foil with a doctor blade set to 150 pm.
From this foil 5 mm circular cutouts were made using an in-house made
punch press. The average mass of active material per standard carbon
electrode was 0.43 mg. Oversized carbon electrodes have been produced
by mixing Kuraray YP-50F (85 wt.%) with IMERYS Super C65 (5 wt.%)
and PTFE (10 wt.%) in 50 mL ethanol (EtOH). After stirring for 2 h and
heating to 80°C the suspension has been transferred onto a glass plate
and rolled flat until a thickness of 1-2 mm is reached. 5 mm free-standing
electrodes were punched and dried. The average mass of these elec-
trodes was 6 + 0.5 mg.

As the electrolyte, a one molar solution of tetraethylammonium-
tetrafluoroborate (TEABF,4) (Sigma Aldrich) in acetonitrile (ACN)
(Sigma Aldrich) was chosen. The electrolyte was prepared in an Argon-
filled dry box (Labmaster Pro, MBraun). Drying the solvent using molar
sieves 3 A (Késtrolith) resulted in an electrolyte with a water concen-
tration below 20 ppm, measured by Karl Fischer Titration. All used solid
materials as well as the chosen salt were dried in a vacuum glass oven at
elevated temperatures.

3. Results and discussion

The cell considered in this work can be easily implemented into
existing automated liquid samplers of a gas chromatograph coupled
mass spectrometer. By automated sampling of the liquid electrolyte
during electrochemical measurement, the cell enables the time-resolved
detection of decomposition products and thus allows the investigation of
specific aging processes within electrochemical devices, e.g. super-
capacitors and batteries. The implementation of a three-electrode
configuration further permits the distinction of decomposition pro-
cesses that occur on the respective negative and/or positive electrode.

It is important to remark that when developing such a cell certain
requirements must be met:

1.) Impermeability — The cell has to be impermeable to liquids and
gases.

2.) Piercability — The probe has to have access to the inner part of the
cell (the electrolyte chamber) while maintaining impermeability
for liquids and gases.

3.) Diffusion — Even though GC-MS can detect trace amounts of
analytes, the diffusion of decomposition products from the
electrode-electrolyte interphase to and within the electrolyte it-
self has to be achieved.

4.) Mounting — The cell has to be freely exchangeable with the
original turret of the automated liquid sampler and/or be
installed in other autosampler systems in such a way that direct
probing is possible.

5.) Durability — The cell needs to endure elevated currents and po-
tentials as well as an aggressive chemical environment.

6.) Performance — The cell has to show a similar electrochemical
performance as commonly used lab-scale cells (e.g. Swagelok®-
type cells or coin-cells).

The fulfillment of all these requirements is important to guarantee
reproducible electrochemical behavior. Further, it generates an envi-
ronment in which the degradation processes generated during the
electrochemical tests are not affected by external agents, e.g. air or
moisture. The cell presented in this study is fulfilling all these re-
quirements and, therefore, is suitable for the investigation of the
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degradation process occurring at the electrode-electrolyte interphase of
activated carbon-based EDLCs.

