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Gas Evolution in Li-ion Rechargeable Batteries: A Review
on Operando Sensing Technologies, Gassing Mechanisms,

and Emerging Trends

Tianye Zheng,*™" Madithedu Muneeswara,’ Haihong Bao,” " Jiagiang Huang,"?
Leiting Zhang,™ David S. Hall,” Steven T. Boles,“? and Weij Jin*® "

Gas evolution is fundamentally problematic in rechargeable
batteries, and may lead to swelling, smoking, and device-level
failure. In laboratories, monitoring gas evolution can help
understand dynamic chemical events inside battery cells, such
as the formation of solid-electrolyte interphases, structural
change of electrodes, and electrolyte degradation reactions.
However, gassing in commercial batteries, discrete or continu-
ous, is not monitored due to a lack of compatible sensing
technologies. Here we describe the working principles of four
real-time gas monitoring technologies for lithium-ion batteries.
Gassing mechanisms and reaction pathways of five major
gaseous species, namely H, CH, CO, CO, and O, are
comprehensively summarized. Since pertinent progress has

1. Introduction
In the 21* century, the shift from fossil-based energy supplies

to more sustainable ones is inevitable, leading to significant
investment and development of energy storage technologies.
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been made on the optical fiber-based sensing of strain,
pressure, and temperature of various battery cells recently,
special emphasis has been given to fiber-based laser spectro-
scopy for gas detection. The technical details of the fiber-
enhanced photothermal spectroscopy are compared with the
four gas sensing technologies, and the commercialization
possibilities are discussed. Owing to its small size, flexibility, and
robustness, fiber-based sensing technology can be compatible
with almost all kinds of battery cells, showcasing their great
potential in various applications. It is envisioned that gas-event
monitoring of rechargeable cells can be unlocked soon by
utilizing fiber-based gas spectroscopy.

Rechargeable batteries are favorable amongst policymakers and
industrialists, who recognize the relative simplicity of electric
vehicles (EVs) and the infrastructure compatibility afforded by
electrical connections, as opposed to hydrogen or other fuels.
At the current pace, internal combustion engines may be
replaced by rechargeable batteries sooner than previously
anticipated."” Moreover, rechargeable batteries may be one of
the few available solutions for resolving the intermittency issues
of various renewable energy sources, especially since many
parts across the globe still heavily rely on coal burning to
generate electricity. However, the safety concerns of widely
applying rechargeable batteries should not be neglected.”
Incidents like smoking, firing, or device-level failures are often
seen in day-to-day news. Whereas it is here emphasized that
such hazards are minimal for well-made cells, it is important
that as new cell chemistries, geometries, and manufacturing
processes are introduced, those new batteries must be at least
as safe as today’s industry best. Various approaches are
developed to mitigate the risks, i.e, the probability and
consequences, of these unpredictable incidents. For instance, in
cylindrical cells that have rigid steel shells, venting designs of
the casing are integrated to prevent the internal pressure from
unrestricted accumulation, thereby lowering the risk of cell
failures. With the powerfulness and increasing popularity of the
technology, future rechargeable batteries are anticipated to be
smarter and safer in order to better utilize sustainable energy
sources. Hence the perspective of Huang et al. is well-founded,
in that sensing is the key to battery life and sustainability.””

The importance of battery monitoring is well recognized
and early efforts can be tracked back more than 100 years, as

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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with the ampere-hour meter,” pressure transducers,” and
impedance measurements,” all of which were aiming for
determination of the state of charge (SoC) and power (SoP),
often with secondary benefits towards estimating the state of
health (SoH) as accurately as possible. Electrochemical impe-
dance spectroscopy (EIS) works quite well as a purely electro-
chemical method and is particularly attractive due to its non-
destructive nature. Since the invention of electrochemical
potentiostats (1940s) and frequency response analyzers (1970s),
the EIS technique has been widely used in various electro-
chemical systems, including rechargeable batteries.” Together
with other electrochemical post-analysis techniques, such as
incremental capacity analysis (ICA), differential voltage analysis
(DVA), and intermittent current interruption (ICl), battery
performance indicators like SoC, SoP, and SoH can be estimated
quite accurately (assuming normal operation). For instance,
Bloom etal. have thoroughly developed the theory and
applications of DVA.”’ Dahn et al. have developed a freeware
based on DVA, of which the parameters are able to provide
insights into the mechanisms of cell failure.! Such methods are
widely adopted and have been further developed by many
researchers to identify cell-specific failure modes.”” Modern
battery management systems (BMS) often employ mathematical
algorithms and models built upon these electrochemical data
for studying battery states."” As such, battery monitoring still
heavily relies on the interpretation of electrochemical data.

In addition to the methods developed from rich electro-
chemical data, sensing techniques using independent means
are also crucial to probing the internal conditions of various
battery products, guaranteeing their reliability and safety during
production and operation. For example, the BMS integrated
with EVs captures temperature information from the overall
battery pack,"" of which the performance is evaluated together
with the electrochemical data, or operational restrictions are
put in place. Overheating is considered a vital indicator and a
safety concern (e.g., thermal runaway) for batteries in use.'?
Electric sensors, such as thermistors,"® thermocouples," and
resistance temperature detectors,"” play a critical role in
temperature sensing. Acoustic methods were found to be
promising in the operando monitoring of energy storage
devices. Physical changes in battery cells, such as crack
formation and electrode deformation, can be probed by
tracking the changes in the sound waves either passively
(acoustic emission; AE) or actively (ultrasound testing; UT).
Although the technique is simple, low cost, and non-invasive, it
is not yet deployed in the commercial field. Environmental
interference, such as vibration and noise, would appear as
inevitable challenges concerning real applications."® Temper-
ature sensors and ultrasound transducers can certainly yield
more insights into the internal (electro—) chemistry of batteries.
The former has been used to unravel the chemical origins of
thermal activities"” while the latter is suited to capture
mechanical changes of solid material or distinguish between
the states of matter. Therefore, scientists recognize the value in
collecting physical data at the individual cell level, such as
temperature,"® pressure,l'” and strain,”” to better understand
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the internal (electro—) chemical, thermal, and mechanical
events.

Recently, progress has been made toward harvesting
temperature, pressure, and strain data from battery cells.*"
While the gassing issue in batteries is always discussed in these
studies, it is seldom discussed independently. In fact, gassing
events in batteries are not new and have been acknowledged
many times. In commercial battery products, the accumulation
of gases may trigger the venting of cylindrical cells or cause
swelling of pouch cells. Therefore, external strain variation at a
cell-level may partly be caused by the gas evolution inside.”?
This is further supported by the buildup of pressure evidenced
by the internal measurement."”?'? The production of lithium-
ion batteries (LIBs) consists of a formation process, during which
the solid-electrolyte interphase (SEl) is deposited on the surface
of the negative electrode, usually accompanying evident gas
evolution. For pouch cells with soft casing, this amount of gas is
often removed after the formation cycles, since the cell can be
quickly resealed. One of the most severe incidents in LIB
applications, thermal runaway, is also associated with gas
release due to exothermic reactions.? Noteworthy, these gases
are considered the fingerprints of the (electro—) chemical
reactions occurring inside battery cells, which is not only
scientifically important but could also determine the quality of
the battery products. Although the lab-scale operando gas
sensing is extended to some large-format cells, it is, by any
means, not seen in commercial battery products.?*

Owing to the inconsistency that gas sensing is considered a
crucial component of advanced BMS design and yet is rarely
implemented in commercial batteries, e.g., in EVs, this review
aims at revisiting currently available gas sensing technologies in
laboratories for LIBs, based on which, we share our experiences
and comments on the future trends. Firstly, the technical details
of four in situ and operando gas sensing technologies, which
are available on lab scales, are carefully reviewed. Furthermore,
we dive into the details of the gassing mechanisms of five gas
species that are often detected and discussed in scientific
publications. Afterward, comments are made emphasizing the
pros and cons of each technology, shedding light on its
potential in academic research and practical applications. Lastly,
we summarize this review by considering the application
standards, also providing insights into future research that
focuses on operando gas sensing techniques for rechargeable
batteries and other energy storage devices. Upon successful
development of real-time gas sensing in batteries, it is
envisioned that various models can be expected based on large
sample data. With the help of machine learning and artificial
intelligence, the models may be trained to achieve simulta-
neous assessment as well as incident prediction in future
battery products.
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2. Available Gas Sensing Technologies for
Rechargeable Batteries

Numerous side reactions are occurring in rechargeable batteries
during the formation cycle, storage, and operation, which are
often accompanied by the generation of gases."” Given the
complex chemistries inside a battery cell, different gasses could
form at different voltages, with different electrolytes, and/or
under different working conditions. The importance of gas
sensing is well recognized by various research groups, as
evidenced by their efforts in developing the experimental
apparatus.

2.1. Variable-Volume Gas Syringe Apparatus (VGSA)

Early gas analysis techniques in Li-ion cells can be dated back
to 1987,%" even before Sony introduced the modern LIB
products. Fong et al. developed a flange cell with the gas outlet
attached to a gas-tight syringe and a differential pressure
transducer, which is schematically illustrated in Figure 1. In
brief, when the cell undergoes charge-discharge cycles, the
gaseous species may evolve and accumulate to result in
pressure buildup. Through the pressure regulation by the
transducer, the syringe plunger would move and maintain a
constant pressure of the dead volume. Quantitatively, the
system is able to sense volume changes as low as 3 pL.2*

STEPPING
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TUBE TO VARIABLE—VOLUME
DEVICE

LITHIUM

ZATHODE SEPARATORS

MICROMETER HEAD
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SPINDLE ~~~e___
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2.2. The Archimedes’ In Situ Gas Analyzer (AISGA)

Several decades later, Aiken et al. of Dahn’s group developed
an experimental apparatus for the study of gas evolution in
pouch cells (flexible casing), namely the Archimedes’ in situ gas
analyzer (AISGA).* As indicated by its name, the apparatus
relies on Archimedes’ Principle and is schematically illustrated
in Figure 2a. The photograph of such a setup is also provided in
Figure 2b. When a pouch cell is immersed into a container filled
with a fluid, the Buoyant force is well defined as:

FBuoyant = pgv (1)

Where p is the density of the fluid, g is the magnitude of
gravitational acceleration, and V is the volume of the pouch
cell. Once there is gas evolution inside the cell, V would change
accordingly, leading to a higher Fg,,., but a nearly constant
cell weight (negligible gas weight). Since a hook is introduced
for hanging the cell, the force of tension should be introduced,
summing up the forces of the system:

FSum = FWeight + FBuoyanr + FTension (2)

Based on the theory, Aiken et al. attached the hook to a
home-made ‘balance’, such that the F,,,, can be quantified by
taking the balance reading via Frepsion = Mpaianceg- Subsequently,
the change of the cell volume, AV, can be determined via
AV = Am/p. In the end, a robust testing platform has been
established to monitor the volume change of a pouch cell as a
function of time.

