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Abstract

Lithium-ion batteries (LIBs) offer both a relatively high energy and high power density,
and thus see widespread application and continuous research and development ef-
forts, especially to increase their energy density further and to decrease their cost.
Sodium-ion batteries (SIBs) are considered, both in research and industry, as a com-
plementary battery technology to LIBs, with on the one hand lower energy densities,
yet on the other hand with lower costs, due to the ubiquity of sodium in contrast to the
relative scarcity of lithium. In both LIBs and SIBs, the cathode active material (CAM)
makes up the largest part each of battery weight and cost. Consequently, understand-
ing and improving CAMs is of utmost importance to further develop battery technology.

This work focusses on the CAM surface from various perspectives, with in situ gas
evolution studies as an additional bridging element, as various reactions on and of the
CAM surface can be understood from the gasses they evolve. First, a review of in situ
gas evolution studies on battery materials is presented, focusing on novel materials
and cell concepts. The gas evolution of SIBs in contrast to LIBs is identified as a re-
search gap.

The first original research work in this thesis then considers the formation of CAM sur-
faces in dependence of the process route of CAM preparation. Specifically, it is shown
that Zr*+, when introduced into LiNiO2 (LNO) as a dopant, is enriched on the primary
particle grain boundaries, acting as a grain growth inhibitor. The doping process route
determines the initial Zr** distribution, and thus the extent of the grain growth inhibition,
yielding LNO primary particles of different specific surface areas. This in turn deter-
mines both electrochemical performance and gas evolution of the CAM.

In a second work, the exposure of new surfaces due to crack formation during battery
cycling is studied operando via Acoustic Emission (AE) for a series of SIB CAMs with
increasing configurational entropy. It is shown that AE allows to distinguish between
less degradative intergranular cracking, i.e. deagglomeration of particles, and more
degradative intragranular cracking, while not being sensitive to gas evolution.

Lastly, the gas evolution of Prussian white (PW), a SIB CAM, especially the evolution
of (CN)2 and HCN from its hexacyanoferrate structure, is studied in detail, after a pre-
vious study finding first evidence for (CN)z2 evolution, indicating a new surface degra-
dation mechanism for PW CAMs. It is found that the CAM water content determines
the evolution of Hz, which is the most prominently evolved gas. Yet, the conductive salt
anion in the electrolyte determines CO2 and (CN)2 evolution between NaPFs- and
NaClOs-based electrolytes. The oxidative properties of NaClO4 are identified as the
cause for increased (CN)z evolution in its presence at the CAM surface, and a plausible
reaction mechanism is presented in light of the available literature.

Keywords: Cathode Active Material, Surface Formation, Surface Degradation, Gas
Evolution, Acoustic Emission
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Zusammenfassung

Die Lithium-lonen-Batterie (LIB) bietet sowohl eine relativ hohe Energiedichte als auch
Leistungsdichte. Sie erfahrt daher weitverbreitete Anwendung und kontinuierliche For-
schungs- und Entwicklungsbemihungen, insbesondere um die Energiedichte weiter
zu steigern und die Kosten zu senken. In Forschung und Industrie wird die Natrium-
lonen-Batterie (SIB) als eine komplementare Technologie zur Lithium-lonen-Batterie
erwogen, mit der auf der einen Seite zwar geringere Energiedichten erzielt werden,
dies auf der anderen Seite aber auch mit geringeren Kosten verbunden ist, da Natrium
im Vergleich zu Lithium allgegenwartig ist. Das Kathodenaktivmaterial (CAM) tragt in
beiden Fallen den gréBten Anteil sowohl zum Gewicht als auch zu den Kosten der
Batterie teil. Fir die Weiterentwicklung von Batterietechnologien sind das Verstandnis
und die Verbesserung des Kathodenaktivmaterials daher von zentraler Bedeutung.

In dieser Dissertation wird die Oberflache von Kathodenaktivmaterialien aus verschie-
denen Perspektiven betrachtet, wobei in situ Studien der Gasentwicklung ein weiteres
verbindendes Element darstellen, da verschiedene Reaktionen auf und mit der Ober-
flache anhand der dabei entwickelten Gase untersucht werden kdnnen. Zuerst wird
eine Ubersichtsarbeit zu diesen in situ Gasentwicklungsstudien an Batteriematerialien
vorgestellt, deren Fokus auf neuen Materialien und Zellkonzepten liegt. Hierin wird die
Gasentwicklung in Natrium-lonen-Batterien im Vergleich zu Lithium-lonen-Batterien
als Forschungsllicke identifiziert.

Die erste eigenstandige Forschungsarbeit in dieser Dissertation behandelt die Ausbil-
dung der CAM-Oberflache in Abhangigkeit von der gewahlten Syntheseroute. Es wird
gezeigt, dass Zr*+, welches LiNiO2 (LNO) zur Dotierung zugegeben wird, sich an den
Korngrenzen der Priméarpartikel anreichert und das Partikelwachstum hemmt. Die ge-
wahlte Dotierprozessroute bestimmt die anfangliche Zr*+-Verteilung und damit auch
das Ausmaf der Partikelwachstumshemmung, was schlussendlich zu Primarpartikeln
unterschiedlicher spezifischer Oberflache fihrt. Von dieser Oberflache wiederum han-
gen die elektrochemischen Eigenschaften und die Gasentwicklung des Kathodenak-
tivmaterials maBgeblich ab.

In der zweiten Ver6ffentlichung wird die Entstehung neuer Partikeloberflachen durch
Ausbildung von Rissen wahrend des Ladens und Entladens fiir eine Reihe von SIB-
Kathodenaktivmaterialien mit zunehmender Konfigurationsentropie durch Messungen
der akustischen Emission (AE) operando verfolgt. Es wird gezeigt, dass diese Methode
eine Unterscheidung von wenig degradativer Rissbildung zwischen Primarpartikeln
und starker degradativer Rissbildung innerhalb eines Partikels ermdéglicht, wahrend die
parallele Gasentwicklung nicht detektiert wird.

In einem letzten Beitrag wird die Gasentwicklung, insbesondere von (CN)2 und HCN,
des SIB-Kathodenaktivmaterials PreuBBisch Weil3 detailliert untersucht, nachdem eine
vorhergehende Studie erste Hinweise auf die (CN)z2-Entwicklung als neuen Oberfla-
chendegradationsmechanismus gegeben hatte. Der Wassergehalt bestimmt maf3geb-
lich die Entwicklung von Hz, welches das am meisten gebildete Gas ist. In einem Ver-
gleich von Elektrolyten auf Basis von NaPFs und NaClOs ist es allerdings das Anion
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des Leitsalzes, welches die Entwicklung von CO2 und (CN)2 bestimmt. Die oxidativen
Eigenschaften von NaClO4 werden als ursachlich fur die verstarkte (CN)z2-Entwicklung
in seiner Gegenwart an der CAM-Oberflache identifiziert und ein unter Betrachtung der
verflgbaren Literatur plausibler Reaktionsmechanismus wird vorgestellt.

Schliisselworter: Kathodenaktivmaterial, Oberflachenbildung, Oberflachendegrada-
tion, Gasentwicklung, Akustische Emission
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1. Introduction

1. Introduction

The first battery, a stack of alternating copper and zinc disks, was reported by Volta in
1800, and such a galvanic cell became later known as Volta pile.['l In the early days of
electrochemistry, it played an important role as a source of direct current and relatively
high voltages. With galvanic cells as a current source for electrolysis, Davy discovered
sodium, potassium, magnesium, calcium, strontium, barium and boron, and clarified
the nature of chlorine soon after.l?8l It was his assistant Faraday, who, again with the
help of early batteries, later described the laws of electrolysis, studied the nature of
electromagnetism and also popularized electrochemical terminology, such as anode,
cathode and electrolyte.l”:8 Their and many others’ discoveries ushered in the era of
electrification. Various practical batteries, such as the Daniell cell,l®! were subsequently
invented to electrochemically store and supply electric energy on demand. Battery
technology saw further improvements when portable and rechargeable batteries, i.e.
secondary cells, were developed, such as the lead-acid battery in 1860, for which a
multi-billion dollar industry has developed up to today.°]

During the 20t century, many other cell chemistries were developed, and cells manu-
factured in various forms and sizes according to application needs. For households
and end customers, the most common battery chemistries were based on aqueous
alkaline electrolytes, such as Ni-Cd, Zn-MnO2 and later Ni-metal hydride cells.[''] Con-
currently, the electrochemical groundwork for the non-aqueous lithium-ion battery
(LIB), which will be discussed in more detail in chapter 1.1., was laid, and the LIB saw
commercialization in the early 1990s,!'? just as the rise of portable consumer electron-
ics and the “wireless revolution™'3 increased the global demand for batteries.l''! With
the spread of smartphones and associated wearable technology like smart watches
and wireless headphones, this increasing need for small, lightweight cells continues
until today.l'"-'4 Even more importantly, LIBs today are at the heart of the global tran-
sition from internal combustion engine vehicles to battery electric vehicles (BEV),
which reshapes industries and value chains worldwide, as the battery constitutes more
than 25% of a BEV’s value and the global BEV battery demand is forecasted to be
between 1.9 and 4.3 TWh by 2030, with the LIB supply chain at that time reaching 400
billion US$ annual revenue.!'5-18] At the same time, the electrical grid continues to tran-
sition from electricity production at centralized fossil fuel power plants to decentralized
production from renewable energy sources, whose availability is more volatile.[1°20]

Therefore, grid energy storage also contributes to rising battery demand.



1. Introduction

Except for some designs based on cells originally developed for handheld electronics,
such as the 18650 cylindrical cell format,['?l BEVs and grid storage commonly require
larger cells, be they cylindrical, prismatic or in pouch format.[?-22l Both for large BEV
batteries, as well as in miniature consumer electronics, batteries are required to be as
small and lightweight as possible while still supplying the necessary electrical power
and energy for their application. The battery’s power and energy density are therefore
key parameters, defined as the ratio between available power (in W) or energy (in Wh)
and battery weight (gravimetric) or volume (volumetric), respectively. Of all widely
available battery chemistries, it is the LIB that can offer both the highest power and
energy densities, as shown in Figure 1a.1232% As of 2021, i.e. after more than a decade
of intensive BEV cell development efforts, energy densities even above 250 Wh kg™

and 700 Wh g', respectively, have been realized on the cell level.[>:26]
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Figure 1: a) Power and energy densities realized by various battery chemistries. b)
Batteries and complementary technologies in electrical grid applications. Adapted with
permission from ref. [25]. Copyright © 2011 AAAS.

One specific battery chemistry or design can, however, not fulfill all application scenar-
ios at the same time, and a trade-off between power and energy density is commonly
observed.[?428] Another key factor to consider, especially for cheap BEVs and in grid
storage, where space and weight constraints are less severe, is the cost of batteries.
While cost per cell is often increased with increasing energy density, the cost per unit
of stored energy can also decrease, as less cells in total are required.l?”28] Battery
chemistry and design selection further depend on the expected required cycle and ca-
lendric life time, safety considerations, the typical discharge time and the required
power output, while highly specialized applications, such as batteries for spacecrafts!?®
or biomedical implants,i?° may also come with further individual requirements. Espe-
cially for the scales of grid energy storage and grid stabilization, batteries are also not
the only possible storage technology, with alternatives ranging from capacitators to

2



1. Introduction

pump-storage hydroelectricity also being available, as shown in Figure 1b.[?% Other
electrochemical solutions, most importantly hydrogen fuel cell/electrolyzer combina-
tions and redox-flow cells, have been developed for on-demand electricity generation

and storage, also in mobility contexts.1-32]

While the LIB today is the most prominent battery technology, especially so for BEVs,
various other cell chemistries and design concepts are being researched and devel-
oped for different use cases, mostly with the aim of realizing higher energy and power
densities or lower costs or a combination thereof in comparison to LIBs. These include
lithium-sulfur,i33 sodium-sulfur,® metal-air,13! sodium-ion (SIB),38 potassium-ion[®”]
and solid-state batteries (SSB).[38 Especially SIBs, mainly offering reduced raw mate-
rial costs for the price of reduced energy density, are considered as a near-future com-
plementary technology to LIBs,[36:3% since their conceptual similarity allows for the pro-
duction of cells on existing LIB production lines and in existing format standards.40
SIB technology and materials, also in contrast to LIB materials, are discussed in more

detail in chapter 1.
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1.1. Lithium-lon Batteries

Against the backdrop of the oil crises, principal works that shaped the development of
LIBs were carried out in the 1970s, when Whittingham first reported on the reversible
electrochemical intercalation of Li* ions into the layered structure of TiS2.[4' Combined
with a Li-metal anode and non-aqueous electrolyte, this way about 2.5 V open circuit
voltage (OCV) were realized. Soon after, Goodenough and coworkers proposed lay-
ered oxides, such as lithium cobalt oxide (LCO, LiCoO2) and lithium nickel oxide (LNO,
LiNiO2) as an alternative class of intercalation hosts and cathode active materials
(CAMSs), obtaining more than 4 V OCV against Li-metal anodes.[*>43] The use of Li-
metal anodes, however, impeded early commercialization efforts (MoLi Energy, with
MoS2 CAM) due to safety concerns over fire hazards.['>4 Parallel to the development
of intercalation CAMs, however, Besenhard and Armand had reported intercalation of
Li* ions also into graphite.[*4+4% Yoshino and coworkers developed carbonaceous an-
odes for LIBs,!*¢! and graphite itself became a viable anode material when it was dis-
covered that exfoliation of graphite, as it was observed with previous electrolyte mix-
tures, can be suppressed by the use of ethylene carbonate (EC) as electrolyte solvent,
since its decomposition forms a stable solid-electrolyte interphase (SEI) on graphite
that prevents further degradation.[*”48 The term “rocking-chair” battery was coined for
a cell based on two intercalation materials as anode and cathode, respectively, as the
Li+ ions “rock” from one host material to another during operation.l*® Such a cell is
depicted in Figure 2, commonly referred to as full cell, in contrast to Li-metal half-cells.
A separator is required to prevent electrical contact, i.e. short circuits, between the
electrodes. Equations 1 and 2 describe the (de)intercalation in cathode and anode,
respectively, and equation 3 summarizes the overall reaction, wherein x = 0 describes
a fully discharged cell, and x = 1 a cell charged to its theoretical limit, and x expressed
in percent is often also referred to as state of charge (SOC):

LiTMO, = Li;_,TMO, + x Li* + xe~ (TM = Nj, Co) (1)
Ce + xLit +xe” = LiyCq (2)
LiTMO, + C4 = Li;_,TMO, + Li,Cq (3)

For their contributions to the development of the LIB, Whittingham, Goodenough and
Yoshino were awarded the Nobel Prize in 2019. This does, however, not mark the end
of LIB development, and a summary of current development trends and challenges,
with a focus on CAM, is given in the following.
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Figure 2: LIB with intercalation electrode materials graphite and layered transition
metal oxide, respectively. Reprinted with permission from ref. [50]. Copyright © 2004
American Chemical Society.

The energy stored in a battery depends both on the potential difference between the
active materials and on their capacity. Each material’s potential is in many cases fur-
ther depending on the SOC. Individual active materials are therefore commonly de-
scribed by their counter-electrode independent specific capacity (in mAh g') on the
one hand, and the curve of potential (versus a reference, in LIBs typically vs. Li*/Li)
against SOC during (dis)charge on the other hand. While a high potential vs. Li*/Li is
favorable for the energy density in the case of CAM, for anode materials consequently
a low potential is required. Due to limitations of the potential windows and material
stability, active materials also cannot be (de)lithiated to their theoretical (x = 1) specific

capacity, but only to a lower, practical specific capacity.

While graphite is the far most common anode material in LIBs due to its favorable
handleability, availability, low potential (0.25 to 0.05 V vs. Li*/Li) and stability due to
beneficial SEI formation, with 372 mAh g, it's theoretical specific capacity is only
about 10% of the specific capacity of Li-metal itself (3861 mAh g~').5"] This is easily
explained by the weight contribution of carbon atoms, as in fully lithiated state, see
equations 1.2 and 1.3, for each intercalated lithium atom, six carbon atoms are present.
Briefly, the intercalation of lithium between the graphene layers that make up graphite
occurs in distinct stages, i.e. every third interlayer lithiated in LiC1s, every second in
LiC12 and each in LiCs, that are visible as steps in the potential.[5253] This intercalation

goes hand in hand with lattice expansion that changes the volume of graphite particles
5



1.1. Lithium-lon Batteries

(~13%).54 The SEI, which builds up mostly during the first cycles (formation), by the
reduction under gas evolution of either EC, or SEl-forming additives, such as vinylene
carbonate or fluoroethylene carbonate (FEC), has to accommodate these volume
changes or additional SEI is formed under consumption of electrolyte and lithium in-
ventory.!%® Silicon is currently widely considered as a possible future anode material,
as it alloys with lithium, providing 10-11 times more specific capacity, yet at the price
of 300-400% volume change during (de)lithiation, leading to severe cracking and SEI
growth challenges.%'%¢] To mitigate these side reactions, various solutions, like Si/C
composites, core-shell particles, etc. exist.l5:%! In any full cell, the overall available Li
inventory is limited to the Li initially present in the active material and in the electrolyte
in the form of a conductive Li salt, such as LiPFs or LiClO4. Therefore, anode and
cathode capacities have to be matched in order to utilize a maximum amount of Li,
with their ratio referred to as n/p ratio.®J Commonly, anodes are slightly oversized to
avoid plating of Li metal on the anode surface, which leads to the growth of dendrites
that can pierce separators and to the loss of Li inventory, when the lithium itself is
isolated by SEl incapsulation.[®®! It is these very side reactions that also complicate the
use of Li-metal anodes.[

Various cathode material families, such as polyanionic compounds, spinel oxides, lay-
ered oxides and Li-rich oxides, are available for LIBs, differing significantly in key prop-
erties, such as specific capacity, rate capability (i.e. the dependence of charge and
discharge capacities on the current), cost, cycle life, average potential and safety.[60-63]
Polyanionic lithium iron phosphate (LFP, LiFePOs4), on the hand, offers a long cycle
life, high thermal safety and moderate cost due to inexpensive base materials, on the
other hand, with a theoretical specific capacity of 170 mAh g~', stemming from
Fe3+/Fe?* redox, and an average potential of 3.4 V vs. Li*/Li, no high energy densities
can be obtained.[648% The potential can be increased by substitution of Fe?* by Mn2*
(up to 4.1 V vs. Li*/Li for LIMnPOQa4), yielding lithium manganese iron phosphate (LMFP,
LiMn,Fe1-,POa), yet all of these olivines suffer from low electronic and ionic conductiv-
ity, limiting their rate capability and requiring carbon coating and particle milling in order
to be used as CAM.[646%]

LiNio.sMn1.504, as a prominent example of spinel oxides, has a far higher ionic conduc-
tivity and thus rate capability than LFP and comes with similarly moderate costs and
high thermal stability. Yet, it has a theoretical specific capacity from Ni*+/Ni?* redox of

only 147 mAh g, even lower than LFP, which is compensated for by the very high
6



1.1. Lithium-lon Batteries

operating potential of 4.7 V vs. Li*/Li, posing challenges due to degradation by electro-
lyte oxidation but resulting in higher energy densities than LFP cells.[60:62.66]

The first reported layered oxide CAM LCO offers 274 mAh g~ theoretical specific ca-
pacity based on Co*/Co®* redox and a higher average potential than LFP, yet only
about half of that specific capacity is practically available due to structural instability
upon further delithiation.[*?>43] While the isostructural LNO was considered as an alter-
native to LCO due to the high cost and limited availability of Co, it was found to be
more difficult to synthesize while also suffering from structural stability issues.[67]

LCO found application in portable batteries, but it was soon found that more balanced
properties and lower material costs could be realized by combining Ni, Co and either
Mn or Al in the transition-metal layer, resulting in the nickel cobalt manganese oxide
(NCM, LiNixCoyMnO2, x + y + z= 1) and nickel cobalt aluminum oxide (NCA, LiNixCo,-
Al,O2, x + y + z = 1) families of cathode materials.[®8] Both Mn** and AI** are redox-
inactive and do not contribute to the specific capacity of the CAMs directly, however,
for every Mn** ion in the transition-metal layer, one Ni?* ion instead of Ni®* ion has to
be present to maintain overall charge neutrality.[®-681 While the theoretical specific ca-
pacity does not change significantly, the composition of the NCM and NCA materials
determines the practical specific capacity available in a voltage window of material and
electrolyte stability. For a fixed upper cut-off voltage, a higher Ni content leads to a
higher specific capacity, yet at the price of lower structural stability and thus faster
degradation.[®®70 Compositions are often referred to by the fraction of each transition
metal contained, e.g. NCM622 for LiNio.6C002Mno20O2 and NCM811 for
LiNio.sC00.1Mno.102. In recent years, Ni contents of >80% have been realized in com-
mercial materials, offering more than 200 mAh g~' of practical specific capacity, with
91-94% Ni content CAMs closing in on commercial maturity, and studies on these and

the end member LNO reported capacities exceeding 240 mAh g in the first cy-
C|e.[67’71’72]

The structure, synthesis, processing, side reactions and degradation mitigation of NCM
materials, and the influence of NCM composition on this, will be discussed in detail
below. However, a last type of CAM should be listed first. While in the materials dis-
cussed so far, all theoretical capacity can be explained (conventionally, as will be dis-
cussed in chapter 4.1.) by the redox reaction of transition metals to compensate Li* ion

(de)intercalation, in so-called Li-rich CAM this is no longer the case, and some, or even

7



1.1. Lithium-lon Batteries

all, of the charge capacity is stemming from the oxidation of lattice oxygen in the so-
called oxygen redox reaction. When replacing a part of the transition metals in the
transition-metal layer of a layered oxide with Li*, overall charge neutrality requires the
remaining transition metals to be in higher valence states. After replacing a third of all
transition metals with Li*, all remaining metals are tetravalent, such as in
Li[Li1/sMn23]O2 and Li[Li1/3Ni23]O2, alternatively written as Li1.33Mnos7O2 and
Li1.33Nio.67O2 or Li2MnQOs and Li2NiOs, respectively. Still, these materials can be elec-
trochemically delithiated, obtaining large charge capacities, which stem exclusively
from the oxidation of lattice oxygen to Oz gas, as can be shown by differential electro-
chemical mass spectrometry (DEMS), a technique discussed in chapters 2, 4.1. and
4.4.17374 As this is, however, irreversible, discharge capacities are much lower, and
continuous cycling of the thus oxygen-depleted structures is only possible at a fraction
of the initial capacity. A higher reversibility and less Oz loss are obtained either by using
more covalently bonding 4d and 5d transition metals, such as Ru, Mo and Ir, or by
reducing the lithium content of the transition-metal layer below 1/3, e.g. Li1.2TMo.sOz2
(TM = Ni, Mn, Co), so that some transition-metal redox contribution remains, and lattice
oxygen is oxidized only to per- and superoxides instead of Oz gas.[®'7576] This way,
such Li-rich, and often Mn-rich materials can offer high specific capacities, around 300
mAh g~', but suppression of gas evolution, voltage hysteresis and fast capacity fading

remain challenging.[61.75-77]

Notably, Li-rich transition metal oxides no longer necessitate a layered structure for Li
diffusion, as it can also occur in cation-disordered rock-salt oxides (DRX) through a
percolating network of intermediate tetrahedral sites neighboring one or less transition
metals.[’81 DRX CAMs can provide reversible specific capacities above 300 mAh g,
and while DRX structures require redox-inactive d® species for stability (Ti**, Nb%*,
Mob+), a CAM based on Fe, Mn and Ti is appealing also in terms of cost.[”]

As of today, however, Li-rich materials still are in the development stage, and
NCM/NCA layered oxides remain the CAMs of choice for high energy density cells.
They crystallize in the R—3m space group, with alternating slabs of transition-metal-
oxygen octahedra and interslabs of Li in octahedral sites, perpendicular to the c-
axis.[60:67.801 | ayering occurs due to the difference in ionic radii between Li+ (0.76 A) on
the one hand and Ni3* (low spin: 0.56 A), Co%* (low spin: 0.55 A) and Mn#* (0.53 A) on
the other hand, that leads to thicker interslabs and thinner slabs.i'l Especially for Ni-
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rich materials, however, Ni2*, with an ionic radius of 0.69 A, is found in Ni{; substitu-
tional point defects in the Li layer.[6780811 This, commonly referred to as off-stoichiom-
etry, reduces the available capacity and is almostl® unavoidable due to synthesis con-
ditions, and even well-prepared LNO shows around 2% Ni;; defects, which can be de-

termined via Rietveld refinement and is reflected in the ¢/a ratio.l6"]

Typically, NCM materials are synthesized in two steps, first a (mixed) transition-metal
hydroxide is precipitated from solutions of sulfates in the targeted stoichiometry.!83 This
co-precipitated hydroxide precursor cathode active material (pCAM) is then calcined
together with a lithium source, either Li(OH)-H20 or Li2COs, to yield the final NCM ma-
terial. With increasing Ni content, the calcination temperature is lowered to reduce cat-
ion intermixing, and is commonly 700 °C for LNO, ruling out the use of Li2COs, as it’s
melting point (725 °C) is too high.[671 A slight excess of Li source has to be used in
order to compensate loss of Li at high temperatures and further avoid defect for-

mation.[84.85]

Under typical conditions, both pCAM and CAM show a polycrystalline morphology of
smaller primary particles agglomerated to larger secondary particles, wherein the pre-
cipitation of the pCAM controls the secondary particle size,!3 and temperature and Li
excess during calcination determine the primary particle size.[84 This particle size, and
the resulting specific surface area exposed to electrolyte, was recently shown to deter-
mine the electrochemical performance of LNO, where a lower first-cycle capacity loss
was found for smaller primary particles.!®¢! The effect of dopant introduction into LNO

on the particle size is discussed in chapter 4.2.

After calcination, remaining excess Li forms surface impurities in the form of LiOH and
Li2COs3 upon exposure to ambient air.l87-88] These impurities not only negatively affect
the electrochemical performance of the CAM and lead to gas evolution, but can already
disrupt electrode manufacturing due to slurry gelling, as they react with the common
polyvinylidene difluoride (PVDF) binder, which then may crosslink.?% While the excess
Li can be removed by washing of the CAM, contact to water or even prolonged contact
to humid air during storage also results in extraction of Li from the layered structure by
Li-proton exchange reaction, which over time forms a densified, resistive, Li-poor and
oxygen-depleted surface layer and additional LiOH.[87:90-92] Egpecially Ni-rich NCM ma-
terials, in which the sensitivity towards ambient air is increased, therefore require both
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processing in dry room atmosphere and optimized and careful washing and drying

procedures.[88.8°]

Electrochemically, CAM delithiation can occur either in a solid-solution (single-phase)
reaction or in a two-phase reaction, i.e. during a phase transition. LFP for example
commonly shows a pronounced two-phase delithiation behavior and the associated
voltage plateau between a lithiated (LiFePOa4) and delithiated phase (FePO4), meaning
that a partially delithiated LixFePO4 does not exist uniformly, but is rather represented
as (x LiFePOas + (1—x) FePQa4), with distinct phase boundaries proceeding through LFP
particles.l%%1 In layered oxides, the phase-transition behavior is more complicated, as
changes in unit cells, symmetry, lithium/vacancy ordering or even transition-metal slab
gliding lead to the existence of various different phases.[®! Pristine (x = 1) LixNiOz2 is
present in a hexagonal phase (H1), which is first delithiated in a single-phase reaction
to x = 0.8, when a monoclinic phase (M), in which lithium/vacancy ordering occurs,
starts to form, and both H1 and M phase coexist briefly.67:971 The phase transition is
observed on the one hand as a voltage plateau in the charge curve (voltage vs. time
or capacity) and a corresponding peak in the differential capacity (dg/dV vs. voltage),
and on the other hand by X-ray diffraction (XRD), as the reduced symmetry of the M
phase results in splitting of Bragg reflections.l%l At x = 0.4-0.5, a second hexagonal
phase is formed (H2), soon after (x = 0.25) followed by a prolonged transition to a third
hexagonal phase (H3), with this transition at a high potential (4.1-4.2 V vs. Li*/Li) con-
tributing significantly to the energy density of LNO, and the potential increase to 4.3 V
vs. Li*/Li after it also commonly ending the charge of LNO.[67:96.98 The H2 and H3 phase
differ significantly in their c lattice parameter, as delithiation first results in increased
transition-metal slab repulsion and distance, i.e. increased ¢ compared to pristine LNO,
in the H2 phase, while further delithiation leads to a collapse of the layered structure,
with a significantly smaller ¢ found in the H3 phase, resulting in an overall unit-cell
volume change of around 9%.167-%8] Generally, NCM materials show a more significant
change in ¢ parameter and unit-cell volume with increasing Ni content, which is a key

reason for their faster degradation, which will be discussed in the following.[67.70.9°]

As expansion and contraction of the unit cell occurs primarily along the c-axis, the
resulting volume change is anisotropic in nature and causes chemomechanical degra-
dation in the form of intergranular fracture, as randomly oriented primary particles may
expand against each other, leading to the appearance of cracks between them.[99-101]

While these intergranular cracks follow the grain boundaries between primary particles,
10
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intragranular cracks within primary particles are also formed at high voltages, with
these cracks oriented parallel to the layers of the CAM, i.e. perpendicular to the c-
axis.[192.193] Detection of intra- and intergranular cracks and the effect of both on CAM
cycling performance is discussed in detail in chapter 4.3. Briefly, the exposure of addi-
tional CAM surface area to the electrolyte leads to degradative side reactions.

The most significant degradation reaction at the CAM surface is the loss of the layered
structure due to its transformation into a densified rock-salt-type phase. In delithiated
CAM, nickel is reduced to Ni?* and displaced into the lithium layer, while lattice oxygen
is oxidized to Oz gas, and thus irreversibly lost, with the reaction occurring through a
series of intermediate phases with increasing Ni to O ratio, ending in redox-inactive
rock-salt-type NiO.167.104.1051 While the rock-salt NiO can take up Li, as also occurs dur-
ing CAM synthesis, the lithium diffusion and electronic conduction in this surface layer
is hindered, which is reflected in impedance increasing with the size of the rock-salt-
type layer during cycle life.l'96-109 At the same time, the lattice oxygen release may
occur in the form of highly reactive singlet oxygen ('O2), which subsequently reacts
with the electrolyte, causing the evolution of CO2 and electrolyte degradation.['101111 A
possible formation mechanism is complex, however, as 'O2 may not occur from a direct
electrochemical step, but only as a result of a chemical reaction step.[''213] |n Li-rich
CAM, oxygen release is commonly even more pronounced, as it is more readily oxi-
dized, as will be discussed in a detailed review of gas evolution in LIBs and SIBs in
chapter 4.1. The rock-salt-type phase formation requires highly charged (i.e. oxidized)
CAM, and gas evolution studies detected the onset of Oz evolution at an SOC of around
75-80% of the theoretical capacity in NCM materials, almost independent of their com-
position.[106.114.115] Ag the higher specific capacities obtained in Ni-rich materials, how-
ever, result from higher degrees of delithiation available at a given cut-off voltage, this
results in an onset of gas evolution already at lower voltages for Ni-rich NCM materi-
als.[106.114.1151 Qver prolonged cycling, NCM materials experience fatigue, i.e. a de-
crease in the maximum SOC achieved under constant conditions, due to the growth of
the rock-salt-type layer. On the one hand, it reduces ionic and electronic conductivity,
imposing kinetic limitations, on the other hand a lattice mismatch between rock-salt-
type and layered phase causes interfacial lattice strain at higher SOC due to the col-
lapse of the c-axis.[10%116] Ag the rock-salt-type phase also grows around intragranular

nanopores, this strain further causes intragranular cracks.[''"]

11
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The thickness of the rock-salt-type layer further depends on the electrolyte employed,
with especially EC leading to a thicker layer, indicating that the degradation reaction
involves an interaction between electrolyte and CAM surface.[118119]

Another example for electrolyte-influenced degradation of CAM is the dissolution of
transition-metal ions due to acidic species, especially HF as a product of LiPFe hydrol-
ysis, in the electrolyte.l'0-1231 Similar to the formation of the SEI at the anode side,
electrode-electrolyte interactions and reactivity lead to the formation of a related cath-
ode-electrolyte interphase (CEIl), composed of various electrolyte and cathode decom-
position species, such as polycarbonates, lithium and transition-metal fluorides, car-
bonates, oxides and fluorophosphates, which can be identified by surface-sensitive
analytical techniques, such as time of flight-secondary ion mass spectrometry (ToF-
SIMS) or X-ray photoelectron spectroscopy (XPS).[118.123-126] The gas evolution of CEI
formation is discussed in chapter 4.1., while in chapter 4.4., a new type of CEI for-
mation reaction between hexacyanoferrate-based SIB CAMs and conductive salts in

the electrolyte is proposed. Figure 3 summarizes the degradation mechanisms dis-
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Figure 3: Schematic overview of degradation mechanisms of layered oxide CAMs.
Reproduced with permission from ref. [123]. Copyright © 2005 Elsevier B.V..

Various stabilization approaches have been developed in order to alleviate CAM deg-
radation reactions, the most common being doping, coating and morphology modifica-
tions.[27.128] Metal dopants, depending on their ionic radius, may be introduced either
on the Li site, where they act as pillaring ions that prevent the collapse of the layered
structure and the associated unit-cell volume change and crack formation, or on the
transition-metal site, where they affect the Ni oxidation state and oxygen bond strength,

12
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preventing the formation of the rock-salt-type phase or reduce the amount of Ni%* on
the Li site.[67:128.129] |n many cases, however, dopants also affect the surface composi-
tion and particle size and orientation of the CAM, as they may enrich or segregate at
grain boundaries, and as will be shown in chapter 4.2., even the choice of a process
route of dopant introduction can alter the outcome of the doping process. In a similar
fashion, coatings that are applied to the CAM surface may prevent side reactions with
the electrolyte, e.g. by scavenging HF or suppressing Oz evolution and the associated
growth of the rock-salt-type layer, but depending on the coating treatment, diffusion of
coating elements into the CAM may lead to surface doping.[812% The industrial co-
precipitation process further allows the synthesis of core-shell and gradient CAM par-
ticles with a Ni-rich core and a less reactive shell.l'3% Typical morphology modifications
beyond a variation of primary and secondary particle size include radially oriented,
elongated primary particles, in which the anisotropic volume change is alleviated, as
the particles are no longer randomly oriented, and lithium diffusion is faster, as the Li
interslabs are also radially oriented.['31-133] A further reduction of intergranular cracking
and increase in CAM tap density is possible by the preparation of single-crystalline
instead of polycrystalline CAM, as larger, deagglomerated particles are not in contact
with each other. Since crack-formation is suppressed, however, lithium diffusion paths
are longer in these materials, and their size thus can limit the rate capability, while
intragranular cracking may still occur.[128.134.1351 Yet no longer bound by the co-precip-
itation process, single crystals can be prepared in various particle shapes and faceting,

e.g. by molten-salt synthesis, in order to optimize lithium diffusion and surface stabil-
ity_[131,134-137]

One shortcoming of LIBs can hardly be remediated and is amplified by the increase in
demand for BEVs: Lithium is scarce and expensive, and the raw materials, especially
Co for NCM, come not only with high prices, but also high supply chain strain and risks,
as their primary production is concentrated in a limited number of countries and comes
with concerns regarding human rights.['38-140 While the use of LFP instead of NCM can
reduce cell costs, it still contains Li, and even P is considered a critical raw material
due to its geographic concentration and increasing demand for it in the production of
fertilizers.['#1:142] Recycling of used batteries can reduce the dependency on primary,
i.e. extractive, production. However, it has to be economically feasible and will come
into effect only after a large number of batteries have been not only produced, but also
reached the end of their lifespan, often including also a second-life application, e.g. in

13
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grid energy storage.['38.143-143] Entirely Li-free SIBs, on the other hand, can serve as a
complementary technology based on cheap and abundant Na and can be produced
even with the same equipment as LIBs due to their conceptual similarity, yet with re-
duced energy density.?%40 The SIB technology is introduced in more detail in the fol-
lowing chapter.

14
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1.2. Sodium-lon Batteries

SIBs are conceptually very similar to LIBs, as the rocking-chair working principle re-
mains the same, and only the intercalated ion changes from Li* to Na*. As discussed
in the previous paragraph, rising Li cost and supply chain issues can be mitigated by
the use of SIBs, especially with Co-free CAM.['46 However, there are some differences
worth discussing at this point. Firstly, the Na* ion itself is significantly larger (1.02 A
ionic radius) than the Li* ion, which affects its layering, intercalation and solvation prop-
erties.[81.821471 While half-cell potentials of Li*/Li (=3.05 V vs. NHE) and Na*/Na (-2.71
V vs. NHE) are commonly used to explain differences in LIB and SIB cell voltage, these
values are based on water, and include the effect of solvation of the ions, introducing
a solvent, i.e. electrolyte dependency, while a shift of redox potentials and full-cell volt-
age is rather due to a difference in the Gibbs free energy change of the intercalation

reaction.[147-149]

Different reactivities of Li and Na both ease and complicate cell design. While Li alloys
with Al, and thus Cu current collectors are required for the LIB anodes, Na does not,
allowing cheaper Al current collectors to be used, which further means that SIBs can
be discharged to 0 V or even short circuited, whereas in LIBs the Cu current collector
would dissolve.['46:150] This 0 V discharge is useful e.g. for the safe transport of SIBs,
but SEI degradation may still occur.l'®l On the downside, the SEI formation and sta-
bility, as well as the anode material selection, are more challenging in SIBs. In contrast
to Li, Na does not form a binary intercalation structure with graphite, and while an
intercalation is possible in the form of solvent co-intercalation in glyme electrolytes, the
resulting specific capacity of ~100 mAh g~' is rather low.['5?1 Non-graphitizing hard car-
bon (HC) is commonly used as an alternative anode material, offering specific capaci-
ties above 300 mAh g-', however, HC suffers from low initial Coulomb efficiency, i.e.
high irreversibility of the first sodiation process.['*3 This is in large parts due to SEI
formation, as the highly porous HC has a large specific surface area.[' Synthesis,
structure and sodium-storage mechanism in HC are rather complex, as in contrast to
the well-stacked graphene layers of graphite, HC consists of discrete graphenic sheets
that, while locally oriented in a turbostratic manner, appear bent and curved, with no
long-range ordering or preferred orientation.['*1%] The resulting presence of na-
nopores allows reversible sodium storage by adsorption, while remaining functional
groups can bind Na* permanently.['54-156] Similar to Si anodes for LIBs, various alloying

anode materials, such as Sn, P and Sb, exist for SIBs, but also suffer from volume
15
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changes and interfacial instability, leaving HC as the anode material of choice in on-
going commercialization projects.['%6-1%8] The CAMs utilized in these projects, however,
are very different, as will be discussed in the following.

While the LFP equivalent NaFePOu4 exists, it shows rather limited performance due to
sluggish kinetics and a significant volume change during desodiation. More promising
properties are found for vanadium-based polyanionic compounds, such as
NazV2(PO4)3 and NasV2(PO4)2F3 (NVPF), which allow deintercalation of two Na* equiv-
alents and deliver 100-120 mAh g~ specific capacity.l'®8-160 NVPF further provides a
high cell voltage, with two plateaus at 3.7 V and 4.2 V vs. Na*/Na, respectively, and a
high rate capability, i.e. power density, thus NVPF/HC-based high power cells have
been commercialized by SAS Tiamat.['58.161] | ike LFP and phosphates in general, the
materials suffer from rather low electronic conductivity, with the high-voltage plateau
in NVPF also resulting in electrolyte decomposition and vanadium dissolution.['59:161]

For SIBs, two main families of NaxTMO:z layered oxides have to be distinguished, which
are referred to as P2- and O83-type in the notation of Delmas, where P and O describe
prismatic and octahedral coordination of sodium by the surrounding oxygen, while 2
and 3 refer to the number of repeating units in the oxygen stacking (AB BA vs. AB CA
BC).[36.159.162,163] p2-type SIB CAM allows for faster sodium diffusion compared to O3-
type CAM due to a larger interslab size and directly neighboring prismatic sites, which
in turn results in higher rate capability and power density.[®6:162.163] The main disad-
vantage of the often Mn-rich P2-type materials, such as NaxNii;3sMn2302 or
NaxNi1/4sMnz/40z2, is that they are generally obtained in Na-deficient form (x < ~0.7 in
NaxTMOz2) in the synthesis, while further sodium intercalation is possible electrochem-
ically.[64-167] The deficiency leads to a reduced first charge capacity, and while in half-
cells, i.e. against a Na-metal anode, additional sodium is available for a full sodiation
of the CAM, the Na inventory of full cells is limited. As irreversible Na loss on HC an-
odes during formation also occurs, such full cells therefore require presodiation, for
which various solutions exist, such as preformation of HC in half-cells before dis- and
reassembly into full cells, direct contact of HC with Na metal, sacrificial Na-salt addi-
tives or the utilization of residual Na residues after CAM synthesis.[53.168.159] The gpe-
cific capacity obtainable from P2-type CAM further strongly depends on the applied
voltage window; at high degrees of desodiation, it tends to suffer from chemomechan-
ical degradation due to significant volume variation and slab gliding associated with

the main phase transition from P2 to O2, as well as from surface densification and
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oxygen loss, analogous to the formation of the rock-salt-type layer in NCM.[164-167.170,171]
In contrast, sodiation beyond the initial Na content occurs under reduction of Mn** to
Jahn-Teller active Mn3*, which results in a distorted P’2 unit cell and mechanical stress,
while Mn3+ may further disproportionate to Mn?* and Mn*+, with Mn?* dissolving into
the electrolyte.[164.166.167.1711 Ghapter 4.3. discusses the degradation analysis of a series
of P2-type SIB CAMs via the operando detection and distinction of inter- and intragran-

ular cracks.