Initially, we investigated the impact of the potential on the aging of
activated carbon-based electrodes tested in 1 m TEABF4 in ACN. The
protocol utilized for these tests is described in detail in the experimental
section. Fig. 2 shows the electrochemical behavior observed for an
activated carbon electrode subject to increasing potential (from 1 to
2.25 V Ag/Ag™). Fig. 2a shows the specific capacitance (F g~!) and
equivalent circuit resistance (ESR, Q cmz) of the electrode as a function
of the accumulated floating time. As described above, after 5 h of
floating the applied potential was increased by 0.25 V. From the figure it
is evident that the capacitance, as well as the ESR, show stable values
until a potential of 1.75 V vs. Ag/Ag™ is reached. Interestingly with
increasing applied positive potential the capacitance increases as well.
This can be attributed to the increased participation of ions in the for-
mation of the electric double layer due to a stronger electric field [78].
At potentials higher than 2 V vs. Ag/Ag" a sharp decrease of the
capacitance and increase of the ESR is observed, indicating strong aging
of the cell and thus the generation of decomposition products. Fig. 2b
shows Nyquist diagrams of the obtained electrochemical impedance
spectra. At the start of the measurements, an EDLC-like impedance
spectrum is obtained (consisting of a small half circle followed by a steep
increase of the imaginary part). It is evident, that with increasing
floating time and potential this shifts slightly towards higher resistances.
At 20 h of floating (set potential of 1.75 vs. Ag/Ag™) the resistance
sharply increases but still shows the characteristics of a lab-scale EDLC.
As seen before, this changes at 20 h and a set potential of 2.00 V vs.
Ag/Ag*. Here the absence of a half-circle indicates a strong degradation
of the electrode-electrolyte interphase and a strong increase of the in-
ternal resistances. Fig. 2c-e show a selection of galvanostatic
charge-discharge (GCD) profiles of the positive electrode (red) and the
negative oversized electrode (black) at 0 h, 15 h, and 30 h. At 0 h (set
potential of 1 vs. Ag/Ag™) and 15 h (set potential of 1.50 vs. Ag/Ag™) the
two electrodes show an ideal EDLC-like linear behavior. At 30 h (set
potential of 2.25 vs. Ag/Ag™") the profiles show a curved line. This again
indicates strong degradation of the electrode-electrolyte interphase. It is
evident, that the negative electrode shifts further towards negative po-
tential when aging processes occur on the positive electrode. This is
expected and can be attributed to the irreversible oxidation on the
positive electrode, which results in an accumulation of electrons on the
negative electrode. This shift can be neglected as long as the negative
electrode is within the stability window of the investigated system.

Fig. 3 shows the three-dimensional time-resolved total ion chro-
matograms (TICs) of the in-operando GC-MS measurements which were
obtained during aging tests of the positive electrode. TICs display the
accumulated intensity (rel. abundance) across the detected range of
masses at every point during analysis as a function of the time (retention
time of the analytes, tg). Thus, each peak correlates to a specific mass
spectra and indicates one specific degradation product. The character-
istic retention time of each compound does not change as long as the
parameters of the analysis do not change. By comparing the obtained
TICs it is evident that the first peaks arise at 1.75 vs. Ag/Ag " and that the
height and area increase with increasing potential. Further, the total
amount of detected signals increases with increasing potential. This
clearly shows the stronger degradation at higher potentials. During this
aging test, four degradation products were identified and could be
assigned to aging processes occurring at the positive electrode: acet-
amide (tg 8 min), N-ethyl-acetamide (tg 12 min), 2,4,6-trimethyl-1,3,5-
triazine (tg 12.5 min) and diacetamide (tg 14 min). The corresponding
mass spectra are shown in Fig. 2a-e of SI. Acetamide, N-ethyl-acetamide,
and diacetamide are formally hydrolysis products of the chosen solvent
acetonitrile [3]. Since the electrolyte shows a water content below 20
ppm and the cell has been assembled in an inert atmosphere, it is
plausible to attribute the origin of oxygenated decomposition products
to reactions of acetonitrile with the =0/-OH/-COOH and -COOR surface
functions of the used activated carbon material [79-81]. Further, it is
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possible to attribute their origin to reactions of acetonitrile with the

hydroxy and

(CMC)-binder of the respective working electrode [82,83]. However, at

this point, evidence regarding the influence of surface chemistry and the
electrode composition can not be provided. 2,4,6-Trimethyl-1,3,
5-triazine is a cyclotrimerization product of acetonitrile which has

ester groups of the utilized carboxymethylcellulose
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been reported to form under very harsh conditions (high temperature,
high pressure, strong acidic or alkaline media) [84-86]. The application
of catalysts, such as lanthanum and yttrium triflate, tri-
fluoromethanesulphonic acid, and mesoporous graphitic carbon nitride,
show a successful decrease of the normally very high activation energies
[87-89]. It is, therefore, reasonable to suppose that the use of high
electrochemical potentials in combination with a porous carbon surface
can generate an electrocatalytic environment, which can promote the
reaction of acetonitrile toward triazines. Interestingly no
fluor-containing decomposition products were detected during the aging
of the positive electrode indicating electrochemical stability of the BF™~
anion within the applied potential range. However, this is consistent
with other publications which show that electrochemical fluorination
(Simons’ process) requires cell voltages higher than 5 V [3,90,91].
Further, potentially formed fluorodecomposition products may remain
at the electrode surface, precipitate from solution, or in the case of gases
(HF, m/z 20) outgas and/or do not dissolve within the respective limit of
detection (LOD) of the device.

