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Abstract

Nowadays lithium-ion batteries are in wuse for various mobile and stationary
applications. With increasing dissemination, aspects of operational safety of batteries
become a key issue. Regular reports on safety-critical incidents prove the need for
action in the field of battery safety. One possibility to improve the operational safety
of lithium-ion batteries is the application of intrinsically safe cathode active
materials. Phosphate-type materials like LiFeMn; PO, are an alternative to the

nowadays commonly used oxide-type cathode materials.

The objective of this publication-based dissertation is the investigation of aging
mechanisms associated with LiFe,Mn; PO4. The work is focused on aging effects
related to different material storage conditions, material morphologies, variations in
processing as well as structural deficits and their influence on the electrochemical
performance and long-term characteristics. All publications contain results from

neutron-based experiments.

In the first publication different morphologies of LiFePO, and their influence on
water- and solvent-based slurry processing are investigated. The effect of particle
morphology on electrochemical properties was studied with a focus on different

(dis-)charge behavior and long-term capacity retention.

The second publication investigates the effect of different detrimental storage
conditions of LiFe,Mn; POy on changes of material properties. Water- and solvent-
based processing of pristine and aged samples as well as electrochemical
characterization allowed the evaluation of potentially cumulative aging effects as a

result of material storage and subsequent processing.

In the third publication in-operando neutron imaging is applied to quantify the
different initial gas evolution in LiFePOy/graphite and LiFecMn; PO4/graphite cells.
The long-term evolution of Mn-dissolution and subsequent migration to the graphite
anode was studied via Prompt Gamma Activation Analysis. The results allow a
direct comparison with the Mn-dissolution occurring in oxide-type cathode active

materials.






Zusammenfassung

Heutzutage werden Lithium-Ionen Batterien in zahlreichen mobilen und station&ren
Anwendungen eingesetzt. Mit steigender Verbreitung muss dabei dem Aspekt der
operativen Sicherheit zunehmende Bedeutung beigemessen werden. Regelméfige
sicherheitskritische Zwischenfille bestédtigen, dass im Bereich der Batteriesicherheit
nach wie vor Handlungsbedarf besteht. Eine Moglichkeit, die Sicherheit von Lithium-
Tonen-Batterien zu verbessern, kann unter anderem durch den Einsatz eigensicherer
Kathodenmaterialien erreicht werden. Als Ersatz fiir heute {ibliche Oxidverbindungen

bieten sich dabei Phosphatverbindungen wie LiFe,Mn; (PO, an.

Ziel dieser publikationsbasierten Dissertation ist es, neue mit LiFeMn; POy
assoziierte Alterungsmechanismen aufzuklédren. Dabei liegt der Fokus auf dem
Einfluss von Lagerungsbedingungen, Materialmorphologie, Verarbeitungsprozessen
und struktureller Defizite des Materials auf das elektrochemische Leistungs- und
Langzeitverhalten. Alle Publikationen enthalten dabei Ergebnisse die mit

neutronenbasierten Experimenten gewonnen wurden.

In der ersten Publikation wird der Einfluss verschiedener LiFePOy4
Materialmorphologien auf die wasser- und l6semittelbasierte Verarbeitung untersucht,

sowie deren Effekt auf das Ladeverhalten und die Langzeitzyklisierung.

Die zweite Publikation beschéaftigt sich mit den Folgen verschiedener, schadlicher
Lagerungsbedingungen des Ausgangmaterials und den damit verbundenen
Eigenschaftsinderungen. Die anschlieffende wasser- und losemittelbasierte
Weiterverarbeitung des frischen und gealterten Ausgangsmaterials sowie deren
elektrochemische Charakterisierung liefern Ergebnisse zu eventuellen kumulativen

Alterungseffekten.

In der dritten Publikation wird mittels in-operando Neutronenradiographie der
Einfluss der Manganauflosung aus LiFe,Mn; PO, auf die initiale Gasentwicklung in
der Zelle untersucht, und dabei mit dem manganfreien LiFePO, verglichen. Die
Langzeitentwicklung der Manganauflésung und die Migration von Mangan-lonen zur
Anode wird mittels Prompter Gamma Aktivierungsanalyse quantifiziert. Die
Ergebnisse ermdglichen einen Vergleich mit der bei oxidbasierten Kathodenmaterialen

ebenfalls auftretenden Manganauflosung.
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1. Introduction

This section provides an introductory overview of safety issues related to lithium-ion
batteries, information on the cathode active material LiFesMn; POy, describes its
electrochemical properties and applications and outlines previous research results in
the context of aging phenomena. Since neutron-based analytical methods have been
applied in this project, the distinct advantages of neutrons and aspects of the
application of neutron research on lithium-ion batteries will be introduced.
Instruments at the Forschungsreaktor Miinchen II (FRM II) which were used for

experiments in the scope of this thesis are described at the end of this section.