With this simple yet effective setup, the group then
conducted a series of surveys on various commercial Li-ion
pouch cells with various chemistries. For instance, Self et al.

l MICROPROCESSOR
CONTROL.  UNIT

" —~DIFFERENTIAL
L . L PRESSURE

TRANSDUCER

L

Figure 1. Schematic drawings of the two-electrode flange cell and the constant-pressure gas evolution apparatus used in the gas evolution experiments.

Reprinted with permission 1987 IOP Ltd.?*
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Figure 2. (a) Free body diagram of a pouch cell, prepared with a hole, while hung from a hook. The forces labeled are those present when the cell is hung
from a hook and suspended in a fluid. (b) A photograph of the Archimedes In Situ Gas Analyzer (AISGA) with components labeled on one of the five testing

channels. Reprinted with permission 2014 10P Ltd.”®

investigated the gassing features of the LiNiy,Mn,,Co,,0,
(NMC442) cells with different electrolyte blends and at various
temperatures.”® Meanwhile, Aiken et al. conducted a systematic
survey on the influences of electrolyte, electrode material, and
temperature on gas evolution in various pouch cells, with extra
attention on the formation cycle.”” It should be noted that the
internal chemistries of the testing cells are largely unperturbed
using this AISGA setup. This allowed Xiong et al. to explore the
interaction between the positive and the negative electrode
under various working conditions, suggesting that the gaseous
species generated at the cathode may be consumed at the
anode.”® Given the suitability of the AISGA for exploring the
gas consumption (i.e., the cells remain properly sealed during
the test), Xiong etal. further investigated how the gas
generation-consumption affects the electrode impedance.””
Later Ellis etal. also utilized this platform to quantify and
evaluate the effects of gas generation and consumption in
NMC/graphite Li-ion pouch cells with conventional carbonate
electrolyte solutions. It is found that ca. 60% of the gases
evolved during the formation cycle may be consumed after
storage for 300 hours.>”

This Archimedes-based approach can also be used as a
routine, ex situ method to measure gas evolution during SEI
formation, long-term cycling, high-temperature storage, etc.®"
In this alternative approach, pouch cells are routinely weighed
by suspension on a thin wire hook below an analytical balance,
while immersed in water. The gas evolution is then calculated
from the apparent mass change after whichever test one
chooses. In comparison with the AISGA method, this simple ex
situ method requires no specialized equipment; although
weighing samples on a pan is the method most scientists are
familiar with, many analytical balances include a hook on the
underside for weighing in this fashion. Moreover, since
evaporation over time is not a concern, distilled water may be
used as the immersion liquid in place of the silicone pump oil

ChemElectroChem 2024, €202400065 (5 of 24)

used in the AISGA design. Indeed, ex situ Archimedes’ measure-
ments have been an important component of the evaluation of
the chemical stability of cell chemistries.®"” Perhaps the best-
known example is Harlow etal’s benchmark study that
demonstrated NMC cells may be built to last ‘a million miles’.*?

AISGA measurements can also be coupled with ex situ
chemical analysis, in particular, gas chromatography-mass
spectrometry (GC-MS),”® to investigate the chemical mecha-
nisms of the myriad processes in batteries. It is noted that many
other studies have employed mass spectrometry to similarly
investigate chemical processes, without the direct quantifica-
tion of the gas volumes produced, and a selection of those
reports are discussed later in this article.

2.3. Differential Electrochemical Mass Spectrometry (DEMS)

Imhof and Novdk first proposed the differential electrochemical
mass spectrometry (DEMS) for battery gas monitoring in 1998,
where a gas-permeable barrier (e.g., a membrane) is integrated
into a designated cell. When such a cell undergoes cycling,
gaseous byproducts can diffuse through this barrier, reaching
the mass spectrometer (MS) equipped on the other side. The
composition of the gas species can then be analyzed based on
their mass-to-charge ratio. In this case, MS signals can be
obtained in real-time, allowing for operando monitoring of gas
evolution during electrochemical cycling.?¥ In the same study,
they successfully detected C,H, gas forming on the graphite
anode within a specific potential range, shedding light on the
decomposition mechanisms of ethylene carbonate (EC) and the
formation of SEI. Later in 2005, the same group optimized their
DEMS design by introducing an inert gas flow (e.g., helium) to
continuously strip out the formed gaseous products. Through
such an improvement, they successfully detected a small
amount of CO, forming on the surface of the graphite anode,

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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which is believed to come from the decomposition of
electrolytes.®™ However, the volatile components, such as
dimethyl carbonate (DMC), may be stripped out together with
the generated gases, leading to the irreversible loss of
electrolytes.®® Not only does the loss of electrolyte introduce
higher background signals in the MS spectra, but it may also
lead to electrolyte drying in long-term experiments.

In view of the electrolyte loss in DEMS, Berkes et al. further
modified the design by adding a cold trap to condense the
vaporized solvents from the electrolyte before the gaseous
species approach the MS (Figure 3), such that a higher signal-
to-noise ratio can be achieved in the obtained MS spectra.’” An
optional ‘humidifier’, which is filled with the electrolyte solvent,
can also be added to prevent complete dry-out of the cell when
long-term experiments are needed. Using this improved DEMS
design, more than 100 hours of operando gas monitoring in
battery cells is achieved.” Nevertheless, an immediate re-
sponse can hardly be achieved, regardless of how the system is
being optimized, and a signal delay of about 30 seconds is
inevitable owing to the long gas diffusion path. The other
drawback is that some generated gases may be (partly)

mass flow
controller

Figure 3. Schematic diagram showing the construction of the DEMS-DEIRS system. Reprinted with permission 2015 Elsevier B.V.

ChemElectroChem 2024, e202400065 (6 of 24)

Pfeiffer
OmniStar

consumed via engagement in secondary reactions, such as SEI
formation,®® which cannot be captured by DEMS since the
gases have already been stripped out. Overall, although the
DEMS technique can indeed generate valuable data, the
continues sampling nature may make the battery cells deviate
from the actual working conditions.

2.4. On-line Electrochemical Mass Spectrometry (OEMS)

To mitigate the issues mentioned in DEMS, alternatively,
Tsiuvaras et al. developed the On-line Electrochemical Mass
Spectrometry (OEMS), which shares similar working principles
as DEMS (Figure 4).°® While the carrier gas is intentionally
removed, a capillary leak is made on the battery cell with a
fixed headspace, such that an extra slow gas flow rate can be
reached and maintained, e.g., 1T uLmin~". This sampling method
is well-aligned with the high-precision MS, which does not
necessitate a large sample size, but it could be problematic for
other measuring facilities, such as gas chromatography (GC) or
absorption spectroscopy. This OEMS platform allows operando
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Figure 4. On-line electrochemical mass spectrometer (OEMS) system with a Li-O, battery cell (internal gas head space of 9 mL) connected directly through a
calibrated crimped-capillary leak (~ 1 uL/min) to a mass spectrometer with a closed ionization cage at a pressure of ~107° mbar. All gas products evolved in
the battery cell are continuously sampled. Reprinted with permission 2013 IOP Ltd.5®

monitoring of the dynamic formation of O, and CO, in Li-O,
batteries with propylene carbonate (PC) and diglyme electro-
lytes. Bernhard et al. applied the OEMS technique to LIB cells
with different anodes, such as Li,TisO,,"® and graphite.”” They
found that four gasses, namely H,, C;H,, CO, and CO,, are largely
responsible for the electrochemical performance variations. In
the meantime, with the well-established OEMS system, a new
two-compartment cell was developed and used to quantify the
CO, evolution from either the carbonaceous materials (e.g.,
conductive agent; “C-labelled) or the electrolyte solvent (e.g.,
EC; *C-labelled) via anodic oxidation.*" A similar study was also
conducted by Metzger etal. to investigate the H, evolution,
suggesting that the reduction of H,0 should play a primary
role Later Jung etal. and Streich etal. independently
conducted a series of works on the (Li-rich) layered-oxide
cathode, focusing on characterizing the possible O, release
from its lattice during cycling.”? On the down side, the capillary
leak, which releases the gases at a constant rate, the gas
pressure inside the battery can hardly be constant. Although it
was reported that the OEMS platform only allows an experi-
ment period of typically less than 48 hours, a modified semi-
closed OEMS setup designed by Lundstrom and Berg success-
fully mitigated the existing issues and extended the measure-
ment time to weeks."