There is no clear dependency between P2- or O3-type structure and either specific
capacity or average voltage, as both depend on the transition-metal combination em-
ployed, for which a wider variety is possible in SIBs compared to LIBs, since e.g. Mn,
Fe and Ti also form layered oxides with Na.[36:160.162] Giill, layered oxides of the O3-
type (to which also the layered oxides for LIBs belong), such as NaNiOz2 or
NaNio.sMno.s02, are obtained in a fully sodiated state and thus do not require presodi-
ation to realize maximal capacity. On the downside, the diffusion of the large Na* ions
is slower in O3- than in P2-type CAMs, as it occurs not directly from octahedral to
octahedral site, but through a tetrahedral interstitial site.[36.162.163 O3-type CAMs tend
to show a complex phase behavior, especially for single transition-metal oxides, and
chemomechanical degradation resulting from it, while multimetal oxides can show a
more solid-solution-like behavior.[147:159.162] At this point, it should be noted that hybrid
P2/0O3 CAM also exists, and that air and moisture sensitivity, as well as the degradation
due to surface densification, represent a common challenge for both CAM types.!'°]
Interestingly, both CAM types can show oxygen redox activity and also the associated
increase in irreversible Oz loss, even without oversodiation, as the transition-metal
layer can contain a variety of redox-inactive transition metals as well as lithium, owing
to the larger ionic radius of Na*.['”?l The challenges of layered oxide SIB CAMs are
often outweighed by a combination of the capacities available from these materials,
the low cost of key transition metals, like Fe and Mn, and the possibility of production
on LIB production equipment, so that various cell manufacturers, such as CATL, Fara-
dion and HiNa, have developed SIBs based on layered oxides.[156-158]

Even though Mn and Fe are cheap and abundant, thus reducing cost and supply chain
risks, the layered oxides still require an energy-intensive and costly high-temperature
calcination.['73-1751 A third family of SIB CAMs, also Fe and Mn based, are the so-called
Prussian blue analogue (PBA) and Prussian white (PW) materials, which do not require

any calcination, as they can be precipitated from aqueous solutions. Named after the
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blue pigment Fes[Fe(CN)e]s, PBAs can be described generally by the formula
AxMa[Mg(CN)s]1-yay-zH20, wherein A is an alkali metal, x (0 < x < 2) the alkali metal
content of the phase in question, Ma and Mg transition metals, most common Fe or
sometimes Mn, o a Ms(CN)s vacancy and y (0 < y < 1) its concentration, while z de-
scribes the number of lattice water molecules per formula unit.l'74176l The octahedrally
coordinated metal sites are bridged by the cyanide anions, with Ma being coordinated
by N and Mg by C, resulting in a three-dimensional open framework, which can accom-
modate various cations, such as Li*, Na* and K+, and allows for fast ion diffusion.['””]
In contrast to layered oxides, in these materials, higher specific capacities are obtained
from the larger Na* and K* ions.[76.178 Sodium-rich structures, in which both Ma and
Mg are divalent, are often referred to as PW, since such a reduction of the namesake
pigment also results in a white product. An ideal Fe-based PW NazFe[Fe(CN)e] would
have a theoretical specific capacity of 172 mAh g='. Yet, the CAM is typically obtained
with a Na deficit and vacancies, resulting in available capacities around 150 mAh g~
111591791811 As synthesized Na2Mn[Mn(CN)e], on the other hand, can be further sodi-
ated electrochemically to NasMn[Mn(CN)e], with the C-coordinated Mn reduced to
Mn'+, providing a specific capacity above 200 mAh g-', yet requiring presodiation upon
use in full cells, as discussed previously.['781 While these gravimetric capacities are
similar to those available in layered oxides, the density of PBA/PW materials is only

about half, resulting in a lower volumetric energy density.['75177]

The preparation of PBA/PW CAM is commonly performed via precipitation of the CAM
upon addition of a transition-metal nitrate or chloride solution to a solution of sodium
hexacyanoferrate, or by addition of both solutions to a third, as simplified in equation
4,

TMCl, + Na,[Fe(CN)¢] — Na,TM[Fe(CN)¢] ! + 2 NaCl (4)

However, this precipitation occurs rapidly, leading to the formation of small particles
that show a low Na and high vacancy content.['5%176] To optimize the CAM properties,
additional Na*ions can be added to the solutions, e.qg. in the form of NaCl, while com-
plexation agents, such as sodium citrate, slow nucleation and crystal growth, resulting

in less vacancies and larger particles.[159:174.182]

If both metal sites are to be filled by the same transition metal, a precipitation can be
carried out directly by adding a solution of the transition metal to a solution of NaCN,
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as shown in equation 5,78 or by acid decomposition of sodium hexacyanoferrate, as

shown in equation 6.1179-181.183]
2 Mn(NO3), + 6 NaCN — Na,Mn[Mn(CN)¢] | + 4 NaNO; (5)
2 Na,[Fe(CN)4] + 6 HCl — Na,Fe[Fe(CN)¢] | + 6 HCN + 6 NaCl (6)

In both cases, one of the toxic cyanides NaCN or HCN are present, posing a safety
challenge, as will be discussed in chapter 4.4. However, the industrial production of
any hexacyanometallate precursor will eventually be based on HCN, a commodity
chemical available via the Andrussow process.['84

While the acid decomposition reaction, which can also be carried out by complexating
acids, e.g. ascorbic acid, and in NaCl-rich solutions, already leads to controlled crystal
growth and low vacancy contents, air contact leads to the oxidation of Fe?* to Fe3*,
which results in a reduced sodium content for overall charge neutrality, so that PW
synthesis further needs to be carried out under inert gas.['7®-181.183 | gstly or alterna-
tively, the partially oxidized, Na-deficient PW may be reacted with a reducing agent,
such as Nal or NaBHza in a follow-up reaction to maximize the Na content.['81.183]

Due to the aqueous synthesis and eventually, also aqueous electrode processing, all
PBA/PW materials contain significant amounts of water after precipitation, found in the
form of adsorbed water, lattice water and coordinated water (in place of vacancies),
with the difficulty of removal increasing in this order.['5%.18%1 While PBA/PW CAMs also
find application in aqueous SIBs,!'”7.18 for use in nonaqueous cells, a removal of as
much water as possible is necessary for best performance, safety and cycling stability,
as residual water affects the sodium diffusion and reacts with the electrolyte, leading
to significant gas evolution, which is reported in more detail in chapter 4.4.1186.187] Dry-
ing is commonly performed under vacuum or inert gas at elevated temperatures for a
prolonged time, and while PBA or PW CAMSs crystallize in different lattice systems
depending on their composition, a phase transition during drying, as shown in Figure
4, is commonly observed, such as from monoclinic to rhombohedral symmetry in the
case of Na-rich PW NayFe[Fe(CN)e].[160.174.185,187.188] However, the water removal and
phase transition are reversible upon even short exposure of the CAM to moisture, with
extended exposure also to Oz resulting in the extraction of Na to form NaOH, oxidation
of Fe?* to Fe3* and formation of surface impurities in the form of Fe(OH)s and
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Nas[Fe(CN)g], yielding a passivating layer that prevents further degradation, yet at the
price of higher surface resistance.['88]
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Figure 4: Phase transitions observed in PBA/PW materials upon removal of water and
(de)sodiation. Reprinted with permission from ref. [174]. Copyright © 2022 John Wiley
& Sons.

During cycling of PBA/PW CAMs, phase transitions and the associated unit-cell vol-
ume change and distortion, as shown in Figure 4, are commonly, yet not always,'8°]
observed, amplified by the Jahn-Teller distortion of various ions, such as
Mn?3+[159.174,177.184] A dried, Na-rich PW NaxFe[Fe(CN)e], for example, undergoes a tran-
sition from the initial rhombohedral phase to a cubic phase during a first voltage plateau
around 3.0-3.1 V vs. Na*/Na, which is associated with oxidation of the N-coordinated,
high-spin Fe?* on the Ma site, while the C-coordinated low-spin Fe?* on the Mg site is
oxidized in a following plateau around 3.3-3.4 V vs. Na*/Na.l'8!l The aforementioned
NasMn[Mn(CN)s] consequently shows an additional third plateau associated with the
C-coordinated Mn?*/Mn'+ redox.[178]

Due to the advantages of PBA/PW CAMs in terms of raw material cost and supply as
well as sustainability, various industrial manufacturers have started the production of
cells based on these materials, most recently Northvolt AB, supplied with PW CAM
from Altris AB,['% CATL, the now defunct Novasis Energies and Natron Energy, the
latter producing an aqueous electrolyte cell with an Fe-based PBA cathode and a Mn-
based PBA anode.['%6:157.174] Surprising in the face of such commercial investments,
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however, and especially in contrast to layered oxides, publicly available knowledge on
CEl formation and composition, gas evolution, electrolyte and thermal stability of
PBA/PW CAMs is rather sparse. While fully sodiated, i.e. discharged PBA/PW has
indeed a higher thermal stability than layered oxides, and especially shows no Oz evo-
lution during thermal runaway, Li et al. demonstrated that charged PBA CAM during
thermal decomposition exhibits a far stronger exothermic heat flow and higher weight
loss, associated with the evolution of the toxic gasses HCN and cyanogen [(CN)2].[19']
In chapter 4.4., factors influencing the evolution also of these gasses and CEl formation
during regular cycling and overcharge are discussed in detail. This study directly re-
sulted from our prior finding of (CN)2 evolution during cycling of high-entropy PBA and

PW, as observed via DEMS.[189.192,193]
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1.3. High-Entropy Materials

Work in this thesis is partially carried out on so-called high-entropy materials, or in-
spired by findings on such materials. Therefore, the high-entropy concept will be briefly
introduced. Whereas doping refers to the addition of traces of other elements to a
phase based on one or a few principal elements, such as the addition of Cr to Fe in
the manufacture of stainless steel or the addition of Zr to LNO, as discussed in chapter
4.1., high-entropy materials consist of multiple elements in similar amounts, often with
no discernible main element, in one phase.['®* One definition of high-entropy materials
is therefore a content of at least five principal elements in atomic percentages between
5% and 35% each.!'% Another definition is based on a configurational entropy A Scont
higher than 1.5R, with R being the universal gas constant, which can be calculated

according to equation 7, where xi is the mole fraction of element /119419
ASconf = _RZinzl(Xi Inx;) (7)

While first applied to alloys, the high-entropy concept has now spread to a variety of
materials, including battery materials both for LIBs and SIBs.['9*1971 While e.g. the high-
entropy PBA NaxFeo.2Mno.2Nio.2Cuo.2C00.2[Fe(CN)s] (AScont = 1.61R) consists of an
equal amount of each metal on the Ma site, the high-entropy P2-type layered oxide
Nao.67(Mno.45Nio.18C00.18 Tio.1Mgo.03Al0.04F€0.02)O2 (AScont = 1.52R) still requires an ex-
cess of Mn, both to support crystallization in the P2 structure and for redox-activ-
ity.[171.191] The vast compositional space of high-entropy material combinations requires
a development hand in hand with high-throughput experimentation and computational
materials science.l'® The high configurational entropy promotes the formation of a
single-phase solid solution, and as the involved ions are all of slightly different size, a
distorted lattice is obtained that may reduce defect formation and increase material
hardness.['®® Lastly, the various possible synergetic interactions between the ele-
ments contained in a high-entropy material are summarized as the so-called “cocktail
effect”, resulting in overall properties that exceed those expected from the sum of its
components.l'%®! Taken together, these effects can improve battery material perfor-
mance, e.g. by suppressing phase transitions, crack formation and gas evolution, while
increasing reversibility and ion diffusion.l'”!191] In chapter 4.3., it will be demonstrated
that the aforementioned high-entropy P2-type SIB CAM shows less degradation via
intragranular crack formation, as the P2-O2 phase transition is suppressed in favor of
a solid-solution (de)sodiation.[70]
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1.4. Motivation and Research Objectives

In this thesis, the surface of CAMs for both LIBs and SIBs is studied from various per-
spectives, with the aim of gaining a deeper understanding on the role of these surfaces
throughout the CAMs lifecycle, from synthesis over CEI formation to degradation. Es-
pecially, interplays between surface and bulk properties are discussed. First, the role
of different dopant introduction processes on LNO surface composition, and thus par-
ticle growth during synthesis, is considered. Then, the formation and exposure of fresh
surfaces due to cracking are studied, investigating the role of bulk composition and
phase-transition behavior on an exemplary series of P2-type SIB CAMs. Lastly, the
surface degradation and CEl formation of PW materials is investigated, as the vastly
different composition and structure of these materials, when compared to layered ox-
ides, allows for other, lesser understood reactions to occur.

To this end, two less common in situ methods are applied and further developed,
namely DEMS and Acoustic Emission (AE), which are each introduced in the following
chapters. As the gas evolution of NCM materials in LIBs has been studied in detail in
recent years, for DEMS, a literature review is carried out first to summarize not only
the findings of these studies, but also of applications towards new materials and cell
concepts, with the aim of consolidating available knowledge, identifying current re-
search gaps and predicting the future development of DEMS as a method. Further
work is then performed according to the identified research gap of SIB gas evolution,
especially from PBA/PW materials, while DEMS measurements also serve as a bridg-

ing element between the works in this thesis.

In the field of battery materials, AE, which has previously been implemented at BELLA,
is mostly used to characterize an individual material, e.g. towards its cracking behavior.
A further aim of this study is to develop AE as a method so that not only characteriza-
tion, but also comparison and evaluation of related materials can be performed, for

which the complex data obtained from AE require further analysis.

The purpose behind the works forming this thesis is therefore threefold: (i) To provide
a scientific and mechanistic understanding of the observed surface formations and re-
actions. (ii) To develop methods that allow a comparative in situ study of such reac-
tions. (iii) To yield findings that support optimization of CAM composition and synthesis,
as well as provide evaluation criteria for commercial applications of the CAMs studied,
including the previously unreported (CN)z evolution from PW materials.
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2. In Situ Gas Analysis

Mass spectrometry as an analytical technique able to separate ions by their mass to
charge ratio (m/z ratio) has seen rapid development in the century since its invention,
at first providing experimental evidence for the existence of isotopes, and today being
an integral part of various analytical applications, such as gas chromatography-mass
spectrometry (GC-MS).[199:2001 A very notable exception to the otherwise analytical na-
ture of its application is the calutron, essentially a preparative mass spectrometer de-
veloped for the enrichment of 225U within the Manhattan project, today being used for
the separation of stable isotope precursors to radioactive isotopes used in medical
imaging and treatment.l?9" |t is therefore not surprising that mass spectrometry also
found application in combination with electrochemistry, first to identify volatile reaction
products on a porous electrode, and soon after in situ via a membrane inlet, keeping
the aqueous electrolyte out of the mass spectrometer.[202203] This application is com-
monly referred to as DEMS, with differential referring to the measurement of evolution
rates instead of total evolved amounts. For an overview of DEMS instrumentation and
application in general electrochemistry, the reader is referred to the literature.[?04 Bat-
tery-related DEMS studies started in 1986 with the investigation of LIB electrolyte oxi-
dation on Pt electrodes by Eggert and Heitbaum, and Imhof and Novak reported the
first battery-specific DEMS setup for the study of electrolyte reduction on graphite and
oxidation on CAMs in 1998.1205-2071 Membranes, however, suffered from penetration by
nonaqueos electrolytes, and instead, partially inspired by similar in situ gas evolution
studies carried out on metal-air batteries, headspace sampling techniques were devel-
oped. Open headspace setups utilize the constant flow of an inert carrier gas to extract
evolved gasses, while a semi-closed headspace, as developed by McCloskey et al. is
only intermittently purged by carrier gas and sampled.?°®l The measurement of a
closed headspace through a crimped capillary, as developed in Gasteiger’s group, re-
sulting in total gas amounts instead of gas evolution rates, is commonly referred to as
online electrochemical mass spectrometry (OEMS).[2%% A more detailed account of the
history and development of in situ gas evolution studies on batteries is given later in
chapter 4.1., which further presents a review of state-of-the-art DEMS/OEMS instru-
mentation, applications and results in the study of battery materials. In the following,
the DEMS setup used in the work forming this thesis and the principles of mass spec-

trometry relevant for technical discussions in chapter 4.4. are summarized.
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BELLA’s DEMS setup, established by Berkes et al., is based on an open headspace
design, using a constant flow (2.5 mL min-') of He as a carrier gas flowing through a
customized cell housing, and then, in a variation of previous designs, through a cold
trap before entering the mass spectrometer.[?92111 Electrolyte carried out of the cell
due to its vapor pressure is condensed in this cold trap to prevent it from causing back-
ground noise in the spectrometer. To offset the loss of electrolyte in the cell, a bubbler
can be used to saturate the carrier gas with electrolyte, however, for faster changes of
the various electrolytes used without the need for electrolyte purging, this was not done
for the work herein. Similarly, the cold trap temperature setting was varied in depend-
ence of electrolytes and species of interest, as is discussed in chapter 4.4. A calibration
curve was obtained by passing a series of calibration gas dilutions with known concen-
trations for species of interest through the cell. The mass spectrometer (OmniStar GSD
320, Pfeiffer Vacuum GmbH) is evacuated first by a membrane roughing pump and
finally by a turbomolecular pump. It utilizes electron ionization of the analyte, followed
by a quadrupole mass filter and a secondary electron multiplier (SEM) to amplify the
resulting ion current.'? This measurement principle and the components involved, as

shown in Figure 5, are discussed in the following.

By passing a heating current trough an Y20s-coated Ir filament, a smaller current of
electrons is emitted, accelerated towards an anode cage (at electron energies typically
around 70 eV) and colliding with analyte molecules on the way. An impact with a gas
molecule ideally leads to ionization of the molecule by removal of a further electron,
however, other interactions, such as fragmentation, excitation or electron capture, may
also occur, mostly depending on electron energy.[199:200.212] The resulting cations are
accelerated in an electric field and the resulting beam focused via ion optics, leading
to an ion current, with the strength of the current depending on the emission current,
pressure and ionization cross section of the present analyte molecules. The cations
then enter the quadrupole mass filter, consisting of four long cylindrical rods arranged
in a square parallel to each other and the ion beam. The rods opposite of each other
are at the same potential, and in addition to a constant potential difference to the rod
pairs, a high-frequency alternating potential is applied to them. The resulting electric
field varies over time and within the plane perpendicular to the rods and incoming
beam, forcing the ions on a helical path, which is only stable for a narrow range of m/z
ratios that can be calculated from the Mathieu equations, while all other ions collide
with the rods, losing their charge.['°9212] By increasing the applied potentials, keeping
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the ratio between constant potential and alternating potential amplitude constant, the
m/z ratio of passing ions is increased, and a stepwise or continuous scan over the m/z
range of interest can be performed. After passing the mass filter, the remaining ion
current can be measured in a Faraday cup via the current required to neutralize the
charges of the ions that impacted the cup in a given timespan. To measure very small
ion currents at high scan speeds, typically a SEM is used, which increases sensitivity
and signal-to-noise ratio. Upon impact of ions on a layer of material with a low work
function, the impact may cause the release of secondary electrons, which after accel-
eration in an electric field can cause the same emission of secondary electrons, leading
to a cascading effect either between discrete dynodes or in a continuous SEM. The
latter consists of a horn-shaped curved glass funnel coated with a high-resistance low
work function material on the inside, to which a high voltage is applied that accelerates
the secondary electrons, resulting in an avalanche of electrons and thus a detectable
current at the end of the SEM.[199.200.212] |n the DEMS application, ion currents are am-
plified by a factor of ~1000, with higher amplification possible, yet at the risk of satura-
tion, as discussed in chapter 4.4. On the downside, the SEM ages due to contamina-
tions and reactions of ions with the emission layer, requiring an adjustment of the high
voltage applied to it, as will also be discussed in chapter 4.4.

A: worn filament
B: new filament D: Faraday cup
C: Quadrupole rods E: SEM inlet

Figure 5: Analyzer unit of the mass spectrometer consisting of ion source, mass filter
and detector.
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3. Acoustic Emission

While many sophisticated methods have been developed for the in situ and operando
investigation of batteries and battery materials, most of these still require specialized
cells and extensive instrumentation, such as X-ray sources and detectors/?'dl or, as
discussed previously, mass spectrometers, effectively limiting their application to la-
boratory environments. Therefore, these methods cannot be used to continuously
monitor batteries, e.g. in terms of state of health (SOH) and early detection of undesir-
able conditions and faults, such as short circuits, overcharge and onsetting thermal
runaway. Similarly, monitoring is also required already as a part of quality control after
cell assembly, especially in the formation process, where deviations indicate faulty pro-
duction, an issue plaguing battery manufacturing, with scrap rates of at best 5% and
at worst up to 30% being reported.[?1421]

In field applications, this monitoring, with the aim of maximizing battery lifetime and
minimizing safety risks, is performed by the battery management system (BMS) at a
cell or even module level and commonly based on electrical parameters, i.e. voltage,
current and resistance, combined with a simple temperature measurement, often by a
negative temperature coefficient (NTC) thermistor.[?'6] This simple, cheap and light-
weight NTC thermistor serves as a temperature sensor and is a widely applied exam-
ple of sensing methods to monitor cell conditions, found even in small cell phone bat-
teries, which come with a third terminal to connect the sensor to the phone. In contrast
to extensive laboratory instrumentation, sensing methods do allow for continuous mon-
itoring of batteries also in real-world application, as they only require one or more sen-
sors in or near a cell, while signal processing is carried out in the BMS or computers
nearby.[?'7218] Substantial research efforts are therefore directed towards the develop-
ment and improvement of sensors and sensing methods for application in battery man-
ufacturing and monitoring, often summarized under the term non-destructive test-
ing.[219-221] Fiber optic sensors within the cell, utilizing fiber Bragg grating, have been
shown to be able to measure various properties, such as strain, internal temperature
and pressure.[?21-224 With some modifications, even electrolyte properties, such as re-
fractive index and turbidity, as well as electrolyte infrared spectra (infrared fiber eva-
nescent wave spectroscopy), can be monitored.[?25-2261 Yet, apart from strain and tem-
perature measurements on the cell exterior, the optical fibers need to be placed inside
of the cell and connected to an external light source and interferometer, as light waves

otherwise cannot leave the cell. This requires either an inclusion of the fragile fibers
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already in manufacturing or an opening and resealing of the cells at a later stage, which
makes these methods invasive. Acoustic waves, however, may transmit through the
cell housing, making acoustic sensing not only non-destructive, but also non-invasive.
Acoustic sensing can be carried out both in active and passive manner. In active sens-
ing, an ultrasound transducer generates acoustic waves, which pass through the cell
and are detected either in transmission or reflection. Information is gained from varia-
tions in signal amplitude, scattering and time of flight (ToF), as different materials result
in different wave velocities and acoustic impedance, which are further affected by phys-
ical changes to the material.l??7-228 This way, changes in the SOC are reflected in the
ToF, while e.g. gas bubbles strongly reduce signal intensities.[?2°! In multilayer cells, a
general ToF increase can indicate cell swelling, while ultrasonic testing even provides
layer-specific resolution, as reflection in each layer results in a different ToF, with re-
peated reflection creating an echo-chamber effect, however.[2302311 Ultrasonic monitor-
ing finds commercial application in quality control of cell wetting and formation, and
various other applications have been reviewed in the literature.[?27:228:232.233] Active
sensing requires the use of an ultrasound transducer as a source of acoustic waves,
while passive acoustic sensing detects acoustic waves emitted by the battery itself,
thus requiring only a detector. This passive, non-destructive and non-invasive meas-
urement is called Acoustic Emission (AE), and its fundamentals will be presented be-

low, while its application to P2-type SIB CAM forms chapter 4.3. of this thesis.

Typical and commercial applications of AE involve monitoring of structural integrity by
detection of crack formation, from tensile strength testing of welded joints!?4 over lam-
inates, such as wind turbine blades,[2352%61 to rock, steel and concrete structures in civil
engineering.[?372381 |n a further abstraction, not only crack formation itself, but the pro-
cesses leading to it, from machine wearl?3623% gver termite feeding on wood?* to cor-
rosion,?*!l can be studied, including the study of power systems, such as solar cells,
fuel cells and batteries.[??7236] Such studies are, however, complicated by the non-triv-
ial attribution of AE signals to their likely source of origin.

Mechanical disturbances, such as from local structural rearrangement by plastic defor-
mation or cracking, releasing strain energy, can propagate through elastic solid media
in various forms of elastic waves, also called acoustic waves, in addition to the some-
times audible sonic waves propagating through the air.[238.242243] |n contrast to gases,
solids possess not only volume, but also shear elasticity, which complicates the phys-
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ics behind waveforms, propagation, scattering and reflection enough to become scien-
tific branches of their own in the form of acoustics and seismology. For this reason, AE
as a method of non-destructive testing of complex systems relies less on a fundamen-
tal theoretical model, which yields analytical equations, and more on empirical and
numerical approaches.[?3.244 By means of a transducer at the sample surface, com-
monly a piezoelectric sensor that converts the elastic deformation into a voltage signal,
acoustic waves and therefore the processes from which they originate can be rec-

orded.l?38:243 The recording and analysis process is shown in Figure 6.
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Figure 6: a) Schematic acoustic wave associated with one hit and the respective hit
properties, adapted with permission from ref. [245]. Copyright © 2017 I0OP Publishing
Ltd. b) Schematic acquisition and different waveforms in time and frequency domain,
respectively, adapted with permission from ref. [221]. Copyright © 2022 Springer Na-
ture.
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If the signal obtained from a single acoustic wave, as shown in Figure 6a, passes a
deflection threshold for at least a given number of times (counts), it is registered as a
so-called hit, which is further characterized by a set of parameters characteristic of the
waveform detected.l?*] These include, but are not limited to, the number of counts, the
duration between first and last count, the amplitude, energy (area under squared signal
envelope), rise time (time between first crossing of the threshold until maximum ampli-
tude and, obtained after Fourier transformation, the frequency distribution and espe-
cially peak frequency.[?27:235238.2421 The frequencies monitored depend on the sensor,
and typical bandwidths for piezoelectric sensors are between 50 kHz to 1 MHz, far

above the human audible spectrum.[227:236]

While in a few applications the mere detection of hits or the rate by which hits are
observed can indicate and measure a process of interest, it is often found that only hits
of certain waveform, i.e. of certain characteristic parameter combinations, are corre-
lated with the process of interest, and that multiple acoustically active processes occur
simultaneously. The identification and interpretation of hit patterns typically involves
not only filtering out background noise, but also data handling and analysis methods
ranging from manual classification over principal component analysis to machine learn-
ing and neural networks, or even complete physical and mathematical mod-
els.[235236,241,242,245,246] The result of such an analysis is a correlation that allows to de-
termine or even predict a certain state or process in the object investigated by the AE
detected. In a battery context, cell venting or explosion are examples of processes that
can be detected by the mere presence of acoustic signals, while e.g. determining cell
SOC or (non-zero) SOH from AE activity, and the associated waveform parameters
result in complex correlation matrices.l?47-250 In such correlative studies, a black box
model is assumed for the battery, i.e. the exact cause of AE activity is not determined.
Only in a further step of analysis can certain AE hits be associated with a causal mech-
anism of their origin. In the AE characterization of various battery materials, it was
found that gas evolution, film growth, such as SEI or CEI formation, and crack for-
mation are detected via AE and can further be distinguished by hit classification, as
the peak frequency increases and rise time decreases in the order gas evolution, film
growth and crack formation.[?27:251-53] This is schematically shown in Figure 6b. Apply-
ing AE to LNO, Schweidler et al. classified AE hits into three groups of increasing peak

frequency, finding that hits below 300 kHz of peak frequency are mostly limited to the
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first charge, where they occur consistently, while hits of a third group with peak fre-
guencies above 400 kHz also occurred in the following cycles, and mostly concurrently
with the H2-H3 phase transition, indicating that the latter are the result of particle frac-
ture, while the former result from CEl formation.[?>' In chapter 4.3., AE application and
hit classification in the context of battery materials is discussed further, while it is shown
that for a series of P2-type SIB CAMs, even intragranular and intergranular cracking
can be distinguished via AE, utilizing the setup developed by Schweidler et al.[170:251]

Briefly, in this setup coin cells are cycled with the electrode of interest at the bottom of
the cell, and the cell bottom is slightly pressed against the AE sensor, with silicon
grease acting as acoustic couplant. The recorded signal is preamplified by a preampli-
fier and then processed via a dedicated acquisition card, which converts the continu-
ous sensor signal, once it exceeds the threshold, into hit-based datasets, as defined
by acquisition parameters, such as sampling rate, and a lockout time to avoid recording
reflected waves. The signal processing is described in more detail in the available lit-
erature.[?38:242.243.251] jg proprietary software (all Mistras Group, Inc.), further filters
(number of counts, high pass etc.) can be applied and the data exported. While a cal-
ibration of the sensor itself is possible by breaking a pencil lead,[?38.244] the overall sen-
sitivity of the setup depends mostly on the coin-cell assembly and connection of the
cell with the sensor, so that commonly different absolute amounts of hits are recorded
in repeat measurements, requiring normalization, as further discussed in chapter 4.3.
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4. Results and Discussion

In the works constituting this thesis, various CAMs both for LIBs and SIBs are prepared
and analyzed, with a focus on the formation and reactivity of their respective surfaces.
As previously introduced, the formation of gaseous products at and from the CAM sur-
face is commonly observed. However, a detailed in situ study of the gas evolution, e.g.
via DEMS, requires specific, often self-developed instrumentation and techniques, and
is thus restricted to only a limited number of research groups, including BELLA. Chap-
ter 4.1. contains a review of instrumentation, applications and possibilities of such
in situ gas evolution studies, as DEMS measurements are applied to all materials in
the following studies, serving as a connecting element in this thesis. This spans from
the formation and purity of Zr-doped LNO primary particle surfaces in dependence of
the dopant introduction process route, as presented in chapter 4.2., over crack for-
mation leading to exposure of new P2-type SIB CAM surfaces to the electrolyte and its
study by AE, as presented in chapter 4.3., and the degradation of PW CAM surface in
contact with various electrolytes, as presented in chapter 4.4.
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4.1. Review: In situ analysis of gas evolution in liquid- and solid-electrolyte-
based batteries with current and next-generation cathode materials

At the beginning of this PhD project the DEMS setup was taken over from predeces-
sors at BELLA,[210.211,254.285] gnd the gas evolution mechanisms of NCM materials in
combination with organic carbonate electrolytes in LIBs were reasonably well under-
stood (with the exception of the prevalent decomposition mechanism of surface car-
bonates, see below). For this reason, a literature review was conducted to summarize
this understanding and identify research gaps and novel applications for in situ gas
evolution studies. While existing reviews focused on either instrumentationl?%¢! or the
evolved gasses themselves,[?57] this review focusses on the methodology and applica-
tion of in situ gas evolution studies to novel materials and cell concepts on the one
hand, and to the isotope-labelling assisted elucidation of complex reaction mecha-
nisms on the other hand.

It was found that even though the gassing of NCM in LIBs was mostly understood, with
the emergence of new cell concepts, chemistries and materials, especially cathode
materials exhibiting partially irreversible oxygen redox, electrolyte additives and mate-
rials for SIBs, a second spring for gas evolution studies was likely to occur. At the same
time, the main limitation for in situ gas evolution studies was the need to establish
customized setups and their correct and reliable operation. The gas evolution of SIB
CAMs was identified as least investigated and chosen to be a focus of BELLA’s DEMS
study activities next to the unique application of DEMS to SSBs.

Indeed, since the conception of the review, various new works on in situ gas evolution
studies have been published. This includes further review articles with slightly other
focus aspects, such as the role of gas evolution in safety and thermal stability,[258-260]
the development of DEMS for various cell concepts,[?6'-262] glectrolyte decomposition
mechanisms, 23l correct calibration,[?64 further mass spectrometry-based techniques
in battery research, such as GC-MS and ToF-SIMS,[124.125] and review articles high-
lighting DEMS/OEMS as a relevant characterization method, e.g. on CAM morphol-
ogy,['3% CEI formation!'?6l or oxygen redox.[”>761 Furthermore, various works have re-
ported the development of novel setups and methods for gas evolution studies, featur-
ing new cell designs,[?65-268] measurements in large format multi-layer cells,[269270]

measurements at elevated temperature and during thermal runaway,[247-248.2711 getups
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including multiple other analytical methods in parallel,[?47:248.267l measurements on ca-
pacitators,?”?l setups with increased gas sensitivity,[273-276] setups with increased time
resolution, 762771 and a combination of DEMS data with a computational chemical re-
action network.1278 Similarly, new concepts have also been demonstrated for pressure
measurements in commercial cells.[?79280 At BELLA, the DEMS setup was, in one
case, also modified to investigate the stability of surface-modified graphite felt elec-

trodes for vanadium redox-flow batteries.[281]

Since the publication of the review, DEMS and OEMS continue to be used in the con-
text of investigations on conventional NCM chemistries, such as electrochemical sta-
bility window determination,['%! effects of CAM doping, 282283 Ni}; defects, 2842891 sin-
gle-crystalline morphology and surface reactivity,[?86-2881 SE| formation,[28%2%0 Sj an-
odes,?®"l effects of electrolyte additives[?922%] and the benefits of localized high-con-
centration or saturated electrolytes over conventional electrolyte compositions.[294-2%]
On the issue of Li2COs, Li et al. and Zheng et al. have reported a beneficial use of
Li2COg as a cathode additive in full cells, providing additional Li inventory, arguing that
evolved CO: is dissolved in the electrolyte and has a further beneficial effect on SEI
formation.[?97:2%8 However, Cai et al. stressed that Li2COs impurities on NCM lead to a
thicker rock-salt-type layer and more electrolyte degradation.l?®® Regarding the degra-
dation mechanism, Song et al. demonstrated that the chemical decomposition of
Li2COs depends on the LiPFs concentration in EC-based electrolytes. EC either coor-
dinates to the PFs anion or is present as “free” EC, which the authors argue undergoes
dehydrogenation faster and at lower potentials, providing the acid proton necessary for
chemical decomposition of the carbonate.[3%1 On the other hand, Cao et al. performed
an extensive study on the decomposition mechanism, utilizing isotope labelling and
combining DEMS and GC-MS for a distinction of CO2 and CO. They find that when
using LiTFSI in tetraglyme as electrolyte, only electrochemical decomposition of
Li2COs occurs even in the presence of water, while only upon use of LiPFs, both in an
EC-based electrolyte and in tetraglyme, chemical decomposition occurs.[0'l A similar
investigation of the unexpected role of conductive salt and electrolyte solvent on DEMS

results is presented in this thesis in chapter 4.4.

The review also includes titration mass spectrometry (TMS) in combination with iso-
tope labelling as a quantitative ex situ investigation method for the presence of car-

bonates on the CAM surface and the oxidation state of both transition metals and ox-
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ygen. Since the writing of the review, TMS continues to find application in CAM analy-
sis,[302-304] byt most recent development has focused on the anode side, which was
overlooked in the review. In earlier works, Schmitz et al. showed via mass spectrome-
try that the hydrolysis of a Li-metal SEI yielded acetylene, indicating the presence of
lithium carbide in the SEI,[2%%! while Fang et al. showed that inactive (insulated) Li in a
Li-metal anode can be quantified from the Hz evolution after addition of water, ruling
out a contribution of LiH in the SEI by a titration with D20.[2%] McShane et al. performed
TMS on graphite anodes after fast charging, quantifying not only inactive Li, but also
SEI components.B971 After publication of the review, various TMS setups and studies
ranging from graphite to Li-metal to Li-free anodes have been reported, often utilizing
isotope labelling, that allow to quantify the SEI composition and correlate it with initial

Coulomb efficiency, i.e. optimize the SEI formation process.[308-313]

As predicted, DEMS/OEMS continues to find application in the study of Li-rich materi-
als with oxygen redox contribution, where the suppression of irreversible anion oxida-
tion to Oz is a key challenge. This includes both layered oxides, where on the one hand
the tuning of cation and anion redox contributions,*'¥ on the other hand the effect of
coatings and dopings on gas evolution can be assessed,[®15316] put also DRX CAMs.
Crafton et al. used DEMS and TMS to study the effect of increased fluorine content on
oxygen redox and gas evolution in oxyfluoride DRX materials, also using the TMSPa
additive to track F~ dissolution via DEMS.13%4 Huang et al. expanded their TMS method
of tracking Ni and O redox contributions, as already featured in the review®'”! into a
two-step process, also able to track Mn oxidation states via the oxidation of oxalic acid
to CO2.3%81 Yin et al. ruled out reversible oxygen redox in LisMn20s via DEMS,®8 and
Zhou et al. reported on increased lattice oxygen stability achieved in the high-entropy
Li1.25Nio.1C00.1Fe0.1Cro.1Tio.2Nbo.1501.8Fo.2 DRX material compared to the lower entropy
counterpart, Li1.25Nio.4aNbo.3501.8F0.2.319

The study of oxygen redox not only via DEMS/OEMS, but also via the complementary
method, resonant inelastic X-ray scattering (RIXS), has been discussed in the review,
including the observation of vibrational peaks corresponding to the 1.2 A bond length
of trapped molecular Oz via high-resolution RIXS in oxygen redox active SIB CAM by
House et al.l*?0 They have reported the formation of trapped O2 also for various Li-rich
CAMs, and after writing of the review, further applied neutron pair distribution function
(PDF) analysis, again observing the 1.2 A bond length associated with molecular Oz in

charged CAM.1321.3221 Recently, they reported that in stored, charged electrodes the
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magnetic moment, as well as the Oz RIXS and nuclear magnetic resonance (NMR)
spectroscopy features increase over time, concluding that delocalized electron holes
on O~ become increasingly localized in the form of molecular O2 trapped in clustered
vacancies formed by in-plane transition-metal migration.*2! The underlying RIXS fea-
ture has been observed also by Li et al.,[*?4 and Wu et al. observed molecular Oz via
electron paramagnetic resonance (EPR) spectroscopy while deriving a Nb-surface
doping strategy to suppress O2 loss from P2-SIB CAM.[22% However, the contribution
of oxygen redox to the capacity of even conventional NCM materials, in which no Oz
trapping should happen, due to the lack of transition-metal layer vacancies, has also
received increased attention. Menon et al. observed the same molecular Oz feature in
high-resolution RIXS of W-doped LNO that House et al. had associated to trapped
molecular Oz in Li-rich oxides.[*?¢! Thus, Menon et al. argue that the feature may not
be attributed to molecular Oz after all, and the understanding of transition-metal and
oxygen redox contributions needs to be reconsidered. In this regard, Genreith-
Schriever et al. reported that it is oxygen oxidation that provides most capacity in LNO,
based on calculations and simulations, in good agreement with experimental X-ray
absorption spectroscopy (XAS) data, also finding the 1.2 A bond length in a molecular
dynamics simulation of trace water-based O-O dimerization and explaining the for-

mation of singlet oxygen from a peroxide intermediate.''3!

In the field of SIBs, subsequent gas evolution studies continued to focus on layered
oxides and the effects of composition and coatings on the associated oxygen
loss.[327:328] For a P2-type CAM, Shao et al. reported that a combined Li2ZrO3 coating
and Li*/Zr*+-doping reduced the gas evolution during cycling.*?% Also in LNO, the coat-
ing or doping process affects the distribution of Zr*+ between coating (Li2ZrO3 phase)
and true doping, as is discussed in chapter 4.2.1330 Ding et al. reported that in O3-type
Nao.g5Li0.07Cuo.11Nio.11Fe0.3Mno.4101.97F0.03, increased configurational entropy, i.e. in-
cluding partial replacement of O by F, increased transition-metal redox and reduced
gas evolution due to irreversible oxygen oxidation.31]

Pfeiffer et al. observed a bimodal CO2 evolution profile of a P2-type CAM, with one
peak of gas evolution rate observed at the onset of the P2-O2 phase transition, and
another at the upper cut-off voltage, which they explained by the formation of cracks
and the associated exposure of additional CAM surface area.l'®4 The in situ detection
of crack formation and gas evolution of P2-type CAMs with varying configurational en-

tropy via AE is further discussed in chapter 3.3.170.171]
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Lee et al. found that crack formation in P2-type CAM can occur already during storage
by exposure to moisture and COz2, which extract Na from the structure to form NaOH,
NaHCOs and Na2CQOs surface impurities, leading to decomposition of the CAM under
O:2 evolution, as demonstrated by mass spectrometry.[3321 Zhang et al. used acetic acid
washing to remove such surface impurities, as they lead to slurry gelling, and via
DEMS interestingly observed that not only the gas evolution from surface impurities is
reduced, but that also the thus formed sodium acetate during the first charge under-

goes a Kolbe reaction,!33 |leading to evolution of not only COz2, but also ethane.[168l

Geisler et al. developed a three-electrode DEMS setup aimed towards SIBs, compar-
ing diglyme- and propylene carbonate-based electrolytes, and identified dimethyl ether
as a degradation product of diglyme.[?%8 Furthermore, Geisler also confirmed the evo-
lution of (CN)2 from PW CAM, as was observed at BELLA.[89.192.193.266] Gg et al., on
the other hand, did not detect (CN)2 from PW CAM when investigating the role of PW
water content on gas evolution, likely due to insuficcient instrumentation.[®3* In chapter
4.4., both the role of PW water content on gas evolution and limitations of (CN)2 detec-

tion are discussed in detail.

The review was initiated and designed by Dr. Torsten Brezesinski and the author of
this thesis. Literature collection and review, as well as the writing of the original manu-
script was done by the author. Dr. Torsten Brezesinski and the author prepared the
figures. Dr. Aleksandr Kondrakov, Prof. Dr. Jurgen Janek and Dr. Torsten Brezesinski

supervised the work. The manuscript was edited by all authors.

Reprinted from S. L. Dreyer, A. Kondrakov, J. Janek, T. Brezesinski, J. Mater. Res.
2022, 37, 3146-3168, DOI 10.1557/s43578-022-00586-2 without changes under a
Creative Commons Attribution 4.0 License (CC-BY; http://creativecommons.org/li-
censes/by/4.0/). Copyright © 2022 The Authors. Published by Springer Nature AG &
Co. KGaA.
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The operation of combined mass spectrometry and electrochemistry setups has recently become a
powerful approach for the in situ analysis of gas evolution in batteries. It allows for real-time insights
and mechanistic understanding into different processes, including battery formation, operation,
degradation, and behavior under stress conditions. Important information is gained on the safety and
stability window as well as on the effect of protecting strategies, such as surface coatings, dopings,
and electrolyte additives. This review primarily aims at summarizing recent findings on the gassing
behavior in different kinds of liquid- and solid-electrolyte-based batteries, with emphasis placed on

novel cathode-active materials and isotope labeling experiments, to highlight the relevance of in situ gas

analysis for elucidation of reaction mechanisms. Various instrumental and experimental approaches are

presented to encourage and inspire both novices and experienced scientists in the field.

As the increasing societal and commercial demand for large-
scale energy storage and electric vehicles continues to promote
innovations in battery research, new or improved materials and
concepts are in the focus of scientific interest. Main motives for
these innovations are improvements in one or more of energy
density, longevity, safety, sustainability, and ultimately costs.
For current generation lithium-ion batteries (LIBs) with
graphite as anode material, the focus is on the tradeoff between
larger energy density and lower costs by increased Ni content in
the layered transition metal oxide cathode-active material (CAM)
and reduced cycle life resulting from the change in composition
and reactivity. While incremental improvements, mostly from
suppressing degradation mechanisms, such as particle fracture
(exposing additional [reactive] surface area to the electrolyte) or
phase transitions/transformations, are made to these CAMs, their
Ni content approaches 100%, thus limiting the possibilities for fur-

ther energy density increases at the positive electrode side [1, 2].

©The Author(s) 2022

For improvements beyond, Li-rich CAMs, both layered and
with rock-salt-type structures, are currently being discussed.
These materials gain additional capacity by involving lattice
oxygen in the redox, but the often limited reversibility of this
reaction remains a challenge [3-5].

A relatively large increase in energy density at the anode
side can be achieved by substitution of the graphite as stand-
ard electrode material by Li metal. However, because of den-
drite formation, cells with Li metal anodes are prone to failure.
The solid-state battery (SSB) promises to solve this problem
by replacing the liquid electrolyte with a solid electrolyte (SE),
which also reduces the cell’s flammability [6]. For this reason,
bulk SSBs are receiving increasing interest lately. Nevertheless,
cell manufacturing and especially the development of the key
component, an SE with favorable mechanical properties as well
as high (electro)chemical stability and Li-ion conductivity, still
require additional research in order to achieve SSBs with com-
petitive energy and power densities [7].
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Meanwhile, the much higher abundance of sodium com-
pared to lithium makes sodium-ion batteries (SIB) a suitable
candidate in the field of post-LIB technologies. While the CAMs
introduced so far can rarely match their lithium equivalents in
terms of specific capacity, the lower costs and environmental
impact make SIBs promising for large-scale energy storage [8,
9.

For all battery materials and concepts mentioned so far, key
to their continuous development and improvement is a thor-
ough understanding of (side) reaction mechanisms at play dur-
ing formation, operation, and degradation. In situ techniques
allow for the characterization of materials within the relevant
environment of a battery cell, while operando techniques go one
step further and enable real-time monitoring during cycling
operation (i.e., within a dynamic, operating system). Thus,
it comes as no surprise that various review papers on in situ
characterization studies are available in the literature [10-13].
However, most in situ or operando methods applied to battery
materials, such as (electron) microscopy, spectroscopy and
X-ray-based techniques, are restricted in their working princi-
ple to condensed matter or even crystalline phases only [13, 14].