Afterward, the impact of the stability of the activated carbon elec-
trodes subjected to decreasing potential (from -1 to -2.25 V Ag/Ag ") was
considered (Fig. 4). Fig. 4a shows the specific capacitance (F g’l) and
equivalent circuit resistance (ESR, Q cm?) as a function of the accu-
mulated floating time. As shown, capacitance fading starts occurring at
-1.75 V vs. Ag/Ag?, whereas an increase of the ESR is already seen at
-1.50 V vs. Ag/Ag™. Thus, it can be assumed, that aging processes start
occurring at -1.50 V vs. Ag/Ag", but the duration of the floating step is
too short for a significant decrease of electrode surface area which would
result in a loss of capacitance. At potentials lower than -2.00 V vs. Ag/
Ag™ the cell shows such severe decomposition that neither capacitance
nor ESR could be determined. Similar to the aging test of the positive
electrode, but not as strong, the capacitance increases with increasing
applied negative potential until aging processes dominate. Fig. 4b is
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comparing electrochemical impedance spectra of the negative electrode
in a Nyquist diagram during the aging test. The characteristic EDLC-like
progression of the graph degrades over time shifting towards higher
resistances. Confirming the presence of increased aging processes at
potentials lower than -1.50 V vs. Ag/Ag™, the deterioration of the initial
course of the impedance spectra indicates a strong degradation of the
electrode-electrolyte interphase and a strong increase of the internal
resistances. Fig. 4c-e show galvanostatic charge-discharge (GCD) pro-
files of the negative standard electrode (blue) and the positive oversized
electrode (black) at 0 h (set potential of -1.00 V vs. Ag/Ag™), 15 h (set
potential of -1.50 V vs. Ag/Ag™), and 25 h (set potential of -2.00 V vs.
Ag/Ag™). Unfortunately, due to the complete deterioration of the cell,
showing GCD profiles at 30 h (set potential of -2.25 V vs. Ag/Ag™) is not
possible. Here capacitance fading can be observed by the change of the
linear slope (which is characteristic for EDLCs) towards a more curved
slope. As it has been observed before, with increasing aging of the
negative electrode, the positive oversized electrode experiences a drift
toward more positive potentials. This is can be attributed to the irre-
versible reduction processes at the negative electrode and the resulting
accumulation of positive charges (electron deficiencies) at the positive
electrode. As long as the oversized positive electrode is within the pos-
itive stability limit, this can be neglected.

Fig. 5 is comparing the obtained time-resolved TICs taken in-
operando during the aging test of the negative electrode. The first sig-
nificant peaks arise at 25 h (set potential of -1.75 vs. Ag/Ag") which
increase both in height and area as well as in number with increasing
floating time and negative potential. During the aging test, six degra-
dation products were identified and could be assigned to aging processes
occurring at the negative electrode: ethylene (tg 2 min), triethylamine
(tg 6 min) acetamide (tg 8 min), N-ethyl-acetamide (tg 12 min), 2,4,6-tri-
methyl-1,3,5-triazine (tg 12.5 min) and 3-aminocrotononitrile (tg 17
min). The corresponding mass spectra are shown in Fig. 3a-f of SL
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Interestingly, when compared with the aging test of the positive elec-
trode, three decomposition products are formed at both, the positive and
the negative electrode, and three additional decomposition products are
formed exclusively at the negative electrode. Acetamide and N-ethyl-
acetamide are detected for both aging tests, forming at potentials higher
than 1.75 V vs. Ag/Ag" and lower than -1.50 V vs. Ag/Ag*. Thus, the
potential drift of the respective oversized counter electrode down to -0.8
and up to 1.2 V vs. Ag/Ag" can be neglected as a possible cause for the
formation of those decomposition products. We propose, that both, an
excess of negative and positive charges at the electrode surface, resulting
in sufficiently high positive and negative potentials, can initiate the
reaction of acetonitrile with oxygen-containing activated carbon and/or
CMC-binder surface functions to acetamide derivates. 2,4,6-trimethyl-
1,3,5-triazine is detected for both aging tests which can be caused by
similar reasons. Interestingly, 3-aminocrotononitrile, which can be
attributed to the dimerization of acetonitrile, is only found during aging
of the negative electrode. Since one can assume the dimer to be an in-
termediate product of the cyclotrimerization of acetonitrile, this in-
dicates that the cyclotrimerization occurring during the aging of the
respective positive or negative electrode proceeds via two different re-
action pathways. Two of the decomposition products formed exclusively
during aging of the negative electrode are ethylene and triethylamine,
which can be attributed to the degradation of the tetraethylammonium
cation (TEA™). This reaction is known as a Hofmann elimination, where
quaternary amines form tertiary amines and alkenes while a proton gets
eliminated [3,92].