1.1. Safety aspects of lithium-ion batteries

The concept of reversible intercalation of lithium-ions into host structures has first
been described by Armand in 1980 [1, 2]. His idea led to the development and
investigation of different intercalation materials and spinel-type transition metal
oxides appeared to be suitable for application as cathode materials [3, 4]. After
overcoming the problems of co-intercalation of electrolyte molecules, graphite had
been identified as an appropriate anode material [5, 6]. Being intensively involved in
their development, SONY brought the first commercial lithium-ion batteries on the
market in 1991 [7]. At this time, aqueous batteries systems like NiCd and NiMH with
a cell voltage limited to 1.5 V were commonly used [8]. But the newly introduced
lithium-ion batteries used non-aqueous electrolytes allowing a significantly higher cell
voltage of 4.1 V [9]. The resulting higher energy density was of special importance for
mobile applications [10].

More than 25 years after the market launch of lithium-ion batteries, layered
transition metal oxides and graphite are the most commonly applied cathode and
anode materials, respectively [11]. Besides the beneficial high voltage and energy
density, several safety concerns are arising from materials used in lithium-ion
batteries. The various chemical processes in an operating lithium-ion battery and
their interaction are very complex. Thus, only some safety-related issues will be

discussed in this section.



A fundamental problem of layered transition metal oxides like LiCoO2 (LCO) is the
increasing instability in the de-lithiated state and at temperatures above 200 °C it
disproportionates into oxygen and other degradation compounds. This means that in
case of a battery fire the cathode material itself reinforces heat generation. The
described self-reinforcing process is called thermal runaway and occurs when the heat

generation exceeds heat dissipation [12, 13].

In detail, a thermal runaway always has an initial trigger, which can for example be
mechanical, thermal or electrical stress like battery penetration/compression,
overheating or overcharging, respectively. Subsequently, energy is released as the
negative electrode reacts with the electrolyte. At increasing temperature, the cathode
material starts to react with the electrolyte, causing a further increase of temperature
and electrolyte decomposition. In the next step, the positive electrode material
decomposes. At this point the thermal runaway can no longer be stopped, since
oxygen is released from the material itself and no external source of oxygen is
required to maintain the thermal runaway. This applies in particular when transition
metal oxides like LiCoQOs are used as cathode materials. An exemplary reaction of
LiCoO3 with the electrolyte is described below [14-16]:

10 Lig5Co09 + C3H40O3 — 5 LiCoOs + 5 CoO + 3 CO9 + 2 HyO (1)

As indicated in equation (1) the reactivity of LiCoOs is given and elevated by partial
de-lithiation (e. g LipsCo0O32). Irreversible thermal runaway and oxygen release is
obtained at further temperature increase due to lattice collapse of partially de-
lithiated Lip5CoOq [14]:

6 Lip5Co0Oy — 3 LiCoOs 4+ Co304 + O (2)

The risk of oxygen and energy release as described in equation (2) applies also for

other transition metal oxides as depicted in Figure 1.
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Figure 1: Extent and initial temperature of energy release of different cathode active
materials. Reproduced from reference [15] with permission from Springer Nature.

As illustrated in Figure 1, energy release differs significantly for different cathode
materials and is highest for LiCoOj. Compared to LiCoOj, the observable energy
release of second (e. g. LiNipgCop.15Alp.0502) and third generation oxide-type materials
(e. g Li1.1(Nip33Co00.33)O2) is lower, but still significantly higher than that of LiFePOQOy,
which shows almost no energy release upon heating. This states the intrinsically safe
character of phosphate-type olivines and the improbability to contribute to a thermal

runaway. The reason is found in the strong P-O bond, low oxygen potential and thus

high safety [14, 15].

But not only high temperatures are critical for lithium-ion batteries. At low
temperatures the kinetics of Li -intercalation into graphite is slower. Instead of the
intercalation process, the reduction of Li" to elemental Li may be favored, while
recent studies found that this process takes place near the separator-graphite
interface [17, 18|. The deposited Li can appear as a flat layer (plating) or in form of
needle-shaped dendrites. The latter are critical since they can penetrate the separator

and cause an internal short circuit [19-21].

Furthermore, electrolytes for lithium-ion batteries consist of a conducting salt (e. g.
LiPFg) in a carbonate-based solvent [22, 23|. These non-aqueous solvents provide a
sufficient electrochemical stability window for high operating voltages, high
conductivity and low viscosity. There exist several different carbonates and some

typical compounds are ethylene carbonate (EC), propylene carbonate (PC) and
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dimethyl carbonate (DMC) which can be applied pure or as a mixture in order to
attain specific characteristics [24, 25]. Despite their positive properties, carbonates
involve a major problem due to their flammability and low flashpoint at
approximately room temperature [26]. In case of overheating (e. g. as a consequence
of a short circuit) it may ignite and even initiate a thermal runaway under

unfavorable conditions [27].