As for the materials and concepts discussed above, reactions
that include gas evolution are relevant to their evaluation, such
as the surface (im)purity, structural (in)stability, interface for-
mation, and electrolyte degradation. The in situ gas analysis is
therefore a useful addition to routine electrochemical experi-
ments and other analytical techniques for better understanding
of reaction mechanisms. To this end, mass spectrometry (MS)
is typically performed simultaneously with battery operation.
While existing reviews focus mostly on instrumentation [15]
and standard materials [16], in this work, an overview of recent
developments in the field of in situ instrumentation and gas evo-
lution studies is given, with emphasis placed on novel CAMs
(with layered and rock-salt or related lattice structures) and cell
concepts.

Instrumentation

The combination of electrochemical testing and MS allows for
a variety of experiments, with in situ measurements usually
referred to as differential electrochemical mass spectrometry
(DEMS) [17, 18]. In the battery context, pioneering work has
been reported by Imhof et al. as early as 1998, studying the solid-
electrolyte interphase (SEI) formation on graphite by using a
porous electrode and a hydrophobic membrane separating the
cell from applied vacuum to selectively extract evolved gases
from the working electrode [19]. The development history
of in situ MS in the battery field has been described in more
detail by Schiele et al. [15] and Lundstrém et al. [20]. As the

© The Author(s) 2022

hydrophobic membrane can be passed by organic solvents, espe-
cially those of low boiling point, a stream of carrier gas can be
used instead to extract the evolving gasses from the cell’s head-
space [21]. The use of carrier gas comes at the price of stress-
ing the cell by electrolyte depletion, because the electrolyte sol-
vents are carried out of the cell, albeit at a slower rate, and also
detected by the mass spectrometer. Berkes et al. implemented
both a bubbler to saturate the carrier gas with electrolyte sol-
vents before entering the cell and a cold trap near the outlet of
the cell to remove them from the carrier gas again [22]. While
reducing noise and allowing for longer battery operation time,
the introduction of carrier gas and cold trap affects the achiev-
able time resolution. For this reason, Jusys et al. chose to keep
working with a fluoropolymer membrane in their recent setup
[23].

An alternative to carrier gas or membranes is the use of
closed or semi-closed headspaces. In a semi-closed headspace, as
introduced by McCloskey et al. [24], He et al. [25] and recently
by Lundstrom et al. [20], see Fig. 1(a), the evolved gasses are
purged at set time intervals, again sacrificing time resolution,
but gaining an environment that closer resembles a standard
battery, as well as a potentially higher detectability of trace gas-
ses, as these have time to accumulate and are not constantly
diluted in the carrier gas. An additional benefit of this approach
compared to the continuous measurement of gas evolution is the
possibility of monitoring the gassing of multiple cells with just
one spectrometer by purging them subsequently. The choice of
purging interval has to be reasonable compared to the timeframe
of battery cycling, but with cells often cycled at a 0.1C rate, sam-
pling every 10 min already generates 60 data points for a single
charge or discharge cycle. The reader should keep in mind that
even when “continuously monitoring,” a standard quadrupole
mass spectrometer may only measure a single m/z ratio at a
time, thus also affecting the possible time resolution, especially

during broadband monitoring (e.g., all m/z from 1 to 100 are

a ) Gas outlet b )
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Figure 1: (a) Measurement cell used by Lundstrom et al. Adapted with
permission from [20]. (b) Setup to analyze gassing of commercial 18650
cells. Adapted with permission from [30].
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measured). Because of the discrete nature of the sampling times
and the accumulation of gasses in the headspace, the gas analysis
from a semi-closed headspace is typically referred to as online
electrochemical mass spectrometry (OEMS) instead.

The closed headspace approach developed in the group
of Gasteiger is also referred to as OEMS. In this case, a small
capillary leak connects the headspace of the cell continuously
and directly to the mass spectrometer, with only very small gas
flow necessary, thereby eliminating the need for carrier gas,
membranes, purge valves, and cold traps [26, 27]. Notably, as
the headspace is not purged, the gas composition is measured
and has to be differentiated to obtain gas evolution rates. As
the headspace gas is not refilled, the pressure within the cell is
decreasing over time, limiting the maximum measurement time.
For this setup, a two-compartment solution via Li-ion conduct-
ing glass ceramic has been used to selectively measure the gas
evolution at one electrode only [27].

We note that many of the experimental setups discussed
herein are derived from setups for the study of metal-air bat-
teries by in situ MS. Because of conceptual differences and the
contrasting role of gas presence, this article excludes metal-air
battery studies.

A further simplified OEMS design has been reported by
Hahn et al., using an X-shaped Swagelok-type cell, yet with chal-
lenges in response time and quantification, and result depend-
ency on the exact capillary position [28]. Recently, Geng et al.
established OEMS measurements on pouch cells via the closed
headspace principle [29] and Mattinen et al. even demonstrated
an OEMS setup that is capable of monitoring the gassing of com-
mercial 18650 cells, see Fig. 1(b) [30].

Irrespective of the chosen design approach, quantification
of the gases evolved is achieved by flushing the cell with a cali-
bration gas of known composition (e.g., in ppm for each gas of
interest) after the measurement. If doing so in steps of different
dilution with carrier gas, a calibration curve (e.g., ion current
to ppm of gas) can be obtained. Using either the flow rate (open
headspace) or cell volume (closed headspace), a conversion of
concentration to evolution rate or amount of gas is possible. A
detailed description for the calibration of a semi-closed head-
space system is provided elsewhere [20].

Gas chromatography (GC) can also be applied to batteries
in situ [31]. In this case, it is even possible to replace the mass
spectrometer by a simpler detector, such as thermal conductiv-
ity [32] or barrier ionization discharge detectors [33]. However,
it should be noted that the possible sampling rate is strongly
decreased due to the chromatographic retention times of the
gaseous species, so that measurements have to be performed
very slowly or only at certain potentials [32, 33]. Horsthemke
et al. used in situ GC-MS to examine the consumption of
vinylene carbonate (VC) and the formation of electrolyte aging
products, including their identification [34]. Because electrolyte

© The Author(s) 2022

and aging products are not gaseous and their detection relies
on the extraction procedure and heating ramps applied during
GC, such studies are outside the scope of this article. The same
holds true for works limited to a specific gas or ion, such as the
detection of evolved oxygen via reduction at a rotating ring disk
electrode, as described by Yin et al. [35].

Readers keen on establishing own DEMS or OEMS setups
are encouraged to take a look at the available literature, as well
as to consider their own needs and interests, as the setups should
be tailored to the system(s) of interest. This kind of tailoring
is highlighted when comparing the OEMS setups of Mattinen
et al. [30] and Lundstrom et al. [20], which, while published
recently and almost at the same time, are fundamentally differ-
ent in almost any aspect. Commercial turnkey DEMS solutions
are available, but are in most cases not optimized for battery
research. Some criteria to consider are the intended operation
time and (dis)charge rate of the cell; the size and loading of elec-
trodes; the use of standard (calendered) electrode tape versus
the need to specifically coat membranes, separators, or mesh
[15]; the ability to measure multiple cells at the same time; the
expected amount of evolved gasses; the ability to do measure-
ments in pouch cells, Swagelok-type cells, or in a customized
cell setup; the ability to switch between electrode materials and
electrolytes; the volume of electrolyte required; restrictions of
electrolyte by vapor pressure or melting point, and the need for

a cold trap.

State-of-the-art LIBs

For an introduction into and the history of gas evolution in bat-
teries, the reader is referred to the existing literature [15, 16]. In
this article, more recent findings relevant to the fundamental
mechanistic understanding of gas evolving (side) reactions and
Ni-rich CAMs will be reviewed.

Cathode gassing

For LiNi,Co,Mn O, (NCM) materials, CO, is the main compo-
nent of gasses released at the cathode side. Additionally, a con-
current evolution of CO is usually observed. Apart from surface
carbonate impurities, which will be discussed separately in the
next section, the CAM itself does not contain carbon, leaving
conductive carbon black, polymer binder, and electrolyte as pos-
sible sources. Because O, evolution from the CAM is often also
detected, albeit at a lower level, the conclusion of oxidation of
one of the aforementioned components is only logical. However,
it should be noted that the organic carbonate electrolytes, such
as the widely used ethylene carbonate (EC), can also release CO,
upon hydroxide-catalyzed hydrolysis.

The exact nature of the electrolyte oxidation reaction, with
different onset potentials reported earlier, as well as of the O,

release, has been clarified by Jung et al. and Streich et al. They
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demonstrated that for NCM811 (80% Ni), NCM622 (60% Ni),
and NCM111 (33% Ni), the onset of gas evolution varies, being
at a lower potential with increasing Ni content (when the state
of charge (SOC) reaches = 80%) [36, 37]. From this observation,
Jung et al. were able to assign the SOC-dependent CO, evolution
below 4.7 V vs. Li*/Li to the chemical oxidation of EC by O,
released from the NCM lattice. Above 4.7 V; also electrochemical
oxidation was apparent, as demonstrated with an electrode con-
taining no CAM. In a follow-up study, they further showed that
the onset potential is not dependent on temperature, but only
on SOC, which at a given potential only changes slightly with
increasing temperature [38]. They also observed an increase in
gas evolution at elevated temperature and, using "*C-labeled
electrolyte, identified (and quantified) electrolyte hydrolysis and
impurity oxidation as the reasons for gas evolution prior to the
O, release from the NCM.

As lattice oxygen is released, the layered oxide surface
undergoes a reconstruction toward a redox-inactive rock-salt-
like phase. The thickness of this layer can be calculated from the
observed gas evolution (O, and CO, from chemical electrolyte
oxidation) and the CAM’s specific surface area [37]. However,
as Oswald et al. recently demonstrated in a comparison of poly-
crystalline and single-crystalline NCM CAMs, the increase in
specific surface area due to particle fracture upon delithiation
(charge) has to be taken into account [39]. In a follow-up study,
they examined the role of particle morphology, i.e., primary par-
ticle size, finding both a lower total gas release, with no O, but
only CO, evolution, for single-crystalline material [40].

Metzger et al. investigated the electrochemical oxida-
tion of carbon black and EC containing different supporting
lithium salts at various temperatures by using '*C-labeled car-
bon electrodes and common *C-electrolyte in order to distin-
guish the reaction products (*CO, and >C0Q,) in OEMS [41].
They observed that the conductive carbon is oxidized in the
presence of LiClO,, but not in the presence of LiPF,, lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) or LiBF,, whereas
EC oxidation took place in the presence of LiPF,, thus conclud-
ing that LiBF, is best suited for use at high potentials.

A major discovery in the field of battery gas evolution was
the in situ observation of singlet oxygen ('O,) generation by
both NCM and Li-rich CAMs, which will be discussed sepa-
rately, by Wandt et al. [42]. In previous works, it has already been
speculated that the released oxygen is highly reactive, because
the electrolyte is not oxidized when handled in air. Using the
633 nm photon emission of 'O, dimers upon return to ground
state, Wandt et al. developed an operando photomultiplier setup
that is capable of detecting the released photons, revealing the
presence of 10, above ~80% SOC and correlation with the gas
evolution from OEMS. This work has major implications, as it
suggests that not stability against electrochemical oxidation,

© The Author(s) 2022

but instead against 'O, is the foremost requirement for electro-
lytes when CAMs are operated at high SOC. Freiberg et al. also
demonstrated the reaction of EC or dimethyl carbonate (DMC)
with 'O, using rose bengal dye to excite oxygen dissolved into
the electrolyte upon irradiation while also monitoring the gas
evolution [43]. In EC, they observed the formation of CO, (but
no CO) and consumption of O,, while in DMC no signal above a
background experiment without dissolved oxygen was detected,
highlighting the stability of DMC against !0,. A reaction mecha-
nism has been proposed from density functional theory (DFT)
calculations, including (in the first step) the dehydrogenation of
EC with the formation of VC and H,0,. The presence of H,0,
has been confirmed colorimetrically via the [Ti(0,)]*" complex
and its subsequent oxidation probed using OEMS, revealing the
evolution of O, at 4.4 V vs. Li'/Li, leaving H,O and acid protons
behind. The formation of H,0O and acid protons has multiple
detrimental effects, such as the hydrolysis of LiPF, producing
HF and leading to transition metal leaching from the CAM [44].

The effect of increased Ni content in NCM CAMs on gas
evolution has been studied by considering the endmember
LiNiO, (LNO). de Biasi et al. used DEMS to show that some
(mostly minor) O, evolution (and thus also CO, evolution)
already occurs in the H2 region (x(Li) = 0.3), with the gassing
being reduced during the H2-H3 phase transformation before a
large increase in rate of gas evolution is observed (SOC > 80%).
Surprisingly, they also detected O, evolution in the H2 region
during discharge [45]. A mechanistic insight on oxygen evo-
lution has been given by Li et al. They combined DEMS with
synchrotron X-ray absorption spectroscopy (XAS) and reso-
nant inelastic X-ray scattering (RIXS) and showed that during
charge, starting from 4.3 V vs. Li'/Li, O, evolution is observed,
with the Ni ions at and near the surface decreasing in oxidation
state again. This result indicates the presence of oxidized oxy-
gen, for which a RIXS feature remains present until discharge
to 3.8 V [46]. Figure 2(a) shows the corresponding RIXS and
DEMS results. The oxidation of oxygen anions to form molecu-
lar O, thus goes in hand with the reduction of Ni**. In a follow-
up study, Li et al. demonstrated that doping with AI** leads to
increased oxygen redox and O, evolution, as the local concentra-
tion of redox-active cations is reduced [47].

Papp et al. compared the gas evolution of LiCoO, (LCO)
and LNO upon charging to 5 V vs. Li*/Li, focusing on the elec-
trochemical electrolyte oxidation. They revealed that while
LNO releases one order of magnitude more CO, in the initial
cycle, it shows much less gas evolution in the following cycles
[48]. The authors inferred that LNO has a higher electrocata-
lytic activity for electrolyte degradation, but at the same time
forms a passivation layer faster. A distinction between chemical
and electrochemical oxidation was possible through the use of
180-enriched CAM.
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Surface modification is a well-established concept to
mitigate CAM degradation, and it is not surprising that also
the gas evolution can be affected by cathode electrolyte inter-
phase (CEI)-forming additives [49, 50] or coatings [51-53].
For example, Zhu et al. demonstrated that by enclosing LCO
in a shell of LiMn,, ;sNi; ,50,, the oxygen redox can be uti-
lized with no apparent O, evolution, yielding a specific charge
capacity of more than 250 mAh/g at 4.6 V vs. Li*/Li, see
Fig. 2(b) [54]. Comparing the gassing behavior of coated and

uncoated CAMs requires attention to the amount of surface

© The Author(s) 2022

impurities, as they will affect the gas evolution, especially in
the case of carbonates, as discussed in the following.

The role of carbonates, peroxides, and surface treatments

Impurities are regularly found on the surface not only of NCM
but of LIB CAMs in general, with Li,CO, and LiOH being the
most common. They are formed from excess reagents during
synthesis and exposure to ambient air and moisture, thus being

more or less unavoidable. Li,CO, decomposes under release
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of CO, and therefore is of great importance in gassing stud-
ies. In situ gas analysis setups can be modified to determine
the amount of carbonates present by measuring the CO, evolu-
tion upon addition of acid to the CAM, and the contribution of
carbonate decomposition to the total CO, evolution, which is
significant in the initial cycle, can be quantified by isotope labe-
ling [55, 56]. CO, is released both by chemical decomposition
in acidic environment (Eq. 1) or by electrochemical oxidation
at potentials above 3.8 V vs. Li*/Li (Eq. 2).

Li;CO; + 2HT — 2LiT + H,0 + CO, (1)

2Li,COs — 4LiT + 4e™ + 2CO, + O, (2)

While the rate of Li,CO; decomposition has been found
to increase with electrode potential and the reaction is known
from metal-oxygen (air) batteries, no O, evolution is usually
detected. Using carbon/Li,COj; electrodes, Mahne et al. dem-
onstrated that the electrochemical oxidation leads to the forma-
tion of 10, similar to the release of lattice oxygen from NCM
CAMs, which is typically not detected, as it reacts quickly with
the electrolyte [57]. The authors achieved this in an experiment
using 9,10-dimethylantracene as chemical probe in the electro-
Iyte to trap the 'O, and then detect the reaction product, and
in another experiment by detecting O, evolution after adding
a quencher to the electrolyte. However, the slow and incom-
plete decomposition of carbonate species in SSB cells, i.e., in
the absence of liquid electrolyte, raises the question of the rate
at which the electrochemical decomposition occurs [58, 59].

Freiberg et al. have shown via OEMS that a carbon/Li,"*CO,
electrode releases the amount of *CO, equal to complete car-
bonate decomposition even when separated from the working
electrode by a non-conducting polyester layer, making direct
electrochemical oxidation impossible [60]. The source of acid
protons necessary for the chemical decomposition of carbonates
has been determined to be the oxidation of alcoholic impuri-
ties, which already occurs at 3.5 V vs. Li*/Li and helps explain
the often observed early onset of carbonate decomposition.
The presence of protons has a catalytic effect, as H,O formed
by the carbonate decomposition hydrolyzes LiPF,, leading to
the generation of additional HF and POF;. In contrast, Kauf-
man et al. observed no *CO, evolution when performing an
experiment similar to that of Freiberg et al., in which they used
a Li,"?CO,-containing separator instead of a disconnected car-
bon/Li,"*CO, interlayer [61]. Figure 3(a) and (b) shows the
results from both groups. Overall, the individual contributions
of the chemical and electrochemical pathways to carbonate
decomposition remain disputed.

Performing acid titration either on charged or discharged
cathodes, Renfrew et al. found that charged cathodes have a
larger carbonate content than the pristine ones and the content
is only reduced below that of pristine cathodes upon discharge.

© The Author(s) 2022

This result indicates that the degradation of organic carbonates
leads to the formation of a surface layer containing carbonate-
type side products during charge, which are desorbed with dis-
charge [55]. In the same study, the authors also observed O,
evolution in acid titration experiments using charged cathodes,
which they explained by the formation of a peroxo-like sur-
face layer, notably prior to the onset of lattice oxygen evolu-
tion. Upon acid titration, peroxides release oxygen according
to (Eq. 3).

2Li,0; + 4HT — 2H,0 + O, + 4Li* (3)

From a follow-up study, indicating that the thickness of the
peroxo-like layer is not dependent on the electrolyte but the
SOC [62], the authors suggested that organic carbonates are
deposited onto the cathode, where they can react with lattice
oxygen, explaining the origin of CO, containing isotope-labeled
lattice oxygen before the actual release of O, from the lattice.
The observation of electrolyte fragments attached to diatomic
oxygen during acid titration, including both 'O from the lattice
and 'O from Li,C"*0, by Kaufman et al. indicates a complex
interplay of the carbonate species and the lattice reactivity [61].
Taking the peroxo-like surface layer and carbonate decomposi-
tion together, Houchins et al. proposed a mechanism for 'O,
generation based on superoxide formation and disproportiona-
tion [63].

Removal of surface carbonates via washing of the CAM
appears obvious. However, while indeed reducing their amount,
the overall effect on gas release is complex. Depending on the
exposure time to H,O and the applied drying procedure, the
surface reactivity of the CAM varies, as discussed by Pritzl et al.
[64] and Renfrew et al. [65]. Not only are washing steps directly
decreasing the peroxo-like character, but also removing lithium
from the CAM, thereby negatively affecting the capacity and
forming a Li-deficient surface layer. Upon heating (drying), the
latter may decompose to a rock-salt or spinel-type phase with
increased impedance. For this reason, washing procedures have
to be developed with care.

For Li-rich CAMs, similar surface treatments have been
shown to suppress O, evolution by the formation of a passivat-
ing surface film [66, 67]. For example, carbonates [68, 69] or
ternary lithium metal oxide shells [70, 71] have been deliberately
prepared to later be washed off, eventually showing lower gas
evolution.

Anode/electrolyte gassing

The gassing behavior of electrolytes and anodes is interwoven,
as the SEI formation is the most relevant process in terms of gas
evolution. The SEI is a complex surface layer, with its forma-
tion and composition depending on many factors. Herein, only

in situ studies on the SEI formation are reviewed.
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Trace H,O and acid-derived protons are reduced to evolve
H, while leaving OH ions and other anions behind. These ions
lead to the hydrolysis of cyclic organic carbonates, such as EC or
propylene carbonate (PC), resulting in the evolution of CO, and
generation of alkoxide anions, which in turn can react with the
electrolyte solvent to produce glycol species [72]. The main gas
evolution at the anode side is the electrolyte reduction, which
below ~ 0.9 V vs. Li*/Li leads to the formation of lithium ethyl-
ene dicarbonate (LEDC) as an SEI component and C,H, in the
case of EC and lithium propylene dicarbonate and C;H, in the
case of PC [73]. Note that for the detection of C,H,, the (frag-
ment) signal at m/z = 26 is suited best, because both N, and CO
are also detected at m/z=28.

The role of H,O impurities present in the battery cell has
been discussed by Bernhard et al. [74] and Kitz et al. [75],
observing increased rates of H, and CO, evolution with
increasing H,O level. With the closed headspace OEMS used
by Bernhard et al., the subsequent consumption of CO, has been
seen. This consumption can be explained by the formation of
Li,CO; in a reaction of CO, with OH" ions. Indeed, by com-
bining OEMS with electrochemical quartz crystal microbalance
(EQCM), Kitz et al. found that the addition of trace H,O leads
to a thicker and more rigid SEI with increased Li,CO; content.
Using additionally surface-enhanced Raman spectroscopy,
Mozhzhukhina et al. observed a carbonate band appearing at
1.8 V vs. Li*/Li, while LiF was found to deposit onto the elec-
trode after the onset of H, evolution [76]. The latter stems from
HE which results from the hydrolysis of LiPF, as discussed
previously.

Combining OEMS and EQCM, Melin et al. were also able to
show that both EC and PC do form an SEI with accompanying
gassing upon reduction. However, the gas evolution rate and
mass deposition were much higher in the case of PC, forming a
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Figure4: Gas evolution and SEl formation in (a) EC and (b) PC electrolytes.
Reproduced with permission from [73].
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thicker layer that re-dissolves when current is no longer applied,
thus explaining the lack of stable SEI formation in PC [73]. Fig-
ure 4 summarizes the discussed anode gas evolution processes
and SEI formation in EC- and PC-based LIB electrolytes.

The common electrolyte additives VC and fluoroethylene
carbonate (FEC) have been investigated by Schwenke et al. [77]
and Kitz et al. [78] regarding their effect on gas evolution dur-
ing SEI formation and the resulting SEI properties. Both groups
observed the evolution of CO, upon reduction, as opposed to
the evolution of C,H, for EC-containing electrolyte. Because
the additives are decomposed at higher potentials (1.3-1.1 V
for VC and 1.45-0.95 V for FEC) [78] than EC, they mitigate
the subsequent electrolyte reduction by passivating the anode,
resulting in a thinner SEI (note that the evolved CO, can lead
to the formation of Li,CO5). While FEC also leads to the forma-
tion of LiF in the SEI, VC is capable of suppressing it. Based on
these observations, Schwenke et al. demonstrated that a CO,
atmosphere in the cell can lead to the formation of a carbonate-
containing SEI even for EC-free electrolytes. Specifically, they
used OEMS to track the consumption of *CO, during cycling.
Alternatively, Solchenbach et al. introduced lithium oxalate as an
electrolyte additive, which is oxidized to CO, in the first charge
cycle, and demonstrated the effect on the SEI formation while
using OEMS to verify a 1 e /CO, conversion [79].

Solchenbach et al. also studied the effect that cathode transi-
tion metal leaching has on the SEI by adding either Ni(TFSI), or
Mn(TFSI), to the electrolyte and monitoring the C,H, signal.
They observed a larger evolution in the case of Ni and a larger
and continuous evolution over multiple cycles in the case of
Mn [80]. However, by preforming the SEL, the additional gas-
sing could be strongly suppressed. By switching to DMC, which
does not release C,H,, after preforming the anode and then still
detecting C,H, evolution in the presence of Mn, the authors
were able to conclude that Mn® species can catalytically reduce
LEDC to Li,CO, and C,H,, leading to a carbonate-rich SEL

Regarding beneficial additives, Tezel et al. showed
reduced CO, and H, evolution during SEI formation by
tris(hexafluoroisopropyl)borate [81]. A systematic study of
phosphate additives has been presented by Zhao et al. They
found via DEMS that the unsaturated compounds, especially
the alkyne-containing ones, greatly suppress gas evolution both
at the cathode and anode, with thinner and more uniform CEI
and SEI, respectively [49].

Although the reactivity of LiPF, especially toward acid pro-
tons and hydrolysis, has already been mentioned earlier, some
more observations shall be summarized here. As demonstrated
by Solchenbach et al. and Guéguen et al., protic (electrolyte)
oxidation products can already trigger decomposition, result-
ing in the formation of PF;, which is detected as POF; owing to
high reactivity with moisture [82, 83]. Bolli et al. demonstrated
that tris(trimethylsilyl)phosphate (TMSPa) not only serves as
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chemical scavenger for HF and LiF, but that the product of
this reaction, Me,SiF, can be detected by OEMS (m/z=77) and
therefore is suited as an operando probe for fluoride formation
in batteries [84]. They were able to study the formation of LiF
from FEC and the proton release by electrolyte oxidation at the
cathode side and subsequent LiPF, decomposition. They also
demonstrated the presence of HF in a cell free of fluorinated
compounds except for polyvinylidene fluoride (PVDF), prov-
ing that the binder is indeed dehydrofluorinated under oper-
ating conditions. Guéguen et al. added the similar component
tris(trimethylsilyl)phosphite (TMSPi) in a follow-up study com-
paring TMSPa and TMSPi, demonstrating that both additives
mainly work as acid scavengers [85]. Protons and protic side
products lead to H, evolution at the anode due to electrochem-
ical cross-talk, which Metzger et al. revealed by employing a
sealed diffusion barrier between cathode and anode [86].
Other anode materials for LIBs, such as Li,VO, [87],
TiNb,O, [88], Si in carbon shells [89], and NbO,/carbon nano-
hybrids [90], to name a few, have also been investigated regard-
ing their gassing behavior, typically to examine the stability of

the SEI formed on these electrodes.

Lithium-rich cathode-active materials

A good introduction to the history and development of Li-rich
CAMs can be found in the literature [4]. The same holds true
for the recent progress and future perspectives [3]. Herein, we
aim to discuss the role of gas evolution measurements in the
characterization and design of these materials.

Layered cathodes

Substituting lithium for transition metals in the respective layer
requires compensation for the lower charge of lithium ions com-
pared to the transition metal ions. For this reason, the valence
state of the remaining metals is increased, limiting the amount
of lithium replacement to 1/3 of the atoms in the transition
metal layer, where then all remaining ions are in oxidation state
4+. The resultant structure can be written as Li[Li,;;M,,5]O,
(M=Ni, Mn) or Li, ;3M, 4,0, to express the similarity to NCM
CAMs, or it can be summarized as Li,MO;. Intriguingly, lithium
can be electrochemically de-intercalated from these materials,
resulting in large specific charge capacities, even though all of
the transition metals are in the highest (expected) valence state
and cannot be oxidized further for charge compensation. This
opens the possibility of anionic redox, i.e., the at best reversible
oxidation of oxygen anions to either peroxide or even super-
oxide species or to molecular oxygen. Rana et al. have shown
via DEMS that for Li,MnO; almost all charge current can be
attributed to oxidation of lattice oxygen to O, (4 e™/O, process)
and reversible oxygen redox is negligible, as no correspond-

ing RIXS feature was detected and MS titration experiments

© The Author(s) 2022

revealed minor amounts of peroxides (equivalent to 10 mAh/g)
[91]. Because the O, released from the lattice is lO2 [42], CO,
evolution due to electrolyte oxidation also needs to be consid-
ered. Depending on the experimental procedures, either of these
two gas species might be predominantly observed, as discussed
by Guerrini et al., who also demonstrated that oxygen oxidation/
loss is the main contributor to the charge capacity of Li,MnO,
[92]. For Li,NiO,, Bianchini et al. have shown via DEMS that
almost all charge capacity of the CAM is due to O, evolution,
leaving a rock-salt-type structure behind, which after 100 cycles
still delivered about 100 mAh/g [93].

While detailed gas analysis indicates that reversible anion
redox cannot be utilized in Li,MnQj3, a reduced lithium content
leads to materials of the form Li[M, ,Li,;;Mn, 3]0, (M=Co,
Ni, Mn), which can also be written as xLi,MnO;-(1 - x)LiMO,,
representing a layered NCM-type CAM with nanoscale domains
of Li,MnO; [94]. For Li, ,Ni, ,Mn, ;O,, Armstrong et al. dem-
onstrated already in 2006 that the charge plateau at 4.5 V vs.
Li*/Li is associated with O, evolution [95]. For the same mate-
rial and also for Li; ,Ni; ,;Co, ;;Mn 5,0,, Luo et al. examined
the anion redox in detail, observing only CO, evolution at the
4.5 V plateau, with additional O, evolution at higher potentials
[96, 97]. By enriching the lattice oxygen with '*O, the authors
were able to show that the CO, (containing C'*'*0,) in fact
contains lattice oxygen, see Fig. 5(a). These CAMs revealed a
stable cycling behavior from the second cycle onward, achieving
specific discharge capacities of about 270 mAh/g. Using RIXS,
the authors demonstrated the presence of oxidized oxygen in the
charged cathodes. At the same time, the electrodes did not show
Raman bands representing peroxide species, with the authors

concluding that localized electron holes are formed on oxygen
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Figure 5: (a) Evidence of lattice oxygen loss from the Li, ,Niy ,Mn; 4O,
cathode at 4.5V vs. Li*/Li during the first cycle, Reproduced with
permission from [96]. (b) Substituting Ni and/or Co for Mn decreases the
fraction of charge capacity stemming from oxygen loss. Reproduced
with permission from [106].
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ions coordinated by Mn*" and Li*. Based on the gas evolution
in DEMS, they calculated an oxygen redox contribution of 0.5
e”/formula unit (~ 157 mAh/g) and of only 0.05 e”/formula unit
(~ 16 mAh/g) by O, evolution for Li, ,Ni, ;3Co, 3Mny 5,0,.

Bulk transformation of the Li,MnO; domains toward elec-
trochemically active LiMnO, under lithium extraction and O,
evolution, referred to as “activation,” is often used to explain
the behavior of Li-rich CAM:s in the first charge cycle. How-
ever, the amount of O, detected in the aforementioned studies
and by Strehle et al. for Li, ;5[Ni; ,,Cop ;,Mny ] 530, [98] is
far too low to sustain the assumption of a bulk transformation.
Instead, Strehle et al. calculated the thickness of a spinel surface
layer based on the quantified gas evolution in OEMS, reaching
2-3 nm, in good agreement with transmission electron micros-
copy (TEM) observations. Teufl et al. analyzed the gas evolution
of xLi,MnO;:(1 - x)LiMO, compositions with varying x. They
found significant increases in oxygen evolution and spinel sur-
face layer thickness with increasing x, starting to also observe
bulk spinel formation at x=0.5 [99]. The authors emphasize that
for a fair comparison between the different CAMs and also with
the corresponding NCM (x=0), the gas evolution has to be nor-
malized to the specific surface area, which was ~ 10 times larger
for the Li-rich materials. In contrast to the spinel surface layer
formation, Yin et al. reported about a bulk phase transforma-
tion by adding a constant voltage charge at 4.8 V vs. Li*/Li for
Li, ,Nij ;sMnyg 5,Coy 1305, upon which they observed strong O,
evolution and were able to detect the new bulk phase via in situ
X-ray diffraction (XRD) [100].

The at least partially unavoidable gas evolution of Li-rich
CAM:s is a main challenge for commercial application. Recently,
Schreiner et al. disclosed the production of multilayer pouch
cells using Li, 1,[Ni, 5,Coy 1,Mny ¢ o560, on a pilot scale pro-
duction line [101]. Via OEMS, they found that a formation step
at 45 °C instead of 25 °C allows to concentrate most gas evolu-
tion into the initial cycle.

Multiple structural modifications and protection strate-
gies have been reported to suppress the gas evolution of Li-rich
CAMs. Cao et al. demonstrated that the preparation via chemi-
cal ion exchange from the Na-containing precursor results in
less O, loss compared to the preparation via electrochemical
ion exchange [102]. Following a similar approach, Cao et al.
obtained both a Li-deficient (in the lithium layer) and Li-rich (in
the transition metal layer) CAM Lig ¢[Li ,Mn, ¢]O,, for which
they quantified the irreversible O, loss via DEMS and observed
an increasing peroxide character during charge [103].

The role of Ni and Co bulk doping in stabilizing Li-
rich and Mn-rich CAMs has been examined by multiple
groups. Shen et al. gradually replaced Ni by Co, starting from
Li; ;3Nig 575Mny 540,. With increasing Co content, they observed
a strong increase in O, evolution via OEMS (also leading to
increased spinel layer formation), which was barely detectable

© The Author(s) 2022

against the background signal in the Co-free material [104].
However, it should be noted that at the same time, the CO,
evolution rates decreased and the authors did not provide a
comparative quantification of the total gas amounts released,
thus leaving the contribution of chemical electrolyte oxidation
unattributed. A similar observation of reduced gas evolution
and spinel formation has been made by Huang et al. for Mn-
rich NCM CAMs [105]. Boivin et al. compared the irrevers-
ible charge capacities resulting from gas evolution after doping
Li,MnO, with Ni and/or Co and observed reduced gassing for
both dopants, yet with Ni having a more pronounced effect, see
Fig. 5(b) [106]. The authors showed that unlike Co, Ni dop-
ing leads to a Ni-rich, Li-poor rock-salt-type shell, mitigating
surface degradation due to gas evolution. Zhang et al. found
that Zr doping of Li, 5 Nij ,gMn, 5,0, leads to the formation
of Li,ZrO, slabs in the structure, affecting the oxygen redox by
reducing the formation of O, versus electron holes localized on
the oxygen anions [107]. Shin et al. performed a computational
screening of dopants regarding their effectiveness in increas-
ing oxygen retention, confirming experimentally that 2% Ta-
doped Li; ;Nb, ;Mn, ,0, shows surface enrichment effects and
a substantially reduced O, evolution [108]. Increased surface
carbonate content, as confirmed by acid titration experiments,
explained the larger CO, evolution for the doped CAM, again
highlighting the importance of surface carbonates for correct
interpretation of in situ gas analysis results.

Wang et al. reported that the lattice oxygen release from
Li, ,Ni, ,,Mn, 5,0, was reduced by anion doping with chlorine
(Li, ,Nigy,,Mny 530, 47¢Cly 4,4), finding both lower O, and CO,
evolution [109]. As early as 2008, Zheng et al. demonstrated
via DEMS that by coating Li, ,Ni; ,Mn, 4O, with AlF;, the ratio
between the released gasses changes, with mostly O, evolving
from coated CAM and CO, from pristine CAM [110]. A decade
before the experimental detection of 10,, the authors already
proposed that the oxygen may become less reactive while pass-
ing through the coating. Li et al. presented a three-in-one strat-
egy, consisting of a Na,Si0, coating with concurrent Na and Si
doping, for which they showed reduced O, evolution via DEMS.
However, they did not report the CO, evolution profiles, thus
hindering a quantitative comparison (including chemical oxida-
tion of electrolyte) [111]. With a similar Na;AlO, coating, Maiti
et al. achieved suppressed gas evolution for Li-rich NCM up to
4.65 V vs. Li*/Li. A strong increase in O, release was observed
at higher potentials and explained by the decomposition of the
coating, resulting in Na,O, formation among others [112]. Gim
et al. further reported the lack of O, detection by coating of Li-
rich CAM (40 nm thickness) using CoPO, nanoparticles, albeit
not discussing CO, evolution [32]. Organometallic reagents like
those used in atomic layer deposition (ALD) have been found by
Evenstein et al. and Rosy et al. to alter the free surface of Li-rich
CAMs by forming a layer of reduced transition metal oxide and
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metal species from the reagent, a process they refer to as atomic
surface reduction [113, 114]. For both diethylzinc- and tri-
methylaluminum-treated Li-rich NCM, they observed reduced
0, and CO, evolution rates. Sun et al. studied a thin lithium
polyacrylate coating, for which reduced CO, evolution, yet no
change in O, evolution, was observed at high potentials, thus
indicating a beneficial effect mostly against electrochemical elec-
trolyte oxidation, supported by the finding of reduced CO, and
PQOF, evolution with glassy carbon electrodes [115].

With the inherent O, release of Li-rich CAMs during the
first charge cycle and the high working potential of these mate-
rials, the stability of electrolytes against oxidation is of great
importance. By comparing the CO, evolution for EC and FEC
both on carbon black and NCM622 electrodes, Teufl et al. dem-
onstrated that both electrolytes show a similar stability against
electrochemical oxidation, while EC is more readily chemically
oxidized by lattice oxygen [116]. Consequently, when using pre-
activated CAM, the performance in EC is greatly improved.

Wau et al. were able to demonstrate that with the ionic liquid
electrolyte N-butyl-N-methylpyrrolidinium bis(fluorosulfonyl)
imide a stable CEI is formed on Li, ,Ni, ,Mn, ;O,, leading to
reduced gas evolution and rock-salt-type phase formation
[117]. Han et al. investigated the working mechanism of lith-
ium fluoromalonato(difluoro)borate as electrolyte additive,
also observing the formation of a stable CEL Using DEMS,
they showed that after the initial decarboxylation of the addi-
tive, reduced O, evolution is achieved [118].

Li-rich layered oxides are not necessarily based on Mn.
Xu et al. found that the replacement of 3d Mn by 4d Ru in
Li; ,Ni, ,M,, O, (M =Mn, Ru) leads to lower irreversible charge

capacity and the absence of severe evolution of both O, and
CO,, even after increasing the potential to 5 V vs. Li*/Li [119].
A RIXS feature indicating anion redox was only present for
Li; ,Nig,Mny ¢O,, while in situ XAS revealed reversible cation
redox of Ru in Li; ,Ni, ;Ru, 40,. Yu et al. probed the oxygen
redox of Li,RuQ;, demonstrating O-O coupling through exten-
sive synchrotron characterizations, and used DEMS to quantify
the oxygen loss during the first charge. The observed reduc-
tion of Ru at high potentials cannot be explained by oxygen
loss alone, thus anion redox must be present [120]. In a follow-
up study, Yu et al. examined the effect that Ru substitution in
Li,RuO; (by Ti, Cr, Mn, Fe, Ru, Sn, Ir, and Pt) has on the revers-
ibility of oxygen redox, which they quantified from integration
of dg/dV and DEMS curves, see Fig. 6 [121]. The irreversibility
increased with the ionic character of the substituents, an obser-
vation explained by increased distortion of the M-O octahedra,
enabling easier O-O dimer formation. Ning et al. demonstrated
that O-O dimerization is suppressed in intralayer-disordered
Li,RuO;, which they prepared via ion exchange from Na,RuO,
[122]. In contrast to common Li,RuQ,, where cations in the
intralayer show the so-called honeycomb arrangement, no O,
and less CO, were detected for the disordered material.
McCalla et al. synthesized the model compounds Li FeTeOg
(specifically Li, ,,Fe, ;;TeO,) and Li,FeSbO, for the detailed
study of anion redox and O, release [123, 124]. For the former,
they found via DEMS that nearly all charge capacity is reflected
in O, evolution. For the latter, Fe oxidation and O oxidation
upon charge (4.2 V plateau) have been observed, with incom-
plete reduction of the oxygenated species during discharge.

However, when the material was charged beyond the plateau,
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Figure 6: The effect of transition metal substitution on gas evolution of Li,Ru, ;sM; 5505 (M=Ru, Ti, Mn, Fe). Adapted with permission from [121].
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strong CO, and O, evolution occurred. At 5 V, Fe was found
to be reduced again, accompanied by O, evolution. Ting et al.
confirmed the existence of such a reductive couple (Fe and oxy-
genated species), with oxygen redox also for the Ni-containing
equivalents Li,NiTeOg4 and Li; ;;Ni, ,-Sb 350, vet limited to the
surface of the materials [125]. While observing O, evolution via
OEMS, the outgassing was much smaller for the latter materials
than the Fe-containing ones.

Jaquet et al. studied the anion redox and gas evolution
of layered CAMs of composition Li;Ru Ir; O, and reported
reduced gassing for the Ir-free Li;RuO,. For Li;RuO,, they found
a new degradation mechanism, namely, the dissolution of RuO,/
RuO,", oxidizing the electrolyte and forming CO, and solid
RuO, [126]. The presence of Ir can suppress the dissolution.
However, in this case, increased gas evolution has been detected.

Li;Ru0, has a rock-salt structure and can either possess
Li-only layers alternating with Li/Ru layers or show a random
arrangement of Li and Ru, with the former structure being
referred to as ordered and the latter as disordered rock-salt
(DRX). Li et al. reported similar gas evolution in the initial
charge cycle for both polymorphs [127]. In a recent study, Li
et al. demonstrated that Li; ;Ni, ;Ru, ,O, can be prepared with
intergrown layered and DRX phases, exhibiting anion redox
with minimal O, evolution, thus combining the benefits of both
layered and DRX materials [128].

Disordered rock-salt cathodes

While the formation of a rock-salt-type surface layer in NCM
CAMs is detrimental, in DRX materials, the percolation of the
so-called 0-TM diffusion channels, in which the tetrahedrally
coordinated (activated) lithium site is not neighbored by a
transition metal ion, can lead to high and SOC-independent Li
mobility, as demonstrated by Lee et al. [129]. A main benefit of
cation disorder is the much lower and isotropic volume change
of the CAM upon battery operation. For a detailed review of
mechanisms, possibilities and constraints of DRX materials,
the reader is again referred to the literature [5]. DRX materials
require a certain amount of Li excess to enable 0-TM perco-
lation, and like layered Li-rich CAMs therefore show limited
capacity by transition metal redox. They rely on anion redox to
achieve high specific capacities, with the risk of showing sub-
stantial O, evolution. As an example, Cambaz et al. observed
via DEMS that O, evolution only occurs in the Li-rich DRX
Li, ,Ni, ;5Ti, ;3 W,,150,, but not in stoichiometric LiNi, s Ti, 0,
[130]. No longer constrained by the requirements of a layered
structure, the partial replacement of oxygen by fluorine has been
shown to suppress the evolution of O,, while the lower valence of
fluoride ions allows for an increase in the redox-active transition
metal content, as demonstrated by Lee et al. in a comparison
of Li; 5N 375 Tig 335Mo0y ;O and Li; 15Nig 45Tip sMog O, g5F 5

© The Author(s) 2022

[131]. Not only Ni, but also both Mn redox couples (Mn**/Mn*"
and Mn**/Mn**) can be utilized in DRX cathodes, where again
fluorination reduced the O, evolution [132-135]. Combining
DEMS and the titration of peroxide-like species and carbonates,
Crafton et al. examined the effect of fluorination by compar-
ing Li, ;Mny ¢Nby,0, (LMNO) and Li, ;Mn, 65Nbyg 1750, 95Fq 05
(LMNOF) [136]. They found reduced and delayed O, evolution,
see Fig. 7(a), and were able to show that the contribution of
anion redox as a whole is reduced by fluorination, as the frac-
tion of redox-active cations with lower initial oxidation num-
ber is increased. Using TMSPa as a probe (evolution of gaseous
Me,SiF), the authors also showed that fluorinated cathodes suf-
fer from fluoride dissolution near the end of charge over mul-
tiple cycles. Sathish et al. demonstrated that soaking the same
CAM in electrolyte leads to the removal of Li and F, thereby
increasing the material’s capacity retention and suppressing O,
evolution, similar to the already discussed acid washing steps
[137].