Fig. 6 displays the electrochemical data obtained during aging test of
a symmetrical cell (containing two activated carbon electrodes with
almost identical mass) according to the protocol displayed in Fig. 1b of
SI. Here, the cell voltage (voltage difference between the potential of the
positive and negative electrode) is controlled whereas the respective
electrode potential is free to drift. This simulates the aging behavior of
commercial devices since they are mostly built in a two-electrode
configuration. Here, to achieve a better comparison, Fig. 6a shows the
capacitance retention of the cell, the positive and the negative electrode
as well as the respective equivalent circuit resistance (ESR, Q cm?) as a
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function of the accumulated floating time. Interestingly, strong capaci-
tance fading occurs already at 3.00 V cell voltage. This can be explained
by the respective potentials of the positive and negative electrode during
this measurement. Fig. 6¢c-e show galvanostatic charge-discharge (GCD)
profiles of the cell (grey), the positive (red), and the negative electrode
(blue) at 0 h (set voltage of 2.00 V), 15 h (set voltage of 3.00 V), and 30 h
(set voltage of 4.50V). At 3.00 V cell voltage, the positive electrode
experiences a potential of approximately 2 V vs. Ag/Ag™, whereas the
negative electrode only experiences a potential of approximately -1 V vs.
Ag/Ag™. This is even more extreme during prolonged aging. After 30 h
of floating (at a cell voltage of 4.50 V), the positive electrode reaches
potentials as high as 3 V vs. Ag/Ag", whereas the negative electrode
stays above -1.5 V vs. Ag/Ag". Thus, it can be concluded, that aging of a
symmetric EDLC with an electrolyte consisting of 1 m TEABF, in ACN is
mainly caused by decomposition processes occurring at or within the
positive electrode-electrolyte interphase. This behavior can also be seen
in the ESR increase of the positive electrode when compared with that of
the negative (Fig. 6a) and is consistent with the aging behavior of
acetonitrile-based EDLCs reported in literature [5]. Electrochemical
impedance spectra of the cell are shown in Fig. 6b as Nyquist diagrams.
The increase in internal resistance during increasing floating time cor-
responds well with the capacitance decrease and ESR increase obtained
from the galvanostatic cycling. The characteristic EDLC-like course of
the graph degrades at voltages higher than 3.00 V (15 h of floating)
indicating strong aging of the device.

The total ion chromatograms of the aging test of a symmetrical cell
are compared in Fig. 7. First peaks, indicating the presence of decom-
position products, arise already at 3 V cell voltage. The total amount,
height, and area of the respective peaks increase with increasing po-
tential, indicating stronger degradation at higher cell voltages. Four
degradation products were identified: acetamide (tg 8 min), N-ethyl-
acetamide (tg 12 min), 2,4,6-Trimethyl-1,3,5-triazine (tg 12.5 min), and
diacetamide (tg 14 min). The corresponding mass spectra are shown in
Fig. 4a-e of SI. The observed decomposition products coincide with
those of the aging test of the positive electrode, indicating that aging of
this device is primarily caused by the decomposition of the positive
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electrode-electrolyte interphase.