The presented safety-critical processes in lithium-ion batteries are not only of
theoretic nature, as incidents are regularly shifted into public awareness. Over the
past few year some safety incidents related to lithium-ion batteries have even
attracted global media attention. In 2013, an auxiliary power unit (APU) battery
caught fire on board of a Boeing Dreamliner. The aircraft was grounded and empty of
passengers, which prevented casualties and major damage [28|. Only nine days after
this event a battery caught fire on an airborne Boeing Dreamliner enforcing an
emergency landing [29]. These and further incidents increased the awareness of
battery failure and the potential consequences. The result of this development were
strict regulations on the transportation of lithium-ion batteries on passenger aircrafts
[30]. In 2016, several exemplars of the Samsung Galaxy Note 7 exploded or caught
fire only a few days after its market release. Property damages and fires in cars were
reported in relation to these phone explosions [31]. The European and US aviation
authorities EASA and FAA strongly advised not to use or charge the Samsung
Galaxy Note 7 on board of aircrafts |32, 33]. Samsung stopped the production after a
recall since replacement units caught fire as well [34, 35]. In the context of
continuously increasing areas of application, these examples demonstrate the
importance of highest safety standards in terms of production and operation of
lithium-ion batteries. Resulting in grounded aircrafts and discontinued production,
both examples state the economic impact of battery failure and the manufacturers’
interest in reliable batteries. However, a desired high energy density and a maximum

of safety are contradictory to a certain degree.

Nowadays, owners of houses with installed solar panels increasingly strive to improve
their own domestic energy consumption rate. This can be realized by coupling solar
panels and lithium-ion batteries [36]. The installed capacity depends on the specific
circumstances but is usually in the range of several kWh [37]. The installation of
large lithium-ion batteries in households requires highest safety standards due to the
potential impacts of a battery failure. Current discussions range from missing uniform
safety standards and norms to installation sites and emergency response tactics [38,
39]. Australian authorities even suggest allowing private energy storage systems only

in separate fire bunkers [40]|. High safety standards for home storage applications are



also in the interest of reinsurers as building fires are associated with significantly
higher losses in comparison to vehicle fires. All these various discourses confirm the

safety awareness regarding lithium-ion batteries as home storage application.

As described above, the safety of a lithium-ion battery depends on several
components such as electrolyte, cathode material or formation of lithium dendrites.
But replacing the commonly used cathode material group of transition metal oxides
by a safer material such as LiFePO4 or LiFeMnPO, can contribute to a higher
operational safety and reliability [41]. The suitability of LiFePOy4 for home storage
and further applications has been approved and products are available on the market
[42]. The following section will provide detailed information on the characteristics and
applications of phosphate-based cathode active materials, describe their superior

properties and discuss them in the context with commonly used layered oxides.

1.2.  Properties and Applications of LiFe,Mn;_ POy

The material LiFeyMn; PO, is an olivine-type phosphate compound, which is
suitable as cathode active material in lithium-ion batteries. The Fe/Mn-ratio can
vary in the range of 0 <x <1, whereby LiFePO, and LiMnPO, are obtained for
x = 1 and x = 0, respectively. For all other values of x, LiFe,Mn; (PO, (abbreviated
as LiFeMnPO4 or LFMP) is obtained. Within the crystal structure Fe and Mn
randomly occupy the same lattice position. Mn and Fe have the atomic numbers 25
and 26 and their cations Mn®" and Fe®" show very similar atomic radii (7,2+ =
0.83 A, 1,2+ = 0.77 A). Thus, Mn”>" and Fe*" readily substitute for each other since

their difference in atomic radii is less than 15 % [43].

The fundamental suitability of LiMPO, (M= Fe, Mn, Ni or Co) was first
demonstrated by Padhi et. al. back in 1997 [44]. Tt provides high stability during
lithium extraction and insertion and in theory a specific capacity of approximately
170 mAh-g’1 (the specific capacity comprises the molar mass and varies slightly
depending on the metal ratio in LiA/POy). A problem of LiNiPOy, LiCoPO,4 or mixed
as LiNi,Co;«POy is the high operating voltage of Ni’"/Ni’" (5.1 V vs. Li/Li") and
Co*"/Co®" (4.8 V vs. Li/Li") [45, 46]. Such high operating voltages are beyond the
electrochemical window of =4.5V wvs. Li/Li" for commonly used electrolytes.
Although sulfone-based electrolytes with electrochemical stability up to 5.5 V have
been investigated and also tested in combination with LiNiPOy, the practical use of

Ni- and Co-based phosphor-olivines is still bound to the development of new



electrolytes  [47—49]. In contrast, the operating voltages of Fe?' / Fe*'
(3.5 Vvs. Li/Li") and Mn® /Mn®" (4.1 V vs. Li/Li") are within the electrochemical
window, which allows the use in combination with available electrolytes [50]. For this

reason current research and development aims towards Mn-rich LiFe,Mn; POy [51].