Huang et al. recently showed that DEMS and related
acid titration methods in combination with "*O enrich-
ment can be used to deconvolute the redox processes in
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Figure7: (a) Reduced oxygen evolution upon fluorination of LMNO.
Adapted with permission from [136]. (b) Electrochemical contributions
determined by combining isotope labeling, DEMS and acid titration
measurements. Adapted with permission from [138].
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lattice oxygen (the contribution of anion redox) is released
as ('®0-enriched) 0, according to Eq. (3), while at the same
time the CAM is dissolved and both Ni** and Ni** (the con-
tribution of cation redox) oxidize H,O, leading to O, evo-
lution without isotope enrichment. This way, the relative
contributions can be calculated from the observed isotope
ratio, see Fig. 7(b) [138]. Consequences of a large reliance on
anion redox have been demonstrated by Kan et al. for single-
crystalline Li, ;Nb,, ;Mn, ,O,, where the authors reported not
only gas evolution, but also volume changes leading to particle
fracture [139].

The choice of the redox-active transition metal and its effect
on the anion redox and electrochemical properties have been
analyzed by Jaquet et al. by comparing Li, sNiy ,,Ta; 430, and
Li, sMny 4 Ta, ;0, [140]. They found that the Ni-containing CAM
exhibits a large voltage hysteresis and increased gas evolution
coinciding with partial Ni reduction, which the authors both
attributed to a smaller charge-transfer band gap (supported by
DFT calculations).

To stabilize DRX structures, redox-inactive (in the given
voltage range) d° metal ions, such as Ti*" and Nb>*, are often
required [141]. While being redox-inactive, they still affect the
anion redox, as demonstrated for Li; ;M ;Mn, ,0, (M=Nb, Ti)
by Chen et al. [142]. For Nb, the authors found increased O,
evolution and a larger capacity contribution of anion redox in
the initial cycles, while Ti stabilized oxidized oxygen species,
thereby increasing the reversibility of anion redox and lead-
ing to a lower O, evolution and reduced CAM degradation.
By comparing RIXS data of cycled electrodes, the authors also
demonstrated that anion redox features decrease stronger for
Nb than Ti. Yue et al. found that the introduction of Mo into
Li; 15N 35Tip 501 85Fg. 15 (yielding Li; 1sNig 45 Tig sMog 1O g5Fo 15)
results in a lower voltage hysteresis after migration of Mo into
the tetrahedral sites, yet with increased O, evolution [143].
Cambaz et al. observed via DEMS and X-ray photoelectron
spectroscopy (XPS) that concurrent with O, evolution from
Li; ,Ni, 3 Ti, sMo,,50,, partial reduction of Mo®" to Mo** is
occurring at the particle surface, indicating a reductive couple
and formation of a densified surface layer [144].

Finally, the introduction of configurational entropy (high-
entropy concept) into DRX materials and their gas evolution
behavior have been reported by Breitung et al. and Lun et al. [145,
146]. Lun et al. found improved energy density and better rate
capability for high-entropy Li, ;Co, ,Cry ;Mng ,Nb, ,Ti; ,0, ;Fy 5
compared to low-entropy Li, ;Mn, ,Ti; 50, ;F, ;. However, the
former material showed stronger CO, evolution, which the
authors attributed to increased interfacial side reactions with
the electrolyte.

In summary, in situ gas analysis has proven indispensa-
ble in the study of Li-rich CAMs both with layered and DRX
structures, as it can provide quantitative information on the

© The Author(s) 2022

irreversibility and extent of anion redox, a key feature of these
electrode materials.

Solid-state batteries

On the one hand, the gas analysis of SSBs is simplified by the
lack of continuous liquid electrolyte degradation and accom-
panied electrolyte fragment detection. On the other hand, the
assembly of a test cell is complicated by the fact that most SSBs
are cycled under external pressure to assure proper contacting
and conductivity. Bartsch et al. first reported about DEMS meas-
urements on SSBs with Li,PS, as SE in 2018, utilizing pellets of
NCM622 CAM, SE separator and In anode, as well as a rather
robust cell housing [58]. They attributed the H, evolution to
the initial reduction of trace H,0, while both CO, and O, were
detected clearly in the charge cycle. The only possible source for
CO, in this configuration were residual carbonates, as proven by
3C-labeling experiments. The authors observed minor amounts
of CO, compared to the overall carbonate content, presumably
due to the lack of acid protons. O, evolved from the NCM lattice
at high SOC and from the electrochemical carbonate decompo-
sition, as discussed previously. Oxidation of the SE by the reac-
tive oxygen has been observed, leading to traces of SO, being
detected. In later studies, the same group examined the effect
of Li,COj3, Li,CO4/LiNbO; (with Li,PS, as SE) [147], Li,CO,/
Li,ZrO; (with argyrodite Li,PS;Cl as SE) [148], and more com-
plex nanoparticle coatings [149] on NCM CAM:s on the gas evo-
lution, observing that a Li,CO, coating alone leads to increased
CO, release as expected, but in a dual coating, the CO, evolu-
tion is greatly reduced and minor or no SO, is detected. From
this observation, DEMS allowed for the conclusion of a uniform
(hybrid) coating structure, as opposed to areas in which only the
carbonate is present. Li,ZrO, prevented the formation of SO,
even when the coated CAM was annealed in air (note that in
this case the carbonate content and CO, evolution were larger
than for the uncoated material). Extending the scope of CAMs
to LNO, CO, has only been detected in the initial cycle, while
the release of lattice O, continued at high potentials during the
second cycle [150]. In all aforementioned studies, H, and CO,
have been detected at the onset of charge (first cycle). In a lig-
uid cell, such gassing behavior would be attributed to organic
carbonates reacting at the anode side, which does not apply to
SSBs. Because the H, evolution is explained by the reduction of
trace H,O in the cell, the authors assume a correlation between
H, and CO, evolution.

Major challenges of SSBs are the variation in performance
and lack of scalability for pellet-stack cells. Tape-cast electrodes
can alleviate these issues while requiring the development of
slurry recipes and the use of polymer binders. Teo et al. studied
the binder choice for SSB cathodes containing NCM622 CAM,
Li,PS, SE, conductive carbon, and one of three binders using
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a design of experiments (DOE)-guided approach [151]. The
binders tested were polyisobutene (OPN), poly(styrene-co-
butadiene) rubber (SBR) and hydrogenated nitrile butadiene
rubber (hNBR) having different functional groups on the poly-
mer chain. Using DEMS, the influence of the binder choice has
been investigated, initially revealing a distinct double peak in
CO, evolution, not observed in previous SSB studies, indicating
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that in addition to carbonate gassing also binder oxidation
occurs. OPN-based cathodes showing the best performance
overall revealed the most pronounced gas evolution (O,, CO,,
and SO,), which seems counterintuitive, but was explained by
the higher SOC achieved with this binder. Using LINbO;-coated
NCM622 instead, a comparison of OPN- and SBR-based cath-
odes at similar SOC was possible, see Fig. 8(a). In this case, a
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Figure8: Gas evolution comparisons between (a) OPN and SBR polymer binders for tape-cast 5SB electrodes and (b) glassy and crystalline SEs. Adapted

with permissions from [151, 154].
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larger O, evolution was found for OPN, but a more distinct dou-
ble peak and cumulative amount of CO, for SBR, demonstrating
that SBR is more readily oxidized than OPN.

For an $SB, the properties of the SE have a profound effect
on the cell characteristics. For this reason, the influence of
SEs on the gas evolution has been studied by various groups.
In an OEMS comparison of a solid polymer electrolyte (SPE)
based on trimethylene carbonate units with liquid organic
carbonates containing LiTFSI as supporting salt, Sdngeland
et al. noted that during reduction, the SPE releases CO,, while
the liquid electrolyte releases C,H, [152]. The formation of
CO, has been explained by the presence of trace H,O, form-
ing H, and OH™ ions upon reduction, the latter leading to
hydrolysis with subsequent decarboxylation of the electrolyte.
At the cathode side, both electrolytes degrade under evolution
of CO, and H, (formed at the anode from protic degradation
species) and, interestingly, SO, originating from the decompo-
sition of TFSI upon radical attack, due to the weak N-S bond.

Strauss et al. reported a quantitative comparison of the
gas evolution of '*C-carbonate-labeled NCM622 CAM in
combination with two SEs (Li;PS, and Li;PS,Cl) and a liquid
electrolyte (LP57), noting minor differences in the cumulative
amounts of O, and CO, (virtually only 1*CO,) between the
SEs. However, SO, evolution has been observed when using
Li,PS, [153]. Because SO, was absent for Li,PS;Cl, a higher
stability of this electrolyte against reactive oxygen and/or for-
mation of only solid degradation products was suggested. In
comparison, in liquid electrolyte cells, much larger CO, evolu-
tion, with more 12CO2 from electrolyte oxidation than 13COZ,
and lower O, evolution have been detected, indicating almost
complete consumption of the released reactive oxygen. By acid
titration after cycling, it was shown that in the SSB cathodes,
alarger fraction of Li,'*CQ, remained, presumably due to the
lack of acid protons and the known issue of inactive (isolated)
CAM in SSBs. To ensure comparability of the gas evolution,
a similar SOC was targeted by restricting the specific charge
capacity of the liquid electrolyte cells to 240 mAh/g, resulting
in a lower upper cutoff potential.

Teo et al. compared the crystalline SE Li,PS,Cl with the
glassy SE 1.5Li,S-0.5P,S5-Lil via DEMS among others (in
slurry-cast cathodes with LiNbO;-coated NCM622). They
observed relatively more O,, but no SO, evolution in the
former and less O,, but also SO, evolution in the latter, see
Fig. 8(b) [154]. This finding is well explainable by the con-
sumption of oxygen for the formation of SO, and supported by
the observation of oxygenated sulfur and phosphorus species
via XPS and time-of-flight secondary ion mass spectrometry
(ToF-SIMS). However, although more SE degradation has
been observed, the electrochemical performance of SSB cells
using the glassy SE was better, indicating that a stable and ion-
conducting layer of degradation products with good contact to

© The Author(s) 2022

the CAM particles forms and the increased SO, evolution is a
side effect of tight contact between CAM and SE.

The decomposition of SE, in this case based on polyeth-
ylene oxide (PEO), has also been studied by Nie et al. [155].
They found that while PEO itself only starts to decompose via
dehydrogenation and formation of protonated TFSI (HTFSI) at
4.5 Vvs. Li*/Li, in the presence of LCO, this reaction can occur
at potentials as low as 4.2 V vs. Li*/Li, due to undercoordinated
surface oxygen of LCO, a problem solved via coating the cathode
with Li; 4Aly,Ti, ((PO,);. Seidl et al. identified methanol and
2-methoxyethanol as degradation products of HTFSI forma-
tion, but observed limited capability for the determination of
onset voltages due to low sampling rate [156]. Li et al. prepared
a sandwich composite polymer SE, consisting of reduction-
resistant PEO and oxidation-resistant polyacrylonitrile with a
PVDF layer in between, each containing Li; La,,;  TiO; fib-
ers. Using DEMS, they showed that while the individual layers
alone degrade under gas generation in an NCMS811|SE|Li cell,
no gas evolution is detected for the sandwich composite [157].
However, the authors reported only the evolution rates of C,H,,
C,H,, C,H,, and H, and did not include CO,.

Lastly, the gassing behavior of garnet SEs has also been
investigated. Delluva et al. demonstrated that Li,La;Zr,0,,
(LLZO) will release CO, and O, at potentials above 3.8 V vs.
Li*/Li, as expected for the electrochemical oxidation of Li,CO;
impurities, not only in an LiMn,0,|LLZO|Li cell, but also in
an Au|LLZO|Li cell, ruling out CAM contributions to the gas
evolution [158]. The authors concluded that at the cathode|SE
interface, Li,CO; impurities of the SE are oxidized, with the
resulting gas release leading to delamination, thus highlighting
the need for fast and carbonate-free processing of LLZO. For
the related Lig ,La;Zr, ,Ta, O,,, Yang et al. have shown that by
coating the garnet SE with a thin layer of LCO, surface contami-
nation is suppressed and stability against Li,CO, formation in
air is achieved [159].

In summary, the (out)gassing tendency of CAMs is similar
for liquid- and solid-electrolyte-based cells. However, because
many follow-up reactions are occurring at the interface to the
electrolyte, SSBs have unique features that allow for an advanced

characterization of SE and said interface,

Sodium-ion batteries

Driven by the scarcity of lithium and relative abundance of
sodium, many efforts are made to introduce SIBs as a cheaper
and more sustainable or complementary alternative to LIBs
[160], mostly in the field of stationary energy storage [9].
Among the existing CAMs, layered oxides of either P2 or O3
structure, differing in the coordination and amount of Na per
formula unit, show the largest resemblance to LIB cathodes.

Apart from that, polyanionic cathodes, foremost Na,V,(PO,),F,
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(NVPF) and Prussian blue analogs (PBAs), also hold promise
for application in SIBs [8]. Herein, the outgassing of all three
material families is reviewed as well the application of gas evo-
lution measurements to study the SEI formation on different
anode materials.

A systematic OEMS study of SIBs has been presented
recently by Zhang et al,, including screening of common
electrolyte solvents (EC, DMC, PC) and a comparison of the
CAMs NVPF (polyanionic and showing biphasic behavior),
NaNi, 4sZn, osMn, ,Ti; 0, (NNZMTO, layered and show-
ing purely cation redox and solid-solution behavior), and
NaLi;;;Mn,,;0, (NLMO, involving anion redox) [161]. Versus
Na metal anodes, they observed recurring strong H, evolution
at higher potentials with NNZMTO and NVPF cathodes and
explained this by the reduction of protic electrolyte degradation
products at the anode. A direct comparison of gas evolution
rates may be misleading, as the two cathodes were charged to
different potentials. Using hard carbon as negative electrode,
the H, evolution was reduced, probably due to better passiva-
tion of the anode. Instead, C,H, was observed as a result of SEI
formation. NNZMTO also released CO, at high potentials, yet
only during the first cycle, thus suggesting surface carbonates as
the cause. For NLMO, significant O, release at high potentials
in the initial cycle has been detected, with evolution of CQ, also
in the subsequent cycles, proving the partial irreversibility of
anion redox. It is worth to point out that the authors attempted
isotope labeling experiments, but ran into purity issues with the
labeled solvents, highlighting another challenge that comes with
such experiments.

Starting with P2 cathodes, Maitra et al. demonstrated that
Na, ;Mg ,gMn; 7,0, (NMMO) not only shows oxygen redox
without alkali ions in the transition metal layer, but also that
no O, loss occurs during charge, with the only gas evolution
contributions coming from surface carbonates and electrolyte
decomposition [162]. In a follow-up study, House et al. com-
pared NMMO with the Li-containing Nay ;4Lij,sMn, 550,
(NLMO) and found that both materials do not show O, loss at
4.5V vs. Na*/Na. Utilizing '*O-labeled CAMs under CV charge
at 5.0 V, a cell with NMMO only released C'®0, stemming from
electrolyte decomposition, while a cell with NLMO also released
180, as well as C'*0™0 and C'*Q,, clearly indicating the irre-
versible oxygen loss and chemical oxidation of electrolyte, see
Fig. 9(a) [163]. However, shortly after, the same group demon-
strated via high-resolution RIXS that molecular oxygen formed
both in NMMO and NLMO at 4.5 V, but has no way of escaping
the solid phase and is reduced again during discharge. Note that
a slight change in stoichiometry of NLMO to Na, (L, ,Mn,; O,
led to a ribbon structure instead of a honeycomb structure,
thereby preventing the formation of O, [164, 165]. This obser-
vation emphasizes the rare case that even with good signal-to-
noise ratio and low detection limit, the lack of gas detection is

© The Author(s) 2022

necessary but not sufficient to exclude the underlying reaction
mechanism.

Zhao et al. observed O, evolution during charge to 4.5 V
vs. Na"/Na for NLMO of again slightly different stoichiometry
(Nag g6Lig,,Mny 750,) and found that partial bulk substitution
of O by F, yielding NLMOF (Na ¢sLij ,,Mng 750, 9oF ) sup-
presses this O, release [166].

Kulka et al. used OEMS to rule out O, evolution as a rea-
son for capacity loss in Na, (MnO,, albeit only at potentials up
to 4.0 V vs. Na/Na [167]. It is in the nature of the P2 phase
that as-synthesized materials are Na-deficient, and a higher
degree of sodium intercalation is only achieved during opera-
tion. While not a problem in half-cells with near infinite Na
supply, the capacity of full cells is thus reduced. Adding sac-
rificial sodium salts that decompose in the initial cycle to the
cathode composite can alleviate this issue. Marelli et al. dem-
onstrated that the addition of sodium rhodizonate (Na,C,O)
increases the full cell performance of Na, ;Mn, ;Fe; ;0, and
used OEMS to verify the decomposition to CO, (the onset of
oxidation was as low as 3.8 V vs. Na*/Na) [168].

Only recently, CAMs with O3-type structure have been
characterized via in situ gas analysis. Wang et al. used OEMS
to quantify the first cycle O, loss due to anion redox for
NaLi, ;;Mn,,;0,. From that, they calculated the composi-
tion of the charged cathode to be Nay ogLi; sMn, 30, g4 while
demonstrating the presence of peroxo-like species within
the structure via hard XPS (HAXPES) and RIXS [169]. Two
other studies have shown that both in NaMn,;Fe, 5Ni,;;0,
[170] (charged up to 4.6 V vs. Na*/Na) and in NaNi,;Ru,,;0,
[171] (charged up to 4.1 V vs. Na'/Na) no O, evolution
occurs, although the formation of peroxo-like species has
been observed via X-ray absorption near edge spectroscopy
(XANES) and XPS.

The DEMS investigation of the high-entropy PBA
Na, (Fep ,Mng ;Nig ,Cug ,Cop ) [Fe(CN)el,_, for SIBs revealed
that next to H, and CO, as expected gasses from crystal water,
surface carbonates and electrolyte decomposition, ethanedini-
trile [(CN),, cyanogen] evolves at high potentials, see Fig. 9(b)
[172]. Overall, it has been shown clearly that the oxidative
dimerization of anions is not limited to oxide CAMs.

In their extended study [161], Zhang et al. observed con-
tinuous gassing of linear carbonates in contact with Na metal,
suggesting their inability to form a stable SEI. On hard carbon
as the standard anode material, more and diffuse gas evolution
has been observed for linear carbonates, compared to sharp gas
evolution peaks with cyclic carbonates, indicating again a bet-
ter SEI formation with the latter. H, evolution, due to cross-talk
via the formation of soluble protic species, is also observed in
the SIB systems. Equivalent findings to those in LIBs have been
made when discussing the role of electrolyte additives. Both VC
and FEC lead to suppressed C,H, evolution, but increased CO,
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evolution during SEI formation, while TMSPi reacts with NaPF,
resulting in constant POF; release. Sodium difluoro(oxalate)
borate was able to suppress most of the gas evolution during

SEI formation and cycling.

© The Author(s) 2022

While graphite cannot reversibly intercalate large amounts
of sodium when using standard electrolyte solvents and there-
fore hard carbon is applied as anode material instead, the use
of ether-based electrolytes allows for the highly reversible co-
intercalation of solvated sodium [173]. This raises questions
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about the nature of the SEI involved. Goktas et al. used OEMS to
probe the SEI formation on graphite in diglyme containing 1 M
NaPF, as electrolyte, with the surprising finding that no SEI for-
mation is observed via TEM, and yet gas evolution is restricted
to the first cycle only [174]. The gas evolution is explained by
the not recurring reaction of graphite surface groups, forming
soluble reaction products (rather than an SEI). Hence, graphite
in diglyme has been reported as the first SEI-free anode. In a
following study, again utilizing OEMS, the authors showed that
this observation depends on the conductive salt used. While
diglyme containing NaOTf and NaPF; releases the least gas and
forms no SEI on graphite, the use of sodium bis(fluorosulfonyl)
imide (NaFSI) or NaTFSI leads to significant gas evolution, SEI
formation, and capacity fading, as these salts have been found
not to be stable against the anode [175].

Tin (Sn) is an alternative anode candidate in SIBs. However,
the low initial Coulombic efficiency and poor cycle life are chal-
lenging. Both effects have been shown via DEMS to be caused
by excessive gas evolution and poor SEI formation, due to elec-
trolyte decomposition at the relatively higher electrode potential
of tin than hard carbon. As found by Liu et al., lowering the
potential by mechanically pre-alloying Sn and Na leads to the
formation of a stable SEI with less concurrent gas evolution and
a drastically improved Coulombic efficiency [176]. Qin et al.
demonstrated that the use of glyme electrolytes leads to largely
suppressed gas evolution and a more stable, inorganic SEI [177].

In summary, the (out)gassing of SIB electrode materials
often shows analogies to their respective LIB counterparts, yet
the broader chemistry range considered for application leads to
a larger variety of possible reaction mechanisms and evolving

gasses.

As the search for solutions to improve or replace today’s LIB
technologies continues, novel and creative ideas are presented
and for these, the in situ gas analysis plays an important role in
understanding stability, redox activity, and degradation—mostly
related to side reactions occurring at electrode interfaces. Thus,
it comes as no surprise that more and more research groups
develop their own, customized capabilities for in situ gas evo-
lution measurements. After first being applied to understand
reaction mechanisms in LIBs in detail, a second spring for gas
analysis investigations is now imminent as part of the charac-
terization and evaluation of new battery materials and concepts.

Gas evolution studies on various novel cell chemistries will
certainly increase in the near future. First DEMS experiments
on potassium-ion batteries have already been reported, show-
ing that the K CrO, cathode does not undergo O, loss during
potassium extraction at high potentials, while the evolved CO,
could be attributed to electrolyte (EC/DEC) decomposition

© The Author(s) 2022

(after proving the absence of carbonates via acid titration) [178].
Similarly, DEMS has been used to probe F,ReO; as a host mate-
rial for fluoride ions, demonstrating that it does not release oxy-
gen upon fluorination and oxidative current is in fact due to
operation of the cathode rather than electrolyte decomposition
[179]. Beneficial O, evolution in the first charge cycle has been
reported for the zinc-ion battery cathode material Ca,Mn,Og by
Wang et al., allowing for the controlled introduction of perfor-
mance-enhancing vacancies [180].

In situ gas evolution measurements can, after a compara-
tively low initial investment [181], be performed on a daily
basis in a regular laboratory. However, establishing an experi-
mental setup tailored to the needs not only of today’s, but also
tomorrow’s research remains a challenging task (because of
many choices and necessary work in design, manufacture, and
assembly of custom-built parts). Apart from that, correct opera-
tion, data acquisition, and assignment, also of unusual gassing
phenomena or m/z signals, require mental and resource com-
mitment, even more so when involving isotope labeling experi-
ments. It is to hope that academic cooperation and exchange
are fostered by the DEMS/OEMS community, working on mak-
ing gas evolution measurements available to a broader range of
researchers.

While the study of gas evolution has been shown to allow
for insights into many reaction mechanisms, some conclusions
can be drawn too fast, especially when comparing materials,
due to the complex interplay of SOC/potential, composition,
and surface impurities. Moreover, even mechanisms that seem
established in the community, such as the '0, evolution during
battery operation, can be challenged based on the possibility of
side reactions and theoretical considerations [182].

In this review article, recent developments in the field of in situ
gas analysis of batteries have been discussed, spanning from
instrumentation and state-of-the-art LIBs over Li-rich cath-
ode materials and SIBs to SSBs, emphasizing the versatility of
the method and its role in the evaluation of current and next-
generation electrode materials. The unique gas detection and
quantification capabilities of DEMS/OEMS allow elucidating
formation, operation and degradation mechanisms in batter-
ies that cannot be assessed by other in situ techniques. Isotope
enrichment has been shown to be a powerful and versatile tool,
with which multiple processes evolving the same gas species can
be distinguished from one another. Still, reaction mechanisms
can be more complex than they initially seem, highlighted by
the development in understanding the decomposition of sur-
face carbonate impurities among others. At the same time, the
combination of gas analysis with complementary techniques,
such as EQCM in the study of SEI formation or RIXS in the
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study of anion redox, can help to provide detailed insights into
complex phenomena and becomes more relevant as DEMS/
OEMS matures.

The increasing number of research groups performing
in situ gas evolution measurements demonstrates the method’s
appeal, and we hope that this article will inspire and encour-
age readers to include gas analysis in their future work.
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This study on the LNO CAM is a continuation of the works of Kurzhals et al. and
Riewald et al., who have by systematic variation of calcination conditions shown that
the primary particle morphology, i.e. the (specific) surface area, determines the elec-
trochemical properties, and especially the first-cycle capacity loss, which was previ-
ously mostly attributed to the cation intermixing.[8488! |t was shown that smaller primary
particles lead to improved electrochemical properties, since due to particle cracking,
the accessible surface area, tracked via the capacitance method developed by Oswald
et al.,[335-3%7] increases during cycling. In many recent dopant comparisons for Ni-rich
NCM, it was reported that the presence of boron or high-valence dopants leads to
reduced primary particle size due to dopant segregation on the particle surface, which
causes grain-growth inhibition.[338-343 However, different process routes of dopant in-
troduction are described, and often very high dopant concentrations are chosen, to
pronounce the difference between doped and undoped material.

In this study, three possible LNO-doping process routes were therefore compared,
namely co-calcination (of pCAM and ZrOz), pCAM impregnation (with ZrO2 nanoparti-
cles) and co-precipitation (of Zr*+ into the pCAM), using an industrially relevant, low
concentration of Zr*+ (0.25 mol% relative to the total transition-metal content). Thus,
supposedly equally doped LNO is obtained, yet it is indeed found that the primary par-
ticle size differs between the process routes, with only impregnation and co-precipita-
tion leading to reduced primary particle size when compared to undoped material. An
increased content of surface impurities (LiOH and esp. Li2CO3) was found in the LNO
obtained from co-precipitation and traced back to carbon-containing impurities in the
pCAM, likely from a Zr*-complexation agent, such as citric acid. If these impurities are
removed by pre-heating the pCAM in Oz atmosphere, the particle-size growth effect is
reversed and separated small Zr*+-rich grains are observed via scanning transmission
electron microscopy with energy-dispersive X-ray spectroscopy (STEM-EDS), while all
other materials showed an even distribution of Zr*+, with however enrichment at grain
boundaries, assumed to be Li2ZrOs. Laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) was further employed as an innovative, quantitative and
faster alternative to STEM-EDS in the evaluation of dopant distribution between sec-
ondary particles, finding that co-precipitation leads to the most even Zr*+ distribution.
The electrochemical performance is best in LNO obtained from pCAM impregnation,

as this gives the smallest primary particle size. In LNO obtained from co-precipitation,
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even though primary particles are also small, and similar surface areas are expected
based on capacitance measurements, the surface impurities lead to an increased
amount of side reactions, as also found via DEMS, while for the other materials a cor-
relation between particle size, i.e. specific surface area, and evolved CO2 amount was
found, as expected for gas-evolving reactions at the CAM surface.

The difference in particle size depending on the doping process route is due to the
initial localization of the dopant, as grain-growth inhibition stems from dopant segrega-
tion at the primary particle surface. Via the impregnation route, dopant nanoparticles
are already located there, while the other process routes require Zr*+ diffusion, either
from within the primary particle (co-precipitation) or from the ZrO2 precursor (co-calci-
nation). Under these conditions, more initial grain growth, especially before reaching
the final calcination temperature, at which Zr*+ is reasonably mobile, can occur. While
there are other studies on low-concentration Zr*+ doping of Ni-rich NCM published con-
currently (0.3 mol% co-precipitation,®*4 0.25-0.5 mol% co-calcination,[34%:346] gl no ef-
fect on grain size; 1 mol% impregnation, smaller grains(®47]), this study remains the only

one to discuss the role of the doping process route.

The study was initiated and designed by Dr. Philipp Kurzhals and the author of this
thesis. Material synthesis, electrode preparation, electrochemical testing and electron
microscopy were performed by Dr. Philipp Kurzhals and the author. Acid titration, in-
ductively coupled plasma-optical emission spectroscopy (ICP-OES) and elemental
analysis were carried out by the central analytical services of BASF SE after instruction
by Dr. Philipp Kurzhals. Pouch-cell assembly and testing, as well as the DEMS inves-
tigation, were carried out by the author. Dr. Svenja B. Seiffert performed the LA-ICP-
MS analysis. Dr. Philipp Maller performed the STEM-EDS investigation. Dr. Philipp
Kurzhals and the author analyzed the data and created the figures. The original man-
uscript was written by the author. Dr. Aleksandr Kondrakov, Prof. Dr. Jirgen Janek
and Dr. Torsten Brezesinski supervised the work. The manuscript was edited by all
authors.

Reprinted from S. L. Dreyer, P. Kurzhals, S. B. Seiffert, P. Muller, A. Kondrakov, T.
Brezesinski, J. Janek, J. Electrochem. Soc. 2023, 170, 060530, DOI 10.1149/1945-
7111/acdd21 without changes under a Creative Commons Attribution 4.0 License (CC-
BY:; http://creativecommons.org/licenses/by/4.0/). Copyright © 2023 The Authors. Pub-
lished on behalf of The Electrochemical Society by IOP Publishing Limited.
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The increasing demand for lithium-ion batteries with high energy
density to power both portable electronics and electric vehicles is
met with various research and development efforts to improve the
performance from the materials side. As the cathode, and therein
mostly the CAM, makes up the largest individual cost and weight
contribution, many efforts focus on increasing its capacity.! Here,
the LiNi,Co,Mn.O, (NCM) material family of layered oxides offers
the highest capacities, which increase (for a fixed cut-off voltage)
with the nickel content, exemplified by the endmember LNO
showing a first-cycle specific discharge capacity above
245mAh g™". 2 Polycrystalline NCM consists of smaller primary
particles aggregated to larger secondary particles and, as some of the
authors have recently demonstrated, the particle morphology is the
main factor controlling the electrochemical properties.”™ Typically
obtained from the calcination of Ni(OH), and LiOH in the case of
LNO or the respective transition-metal hydroxides in the case of
NCM, the size of secondary particles depends mostly on the
hydroxide precursor CAM (pCAM) particle size, which can be
controlled in the precipitation process. At the same time, the size of
the primary particles is controlled by the calcination tcmperalure and
lithium stoichiometry, the latter also affecting the tractlon of Ni**
the Li-site, often referred to as off-st01ch10metry.

The main downside of establishing higher capacity (i.e. deeper
delithiation) is the reduced structural stability, resulting in faster
chemo-mechanical degradation on multiple length scales, i.e. capacity
fading® For Nirich NCM in general and LNO specifically,
degradation during cycling is driven by two main phenomena.
Firstly, structural rearrangement under loss of lattice oxygen forms a
densified, rocksalt-type layer on the particle surface, which hinders
lithium diffusion and renders nickel electrochemically inactive (in-
creased share of Ni*" up until approaching NiO stoichiometry).*'*!!
Secondly, anisotropic unit-cell volume change, especially in the form
of the decrease in ¢ lattice parameter during the H2/H3 phase
transition, leads to the formation of cracks and eventual pulverization
of the secondary particles, also exposing additional (reactive) surface
area, 312

“E-mail: torsten.brezesinski@kit.edu

Several strategies have been developed to mitigate CAM
degradation both at the particle surface and in the bulk, with coating,
doping and morphology modification (i.e. single-crystalline mate-
rials) and combinations thereof being most prominent."*'® For Ni-
rich NCM, various dopants and dopant combinations and their
supposed function in performance improvement have been discussed
and reviewed in the literature, ranging from elements as light as B to
heavier elements like W.>*!7 Among the most common dopants are
Mg, Al Ti and Zr, while for LNO also Mn and Co could be
considered as dopants,*'*'%!

Depending on dopant and precursor, different process routes are
followed to introduce the dopant. The most common are co-calcina-
tlon of gCAM lithium source and dopant particles on the one

and,"® %> and co-precipitation of dopant ions into the pCAM during
1ts preparation on the other hand.”*™ The impregnation of pCAM
with a dopant solution or a suspension of smaller dopant particles and
subsequent solvent removal provides a third option, especially if co-
calcination leads to insufficient mixing and/or phase separation.**!
Despite  these and various other process routes being
available, 159275 comparisons between doped samples obtained
from different routes are quite rare,’’>" as usually comparisons are
made with an undoped reference sample The influence of the dopant
on the CAM particle morphology is sometimes discussed in compar-
isons of doped and undoped samples,'’!?20304147:49.50.5257
Recently, Park et al. demonstrated that, in a series of co-precipitated
LiN‘lo_g‘sCOgvanglOQ (X = one of Al, Tl, TZ], Sb, Nb, W, MO), the
primary particle size strongly depends on the chosen dopant,
decreasing with dopant valence state. Furthermore, a linear trend
between primary particle size of eac,h doped CAM and capacity fading
after 100 cycles was observed.”” Sun et al. reported a similar finding
for LiNip00C00,00X0.0102 (X = one of Mg, Al, Ti, Ta, Mo), also
observing an increase in primary particle aspect ratio with increasing
dopant valence. A LOHSIdCI‘ﬂ[an of the role of the process route on
CAM morphology is even rarer,”” although the latter greatly affects
the electrochemical performance.”

Zirconium has seen widespread use as a dopant for NCM materials
and can be introduced into the structure by various routes, including co-
calcination,™ 264731 and co—precipitation.25"30’3 13957

1mpregnat10n
Of note is the diffusion of Zr** at high temperatures, due to which
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doping can also be achieved by heating Zr-coated CAM.”** Vice
versa, Zr*" as a dopant is prone to enrich and phase separate at the
surface of CAM particles, forming an additional Li>ZrOs
phase *!>1236162 Wwith this limited bulk solubility in mind, only
some studies focused on industrially relevant dopant concentrations,
ie. below 1mol%.2+*4761%2 The atom position of Zr** in the
structure is not fully understood, with literature reporting localization
either in the lithium® or transition-metal layer,™* or possibly
both_}i).ﬁ}.()ﬁl

Main effects and advantages attributed to the dopant include
increased ¢ lattice parameter, faster lithium diffusion, smoother H2/
H3 phase transition, less volume change during delithiation, less
crack formation and reduced surface-layer formation, ultimately
resulting in longer cycle life, improved rate capability, reduced
impedance and less polarization of the CAM.*3243147.50.60.6265 oy
high state of charge (SOC), zirconium was shown to suppress charge
transfer to oxygen, thereby reducing the loss of lattice oxygen and
subsequent gas evolution.”® In some studies, a difference in CAM
particle size or morphology between doped and undoped material
was observed and partially related to altered properties.?>20-3047:57

In this article, we demonstrate on a series of 0.25 mol% Zr-doped
LNO obtained from three different process routes, namely co-
calcination, impregnation and co-precipitation, that not the dopant
but the process route leads to a difference in physico- and
electrochemical properties, especially considering primary particle
morphology. The rather low dopant concentration is chosen due to
its industrial relevance, i.e. the redox-active metal content remains
high and the redox-inactive dopant concentration low for maximum
energy density. Furthermore, a phase separation is avoided as much
as possible, as the Zr*" fraction is low enough to mostly remain in
the bulk LNO.

Experimental

Doping and calcination.—Calcination of undoped LNO was
performed as described in the literature® using a commercial
Ni(OH), precursor (dsy = 4 pm, Hunan Zoomwe Zhengyuan
Advanced Material Trade Co., Ltd., China) and LiOH-H,O
(Albemarle Germany GmbH, Germany). In short, precursors were
blended (1.02 mol eq. LiOH-H,O per 1.0 mol eq. Ni(OH),) and
calcined under O, flow (1001 h ! equal to about 10 furnace volume
exchanges/h) in a box furnace (Linn High Term GmbH, Germany) at
400 °C for 4 h, then at 700 or 750 °C for 6 h, with intermediate
heating ramps of 3 °C min~'. Samples were cooled down to 120 °C
and transferred to dry room atmosphere (21 °C, dew point < —40 °C)
with minimal exposure to ambient air. The obtained powders were
sieved (32 um mesh) prior to further processing and characterization.
Co-calcined Zr-doped LNO was obtained in the same way, but with
the addition of ZrO, (Daiichi Kigenso Kagaku Kogyo Co., Ltd.,
Japan) to the blend (0.9975 mol eq. Ni(OH),, 0.0025 mol eq. ZrO,,
1.02 eq. LiOH-H;,0). To obtain Zr-impregnated pCAM, Ni(OH), was
dispersed in water (1:1 by weight), and a suspension of 20 wt%
colloidal ZrO, nanoparticles (Nyacol Nano Technologies, Inc., USA)
in water, stabilized with ammonia, was added dropwise under stirring.
The solvent was removed at 120 °C in a vacuum overnight, and the
obtained powder was heated to 500 °C for 3 h in the box furnace
under O, flow, then transferred to the dry room and sieved as
described above. To obtain LNO, the Zr-doped/coated NiO was
blended with 1.02mol eq. LiOH-H,O and calcined as described
above. Co-precipitated, 0.25 mol% Zr-doped pCAM (dsy = 4 pm)
was obtained from Hunan Zoomwe Zhengyuan Advanced Material
Trade Co., Ltd., China and calcined with 1.02 mol eq. LiOH-H,O (per
0.9975 mol eq. Ni(OH),). In a variation, the doped pCAM was pre-
dried similar to impregnated pCAM at 500 °C for 3 h before being
blended with LiOH-H,O and calcined as described above.

PXRD.—Synchrotron powder X-ray diffraction (PXRD) mea-
surements were performed, in analogy to a previous work,” at the
ALBA synchrotron BLO4-MSPD beamline at a wavelength of A =

0.62001 A (calibrated using a Si NIST standard) using a Si 111
monochromator and a MYTHEN position sensitive detector in
2-theta angular range of 2°-82°. Samples were measured in flame-
sealed borosilicate capillaries of 0.7 mm diameter and mounted on a
spinning sample holder. Data were collected in Debye—Scherrer
geometry for 27 different positions of the detector, with a data
acquisition time of 30 s for each position. Rietveld refinement was
performed using the FullProf software package, based on a
hexagonal a-NaFeO; structure with R—3m space group. The instru-
mental broadening was determined by measuring a NAC
(Na,CazAl,Fy4) standard in the same sample configuration. The
model used for the fitting is based on Thompson-Cox-Hastings
pseudo-Voigt convoluted with axial divergence asymmetry func-
tions. Sample contribution to peak broadening was determined by
the instrumental resolution function, so that a volume-averaged
value of the crystallite size was obtained via the Scherrer equation.
Refinement of the parameters of the structural model was done for
consecutive iteration cycles until convergence was reached, and the
quality of fit was checked by inspection of the R,,;, (weighted profile
factor with all non-excluded points), Rg,,,, (Bragg R-factor) and )('2
(reduced chi-square). In an initial LeBail fit, two asymmetry
parameters were refined and held constant during subsequent
Rietveld refinement. For all samples, in the final iteration, 12
parameters were refined: scale factor, zero shift, a and ¢ lattice
parameters, U, X, Y as parameters of the Gaussian (U) and
Lorentzian (X, Y) contribution to the pseudo-Voigt function,
fractional atomic coordinate of oxygen z,y. occupancy of Ni*™ on
the Li-site (assuming site remains fully occupied) and B;g, (isotropic
displacement parameter) of O, Ni and Li.

Electron microscopy.—Scanning electron microscopy (SEM)
was performed using an Ultra 55 (Carl Zeiss AG, Germany)
microscope equipped with a thermal field-emission cathode and an
Everhart-Thornley secondary electron detector at an operating
voltage of 5 kV. Powder samples were fixed on conductive carbon
cement (Plano GmbH, Germany) and a 6 nm Pt layer was added via
sputter deposition (SCD 500 Sputter Coater, BalTec AG,
Switzerland). Automated image segmentation was used to obtain
the equivalent diameter of the primary particles from SEM images at
20 k magnification, as described previously.® At least 10 images per
material were segmented.

Samples for transmission electron microscopy (TEM) were
prepared by broad ion-beam milling using a Jeol (Jeol Ltd., Japan)
Ar-ion slicer (EM-09100 IS) and/or focused ion beam milling using
a Helios G4 machine (Thermo Fisher Scientific Inc., USA). The
samples were imaged using a Tecnai Osiris (Thermo Fisher)
operated at 200kV and a Themis Z3.1 (Thermo Fisher) equipped
with a probe-corrector operated at 300 kV both under high-angle
annular dark-field scanning TEM (HAADF-STEM) conditions.
Chemical composition maps were acquired by energy-dispersive
X-ray spectroscopy (EDS) with integrated SuperX Gl and G2
detectors. Elemental maps were evaluated with the Esprit (version
2.1, Bruker, USA) and Velox 3 (Thermo Fisher) software.

Acid titration.—Residual LiOH and Li,COs; in the LNO samples
were determined by stirring a suspension of 2 g of CAM in 10 ml
deionized water for 20 min under N, atmosphere in a glovebox and
titrating the solution resulting after filtration through a syringe filter
with 0.1 M HCI solution (Bernd Kraft GmbH, Germany). To this
end, a Titrando 808 automatic titrator (Deutsche Metrohm GmbH &
Co KG, Germany) and a glass pH electrode (Metrohm) were used.
Two separate equivalent points were observed and used to distin-
guish between LiOH and Li,COs, with hydroxide and carbonate ions
being protonated first and the resulting bicarbonate being protonated
again later.

ICP-OES.—0.3 g of CAM was digested in 5 M HClI under stirring

and gentle heating. The solution was diluted with deionized water,
and the concentrations of Ni, Li and Zr were measured with an
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Agilent 5100 inductively coupled plasma-optical emission spectro-
scopy (ICP-OES) device (Agilent Technologies Inc., USA). For
each sample, three individual measurements were performed.

LA-ICP-MS.—For single particle analysis using laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS), a
193 nm ArF excimer laser (NWR193 ablation system, Elemental
Scientific Lasers, USA) equipped with a two-volume cell (Two Vol2
ablation cell, Elemental Scientific Lasers) was coupled to an ICP-
MS (8900 ICP-MS Triple Quad, Agilent Technologies, USA). The
samples were transported in a carrier gas flow (He, 850 ml min™")
and introduced via a dual concentric injector (Elemental Scientific
Lasers) to the ICP-MS. An additional gas flow (Ar, 1 Imin~") was
added and the sample transferred via a quartz injector pipe (2.5 mm
inner diameter) into the plasma. The ICP-MS was equipped with a Pt
sampler and skimmer. To reduce polyatomic interferences, it was
operated in single quadrupole-kinetic energy discrimination mode
adding He as collision gas. The RF coil was set to 1300 W, and the
setup was tuned daily for maximum signal intensity and an oxide
ratio (m/z:mfz = 232:248) below 0.8% with a NIST glass standard
(NIST SRM 612). The samples were ablated with single spots and a
laser pulse frequency of 100 Hz. A laser energy of 1.5 ] cm 2 and 80
bursts ensured complete ablation of each particle. For each measure-
ment, at least 200 particles were ablated. Additionally, the back-
ground of the carbon cement tab was tested. The ICP-MS was
operated in time-resolved analysis mode, and for each element one
isotope (°'Ni" and *"Zr") was detected with a dwell time of 100 ys.
The short dwell time enabled the collection of >50 data points per
particle, even for the smallest particles. Data evaluation was carried
out using RStudio and a homemade script. Particle event integration
was triggered by crossing a manually chosen peak trigger value and
ended after a manually chosen timeframe (Is). As nearly all
background signals were 0 counts, the integrated particle events
were not corrected.