3. Gas Evolution Mechanisms in Li-ion Batteries

The gaseous species formed in LIBs are reported to be
correlated with deleterious chemical processes that, in turn,
correlate with battery degradation. It is important to note that
such correlations are not necessarily well understood or so
obviously causal, such as how gas evolution is linked to particle
cracking,*” surface contamination/defects,*” and the reactivity
of surface oxygen moieties at the electrode-electrolyte

ChemElectroChem 2024, €202400065 (7 of 24)

48 Among them, the evolution of inorganic species
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interface.
including H,, CO, and CO, are reported to be problematic.
Owing to the presence of organic carbonate solvents in
electrolyte solutions, many hydrocarbon species can evolve as
well, particularly CH,, C,H,, and C,H,, of which C,H, is found to
be the second-most generated gas in NMC-graphite cells.B**
As a result, this section focuses on discussing the four major
gases that are frequently detected in all kinds of LIB cells,
namely H,, C,H,, CO, and CO,. In addition, O, evolution, which is
likely released from the cathode lattice, will be discussed
separately together with the cells containing (Li-rich) NMC
cathodes."*

3.1. H, Evolution in Li-ion Batteries

As a potential byproduct, H, can be quite dangerous due to its
wide range of flammability (4-74%) and explosion limits (18.3—
59.3%) in air.*® Generally, the evolution of H, gas in LIBs is
reported to originate from the reduction of residual moisture
during the initial formation cycle, supported by reports of LCO//
Graphite cells that were prepared with the intentional addition
of up to 2,000 ppm H,0.% In this case, the H, may be removed
from the cell in the controlled environment. Whereas the whole
LIB cell manufacturing process is universally accepted to be
very sensitive to moisture, e.g., the requirement for dry room
and anhydrous electrolyte, the literature suggests that a more
nuanced understanding is merited. For instance, water contents
higher than 2,000 ppm and 1,000 ppm can negatively affect the
cycling performance of LCO//LTO® and the LCO//Graphite
cells,”" respectively, in apparent contradiction to Xiong et al."*”
In contrast, Hoffman etal. found that electrolyte solvent
reactions with the LTO surface are greater gas creators than
dissolved water."? Recent studies suggest the more negative
effects of ambient water are to accelerate the decomposition of

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

B5UBD | SUOWIWOD A1) 3|eal|dde ay3 Aq peusenob ae ss[o1e YO ‘8sn JO Sa|nJ 10} AReiqi] 8UlUQO AS|IAA UO (SUOIPUOD-PpUe-SWLBIAL0D AB | 1M Aleld 1 pul|uo//:sdiy) SUOIPUOD pue SWid | dUl 88S *[202/20/20] uo Arigiauljuo A1 ‘ABojouyds | % sousids JO AisieAIUN uelBemIoN nuiN AQ 90001202 9 B2/200T OT/I0p/wod A8 1M Azeiq 1 put|uoado.ne-Alls IWweyd//sdny Wwouy |



Chemistry

Review Europe §
. European Chemical N
ChemElectroChem doi.org/10.1002/celc.202400065 Societes Publishing 5
o
3 (@) | 3t (©) | 3}(e) \
20 ppm H,O 140 Ai ) 4000 ppm H.O [ itk | = 4% H,0 |
- 1 U mARh/g 24 mAh/g | - = L1 =
z 2 : _ [“Sup s 2 [_,i{ B I | Eurg 5 2 ’___/E/ 0mANg, |
3, [ 15 mabe, 1 : ‘ 194 mAh/g, Wi g . 246 mANg, ., |
8 | ‘ § Il s |
5 - : ) [ [ 7 :
= o | : £ OR,J ‘r n;ﬁ_J [
| ( [
-1 | o 1 \ 1 1
~ 120k} (b) [ 120k | (d) [ 120k | () [
£ 100k} 20 p;n”%?d | £ 100k[- 4000 ppm 11,0 g 100k}-4% §O
=, 0x Hydrogen | & —— 2 x Hydrogen = ——{Hydrogen
S 80k F__150x Carbof dioxide & 80k|__{5x Chrbon fioxide & 80kr___ 1oy Carbon dioxid /" I
5 60k ‘ g 60k ‘ S 6ok /
5 a0k T a0k ' || 2 ak s
L+ o s | ]
~ 20k = 20k 74-‘ - = 20k )
L | P
0 * ‘ 0 | | 0
0 10000 20000 30000 40000 0 10000 20000 30000 40000 0 10000 20000 30000 40000
time (s) time (s)

time (s)

Figure 5. Cell potential versus time during the galvanostatic charge and discharge of an LTO//LFP full-cell at C/5 (0.39 mA) using 80 pL 1 M LiTFSI in EC/EMC
(3/7 g/g) in a 1-compartment cell configuration (s. Figure 1a): a) without intentionally added water, c) with 4000 ppm H,O, and e) with 4% H,0. Note that the
theoretical discharge capacity for the capacity limiting LTO electrode corresponds to 18000 s (C/5). Figures b), d), and f) show the corresponding real-time H,
and CO, concentration in the cell determined by the OEMS (for better legibility, some of the gas concentration signals were multiplied by a magnification
factor indicated in the figure). All measurements start with an initial 2 h OCV period of the as-assembled cell (i.e., in its discharged state). Reprinted with

permission2014 IOP Ltd.?”

the positive electrode material.*® Regardless, it is widely agreed

that water can lead to substantial H, generation that could
increase risk during cell manufacturing and operation.

The water reduction occurs at the negative electrode
surface (i.e, low potentials), which is responsible for the H,
evolution:*”"!

H,0+ e — OH + ,H, (g) @3)

Experimentally, many studies have observed the H, gas
evolution in LIB cells.f****43 Wy etal. investigated the
influence of the moisture in electrolytes on the pouch cell
swelling and found that the formed gas volume is monotoni-
cally correlated with the water content from 0ppm to
20,000 ppm.®*! This is consistent with the idea that the H, is
generated via the electrochemical reduction of water. More-
over, Bernhard et al. intentionally introduce moisture into the
LTO//LFP cells before undergoing cycling. The results presented
in Figure 5 showed that 20 ppm, 4,000 ppm, and 40,000 ppm
water contents gave 0.51 pmol, 7.4 umol, and 31 pmol of H,,
respectively.?¥ Similar behaviors were also observed in the cell
with a graphite anode. Table 1 shows that only 250 ppm (ca.
0.1 umol) H, was detected in the cell with 20 ppm moisture
content, which shoots up to 8,000 ppm (ca. 2.1 umol) H, when
the moisture content is increased to 4,000 ppm.“” It is reported
that the quality of the SEI grown on graphite anodes could be
severely destructed at elevated temperatures to produce gases,
resulting in a shorter cycle life and a higher cell resistance.”’>*"
Substantial amounts of H, gas, together with CO, may be
formed during this process if the electrolyte is contaminated by
moisture.®® A vinylene carbonate (VC) containing SEIl on graph-
ite was found to be effective in suppressing the formation of H,
gas.*” Table 1 confirms that a significantly smaller amount of H,
gas was detected in the cell with the same moisture content if a
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Table 1. Overview of evolved amounts of hydrogen (H,) in units of [ppm]
and [umol H,], as quantified by OEMS for wet and dry electrolytes with
pristine and SEl-protected graphite anodes. The OEMS measurements were
performed in 1 M LiTFSI in EC/EMC; with either <20 ppm H,O (< 0.16 umol
H,0) or 4000 ppm H,0 (32 umol H,0). Assuming a one-electron reduction
reaction of water to OH™ and H¥, the former could result in a maximum H,
release of 0.08 umol H, and the latter could result in 16 pmol H,
(compared to the experimentally determined concentrations in the Table).
The data are collected with permission 2015 CC BY NC ND 4.0.“”

Electrode Accumulated amount of H, gas in experiments
condition/H,0
content

After 1% cycle After 3" cycle
Fresh graphite/ 250 ppm 0.1 umol 250 ppm 0.1 pmol
20 ppm

Fresh graphite/ 8,000 ppm 2.1 pmol 12,000 ppm 4.7 pumol
4,000 ppm

After formation/ 600 ppm 0.2 pmol 1,600 ppm 0.6 pmol
4,000 ppm +2%
\'e

proper SEI was formed using the VC-containing electrolyte
blends.

In industrial production, the moisture-induced H, formation
is largely mitigated by a degassing step (by venting for
cylindrical cells or by resealing for pouch cells) after the
formation cycle. The potential for most anodes is sufficiently
low to facilitate a complete water reduction, which peaked at
ca. 1.2V vs. Li/Li".®” For instance, common LIB anodes often
have redox potentials below ca. 0.5V vs. Li/Li*, regardless of
whether they are the commercial ones, such as graphite and
graphite-Si blends, or the lab scale ones, such as Si-, Ge-, Sn-,
and Al-alloy.”® Bernhard et al. reported that the onset potential
for water reduction is ~1.6 V vs. Li/Li* for the graphite anode
during the initial cycle, but could decrease to ~0.8 vs. Li/Li* in
the 2™ and 3" cycles owing to the protection of a proper SEI
layer.“”
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The H, gassing issue could become more pronounced in
the cells with LTO anodes in the absence of a protective SEI
layer due to its high redox potential, i.e., ~1.55V vs. Li/Li".*”
Therefore, the LTO anode should be discussed separately from
other anode candidates. Although the onset potential for water
reduction can be as high as ~2V vs. Li/Li*,*” the moisture
largely remains in the LTO electrode even after the formation

cycles, thereby inducing H, formation via:*”

Li,Tis0y, + 3H,0 —

4
Li,TisOy, + 1.5H, (g) + 3Li* + 30H" )

Furthermore, the presence of moisture may catalyze the
formation of other gaseous species via the decomposition of
the PF, containing electrolytes. Wu et al. quantitatively ana-
lyzed the gaseous products in the NMC//LTO pouch cell after
cycling or storage at the charged state in the temperature
range between 40°C and 80 °C. H, gas was found to account for
more than 70% of the total gas volume when a typical LP30
electrolyte is in use.”™ While a consensus is reached that
residue moisture should be largely responsible for the H, gas
formation, He et al. utilized OEMS and concluded that H, gas is
still one of the primary gas products in the LTO electrode in the
initial charge when the water content in the EC-containing
electrolyte is limited to <15 ppm.® This conclusion can be
further supported by some other studies, in which various cell
chemistries were used and the water content was strictly
controlled. H, gas was detected as a major gaseous species in
the NMC 532//Graphite cell with LP57 electrolyte (<2 ppm
H,0),*? the NMC 622//Graphite cell with LP57 (<20 ppm H,0;
the electrodes were dried at 80°C for 14 hours),®*” NMC 111//
Graphite cell (<20 ppm H,0; the electrodes were dried at 95 °C
for 12 hours),*? the LTO//Li half cell with LP47 (<20 ppm or
<10 ppm H,O; the electrodes were dried at 100°C for
10 hours),®**? and the LTO//LMO cell with various
electrolytes "’

Apart from the water reduction, several pathways are
proposed to be responsible for H, gas evolution in LIBs. It is
emphasized that the present report sets out to summarize
published mechanisms, although some of them may be
disputed. For example, the LTO surface may be catalytic to the
dehydrogenation of the alkoxy groups in the electrolyte
solvents,” leading to H, gas evolution, as reported in
Equation 5. That said, such a biradical seems unlikely to ever
exist. It is perhaps more likely that such a reaction occurs via
proton transfer steps and a two-electron Faradaic reduction
step. Regardless, the reduction of organic carbonate solvents is
completely expected, even if the pathway to H, gas is not
universally recognized.