The crystal structure of LiFeyMn; POy is illustrated in Figure 2. Oxygen atoms (red)
are arranged in a nearly hexagonal close packing (hcp). In the hep arrangement 2n
tetrahedral sites are formed for n atoms resulting in 8 tetrahedral sites per 4 oxygen
atoms. Phosphorus (purple) occupies thus % of the available tetrahedral sites. The
phosphorus atoms are covalently bonded to 4 oxygen atoms forming a tetrahedral
arrangement. In the hcp structure also n packing atoms form n empty octahedral
sites. From the four oxygen atoms of the net formula therefore result four octahedral
sites. The octahedral sites are only %2 occupied in total by an ordered arrangement of
either Li (green) or Fe/Mn (white) atoms. The Li coordination polyhedra (green
polyhedra in Figure 2) are linked by edges and form Li" diffusion channels. These
diffusion channels occur only along one structural axis resulting in a one dimensional
Li~ (de-) intercalation [44, 52]. In comparison, the structure of layered oxides allows a

two dimensional Li~ (de-) intercalation [53].

Figure 2: Crystal structure of LiFe,Mn; POy (space group: Pnm a) projected along the a-
axis. The unit cell is defined by the light green frame. Li ~ atoms are located within green
coordination polyhedra, P atoms are located within purple tetrahedrons. Fe and Mn are
white colored and cannot be distinguished since the actual distribution is randomly
(coordination polyhedra are not marked). Li" diffusion is only possible via connected Li
coordination polyhedra along the c-axis. Image created with the Endeavour software.



The ordered olivine structure of LiFexMn; PO, has semiconductor-like properties
with a very low electronic conductivity of approximately ~ 107 Scm_l, which is a
substantial obstacle for any battery application [54]. In order to overcome this
problem, the particle size was subsequently reduced to the nano-scale and also
different synthesis techniques and doping with other metals were studied to improve
the electrochemical characteristics. Nano-sized particles provide large specific surfaces
of several ng'l which lead to minimized diffusion pathways. Another effective
method to improve the electrochemical capability and kinetics is carbon coating of

LiFexMn; POy particles, resulting in good fast-charging properties [55-60).

Regarding the characteristic charge curves as illustrated in Figure 3, LFP and LFMP
provide flat redox plateaus over a wide range of State of Charge (SOC). At
SOC =0 % (beginning of charge) LFP/LFMP are completely lithiated. At
SOC =100 % (end of charge) the material is completely de-lithiated. Upon de-
lithiation of LiFePO4 and LiFe:Mn; PO, a phase transition to thermodynamically
stable FePO4 and FeMn; PO, occurs, respectively.
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Figure 3: Comparison of redox plateaus of LiFePOy vs. Li/ Li" and LiFeq33Mng ¢ PO4 vs.
Li/ Li" during the charge process of cells using graphite as anode active material. Voltage
curves are obtained from a 3-electrode-setup (Swagelok®—cell).

For LFMP two redox plateaus can be observed. The first one at approximately 3.5 V
vs. Li/ Li" corresponds with the Fe?' / Fe’" redox plateau. This plateau is followed by
the Mn®' / Mn® " redox plateau at approximately 4.1 V vs. Li/Li . The length of the



Fe’' /Fe’’ and Mn®'/Mn®' is directly correlated to the Fe/Mn ratio in LiFe,Mnj.
POy indicating that LiFeyMn;(PO4 shown in Figure 3 is a Mn-rich
LiFe().ggMno.mPOz;.

The higher voltage of the Mn?" / Mn®" redox plateau and the higher resulting energy
density explains the advantage of (partial) substitution of Fe by Mn. The higher
voltage of Mn*" / Mn®" also suggests the complete substitution of Fe, but it is difficult
to obtain electrochemically active LiMnPOs and observable (dis-)charge
characteristics are disadvantageous [61-63]. Furthermore, the intrinsically safe
character of LiFexMn; POy does not fully apply to (partially de-lithiated) LiMnPOy4
since it is not thermodynamically stable. In the de-lithiated form MnPO, releases
oxygen above 150 °C and considerable heat generation (884 J -g’l) upon reaction with

the electrolyte occurs [64].