Elemental analysis of carbon content.—In a single-use ceramic
cup, 200 mg of pCAM was mixed with 500 mg of iron granulate,
and the mixture was covered with 1.5 g of tungsten granulate. The
sample was heated in a flow of pure O in the induction furnace of
the analyzer (Eltra CS 800, Eltra GmbH, Germany), and the released
CO, was quantified via infrared spectroscopy.

Cathode preparation.—Electrodes for electrochemical character-
ization were prepared by mixing the CAM powders with Super C65
conductive carbon (Imerys Graphite & Carbon, Switzerland) and
PVDF binder (Solef 5130, Solvay GmbH, Germany) in a 94:3:3 mass
ratio. For this, a 7.5 wt% binder solution in N-methyl-2-pyrrolidone
(NMP, BASF SE, Germany) was mixed with additional NMP and the
conductive carbon for at least 24 min at 2000 rpm using an ARE 250
planetary mixer (Thinky Corporation, Japan). The CAM powder was
added to the obtained slurry and mixed for additional 10 min. The
solid fraction of the final slurries was 61 wt%. The slurries were cast
onto 20 um Al foil (Nippon Light Metal Co., Ltd., Japan) using a
box-type coater (110 pm wet-film thickness, 6 cm width, Erichsen
GmbH & Co. KG, Germany) and an automated coating table
(5mms~', Coatmaster 510, Erichsen GmbH & Co. KG,
Germany). The coated tapes were placed in a vacuum oven (VDL
23, Binder GmbH, Germany) and dried at 120°C in a dynamic
vacuum for 12 h. The cathode tapes were then compressed using a
CAS calendar (Sumet Systems GmbH, German;,r) at a set line force of
30Nmm ' and a roller speed of 0.5m min~'. The active material
loading was 9 (x0.5) mgem 2 and the electrode density was 3.0

(x0.2) g em .

Cell preparation.—For coin half-cells, circular electrodes with a
diameter of 14 mm were punched out using a high-precision
handheld punch (Nogamigiken Co., Ltd., Japan). After weighing,
the electrodes were transferred to an Ar-filled glovebox for assembly
of CR2032 coin cells (Hohsen Corp, Japan). To the cathode, a

17 mm diameter GF/D glass fiber separator (VWR Intermnational
GmbH, Germany), a 15.8 mm diameter Li-metal anode (Shandong
Gelon LIB Co., Ltd., China) and 95 ul LP57 electrolyte (1 M LiPFg
in ethylene carbonate:ethyl methyl carbonate 3:7 by volume, BASF
SE, Germany) were added, and the cells were sealed by crimping
with an automated crimper (Hohsen Corp.). Single-layer pouch full
cells were assembled in dry-room atmosphere from 40-20 mm>
cathodes, 50-30 mm? microporous separators (Celgard 2500,
Celgard, LLC, USA), 42.22 mm?> graphite anodes (7 mg ecm™?
loading) and 500 pl LP472 electrolyte (1 M LiPF, in ethylene
carbonate:diethyl carbonate 3:7 by volume, with 2 vol% vinylene
carbonate, BASF SE, Germany). The n/p ratio®® was calculated
based on the first-cycle specific capacity in half-cells (250 mAh g *
for LNO, 330 mAh/g for graphite). With a graphite loading of 64 mg
per anode and LNO loadings between 69 and 73 mg per cathode (8.6
to 9.1 mgem %), n/p ratios of 1.16-1.22 were obtained.

Electrochemical testing.—Coin half-cells were cycled at 25 °C
between 3.0 and 4.3V vs Li"/Li using a battery testing system
(Series 4000, MACCOR, USA). Assuming 1 C as 200 mA g_l, the
applied current was equal to C/20 in the first two cycles and C/3 in
the following cycles, with the exception of a rate test with one cycle
each at C/3, C/10, 1 C and 2 C. Additional coin half-cells were
cycled to determine the specific capacitance according to a recently
presented method.®” Cells were cycled between 2.5 and 4.3 V, while
at the end of discharge an additional constant-voltage step was
implemented (until the current was lower than C/250) to ensure the
presence of blocking conditions. Then, an alternating current (C/50
amplitude, 100 mHz frequency, 20 periods duration) was modulated
onto the discharge current. By fitting the current and voltage
response to sine functions, the specific capacitance can be calculated
from the phase shift, as demonstrated elsewhere.®”® Pouch full
cells were cycled between 2.8 and 4.2 V at a rate of C/10 in the first
two cycles and then at C/3 for 10 cycles. A rate test at C/3 charge
and two cycles each at 0.5C, 1 C, 2C and 3 C discharge was
implemented and subsequently repeated after every 100 cycles at
C/3 rate.

DEMS.—For gas analysis via differential electrochemical mass
spectrometry (DEMS), a custom-built cell containing a 30 mm
diameter cathode with a 4 mm diameter hole in the center, a
40 mm diameter GF/D separator, a 32 mm diameter Li-metal anode
and 800 pL. LP57 electrolyte was cycled at 0.1 C rate between 3.0
and 4.3 V, while a constant 2.5 ml min~' stream of He carrier gas
(purity 6.0) was passed through the cell. The extracted gas mixture
was analyzed with a mass spectrometer (GSD320, Pfeiffer Vacuum
GmbH, Germany). For CO, quantification, a calibration was carried
out using gas with 100 ppm CO, content. Further details can be
found elsewhere.”*7?

Results and Discussion

Precursors.—For the synthesis of undoped LNO and LNO doped
via co-calcination and impregnation, a batch of spherical Ni(OH),
pCAM (dsqp = 4 pum) with rod-like primary particles, as shown in
Figs. Sla and S1b, was used. Figures S1c and S1d show the pCAM
after impregnation with ZrO, nanoparticles and subsequent heating
during which the Ni(OH); is converted to NiO. In the following, this
procedure is referred to as pre-drying (“predr.” in figures), wherein
full conversion was ensured by subsequent ICP-OES analysis
revealing a composition of >77.5 wt% Ni, in contrast to ~64%
for the initial Ni(OH),. The presence of fragmented pCAM particles
is likely due to deagglomeration and sieving of the thus obtained
NiO. Since also during LNO synthesis, the conversion of Ni(OH); to
NiO occurs already below 300 °C, prior to the onset of lithiation, no
large change in reactivity is expected when employing NiO instead
of Ni(OH), as pCAM as long as particle morphology is
conserved.”™ The Zr-containing, co-precipitated pCAM of equal
size (dsp = 4 pum) is shown in Figs. Sle and S1f. It was surprisingly
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found by elemental analysis that the co-precipitated pCAM con-
tained more carbon than the regular pCAM, as detailed in Table S1.
To reduce the carbon content, in one variation, the co-precipitated
(“co-prec.” in figures) pCAM was subjected to the same heating
procedure in O, by which the impregnated pCAM was pre-dried,
thereby oxidizing organic residues to CO, and converting Ni(OH),
to NiO. The resulting pCAM is shown in Figs. Slg and Sih.
Probable sources of the residues are the use of organic complexing
agents such as citric acid or lactic acid, the use of metal acetates as
precursors in the precipitation reaction or base solution beir%%
exposed to atmospheric CO, before or during precipitation.”5757¢

The dopant distribution in the Zr-containing pCAMs was
analyzed via STEM-EDS, as shown in Fig. S2. Impregnation
resulted in the formation of a surface coating-like zirconium layer
on the secondary particles, and there are no large agglomerates
outside of the pCAM. Between secondary particles, Zr*" seems
evenly distributed, but the content within the particles is too close to
the detection limit to be discussed riuanlitatively from EDS. Co-
precipitated pCAM also shows Zr"" to be evenly distributed
between and within secondary particles, yet in the non-pre-dried
pCAM particulate zirconium enrichment was observed in one case.
No such enrichment was evident after pre-drying.

Composition and crystal structure.—Table 1 summarizes the
composition of the 10 LNO samples discussed in this work
according to ICP-OES and acid titration. As expected, a high content
of Li;CO; was found in the co-precipitated sample after calcination.
Li;CO; and LiOH are common impurities formed by residual
lithium upon contact with CO, and H,O in air.”’® The excess
carbonate, however, was formed during calcination by the decom-
position of organic residues in the pCAM (in the presence of
lithium), since it is not observed for the other LNO samples, which
were handled in the same way and the carbon source was already
present in the pPCAM. A fifth set of LNO was thus prepared from the
pre-dried, co-precipitated pCAM.

PXRD patterns (see Figs. S3 and S4) of each sample confirm the
LNO structure and additionally show the presence of aforemen-
tioned LiCO;z impurities (see Figs. S5 and S6) for the co-
precipitated samples. Rietveld refinement was performed to deter-
mine the unit-cell volume, apparent crystallite size and off-stoichio-
metry, with the results shown in Table II. As expected, a clear trend
is observed between calcination temperature and crystallite size for
all samples, as reported previously.”® A slight increase in off-
stoichiometry is also observed with increasing calcination tempera-
ture, except for the LNO obtained from co-precipitated pCAM. The
higher off-stoichiometry in these materials is explained by the
formation of Li-containing impurities. While Zr-doping is reported
to increase the c lattice parameter and therefore the unit-cell
volume,?0:43:46:53:60.65 (b offact is likely overshadowed in this study
due to the low chosen concentration and the also present effect of
off-stoichiometry. At the same time, the low concentration of Zrtt
did not allow for inclusion of its position and occupancy in the
refinement, which might explain the slightly lower quality of fit

when compared to LNO from a previous report characterized under
the same measurement conditions.’

Particle morphology.—SEM images of the different LNO
particles calcined at 700 °C are shown in Fig. la. It is evident that
the shape and size of primary particles are highly dependent on the
chosen process route, while the secondary particle morphology and
size were hardly affected. The primary particle size distribution
determined by automated image segmentation® is shown in Fig. 1b
and Is in good agreement with the crystallite size obtained from
PXRD.

No discernible difference in primary particle size is observed
between undoped and co-calcined material, while LNO obtained
from impregnated and non-pre-dried, co-precipitated pCAM is
composed of smaller primary particles, with a large share of
<200 nm particles. On the other hand, the pre-dried, co-
precipitated pCAM resulted in larger primary particles compared
to all other samples. It has previously been reported that Zr™"
doping is associated with reduced primary particle size,*” as are
other dopants, mostly of higher valence state.’**°%5% The
observed restriction of grain growth can be explained by a
dopant-induced change in surface energy, including segregation
of dopant along grain boundaries.'”* This is not limited to battery
materials, but can be applied to the sintering of ceramics in
general.w‘x"

Since in this work all LNO samples are doped by nominally
equal amounts of Zr'", the difference in primary particle size must
be connected to the process route by which zirconium was provided.
During the synthesis, first the incorporation of lithium into the
rocksalt structure of NiO and later the formation of LNO occur
already at lower temperatures such as the herein applied hold at
400 °C, or during ramp up to the final calcination temperature, which
is then held mostly to allow for layer formation, i.e. reduction of the
amount of Ni** on the Li-site, and particle growth.”™* Assuming
the role of Zr*" as grain growth-reducing dopant and considering
Fig. S2, a possible explanation for the difference in particle size is
the initial distribution of Zr**. In case of impregnation, zirconium is
already present at the grain boundaries, while in co-precipitated
material, it has to diffuse from the bulk to the grain boundaries, and
in case of co-calcination, from the ZrO, precursor to the CAM
particles. In studies using the conversion of a ZrO, coating to
achieve doping, diffusion of _Zr‘“r into the bulk was only observed at
temperatures around 700 °C 566

For the non-pre-dried, co-precipitated material, the carbon-based
impurity likely aided in Zr*" diffusion or was an active segregant
itself. Figure S7 shows the obtained particles and their size
distribution for a final calcination temperature of 750 °C. Again,
the crystallite size from PXRD refinement is in good agreement with
the average primary particle size determined from image
segmentation.” At higher temperature, faster Zr*" diffusion and
particle growth as well as change in Zr*" solubility®* alleviated the
effect of dopant, with only the carbon-contaminated, co-precipitated
pCAM yielding smaller primary particles.

Table I. ICP-OES and acid titration results.

LNO sample Calcination temperature v/ °C Zr/(Ni+Zr)/mol% Li,COy/wt% LiOH/wt%
Undoped 700 n.a. 0.59 0.93
750 n.a. 0.51 0.49
Co-calcination 700 0.22 0.58 1.02
750 0.22 0.57 0.50
Impregnation 700 0.22 0.45 1.01
750 0.22 0.37 0.64
Co-precipitation 700 0.26 1.37 1.19
750 0.26 1.22 0.51
Co-precipitation (pre-dried) 700 0.26 0.40 0.86
750 0.26 0.36 0.68
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Table II. Rietveld refinement results. Niy; describes Ni** occupancy on the Li-site and Rpragg and ¥ indicate the goodness of fit.

LNO sample Calcination temperature 9/ °C Crystallite size/nm Unit-cell volume/A* Nipi/% Rprage )(2
Undoped 700 242 101.793 25 3.06 63.2
750 512 101.829 3.2 2.64 953
Co-calcination 700 194 101.821 2.6 2.28 95.7
750 454 101.841 34 2.38 93.1
Impregnation 700 183 101.711 2.2 241 83.1
750 498 101.742 2.7 295 141.0
Co-precipitation 700 211 101.940 3.1 2.40 115.0
750 352 101.958 3.0 2.31 121.0
Co-precipitation (pre-dried) 700 293 101.667 2.9 2.82 98.4
750 672 101.723 2.8 3.09 124.0
a) particles, see Fig. 2d. Similar observations, albeit with slightly less
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Figure 1. Dependence of (a) particle morphology and (b) size on process
route for LNO calcined at 700 °C.

Dopant distribution after calcination.—The distribution of
dopant both within and between secondary particles in dependence
of the chosen process route is elucidated via STEM-EDS and LA-
ICP-MS, as shown in Figs. 2a-2d and 3a-3d for all samples calcined
at 700 °C. While EDS provides high-resolution images of the Zr**
distribution within secondary particles, statistical evaluation and
interparticle comparisons are difficult. On the other hand, LA-ICP-
MS delivers the interparticle-dependent relative distribution and
allows for statistical evaluation due to a high number of sampled
secondary partiz;lcs.“’82 Particle or area-resolved ICP techniques
have previously found applications in the battery context, for
example in the study of NCM classification® and subsequent SOC
heterogeneity,™ transition-metal deposition on anodes™ and local
solid-electrolyte composition.*®

Using EDS, it was found that all process routes result in an
enrichment of zirconium at grain boundaries, as it was presumed in
the previous section and is in accordance with literature
reports.*! 3136162 The concentration within the primary particles
is too close to the detection limit to be discussed quantitatively, but
all primary particles appear to contain a rather similar concentration
of Zr*". Only in LNO stemming from pre-dried, co-precipitated
pCAM, a separation of small Zr-rich grains was observed in a few

apparent grain-boundary enrichment, were made for the samples
calcined at 750 °C (see Fig. S8).

Via LA-ICP-MS, the relative composition of individual sec-
ondary particles can be determined, here shown in a comparison of
Zr and Ni counts. The absolute count number of Ni is directly
proportional to the particle mass (i.e. to the cube of particle size), so
that a high linearity between absolute Zr count and absolute Ni count
indicates a uniform interparticulate Zr'" distribution.®"*"% While
all process routes lead to a rather uniform distribution of Zr*"
between secondary particles, co-precipitation without pre-drying
gave an especially narrow dopant distribution. Outliers are visible in
Fig. 3d and support the observation of separated, Zr-rich grains as
discussed for Fig. 2d. At a calcination temperature of 750 °C, the
distribution of Zr*' between secondary particles became much
broader for all process routes, i.e. more inhomogeneous, as shown
in Fig. S9.

Electrochemical properties.—Having established the particle
and dopant properties, all materials were tested electrochemically.
Figure 4a shows the discharge capacity of coin half-cells (referred to
as CHC) over 56 cycles for the LNO samples calcined at 700 °C.
Even in the first two cycles at a rate of C/20, a difference of up to
10 mAh g~! depending on the chosen process route is evident, with
LNO obtained from impregnated pCAM delivering the highest
(250 mAh g~!) and LNO from pre-dried, co-preciPitated pCAM
delivering the lowest specific capacity (240 mAh g~ ). After a rate
test and 50 cycles at C/3, this difference increased to 25 mAh g_l,
with LNO obtained from impregnated pCAM again delivering the
highest (180mAhg ') and LNO from pre-dried, co-precipitated
pCAM delivering the lowest specific capacity (155 mAhg™").
Undoped LNO, co-calcined LNO and LNO from non-pre-dried,
co-precipitated pCAM all showed very similar performance, with
166 mAh g~ remaining after cycling.

The initial difference in specific capacity, a consequence of the
first-cycle irreversibilitjy, was previously shown to be determined by
primary particle size,®”*® wherein smaller particles result in a larger
interface area between CAM and electrolyte. This interface area was
monitored in situ by the capacitance method of Oswald et al.,*”~%
with the resulting specific capacitance shown in Fig. 4b. Before
cycling, all materials show similar capacitance values, in good
agreement with the finding that the specific capacitance of pristine
CAM is largely determined by the secondary particle size (specific
surface area).” The only exception is a slightly higher specific
capacitance of LNO obtained from non-pre-dried, co-precipitated
pCAM. Since this material contains a higher amount of surface
impurities, the difference may be explained by the exposure of fresh
surface after their partial decomposition/dissolution into the electro-
lyte, similar to the effect of washing discussed in the literature.® In
the following 4-5 cycles, an increase to an individual level is
observed for all materials, with the capacitance then remaining close
to this maximum level in the following cycles. The increase is due to
particle fracture upon cycling, enabling the inner pore network of the
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Figure 2. STEM-EDS investigation of Zr** distribution in secondary particles of LNO calcined at 700 °C. Ni is mapped in blue, Zr in yellow.
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Figure 3. LA-ICP-MS investigation of Zr*" distribution between secondary
particles for LNO samples calcined at 700 °C.

secondary particles to be penetrated by electrolyte. The maximum
value for each material is determined by the primary particle size,
with smaller particles as those obtained from impregnated or non-
pre-dried, co-precipitated pCAM resulting in higher capacitance
because of their larger specific surface area. It is this surface area and
specific capacitance that has been shown to determine both the first-
cycle capacity loss and long-term cycling performance due to
reduced kinetic hindrance of lithium intercalation at the end of
dis«:ha.rge.6

For LNO from either impregnated or non-pre-dried, co-precipi-
tated pCAM, the two materials with the smallest primary particle

size and therefore largest capacitance, the same maximum value
(0.69F g’l) is obtained. However, both a distinct difference in the
increase of capacitance and a difference in cycling performance are
found, suggesting these observations to be correlated. For LNO from
non-pre-dried, co-precipitated pCAM, a rapid increase in capaci-
tance, especially after just one cycle, is observed and the maximum
value reached after five cycles. It can be assumed that the rapid
capacitance increase is again due to the presence of surface
impurities, which upon decomposition/dissolution during the first
charge reveal previously covered surface and blocked pores.
However, this also leads to further side reactions such as electrolyte
degradation, which likely contributes to the lower cycling perfor-
mance in comparison to the sample prepared by impregnation. At the
same time, for LNO from impregnated pCAM a slower, continuous
increase until the 12th cycle is observed. A possible explanation is a
slower crack-formation process due to the previously discussed Zr-
rich grain boundaries acting as a protective coating, while the
beneficial kinetics resulting from the smaller primary particles still
leads to greater specific capacities. The data for LNO calcined at
750 °C, where larger particle size reduced the electrochemical
performance and specific capacitance, are shown in Fig. S10.

In various studies, it has been shown that a higher capacity
retention of doped material correlates with a smaller particle or grain
size relative to undoped material achieved by modification with high
valence dopants,zo' <959 In these cases, the smaller particle size
resulted from dopant-induced grain growth suppression. In this
work, a similar performance dependency on particle size is observed
and especially clear in the comparison of impregnated and co-
calcined LNO, while the surface impurities and their presence,
respectively removal, may additionally affect the performance of co-
precipitated LNO. Nevertheless, the observation of different primary
particle sizes in nominally equally doped CAM depending on the
process route, in combination with no difference in particle size and
performance between co-calcined and undoped LNO, means that the
route of dopant introduction, and not the sole addition of dopant, is
at the root of performance improvement.

For the samples calcined at 700 °C, further characterization was
performed. Figure 5a shows the discharge capacity of pouch full
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Figure 4. Electrochemical testing of Zr-doped LNO CAMs (calcined at
700 °C) in coin half-cells. (a) Specific discharge capacity in the two initial
cycles at C/20, during a rate test (one cycle each at C/3, C/10, 1 C and 2 C)
and upon C/3 cycling. (b) Specific capacitance evolution during C/10
cycling.

cells (referred to as PFC) during long-term cycling for each material.
The overall performance is in the same order as for coin half-cells,
except for the co-calcined LNO, where a slightly better cyclability is
observed early in the testing, with 226 mAh g ' at C/20 in the initial
cycle and 208 mAhg~' at C/3 after the rate test. The best
performance is found for LNO obtained by pCAM impregnation
(222 mAh g’l in the initial cycle). The difference in capacity
(capacity fade rate) between the materials remains rather constant
from 150 cycles onward, as can be expected for uncoated CAM
suffering mostly from continuous rocksalt-type phase formation and
loss of Li inventory. While LNO obtained from pCAM impregna-
tion, with a specific capacity of 180 mAh g~ after 150 cycles and
140 mAh g~ " after 500 cycles, performs best in the later cycles,
LNO from pre-dried, co-precipitated pCAM delivers specific capa-
cities of only 215, 154 and 115 mAh g’1 in the 1st, 150th and 500th
cycle, respectively. Figure 5b highlights the first 50 cycles, showing
that, with the exception of slightly better performance of co-calcined
LNO, the difference in cyclability between the materials is already
established in the initial cycles (mostly due to the primary particle
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Figure 5. Electrochemical testing of Zr-doped LNO CAMs (calcined at
700 °C) in pouch full cells. Specific discharge capacity at C/3 with
intermittent rate tests (C/3 charge and two cycles each at 0.5C, 1C, 2C
and 3 C discharge). (a) Long-term cycling performance and (b) first 50
cycles.

size), in agreement with both the coin cell data and capacitance
trends discussed previously (see Fig. 4).

Lastly, for all CAMs calcined at 700 °C, the CO; evolution in the
formation cycle was determined via DEMS. While the largest share
of gas evolution during formation is due to solid electrolyte
interphase (SEI) formation under release of ethylene at the anode,
CO> generation is commonly observed at the cathode side.”>* In
general, possible causes of CO, evolution are chemical oxidation of
electrolyte by oxygen released from the CAM lattice during rocksalt-
type layer formation at SOC > 80%,°"*? electrochemical oxidation
of carbonate electrolyte at potentials larger than ~4.6 V vs Li*/Li%
and decomposition of surface carbonate impurities.”® In the initial
cycle, and without overcharging, surface carbonate impurities often
dominate the gas evolution, as the potential is too low for
electrochemical oxidation and significant lattice oxygen release.”
However, it is important to consider that a fair comparison of total
gas evolution is thus only possible at similar SOC, i.e. specific
charge capacity.”>°*7 Therefore, Fig. 6 depicts both the total first-
cycle CO, evolution and the charge capacity achieved with the
DEMS cells. An exemplary gas evolution profile is shown for LNO
from impregnated pCAM in Fig. S11. Note that delayed gas
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Figure 6. Comparison of total first-cycle gas evolution as determined by
DEMS at similar specific charge capacity for LNO samples calcined at
700 °C.

evolution during discharge in the initial cycle is common for layered
Ni-rich oxides.”*'® Second-cycle gas evolution could not be
quantified for all materials because of the low overall gassing of
clean and dry-processed CAM at a regular cut-off potential of 4.3 vs
Li'/Li. Similarly, no molecular O, is detected, as it immediately
reacts with the electrolyte upon release forming CO,. The obtained
gas amounts at this potential are in good agreement with previous
reports 5:9%95:9%.101

The observed larger total gas evolution for LNO obtained from
non-pre-dried, co-precipitated pCAM is mostly a consequence of the
higher amount of surface carbonates, as also reflected in the acid
titration results shown in Table I. However, it should be noted that
not all surface carbonates are decomposed to CO, in the initial
cycle.”®7 Given that an increased CO, amount is also observed for
the LNO obtained from impregnated pCAM, the other material with
smaller primary particles, a contribution of lower primary particle
size, i.e. higher specific surface area, has to be considered too, since
a larger surface for carbonate impurities and rocksalt-type layer
formation is exposed to electrolyte, which has been demonstrated by
correlation of capacitance measurements with gas evolution
data.**'°! These results demonstrate that even “advanced” charac-
terization methods are affected by the doping process route and
resulting primary particle size differences, as a mere comparison
between doped and undoped material would lead to different results
depending on the chosen route.

Conclusions

In this work, the relations between dopant, process route, primary
particle size and electrochemical performance of LNO were in-
vestigated on the example of 0.25 mol% Zr*" doping. A comparison
of undoped LNO and doped LNO either from co-calcination, co-
precipitation or impregnation revealed that, while all materials
showed similar unit-cell parameters and off-stoichiometry, the
primary particle size was greatly affected by the process route, yet
not by the mere presence of dopant. The dopant distribution in
precursors as well as within and between secondary LNO particles
was examined. Zirconium enrichment was found at the grain
boundaries, suggesting a crystal growth inhibition mechanism for
the dopant, the extent of which is depending on the initial dopant
localization during calcination, and explaining the role of the doping
process route. As the primary particle size determines the electro-
chemical performance, the different process routes consequently also
manifest in cyclability, which was demonstrated not only in coin
half-cells but also by long-term cycling of pouch full cells. Finally,
other properties such as specific capacitance and gas evolution
during cycling were also shown to be affected by the doping process

route. Impregnation resulted in the smallest primary particles and
therefore best electrochemical performance. The obtained results
highlight that when studying dopants in small, industrially relevant
concentrations, the process route determines the outcome of the
study and needs to be chosen carefully. The significance of the
process route as a function of the dopant concentration remains to be
studied, as higher concentrations may lead to more significant
segregation/phase separation and lattice parameter changes.
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In previous AE studies at BELLA, the technique was used for operando characteriza-
tion to detect and understand the degradation of active materials, mostly due to crack
formation and the associated exposure of new surfaces, ranging from LNO[?51 to Sil348]
and high-entropy rock-salt anode materials.[?®? In a further work on the high-entropy
oxyfluoride CAM Lix(C0oo0.2Cuo.2Mgo.2Nio.2Zno.2)OF x, AE results in dependence of upper

cut-off voltage were compared.?%3l

Yet, so far neither a SIB material investigation nor a comparison, and thus evaluation
of materials with a defined difference, had been performed via AE. The aim of this
study was therefore to compare the AE of three P2-type SIB CAMs,
Nao.67(Mno.s5Nio.21C00.24) Oz, Nao.67(Mno.45Nio.18C00.24Tio.tMgo.03) O2 and
Nao.67(Mno.4sNio.18C00.18 Tio.tMgo.03Alo.04Fe0.02)O2, with increasing configurational en-
tropy but otherwise similar properties, to derive a structure-property relationship, i.e. to
identify how acoustic properties are affected by entropy variation, and how these can
be used in evaluation of the materials. A detailed characterization, including the gas

evolution of these materials, was carried out beforehand.l'”1]

Clear, step-like acoustic profiles with intensive emission recorded only during the P2-
O2 phase transition were obtained for all materials, as cracking due to the volume
variation associated with the phase change is a main degradation mechanism in P2-
type CAM. A detailed analysis by AE hit classification based on peak frequency
showed a significant difference between the materials, as with increasing entropy a
larger share of high-frequency hits (>300 kHz) and lower share of medium-frequency
hits (200-300 kHz) were observed. By post-mortem cross-sectional electron micros-
copy imaging and Rietveld refinement of the c lattice parameter change during cycling,
a more solid-solution like desodiation and less pronounced phase transition, resulting
in the formation of less intragranular cracks, were observed with increasing configura-
tional entropy. In all cases, intergranular fracture, i.e. deagglomeration of particle ag-
gregates, was observed. These findings establish that via AE a distinction of less deg-
radative intergranular and more degradative intragranular fractures is possible by the
respectively assigned high- and medium-frequency ranges of hits. It should be noted
that the aforementioned capacitance method of Oswald et al.133%-337] to quantify surface

area increase could not be applied, as it requires a full sodiation of the CAM to achieve
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blocking conditions, and under these conditions, both Mn disproportionation and con-
tinues reduction of FEC occurred.['""]

This study bridges two fields of contemporary research activity, on the one hand the
use of AE in battery health monitoring, which commonly focusses on signal processing
and analysis while assuming a black box model for the cell and its components,[249:250]
and the study of SIB CAM degradation on the other hand. In the latter, various works
discuss the facet-dependent mechanism of crack formation,®*°! the role of CAM com-
position, 3283503511 including high-entropy materials,[331:352-354] g5 well as the contribu-
tion of cracking to the overall aging of CAM, 1643511 Yet, these all rely on laborious post-
mortem electron microscopy to investigate cracks, while AE allows to study cracking
in operando conditions.

The study was initiated and designed by Dr. Qingsong Wang and the author of this
thesis. The AE measurement setup was initially designed and built by Dr. Simon
Schweidler. Dr. Junbo Wang and Dr. Qingsong Wang prepared the materials and per-
formed operando X-ray measurements and refinement. Electrode preparation, cell as-
sembly, AE testing and data analysis as well as post-mortem electrode preparation
and electron microscopy investigation were carried out by the author. Ruizhuo Zhang
performed the cross-sectional electron microscopy analysis. The figures and the orig-
inal manuscript were prepared by the author. Dr. Aleksandr Kondrakov, Dr. Qingsong
Wang, Dr. Torsten Brezesinski and Prof. Dr. Jurgen Janek supervised the work. The

manuscript was edited by all authors.

Reprinted from S. L. Dreyer, R. Zhang, J. Wang, A. Kondrakov, Q. Wang, T. Bre-
zesinski, J. Janek, J. Phys. Energy 2023, 5, 035002, DOI 10.1088/2515-7655/acd41a
without changes under a Creative Commons Attribution 4.0 License (CC-BY; http://cre-
ativecommons.org/licenses/by/4.0/). Copyright © 2023 The Authors. Published by IOP
Publishing Limited.
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Abstract

Sodium-ion batteries (SIBs) see intensive research and commercialization efforts, aiming to
establish them as an alternative to lithium-ion batteries. Among the reported cathode material
families for SIBs, Na-deficient P2-type layered oxides are promising candidates, benefiting from
fast sodium diffusion and therefore high charge/discharge rates. However, upon sodium extraction
at high potentials, a transition from the P2 to O2 phase occurs, with the corresponding change in
cell volume resulting in particle fracture and capacity degradation. A possible solution to this is to
increase configurational entropy by introducing more elements into the transition-metal layer
(so-called high-entropy concept), leading to some kind of structural stabilization. In this work, the
acoustic emission (AE) of a series of P2-type layered oxide cathodes with increasing
configurational entropy [Nag g7 (Mngs5Nig.21 Cog.24) Oz, Nag 67(Mng 45Nig 18 Cog 24 Tio. 1 Mgo.03) Oz
and Nag 7(Mng 45 Nig,15C0p.15Tip. 1 Mgo.03Alg 04 Feg 02) O3] is recorded during SIB operation and
correlated to the materials properties, namely change in ¢ lattice parameter and cracking behavior.
A structure-property relationship between entropy, manifested in the extent of phase transition,
and detected AE is derived, supported by the classification of signals by peak frequency. This
classification in combination with microscopy imaging allows to distinguish between inter- and
intragranular fracture. Relatively more intergranular and less intragranular crack formation is
observed with increasing configurational entropy.

1. Introduction

Low cost and high abundancy of sodium, relative to lithium, are key driving forces in the research and
development of sodium-ion batteries (SIBs) as a complementary and sustainable energy-storage alternative
to lithium-ion batteries (LIBs) [1]. This development is aided and accelerated by the similarity of the two
technologies, allowing for fast transfer of concepts and solutions [2]. An example are the cathode active
material (CAM) families where for both SIBs and LIBs polyanionic structures [e.g. LiFePO4 and NaFePO, or
Na;V,(POy),F;] and layered oxides are most common, depending on the required energy density and cost
sensitivity [1-3].

Layered oxides for SIBs are mostly of either O3 or P2 type, which differ in the coordination and amount
of Na™ per formula unit, with P2 generally being Na-deficient and Mn-rich, but with a more open framework
structure allowing fast ion diffusion through direct prismatic paths [3-5]. However, upon sodium extraction,
P2-type structures (P6s/mmc space group) undergo a transition towards the O2 phase (P63mc space group),

© 2023 The Author(s). Published by IOP Publishing Ltd
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similar to the H2-H3 phase transition in layered Ni-rich oxide cathodes for LIBs, such as LiNiO, [6-9]. The
continuous phase transition and associated anisotropic cell volume changes lead to the formation of cracks
in CAM particles and therefore material and performance degradation [8, 9]. For this reason, effectively
mitigating or suppressing the phase transition and instead obtaining a solid-solution-like single-phase
de/sodiation behavior is a widely researched pathway towards more stable P2-type CAMs. Stability
improvements can, for example, be achieved by optimized synthesis conditions [10] or particle coatings.
[11, 12] The most common strategy to suppress phase transitions and associated volume changes is doping,
either by single elements, such as Mg [13], Fe [14] and Ru [15], or by multielement substitution [16, 17].

The introduction of a large number of elements into a single-phase structure is often referred to as the
high-entropy (HE) concept, yielding high configurational entropy, in an attempt to achieve
entropy-mediated (structural) stabilization and improved material properties by the so-called cocktail effect
[18-20]. Initially proven with metal alloys, the HE approach has been applied recently to organic-inorganic
hybrid and (oxide) ceramic battery cathodes and anodes [21-24]. For SIBs, this includes Prussian blue
analogues [25, 26] and O3- and P2-type oxides, such as Na(Nig 12Cug 12Mgo.12Feg.15C0g.15Mng ; Tig
Sng.1Sbg.04)O2 and Nag 6> (Mg 67Nig 23 CugosMgo.07Tip.01)O2 [17, 27-29]. Recently, we have reported a series
of P2-type layered oxide CAMs with gradually increasing entropy for SIB applications, namely
Nag 67(Mng 55Nip21C0024) O3, Nac.e7(MH0.45N10.13C00.24Tio.1Mg0.03)01 and
N30‘67(Mn0‘45 Ni()‘18CO[)A13Ti0A1Mgo_ggAlo_o‘;Feo‘gg)Oz, which will be referred to as 3-NTM02, S-NTMOZ and
7-NTMO,, respectively, in the following. They possess configurational entropies of 0.99R, 1.34R and 1.52R,
where R is the universal gas constant [30]. For these materials, we observed increased reversibility with
increasing entropy, as the degradative P2—O2 phase transition was reduced, with the 7-NTMO, material
displaying solid-solution behavior upon sodium extraction. The mitigation of both manganese dissolution
and gas evolution was also demonstrated.

The investigation of processes leading to performance degradation is either performed
ex situ/post-mortem, i.e. on disassembled cell parts after the end of operation, or in situ/operando, i.e. in
real-time during cell cycling. A variety of in situ characterization techniques has been reported for batteries
based mostly on interaction combinations of photons and electrons with the respective materials [31].
Exceptions to this broad generalization are, for example, neutron diffraction and imaging [32], techniques
used for gas analysis, such as differential electrochemical mass spectrometry (DEMS) [33], and acoustic
techniques. The latter can be separated into active monitoring, wherein an (ultrasonic) acoustic signal is
generated externally and its propagation in the battery cell is studied [34—36], and passive monitoring, where
acoustic signals emitted from the object under investigation are recorded, the so-called acoustic emission
(AE) technique [37]. Acoustic waves can appear in various types and forms, but ultimately all originating
from plastic deformation and cracking (i.e. local structural rearrangement), leading to a reduction in strain
energy [37-39].

AE as a real-time, non-destructive and non-invasive technique has seen wide application in structural
health monitoring, such as detecting fatigue and crack formation in construction materials [38]. For battery
cells, AE has been used to monitor the state of health and predict the remaining cycle life [40—42]. However,
AE monitoring in batteries is not limited to the cell as a whole, but can be applied to characterize individual
electrodes. Various electrode materials have been studied by AE, including CAMs [e.g. LiCoO, [43], LiMnO,
[44], LiNiO; [39] and HE Li,(Cog>Cug Mgy 2Nig 2Zng ) OF, [45]] and anode active materials [e.g. graphite
[46], silicon [47-49], NiSb, [50] and HE (Cog,Cuqg ;Mg ,Nig2Zng,)O [51]]. For these materials, analysis of
AE signals, with a single acoustic event usually referred to as a hit, allows gaining insights into solid
electrolyte interphase (SEI) formation on the one hand and crack formation and propagation both on the
particle and electrode level on the other hand. These processes can be distinguished by signal classification
due to acoustic wave characteristics, such as peak frequency, rise time, duration or amplitude [39, 43-47, 51].

In the present work, we study and compare the aforementioned 3-NTMO,, 5-NTMO, and 7-NTMO,
SIB CAMs by AE, observing the effect of increasing configurational entropy as a change in phase-transition
behavior (two-phase reaction versus solid solution), which results in different acoustic signatures of the
associated crack formation. In so doing, inter- and intragranular particle fracture can be distinguished from
one another.

2. Materials and methods

The materials were synthesized via solid-state reaction as described previously [30]. Electrodes were prepared
by dispersing CAM (70 wt.%), carbon black (20 wt.%; Super C65, Imerys Graphite & Carbon) and
polyvinylidene difluoride binder (10 wt.%; Solef 5130, Solvay) in N-methyl-2-pyrrolidone (Merck) and
casting the resulting slurry on an Al current collector foil. For this study, electrodes with an active material
loading of 8 mg cm ™ were produced. Disks of 13 mm diameter were punched out and dried overnight.
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CR2032 coin cells (Hohsen) were then assembled inside an Ar-filled glovebox. Na metal and GF/D glass fiber
filter paper (Whatman) were used as anode and separator, respectively. 95 ul of a 1.0 mol 17! solution of
NaClOy in ethylene carbonate, dimethyl carbonate and propylene carbonate (1:1:1 by volume) containing 5
vol.% fluoroethylene carbonate (FEC) was used as electrolyte.

For operando AE measurements, cells were cycled at 25 °C and at a rate of 0.1C, assuming 1C to be
200 mA g, between 1.5 and 4.6 V vs. Na*/Na using a BAT-SMALL potentiostat (Astrol Electronic AG). AE
signals were recorded by a differential wideband sensor (125-1000 kHz; Mistras Group, Inc.) attached to the
bottom of the coin cell using vacuum grease to improve contact. The setup further included an in-line
preamplifier and a data acquisition system (USB AE Node; Mistras Group, Inc.). The preamp gain, analog
filter and sampling rate were set to 40 dB, 20-1000 kHz and 5 MSPS, respectively. The sensor coupling was
verified by the pencil-lead break test [52]. For each material, at least two samples were tested to ensure
reproducibility. The AE setup and analysis procedure are described in more detail in the literature [39, 4448,
51, 53]. Recordings were first processed by the AEwin software (Mistras Group, Inc.), filtering out
background noise by eliminating all hits with less than two counts, peak frequencies lower than 100 kHz or
amplitudes less than 27 dB, and then analyzed together with the respective electrochemical measurement
data.

For post-mortem analysis, cells were cycled at 25 °C and 0.1C rate for up to 50 cycles using a Series 4000
battery test system (MACCOR), then crimped open and the cathode was washed with dimethyl carbonate to
be recovered.

Scanning electron microscopy (SEM) was carried out on a LEO 1530 microscope (Zeiss) at 10 kV. For the
preparation of cross-sectional images, an IB-19510CP cross-section polisher (JEOL) with Ar-gas source was
used to polish the cathode in the pristine and cycled states. The respective SEM images were recorded under
the same conditions as mentioned above.

Operando X-ray diffraction (XRD) measurements were carried out on a STOE Stadi P diffractometer (Ga
Kg radiation, A = 1.20793 A). Further details can be found in the previous work [30]. Rietveld refinement
and LeBail fitting were performed with the FullProf software package. Rietveld refinements of diffraction
patterns collected from the pristine powders and the operando cells before electrochemical testing were first
conducted to determine the zero shift. The zero shift was then kept constant for the LeBail fitting of the
following patterns obtained during the charge/discharge process. Additionally, a larger hexagonal unit cell
described by the space group P65 instead of P6;/mmc was considered for data refinement [54, 55].

3. Results and discussion

As previously reported, two potential ranges were explored in testing the cycling performance of the
materials, one of them allowing for further reduction and possible disproportionation and dissolution of Mn
[30]. For AE measurements, the wider range of 1.5-4.6 V vs. Na™/Na was chosen, as it yields greater cell
capacities and allows the Mn dissolution to be investigated. Figure 1(a) shows the specific charge/discharge
capacities of 3-NTMO,, 5-NTMO; and 7-NTMO; in coin half-cells cycled at 0.1C rate in the AE setup. The
observed reduced charge capacity in the first cycle (gs = 142-143 mAh g™!) is due to the intrinsic sodium
deficiency of as-synthesized P2-type structures. The capacities are in line with those reported earlier when
considering the different C-rates and also regarding the initial increase seen for 5-NTMO; and 7-NTMO,
over the first few cycles [30]. The voltage profiles for the first five cycles are shown together with the
cumulative number of AE hits and normalized hit rate for each material in figures 1(b)-(d).

The vast majority of hits are detected during charge, and with the exception of the first cycle, in the
potential range from 4.2 to 4.6 V vs. Na*/Na. In the initial cycle, hits are also detected below 4.2 V, starting
from the beginning of charge. This is commonly attributed to the formation of the (cathode) SEI [39, 43, 45,
47, 56], as also observed for LiCoO; [43] and LiNiO; [39]. In anode active materials, the corresponding early
SEI formation is also detectable via AE (46, 49, 51]. In agreement with previous results, the largest share of
acoustic activity is observed in the potential range where particle cracking due to phase transitions and/or
intense volume changes occurs, with the number of new hits per cycle slowly decreasing [39, 43-45, 57, 58].
Virtually no hits are detected at low potentials near the end of discharge, suggesting that the Mn
reduction/disproportionation and CO; evolution due to FEC reduction, both of which are evident under
these conditions [30], are not acoustically active. While the AE of gassing and subsequent bursting of gas
bubbles is sometimes described in the literature [43, 46], it is further characterized by low peak frequencies
and long rise times [56, 58—61] so that the attribution can be challenged if these conditions are not met by a
given hit [39, 44, 47, 49]. In the setup used herein, gas evolution (detected via DEMS) was not [39, 51], or
presumably only at extreme rates [45], observed by AE.

In general, the acoustic profiles appear simpler and clearer, due to high concentration of hits into a
narrow voltage range, than those of CAMs for LIBs previously studied using the same setup [39, 45]. A likely
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Figure 1. (a) Specific charge (solid symbols) and discharge capacities (hollow symbols) of 3-, 5- and 7-NTMO; and
(b)-(d) corresponding acoustic profiles.

contribution to this is the morphology, with the materials studied herein consisting of micron-sized,
monolithic (yet agglomerated) particles, while the LIB CAMs either consisted of primary particles
agglomerated to micron-sized secondary particles [39] or nanoparticles [45]. Thus, a lower specific surface
area and reduced contribution from surface side reactions can be expected. The particle size distribution of
all three materials is shown in figure S1, with D5, between 9.4 pm (for 7-NTMO,) and 12.4 ym (for
5-NTMO,).