O 0]
~C N LTO : “(5)
I )J\ Ao, Y . Hy o+ )k ~

H™ 0~ ~0” "H 2 0~ "o

Moreover, the reaction of Li with LiOH reported by
Schechter et al. (Equation 6),*” and the electrocatalytic trans-
formation of HF impurity into H, and LiF (Equation 7),*" are also
the proposed routes for H, gas formation. It is here emphasized
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that both may be understood as the reduction of protic species,
e.g., acids and alcohols:

LIOH + Li* + &= — Li,0 + 1/oH, (g) (©)

HF +Li* + e — LiF + ',H; (g) 7)

It should be further noted that HF is one of the decom-
position products of the electrolyte salt LiPF; in the presence of
moisture or at elevated temperatures.®™@ Moreover, it is
suggested that the reduction of protic species derived from
electrolyte oxidation (at the cathode side) or introduced by
slurry additives might also be another source of H,, in addition

to the water reduction:“**®

R-H' +e — R+ /,H; (9) (8)
ROH + e — RO + /,H; (g) )

To summarize, the residual moisture in LIBs is considered
one of the primary sources for the H, evolution.?**® The
mechanism of H, evolution occurring in cells with minimized
moisture content remains disputed and unclear. For instance,
Michalak et al. observed a potential-dependent evolution of H,
when charging a graphite//Li cell to 1.2V, and suggested that
the H, gas originates from the SEI destruction.” Galushkin et al.
concluded that H, gas may be a consequence of the electro-
chemical reaction of electrolyte and/or SEI decomposition, even
if the moisture content is limited. Therefore, other pathways
that may induce H, gas generation in LIBs should not be
neglected. Possible reactions include the decomposition of EC
and its subsequent reduction of water by CO but requiring
further investigations:*®

C3H,05(EC) — 2H,(g) + 3CO (10)

CO + H,0 — H,(g) + CO, (11)

3.2. C,H, Evolution in Li-ion Batteries

C,H, is a common gas that is usually observed in various LIB
cells with EC-containing electrolyte blends, including NMC//
Graphite, NMC//LTO,**" LMO//LTO,*”¥ and LTO//Li*"*? Ellis
et al. utilized the AISGA technique and quantified that CH, is
the second abundant gas after the initial charge process of an
NMC//Graphite cell®® As shown in Figure 6a, two evident
gassing events are highlighted by the arrows, namely below
~3.5V and above ~4.2V. Then Figure 6b makes it clear that
most C,H, gas was generated during the first gassing event
(grey portion), together with the quantitative data of other
gases. C,H, evolution is reported to originate from the break-
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Figure 6. a) Voltage vs time and volume change vs time for a fresh lithium-ion cell during the first charge cycle. b) the composition of the gas, measured by
GC-TCD (gas chromatography-thermal conductivity detector), evolved from the cell in (a) during the first charge. Reprinted with permission 2017 CC BY 4.0.5”

down of electrolyte solvents, more specifically, from the SEI
formation (e.g., reduction of EC to form lithium ethylene di-
carbonate, LEDC)“**"%* and/or possible SEI decomposition’®”**¥
via:

(CH,0),C0 + Li* + & — oC,Halir0s + 15CH, (9) (12)
(CH,0),CO + 2Li" + 2e~ — Li,CO; 4 C,H, (g) 13)

(CH,OCO,Li); — Li;COs + CyH, (g) + CO, + 0, (14)

1
2
(CH,OCO,Li), + 2Li — 2Li,CO5 + CoH, (q) (15)

Furthermore, Metzger et al. conducted an OEMS study using
Graphite//Li half cells that underwent CV scans. They observed
C,H, formation when the potential is lower than ~0.8 V vs. Li/
Li*."? As illustrated in Figure 7, the C,H, concentration starts
shooting up as soon as the negative CV sweep approaches
~0.8V vs. Li/Li* (red vertical line) until the end of the first
discharge (i.e, 0V). The constant signal of C,H, afterward
indicates that the reduction of EC likely stopped as soon as a
sufficiently stable SEI was formed."? This agrees with the
observation that C,H, evolution was only pronounced during
the initial charging when SEI was being deposited.*” Many
studies suggest that the reduction of EC is the main origin of
C,H, gas via Equation 10.0404261-626%70 Tha conclusion is well
supported by an electrolyte comparison study, where a
significantly higher C,H, content was found in the NMC//LTO
cell with the LP30 (i.e, EC+DMC). Whereas all the other
electrolyte blends, including DMC, DEC, PC+DMC, and PC+
DEC, did not exhibit substantial C,H, gas evolution.”*’
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3.3. CO Evolution in Li-ion Batteries

As can already be seen in Figure 6 and Figure 7, CO is one of
the common gaseous species in LIBs during operation and
should draw extra attention due to its toxicity.”"” The situation
of CO evolution can be rather complicated as it may be formed
via either reduction or oxidation, e.g. reduction of EC or
oxidation of carbonaceous species inside LIB cells."

While the reduction of EC is believed to be responsible for
C,H, evolution via the formation of LEDC, as discussed in the
previous section (Scheme 1A), Onuki et al. used isotope-labeled
electrolyte solvents and concluded that the main source for CO
is also via the reduction of EC (Scheme 1B), where the position
of the ring opening is different.*™ It is suggested that EC can
coordinate with PF,~ anions, forming radical EC** cations at the
cathode of the LIB. Xing et al. proposed five possible pathways
based on theoretical calculations to illustrate the decomposition
of the EC**, which is suggested to be responsible for the
formation of CO and CO,."?

Also, Strehle et al. realized the mismatch between capacity
contributed by the EC reduction (2e™ per C,H, molecule) and
the total charge harvested from the reduction current. The
authors suggested that other reduction reactions must occur in
addition to those leading to C,H, formation.”” Many studies
have observed the formation of CO during the reduction in
several electrolyte blends, such as EC/DMC”*' and EC/EMC,"**7
of which the co-solvents were reported to be also responsible
via:

DMC + 2Li* + 2e~ — CH;O0Li + CO (g) (16)

EMC + 2Li* + 2e~ — CH,OLi + EtOLi + CO (g) (17)

Although no solid evidence can be found on whether EMC
could be reduced to form CO, the trans-esterification between
EMC and DMC+DEC is suggested by Yoshida etal.” Trans-
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Figure 7. Gas evolution during the first three formation cycles of an SLP30 (Gr)//Li half-cell at 25°C in an Al-sealed two-compartment cell with 80 uL LP57 in
the working-electrode compartment connected to the OEMS. Upper panel: current-potential curve for CV formation procedure between 0-1.5 V vs. Li/Li* at
v=0.5 mV/s. Lower panel: gas concentration in the cell head space during formation in units of [ppm] and [pumol/m? SLP30] for H, (m/z=2), C,H, (m/z=26),

CO (m/z=28), and CO, (m/z=44) (4 h OCV phase not shown). Reprinted with permission 2016 CC BY NC ND 4.0.“?
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Scheme 1. Proposed mechanism of Onuki et al. for the generation of CO via the reduction of EC. It is noted this is considered a minor reaction product, where

the major products are LEDC and C,H,. Reprinted with permission 2008 IOP Ltd

esterification is well-documented to occur by post-mortem
analysis by GC-MS and is widely agreed to occur via reactions of
nucleophilic alkoxides (i.e., LiOMe, LiOEt) with the carbonyl
carbon of the organic carbonates. In any case, EMC may still be
considered one of the sources for the CO formation following
Equation 17. The discussions so far agree nicely with the
experimental observation that CO evolves simultaneously with
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[69b]

C,H,, as both gases are generated via reduction reactions that
could possibly be occurring simultaneously.*?

Apart from the reduction, oxidations (at the cathode) of
non-electrolyte components inside are also reported to contrib-
ute to the CO formation. For example, Onuki et al. realized that
only about two-thirds of the formed CO and CO, originate from
the electrolyte.®® The authors speculated that the conductive
carbon and/or the PVdF binder should be responsible. Later,
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Metzger et al. conducted a systematic study to clarify the gas
contributions by distinguishing the weight loss from (a) the
conductive carbon and (b) the electrolyte from the oxidation
reactions.”"” It is suggested by the authors that the CO and CO,
evolution should be partly responsible for the observed weight
loss in conductive carbon via:

C+ H,0 — CO (g) +2H" +2e~ (18)

C+2H,0 — CO, + 4H" + 4e” (19)

As can be seen from Figure 8, the weight losses in both
conductive carbon and electrolytes were found to be strongly
correlated to the water content as well as the operation
temperature. It should be noted that the voltage window used
in the study was extraordinarily high (e.g., up to 5.5 V), the CO/
CO, evolution is recorded at voltages beyond 4.5V, but it will
become a different story under elevated temperatures or there
is water contamination.”” Since the anodic oxidation reactions
generate both CO and CO,, they will be discussed together in
the next section.

Regarding electrode materials, LTO and NMC electrodes
should be discussed independently. The dehydrogenation
reaction of alkoxy carbonates may be catalyzed by the LTO

surface to form H,. The subsequent decarboxylation reactions
of the formed intermediates are reported to promote CO
formation via:"?