The fact that LiFe,Mn; POy (with the exception of LiMnPQO,) is a material with two
thermodynamically stable boundary phases is a substantial distinguishing feature in
relation to commonly used layered oxide-type cathode active materials such as
LiNiyMnyCo1.x.yO2, which shows a solid-solution behavior. Layered oxides thus do not
undergo a phase transition during the normal (dis-)charge process. In the (partially)
de-lithiated state, layered oxides are thermodynamically unstable and tend to
decomposition and oxygen release under heat exposure. Despite its thermodynamic
instability during de-lithiation the host structure is maintained due to kinetic reasons.

This allows the use of layered oxides as cathode active material [65—-70].

In contrast, the stability of LiFexMn; POy can be explained by the strong covalent
P-O bond preventing the release of oxygen up to high temperatures. In the case of
battery failure and heat development, the electrolyte will decompose and react with
different constituents of the battery. On the anode side the SEI layer and the
graphite itself will decompose at temperatures of about 80 — 120 °C and above
250 °C, respectively [71, T72]. Concerning cathode materials, different onset
temperatures can be found (assuming SOC = 100 %). Layered oxides, such as
LiNitCoyAl,O2 (NCA), LiCoO (LCO) and LiNixMn,Co,02 (NMC) begin to
decompose at temperatures of 170, 200 and 260 °C and enthalpies of 941, 407 and
910 Jg!, are found respectively [63, 73, 74]. The overall enthalpy can vary and
increases with the degree of de-lithiation and relative Ni content [75]. In contrast the
decomposition of LiFePO, has an onset temperature of 310 °C and an enthalpy of
only 145 J g_1 according to [76, 77]. Other studies found an onset temperature of
245 °C and enthalpies in the range of 147 to 250 Jg™ [78, 79]. Generally, the values



state that LiFePO, shows better thermal stability and significantly lower enthalpy in

comparison to layered oxides.

Other advantages besides the thermal stability of LiFe.Mn; PO, arise from the
elemental composition due to its environmental friendliness, low toxicity, costs and
availability [80, 81]. In 2017, the global reserves of iron and manganese were 8.2 - 10"
and 6.9-10° tons, respectively [82, 83]. Both materials are available on a sufficient
scale for industrial needs. In contrast, todays layered oxides generally contain cobalt
and its worldwide reserves are estimated to be as low as 7-10° tons. The current high
demand for lithium-ion batteries already results in an upcoming cobalt shortage and

rising prices [84].

The current availability of LiFeMn; (POy-based products is mainly limited to Mn-
free LiFePO,4. For mobile applications such as electronic devices and electric vehicles
oxide layered cathodes are still the material of choice due to the higher specific and
volumetric capacity [85]. Commercial LiNiggCop 15Alp.0502/graphite cells provide
capacities of up to 200 mAhg’l, 3.7 V average operating voltage and a volumetric
capacity of 700 mAh cm™ compared to 165 mAh g’l, 3.4V average operating
voltage and 589 mAhem™ for LiFePOy [86]. So far, existing mobile applications of
LiFePO, are limited to niche products like pedelecs, scooters or starter batteries, but
small-series electric vehicles were also equipped with LiFePOy-based cathodes [87-90].
In the marine sector LiFePQO, batteries are regarded as a suitable replacement for
lead-acid batteries [91]. The benefits of LiFePO4 come to bear in environments where
energy density and weight is of minor importance but operational safety and
reliability needs to be at highest standards. Both criteria are met for stationary and
household applications. Different studies have discussed and considered LiFePO, as
the optimum cathode material for solar energy storage or off-grid solutions for remote
places and commercial solutions are available on the market [42, 92-98]. In contrast,
Mn-containing LiFexMn; POy, especially LiMnPOQO,, is still regarded to be in the
research stage, but first products are introduced to the market [86, 99]. The
commercialization of LiFexMn; (PO, is hindered by some unsolved obstacles in terms
of aging and operational deficits. An overview of issues related to aging is given in the

following chapter.