The apparent straightforwardness of the acoustic profiles not only allows, for the first time,
characterizing different materials, but also comparing them. However, when comparing the different
materials to one another, it should be considered that the similar number of hits detected after five cycles, as
indicated in figures 1(b)—(d), is merely coincidental, as with the experimental setup used, the degree of
acoustic transmission varies with the quality of contact between cell and sensor (screw pressure, amount of
grease etc.), as well as with the individual coin cell (electrode alignment, crimping etc.). It is therefore hardly
possible to directly compare absolute numbers. Instead, relative hits, i.e. normalized to the respective total
number of hits, should be used. In figures 1(b)—(d), absolute numbers are shown for simplicity. Figure S2
represents the acoustic profiles of a second set of cells with normalized hits, thus also demonstrating the
repeatability of the obtained results.

Because the AE is concentrated in the phase-transition region, figure S3 shows dg/dV plots for each
material in this potential range during the first and second charge cycles. It is worth noting that the specific
capacity stemming from desodiation above 4.0 V vs. Na*/Na is similar between the materials, as shown in
table S1, since differences in total capacity result mostly from a different degree of low-potential Mn** redox
[30]. For the 3-NTMO, sample, a sharp main peak is observed around 4.35 V, corresponding to the voltage
plateau in figure 1(b) and transition to the O2 phase, as previously found by operando XRD [30]. A shoulder
at 4.2-4.3 V is believed to be related to lattice oxygen loss. It coincides with strong gas evolution in DEMS
and is not seen during discharge, indicating an irreversible process [30]. The acoustic activity is concentrated
within this phase-transition region, resulting in an S-shaped curve with little hits above 4.45 V in both cycles.
The maximum gas evolution occurs around 4.3 V in the initial cycle, but above 4.45 V in the second one. Yet,
the acoustic profile shapes are similar and do not show considerable activity above 4.45 V, and it can be
concluded that high-potential gas evolution, including that associated with irreversible oxygen redox [33], is
also not detected via AE in the given setup. For 5-NTMO, and especially the 7-NTMO; sample, on the other
hand, a broader dq/dV peak without distinct lower shoulder is observed (figure §3), indicating a more
solid-solution-like desodiation process, as also found via operando XRD [30]. At the same time, the hit curve
changes from S-shape to a rather linear shape, including continuous hit detection at potentials above 4.45 V.
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Figure 2. (a) Normalized hit count (solid symbols) and hits per cycle (hollow symbols) for 3-, 5- and 7-NTMO; and
(b)—(d) corresponding acoustic profiles after classification by peak frequency into AE1 (gray), AE2 (red) and AE3 (green).

When considering the cumulative hits in the initial cycle according to figures 1(b)—(d) and S3 under the
restriction of similar absolute numbers as discussed previously, it can be concluded that with increasing
configurational entropy a larger amount of hits is detected, with less hits in the following cycles (i.e. flatter
steps in the acoustic profiles in the later cycles).

Figure 2(a) shows the cumulative hits and hits per cycle for each material normalized to the total number
after five cycles, confirming the trend towards concentration of AE into the first charge from 3-NTMO, to
7-NTMO;. The hits are characterized further by additional parameters that can be used to classify AE events.
While principal component analysis allows for the consideration of each parameter’s contribution [47, 62], it
is often found that the peak frequency is the most distinctive and allows to correlate AE hits with likely
processes of their origin [43, 44, 47, 56—61]. For each material, hits are thus classified into three groups (AE1,
AE2 and AE3) according to the peak frequency (<200, 200-300 and >>300 kHz). In recent years, it has been
found that low peak frequencies are often associated with gas bubble evolution or interfacial reactions, such
as SEI formation, while higher frequencies can be attributed to mechanical stress-release processes, such as
crack formation [43, 56, 58—-62]. In some instances, AE classification by peak frequency is used to distinguish
mechanical processes on different length scales, i.e. from microcrack formation over intragranular crack
propagation/growth to intergranular (electrode) fracture, including deagglomeration of secondary particles
[45,47, 51].

Figures 2(b)—(d) show the acoustic profiles after classification by peak frequency and figure S4 presents
histograms of frequency distribution. For the second set of cells (as shown in figure S2), figure S5 displays the
normalized hit count. While 3-NTMO, and 7-NTMO, only show a negligible amount of AE1 activity, a few
such hits were detected for 5-NTMO,. Although low peak frequencies, as for AE1, are sometimes associated
with gas evolution [43, 56, 58—61], all materials tested herein showed gassing of similar degree in the initial
cycle [30], and other gas evolving processes have been ruled out above. Other processes in the AE1 range
include electrode surface restructuring and SEI formation. A possible explanation therefore is an increased
amount of surface impurities resulting in higher reactivity and AE from decomposition reactions. This
assumption is supported by the slightly higher CO, evolution for 5-NTMO;, which may indicate a larger
concentration of residual carbonates on the surface [30, 33]. However, the main difference between the
materials is found in the distribution of hits between AE2 and AE3. While 3-NTMO, shows only slightly
more AE3 than AE2 hits, there is an increase in the share and total number of AE3 hits with increasing
configurational entropy. Conversely, the share and total number of AE2 hits decreases. Considering prior AE
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Figure 3. Top-view SEM images of pristine and charged (initial cycle) 3-, 5- and 7-NTMO, cathodes.

classification findings that show a relation between peak frequency and crack type or length scale/dimension
[45, 47, 51], a likely hypothesis is that AE2 and AE3 represent the formation of one crack type each. As both a
lower share of AE2 hits and lower degree of phase transition (or corresponding volume change) are observed
with increasing configurational entropy in the materials, AE2 hits appear to be associated with the formation
of intragranular cracks. Under this hypothesis, AE3 hits are then attributed to the formation of intergranular
cracks, as was proposed in a previous study [45].

To correlate the observed differences in AE characterization and classification with material properties
and especially to confirm the hypothesis regarding intragranular crack evolution and deagglomeration
(intergranular cracking), post-mortem investigation of cycled electrodes was carried out. Figures 3(a)—(i)
show top-view SEM images of the different CAMs in the pristine state and after charging to 4.2 V vs. Na*/Na
(geh =~ 80 mAh g~1), i.e. prior to the onset of any phase transitions and appearance of most acoustic activity,
and to 4.6 V, the cutoff potential with maximum change in lattice parameters according to operando XRD. In
the pristine cathodes, the CAM particles are crack free and agglomerated or even sintered together. After
charging to 4.2 V, small contact lines between the particles become visible and few initial intragranular cracks
appear. At 4.6 V, more of these parallel-oriented crack lines can be observed and agglomerated particles have
partially deagglomerated, as is evident from the presence of intergranular cracks. A
voltage-plateau-dependent fracture behavior, with cracks oriented in parallel to the (002) plane, was
previously reported for Nay/3Nij;3Mn;;30,, wherein Mg doping reduced the cracking tendency [9, 13].
Comparable behavior, including fracture along the (003) plane and the distinction of intra- and
intergranular cracking, is also found in layered oxide LIB CAMs [63—65].

Cracks are usually formed because of anisotropic changes in unit cell volume. In this case, the particles
first slightly expand during desodiation before the lattice collapses and shrinks at high states of charge
[30, 66]. To quantitatively compare the root cause of particle fracture, operando XRD patterns were refined.
The changes in lattice parameter c in the initial cycle are displayed in figure 4. In general, upon charging
below 4.2 V, the extraction of Na* ions leads to increased repulsion of the oxygen layers (reduced shielding
by the Na™ ions), thus an increase in ¢ is observed. During further desodiation, phase transition from P2 to
02 is prompted by the TMO; (or MO, to be more precise) slabs gliding in the a-b plane, because the empty
prismatic sites are thermodynamically unstable [67]. Through metal substitution (HE approach), the P2-O2
transition is suppressed effectively and transferred to P2 to OP4 evolution in the case of 7-NTMO, (figure 4).
The intergrown OP4 phase describes the alternate piling up (with possible stacking fault) of octahedral and
trigonal prismatic layers (Na™ ions are accommodated at the octahedral and prismatic sites) along the c axis.
Overall, the P2-OP4 phase transition is more reversible [67]. The 5-NTMO, sample with medium
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Figure 4. Changes in ¢ lattice parameters during the initial cycle and corresponding phases (OP4 = black plus sign, 02 = red
minus sign) at high potentials. The corresponding voltage profiles are shown in light gray. The error bars are included in the
symbols.

configurational entropy shows existence of both the O2 and OP4 phases at high states of charge (figure 4). In
the case of 3-NTMO,, a complete transition (collapse in ¢ axis) to O2 is observed at high potentials

(figure 4). Hence, more severe lattice parameter/unit cell volume changes in 3-NTMO, lead to more particle
fracture, supporting the assignment of AE2 hits to intergranular cracking.

Figure S6 shows additional top-view SEM images of particles at the end of discharge after both one and
five cycles, demonstrating that cracks do not disappear after resodiation and return to the initial unit cell
volume, while the occurrence of intragranular cracks and associated phenomena, such as delamination,
exfoliation and electrochemical creep [17, 68—70], increases with the number of cycles. Top-view imaging
relies on particles on the electrode surface after assembly and the study of deagglomeration is complicated by
loss of such particles from the surface. For this reason, ion milling was carried out and the resulting cross
sections were studied via SEM. For both 3- and 7-NTMO,, figures 5(a)—(h) and S7 show images collected
from the cathodes before and after cycling (1, 5 and 50 cycles). In cycled electrodes, not only the formation of
intragranular crack planes, visible as parallel lines, can be observed, but also the expansive delamination and
exfoliation of cracked (single-crystalline) particles in absence of other, directly adjacent particles, as also
reported in the literature [11, 12, 17, 69, 70]. However, when such particles are present, signs of
deagglomeration and formation of intergranular voids are increasingly apparent. It should be noted though
that such voids are also present to some degree in the pristine electrodes. Intragranular fracture seems to
result from compression and subsequent bending of particles and was also observed for Na,3Ni;;sMny30,;
[9]. For some monolithic particles that appear crack free, a likely explanation is that they are oriented in a
way that the cracking planes are parallel to the cross-section plane. A large number of smaller cracks at the
particle surface can be observed, with crack tips expanding into the bulk (especially in figures 5(g) and
S7(g)), in good agreement with literature reports on P2 SIB CAMs [13, 71], where the crack nucleation and
growth from the surface is explained by the P2-O2 transition during cycling [9]. For the 3-NTMO, material
after 50 cycles, at high magnification (figure S8), additional surface corrosion is visible, which is probably
related to the disproportionation and subsequent dissolution of Mn [30].

When comparing the samples, a difference in the number of intragranular cracks can be observed. After
one cycle, for all materials, deagglomeration has set in, and next to these intergranular voids also some
intragranular cracks are visible. At higher cycle numbers, 3-NTMO; shows both substantially more cracked
particles and more intragranular cracks per particle, while intergranular fracture dominates the 7-NTMO;
cathode cross sections. These findings qualitatively confirm the hypothesis that AE2 hits, more prevalent in
3-NTMO,, are correlated with intragranular cracking, while AE3 hits, more prevalent in 7-NTMO,, are
correlated with intergranular fracture. With both qualitative and quantitative confirmation of the assignment
hypothesis, this work presents a non-invasive, non-destructive method of monitoring formation of both
intra- and intergranular cracks by the use of AE.

Further attempts to quantify crack formation via the expected increase in surface area (by Kr-BET and
two-electrode electrochemical impedance spectroscopy measurements) did unfortunately not lead to concise
results. The conductive carbon black used in the electrodes contributes a far greater specific surface area than
the CAMs. Besides, the dissolution of Mn from the materials and subsequent deposition under continuous
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Figure 5. Cross-sectional SEM images of pristine and cycled (fifth and 50th cycle) 3- and 7-NTMO; cathodes. Arrows exemplify
intergranular (green) and intragranular (red) cracks.

SEI formation at the anode [72, 73] leads to a strong rise in impedance, as shown in figure S9, albeit
highlighting the effect of increased configurational entropy in suppressing Mn leaching (impedance growth).
The role of cathode composition and manufacturing process on AE is outside the scope of this work and will
be subject of future investigations.

4, Conclusions

For the first time, AE as a non-destructive characterization technique was applied to SIBs. Three structurally
related P2-type CAMs, varying in their configurational entropy and, resulting from that, in the degree of
phase transition (two-phase reaction versus solid solution) at potentials above 4.2 V vs. Na™/Na, were not
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only characterized, but also compared to one another. It was found that while acoustic activity in all
materials is mainly related to crack formation and propagation, with increasing configurational entropy, it is
more concentrated into the initial cycle and at higher peak frequencies. By correlation of electrochemical
behavior and AE with post-mortem SEM imaging, a lower degree of intragranular fracture and particle
delamination was observed with increasing solid-solution-like desodiation. A larger share of acoustic activity,
specifically at high peak frequencies, thus stems from particle deagglomeration (intergranular fracture).
These results are corroborated quantitatively by operando XRD.

It is demonstrated that AE cannot only be used to characterize, but also to compare and evaluate battery
materials. Especially, P2-type SIB CAMs show a clear profile with almost only cracking contributing to
acoustic activity (and again no effect of gas evolution on the AE). As a non-invasive technique, AE may find
further use in battery health monitoring due to the ease of measurement. However, as of now, the complexity
of the obtained information requires additional characterization to be interpreted and utilized fully.
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In an initial DEMS measurement of a high-entropy PBA undertaken at BELLA, the evo-
lution of (CN)2 near the end of charge was observed and assumed to be related to the
release of Oz from layered oxides, adhering to the motif of host structure anion oxida-
tion.l'®1 In later comparisons of both Mn- and Fe-based PW SIB CAMs of varying con-
figurational entropy, it was further observed that during phase transitions in the CAM
also at lower potential additional H2 and (CN)2 were evolved, with a reduced evolution
of (CN)2 in high-entropy materials.['92.1%3] This suggested that also the exposure of ad-
ditional surface to electrolyte may, in the form of surface impurities or reactions be-
tween electrolyte and CAM, contribute to the formation of (CN)2. Geisler recently inde-
pendently confirmed the (CN)2 evolution from PW CAM.[266]

The removal of water is often discussed as a main obstacle in the development and
commercialization of PBA/PW-based SIBs.!'%8.160] Furthermore, Li et al. challenged the
perception of PBA/PW as safe CAMs by demonstrating that charged PBA releases
HCN and (CN)2 during thermal runaway already between 200 and 300 °C, undergoing
further exothermic reactions with the electrolyte.l'9! Taken together, with the apparent
evolution of HCN and (CN)2 even during regular cycling, PBA/PW safety issues appear
at best as not well understood, and at worst, as a hard stop for further development.[35]
The initial observations at BELLA were, however, made on high-entropy materials con-
taining multiple metals prepared at a laboratory scale with little control over electrode
inhomogeneity, surface impurities, vacancy and water content. To rule out artifacts and
to identify the root cause and mechanism of (CN)2 evolution and also possible HCN
evolution, this study was carried out on commercial, purely Fe-based PW CAM in elec-
trodes of high loading and production quality.

As no calibration gas mixture [(CN)2 and possibly also HCN in He] was commercially
available, a comparison of mass spectrometer detector currents was required. This is
commonly carried out in DEMS studies when no calibration gas is available, e.g. for
SO:2 from sulfide solid electrolyte oxidation[®>6:3571 or for POF3 from LiPFes decomposi-
tion,[3%81 or when the cell design does not allow for external calibration.[3%% A calibration
by stoichiometric decomposition of a known amount of reagent, as described for e.g.
the DEMS fluoride probe trimethylsilyl fluoride,[*% or POFs/PFs,['20l was also not prac-

tical, as non-aqueous quantitative procedures require thermal decomposition of toxic
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and explosive heavy-metal cyanides, such as Ag(CN)2 and Hg(CN)2.[3¢'1 However, the
SEM gain of a mass spectrometer changes over time, which has to be accounted for
in a study extending over multiple months and measurements, in contrast to a small
number of comparative measurements carried out in quick succession. Therefore, this
work also discusses, for the first time in battery gassing studies, SEM degradation, 362!
a gradual adjustment of SEM voltage over time and the normalization of raw signals,
not only by CAM mass but also by relative calibration factors obtained for H2 and COa.

This study confirmed that the CAM drying process is of utmost importance, as signifi-
cant Hz evolution was observed when using undried PW electrodes, as obtained from
an aqueous slurry formulation.l'8] The evolution of CO2 and (CN)2 was found to de-
pend mostly on the conductive salt used in the electrolyte in a series of comparisons
of electrolytes containing either NaPFs or NaClOa4. In short, use of NaPFs leads to the
formation of HF by hydrolysis, i.e. acidic conditions, while in the case of NaClO4 hy-
droxide anions, i.e. basic conditions, formed from water reduction at the anode. Under
basic conditions, CO2 evolution from EC hydrolysis was subsequently observed. In the
case of overcharge, electrochemical electrolyte oxidation further contributed to the Hz
and CO:2 evolution. While mass spectrometric evidence of HCN formation is discussed,
(CN)2 is formed in far greater amounts and thus poses the main safety risk. With
NaPFs, the (CN)2 evolution was far lower than with NaClO4, and the oxidative proper-
ties of the latter were identified as cause of increased (CN)2 evolution, further also
detecting ClO2 as a reaction product via DEMS. Oxidation of Fe3*to Fe** in a short-
lived hexacyanoferrate(lV) intermediate, followed by reductive elimination of cyanide
ligands, was proposed as a reaction mechanism in light of the available literature. Es-
pecially, this mechanism can explain both that overcharge in NaPFs-based electrolyte
also leads to (CN)2 evolution (slower, but possible electrochemical formation of the
Fe*+ intermediate) and, due to the reductive elimination, specifically (CN)z is formed
instead of polycyanogen or various (CN)x oligomers that are otherwise found as prod-
ucts of electrochemical cyanide oxidation.[®63.3641 Quantitatively, the (CN)z evolution in
any case must be rather low, as no significant difference in specific capacities and
capacity fading is observed between cells containing NaPFs and NaClOa4. Likely,
charge transfer from NaClOs is restricted to the surface of the PW material, and sub-
sequent CEIl formation limits the exposure of material to the bulk electrolyte.
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While (CN)2 evolution was confirmed to take place also in optimized, commercial PW
materials and well-produced electrodes, and not to be a laboratory-scale material han-
dling artifact, it was found to be due to NaClOa4, which itself is only used in laboratory
environments, partly due to its oxidative nature. As was also presented in the review
in chapter 4.1., this work combines previous observations that oxidation by CIO4~-con-
taining electrolyte causes gas evolution*® and that the outcome of a SIB material
study depends on the conductive salt.[366]

A study on the role of PW water content and drying conditions by Ge et al. was pub-
lished three days prior to this work, including a DEMS investigation.*34 The auhors
also observe the effect of water removal on suppressing Hz and COz2 evolution as well
as a relase of water mostly at high SOC and associated with CO2 evolution from EC
hydrolysis, in line with this work and our previous studies.['8:192] Even though Ge et al.
used a NaClO4-based electrolyte, they did not detect (CN)2 evolution, likely due to a
lower sodium content, not using overcharge conditions and a combination of both a far
smaller coin cell, lower electrode loading and a mass spectrometer of lower sensitivity.
Neither mass spectrometry limitations nor SEM settings are discussed by the authors,
their interpretation of m/z = 26 and m/z = 28 as C2H4 and C2Hs from SEI formation in
the beginning of the first cycle may further be challenged, as without the use of a cold
trap, the signals may merely result from fragements of excess electrolyte solvent, as
was found in this study.

The study was initiated and designed by Prof. Dr. lvana Hasa and the author of this
thesis. The DEMS setup was initially designed and built by Dr. Balazs B. Berkes. Dr.
Faduma M. Maddar prepared both dried and undried electrodes. DEMS experiments,
data evaluation, figure preparation and writing were carried out by the author. Dr. Ale-
ksandr Kondrakov, Prof. Dr. lvana Hasa, Prof. Dr. Jurgen Janek and Dr. Torsten Breze-

sinski supervised the work. The manuscript was edited by all authors.

Reprinted from S. L. Dreyer, F. M. Maddar, A. Kondrakov, J. Janek, |. Hasa, T. Breze-
sinski, Batter. Supercaps 2024, 7, e202300595, DOI 10.1002/batt.202300595 without
changes under a Creative Commons Attribution 4.0 License (CC-BY; http:/crea-
tivecommons.org/licenses/by/4.0/). Copyright © 2024 The Authors. Published by
Wiley-VCH GmbH.
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Elucidating Gas Evolution of Prussian White Cathodes for
Sodium-ion Battery Application: The Effect of Electrolyte

and Moisture

Séren L. Dreyer,” Faduma M. Maddar,” Aleksandr Kondrakov,” < Jiirgen Janek,™

lvana Hasa,*® and Torsten Brezesinski*®

As global energy storage demand increases, sodium-ion
batteries are often considered as an alternative to lithium-ion
batteries. Hexacyanoferrate cathodes, commonly referred to as
Prussian blue analogues (PBAs), are of particular interest due
their low-cost synthesis and promising electrochemical re-
sponse. However, because they consist of ~50wt% cyanide
anions, a possible release of highly toxic cyanide gases poses a
significant safety risk. Previously, we observed the evolution of
(CN), during cycling via differential electrochemical mass
spectrometry (DEMS), but were unable to determine a root
cause or mechanism. In this work, we present a systematical

1. Introduction

Electrochemical energy-storage systems, such as rechargeable
batteries, are at the heart of the energy transition, contributing
to decarbonization of transport and grid energy storage.'?
Lithium-ion batteries (LIBs) have been intensively developed
and commercialized to fulfil both application requirements,
however the rising prices of the raw materials used for their
production and supply constraints triggered an accelerated
development of alternative battery chemistries.*¥ Sodium-ion
batteries (SIBs), which can be manufactured using the same
process equipment as LIBs, are therefore developed as a
complementary technology, especially for use cases where cost
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investigation of the gas evolution of Prussian white (PW) with
different water content via DEMS. While H, is the main gas
detected, especially in hydrated PW and during overcharge
(4.6 V vs. Na'/Na), the evolution of CO, and (CN), depends on
the electrolyte conductive salt. The use of oxidative NaClO,
instead of NaPF; is the leading cause for the formation of (CN),.
Mass spectrometric evidence of trace amounts of HCN is also
found, but to a much lower extent than (CN),, which is the
dominant safety risk when using NaClO,-containing electrolyte,
which despite being a good model salt, is not a viable option
for commercial applications.

factors play a more important role than energy density.”™
Several cathode active material (CAM) families have been
proposed for SIBs, including layered oxides, polyanionic com-
pounds, and Prussian blue analogues (PBAs).”'"! The latter ones
are considered particularly promising due to their low-cost
synthesis methods, eliminating the need for high temperature
treatments, their tunable redox behavior achieved through the
use of sustainable and abundant metals, such as iron and
manganese, and their satisfactory capacity and power capability
conferred by their open framework structure with large
interstitial sites enabling 3D diffusion pathways while minimiz-
ing volume changes upon cycling.*'*"¥ Furthermore, they can
be operated both in aqueous electrolytes, with a limited cell
voltage, and in organic electrolytes similar to those for LIBs,
thereby realizing higher cell voltages."*™ Strong research and
commercialization efforts for these materials are therefore
underway, including manufacturers, such as CATL, Natron
Energy, and Altris."®?"!

PBAs for SIBs present the general formula of Na,M,[M.-
(CN)gly—,[0,-zH,0, where M, and M, are transition metals, x (0 <
x < 2), sometimes instead written as 2—x, denotes the sodium
content of the as-synthesized material, y (0<y<1) represent
the content of M,(CN), vacancies symbolized as [], and z the
number of lattice water molecules per PBA unit."*"*'® The Na-
and Fe-rich structures are often referred to as Prussian white
(PW), indicating all iron to be fully reduced (Fe?'/Fe*").
Vacancies, sodium content, and water play a crucial role in the
chemistry of these materials. Three main types of water
molecules are present in the structure of PBAs, including
chemically bonded coordinated water, interstitial water, and
adsorbed water, which all affect their Na* storage behavior and
cause side reactions with the electrolyte, leading to capacity

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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- Therefore, for best CAM performance, a high Na
6

fading.
content, but low fraction of vacancies and water, is desirable.
In recent years, many studies have been reported on optimized
composition,?*="! synthesis procedures, 39 drying
procedures, @233 and chelating agents®™*" to obtain PBA/
PW materials with such properties. At the same time, various
characterization methods and in-situ experiments have been
employed to study the composition and behavior of PBA/PW
materials during electrochemical cycling, mostly focusing on
the evolution of crystal phases in dependence of state of charge
(SOC) and water content.*'*? Some of us have shown that an
optimal dehydration process for the composite electrodes
obtained by a more sustainable aqueous processing is even
more critical when compared to the sole CAM powders."**

Various electrolyte solvent and salt combinations in PBA/
PW-based cells have been reported and reviewed in the
literature, with NaPF2172326354043-47] and
NaClQ,242527.29-3436-3948-56) haing the most widely used conduc-
tive salts. Common solvents are organic carbonates, such as
ethylene carbonate (EC), propylene carbonate (PC), dimethyl
carbonate (DMC), diethyl carbonate (DEC), and combinations
thereof, often also including the additive fluoroethylene
carbonate (FEC).5*? For a PBA CAM, Piernas-Mufoz et al.
reported a comparison of various solvent and salt combinations
and electrode binders, finding 1 M NaPFg in ECPC:FEC 49:49:2
to show the best performance in terms of specific capacity and
capacity retention, and in this electrolyte, polyvinylidene
difluoride (PVDF), closely followed by carboxymethy! cellulose
(CMQ), to be the best-performing binder.*” However, the
performance of NaClO,-electrolytes was only slightly different,
and the choice of electrolyte, salt, and additives also affects the
anode material, electrolyte handling, and considerations related
to safety and cost.*'™*

Glycol ethers, such as diglyme, are another family of
possible solvents, which generally lead to the formation of a
more stable solid electrolyte interphase (SEl) both in half- and
in full-cell configuration when compared to carbonates. In
addition, when combined with PW cathodes, their lower anodic
stability is not limiting, as PW operates within the electro-
chemical stability window of glymes.® In general, the forma-
tion and composition of both SEI and cathode electrolyte
interphase (CEI) strongly depend on the chosen salt and solvent
combinations.>75%656¢)

During battery operation, reactions of and between elec-
trode materials and electrolyte, such as the SEl formation or the
release of lattice oxygen from charged layered oxides, with
subsequent oxidation of electrolyte, result in gas evolution,
which can be studied in-situ via differential electrochemical
mass spectrometry (DEMS).”” While the gas evolution of LIBs
has been studied in great detail, investigations of SIB gassing
are still relatively sparse.® 7”72 |n previous works on high-
entropy PBA and PW CAMs for SIBs, some of us have performed
DEMS measurements, in which not only the commonly evolved
gases H, and CO,, but also cyanogen [(CN),] (assumed to be the
product of oxidative dimerization of CAM anions, similar to the
release of O, from layered oxides) were observed.*®5%¢" This
finding, although at a lower level, was recently confirmed by

Batteries & Supercaps 2024, e202300595 (2 of 16)

Geisler.”’? At the same time, Li et al. observed the release of
both hydrogen cyanide (HCN) and (CN), during thermal run-
away of PBA-based cells, and (CN), release during the thermal
decomposition of PBA/PW has previously been reported.””
While (CN), finds some application as a fumigant and in
organic synthesis, it forms HCN upon hydrolysis and also in vivo,
resulting in an acute toxicity only slightly lower than that of
HCN itself.7*" The observation of these gases challenges the
perception of PBA/PW as being non-toxic and raises safety
concerns regarding SIBs using such CAMs. This is especially
relevant when considering overcharge events, both intentional
and unintentional, and application in confined and poorly
ventilated spaces, as commonly found in stationary energy-

storage systems located in basements, server
etc,[10414677)

rooms,

In this work, we elucidate the role of carbonate solvents,
conductive salts, and water content on the gas evolution of
aqueous processed PW cathodes, investigated via DEMS during
cycling and overcharge. By using a NagysFe[Fe-
(CN),] - 1.84(3)H,0 PW CAM with Fe as the only transition metal
and studying it in optimized electrodes of high areal loading,™
any observation can be understood as genuinely deriving from
the material properties and not as immediate artifacts, e.g.
from the presence of other metals in the previously studied
high-entropy materials™®*" or from the use of small-scale
material and electrode preparation and handling (more prone
to the introduction of impurities). Overall, it is found that H, is
the main gas detected, with CO, and (CN), evolution strongly
depending on the electrolyte conductive salt and its oxidative
nature. The use of NaClQ, is the leading cause for the formation
of (CN),, especially during overcharge, which however is not a
commercially viable electrolyte salt.

2. Results and Discussion
2.1. Initial Gassing Measurements and Considerations

In this study, DEMS measurements were performed on PW/Na-
metal cells cycled at 0.1 C rate (14mAg") in the potential
window of 2.0-40V vs. Na*/Na for two cycles, reflecting
regular cycling conditions, and then between 2.0 and 4.6V in a
third cycle, reflecting an overcharge scenario (see more details
in Experimental section). It should be noted that due to the
two-electrode cell setup, the reported potentials may be
affected by SEI formation on the Na-metal anode."? Detailed
conditions for each measurement presented can be found in
Table S1 (Supporting Information), with a summary of the
respective specific charge/discharge capacities obtained and
gas amounts detected given in Table S2 (Supporting Informa-
tion).

The initial set of experiments consisted on the comparison
of the gassing behavior of PW/Na-metal cells employing two
commonly used electrolyte solutions in SIB research, i.e. 1M
NaClQ, in EC:PC:DMC=1:1:1 (v/v/v) with 5v% FEC and T M
NaPF; in EC:DEC=3:7 (v/v). While the first one, used in
previous DEMS studies on PBAs/PW,“**% constitutes a more

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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academic approach involving the use of NaClO, salt, the second
one resembles a more industrially relevant electrolyte employ-
ing NaPF,. However, these two electrolytes serve as model
electrolytes to investigate different gas evolution mechanisms
induced by chemically different salts and solvents when cycling
dehydrated PW electrodes. Figure 1a and b displays the gas
evolution obtained over two initial cycles and an overcharge
event during the third cycle. While almost the same capacities
and voltage profiles are obtained (see values in Table S2 and
Figure S1a, Supporting Information), the gassing behavior
differs significantly.

During regular cycling, H, evolution is observed for the cell
containing NaClO,-electrolyte only at the onset of the first
charge process, while it is observed during the whole first
charge with a maximum peak at the end of the de-sodiation at
4.0V, and to a lower extent also at the end of the second
charge for the cell containing NaPF-electrolyte.

In both cases, the formation of H, is most likely associated
to reduction of residual electrolyte moisture at the anode side.
In addition, coordinated water in the PW, which cannot be
removed during dehydration, leads to potential further water
release in the form of Na(OH,)" into the electrolyte during de-
sodiation, and particularly so at the end of charge, where the

a) Experiment 1
T

coordination becomes weaker.”*’® Loosely bound lattice water
is likely released fully in the initial cycle, explaining the early H,
evolution onset, specifically in the first cycle. The larger amount
of H, detected for the cell containing NaPF-electrolyte can be
explained considering the additional hydrolysis of NaPFg,
yielding acidic conditions due to HF formation, which is then
further reduced to H, at the anode.”®®” In the cell containing
NaClQO,-electrolyte, on the other hand, no acid formation is
occurring, and the reduction of water at the sodium metal
leaves OH~ anions behind. These, in turn, lead to basic
electrolyte conditions and hydrolysis of EC and other organic
carbonates, which results in CO, evolution and explains the
stronger evolution of CO, in the cell containing NaClO,-electro-
lyte during regular cycling within the stability window of the
solvent molecules.®*®¥ The decomposition of surface carbonate
impurities,*”#*#¢ which have recently been shown to be present
also on PW materials,”"’ may also contribute to CO, evolution
and explain the weak signal observed for the cell containing
NaPF,-electrolyte. In the absence of lattice oxygen, no chemical
oxidation of electrolyte by reactive species released from the
lattice may occur. However, the electrochemical oxidation of EC
has been shown to occur at potentials above ~4.6 V vs. Li*/Li,
i.e. ~43V vs. Na"/Na, providing an explanation for the strong

b) Experiment 2
T
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Figure 1. Gas evolution detected in Na half-cells using a dehydrated PW cathode in two different electrolytes: (a) 1 M NaClO, in EC:PC:DMC=1:1:1 (v/v/v)

with 5 v9% FEC and (b) 1 M NaPF; in EC:DEC =3:7 (v/v).
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CO, evolution during overcharge.”®” The drastic difference in
CO, evolution rates during overcharge is due to the presence of
the more oxidation-sensitive DEC® in the NaPFg-electrolyte, as
will be shown in section 2.3. It should also be noted that the
overall time at high potentials is higher for the cell containing
NaPF-electrolyte (3.6 h charge above 4.0V vs. 1.4 h for the cell
containing NaClO,-electrolyte), as can be seen from the direct
comparison of voltage profiles in Figure S1a (Supporting
Information). Concurrent H, evolution during overcharge is
caused not only by remaining coordinated water, but also by
the electrochemical oxidation of electrolyte, as protic oxidation
products are reduced at the anode.® The observed suppression
of H, evolution for the DEC-containing electrolyte during peak
CO, evolution is likely due to displacement of the former by the
latter in carrier gas. The effect is particularly noticeable in the
ionization within the mass spectrometer, where a decrease
even in carrier gas signal is detected due to high CO,
concentration. As will be shown in section 2.3., this displace-
ment only occurs in the presence of strongly CO,-evolving DEC.

Lastly, the evolution of cyanogen, i.e. (CN),, is also reported
for both measurements. Shown is m/z=>52, but the fragments
and heavier isotope species at m/z=26, 27, and 53 are detected
too (see section 2.6.). Since unfortunately no calibration gas is
available for this compound in He, a conversion of the
measured signal to an absolute gas amount is not directly
possible. For a single measurement, detector currents may be
reported,“®®*®! but a semi-quantitative normalization by both
CAM mass and spectrometer calibration sensitivity has to be
applied to allow comparisons between different
measurements.”” In the mass spectrometer, each species’ ion
current is amplified using a secondary electron multiplier (SEM)
instead of a Faraday cup detector. With a signal gain of around
3 decades, this allows for trace detection and distinction from
background noise in the first place. However, especially in
newly installed SEMs, such as the one used for this study, aging
and degradation lead to a decrease in ion current and SEM gain
over time, which can be roughly adjusted for by spectrometer
bake-out and applying a higher voltage.**' Since both H, and
CO, signals are also amplified by the SEM, their calibration
sensitivity, i.e. the slope of their calibration curves, is known,
and a relative comparison can be made between the slopes of
each gas for various measurements. The (CN), signal is then
normalized between measurements by this relative factor, as
detailed in Figure S2a and b, Table S3 (Supporting Information),
and the literature.”” In this study, factors between 0.71 and
1.37 have been applied to yield the reported normalized (CN),
signals. As shown in Figure 1a and b and Figure S1b (Support-
ing Information), in all cycles, a difference far greater is
observed between the (CN), evolution in the two electrolytes,
with a factor of 26 and 28 between peak currents during regular
cycling and overcharge, respectively. In both cases, (CN),
evolution is observed at high SOC and potential near the end of
charge, yet the evolution is far stronger for the cell containing
NaClO,-electrolyte, and during regular cycling hardly visible
against the background for the cell containing NaPF-electro-
lyte.

Batteries & Supercaps 2024, e202300595 (4 of 16)

To confirm the observed gas evolution trends, repeat
measurements were conducted, as shown in Figure S3 (Sup-
porting Information). NaClO,-containing electrolyte (Figure S3a,
Supporting Information) was prepared freshly in an attempt to
both ensure repeatability over electrolyte batches and reduce
the H, evolution at the onset of cycling. As a result, the H,
evolution is suppressed and the CO, evolution during regular
cycling is reduced, further confirming the effect of residual
moisture in the electrolyte as the main source for water. Again,
(CN), evolution was observed, especially during overcharge for
the NaClO,-electrolyte. A deviation of the peak normalized (CN),
signal by a factor of ~2 (881 pAg ' vs. 414 pAg ') demonstrates
that, while there are limitations of the presented semi-
quantitative normalization, the uncertainties obtained are an
order of magnitude smaller than the difference between the
two electrolytes. We note that this repeat measurement was
carried out five months after the first measurement and, to
adjust for the aforementioned SEM degradation, with 1380V
instead of 1200V applied to the SEM. Figure S3b (Supporting
Information) shows that for a repeat measurement (in this case,
shortly after the initial measurement) on a cell containing the
NaPF,-electrolyte, similar gas evolution profiles were obtained,
with the only variations observed in the total amount of gas
generated during overcharge, which depends strongly on the
exact duration of the overcharge and electrode specific surface
area.

As oxidation of cyanide anions is required to form (CN),, the
presence of the ClO,  anion with its oxidative properties
appears to be an explanation for the formation of cyanogen.
Metzger etal. previously reported CO, evolution stemming
from the oxidation of conductive carbon by LiCIO, at potentials
higher than 5V vs. Li*/Li® However, (CN), signal is also
observed during overcharge for the cell containing NaPFg-
electrolyte, and because different cell sets were used, NaClO,
contamination can be ruled out. Therefore, either a competing
or a more complex mechanism must occur, such as one
involving a previous release of CN™ and/or HCN or involving
iron. Possible considerations include the roles of SOC and
potential as oxidation causes, as well as the roles of water
content, electrolyte solvents, acidity/basicity, and various exper-
imental settings in the gas evolution. These will be disentangled
in the following in order to understand the gassing behavior of
PW CAM better and narrow down the root cause of (CN),
evolution during overcharge above 4.0 V.

The analysis will focus on H,, CO,, and (CN),. Two other
species commonly discussed in gas evolution studies are CO
(m/z=28) and CH, (m/z=26 and 28), with the former formed
together with CO, during electrolyte decomposition and the
latter generated during SEI formation from EC.*””’% Indeed, as
shown in Figure S4a (Supporting Information), a strong m/z=
28 signal is observed during overcharge. However, CO is also
formed as a fragment of CO, or DEC in the mass spectrometer,
which has to be corrected for. Additionally, a correction for C,H,
is needed, which is also present in the calibration gas and can
normally be analyzed at m/z=26 as C,H,™, yet not in the case
of PW, as m/z=26 is dominated by the CN* fragment or
(CN),>* fons. A precise quantitative determination of CO would
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only be possible via differential electrochemical infrared spec-
troscopy (DEIRS).”” Since the evolution of CO typically occurs
concurrently with that of CO, and from the same underlying
electrolyte oxidation mechanisms, it is therefore not reported
individually. This is also shown in Figure S4a (Supporting
Information), where after correction for the CO fragment of CO,
no remaining signal (but also no negative signal) is observed
during regular cycling, because hydrolysis of EC and decom-
position of Na,CO; do not generate CO.®**" Nevertheless,
during overcharge a signal of genuine CO from electrolyte
oxidation remains after correction.

POF; (m/z=85 and 104) is detected as the product of NaPF;
hydrolysis and decomposition, also yielding highly reactive PFs,
which however was found to further decompose to POF, in the
steel tubing leading to the mass analyzer.®*2 As shown in
Figure S4b (Supporting Information), POF; can indeed be
detected from the cell containing NaPFs-electrolyte. However,
its traces are too dilute in the constant carrier gas stream of the
open headspace DEMS setup used in this work, and therefore
no precise measurement outside of overcharge conditions is
possible.'®”
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2.2. Effect of Water Content

By using undried electrodes as described previously,* the
effect of interstitial and adsorbed water on gas evolution is
studied, as shown in Figure 2a for a cell containing NaClO,-
electrolyte and in Figure 2b for a cell containing NaPFs-electro-
lyte. In both cases, gas evolution peaks appear broader, with a
distinctive different voltage profile associated to the electro-
chemical activity of the monoclinic PW phase exhibiting lower
capacities within the standard 2.0-4.0V potential range. As
expected, a strong H, evolution is now observed even during
regular cycling for the cell containing NaClO,-electrolyte. The
release of water into the electrolyte upon charge results in
increased EC hydrolysis, thus also increasing the CO, evolution.
The (CN), evolution, on the other hand, is reduced when
compared to that of the dehydrated electrode, so that a
dependence of (CN), evolution on SOC and sodium content in
the structure can be assumed. The same findings apply also
during overcharge. It is worth mentioning that the hydrated
monoclinic PW phase enables extraction of one sodium per
formula unit at about 3 V vs. Na*/Na and that the water content
of the structure shifts the potential for the low-spin iron to
almost 4 V vs. Na®/Na. Rudola et al. reported that accessing this
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Figure 2. Gas evolution in Na half-cells with an undried PW cathode using two different electrolytes: (a) 1 M NaClO, in EC:PC:DMC=1:1:1 (v/v/v) with 5 v%

FEC and (b) 1 M NaPF in EC:DEC=3:7 (v/v).
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plateau rapidly degrades the cell performance, as further
structural water is released.”® However, for the cell containing
NaPF-electrolyte, the first-cycle H, evolution appears similar as
with the dehydrated electrode, with a rather constant H,
evolution starting immediately upon passing current through
the cell and only becoming more intensive near the end of
charge. In the second cycle, the H, evolution is then similar
between both electrolytes, demonstrating the dominating role
of PW water content. Because the electrolyte is acidic due to
PFe~ hydrolysis, no CO, evolution from EC hydrolysis is
observed, as this would require basic conditions. Under regular
cycling conditions, only a weak (CN), signal is detected.
Interestingly, a different overcharge behavior is evident for this
electrolyte with an undried electrode, with now H, evolution
from water release (similar to the other electrolyte) dominating
the gas evolution instead of CO, from DEC oxidation. Likely, the
presence of water or more acidic conditions affects the DEC
oxidation and explains the lower CO, evolution. The (CN),
evolution is again suppressed, both compared to the combina-
tions of either NaPFg-electrolyte and dehydrated electrode or
NaClO,-electrolyte and undried electrode. Regarding mechanis-
tic considerations, the reduced evolution at the same potential
when compared with dehydrated electrodes rules out an
electrochemical oxidation as the rate limiting step, while the
reduced evolution at lower SOC might indicate a contribution
of chemical oxidation.

At this point, two effects of increased water content shall be
discussed. At high potentials and water contents (undried
electrodes), and especially during overcharge, one might
assume water oxidation to occur via electrocatalysis by the de-
sodiated PW framework,®” yet no O, evolution was detected, as
shown in Figure S5a and b (Supporting Information). The high
H, evolution amounts, i.e. curve integrals as listed in Table S2
(Supporting Information), can be converted into water loss from
the CAM, as exemplified in Table S4 and Figure S6 (Supporting
Information), yielding a water release between 1.15 and 1.37 wt
% during regular cycling and 4.93 to 6.44 wt% during over-
charge. This is in good agreement with the ~10 wt% total water
content of undried PW or water uptake of dry material often
observed via thermogravimetric analysis, highlighting the
importance of PW dehydration to mitigate the risk of cell
swelling and rupture due to H, accumulation.?"?>****7 As s
shown in Table S5 (Supporting Information), an average weight
loss of 10.43 wt% relative to the CAM mass was observed when
drying the electrodes used in this study (i.e. difference in water
content between undried and dried electrodes).

2.3. Effect of Electrolyte Solvent

The effect of electrolyte solvents on gas evolution was also
investigated. To this end, 1 M NaPF, in EC:PC:DMC=1:1:1 (v/
v/v) with 5v% FEC was prepared and data were obtained for
both dehydrated and undried PW electrodes. These data can
then be evaluated in comparison with the results obtained by
using T M NaPFg in EC:DEC=3:7 (v/v) (Figure 1b and 2b), but
this time avoiding the strong CO, evolution of DEC. The
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solubility of NaClO, in EC:DEC=3:7 (v/v) was found to be
unsatisfactory at room temperature, while at higher temper-
atures degradation was observed in the form of turbidity and
dark precipitate, thus the NaClO, version of this electrolyte was
not investigated.