O O

H/\OJ\O/\H _LTO, H, -+ .\O)J\O/.

o)
2 9 © 2Lt

—= N s

(O]

CO + (CH,OLi),

In the case of NMC, the O, release from its lattice may lead
to the oxidation of EC, forming CO, CO,, and H,0 via:**

(CH,0),C0 + 0, — CO (g) + 2CO, + 2H,0 21)

Lastly, regardless of the cell components, CO gas may be
produced by the reduction of CO, by Li* (Equation 22).

2C0, + 2Li* + 2e~ — CO (g) + Li,COs (22)
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Figure 8. Accumulated weight loss of conductive carbon (a) and electrolyte (b) over 100 h at a potential of 5.0 V for temperatures of 25, 40, and 60 C with
<20 ppm H,0 and with 4000 ppm H,0. Reprinted with permission 2015 BY NC ND 4.0.“"
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3.4. CO, Evolution in Li-ion Batteries

The breakdown (oxidation) reactions of electrolytes leading to
CO, formation are provided,”® in addition to the reaction in
Scheme 1B before:

RCO;R — ROR + CO, (9g) (23)

(CH,0),C0 + H,0 — (CH,0H), + CO; (g) (24)

Equation 23 generalizes the oxidation of organic carbonates
occurring at the cathode surface when the potential is
sufficiently high.”77 Meanwhile, the self-driven hydrolysis
reaction from EC to ethylene glycol is reported to occur in the
presence of Lewis bases, thus producing CO,. This process,
however, is independent of the cell voltage (Equation 24)."®
According to the water reduction presented in Equation 3
(pronounced during the initial charge), the hydroxide ion (OH")
is a stronger nucleophile than H,0, resulting in a faster reaction
rate than the hydrolysis of EC*" Also, it is crucial to revisit
Equation 21 that EC can be oxidized in the presence of O, to
generate CO, and H,0, of which the latter may facilitate
secondary CO, formation via Equation 24.

Together with the conductive carbon oxidation, as pre-
sented in Figure 9a, it is reported that CO is absent at room
temperature (25°C) when the electrolyte is sufficiently dry (<
20 ppm H,0) while the oxidation reactions only generated CO,
at potentials higher than ca. 4.8 V.*" With the “C-carbon black
and the "*C;-EC (isotope-labeled), one can distinguish the CO,
contributions of the oxidation of the former (Equation 19) and
the latter (Equation 23). Either increasing the water content to
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4,000 ppm (Figure 9b) at the same temperature or increasing
the temperature to 60°C (Figure 9c) with the same water
content would lead to the formation of CO and a more
pronounced formation of CO,. In both cases, the onset
potentials for the corrosion current and the CO/CO, evolution
are shifted negatively. Interestingly, the higher temperature
seems to play a more important role in facilitating the CO,
evolution, giving ca. 3,000 ppm at 60 °C with 20 ppm H,0 vs. ca.
600 ppm at 25 °C with 4,000 ppm H,0. The role of temperature
can be well supported by Sloop et al., who observed the CO,
evolution by simply heating the electrolyte.”” When both
moisture and temperature are increased (i.e., 4,000 ppm H,O
and 60°C), the CO, evolution from the oxidation of EC alone
can reach a level as high as ca. 13,000 ppm (Figure 9d). It
should be noted that the oxidation of conductive carbon was
also greatly enhanced by the higher moisture and temperature,
although not as evident as that of EC.

Other reactions that drive the CO, formation were also
reported, in addition to the oxidation of electrolyte and/or
conductive carbon.®® As discussed, CO, can be expected when
cells are cycled to higher voltages due to the oxidation of
electrolytes (Equation 21).%" In the presence of large amounts
of CO,, the lithium carbonate (Li,CO;) formation described in
Equation 22 is likely facilitated, which may further react with

the electrolyte salt (e.g., LiPF,) to release secondary CO, via:®?

LiPFg + Li,CO; — CO,(g) + 3LiF + POF;(g) (25)
LiPFs + 2Li,CO; — 2CO,(g) + 4LIF + F,PO,Li (26)
= et | (b) *C, EC, 4000 ppm H,0, 25 °C ]
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Figure 9. Temperature and water effect on the CO, and CO evolution as well as on the overall oxidation current during the anodic oxidation of a Super C65/
PVdF (50/50 wt/wt) working-electrode with 4000 ppm H,0-containing 2 M LiClO, in isotopically labeled "*C; EC (240 pl) during a LSV scan from OCV to 5.5 V
vs. Li/Li* at 0.2 mV/s. The lower-compartment with a lithium metal counter-electrode contains 160 ul dry non-labeled *C; EC with 2 M LiCIO,. Adapted with

permission 2015 BY NC ND 4.0."
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Li,CO; together with other SEI components, such as lithium (32)
methyl carbonate (LMC) and LEDC, may thermally decompose
in the presence of LiPF, salt and DMC solvent via:®?
LiPF, + 3LMC — 3CO,(g)+ 5/\‘.4,
\ Ti (33)
27 - E O
4LiF + OPF,0CH, + CH,0CH, @) o s (CHyCHO9, +nCO;
_/
OPF,0CH; + LMC —
28
LiF + CO, + OPF(OCH;), (28) The ring-opening polymerization can also be triggered by
. . PF5, which is the product of the decomposition of LiPF4 salt in
LMC(LiPFs as the catalyst) — CO, + CH;OLi (29) electrolytes. As a strong Lewis acid, PF; can cleave the ether
(CH,CO,Li), (LEDC) + trace H,0 — linage of cyclic and/or linear carbonate to liberate CO,:®”
(30)

CO, + Li,CO, + (CH,0H),

These reactions refer to some of the well-known organic
chemical processes, namely transesterification, etherification,
and decarboxylation.® All the products described in the
equations above are observed from the decomposition of LEDC
when the electrolyte of LiPFg in DMC is being used.”®? Last but
not least, it should be noted that HF may form if moisture is
introduced to the cell either during battery production or
operation. In this case, lithium alkyl carbonate (LAC) will
decompose in the presence of HF, leading to the formation of
C02:[46b,69e]

LiOCO,CH, + HF — LiF + CH,0H + CO, 31)

Concerning the electrode materials, Ti** in LTO can
coordinate with the oxygen of the carbonyl group of linear
carbonates and initiate reactions to produce CO, and other by-
products. Also, the Ti** can catalyze the ring-opening polymer-
ization of cyclic carbonates (e.g., EC) to form CO, and PEO-like
oligomers (—CH,—CH,—0-), as follows:*7*

7oy

o] Ti*

J
/\O/LO/\

TiO, + CO, + CoHgOC,Hs + CH,CO,Li

(o)

J\ PF5 (34)

nQO ()] n CO, + (—CH,—CH,-0-),

+ | 35)

0
RO)J\OR "o co, +foR

3.5. 0, Evolution in Lithium-lon Batteries

Different from the gases that are previously discussed, O, gas is
believed to mainly originate from lattice oxygen release in the
high-voltage cathodes.***®! Taking the nickel-rich layered
lithiated NMC cathodes as examples, Streich et al. found that
the Ni content is the key factor in governing the onset and rate
of O, evolution (Figure 10) when the cell voltage goes beyond
43 V. Rinkel etal. found the onset of gas evolution and O,
release is better linked with the electrode state of charge,
occurring at 80-84 % for LCO and for several NMC compositions
(33-80% Ni).**" This correlation suggests that the surface
reconstruction of NMCs and accompanied electrolyte decom-
position should be responsible for the O, gas release. Ni—O,*
surface states (and their interactions with Co) are reported to
alter the structural stability of NMC electrodes.
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Figure 10. Dependence of O, evolution on the state of Ni oxidation during 1% charge. Reprinted with permission 2017 American Chemical Society.®?
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Furthermore, it is experimentally observed that Li-rich
cathodes in general release much more O,, in comparison with
Li-stoichiometric NMCs, owing to intensified anionic redox
reactions, hence the over-oxidation of the peroxo-like
species.®™® For example, Tarascon’s group has reported a
wide range of layered cathode materials, such as
Li; ;Nig,13MnN.54C001305™? Liy 15 Tig33F €050, Liy 15 Tig sgNig 2505
Li; 09Nig gsM0g,060,* and  Li; ;Nig,Mn,¢0,/Li; ,C00,Mn,0,,°7 all
of which release oxygen at high potentials. A structural
densification event is observed after the first charge, and an
almost negligible amount of oxygen release is observed from
the second cycle onward. It is also worth noting that, in
addition to oxygen released from the lattice, Mahne etal.
proposed that electrochemical oxidation of surface Li,CO,
impurities may generate highly reactive singlet oxygen ('0,)
above 3.8V vs. Li/Li", which will subsequently react with
carbonate electrolytes and release CO,.””

3.6. Gas Consumption in Lithium-lon Batteries

While the gas sensing technologies capture the gas evolution
nicely, gas consumption may be overlooked when the evolved
gases are being sampled continuously like the DEMS. Therefore,
this sub-section focuses on discussing the possible gas
consumption pathways.