1.3.  Aging mechanisms related to LiFe,Mn; POy

Over the past years, several studies focused on the aging of LiFePO, and investigated
the influence of various storage conditions like moist environments, hot air or the
immersion into water and the effects on the electrochemical properties. Moist
atmosphere is supposed to initiate a partial phase transition from LiFePO4 to
LiFePO4(OH) under oxidation of Fe’" to Fe’', whereas a formula for the
intermediate material was proposed as LiyFePO4(OH)y. The phase transition was
found to be reversible and the initial capacity and performance can be attained by a
thermal treatment under inert atmosphere [100]. Warm and moist atmosphere also
causes the reversible formation of FePO, and LisPO, [101]. Exposure to air at
ambient temperature leads to spontaneous Li* de-intercalation and increased
impedance. But this effect disappears after the first cycle [102]. In contrast, under hot
air (T <200 °C) the formation of a FeyO3 side phase and highly defective LiFePOy
unit cell can be observed [103|. The immersion of LiFePO, into water has been
described to be responsible for a partial loss of carbon coating. Water subsequently
attacks the surface of LiFePO, particles and lithium and phosphate species can be
detected in the water. The carbon coating is assumed to protect the LiFePOy
particles for a certain period of time, but the protective effect is more efficient for
moist atmosphere instead of direct immersion into water. The stability of the carbon
coating also depends on the synthesis and it is more protective when obtained from a
solid state reaction synthesis instead of a hydrothermal procedure [104]. Contact to
water also induces the formation of a LisPO, layer on the particle surface. But no
significant influence of this layer on the battery performance is found [105]. A
moisture contamination of the electrolyte is associated with the generation of HF.
The formed HF effects the dissolution of Fe from LiFePOy4, and hence a decreased cell
performance and elevated capacity loss. This degradation can be effectively
suppressed by carbon coating as it prevents surface corrosion of LiFePQO, particles
[106]. In general, LiFePQy is stable in electrolytes containing LiPFg and only very low
Fe-dissolution rates are observable. But at higher temperatures (60 °C) the Fe-
dissolution rate raises significantly and developing resistive layers on the particle

surface cause capacity fading and poor kinetics [107].

Another aging mechanism which causes accelerated capacity fading is the dissolution
of Mn-ions from the LiFeyMn; POy host structure. This effect is not only
characteristic for LiFeyMn; POs and has also been described for Mn-containing
layered oxides and spinels [108, 109]. The reasons for capacity loss upon Mn-

dissolution include different aspects. For reasons of charge balancing, each dissolved
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Mn?" or Mn® -ion prevents the de-intercalation or re-intercalation of active Li -ions
from or into the LiFexMn; PO4 host structure. But the observable Mn-dissolution
rates are in the range of several ppm and thus are not directly responsible for
considerable capacity loss. The reasons for capacity loss are rather caused by the
migration of Mn-ions to the anodic graphite surface. According to previous research,
Mn-ions are incorporated into the SEl-layer located on the anode surface causing an
increased growth due to maintained conductivity along the SEI-layer and ongoing
electrolyte reduction [110]. A schematic illustration of a Mn-free and Mn-
contaminated SEIl-layer is given in Figure 4. The SEIl-layer is formed under
consumption of active lithium and thus, increased SEI growth leads to additional
capacity loss. It is known that Mn and Fe dissolve in the same ratio as they are
present in LiFe,Mn; POy [111].

(a) (b) Mn®/Mn2'

-s»/‘%w% ik 5%
siEERE)  puREE

Graphite anode SEI-layer Graphite anode SEI-layer

Figure 4: Schematic drawing of SEI layers on the graphite anode: (a) SEI-layer built up in
a cell with Mn-free cathode material; (b) Increased SEl-layer growth as a result of
incorporated Mn.

As well as in olivine-type LiFexMn; POy transition metal dissolution in layered
oxides is not limited to Mn as elements like Ni and Co are also deposited on the
anodic SEI-layer [112, 113]. It is known that metal ions can be deposited in different
regions of the SEI-layer and different oxidation states are found depending on an
insertion in the inner or outer region of the SEI-layer [108, 114]. Transition metal ions

like Ni*" and Co*" are supposed to be deposited in the outer layer of the SEI and are
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not reduced, while Mn?" can be found in the inner regions close to the interface of
graphite and SEI. The close proximity to the actual graphite surface allows the
reduction to Mn" and in the presence of electrolyte a M112+/Mn0 catalyzed redox
couple causes ongoing electrolyte reduction, loss of active lithium and capacity [115].
This aging mechanism emphasizes the special role of Mn-dissolution also attributed to
LiFexMn; «PO4. Overall, the Mn-dissolution rates observable for LiFe,Mn; PO, do

not seem to exceed those ones of layered oxides [116].

1.4. Neutrons vs. X-rays

Through the discovery of X-rays by Wilhelm Conrad Réntgen in 1895, the basis for a
completely new field of structural and radiographic research had been created [117,
118]. In the 1950s, Bertram Brockhouse and Clifford Shull worked on spectroscopy
and diffraction methods based on uncharged particles. Both were honored with the
Nobel Prize in 1994 for their substantial contribution to the development and
establishment of neutron diffraction techniques, providing further scientific
opportunities [119-122]. In the upcoming years, neutron research facilities were
established in Germany, France, USA and other countries [123-125|. The interest in

neutrons was motivated by their different properties compared to X-rays.

Both X-rays and neutrons have wave- and particle-like character. This means that
they have a mass but simultaneously show wave properties like constructive and
destructive interference [126|. X-rays interact with the electron shell of an atom.
Since the number of electrons is directly correlated with the atomic number, a
constantly increasing cross-section of X-rays can be observed with increasing atomic
number. As the number of electrons remains constant for isotopes of an element, a
differentiation of those is not possible [127]. In contrast, neutrons do not interact with
the electron shell, but with the atomic nucleus. There is no systematic trend in cross-
section and atomic number, which means that the cross section varies randomly with
increasing atomic number. As isotopes mean a different composition of the atomic
nucleus, the cross section of neutrons can vary considerably and enables the
distinction on an isotope level [128-130]. Neutrons can also allow the disambiguation
of neighboring elements and the scattering power of very light elements, like Li, is in

the same scale as that of heavier elements.