It is important to observe that utilizing the cell proposed in this work
is also possible an in-operando detection of the various decomposition
products forming within EDLCs. Fig. 8 shows the changes over time of
the TIC signals that have been observed in the aging test. The increase in
peak area is directly correlated to the increase in the concentration of the
corresponding decomposition product. The latter can be indirectly
determined by performing a calibration of each analyte. This highlights
that the use of in-operando GC-MS detection can enable real-time qual-
itative and quantitative analysis of degradation products occurring
within a respective electrochemical device while electrochemical mea-
surements are performed.

With the aim to compare the in-operando investigation with a “clas-
sical” offline detection, the electrochemical aging protocol considered
above has been performed using post-mortem X-cells, previously
described in an earlier publication [72]. Here, the electrolyte is sampled
only once, at the end of the measurement. These X-cells display a similar
design to that of the here presented in-operando GC-MS cell. Even though
their electrochemical performance is inferior to that of the developed
in-operando cell, it is possible to validate the reported results (see
Figs. 5-7 of SI). However, the main drawbacks of using traditional
post-mortem analysis are clear: If one would like to gain the same amount
of results obtained with the in-operando cell one (a) would have to
assemble far more cells and (b) cannot continue electrochemical mea-
surements after analyzing the electrolyte sample.

The results obtained with the in-operando GC-MS cell are interesting
and important for several reasons. First, they confirm that in ACN-based
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EDLCs the positive electrode is the main driving force for the aging of
these devices [5]. Furthermore, they show that the reactions involving
the ACN solvent are the main sources of degradation in these EDLCs.
Decomposition reactions involving the conducting salt occur on the
negative electrode at a rather low potential and have a minor impact on
the overall aging process. Scheme 1 is illustrating an overview of the
possible decomposition reactions taking place in the investigated sys-
tems based on the findings reported above. For the first time, it was
possible to observe that the degradation reactions involving acetonitrile
are mainly caused by interactions between this solvent and the
oxygen-containing surface functions of the activated carbon and/or the
used binder. These interactions can occur at both electrodes when an
excess of charges (positive or negative) is generated at the
electrode-electrolyte surface. Regardless of the polarity of the electrode,
the reactions generated by these interactions are leading to the forma-
tion of acetamide and its derivate N-ethyl-acetamide. Further, the
cyclotrimerisation of acetonitrile forming 2,4,6-trimethyl-1,3,5-triazine
is observed at both electrodes as well. Considering these results, it is
evident that the presence of surface functionalities has a dramatic
impact on the stability of EDLCs. Another important result of these in-
vestigations is the possibility to identify the potentials at which the
positive and negative electrodes of ACN-based EDLCs begin to age. We
showed that the first degradation processes on the positive electrode are
occurring at 1.75 V vs. Ag/Ag", while those of the negative at —1.50 V
vs. Ag/Ag". Generally, in ACN-based symmetric EDLCs, the positive
electrode is the first one that reaches this limit and, for this reason, is the
one that most influences the overall degradation process in these



F.A. Kreth et al.

Energy Storage Materials 56 (2023) 192-204

F
(]
c
(]
Q
- ©
o
[72]
Q
[ ®©
°
L= 0h, OCV
e 5h,2.00V
J: 10h, 25V
: - 2 15 h, 3.00 V N
-~ L \ - J . q°
/,/‘—-—A‘- 20n,350V @
P ‘ 250,400V AV
/ 30 h, 4.50 V
0 é 1‘0 1‘5 ZID 2‘5 3‘0
retention time /min
N,/CO o o NJ\N o] o)
co, |
Ar PN =
0, NH, H N H

acetamide N-ethyl-acetamide

2,4 ,6-trimethyl-

1,3,5-triazine

diacetamide

Fig. 7. TICs of the in-operando GC-MS measurements obtained during aging tests of a symmetric EDLC. Four degradation products were identified: acetamide (tg 8
min), N-ethyl-acetamide (tg 12 min), 2,4,6-Trimethyl-1,3,5-triazine (tg 12.5 min), and diacetamide (tg 14 min). The observed decomposition products are the same as
in the aging test of the positive electrode, indicating that aging of this device is primarily caused by the decomposition of the positive electrode-electrolyte interphase.