Consumption of H,. H, is found to be consumed by both
the NMC cathode and the graphite anode, of which a more
pronounced consumption is observed by the latter at the same
SoC. Ellis etal. demonstrated the H, consumption by the
lithiated graphite anode and proposed the possible reduction
of H, by Li:B”

2Li+H, — 2LiH (36)

Strong temperature dependence was observed in this
reaction with ca. 6 times more H, consumed at 60°C than that
at 40°C, suggesting that the reaction shown in Equation 36
may not be kinetically favorable at lower temperatures.®” The
produced LiH can be reactive to other components, such as
electrolyte solvents in a full cell to form OH™. The OH™ species
could facilitate the dissolution of the transition metals from the
cathode and catalyze EC decomposition, affecting the cycling
life of the cell.*”

Consumption of C,H,. C,H, can also be consumed at the
graphite anode in its charged state with a strong temperature
dependence. ~0.2 mL and ~1.6 mL of C,H, were found to be
consumed after storing the cell at 40°C and 60 °C, respectively.
A series of reactions are proposed:*"

2Li + GH, — Li,GH, (37)
Li,CyH, + G H, — 2LiGH, (38)
LiCyHy + nCoHy — Li(CyHy)n i (39)

ChemElectroChem 2024, €202400065 (15 of 24)

Through the reactions described in Equation 37-39, ionic
polymerization of C,H, makes it possible to form polyethylene,
resulting in the thickening of SEIl on the anode surface.”” C,H,
is also found to be reactive to the NMC cathode, giving a higher
charge transfer impedance but with no evident consumption of
C,H,.B% Either a cathode-electrolyte interphase (CEl) or a rock
salt layer (RSL) forming on the surface of the cathode can be
significantly thinner than an SEl layer on the anode, resulting in
this minor C,H, consumption at the cathode. In any case, Ellis
et al. suggest that the reaction between C,H, and the cathode
might be irrelevant in a full cell, as the consumption of C,H, at
the anode competes with that at the cathode.®”

Consumption of CO. The consumption of CO is trivial and
does not seem to exhibit temperature dependence. A small
amount of CO is consumed after storage for 100 hours. No
continuous consumption is observed afterward, indicating that
only a part of CO is consumed during storage, i.e., residue CO
may be expected in the cell after long-term storage or usage.k”
According to Equation 11, CO might be consumed by residue
moisture to form H, and CO,, representing one of the cross-
talks among gases inside battery cells.

Consumption of CO,. CO, was used as an additive and is
consumed to form Li-rich SEI on anodes in the early days,” but
the subsequent effects on cell health remain unclear. CO, has
the highest redox potential compared to other species in the
electrolyte, and it is reported to be likely consumed at lithiated
anodes to form Li,C,0, via:"?

2Li+ 2C0, — Li,C,0, (40)

Later, one study nicely supports the reaction in Equation 40,
which proves the existence of an oxalate-type compound or
semi-carbonate on the surface of the graphite anode.®” This
CO, reduction reaction is reported to occur at potentials below
2.8V vs. Li/Li"."® Considering the low potential of graphite
anodes, CO, should be continuously consumed in the battery
cells during operation and storage as long as Li is present in the
anode. This argument agrees with the observation from Ellis
etal. that CO, is found to be completely consumed while H,,
C,H,, and CO are partly consumed after storage.?”

3.7. Other Gaseous Species in Lithium-lon Batteries

Apart from the five major gases discussed above, other gaseous
species may also be present in LIBs during their formation,
cycling, and storage. Hydrocarbons like CH, and C,H,,E*4"%¢
and C,H,,"® are observed in Li-ion cells from time to time but
are minorities. PF; gas, which is often observed as POF; gas
owing to its reactivity with trace water and other reactive
species in the cell, signifies the degradation of the electrolyte
salt LiPF; and can be readily quantified by OEMS.***¥ Under-
standing the origin, evolution, and fate of these minor gases
may also be crucial. It should be noted that gassing events can
vary a lot in cells with different chemistries. In some drastic cell
failures like thermal runaway, safety venting may lead to the
release of particular matters as evidenced by mass loss."? While
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these gaseous species are beyond the scope of this review, their
safety concerns should not be neglected in future discussions.
Given that this chapter discusses lots of gassing pathways,
Table 2 which summarizes the possible origins and reaction
pathways of H, CH, CO, CO,, and O, is provided for easy
reference.

4. Limitations of the Gas Sensing Technologies

Despite the BMS being integrated into modern EVs, incidents
like swelling, thermal runaways, etc. may still take place. Solely
measuring temperature and strain may not be enough to
prevent incidents or offer early warnings. This section discusses
why the currently available gas sensing techniques cannot be
easily integrated with commercial battery products, by high-
lighting their limitations.

4.1. Gas Species in VSGA

As an experimental apparatus developed in the 1980s, VSGA
exhibited high precision in determining the gas volume evolved
in battery cells. However, the qualitative analysis is absent, such
that the gas nature remains a mystery. Also, since the cell was
primarily designed to conduct lab-scale experiments, it can
hardly be applied to commercial batteries.

4.2, Cell Type in AISGA

The AISGA technique could monitor the change in the gas
quantity of pouch cells in operando with great accuracy, but
only pouch cells exhibit evident package expansion or swelling
which validates Archimede’s principle. Other battery formats
with rigid casing, such as cylindrical or prismatic cells, cannot
be measured using the technique. While AISGA is considered an
in situ technique, the determination of gas nature is in fact ex
situ since only a handful of sampling attempts are made during
one charge-discharge cycle. For example, Ellis et al. took sample

Table 2. Summary of possible sources, and triggering conditions of the five main gases observed in LIBs with different cell chemistries.
Gas Possible source Triggering condition Potential (vs. Li/Li™) Cell chemistry Ref.
H, H,0 and H species Reduction at anode <16V Graphite//Li, LiTFSI in [40]
EC/EMC
EC decomposition Reduction at anode n/a NMC//Graphite, [68]
LiPF in EC
SEI destruction High anode potential >~09V Graphite//Li, LiPFg in [67]
EC/EMC
GH, EC decomposition Reduction at anode <08V NMC//Graphite, LiPFg in [42]
EC/EMC
SEl destruction*® High anode potential >~09V LNMO//Graphite, [67]
LiPFg in EC/EMC
Cco Conductive carbon High cathode potential >~5V Super C65 + PVdF//Li, [41]
LiClO, in EC
EC decomposition Reduction at anode n/a NCA//Graphite, LiPFg in [69b]
EC/DEC
DMC decomposition Trans-esterification n/a LCO//Graphite, LiPF4 in [74]
DMC
Cco, Conducive carbon High cathode potential >~5V Super C65 + PVdF//Li, [41]
LiClO, in EC
Electrolyte oxidation Oxidation at cathode >~44V LCO//Li, LiPFg in [76Db]
EC/DEC
EC hydrolysis Temperature (>40°C) n/a LiClO, in EC with [41]
4,000 ppm H,O
SEI decomposition Temperature (>55°C) n/a Li,CO;, LMC, [82]
LEDC//LiPF4 in DMC
LAC decomposition Presence of HF n/a LNMO//Graphite, LiPF4 in [69e]
EC/EMC
Carbonates decomposition Presence of PF5 n/a LiPF¢ in EC, DEC, [84]
EMC, DMC
Li,CO; oxidation Intermediate cell voltage >~38V LiTFSI in an aprotic [90]
electrolyte
0, Lattice oxygen of cathode High cathode potential >~43V NMC//Li, LiPFg in [43a]
EC/EMC
*No experimental data is found.
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gases twice from a pouch cell during the whole charging
process (~30 hours).”” In this regard, the gas dynamics are
nearly absent during cycling, such that the possible gas
consumption and cross-talks can hardly be tracked. Like VSGA,
this apparatus can only monitor the gas volume change but
can hardly track the gas evolution processes in situ.

4.3. Gas Consumption in DEMS

One of the intrinsic shortcomings of the DEMS technique is that
the events of gas consumption cannot be tracked since the
gasses are already stripped out. Multiple studies have high-
lighted the gas consumption in LIBs using other experimental
methods. Aiken et al. observed that the gases formed after the
first charge are slowly consumed during the subsequent
cycles.” Later, the same group also found that the charged
NMC cells also consume gases during storage.”” For instance, a
clear gas consumption was observed by Ellis et al. that over
40% of the gases generated after the initial charge of an NMC
cell are consumed within the first 100 hours of storage at 40 °C.
In the same study, the authors also discovered that different
SoCs may lead to gas consumption at different rates.>”

4.4. Unstable Pressure of OEMS

The OEMS system illustrated in Figure 4 partly mitigates the
drawbacks of DEMS. With a capillary to collect the evolved
gases, both the carrier gas and dehumidifier of DEMS are no
longer necessary, such that the risk of electrolyte drying is
largely mitigated. Other components of both techniques remain
almost the same owing to the similar working principle, i.e., a
designated cell with a sophisticated mass spectrometer. In
other words, OEMS is also designed primarily for research
purposes, especially since leaking in commercial rechargeable
batteries can hardly be acceptable. Moreover, continuous
sampling may lead to a non-constant internal pressure because
different gassing events would occur at different time points
while the sampling capillary is leaking at a constant rate. The
semi-closed OEMS setup constructed by Berg et al. stands out
since it can maintain a semi-constant internal pressure of the
cell by repeated Ar re-filling and being compatible with large-
format cells through a homemade adaptor/casing."**"

4.5. Application and Research Concerns

Overall, the currently available technologies presented in this
review are all primarily developed for research purposes, and
thus remaining on lab scales. Both DEMS and OEMS techniques
have made significant progress in the field of battery gas
sensing and have greatly enhanced our understanding of the
physical and chemical processes inside rechargeable batteries.
Thanks to the powerfulness of MS or GC technique, high-
precision quantitative data that possess rich scientific informa-
tion are collected. Subsequent analyses would undoubtedly

ChemElectroChem 2024, €202400065 (17 of 24)

help unlock various chemical events inside battery cells. These
technologies, on the other hand, have some drawbacks as well:
(1) These mass spectrometer systems are often, large, complex,
and expensive; (2) MS sampling will affect the battery, making
the detection conditions unexpectedly deviate from the actual
working conditions; (3) Due to the issues like electrolyte dry-out
or gas pressure change, continuous testing on a long-term basis
can be challenging; (4) Volatile organic molecules from the
electrolyte solvents may enter the mass spectrometer, resulting
in gas fragments during ionization that may affect the measure-
ment accuracy; (5) Gas inlet and outlet valves are required, so
most of the current work is still limited to specific cell molds
(e.g., designated Swagelok parts), which deviate from the
commercial designs.