As illustrated in Figure 5 for selected elements, cross sections of X-rays increase

constantly with increasing atomic number. In contrast, neutrons do not show a direct
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correlation between cross section and atomic number as it varies randomly. Figure 5
also illustrates that X-rays have only positive scattering lengths, which increase with
the atomic number, while neutrons can have a positive or negative scattering length.
Again, the reason for this difference is found in the fact that X-rays are scattered at
the electron shell, while neutrons interact with the atomic nucleus. The interaction
with electron shell or atomic nucleus also results in a stronger or lighter decrease of

Bragg peak intensities with increasing 260-angles [131, 132].

x-rays neutrons

- |+

. ‘ lH —_

. ® 2H(D) =

® © 14N —_—
& . 32g e 4.5
‘ ® Fe == i 7.3
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total cross coherent scattering length

section (scattering factor)

Figure 5: Comparison of cross sections of selected elements for X-rays and neutrons.
Image from [133] based on data from [134-136].

The different cross sections shown in Figure 5 also explain the supplementary
character of X-rays and neutrons. As the lightest element, hydrogen (1H) is almost
invisible for X-rays, while it has a very high cross section for neutrons. On the
contrary, sulfur (°’S) has a low cross section for neutrons, but — in terms of
detectability - sufficient cross section for X-rays. From the scientific perspective, the
different nature of X-rays and neutrons and their interaction with matter is of
importance since the complementary character of both provides suitability for a wide

range of research issues.
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1.5.  Neutrons in lithium-ion battery research

Due to their special properties as described in 1.4 Neutrons vs. X-rays, neutron-based
analytical methods have become a versatile and established resource to investigate

scientific issues in the context of lithium-ion batteries.

This chapter introduces some neutron-based methods applied to lithium-ion batteries

and outlines related research issues and results.

Neutron diffraction (ND) basically follows the same principles as X-ray diffraction

and can be described by the Bragg-Equation:

nA = 2d sin(6) (3)

In equation (3), n is an integer multiple of the wavelength A, d the interplanar
distance between two lattice planes and 6 the scattering angle between incident beam
and the lattice plane [137].

ND is suitable to investigate different phenomena related to lithium-ion batteries,
such as lithium (de-)intercalation into anodic graphite, which is the most commonly
used active material for anodes in lithium-ion batteries [138-140]. In-situ ND has
been applied to study the kinetics of lithium (de-)intercalation at different C-rates
and temperatures and it was found that inhomogeneous distribution of lithium in
graphite and the time of cell relaxation is elevated at low temperatures and higher
(dis-)charge currents [141|. In-situ ND also helped to understand the correlation
between voltage relaxation, temperature and lithium deposition on the graphite
surface (lithium plating). Plating instead of intercalation into graphite increases at
low temperatures and correlates with the charge current [142]. In case of a
commercial NMC /graphite cell, lithium plating can reach values of 19 % of the
nominal capacity if it is charged at a C/5 rate and a temperature of -20 °C [143].
Understanding the mechanisms of lithium plating is important since it can come
along with lithium dendrite formation and possible occurrence of an internal short
circuit and thermal runaway [19, 144-147].

In the field of cathode materials, ND was applied to study the Li" /Ni2+ disorder in
the lattice of the layered oxide NMC with the result that Li+/Ni2+ site exchange
negatively affects the diffusion kinetics due to a higher Li~ migration barrier [148].
But also Ni/Mn disorders upon different synthesis methods and their influence on the

electrochemical performance were investigated on the spinel type LiMn;j sNip504
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structure. A variation in synthesis temperature profiles causes significantly different
crystal structures with Ni/Mn ordered or disordered variants [149]. On the other
hand, ND studies on commercial LFP /graphite cells (18650) helped to distinguish
reasons and to exclude potential LFP degradation mechanisms responsible for

capacity fading upon long-term cycling [150].