potential vs. Ag*/Ag IV

0.00 1.00 1.25 -1.00
T T T

potential vs. Ag*/Ag IV

cell voltage /V

-1.50 175 -2.00 -2.25

150 175 200 225 0.00 -1.25 0.0 2.0 25 3.0 35 4.0 45
17000 T T T T 920000 T T T T T T T 240000 T T T T T T T
I acetamide 910000+ [ triethylamine B acetamide
160001 [ N-ethyl-acetamide 900000 ] i 220000 - [ N-ethyl-acetamide
B 2,4 ,6-trimetyl-1,3,5-triazine BE= 2,4,6-trimetyl-1,3,5-triazine
Y diacetamide = p ,4,6-trimethyl-1,3,5-triazine p XY diacetamide
3-aminocrotonitrile
2700004 [ ethylene
o 4000 © ©
] o £ 60000
© © @
3000 4
40000
40000 4
2000 - 30000
20000
1000 4 20000
10000 -
a b C
0 T T T = 0 T T T T 0 T T T 2= =
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
float time /h float time /h float time /h

Fig. 8. Integrated areas of the corresponding TIC signals obtained during aging test of (a) the positive electrode, (b) the negative electrode, and (c) of the symmetric
EDLC. An increase in peak area indicates a higher concentration of respective decomposition products. However, at this point, no information regarding their ab-
solute concentration can be given (requires calibration of peak area with each analyte).

devices. Finally, the results of these investigations highlight a novel
aspect related to the electrode-electrode interface in EDLC, namely, the
possibility of generating electrocatalytic environments, which can pro-
mote the formation of compounds, such as triazines, that require very
high activation energy to be formed.

Further, it is important to highlight, that the obtained results are
comparing very well with those reported in previous works, which have
been made utilizing electrochemical and post-mortem analytical tech-
niques for the investigation of aging processes occurring within EDLCs.
Ruch et al. conducted 500 h long floating experiments at 3.5 V cell
voltage with symmetrical EDLCs containing the same electrolyte used in
this study. Their results indicate a much higher capacitance loss and
increase of the ESR for the positive electrode than for the negative
electrode [5]. As can be seen in Fig. 6 a similar aging behavior has been
reported in this work. Among other techniques, Kurzweil and Chwistek
used post-mortem GC-MS for the analysis of aged electrolytes consisting
of 1 m TEABF4 in ACN. Within the liquid phase, they were able to
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identify acetamide, acetic acid, several heterolytic compounds (e.g.
pyrazines), and flouroacedic acid. The latter only at cell voltages as high
as 6 V [3]. Similar decomposition products were reported within this
manuscript. However, with the implementation of in-operando probing
of the electrolyte, we were further able to distinguish between aging
processes occurring at the positive or negative electrode and determine
the potentials at which the respective electrodes begin to age. Further, in
contrast to the experimental set-up of Kurzweil and Chwistek, the here
presented in-operando GC-MS cell strongly resembles other common
electrochemical lab-scale cells (e.g. Swagelok®-type cells) in perfor-
mance as well as design.