Therefore, operando gas sensing for commercial batteries is
quite challenging. An adaptable gas sensing technology is of
vital importance for smarter and safer use of rechargeable
batteries in various applications. In this way, not only does the
technology advance the battery field, but it could also be
extended to other energy storage devices. When considering
application merits, one should revisit whether the versatility of
the MS or GC is necessary. For example, H, evolution is believed
to primarily originate from residue moisture in the electrode
and electrolyte. Water contamination can then be revealed by
tracking H, alone. Likewise, CO, is often observed at high cell
voltage, i.e., high cathode potentials, which triggers oxidation
reactions. Consequently, the CO, concentration inside can be
used to tell whether a cell is unexpectedly overcharged. These
two examples suggest that monitoring one or two gas types
may potentially be sufficient for certain purposes.

In the sector of research and development, high-capacity
electrodes are always needed to boost the cell-level energy
density of LIBs. While many alloy anodes exhibit significantly
higher theoretical capacities than the current state-of-the-art
graphite, such as silicon,® tin,®® and aluminum,*” improving
the capacity of cathode materials is more challenging due to
their intercalation chemistry. Many efforts can be found in
developing and understanding the high-capacity cathode
materials, during which gas evolution is often observed #7498
Moving to post Li storage technologies, sodium-ion batteries
(SIBs) are known to share similar chemistries (e.g., same
electrolyte solvents) with LIBs, their gassing behaviors should
not be distinctively different.” To largely mitigate the dendrite
issue, all solid-state batteries (ASSBs) attracted lots of attention
in recent years, which are also found to exhibit different gassing
behaviors. For example, SO, evolution is observed in solid-state
Li-ion cells, indicating solid electrolyte decomposition (lithium
thiophosphate-based) that further triggers the formation of
oxidized phosphorus and sulfur species."®™ Cumulatively, other
energy storage systems in addition to the well-established LIB
chemistry, e.g., aqueous-based, such as aqueous batteries and
supercapacitors, often use acid/base or salts dissolved in
water.'™ In this particular case, H, and O, are of vital
importance since unwanted water splitting is one of the main
reasons that is responsible for coulombic inefficiencies in
aqueous cells. For example, Ma et al. assembled an aqueous Zn-
metal battery that maintained nearly 100% coulombic effi-

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH

85U80]7 SUOWILLOD BAE81D 3ol |dde ayy Aq pausencb 8. seoile O ‘88N JO Sa|ni 1o} Afeld ) 8UUO 8|1 UO (SUORIPUOD-PUR-SUIBIALIO" A 1M AeIq 1 Bul [UO//:SdNY) SUOHIPUOD Pue Sws | 8U18eS *[7202/20/20] uo Ariqiauljuo As|im ‘ABojouyos 1 7 8oueios JO AisieAlun teiBemioN nuIN A S90001Z02 9180/200T 0T/I0p/wod" A8 | Areiqjpuljuoadouns-A s iweyo//sdny wouj |



Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemElectroChem doi.org/10.1002/celc.202400065

o ‘0 '912096TC

ciency after 100 cycles by suppressing H, evolution and O,-
induced Zn corrosion.™ Also, He etal. used the OEMS
technique to successfully detect H, on the anode at a cell
voltage higher than 1.6 V due to water splitting and CO on the
cathode due to carbon corrosion, which correlates with the cell
aging phenomena.'"® These studies highlight the importance
of operando gas sensing on fundamental understandings in
energy storage devices other than LIBs.

5. Optical Fiber-Based Sensing Technologies

As people have increasingly realized the importance of battery
sensing at a cell level, which can involve the mechanics,
kinetics, and dynamics of the solid-liquid and solid-solid
interfaces, efforts have been made to develop appropriate
sensing technologies for (commercial) rechargeable batteries.
Ideally, new technology should be non-destructive, low cost,
durable, and easy to implement. Integrating optical fiber
sensors (e.g., fiber Bragg grating; FBG) onto or into battery cells
seems a promising solution due to their size, flexibility, trans-
mission speed, and electromagnetic resistance, offering great
opportunities in cell-, pack-, and module-level tests."® Thanks
to the long history of optical fiber sensing, the technology has
exhibited its capability in temperature/strain/pressure measure-
ment, and more recently gas sensing."® This section discusses
the recent progress of optical fiber sensors in the field of
battery monitoring, following a sequence from the external and
to the internal temperature/strain/pressure sensing. As such,

the future trend of optical fiber-based gas sensing for
rechargeable batteries is also projected at the end of this
chapter.

5.1. External Temperature and Strain Measurements

Leitdo et al.'® and Yang et al.'® were perhaps the first ones
who introduce FBG sensors into the field of rechargeable
batteries just over ten years ago. In brief, the changes in
temperature and strain would modify the period of FBG, leading
to a shift in the resonance of the FBG and hence the reflected
wavelength (Figure 11a). The thermal behavior inside the
batteries can be recorded by FBG sensors affixed on the cell
package, regardless of whether the batteries are being operated
under normal or abnormal conditions."®™ The technology was
also extended to explore the intercalation stages of LIBs,
showcasing its high accuracy towards temperature and strain
measurements. The obtained data were also double checked
with independent means, i.e., electric strain gauge and
thermistor, as shown in Figure 11b.'" Recently, Bonefacino and
Ghashghaie et al. further optimized the technique using FBG
inscribed in a polymer fiber (POF; Figure 11c), which has
significantly higher thermal (negative slope; Figure 11d) and
strain (positive slope; Figure 11e) coefficients than silica fiber,
thus enabling even higher sensitivities. By coupling POF-FBG
with silica-FBG, high-fidelity operando monitoring of recharge-
able batteries is achieved using externally fitted optical fiber
sensors.?'d
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Figure 11. (a) Schematic of an optical fiber with an FBG. The reflected spectrum shows a shift due to temperature variation (T1 <T2). Ay.q: Incident light; Ag:
reflected light. Reprinted with permission 2013 Elsevier B. V."* (b) Schematic of the experimental setup for monitoring strain and temperature of Li-lon pouch
cells by FBG sensors. A bonded FBG sensor is attached to the cell package with an adhesive to monitor strain and temperature. Reference FBG sensor is
loosely placed on the cell package with heat conducting paste. Reprinted with permission 2015 I0P Ltd."* (c) POF and SMF FBG spectra. (d) Thermal
sensitivity of the POF and SMF (inset). (e) Strain sensitivity of the POF and SMF (inset). Reprinted with permission 2022 CC BY NC ND 4,021
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In short, the external sensors can generate unique data,
which may be particularly beneficial for cell assessments, as
opposed to solely relying on coulombic monitoring. Naturally,
more sophisticated analyses can be expected by establishing
correlations between the performance indicators and the
sensing data.

5.2. Internal Temperature and Pressure Measurements

While external monitoring offers a simple, straightforward, and
cost-effective sensing solution for real-time battery assessment,
internal monitoring remains essential for unlocking the battery
chemistry and harvesting information from the inside. In 2020,
Huang etal. placed optical fiber sensors into an 18650
cylindrical Na-ion cell. With a silica-FBG and a micro-structured
hollow-core fiber (MS-HCF), the internal temperature and
pressure were successfully decoded in real-time with high
accuracy."” Since then, more efforts of optical fiber-based
sensing have been put into the field of rechargeable batteries.
Guo and team have integrated a Fabry-Perot interferometer
(FPI) with an FBG in a cascade structure, making it possible to
simultaneously monitor temperature and pressure inside bat-
teries for thermal runaway using a single fiber. The working
principle is schematically explained in Figure 12.1'?

Moreover, Huang et al. utilized the tilted FBG to study the
electrolyte chemistry. By rotating the FBG's grating plane with a

certain angle perpendicular to the fiber axis, a larger number of
backward-propagating cladding modes can be created in
addition to a single forward-propagating core mode. These
cladding mode resonances can interact with and be affected by
the surroundings, e.g. electrolytes in batteries. The data
harvested by tilted FBG were found to be strongly correlated to
the capacity loss.”'? Differently, Gervillié-Mouravieff et al. intro-
duced evanescent wave infrared spectroscopy using benign
chalcogenide fibers inside the Swagelok cells, particularly for
monitoring the stability of electrolyte components in real-
time.[zw}

Successfully integrating optical fiber sensors into battery
cells is expected to offer relevant information for numerous
purposes. The effort could potentially generate insights into
various components of rechargeable batteries, such as SEI"”
and electrolytes.”'™ Moreover, the strain/stress sensitivity of the
sensors could advance the understanding of state-of-the-art
electrodes" and the development of new electrodes"® since
their volume changes and associated mechanical stresses are
known to be problematic. Indeed, the ability to decouple gas
generation from solid mechanics is a priority, considering that
FBG signals also capture information from gas evolution, e.g.,
gas pressure.
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UL : : _ 4 Incident light
1 1 (0]
. Ty a3 = 10 T
B FBG FPI Optical fiber i [} - 4&( ' [ = : D?.)
Cell | ] 'B’ 1
—_— ] FBG FPI : Wavelength
d . ] . e f
Cross section Side view [ | FBG
: 0.8 mm 1 .
Cladding i — 1 o Ap = 2ngd
o ' Core  gaEEEEN ! 3
Core : . FBG : o
:  Cladding : Wavelength
S
g Cross section  Side view h e I I
, — ! FPI
' — : Arp = dnL/(2k + 1)
I P [ FP = %My
| Core S = : %
: ? , &
i Cladding |
lmmme o ER— A Wavelength

Figure 12. Principle of combined FBG/FPI sensor for simultaneous temperature and pressure monitoring in the cell. (a) The position of the sensor in the
battery. (b) The cascade structure of FBG-FPI sensor. (c) the incident broadband light spectrum. (d) Cross-section image (left) and the side view (right) of the
fabricated FBG. (e) and (f) Diagrams of the sensing principle of FBG. FBG reflects particular wavelengths of incident light and transmits all others, which is
determined by the periodic variation in the refractive index (RI) of the FBG. (g) The FPI configuration (left: cross-section, right: side view). (h) and (i) Diagrams
of the sensing principle of FPI. The two fiber end-faces (M1 and M2) reflect the incident light. The two reflected beams interfere, resulting in a periodic fringe
pattern in the spectrum and enabling the detection of the phase difference between the two reflected beams. Reprinted with permission 2023 CC BY 4.0."?
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5.3. Emerging Gas Sensing Technologies

Laser spectroscopy is a powerful technology offering gas
detection with great sensitivity and specificity."* Among differ-
ent techniques of lase spectroscopy, laser absorption spectro-
scopy (LAS) relies on the “fingerprint”-like absorption wave-
lengths of gas molecules. Traditional laser spectroscopic system
for gas detection employs discrete free-space optical compo-
nents, which are bulky and not suitable for space-limited
applications, e.g., operando gas detection in battery cells. The
newly developed MS-HCF has been proven to be an efficient
platform for light-gas interactions."'® MS-HCF has an outer
diameter of hundreds of micrometers, making the sensors
compact and flexible. Attempts have been made to construct
an all-fiber gas cell with MS-HCF which allows gas detection
with compact sensing elements and easy integration with
optical fiber systems."" Optical gas sensors with LAS have
been demonstrated using MS-HCF gas cells with noise equiv-
alent concentration (NEC) of a few parts-per-million (ppm) for
gases with relatively strong absorptions, e.g., CH, and C,H,. ''?