As shown in Figure 3a, the combination of a dehydrated PW
electrode and the new electrolyte resulted in no significant H,
evolution during regular cycling, indicating a lower water
content when compared with Figure 1b. Possible reasons
include a lower moisture level in the freshly prepared electro-
lyte than that shipped before use or a reduced release of
interstitial and adsorbed water into the electrolyte containing
different solvents. By contrast, slightly stronger CO, evolution
and (CN), evolution were observed. During overcharge, it
becomes apparent that the change of electrolyte solvents, i.e.
the replacement of DEC, strongly affects the gassing behavior,
as Figure 3a no longer shows the strong CO, evolution and
displacement of H, evolution found in Figure 1b for EC:DEC.
Instead, the evolution of these gases is now similar in profile
and quantity to that of Figure 1a, where the same solvent
mixture, but a different conductive salt, was used, suggesting
that under overcharge conditions, the electrochemical oxida-
tion of solvent molecules is the main contribution to the
evolution of these gases. On the other hand, the (CN), evolution
remained low, similar to that in Figure 1b, highlighting that it is
not the choice of solvent, but of conductive salt, that affects the
(CN), release.

Figure 3b shows the gassing resulting from a combination
of an undried PW electrode and the newly prepared electrolyte.
The H, evolution is drastically increased when compared with
the dehydrated electrode in Figure 3a and similar to that
observed for undried electrodes in Figure 2. The CO, evolution
during regular cycling is increased when compared with that in
Figure 2b and 3a (slightly), indicating that the solvent mixture
may be more prone to hydrolysis of the organic carbonates. A
very weak (CN), release is observed during regular cycling, but
interestingly the evolution is the strongest out of all NaPFs-
containing measurements reported in this study. A possible
explanation other than cross-contamination for this observation
is discussed in section 2.7.

We note that an analysis using diglyme as electrolyte
solvent, as reported by Geisler,”” was attempted but proven
unsuccessful, since it was quickly purged out by the carrier gas
stream, leaving a cell too dry to cycle behind. Because the same
effect is observed with organic carbonate solvents when using
polypropylene instead of glass fiber separators, a possible
explanation is the weaker retention of an electrolyte reservoir,
akin to poor wetting.

2.4, Effect of Conductive Salt

Having narrowed down the reason for strong (CN), evolution
from PW to the use of NaClO, as conductive salt, two
hypotheses regarding its role may be made, i.e. either the
oxidative nature of NaClO, results in an increased oxidation of
CN™ to (CN), or the electrolyte acidity/basicity (the former from
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Figure 3. Gas evolution in Na half-cells with (a) a dehydrated and (b) undried PW cathode using 1 M NaPF in EC:PC:DMC=1:1:1 (v/v/v) with 5 v% FEC as

electrolyte.

NaPF, and the latter from NaClO, as discussed previously)
influences the (CN), evolution, with basic conditions favoring it.
To differentiate the two hypotheses, two additional electrolytes
were prepared, both based on the previously used EC:PC:DMC
mixture containing 5v% FEC. The first electrolyte contained
0.3 M NacClO,, the other 0.3 M NaClO, and 0.7 M NaPF,, with the
respective DEMS results shown in Figure 4a and b, respectively.

The effect of conductive salt concentration on the achieved
capacity (Table S2, Supporting Information) is negligible be-
cause of the low cycling rate. If the oxidative effect of NaClO, is
causing (CN), formation, both electrolytes should result in
evolution of a similar magnitude to that shown in Figure 1a for
the 1 M NaClO, electrolyte, however with the reduced concen-
tration of NaClO, possibly leading to a partial decrease in (CN),
evolution. It is worth noting that the evolution should not be
limited by the available NaClO,. Indeed, in a typical experiment,
around 0.25 mmol of CAM is used, but either 0.35 mmol or
0.75 mmol of NaClO, is contained in the electrolyte, and the
CAM does not exhibit substantial degradation according to the
voltage profile and capacity. In the case of electrolyte acidity/
basicity, a strong difference between the two electrolytes
should be observed, as the first has a basicity similar to the
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initial NaClO, electrolyte (Figure 1a), while the second should
be acidic similar to the initial NaPFg-electrolyte (Figure 1b).

Because the same solvents are used and the water content
of electrolyte and PW electrodes is low, the evolution of H, and
CO, reported for both measurements in Figure 4 is similar
during charge and overcharge. The release of (CN), is observed
in both electrolytes, with a pronounced amount detected
during overcharge, and with an evolution profile similar to that
obtained with a higher concentration of NaClO,, as in Figure 1a.
Therefore, the oxidative properties of NaClO, are confirmed to
cause (CN), evolution. A difference in peak evolution rates
between Figure 1a and 4a is likely due to the dilution of the
electrolyte, while the small difference between Figure 4a and
4b may be attributed to a further displacement of ClO,™ anions
in the CEl and electric double layer by PF,~ anions. This finding
also explains the difference in (CN), signal intensity observed
between previous works in our group (using NaCl0,)***" and
Geisler's work (using NaPF,).”” Interestingly, a similar, seemingly
contradictory finding at the anode side of SIBs has been also
explained by the use of different conductive salts by Goktas
et al.®
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Figure 4. Gas evolution in Na half-cells with a dehydrated PW cathode using EC:PC:DMC=1:1:1 (v/v/v) with 5 v% FEC as electrolyte solvent and (a) 0.3 M

NaClQ, or (b) 0.3 M NaClO, and 0.7 M NaPF as conductive salt.

The detection of (CN), evolution in PW-containing cells has
significant relevance to the commercial application of PBA/PW
cathodes. It is equally relevant to highlight that the cause of
(CN), evolution is the oxidative nature of the NaClO, salt, which,
while representing a valid model electrolyte salt for laboratory-
scale research, cannot be considered a viable option in
commercial applications due to its strong oxidation properties
and explosive nature in the dry state.”***! |n fact, various novel
electrolyte formulations, including alternative conductive salts,
such as sodium bis(oxalate)borate, are developed to mitigate
safety concerns (to reduce flammability and HF generation, for
example) and are already applied to PW CAMs [75898100-102]

2.5. Effect of Other Measurement Conditions

Further experiments to evaluate the role of DEMS measurement
conditions and trace gas evolution have been carried out and
are discussed below. Figure 5a shows the result of a measure-
ment performed at 45°C instead of 25°C. Due to increased
electrolyte evaporation, a more volatile baseline for H, and CO,
is obtained, with the evolution of these gases being increased

Batteries & Supercaps 2024, e202300595 (8 of 16)

both during regular cycling and overcharge. This finding is
expected, as electrolyte degradation by hydrolysis and oxida-
tion is increased at elevated temperatures.®™*' However, the
(CN), evolution was found to be increased compared to cycling
at 25°C, while it slightly decreased from the 1** to the 2™ charge
during regular cycling and then increased during overcharge,
but to a much lower extent when compared to the test
conducted at 25°C.

At the same time, the voltage profile of the electrode cycled
at 45°C also strongly deviates after the overcharge, showing a
much lower discharge capacity characterized by high irrever-
sibility. Reduced performance of PBA/PW CAMs at elevated
temperatures has been reported previously and attributed to
degradation and formation of a resistive CEL.P**'® |t can be
assumed that the formation of such a resistive CEl is not only
more severe under overcharge conditions, but that it also
prevents further oxidation of the cyanide ions to (CN), by
restricting charge transfer between ClO,  and CAM.

Figure 5b shows the gas evolution from a DEMS measure-
ment conducted with only 350 uL of electrolyte instead of
750 pL. While such a measurement in our setup is more likely to
fail due to cell dry-out by carrier gas, it is more realistic in terms
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Figure 5. Gas evolution in Na half-cells with a dehydrated PW cathode using 1 M NaClQ, in EC:PC:DMC=1:1:1 (v/v/v) with 5 v% FEC after (a) increasing
temperature from 25 to 45°C and (b) reducing electrolyte volume from 750 to 350 pL.

of electrolyte to active mass ratio!"* (~5:1 vs. ~12:1, assuming

~1.3 g/mL electrolyte density) and can be more precise due to
lower dissolution of gases in the bulk electrolyte, leading to
tailing of the evolution curves!”'® |n this case, no effect on
peak tailing is observed and the amounts of H, and CO, evolved
do not differ significantly. Interestingly, the (CN), evolution is
reduced, yet still significant, especially during overcharge, with
a slight peak broadening appearing. A probable explanation is
the different absolute amount of NaClQ, in the cell, although a
quantitative consumption of NaClO, is unlikely. Instead, as
excess electrolyte is purged out of the cell, the salt concen-
tration is increased in the remaining electrolyte, i.e. that in the
glass fiber separator's reservoir, which is less affected by the
carrier gas stream. With more initial electrolyte, this effect is
more pronounced and leads to a higher effective concentration
of NaClQ,, similar to the findings of salt concentration variation
shown in Figure 4a.

Having established that the lower electrolyte volume does
not affect the observed gas evolution beyond the previously
discussed differences, lastly, a measurement with this reduced
electrolyte volume is carried out without cooling the cold trap
of the DEMS setup.®*" Since it comes at the price of increased
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SEM degradation and background noise, as well as reduced
target molecule ionization due to electrolyte molecules in the
spectrometer, a lower electrolyte volume is necessary to still
gather relevant data. This measurement allows to rule out a
significant effect of (CN), condensation into the cold trap and
will also be of interest in the following section on HCN
evolution. The resulting gas evolution is shown in Figure S7
(Supporting Information), and as can be seen, none of the gas
evolution trends show a significant difference to the measure-
ment with cold trap (Figure 5b). The variation of the peak (CN),
evolution rate during overcharge appears to be in agreement
with the limitations of relative quantification and the observed
differences between the experiments combining NaClO,-elec-
trolyte and dehydrated PW electrodes.

2.6. Evolution of Hydrogen Cyanide
Because HCN formation is a side reaction of some PW synthesis
routes?>**!! and has been previously observed during thermal

runaway of PBA cells," and (CN), is known to hydrolyze under
formation of HCN, in the following, we consider whether HCN is
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also present during the DEMS measurements. For this, the mass
spectrometer’s ability to discriminate between molecules of the
same gas, but of other isotope composition, referred to as
isotopologues, is utilized, which is a powerful enhancement of
DEMS study capabilities.”™”

The detection of HCN in the presence of (CN), is
complicated by fragmentation. At standard conditions (25°C,
70 eV ionization energy), HCN is detected mostly at m/z=27
(HCN', 100% relative intensity) and m/z=26 (CN*, ~16%
relative intensity), as well as in the form of molecules containing
a heavier isotope at m/z=28 (~2% relative intensity)."® (CN),,
on the other hand, is not only detected at m/z=52 (100%
relative intensity), but also at m/z=26 (CN* fragment and
(CN),*", ~5% relative intensity) and, due to isotopologues
containing either *C or "N, at m/z=>53 (~3 % relative intensity),
as well as very weakly in combination of heavy isotope content
and fragmentation at m/z=27."""In a standard mass spectrom-
etry application, short of gas chromatography, the simultaneous
determination of species with overlapping signals, such as HCN
and (CN),, requires solving a set of linear equations obtained
with a calibration matrix that contains the fragmentation
intensity patterns of all gases of interest.”>'® |n a battery DEMS
application, a further difficulty arises from fluctuating back-
ground signals, e.g. various C,H," species from ethylene and
DEC fragments (m/z=26, 27, and 28). As background signals
are present and no calibration gases and matrix are available,
two considerations are presented instead, which allow discus-
sing the relative presence of HCN. In these considerations, three
assumptions are made: (1) Molecules other than HCN and (CN),
contribute only to the baseline, but not to the signal peaks
observed for m/z=26, 27, 52, and 53. This is supported by
DEMS data of a previous study utilizing the same electrolyte

a) Experiment 1, cycle 1

16.10191| |16.26453
34 ~9.8 min peak delay
~43 MS scan cycles

36

32}

2.8
1
26+
2 4 1 1 L L 0
15 15.5 16 16.5 17 175
time/h
c) Experiment 3, cycle 3

41.68719| | 41.73522

~2.9 min peak delay
6 ~13 MS scan cycles 20

m/z 26 raw signal / pA
w
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-~
m/z 52 raw signal / pA
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and cutoff potential, but layered oxide CAMs."* The respective
signal profiles are shown in Figure S8a-c (Supporting Informa-
tion). (2) The formation rates of (CN), isotopologues are similar,
i.e. the kinetic isotope effect is weak. (3) There is no significant
isotope effect between isotopologues with regards to proba-
bilities of ionization and fragmentation.

Firstly, in all measurements carried out with NaClO,-electro-
lyte (all DEC-free), m/z=27 peaks can be detected against the
background noise, i.e. when the signal noise from excess
electrolyte has decreased sufficiently. As evident from Fig-
ure 6a-d and S9a-c (Supporting Information), the peak raw
signal of m/z=27 is detected between 2.9 and 9.8 min earlier
than that of (CN), at m/z=26 and 52 in some measurements.
However, each mass channel is scanned every 13.5s for the
experiments in this study, resulting in a 13 to 43 scan cycle
difference between peak signal rates. In Figure 6d, instead of an
earlier peak signal, a stronger peak shoulder is observed for m/
z=27. However, as shown in Figure S9a (Supporting Informa-
tion), the effect is reversed in the case of simultaneous presence
of NaClO, and NaPF,.

If fragmentation were the sole source of signal beyond
background in all three of these channels, peak signal rates
would occur figuratively simultaneously, as they have a
common source in the (CN), molecule, which is only ionized
and fragmented in the mass spectrometer. The time between
ionization at the ion source and detection at the SEM is
extremely short compared to the duration of the experiment
and even the length of one scan cycle. The fact that the m/z=
27 signal peak occurs much earlier suggests that, additionally to
the "C"N™ or "C"”N" fragment of (CN),, another gas (in this
case, HCN) contributes to the overall signal, which is either
formed slightly earlier or transported to the spectrometer faster.

b) Experiment 1, cycle 2
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Figure 6, Delay in signal peaks between m/z=26 and m/z=27 and 52 indicating the presence of trace amounts of HCN.
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Assuming laminar flow of carrier gas, a slightly earlier peak
formation rate of HCN in the cell may be assumed. However,
from the low signal-to-noise ratio in m/z=27, a low concen-
tration of HCN can be inferred. Another limitation that should
be considered is the reactivity of (CN),, both in the presence of
traces of moisture and H,. The earlier peak formation rate is not
necessarily found in the cell, but can occur in the DEMS tubing
by hydrolysis or reduction of (CN),, similar to the detection of
PF; as POF,, as reported by Solchenbach et al®" A similar HCN
formation reaction, albeit not affecting peak evolution rate time
differences, is reduction of (CN), in the presence of H, at the
hot filament of the mass spectrometer, a reaction known to
occur under these conditions between Cl, and H,."'” Secondly,
one may consider isotope abundance and relative intensity
ratios. At this point, it should be noted that while both for
National Institute of Standards and Technology (NIST) reference
data®'” and for the DEMS measurements an ionization
energy of 70 eV was applied, yet a slight deviation of relative
intensities can be observed due to different temperatures
during ionization.®#”

Under the previously made assumptions, in the case of pure
(CN),, the peak intensity ratio (1) between m/z=26 and 52, on
the one hand, and m/z=53 and 52, on the other hand, should
be close to the NIST reference values of 4.7 and 3.1%,
respectively,"™ and (2) between m/z=27 and 26 should be
around half that between m/z=53 ("heavy (CN),”) and 52. Since
only one of the two fragments of “heavy (CN),” carries a heavy
isotope, single ionization followed by fragmentation leads to
only one of the two fragments carrying the charge. Additionally,
the m/z=26 signal may also be increased from traces of
(CN),>". However, if an increasing concentration of HCN is
present, both the m/z=26 and 27 signals are increased, with
the latter increasing almost 6 times more, as in pure HCN the
ratio between m/z=26 and 27 is ~17%."° A deviation of the
ratios discussed above can therefore indicate the presence of
HCN.

As shown in Figure 7a-c and Figure S10a-c and Table S6
(Supporting Information), the intensity of all four raw signal
peaks is determined and compared for a series of measure-
ments. The ratio between m/z=53 and 52 was found to be
between 2.5 and 2.9%, close to the NIST reference value of
3.1%."7 However, the ratio between m/z=26 and 52 was
found to be between 20.3 and 24.2% in the measurements, far
above the NIST reference value of 4.7%. A stronger relative
signal of m/z=27 is then also found for the ratio between m/
z=27 and 26, between 12.2 and 20%. While a linear equation
system could be solved for the shares of HCN and (CN), that
generate these relative intensities, the result would be the share
of ionized molecules. The latter differs significantly from the
actual share of molecules due to different electron ionization
cross sections between HCN and (CN), so that again a
calibration gas containing known quantities of both gases
would be needed for a precise determination, even of
ratios.”>'%""1 |f, for a rough estimation, the ionization proba-
bility of both gases is assumed to be equal and all m/z=27
signal is attributed to HCN, the ratio between m/z=27 and 52
would indicate additional HCN evolution in the range of 2.9 to
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Figure 7. Ratios of m/z= 26, 27, 52, and 53 raw signal intensities indicating
the formation of trace amounts of HCN, as m/z= 27 signal is stronger than
expected for a mere isotopologue fragment.

4.8% of the (CN), evolution. No major differences in the
observed ratios between the measurements (see Table S6,
Supporting Information) further demonstrate that neither water
content nor electrolyte volume or cold-trap settings signifi-
cantly affect the perceived ratio between HCN and (CN),.

2.7. Mechanistic Considerations and Discussion

In light of the results presented so far and the available
literature, a consideration of likely gas amount and formation
mechanism of (CN), shall be discussed. In the initially reported
observation of (CN), evolution, a comparison was made to the
release of lattice oxygen from layered oxide CAMs, another
anion oxidation process.*® Having found NaClO, to play a
significant role in the (CN), formation, this now has to be
reconsidered, also taking into account a difference in reversi-
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bility. Between O?~ ions and oxygen gas, peroxides and hyper-
oxide anions exist, allowing for an often at least partially
reversible, capacity providing anion redox.""*' While a
respective (CN),” anion has been discussed in the literature, this
discussion is limited to theoretical calculations of anions in the
atmosphere of Saturn’s moon Titan.""""¥ The presence of this
species in PW CAM therefore appears unlikely, so that cyanide
oxidation is irreversible. Still, some similarities between the loss
of O, from layered oxides and (CN), from PW may exist. In
layered oxides, an oxygen-depleted surface forms, commonly
referred to as rocksalt-type phase. This layer impedes ion
diffusion (the transition metals in it become redox inactive) and
with its thickness increasing during cycle life, helps explain
some of the capacity fading seen in layered oxide CAMs."" In
the case of rocksalt-type layer, a measurement of the evolved
gases can be used to calculate the fraction of CAM converted to
oxygen-depleted material and, taking the specific surface area
of the CAM particles into account, layer thickness, with a
conversion of ~2% being reported for strong overcharge
conditions."""7!"®

A similar, cyanide-depleted surface may form on the PW
particles, as contact to NaClO, and gas diffusion into the
electrolyte are only possible at the particle surface. While its
detection via transmission electron microscopy (TEM) proves
troublesome due to the susceptibility of hexacyanoferrates to
beam damage, Yan et al. reported X-ray photoelectron spectro-
scopy (XPS) and Fourier-transform infrared spectroscopy (FTIR)
findings of a cycled PBA cathode that indicate the formation of
an altered surface layer or CEl when using NaPFg-electrolyte.*
Interestingly, Sottmann etal. observed the formation of
NaMnCl; via X-ray diffraction (XRD) of a cycled manganese
hexacyanoferrate cathode, with a reduction of NaClO, as the
only possible source of CI~ anions.*® A reaction of no more
than 1 to 2% of PBA/PW CAM seems probable. Firstly, as also
reported by Sottmann etal®® and Piernas-Mufioz etal,®” a
change of conductive salt to NaPF, does not lead to a
substantial increase in capacity retention, ruling out a notice-
ably stronger decomposition of the CAM by NaClO,. Further-
more, long-term cycling of PBA/PW CAM is still possible in
NaClO,-electrolyte, suggesting that the degradation reaction is
limited in its extent. Thus, a likely reason is the limitation of the
reaction to the available particle surface.

However, the calculation of how much (CN), is evolved
requires the number of reacting cyanide ions per formula unit
of degrading hexacyanoferrate to be known. A full conversion
(3 molecules of (CN), per Fe[Fe(CN),] unit) would yield iron
oxides, hydroxides or chlorides, in agreement with the observa-
tion of NaMnCl, formation by Sottmann et al.,*® yet through a
series of intermediate species of unknown reactivity. Alterna-
tively, only one or two cyanide ligands per hexacyanoferrate
unit may be oxidized, further reducing the estimated amount of
(CN), evolution by a factor of 1/6 or 1/3. Cheah et al. reported
(CN), evolution due to an irreversible electrochemical oxidation
of hexacyanoferrate at 0.586V vs. Fc'/Fc in acetonitrile.""”
Interestingly, this potential corresponds to ~3.93 V vs. Na®/Na
[E(Fc'/FQ)=0.63 V vs. SHE™ E(Na‘/Na)=2.714V vs. SHE],
close to the onset of (CN), evolution observed in this work.
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Cheah etal. proposed an ECE-type reaction, involving both
electron transfer and chemical reaction steps, in which the
electrochemical formation of an Fe'' intermediate is followed
by (CN), release in a reductive elimination reaction of two
cyanide ligands, and the resulting Fe’" complex is subsequently
electrochemically oxidized to Fe®. The solvent then coordi-
nates the iron in place of the missing cyanide ligands, which
Cheah et al. demonstrated via in-situ FTIR and X-ray absorption
spectroscopy (XAS) in combination with density-functional
theory (DFT) calculations."" For the PBA/PW CAM discussed
here, a coordination is similarly possible by electrolyte solvent,
water or hydroxide anions. The findings of Cheah etal. are
significant for the interpretation of results in this study in
multiple ways. Most importantly, they explain why a lower (CN),
evolution is observed also in cells containing NaPF,-electrolyte,
since Fe*' may be formed both electrochemically (to a lesser
extent, but in all electrolytes) and via oxidation by NaClO, (to a
greater extent). Consequently, this means that electron transfer
occurs between Fe** and ClO, or a ClO, species formed by
decomposition of the latter and does not immediately involve
the cyanide anions. This, in turn, helps to explain the otherwise
contrary findings of Pan etal, who reported on gas-free
oxidation of NaCN/carbon electrodes in NaClO,-electrolyte for
sodium-ion capacitors, finding polycyanogen (also called para-
cyanogen) instead of (CN), gas, as supported by pressure
measurements (and DEMS, but without explicitly monitoring m/
z=52)."2" polycyanogen formation was then demonstrated by
elemental analysis, as well as by ultraviolet (UV)- and IR-
spectroscopy, and assumed to occur due to anionic polymer-
ization in the presence of cyanide anions."*'*? Guo etal.
studied the electrochemical oxidation of cyanide in acetonitrile
by electrospray-mass spectrometry (ES-MS) and similarly re-
ported nucleophilic addition of cyanide to cyanogen, cbserving
various (CN), oligomers, but no (CN),."!

An attempt was made by us to conduct DEMS measure-
ments on NaCN/carbon composite electrodes similar to those
of Pan etal,"" with the further intent, similar to the Li,CO;
decomposition study of Freiberg et al,® to also quantify the
consumed NaCN and thereby (CN), amounts. However, this
proved unsuccessful, as with the only available PVDF binder,
slurry gelation was observed upon the presence of NaCN. Since
PVDF slurry gelation occurs by dehydrofluorination,"* the
formed HF likely reacts with NaCN to form HCN. This not only
invalidates quantification, but also poses a significant safety
risk, and no further attempts were made to prepare NaCN
electrodes.

In this study, polycyanogen formation could be neither
proved nor disproved. Still, taking the literature findings
detailed above into consideration, some characteristics of (CN),
formation and evolution can be discussed. The (CN), formation
via reductive elimination in an Fe** complex explains why the
oxidation of cyanide, in at least some cases, ends already at
(CN), and does not carry on to cyanate ions. Furthermore, the
relative absence of free cyanide anions inhibits the anionic
polymerization to polycyanogen by nucleophilic addition. The
anions present in the electrolyte are far less nucleophilic, with
the notable exception of hydroxide anions. The reduced (CN),
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evolution observed in the case of overcharge of undried
electrodes and NaClO, (Figure 2a) may then also be partially
attributed to the addition of hydroxide to formed (CN),, yielding
1-cyanoformamide instead."” At the same time, the presence
of water under acidic conditions (Figure 3b) may not lead to
(CN), polymerization, and may also induce formation of reactive
oxygen species upon electrochemical water oxidation, in both
cases explaining the higher (CN), evolution observed in this
measurement.

For the reductive elimination reaction, a preceding dissolu-
tion of one cyanide ligand to form a more reactive, five-
coordinate intermediate cannot be ruled out and may explain
the observed m/z=27 signals and their earlier peak evolution
rate.l'”® While Fe*" is unusual and its presence in a hexacyano-
ferrate complex, as proposed by Cheah etal,"™ is likely too
short-lived to be detected, it has been previously reported both
as an electrochemically formed intermediate prone to reductive
elimination in organometallic chemistry'” and in battery
materials, often showing spontaneous reduction at high SOC as
part of a reductive coupling mechanism, leading to oxidized
anions.'?%713

Lastly, the fate of the ClO,  anion shall be considered.
Eggert et al. studied the gas evolution of LiCIO, in PC on Pt
electrodes and proposed a single electron-transfer reaction,
yielding a ClO," radical, which decomposes to ClO, and oxygen.
The oxygen then contributes to electrolyte oxidation, leaving
both ClO, (m/z=67, m/z=69 due to *C| and ¥Cl) and CO, as
detected gases."* Cattaneo et al. also reported ClO, evolution
of this electrolyte on acetylene black electrodes above 4.5V vs.
Li "/Li."** On the other hand, Metzger et al. did not observe any
ClO, signals in their study of conductive carbon oxidation by
LiClO, and additionally ruled out the formation of LiCl via XPS,
thus assuming LiCIO, species as the reaction product.®”
However, Sottmann et al. reported the formation of NaMnCl;,
which does contain the CI~ anion.*® As is shown in Figure S11a-
e (Supporting Information), in this work, under overcharge
conditions and especially at increased temperature, signals at
m/z=67, 69, and 51 (*CIO*, m/z=53 occupied by (CN),
isotopologue) are observed, mirroring the correct isotope ratio
of **Cl and *’Cl. No clear signal could be made out for m/z=35
and 37. However, due to the strong level of background noise
and possible other contributions, the finding can only be
considered with caution. Furthermore, the formation of a ClO,*
radical itself is not proven, and it is an oxidation (not the
reduction) required to facilitate the Fe’™ to Fe** electron
removal. For this, either the reverse reaction, or more likely
oxidation by a formed decomposition species (CIO)), itself an
oxidative radical, is required. This is supported by the lack of
ClO, signals in previous measurements with the same electro-
lyte on layered oxide CAMs (Figure S8, Supporting Information),
indicating that ClO, is only formed together with PW degrada-
tion and not itself causing the degradation.

Taken together, a plausible reductive elimination mecha-
nism for the formation of (CN), and the observed formation of
ClO, from NaClO, suggests that a reactive CIO, species
facilitates the formation of a Fe*" intermediate.
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3. Conclusions

In this work, we have shown (quantitatively) that the outgassing
of PW materials is dominated by the evolution of H,, especially
in hydrated CAM and especially during overcharge (4.6 V). CO,
evolution during regular cycling occurs from the hydrolysis of
organic carbonates by hydroxide anions and therefore depends
not only on the water content of the CAM, but also on the
conductive salt, as NaPF, hydrolysis leads to acidic conditions
(less hydrolysis), while NaClO, leads to basic conditions (more
hydrolysis). Only under overcharge conditions at higher
potentials, electrochemical oxidation of electrolyte with CO,
release occurs. In addition, the evolution of (CN), was inves-
tigated in detail in this study, indicating that significant (CN),
release stems from the use of oxidative NaClO, while (CN),
release from electrolyte with NaPF; is much lower. With further
experiments, other influence factors and the evolution of HCN
were discussed, finding that HCN is likely present in traces, but
due to the higher concentration of (CN),, the latter dominates
in terms of safety risks. A hypothesis regarding the formation
mechanism and quantity of (CN), is presented, centering on the
formation of a reactive, cyanide-coordinated Fe*"' intermediate
that undergoes reductive elimination.

4. Outlook

(CN), evolution during cycling of PW-based SIBs has severe
implications regarding not only safety and handling of the
materials and cells, but also their commercial application.
However, we would like to emphasize that it is the commer-
cially irrelevant NaClO, salt - often used in lab-scale studies -
that mainly causes the (CN), evolution. Furthermore, as also
shown in this study, H, evolved due to PW water content is the
predominant gas and comes with its own safety risks. The
implied further development needs for PW-based SIBs are
therefore, on the one hand, safer electrolytes and conductive
salts and, on the other hand, careful and controlled dehydration
procedures while maintaining high sodium content, especially
when using aqueous processed electrodes.

Lastly, some important experimental considerations repre-
sent the limitations of the DEMS setup employed here.
Reported potentials are determined against Na metal acting
both as counter and reference electrode, which may have been
affected by the formation of a resistive SEI. While it was shown
that the use of a cold trap did not lead to substantial amounts
of HCN or (CN), being condensed, the evolved (CN), was
continually extracted, whereas in a regular cell, it would remain
in the headspace and also partially be dissolved into the
electrolyte. Under these conditions, polymerization to polycya-
nogen or follow-up reactions, such as with the H, or electrolyte
solvent, may occur, forming HCN or organic nitrile species, and
change the outcome of gas evolution studies performed on a
closed headspace, such as crimped-capillary online electro-
chemical mass spectrometry (OEMS) or GC-MS headspace
sampling.®®*'*"** On a similar note, if (CN), evolution occurs in
aqueous electrolyte,"® often NaClO, based, it would be
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followed up by hydrolysis, yielding cyanate and cyanide ions, of
which the latter may be oxidized again, leaving cyanate ions as
the main degradation product instead of (CN),. Therefore,
additional experiments are still required to evaluate the
significance of (CN), evolution for the application of PBAs/PWs
as battery materials. This includes experiments in full cells and
with a reference electrode,”>'*® experiments where a correct
electrolyte-to-active material ratio limits the amount of con-
ductive salt and electrolyte available for degradation reactions,
i.e. measurements in larger cell formats,"**® and a reliable and
precise quantification and separation of both HCN and (CN),,
which may be achieved by novel DEMS cell designs, such as on-
chip electrochemistry-mass spectrometry (EC-MS).!*®

To better understand follow-up reactions, we envision that
labeling the PW CAM with "*CN may allow for the detection of
gaseous products via DEMS/OEMS and electrolyte side products
via C nuclear magnetic resonance (NMR) spectroscopy. Overall,
the findings highlight the importance of gas evolution measure-
ments for an exhaustive characterization of battery materials,
and the effect of coating, doping, additives, synthesis, and
processing procedures on suppression of (CN), evolution may
become a new field of consideration in PBA/PW research.

Experimental Section

Electrodes based on PW CAM with a nominal composition of
Na, gos)Fe[Fe(CN)sl- 1.84(3)H,0 were prepared as described
previously.® In short, an aqueous slurry was produced from PW,
carboxymethyl cellulose (CMC) and styrene-butadiene rubber (SBR)
binder, and conductive carbon additive in a weight ratio of
93.5:3.5:3.0. After degassing, the slurry was coated onto a 15 um
aluminium foil (Avotec Steel). Electrodes were calendared to a
targeted density of ~1.5 gcm ™3, with an average mass loading of 13
(£1) mgem 2 Electrode disks of 30 mm diameter were punched
out and dried under a dynamic vacuum for 24 h at 170°C using a
Glass Oven b-585 (BUCHI UK Ltd) to allow for dehydration of the
Na-rich hydrated PW system. Undried electrodes were also used in
this work to investigate the effect of interstitial and adsorbed water
on gas evolution upon cycling.?!

For DEMS measurements, a customized cell was assembled using a
Na-metal (BASF SE) counter electrode, a GF/D separator (Whatman),
and the 30mm PW cathode as working electrode, with an
additional 4 mm diameter hole punched out in the center to allow
for gas flow. 750 uL of electrolyte was spread out on the separator
dropwise. Different electrolyte systems were used in the work,
including 1 M NaPF; in a mixture of ethylene carbonate (EC) and
diethyl carbonate (DEC) in a ratio of 3:7 (v/v) (Fluorochem Ltd.) and
0.3 or 1 M NaClO, (Sigma-Aldrich), 1 M NaPF, or 0.3 M NaClO, and
0.7 M NaPFg in a mixture of EC, propylene carbonate (PC, Merck
KGaA), and dimethyl carbonate (DMC, BASF SE) in a ratio of 1:1:1
(v/v/v) containing an additional 5 v% of fluoroethylene carbonate
(FEC, BASF SE). Cells were cycled galvanostatically at 14 mAg™
(1 C=140 mAg™") for two cycles within a standard potential range
between 2.0 and 4.0V vs. Na*/Na, and then charged up to 4.6V
before being discharged to 2.0V in the third cycle. A constant
stream of He carrier gas (2.5mL min ', purity 6.0) was passed
through the cell during cycling, and the extracted gas mixture then
passed through a cold trap (—8°C) before being analyzed by a
mass spectrometer (GSD320, Pfeiffer Vacuum GmbH). A more
detailed description of the DEMS setup and measurement principle
can be found in the literature.”#*"1 A baseline correction is applied
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to the m/z=2, 26, and 44 signals to subtract the background signal
stemming from electrolyte solvent molecules, residual air, and cell
leakage. Calibration curves for H, (m/z=2) and CO, (m/z=44) were
obtained by subsequently passing a calibration gas with known
concentrations of these species in He through the cell in various
dilutions. This is demonstrated for the first four measurements in
Figure S2 (Supporting Information). The secondary electron multi-
plier (SEM) voltage was adjusted before each measurement in a
range of 1200-1380 V to obtain a He (m/z=4) raw signal close to
1077 A. To compensate for differences in SEM gain and electrode
loading, the (CN), raw signal (m/z=52) was normalized to CAM
weight and relative H,/CO, calibration curve slopes, as discussed in
the main text. To this end, the quotients between each slope and
the average slope of the first four measurements were calculated
for both H, and CO,, then averaged and the m/z=52 raw signal
divided by this value.*® Table S3 (Supporting Information) contains
the H, and CO, calibration slopes and resulting adjustment factors
for all measurements.

Acknowledgements

The authors thank Yanjiao Ma (KIT, now Nanjing Normal
University) for providing the high-entropy PW materials that
initially started this research project as well as NaClO,-electro-
lyte and Na metal. Leonhard Karger (KIT) is acknowledged for
insightful mechanistic considerations. This study was partially
supported by BASF SE. J. J. acknowledges funding and
discussion within the POLiS Cluster of Excellence (ID
390874152, DFG - German Research Foundation). |. H. and F. M.
M. acknowledge funding received from the European Union’s
Horizon 2020 research and innovation programme under grant
agreement no. 883753 (SIMBA - Sodium-lon and Sodium Metal
Batteries for Efficient and Sustainable Next-Generation Energy
Storage). I. H. acknowledges also funding received by the Royal
Society through Research Grant RGS\R1\231519 “Gas Evolution
Monitoring in Na-lon Batteries (GEMINI)”. Open Access funding
enabled and organized by Projekt DEAL.

Conflict of Interests

The authors declare no conflict of interests,

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: Prussian white cathode - sodium-ion battery - gas
evolution - cyanogen - hydrogen cyanide

[11 Z. Zhu, T. Jiang, M. Ali, Y. Meng, Y. lJin, Y. Cui, W. Chen, Chem. Rev.
2022, 122, 16610-16751.

[2] A. Masias, J. Marcicki, W. A. Paxton, ACS Energy Lett. 2021, 6, 621-630.

[3] D. Karabelli, S. Kiemel, S. Singh, J. Koller, S. Ehrenberger, R. Miehe, M.
Weeber, K. P. Birke, Front. Energy Res. 2020, 8, 594857,

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

100



4.4. Elucidating Gas Evolution of Prussian White Cathodes for Sodium-ion Battery
Application: The Effect of Electrolyte and Moisture

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Batteries & Supercaps doi.org/10.1002/batt.202300595

[4] C. Xu, Q. Daj, L. Gaines, M. Hu, A. Tukker, B. Steubing, Commun. Mater.
2020, 1, 99.

[5] J. M. Tarascon, Joule 2020, 4, 1616-1620.

[6] T. Yu, G. Li, Y. Dian, Y. Wu, T. Zhang, X. Zhao, M. Luo, Y. Liu, J. Alloys
Compd. 2023, 958, 170486.

[7] L. Zhao, T. Zhang, W. Li, T. Li, L. Zhang, X. Zhang, Z. Wang, Engineering
2023, 24, 172-183.

[8] Y. Tian, G. Zeng, A. Rutt, T. Shi, H. Kim, J. Wang, J. Koettgen, Y. Sun, B.
Ouyang, T. Chen, Z. Lun, Z. Rong, K. Persson, G. Ceder, Chem. Rev.
2021, 127, 1623-1669.

[9] Q. Liu, Z. Hu, M. Chen, C. Zou, H. Jin, S. Wang, S. L. Chou, Y. Liu, 5. X.
Dou, Adv. Funct. Mater. 2020, 30, 1909530.

[10] H.S. Hirsh, Y. Li, D. H. S. Tan, M. Zhang, E. Zhao, Y. S. Meng, Adv. Energy
Mater. 2020, 10, 2001274.

[11] I. Hasa, S. Mariyappan, D. Saurel, P. Adelhelm, A.Y. Koposov, C.
Masquelier, L. Croguennec, M. Casas-Cabanas, J. Power Sources 2021,
482, 228872,

[12] M. Baumann, M. Haringer, M. Schmidt, L. Schneider, J.F. Peters, W.
Bauer, J. R. Binder, M. Weil, Adv. Energy Mater. 2022, 12, 2202636.

[13] A.N. Singh, M. Islam, A. Meena, M. Faizan, D. Han, C. Bathula, A.
Hajibabaei, R. Anand, K-W. Nam, Adv. Funct. Mater. 2023, 33, 2304617.

[14] J. Qian, C. Wy, Y. Cao, Z. Ma, Y. Huang, X. Ai, H. Yang, Adv. Energy
Mater. 2018, 8, 1702619.

[15] J. Peng, W. Zhang, Q. Liy, J. Wang, S. Chou, H. Liu, S. Dou, Adv. Mater.
2022, 34, 2108384,

[16] M. Jiang, Z. Hou, L. Ren, Y. Zhang, J. G. Wang, Energy Storage Mater.
2022, 50, 618-640.

[17] K. Hurlbutt, S. Wheeler, I. Capone, M. Pasta, Joule 2018, 2, 1950-1960.

[18] H. Jiaqi, R. Du, H. Zhang, Y. Liu, C. Jian, Y. Liuy, L. Li, J. Peng, Y. Qiao, S.
Chou, Chem. Commun. 2023, 2, 9320-9335.

[19] I. Hasa, N. Tapia-Ruiz, M. Galceran, Front. Energy Res. 2022, 10,
1076764.

[20] 1. Hasa, J. Barker, G. Elia, S. Passerini, Sodium Systems | Low Temperature:
Overview, in: Reference Module in Chemistry, Molecular Sciences and
Chemical Engineering, 2023, Elsevier: Amsterdam (DOI: 10.1016/B978-0-
323-96022-9.00061-X).

[21] L. Hartmann, J. Deshmukh, L. Zhang, S. Buechele, M. Metzger, J.
Electrochem. Soc. 2023, 170, 030540.

[22] D.O. Ojwang, M. Svensson, C. Njel, R. Mogensen, A.S. Menon, T.
Ericsson, L. Haggstrom, J. Maibach, W.R. Brant, ACS Appl. Mater.
Interfaces 2021, 13, 10054-10063.

[23] D.O. Ojwang, L. Haggstrom, T. Ericsson, R. Mogensen, W.R. Brant,
Dalton Trans. 2022, 51, 14712-14720.

[24] W. Wang, Y. Gang, J. Peng, Z. Hu, Z. Yan, W. Lai, Y. Zhu, D. Appadoo,
M. Ye, Y. Cao, Q-F. Gu, H-K. Liu, S-X. Dou, S.-L. Chou, Adv. Funct.
Mater. 2022, 32, 2111727.

[25] Y. Ma, Y. Hu, Y. Pramudya, T. Diemant, Q. Wang, D. Goonetilleke, Y.
Tang, B. Zhou, H. Hahn, W. Wenzel, M. Fichtner, Y. Ma, B. Breitung, T.
Brezesinski, Adv. Funct. Mater. 2022, 32, 2202372.

[26] Y. Xi, Y. Lu, ACS Appl. Mater. Interfaces 2022, 14, 39022-39030.

[27] Y. Huang, X. Zhang, L. Ji, L. Wang, B. Bin Xu, M. W. Shahzad, Y. Tang, Y.
Zhu, M. Yan, G. Sun, Y. Jiang, Energy Storage Mater. 2023, 58, 1-8.

[28] Y. You, X. L. Wy, Y. X. Yin, Y. G. Guo, Energy Environ. Sci. 2014, 7, 1643—
1647.

[29] J. Peng, Y. Gao, H. Zhang, Z. Liu, W. Zhang, L. Li, Y. Qiao, W. Yang, J.
Wang, S. Doy, S. Chou, Angew. Chem. Int. Ed. 2022, 61, e202205867.

[30] J. Peng, W. Zhang, Z. Hu, L. Zhao, C. Wu, G. Peleckis, Q. Gu, J. Z. Wang,
H. K. Liu, S. X. Doy, S. Chou, Nano Lett. 2022, 22, 1302-1310.

[31] J. Peng, M. Ou, H. Yi, X. Sun, Y. Zhang, B. Zhang, Y. Ding, F. Wang, S.
Gu, C. A. Lépez, W. Zhang, Y. Liu, J. Fang, P. Wei, Y. Li, L. Miao, J. Jiang,
C. Fang, Q. Li, M. T. Fernandez-Diaz, J. A. Alonso, S. Chou, J. Han, Energy
Environ. Sci. 2021, 14, 3130-3140.

[32] X. Huang, C. Yang, Y. You, ACS Appl. Energ. Mater. 2022, 5, 8123-8131.

[331 Y. Yang, E. Liu, X. Yan, C. Ma, W. Wen, X-Z. Liao, Z-F. Ma, J.
Electrochem. Soc. 2016, 163, A2117-A2123.

[34] S. Wang, M. Qin, M. Huang, X. Huang, Q. Li, Y. You, ACS Appl. Energ.
Mater. 2022, 5, 6927-6935.

[35] W.R. Brant, R. Mogensen, S. Colbin, D.0O. Ojwang, S. Schmid, L.
Haggstrom, T. Ericsson, A. Jaworski, A. J. Pell, R. Younesi, Chem. Mater.
2019, 31, 7203-7211.

[36] L. Shen, Y. Jiang, Y. Jiang, J. Ma, K. Yang, H. Ma, Q. Liu, N. Zhu, ACS
Appl. Mater. Interfaces 2022, 14, 24332-24340.

[37] J. Peng, J. Huang, Y. Gao, Y. Qiao, H. Dong, Y. Liu, L. Li, J. Wang, S. Dou,
S. Chou, Small 2023, 2300435.

Batteries & Supercaps 2024, €202300595 (15 of 16)

[38] Y. Liy, S. Fan, Y. Gao, Y. Liu, H. Zhang, J. Chen, X. Chen, J. Huang, X. Liu,
L. Li, Y. Qiao, S. Chou, Small 2023, 2302687.