With an emphasis on the supercapacitor electrodes, carbon mate-
rials, and surface functionalities Azais et al. [79], Zhu et al. [93], Bittner
et al. [94], and Liu et al [81,95]. Published several studies concerning
possible aging mechanisms of ACN-based EDLCs. Azais et al. showed that
occurring capacitance losses and resistance increases are related to the
decomposition of the electrolyte onto the surface of the active carbon
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material, creating surface defects and decreasing porosity. Here, acidic
surface functionalities and water traces inside the electrolyte cause and
increase the aging of the device. [79] Zhu et al. and Bittner et al. iden-
tified polymerization products from acetonitrile (pyridine, amines, and
polyacetonitrile) as well as traces of nitrogen, fluorine, and oxygen on
both electrodes. Here, the positively polarized electrode suffered more
from degradation processes than the negative as well. While the carbon
material of the negative electrode gets partially reduced and forms CH
groups, the carbon material of the positive electrode gets oxidized while
incorporating nitrogen, fluorine, and oxygen and thus forming various
surface functionalities (especially carboxyl species). Further, the for-
mation of reactive BF; radicals which cause fluorination and HF for-
mation is proposed. [93,94] Liu et al. investigated the influence of the
type of carbon material on the aging mechanisms. Especially the surface
functional group content of the positive electrode was reported to be
decisive. The authors proposed hydrolysis of BF; to HF-BF3 and HF at
the positive electrode in the presence of water traces which caused the
formation of defects within the carbon network. The observed defects at
the negative electrode have been explained by the partial diffusion of
HF-BF3 from the positive to the negative electrode. Those defects can
further react resulting in the formation of surface functionalities such as
carboxylic, anhydride, lactone, ether, phenol, and carbonyl groups.
Further, soluble polyacetonitrile oligomers are created which caused the
yellow coloration of the electrolyte [81,95]. Considering the afore-
mentioned publications it is evident that the results obtained by in-op-
erando GC-MS measurements of the liquid electrolyte are in good
agreement with the investigations focused on the supercapacitor elec-
trode materials. Both approaches show that the degradation of the
positive electrode-electrolyte interphase is the primary cause of aging.
Further, polymerization products of acetonitrile were detected in both,
the electrode and the electrolyte. Additionally, post-mortem in-
vestigations of aged electrodes reveal surface defects, decreases
porosity, and traces of fluorinated compounds, which were caused by
the degradation of the BF; to HF-BF3 and HF at the positive electrode.
This process has not been observed by analyzing the electrolyte itself.
This strengthens the hypothesis that formed fluorodecomposition
products remain at the electrode surface, precipitate from solution, or in
the case of gases (HF, m/z 20) outgas and/or do not dissolve within
necessary concentrations. Thus, it is important to point out, that tech-
niques focused on the electrode and those on the electrolyte complement
each other very well. Additional investigations regarding the evolution
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forms the triazine derivate.

of gases during aging and the role of the passive parts (the separator,
current collector, binder, and conductive agents) would facilitate a
complete study of decomposition processes within EDLCs. Further, in-
dividual aging processes could be assigned to one or a combination of
several key components of EDLCs.

4. Conclusion

In this study, we presented for the first time the design and the use of
an electrochemical three-electrode cell for in-operando gas
chromatography-mass spectrometry analysis of the liquid electrolyte of
electrochemical energy storage devices. We showed that by utilizing this
cell it is possible to obtain a detailed time-resolved insight into the
formation and possible causes of degradation products. Furthermore,
the possibility to use the cell in a three-electrode configuration enables
differentiation of processes occurring at the respective positive or
negative electrodes.

The cell was utilized to investigate the behavior of EDLCs containing
the conventional electrolyte 1 m TEABF,4 in ACN. Taking advantage of
the unique features of the cell, it was possible to gain information about
the degradation processes of ACN. Particularly, we showed that the
degradation of this solvent is strongly affected by the surface chemistry
of the respective electrode. However, a detailed investigation of varying
different carbons (containing more acidic surface functions or less uti-
lizing CDC materials) and different binders (PTFE, PvDF) is needed to
determine the source of oxygen for the formation of acetamide deri-
vates. Further, it has been determined, that the formation of acetamide
derivates as well as the formation of the triazine derivate occurs at both,
the positive and the negative electrodes. Furthermore, it was possible to
identify the potential at which the electrodes begin to age, and we show
that the aging of ACN-based EDLCs is mainly driven by the processes
occurring at the positive electrode because this latter electrode is the
first one that reaches an unstable potential.

Considering these results, the novel in-operando GC-MS cell reported
in this work can be considered an innovative and very powerful tool for
the investigation of the degradation processes taking place in electro-
chemical capacitors. Its use in combination with other in-operando
techniques focused on the investigation of the gas phase (OEMS/DEMS),
and the electrode (e.g. Raman or XPS) will allow a comprehensive in-
operando investigation of aging processes occurring within EDLCs
which, so far, was not possible. It is also important to remark that the cell
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can be used for investigation of the interactions between different
electrode materials in combination with a variety of electrolytes. For this
reason, its use can be easily extended to the investigation of the aging
processes occurring in batteries and fuel cells as well as for the inves-
tigation of electrocatalytic processes.
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