Photothermal spectroscopy (PTS) is a derivative of LAS,
which captures the optical phase modulation results from the
gas absorptions. A pump-probe configuration is typically
adopted for PTS gas detection. A pump beam is periodically
modulated in intensity or wavelength as its nominal wave-
length is tuned to the center of absorption lines of the targeted
gas molecules (e.g., C;H,). Gas molecules absorb pump power
and generate heat via thermal relaxation, which modulates the
temperature and hence, the RI of gases."'™ The probe beam is
used to detect the accumulated optical phase modulation with
its wavelength away from the gas absorption lines. Recently,
MS-HCF has been adopted to enhance the photothermal effect,
which significantly improves the gas detection limit. MS-HCF
can strongly confine the optical mode within the hollow core
area with a mode diameter <50 um, which greatly increases
the light intensity and enhances interactions between light and
gas molecules compared with free-space optical systems."'" In
2015, Jin etal. reported the first demonstration of CH,
detection with NEC down to 2 parts-per-billion (ppb) and an
unprecedentedly large dynamic range of 5 orders of magnitude
using a fiber Mach-Zehnder photothermal interferometer (PTI)
with a 10-meter long MS-HCF."™ The performance of the PTS
gas sensors can be substantially improved by the deployment
of a mode-phase-difference PTl using the MS-HCF that can

MS — HCF

support dual transverse modes, i.e., the LP,, and LP,; modes.
The detection of mode-phase-difference has better resistance
to external disturbance than the detection of the fundamental
mode phase, which enables a significantly higher signal-to-
noise ratio, and thus very sensitive gas detection with NEC on
the level of parts-per-trillion (ppt) using 5-meter long MS-
HCF.[HSJ

A simpler and more compact configuration of PTS gas
sensors is based on the FPI. The FPI may be constructed by
connecting the MS-HCF with two pieces of single-mode fiber
(SMF) which have flat end faces with 4% reflections. The
reflected waves at the interfaces between the HCF and the SMF
interfere, allowing the detection of the phase difference
between the two reflected beams. For a typical FPI config-
uration shown in Figure 13, the probe beams reflected by the
two interfaces generally have a short time delay of <1 ns for an
MS-HCF length of <15 cm. Environmental disturbance with low
frequency imposed on the sensor would affect the phases of
the reflected beams in a similar way which may be cancelled
out and has little influence on the gas detection."' With the
probe wavelength near 1550 nm and the pump wavelength
ranging from 760 nm to 4.6 um, the detections of 0,!"”
GH,, M NH,, M8 CH,M® C,H M €O, and CO,,"™ have been
demonstrated with NEC down to ppm and ppb levels with fast
response. It should be noted that the detection limit of the MS-
FPI gas sensors is determined by the noise of the interrogation
system, which holds true for almost all kinds of optical gas
sensing technologies. The design of the sensor does not restrict
the lowest gas concentrations being detected. More recently,
the developed low-coherence PTl gas sensor uses the low-
coherent probe to suppress parasitic interference and improve
the measurement precision as well as the long-term stability of
gas detection. C;H, detection with NEC of 0.7 ppb and measure-
ment precision of 0.025% are realized. The instability of the
detection over a period of 3 hours is +0.038 %, ten times better
than the state-of-the-art PTS."?" The detection limit can be
further improved down to the ppt level by using a resonant FP
cavity, providing new opportunities for operando gas sensing in
rechargeable batteries."? It is believed that the technology also
holds potential for being used in other energy storage devices,
such as supercapacitors, electrolyzers, and fuel cells."?

Table 3 compares the different technologies in terms of
their pros and cons, and provides an overview of each gas
sensing technique, which allows people to assess their

Pump

— e s

Probe
SMTF

J

SMF
J

Figure 13. Schematic illustration of the MS-HCF FPI gas sensor, together with the cross-sectional SEM image of the anti-resonant HCF. Reprinted with

permission 2020 CC BY."®
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Table 3. Comparisons of various gas sensing techniques that are (or will possibly be) applied in the field of electrochemical energy storage.
Technique Essential components Battery compatibility Test capacity Strengths Limitations
VGSA Specially designed cell, gas-tight Compact, incompatible with One cell Quick volume No gas qualification
syringe, Pressure transducer commercial cells quantification
AISGA Pouch cell, immersing liquid, Bulky, compatible with pouch One cell In situ volume Limited gas qualification
home-made balance, gas cells monitoring
chromatographer
DEMS Stripping gas flow, specially de- Bulky, incompatible with One cell Operando, high Gas consumption
signed cell, mass spectrometer commercial cells precision, versa- undetectable
tility
OEMS Specially designed cell, capillary Bulky, compact, incompatible One cell or Operando, high Unstable internal pressure
leakage, mass spectrometer with commercial cells Multiple cells precision, versa-
tility
MS-PTS* Optical fiber, photo-thermal gas Compact, compatible with Multiple cells Operando, high Gases with low photo-
analyzer commercial cells precision, high thermal absorption
selectivity
ELC Electrodes, Electrolyte, Membrane Compact, compatible with One cell Operando, high Corrosion, cross-sensitivity,
Sensor commercial cells precision low dynamic range
NDIR Broadband lamp source, optical Bulky, incompatible with One cell Operando, high Low sensitivity,
Sensor filter, IR detector commercial cells selectivity interference
No experimental
demonstration yet.
*No experimental demonstration yet.

commercialization potentials in the field of battery gas sensing
when application standards are considered. In addition to the
gas sensing technologies presented before, conventional elec-
trochemical (ELO)"* and nondispersive infrared (NDIR)"** gas
sensors which seem to exhibit potential in the field of battery
sensing, are also included in the comparison. Among them, MS-
HCF FPI exhibits some unique features for battery sensing, such
as its compatibility with commercial cells and simultaneous test
capabilities of multiple cells. Although the MS-HCF FPI gas
sensing for rechargeable batteries is still under development on
a lab scale, it seems to exhibit great potential for academic
research and commercial applications considering the success

in fiber-based strain/pressure sensing for batteries in recent
years.[‘l,12,21b,d,‘|26]

6. Summary and Outlook

Real-time sensing is a promising way to make future battery
products more reliable and sustainable. Current technologies
rely on supplemental information from electrochemistry to
estimate crucial indicators like SoC, SoP, and SoH of recharge-
able batteries. Although fairly accurate estimates can be
achieved with the assistance of mathematic models, catastroph-
ic incidents almost seem inevitable as seen in day-to-day news.
Efforts have been made to directly monitor physical factors,
such as temperature and strain at a package level, which are
closely associated with cell conditions. Recently, great progress
has been made in optical fiber-based sensing for measuring the
temperature and pressure of battery cells from inside, such that
important associated chemical and thermal events can be
decoded in real-time with high accuracy. These factors,
however, may be secondary if considering specific (electro—)

ChemElectroChem 2024, €202400065 (21 of 24)

chemical reactions occurring at electrode/electrolyte interfaces.
In this regard, gaseous species are suggested to be the
‘fingerprint’, which could directly reveal the chemical reactions
inside batteries during charge and discharge. By deploying
sophisticated experimental apparatus, scientists managed to
conduct research on gas evolution in LIBs and have highlighted
the importance of H,, C,H,, CO, CO,, and O,. We hope that the
scientific contents of this review could serve as a baseline for
people who are seeking a better understanding of the gassing
chemistries in LIBs.

Looking forward, while recognizing the importance of
operando gas sensing for rechargeable batteries, the currently
available apparatuses appear to lack technical and financial
feasibility for scaling to cell levels in applications (e.g., EVs or
stationary power systems). Facile and cost-effective gas sensing
technologies are therefore necessary for the future utilization of
chemistry-specific information. However, this field, so far, is still
quite empty, such that extra efforts should be put into
establishing new multi-/inter-disciplinary research topics that
could help tackle the difficulties. We believe that fiber-based
LAS can be promising candidates in this regard, especially since
FBG sensors with a similar geometry have shown great
successes in temperature, strain, and pressure sensing recently.
As compared to free space, MS-HCF LAS exhibits numerous
advantages, such as small size, high flexibility, and simple light
alignment. Through manipulating the wavelength of the light,
specific gaseous species can be detected with high precision
and fast response. Importantly, depending on various applica-
tion purposes, this technology can enable either a multi-
component gas measurement with a wide range, or a single
gas monitoring with a high selectivity. Not only does the
technology offer great opportunities for operando gas sensing
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in Li-/Na-ion batteries, but it could also potentially be extended
to monitor other energy storage devices.
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REVIEW

Gas evolution is fundamentally prob-
lematic in rechargeable batteries. This
paper reviews the real-time gas
sensing technologies in laboratories,
shedding light on the gassing mecha-
nisms in battery cells with various cell
chemistries. Herein, a new sensing
method based on fiber-enhanced
laser spectroscopy is proposed, which
can potentially be used in commercial
batteries.
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