[39] P. Wang, Y. Li, D. Zhu, F. Gong, S. Fang, Y. Zhang, S. Sun, Dalton Trans.
2022, 517, 9622-9626.

[40] M. Li, M. Gaboardi, A. Mullaliu, M. Maisuradze, X. Xue, G. Aquilanti, J. R.
Plaisier, S. Passerini, M. Giorgetti, ChemSusChem 2023, 16, e202300201.

[41] X.H. Liu, J. Peng, W. H. Lai, Y. Gao, H. Zhang, L. Li, Y. Qiao, S. L. Chou,
Adv. Funct. Mater. 2022, 32, 2108616.

[42] X. M. Lin, X.T. Yang, H.N. Chen, Y.L. Deng, W. H. Chen, J. C. Dong,
Y. M. Wei, J. F. Li, J. Energy Chem. 2023, 76, 146-164.

[43] F. Maddar, D. Walker, T. W. Chamberlain, J. Compton, A. S. Menon, M.
Copley, |. Hasa, J. Mater. Chem. A 2023, 11, 15778-15791.

[44] S. Gourang Patnaik, I. Escher, G. A. Ferrero, P. Adelhelm, Batteries &
Supercaps 2022, 5, €202200043.

[45] X. Yan, Y. Yang, E. Liu, L. Sun, H. Wang, X. Z. Liao, Y. He, Z.F. Ma,
Electrochim. Acta 2017, 225, 235-242.

[46] Z. Li, M. Dadsetan, J. Gao, S. Zhang, L. Cai, A. Naseri, M. E. Jimenez-
Castaneda, T. Filley, J. T. Miller, M. J. Thomson, V. G. Pol, Adv. Energy
Mater. 2021, 11, 2101764.

[47] R. Mogensen, S. Colbin, R. Younesi, Batteries & Supercaps 2021, 4, 791~
814.

[48] Y. Ma, Y. Ma, S. L. Dreyer, Q. Wang, K. Wang, D. Goonetilleke, A. Omar,
D. Mikhailova, H. Hahn, B. Breitung, T. Brezesinski, Adv. Mater. 2021, 33,
2101342.

[49] Y. He, S. L. Dreyer, Y.-Y. Ting, Y. Ma, Y. Hu, D. Goonetilleke, Y. Tang, T.
Diemant, B. Zhou, P. M. Kowalski, M. Fichtner, H. Hahn, J. Aghassi-
Hagmann, T. Brezesinski, B. Breitung, Y. Ma, Angew. Chem. Int. Ed.
2023, 202315371 (DOI: 10.1002/anie.202315371).

[50] Y. He, S.L. Dreyer, T. Akcay, T. Diemant, R. M6nig, Y. Ma, Y. Tang, H.
Wang, H. Liu, J. Lin, S. Schweidler, M. Fichtner, H. Hahn, J. Aghassi-
Hagmann, T. Brezesinski, B. Breitung, Y. Ma, manuscript in preparation,
2024.

[51] J. Huy, H. Tao, M. Chen, Z. Zhang, S. Cao, Y. Shen, K. Jiang, M. Zhou, ACS
Appl. Mater. Interfaces 2022, 14, 12234-12242,

[52] Y. Xi, Y. Lu, J. Power Sources 2021, 513, 230554.

[531 M. Ye, S. You, J. Xiong, Y. Yang, Y. Zhang, C. C. Li, Mater. Today Energy
2022, 23, 100898.

[54] Y. Liy, Y. Qiao, W. Zhang, Z. Li, X. Ji, L. Miao, L. Yuan, X. Hu, Y. Huang,
Nano Energy 2015, 12, 386-393.

[55] Y. Lu, L. Wang, J. Cheng, J. B. Goodenough, Chem. Commun. 2012, 48,
6544-6546.

[56] J. Sottmann, F. L. M. Bernal, K. V. Yusenko, M. Herrmann, H. Emerich,
D. S. Wragg, S. Margadonna, Electrochim. Acta 2016, 200, 305-313.

[57] T.L. Kulova, A. M. Skundin, Energies 2022, 15, 8615.

[58] G.G. Eshetu, G. A. Elia, M. Armand, M. Forsyth, S. Komaba, T. Rojo, S.
Passerini, Adv. Energy Mater. 2020, 10, 2000093.

[59] Y. Lee, J. Lee, H. Kim, K. Kang, N.S. Choi, J. Power Sources 2016, 320,
49-58.

[60] M. Piernas-Muroz, E. Castillo-Martinez, J.L. Gémez-Cémer, T. Rojo,
Electrochim. Acta 2016, 200, 123-130.

[61] G. G. Eshetu, M. Martinez-lbafiez, E. Sanchez-Diez, I. Gracia, C. Li, L. M.
Rodriguez-Martinez, T. Rojo, H. Zhang, M. Armand, Chem. Asian J.
2018, 13, 2770-2780.

[62] A. Ponrouch, E. Marchante, M. Courty, J. M. Tarascon, M.R. Palacin,
Energy Environ. Sci. 2012, 5, 8572-8583.

[63] A. Hofmann, Z. Wang, S.P. Bautista, M. Weil, F. Miiller, R. Lowe, L.
Schneider, I. U. Mohsin, T. Hanemann, Electrochim. Acta 2022, 403,
139670.

[64] K. Westman, R. Dugas, P. Jankowski, W. Wieczorek, G. Gachot, M.
Morcrette, E. Irisarri, A. Ponrouch, M.R. Palacin, J. M. Tarascon, P.
Johansson, ACS Appl. Energ. Mater. 2018, 1, 2671-2680.

[65]1 M. Goktas, C. Bolli, J. Buchheim, E. J. Berg, P. Novak, F. Bonilla, T. Rojo,
S. Komaba, K. Kubota, P. Adelhelm, ACS Appl. Mater. Interfaces 2019,
11, 32844-32855.

[66] M. A. Mufioz-Marquez, M. Zarrabeitia, S. Passerini, T. Rojo, Adv. Mater.
Interfaces 2022, 9, 2101773.

[67] S. L. Dreyer, A. Kondrakov, J. Janek, T. Brezesinski, J. Mater. Res. 2022,
37,3146-3168.

[68] P. Liu, L. Yang, B. Xiao, H. Wang, L. Li, S. Ye, Y. Li, X. Ren, X. Ouyang, J.
Hu, F. Pan, Q. Zhang, J. Liu, Adv. Funct. Mater. 2022, 32, 2208586.

[69] S. Kim, H.-S. Kim, B. Kim, Y.-J. Kim, J.-W. Jung, W.-H. Ryu, Adv. Energy
Mater. 2023, 713, 2301983.

[70] B. Salomez, S. Grugeon, M. Armand, P. Tran-Van, S. Laruelle, J
Electrochem. Soc. 2023, 170, 050537.

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

101



4.4. Elucidating Gas Evolution of Prussian White Cathodes for Sodium-ion Battery
Application: The Effect of Electrolyte and Moisture

Chemistry
Research Article Europe

Batteries & Supercaps doi.org/10.1002/batt.202300595 Socieses bublahing
[71] L. Zhang, C. Tsolakidou, S. Mariyappan, J. M. Tarascon, S. Trabesinger, [107] W.E. Wallace, NIST Mass Spectrometry Data Center, https://webbook.

[721
[731
[74]
[75]
[76]

771
[78]

791
[801
[811
[82]
[83]
[84]
[85]
[86]
[87]

[88]
[89]

[90]
[91]

[92]
[93]

[94]
[95]
[961

[971

[98]
[991

[100

[101]

[102

[103]
[104]
[105]

[106]

Energy Storage Mater. 2021, 42, 12-21.

J. Geisler, Online gas analysis of electrochemical reactions, Dissertation,
Humboldt-Universitat Berlin, 2023, DOI: 10.18452/26417.

D.O. Ojwang, L. Haggstrom, T. Ericsson, J. Angstrom, W.R. Brant,
Dalton Trans. 2020, 49, 3570-3579.

M. Prieschl, J. Sedelmeier, K. Plintener, S. Hildbrand, J. D. Williams, C. O.
Kappe, J. Org. Chem. 2023, 9594-9598.

J. M. Mcnerney, H. H. Schrenk, Am. Ind. Hyg. Assoc. J. 1960, 21, 121-
124.

Oxalsauredinitril [MAK Value Documentation in German Language,
2003], 2012, Wiley-VCH, DOI: 10.1002/3527600418.mb46019d0036.

H. Kim, ACS Mater. Au 2023, 3, 571-575.

S.G. Patnaik, P. Adelhelm, Prussian Blue Electrodes for Sodium-lon
Batteries, in: Sodium-lon Batteries: Materials, Characterization, and
Technology, Eds: M.-M. Titirici, P. Adelhelm, Y.-S. Hu, 1* edition, 2023,
Wiley-VCH: Weinheim.

R. Bernhard, M. Metzger, H. A. Gasteiger, J. Electrochem. Soc. 2015, 162,
A1984-A1989.

A. Guéguen, D. Streich, M. He, M. Mendez, F. F. Chesneau, P. Novak,
E. J. Berg, J. Electrochem. Soc. 2016, 163, A1095-A1100.

S. Solchenbach, M. Metzger, M. Egawa, H. Beyer, H. A. Gasteiger, J.
Electrochem. Soc. 2018, 165, A3022-A3028.

C. Bolli, A. Guéguen, M. A. Mendez, E. ). Berg, Chem. Mater. 2019, 31,
1258-1267.

M. Metzger, B. Strehle, S. Solchenbach, H. A. Gasteiger, J. Electrochem.
Soc. 2016, 163, A1219-A1225.

R. Lundstrom, N. Gogoi, X. Hou, E. J. Berg, J. Electrochem. Soc. 2023,
176, 040516,

A.T.S. Freiberg, J. Sicklinger, S. Solchenbach, H. A. Gasteiger, Electro-
chim. Acta 2020, 346, 136271.

S. E. Renfrew, B. D. McCloskey, J. Am. Chem. Soc. 2017, 139, 17853
17860.

M. Metzger, P. Walke, S. Solchenbach, G. Salitra, D. Aurbach, H. A.
Gasteiger, J. Electrochem. Soc. 2020, 167, 160522.

J. M. Tarascon, D. Guyomard, Solid State lonics 1994, 69, 293-305.

M. Metzger, B. Strehle, S. Solchenbach, H. A. Gasteiger, J. Electrochem.
Soc. 2016, 163, A798-A809.

B. B. Berkes, A. Jozwiuk, H. Sommer, T. Brezesinski, J. Janek, Electro-
chem. Commun. 2015, 60, 64-69.

B. B. Berkes, A. Jozwiuk, M. Vracar, H. Sommer, T. Brezesinski, J. Janek,
Anal. Chem. 2015, 87, 5878-5883.

A. ). Demello, ACS Sens. 2022, 7, 1235-1236.

M. Dong, W. Sun, C. Wu, T. Feng, L. Zhao, H. Zhang, L. Chen, X. Pei, Z.
Ren, Y. Cheng, Vacuum 2021, 191, 110357.

J. H. Batey, Vacuum 2014, 101, 410-415.

W.R. Blanchard, P.J. McCarthy, H.F. Dylla, P.H. LaMarche, J.E.
Simpkins, J. Vac. Sci. Technol. A: Vacuum, Surfaces, and Films 1986, 4,
1715-1719.

A. Rudola, K. Du, P. Balaya, J. Electrochem. Soc. 2017, 164, A1098-
A1109.

R. L. Germscheidt, D. Da Silva Francischini, M. B. Silva, M. A. Zezzi Arru-
da, A. L. Barboza Formiga, T. C. Rizuti Da Rocha, J. A. Bonacin, ACS Appl.
Energ. Mater. 2022, 5, 9447-9454.

G. Hernéndez, R. Mogensen, R. Younesi, J. Mindemark, Batteries &
Supercaps 2022, 5, €202100373.

A. Bhide, J. Hofmann, A. Katharina Durr, J. Janek, P. Adelhelm, Phys.
Chem. Chem. Phys. 2014, 16, 1987-1998.

R. Mogensen, S. Colbin, A. S. Menon, E. Bjérklund, R. Younesi, ACS Appl.
Energ. Mater. 2020, 3, 4974-4982,

R. Mogensen, A. Buckel, S. Colbin, R. Younesi, Chem. Mater. 2021, 33,
1130-1139.

J. Welch, R. Mogensen, W. van Ekeren, H. Eriksson, A.J. Naylor, R.
Younesi, J. Electrochem. Soc. 2022, 169, 120523.

R. Sun, Y. You, ACS Appl. Mater. Interfaces 2023, 15, 44599-44606.

M. Metzger, H. A. Gasteiger, Energy Environ. Mater. 2022, 5, 688-692.
L. Karger, S. Korneychuk, W. van den Bergh, S. L. Dreyer, R. Zhang, A.
Kondrakov, J. Janek, T. Brezesinski, Chem. Mater. 2023, DOI: 10.1021/
acs.chemmater.3c02727.

W. E. Wallace, NIST Mass Spectrometry Data Center, https://webbook.
nist.gov/cgi/inchi?ID=C74908, retrieved 04.10.2023.

Batteries & Supercaps 2024, €202300595 (16 of 16)

nist.gov/cgi/inchi?lD=C460195, retrieved 04.10.2023.

[108] R. Lundstrém, E. J. Berg, J. Power Sources 2021, 485, 229347.

[109] J. Wang, S. L. Dreyer, K. Wang, Z. Ding, T. Diemant, G. Karkera, Y. Ma, A.
Sarkar, B. Zhou, M. V. Gorbunov, A. Omar, D. Mikhailova, V. Presser, M.
Fichtner, H. Hahn, T. Brezesinski, B. Breitung, Q. Wang, Mater. Futures
2022, 1,035104.

[110] C. A. Rego, R. S. Tsang, P. W. May, M. N. R. Ashfold, K. N. Rosser, J. Appl.
Phys. 1996, 79, 7264-7273.

[111] D. Heathcote, C. Vallance, J. Phys. B: At. Mol. Opt. Phys. 2018, 51,
195203.

[112] H. Ren, Y. Li, Q. Ni, Y. Bai, H. Zhao, C. Wu, Adv. Mater. 2022, 34,
2106171.

[113] A R. Genreith-Schriever, H. Banerjee, A.S. Menon, E. N. Bassey, L. F. J.
Piper, C. P. Grey, A. J. Morris, Joule 2023, 7, 1623-1640.

[114] M. Nsangou, M. L. Senent, M. Hochlaf, Chem. Phys. 2009, 355, 164-168.

[115] F. Sebastianelli, F. Carelli, F. A. Gianturco, Chem. Phys. 2012, 398, 199-
205.

[116] P. Mukherjee, N.V. Faenza, N. Pereira, J. Ciston, L.F.J. Piper, G.G.
Amatucci, F. Cosandey, Chem. Mater. 2018, 30, 8431-8445.

[117] S. Oswald, D. Pritzl, M. Wetjen, H. A. Gasteiger, J. Electrochem. Soc.
2021, 168, 120501.

[118] R. Jung, M. Metzger, F. Maglia, C. Stinner, H. A. Gasteiger, J. Electro-
chem. Soc. 2017, 164, A1361-A1377.

[119] M. H. Cheah, P. Chernev, Sci. Rep. 2021, 11, 23058.

[120] V. V. Pavlishchuk, A. W. Addison, Inorg. Chim. Acta 2000, 298, 97-102.

[121] X. Pan, A. Chojnacka, F. Béguin, J. Energy Chem. 2022, 72, 33-40.

[122] V. Skarda, D. Ivkovich, M. M. Labes, J. Polym. Sci. Polym. Chem. Ed.
1985, 23, 107-117.

[123] T. Guo, A. lllies, V. Cammarata, M. Arndt, W. Sonzogni, J. Electroanal.
Chem. 2007, 610, 102-105.

[124] S. Roberts, L. Chen, B. Kishore, C.E.J. Dancer, M. J. H. Simmons, E.
Kendrick, J. Colloid Interface Sci. 2022, 627, 427-437.

[125] Y. L. Wang, H. D. Lee, M. W. Beach, D. W. Margerum, Inorg. Chem. 1987,
26, 2444-2449.

[126] D. M. Crumpton-Bregel, K. I. Goldberg, J. Am. Chem. Soc. 2003, 125,
9442-9456.

[127] W. Lau, J. C. Huffman, J. K. Kochi, Organometallics 1982, 1, 155-169.

[128] D. Dixon, S. Mangold, M. Knapp, H. Ehrenberg, A. Bhaskar, Adv. Energy
Mater. 2021, 11, 2100479.

[129] E. Lee, D.E. Brown, E.E. Alp, Y. Ren, J. Lu, J.J. Woo, C. 5. Johnson,
Chem. Mater. 2015, 27, 6755-6764.

[130] E. McCalla, M.T. Sougrati, G. Rousse, E.J. Berg, A. Abakumov, N.
Recham, K. Ramesha, M. Sathiya, R. Dominko, G. Van Tendeloo, P.
Novak, J.-M. Tarascon, J. Am. Chem. Soc. 2015, 137, 4804-4814.

[131] S. Xu, Y. Wang, L. Ben, Y. Lyu, N. Song, Z. Yang, Y. Li, L. Mu, H. T. Yang,
L. Gu, Y-S. Hu, H. Li, Z-H. Cheng, L. Chen, X. Huang, Adv. Energy Mater.
2015, 5, 1501156.

[132] A.S. Christiansen, R. E. Johnsen, P. Norby, C. Frandsen, S. Merup, S. H.
Jensen, K. K. Hansen, P. Holtappels, J. Electrochem. Soc. 2015, 162,
A531-A537.

[133] G. Eggert, J. Heitbaum, Electrochim. Acta 1986, 31, 1443-1448.

[134] E. Cattaneo, J. Ruch, J. Power Sources 1993, 44, 341-347.

[135] J.-P. Schmiegel, M. LeiBBing, F. Weddeling, F. Horsthemke, J. Reiter, Q.
Fan, S. Nowak, M. Winter, T. Placke, J. Electrochem. Soc. 2020, 167,
060516.

[136] J. Geisler, L. Pfeiffer, G. A. Ferrero, P. Axmann, P. Adelhelm, ChemRxiv.
(Analytical Chemistry) 2023, DOI: 10.26434/chemrxiv-2023-md389.

[137] C. Misiewicz, R. Lundstrom, I. Ahmed, M. J. Lacey, W. R. Brant, E. J. Berg,
J. Power Sources 2023, 554, 232318.

[138] U. Mattinen, M. Klett, G. Lindbergh, R. Wreland Lindstrém, J. Power
Sources 2020, 477, 228968.

[139] D.B. Thornton, B.J.V. Davies, S.B. Scott, A. Aguadero, M.P. Ryan,
I.E.L. Stephens, Angew. Chem. Int. Ed. 2023, e202315357 (DOl
10.1002/anie.202315357).

Manuscript received: December 14, 2023
Revised manuscript received: January 12, 2024
Accepted manuscript online: January 15, 2024
Version of record online: mm, mm

© 2024 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

102



5. Conclusions and Outlook

5. Conclusions and Outlook

The works forming this dissertation focused on the surface of CAMs from various per-
spectives, from surface creation during synthesis over exposure of new surfaces to
electrolyte after particle fracture to decomposition at its surface due to electrolyte con-
tact. While each of these perspectives alone allows conclusions on properties of CAM
surfaces, as will be discussed below, a key finding in this dissertation is that each
perspective is not isolated. Instead, surface-related properties are the result of a com-
plex interplay between synthesis conditions, properties of the underlying bulk phase
and the environment the respective surface is exposed to, as will also be highlighted
for each of the works. In situ gas evolution studies served as a further connecting ele-
ment between all materials studied in this dissertation. A review of such in situ gas
evolution studies is presented in chapter 4.1., finding that they offer unique insights
into reactions of various novel materials and in new cell concepts, and will likely see
increased attention in the development of alternatives to LIBs with NCM cathodes. Es-
pecially, the gas evolution of SIBs was identified as a relevant future field and is also

a key component of this thesis.

In chapter 4.2., it was shown that the process route by which Zr#** is introduced as a
dopant into LNO affects both the formation of impurities on the primary particle surface
and the grain growth, and thus the specific surface area and electrochemical properties
of the LNO primary patrticles. This was explained by a grain growth inhibition due to
enrichment at the grain boundaries, wherein the process route determined the initial
distribution of Zr*+. Therefore, impregnation of pCAM with the dopant leads to the
smallest particles and best-performing CAM, as Zr#* is already present at the grain
boundaries from the beginning of the calcination on. At the same time, the low Zr#
concentration of 0.25 mol% did not affect bulk properties, such as unit-cell parameters
and off-stoichiometry, which are commonly understood as dopant-dependent. The
findings highlight both the sensitivity of the CAM surface towards small variations in
composition and the importance of surface reactivity on electrochemical performance.
Yet, the variation of the synthesis process also had an effect on the rate of particle
fracture and electrolyte exposure, as measured via the increase in specific capaci-
tance, and on the gas evolution of each material, as determined via DEMS, which is
due to different specific surface areas with different degrees of Li2COs impurity con-

tamination.
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The cracking behavior of the P2-type SIB CAMs discussed in chapter 4.3. was found
to vary in dependence of the bulk composition, as a higher configurational entropy
resulted in less anisotropic volume change, especially due to the increased suppres-
sion of the P2-O2 phase transition in favor of a solid-solution desodiation, as deter-
mined via in situ XRD. Classification of AE hits by their peak frequency then allowed,
in combination with post-mortem electron microscopy, to distinguish between inter-
and intragranular particle fracture, the latter of which is a main degradation mechanism
in P2-type SIB CAMs. As different fracturing behavior was found for the materials, it
was thus shown that not only characterization, but also comparison and evaluation of
CAM is possible via AE. Yet, it is the synthesis and processing of the materials that
determines the initial degree of agglomeration, and thus the amount of CAM surface
initially not exposed to electrolyte. Furthermore, other techniques to analyze surface
area increase were, in this work, hindered by the exposure to electrolyte and reactions
with it: At the end of discharge, continuous formation and disproportionation of Mn3+
with subsequent dissolution of Mn?* from the surface were observed. At the same time,
the decomposition of the electrolyte additive FEC at the surface, as observed via
DEMS, leads to the formation of a CEIl film. Taken together, these reactions did not
allow for the blocking conditions required for the capacitance measurement and over-
shadowed an increase in specific surface area in the electrochemical impedance spec-

tra.

In chapter 4.4., it was shown that while the gas evolution of PW SIB CAM is dominated
by the evolution of Hz, as a result of water content, and CO2 by ethylene carbonate
hydrolysis or electrochemical electrolyte oxidation during overcharge, the exposure of
the CAM surface to NaClOs4 in the electrolyte leads to evolution of (CN)2, as well as
traces of HCN. The evolution of these gasses even from optimized, commercial CAM
is @ main safety concern, which is mitigated by the required presence of NaClO4 for
their formation, as this conductive salt is commonly used only on a laboratory scale. In
a series of experiments, a mechanism involving NaClO4 as an oxidant was proposed,
and other influence factors were ruled out. The suggested mechanism, supported by
a literature survey, proceeds via an oxidation of the hexacyanoferrate from Fe®* to a
short-lived Fe** intermediate, from which (CN)z is released by reductive elimination,
while CIOz2 is formed by the concurrent reduction of NaClO4. As a charge transfer from
salt to Fe can only occur at the CAM surface, the extent of the reaction is limited, and
a CEl composed of chlorides, hydroxides and polycyanogen is likely formed over time.
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Yet, the surface area available for the degradation reaction is mostly determined by
the synthesis conditions, especially when chelating agents are used that again slow
the growth of particles and also reduce their agglomeration and the amount of vacan-
cies in the material. With water coordinating in place of these vacancies, the later Hz
evolution is also affected by the synthesis conditions. Lastly, if crack formation and
deagglomeration exposes new PW surface to the electrolyte, further evolution of (CN)2
is possible in later cycles, too.

In each of the experimental works constituting this dissertation, analytical methods that
are not widespread in battery research were employed. It was shown that LA-ICP-MS
can be utilized instead of STEM-EDS to study dopant distribution between secondary
particles, especially as it can cover a greater number of particles and is less time con-
suming. Therefore, the technique may see further development and application, espe-
cially in the context of industrial CAM manufacturing.

The two-electrode capacitance method of Oswald et al.[*3%-3371 and AE both allow gain-
ing insights into particle fracture without requiring a third electrode and may thus be
applied also to commercial cells during real-world application. However, both come
with individual shortcomings, as the determination of capacitance in a two-electrode
setup requires a deep discharge to achieve blocking conditions, while AE requires an
external sensor and a more complex data interpretation, as quantification is not
straightforward. Combining capacitance and AE measurements may alleviate this is-
sue and allow AE to be used also in sensing applications. The use of fiber optic sen-
sors, which are less sensitive to assembly pressure than piezo sensors, may allow

application of AE not only on, but also inside SSBs.

Recent developments in the field of instrumentation for in situ gas evolution studies
have been discussed in chapter 4.1., and especially measurements under more real-
istic conditions, i.e. in commercial large-format cells, with correct electrolyte to active
material ratio etc., may widen the scope of application from materials’ characterization
and development into optimization and monitoring of e.g. electrolyte additives, for-
mation protocols and abuse testing. For PBA/PW gas evolution, specifically, this ap-
proach would overcome the limitations presented in chapter 4.4., as it would allow to
also monitor follow-up reactions of (CN)z2, such as formation of HCN in the presence of
H2 and consumption by reactions with electrolyte or by polymerization into a polycyan-

ogen-containing CEI. Detailed investigations on suppression of PBA/PW degradation
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via (CN)2 evolution on the one hand and the electrolyte-dependent CEI composition
and formation in PW materials on the other hand, are a consequential follow-up to the
study presented in chapter 4.4. Yet, the identification of CEl components in the pres-
ence of the bulk material is likely to remain challenging. Lastly, BELLA’s capability to
perform DEMS measurements on SSBs may be utilized on sodium-SSBs containing
PBA/PW CAM, or even solid electrolytes, as recently proposed.[*6”1 This may allow to
rule out electrolyte contributions selectively and thus to further study the role of com-
position, esp. vacancies, water content and metal combinations, on the gassing of PBA
and PW materials.
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Figure S1. SEM images of the pCAMs used in this study. a,b) Pristine Ni(OH)2; ¢,d) Zr-
impregnated NiO; e, f) Zr-co-precipitated Ni(OH): (before pre-drying); and gh) Zr-co-
precipitated NiO after pre-drying.
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Figure S2. STEM-EDS investigation of Zr*" distribution in Zr-containing precursors.
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Figure S3. Synchrotron PXRD patterns for LNO samples calcined at 700 °C.
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Figure S4. Synchrotron PXRD patterns for LNO samples calcined at 750 °C.
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Figure S5. a-c) Li2CO; impurity reflections in synchrotron PXRD patterns for LNO samples

calcined at 700 °C.
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Figure S6. a-c) Li>CO; impurity reflections in synchrotron PXRD patterns for LNO samples

calcined at 750 °C.
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Figure S7. Dependence of a) particle morphology and b) size on process route for LNO

calcined at 750 °C.

Figure S8. a-d) STEM-EDS investigation of Zr*" distribution in secondary particles of LNO

calcined at 750 °C. Ni is mapped in blue, Zr in yellow.
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Figure S9. a-d) LA-ICP-MS investigation of Zr*" distribution between secondary particles for

all samples calcined at 750 °C.
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Figure S10. Electrochemical characterization of Zr-doped LNO (calcined at 750 °C) in coin
half-cells in dependence of chosen process route. a) Specific discharge capacity in the two
initial cycles at C/20, during a rate test (C/3, C/10, 1C and 2C) and upon C/3 cycling. b) Specific

capacitance evolution during C/10 cycling.
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Figure S11. Exemplary DEMS profile of the initial cycle for LNO obtained from impregnated
pCAM calcined at 700 °C.

Table S1. Carbon content of pristine, co-precipitated and co-precipitated and pre-dried pCAM

as determined by elemental analysis.

pCAM Carbon / wt%
Pristine Ni(OH)2 0.05
Co-precipitated Ni{OH)2 0.17
Co-precipitated, pre-dried NiO 0.03
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Figure S1. Differential (dQs, solid lines) and cumulative (Q3, dotted lines) volume-based

particle size distribution curves of all three materials determined by laser diffraction
(Mastersizer 3000, Malvern Panalytical).
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Figure S3. dg/dV plots of the first and second charge cycle and corresponding cumulative hits

for a,b) 3-NTMO3, ¢, d) 5-NTMO:> and e,f) 7-NTMO..
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Figure S4. Histogram of peak frequency distribution for 3-NTMO: (bottom), 5-NTMO>

(middle) and 7-NTMO:; (top).
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Figure S5. Second cell set acoustic profiles normalized to the total hit count after five cycles

for a) 3-NTMOz2, b) 5-NTMO: and ¢) 7-NTMO: and classified by peak frequency into AE1

(gray), AE2 (red) and AE3 (green).
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Figure S6. Top-view SEM images of cathodes in pristine state and after one and five cycles

(each at the end of discharge).
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Figure S7. Higher-magnification cross-sectional SEM images of pristine and cycled cathodes.
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Figure S8. Corrosion and crack nucleation is found at higher magnification on the surface of

3-NTMO3, but much less for 7-NTMOQO; after 50 cycles.
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Figure S9. Increase in impedance and formation of a second semicircle, presumably due to SEI
formation upon Mn dissolution, obfuscate increasing specific surface area. Measured during

charge over 10 cycles [cycle no. 1 (black) to cycle no. 10 (pink)] at 4.0 V.

Table S1. Specific charge capacities delivered below and above 4.0 V vs. Na*/Na.

gen / mAh/g
Cycle E/V vs. Na*/Na
3-NTMO: 5-NTMO; 7-NTMO2
<4.0 72.6 67.2 67.9
: >4.0 69.9 75.9 73.9
<4.0 115.4 96.0 74.1
? >4.0 60.6 57.7 57.1
<4.0 114.0 103.6 79.1
. >4.0 56.7 55.0 54.6
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Table S1. Overview of measurement conditions and variations for each experiment.

Exp. Shownin
. Conductive salt Solvents Other conditions
no. figure
EC:PC:DMC = 1:1:1 (v/v/v)
1 la 1 M NaClOs Dried electrode
with 5 v% FEC
2 1b 1 M NaPFs EC:DEC = 3:7 (v/v) Dried electrode
EC:PC:DMC = 1:1:1 (v/v/v)
3 2a 1 M NaClOy Undried electrode
with 5 v% FEC
4 2b 1 M NaPF, EC:DEC = 3:7 (v/v) Undried electrode
EC:PC:DMC = 1:1:1 (v/v/v)
5 3a 1 M NaPF, Dried electrode
with 5 v% FEC
EC:PC:DMC = 1:1:1 (v/v/v)
6 3b 1 M NaPFg Undried electrode
with 5 v% FEC
EC:PC:DMC = 1:1:1 (v/v/v)
7 4a 0.3 M NaClO4 Dried electrode
with 5 v% FEC
0.3 M NaClO4 EC:PC:DMC = 1:1:1 (v/v/v)
8 4b Dried electrode
and 0.7 M NaPF, with 5 v% FEC
EC:PC:DMC = 1:1:1 (v/v/v) Dried electrode, 45
9 S5a 1 M NaClO.
with 5 v% FEC °C instead of 25 °C
EC:PC:DMC = 1:1:1 (v/v/v) Dried electrode, 350
10 5b 1 M NaClO.
with 5 v% FEC pL electrolyte only
EC:PC:DMC = 1:1:1 (v/v/v)
11 S3a 1 M NaClOy Dried electrode
with 5 v% FEC
12 S3b 1 M NaPFg EC:DEC = 3:7 (v/v) Dried electrode
EC:PC:DMC = 1:1:1 (v/v/v) Dried electrode, no
13 S7 1 M NaClO4

with 5 v% FEC
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Table S2. Specific capacities and total gas amounts [integrals of evolution rates; normalized in

case of (CN)a] for each experiment.

Measurem

ent

1*-cycle

charge
142 151 66 76 138 80 140 140 145 142 143 149 140

(discharge)
(149) (143) (88) (83) (146) (92) (148) (147) (150) (148) (150) (142) (147)

capacity /
mAh g™!
2™ cycle

charge
151 156 93 94 148 95 149 148 148 150 152 155 148

(discharge)
(148) (141) (93) (88) (146) (95) (148) (147) (143) (147) (149) (140) (146)

capacity /
mAh g!
3d.cycle

charge
170 211 143 149 184 150 171 168 180 170 171 252 170

(discharge)
(144) (123) (134) (93) (125) (140) (148) (143) 99) (145) (147) (114) (144)

capacity /
mAh g™!
1%-cycle H,
integral 15 270 172 199 <1l 117 <1 <1 5 <1l <1 179 <1
/ pmol g™!
2_cycle
H; integral <1 102 148 183 <1 80 <1 <1 9 <l <l 93 <l
/pumol g!
3rd.cycle
H; integral 101 465 1050 1405 254 909 115 95 381 122 97
/ pmol g™

2
1=}
wn

162

1*-cycle
CO,

integral

54 1.2 10.5 0.5 5.6 59 3.0 6.9 13.8 4.5 24 0.8 2.8

/ umol g
2M.cycle
CO,

integral

3.6 1.5 10.7 0.5 0.9 4.5 2.4 23 11.4 39 1.5 0.5 1.9

/umol g™!
3 cycle
CO,

integral

67.7 904 109 36.3

o
h
—

90.6 41.3 52.8 193 5.7 63.2 521 88.1

/ umol g
1%-cycle
(CN);
integral
/pAhg!

40.2 0.7 10.1 <0.1 82 9.8 30.2 24.5 60.5 17.0 15.7 <0.1 17.4

2".cycle
(CN):
28.1 04 11.4 <0.1 57 8.3 11.5 13.2 2062 10.7 10.4 04 16.6
integral /

pAhg’!
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Measurem

1 2 3 4 5 6 7 8 9 10 11 12 13
ent
3rd.cycle
(CN),
1022 64.0 351 194 67.3 480 1017 327 421 743 860 56.3 1002
integral /
pAhg!

Table S1. H> and CO; calibration slopes and derived m/z = 52 normalization quotient for each

experiment.
Calibration Relative H; Calibration | Relative CO;
Exp. Normalization
slope Hz/ slope to slope CO:/ slope to
no. quotient
fA ppm™! average fA ppm™! average
1 261 0.878 202 1.07 0.974
2 236 0.795 120 0.633 0.714
3 268 0.902 186 0.984 0.943
4 423 1.425 248 1.313 1.369
5 299 1.006 197 1.039 1.023
6 281 0.947 181 0.957 0.952
7 282 0.95 190 1.004 0.977
8 319 1.074 217 1.149 1.111
9 361 1.216 243 1.285 1.25
10 257 0.865 183 0.965 0.915
11 274 0.923 183 0.967 0.945
12 335 1.129 209 1.103 1.116
13 248 0.835 161 0.851 0.843
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Table S4. Water content calculation from H integral, assuming two water molecules to yield

one hydrogen molecule (2 H2O + 2 ¢ — 2 OH™ + H»). After conversion of water amount to

water weight, a relative weight loss can be calculated.

3 4
Total H; amount after 2 cycles / mmol gpw! 0.32 0.38
Consumed H>O amount / mmol gpw ! 0.64 0.76
Consumed H,O weight after 2 cycles / g gpw ™' (Wt%) 1.15 1.37
Total H, amount after 3 cycles / mmol gpw! 1.37 1.79
Consumed H;O amount after 3 cycles / mmol gpw 2.74 3.58
Consumed H;O weight after 3 cycles / g gpw ™! (Wt%) 4.93 6.44
Table S5. Weight loss observed upon drying of the electrodes used in this study.
Electrode | Undried weight Dry weight Weight CAM Weight loss
for exp. (with Al foil) (with Al foil) mass relative to
no. [mg] [mg] foss [mel [mg] CAM mass [%]
1 143.8 133.9 9.9 98.0 10.10
2 130.0 121.6 8.4 86.5 9.71
5 145.1 134.6 10.5 98.7 10.64
7 145.1 1347 10.4 98.8 10.53
8 129.3 120.2 9.1 85.2 10.68
9 130.3 121.3 9.0 86.3 10.43
10 129.2 120.3 8.9 85.3 10.43
11 143.9 133.5 10.4 97.7 10.65
12 128.4 119.5 8.9 84.6 10.52
13 129.0 120.0 9.0 85.0 10.58
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Table S6. Background subtracted peak intensity ratios for m/z = 26, 27, 52, and 53 may indicate

additional presence of HCN traces in selected measurements. In experiment 1, no m/z = 53

signal was recorded due to omission in the measurement program.

Exp. | mfz=26 mfz=27 mfz=52 mfz=53 27/26 26/52 27/52 53/52

no. /pA / pA / pA / pA ratio/ %  ratio/ % | ratio/ % @ ratio/ %

1 19.1 3.0 81.8 - 15.7 233 37 -

3 4.1 0.8 17.3 0.5 19.5 23.7 4.6 2.9

7 12.3 1.7 55.4 1.5 13.8 222 3.1 2.7
10 7.0 1.4 28.9 0.8 20.0 24.2 4.8 2.8
11 7.3 1.3 36.0 0.9 17.8 203 3.6 2.5
13 9.0 1.1 37.6 1.1 12.2 239 2.9 29

E/V vs. Na’/Na

normalized (CN),
[m/z 52] signal / pAg™'

5 | = 1M NaClO, in EC:PC:DMC 1:1:1 w/ 5% FEC|
= 1M NaPFg in EC:DEC 3:7
4
2 C 1 1 1 1 1 1 1
10 20 30 40 50 60 70
time / h

10 20 30 40 50 60 70
time/h

Figure S1. Overlay of voltage profiles (a) and gas evolution (b) as shown in Figure 1.
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a) = —— NaClO,, dried
iBhL | ™ — NaPF,, dried
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= v NaClO,4, undried
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& 100
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b
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Figure S2. (a) H» and (b) CO- calibration slopes as determined in the four measurements

obtained using 1 M NaClO4 in EC:PC:DMC = 1:1:1 (v/v/v) + 5 v% FEC electrolyte in

combination with dehydrated (black curves) and undried electrodes (green curves) and 1 M

NaPFs in EC:DEC = 3:7 (v/v) in combination with dehydrated (red curves) and undried

electrodes (blue curves).
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a) Experiment 11 b) Experiment 12
T T T ¥ T d

T T ¥ ] [ L T T
@ (1]
< £ 4
+m +(U
= =
g 2 3
> >
Ll ]
2
@~ 3000 5] — ] 1 . 3000
g - 100 { B9
§ 2000 F =) ; 4 & E2000
=S s | 35
S g 20 40 S 2
© <1000 - 41 @ £1000
I L IN\
0 b=k 0 T .
g 10000 F 1 o 100007 o ] ]
= -2'8000 100, [ 4 E.os000f 100 /A
O = [ 50 1 1 o I 50 ﬁ
3 gsooo ] 04‘“&“%—“'*”‘“"--2---{ 1 3 —56000 L Ofenbilone o coy
5{\] E 4000 - 20 40 - %N E 4000 R 20 40 =
S T 2000 1 8§ 2000 T
0 : 4 L AN ] O I L Il L
— : . : ) 10 -
S 750 - 30 ; 1 &~ 750 -
5o =0 : { & r5
= 10 - =< [
53500-0: A A | 1 g0 L— . 1
T | 20 40 ' 1 §¢ 20 40 60
ES 250 5 250 _
=2 - 5 i
0 ) 1 L 1 : L 0 " 1 " I X e
20 40 60 20 40 60
time /h time/h

Figure S3. Repeated measurements under the same conditions as experiments | and 2 (shown

in Figure 1) to confirm the observed gas evolution trends.
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a) Experiment 1 b) Experiment 12
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Figure S4. Other gasses detected via DEMS. (a) Correction of m/z = 28 raw signal by fraction
of m/z = 44 (COy) signal to determine CO evolution in experiment 1. (b) Traces of POFz (m/z

= 85 and 104) detected in cell containing NaPFs-electrolyte (experiment 12).
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a) Experiment 3 b) Experiment 4
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Figure S5. No detected Oz evolution (m/z = 32) in half-cells containing an undried PW cathode
in two different electrolytes. (a) 1 M NaClQ4 in EC:PC:DMC = 1:1:1 (v/v/v) with 5 v% FEC
and (b) 1 M NaPFs in EC:DEC = 3:7 (v/v).
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8
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Figure S6. Cumulated water loss from undried electrodes as determined from Hz evolution

quantified via DEMS.
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Figure S7. Measurement under the same conditions as experiment 10 (displayed in Figure 5b),

but performed without cold trap.
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a) P2-layered oxide b) P2-layered oxide c) P2-layered oxide
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Figure S8. Gas evolution and raw signals for (a) m/z = 26, 27, 52, and 53 and (b, ¢) m/z = 51,
67, and 69 from layered Nao.s7(Mno.5sNio.21C00.24)O2 charged up to 4.6 V vs. Na*/Nain 1 M
NaClOs in EC:PC:DMC = 1:1:1 (v/v/v) with 5 v% FEC. Data from ref. [1].
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a) Experiment 8, cycle 3
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Figure S9. (a-c¢) Additional raw signal peak time differences between m/z = 26, 27, and 52.

SI-13

161



Supporting Information to Chapter 4.4.

a) Experiment 1, cycle 3
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Figure S10. (a-c¢) Consideration of peak raw signal ratios between m/z = 26, 27, 52, and 53.
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a) Experiment 7, cycle 3
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Figure S11. (a-e) m/z =51, 67, and 69 peaks indicate formation of ClO2, especially highlighted

by signal strength conforming to **Cl and *’Cl isotope ratio in m/z = 67 and 69.
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Equations

LiTMO, = Li;_,TMO, + x Li* + xe~ (TM = Ni, Co)
Ce¢ + xLit +xe™ = LiCq
LiTMO, + C, = Li,_,TMO, + Li,Cy
TMCI, + Na,[Fe(CN)¢] — Na,TM[Fe(CN)¢] ! + 2 NaCl
2 Mn(NO3), + 6 NaCN — Na,Mn[Mn(CN)¢] I + 4 NaNO4

2 Na,[Fe(CN)¢] + 6 HCl — Na,Fe[Fe(CN)4] ! + 6 HCN + 6 NaCl

n
AScons = _RZ_ 1(Xi lnXi)
i=

18

19

19

22
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Figures

Figures

Figure 1: a) Power and energy densities realized by various battery chemistries. b)
Batteries and complementary technologies in electrical grid applications. Adapted with
permission from ref. [25]. Copyright © 2011 AAAS. ... e 2
Figure 2: LIB with intercalation electrode materials graphite and layered transition
metal oxide, respectively. Reprinted with permission from ref. [50]. Copyright © 2004
American Chemical SOCIELY. ......uuii i 5
Figure 3: Schematic overview of degradation mechanisms of layered oxide CAMs.
Reproduced with permission from ref. [123]. Copyright © 2005 Elsevier B.V........... 12
Figure 4: Phase transitions observed in PBA/PW materials upon removal of water and
(de)sodiation. Reprinted with permission from ref. [174]. Copyright © 2022 John Wiley

oS Lo o 1< TR 20
Figure 5: Analyzer unit of the mass spectrometer consisting of ion source, mass filter
=L L0 0 =1 =Y o 26

Figure 6: a) Schematic acoustic wave associated with one hit and the respective hit
properties, adapted with permission from ref. [245]. Copyright © 2017 I0OP Publishing
Ltd. b) Schematic acquisition and different waveforms in time and frequency domain,
respectively, adapted with permission from ref. [221]. Copyright © 2022 Springer
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