Neutron imaging (NI) or neutron radiography (NR) is a non-destructive method,
which has been developed since as early as 1935 [151]. As a versatile technique in
materials science it has also been applied to study various aspects in the field of
lithium-ion batteries. When a neutron beam passes through a sample, it will be
attenuated depending on the element and its thickness at a specific location of the
sample [152|. The principles of neutron imaging can be described by the Law of
Lambert-Beer as shown in equation (4). The transmission T is defined by the ratio of
the intensity after passing through the sample (I) and the incident beam I,. The
specific attenuation coefficient of the irradiated object is described by p and its
thickness by d:

T = i = g Hd (4)

After passing through the sample, the neutron beam shows a locally different
distribution of intensity. Since neutrons are electrically neutral, detectors for image
generation rely on second order effects. This means that in the detector neutrons are
captured by highly absorbing materials such as 6Li, B and 155Gd, which emit a
secondary radiation (e. g y-radiation) capable to excite a scintillator screen. The
emitted light upon de-excitation can then be recorded by a CCD-camera
(CCD = Charge-Coupled Device) [153-155]. The application of CCD-cameras has
mainly replaced the former method using X-ray-sensitive films [151, 156].

The manufacturing process of a lithium-ion battery includes the step of electrolyte
filling. The subsequent wetting, which means the homogenous distribution of the
electrolyte inside the battery, is decisive for the quality. Since wetting is a time-
consuming and limiting factor in the manufacturing process, it is of high interest to
minimize the time of this step without negative influence of the battery performance
[157, 158]. Knoche et. al applied NI in order to visualize the electrolyte filling process
of a lithium-ion battery and derived optimized manufacturing processes and potential
faults [159].

Gas evolution in lithium-ion batteries is a well-known problem associated with
capacity fading and decreasing performance [160, 161]. It occurs as a concomitant

reduction of electrolyte during the formation of the anodic SEI-layer but also as a
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consequence of residual traces of water within the battery [162-164]. The gas
evolution in batteries with different combinations of anode and cathode active
materials has been studied by means of neutron imaging. It was found that the
volume of evolved gas depends significantly on the active material and implies also
the correlation of gas evolution and transmission metal dissolution [165, 166]. Not
only the electrode active material influences the gas evolution, but also the
composition of the electrolyte can considerably affect gassing [167].

NI was also used to investigate the diffusion behavior of lithium-ions in the anode
active material Li4yTi50;2 (LTO) [168, 169].

Another method, which involves neutrons indirectly, is Positron Annihilation
Spectroscopy (PAS). Positrons are positively charged counterparts of electrons [170].
A possibility to generate positrons is the capture of thermal neutrons in Cadmium
and subsequent positron-electron pair production from absorption of high energetic
prompt y-rays [171, 172]. One application of PAS in the field of lithium-ion batteries
is the investigation of structural defects. PAS has been successfully applied to
describe the evolution of irreversible defects in the cathode active material NMC
occurring upon (de-)lithiation. During irradiation, positrons are diffusing through the
NMC-lattice. The positrons can either annihilate with an electron, resulting in the
emission of 2 y-quanta, or be trapped in a metal atom vacancy in the lattice prior to
annihilation. Thus, the lifetime of a positron is directly related to the concentration
of vacancy-type defects in the NMC-lattice, which can be determined via PAS [173].
Positrons have also been applied to investigate defect formation in other cathode
materials like LCO and LFP [174, 175].

1.6. Neutron source and instruments at FRM II

This chapter briefly introduces the neutron source of the Forschungsreaktor Miinchen
IT (FRM II) at the Heinz Maier-Leibnitz Zentrum (MLZ) in Garching/ Germany and

the instruments which were used to carry out neutron experiments.

The cylindrically shaped fuel element of the neutron source has a height of 70 cm, a
diameter of about 24 cm and consists of a uranium-silicon compound and aluminum.
The inner part of the cylinder contains 113 involute curved fuel plates. Once the
radioactive decay of the fuel element is initiated at one of its sides, it reacts for
approximately 60 days while the reactive zone is constantly positioned on the height

of the beam tubes by gradual movement of the fuel element. The neutron flux
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depends on the distance from the fuel element. Using D20 instead of HyO as a
moderator around the fuel element shifts the maximum neutron flux approximately
12 cm outside the fuel element wall. At this position He-filled beam tubes efficiently
guide the neutrons out of the reactor pool. During operation, the fuel element
provides a continuous neutron flux of 8- 10" n-cm™s " at a thermal output of 20 MW.
Depending on the scientific scope, the energy of produced neutrons can be adapted in
a wide range of approximately 109 eV (ultra-cold neutrons) to 2 MeV (fission

neutrons). [176-183]

Neutron diffraction experiments were carried out at the high-resolution powder
diffractometer SPODI, which is schematically shown in Figure 6. The diffractometer
uses thermal neutrons and is operated with a focus on complex structural
characterization of materials such as minerals, alloys, superconductors and materials
for lithium-ion batteries [184].

2350mm

Figure 6: Schematic illustration of the instrument SPODI: 1: Neutron guide, 2:
Monochromator, 3: Optimal collimation, 4: Sample table, 5: Collimator array, 6: Detector
array; modified image from [184].

The instrument is characterized by a high take-off angle of 155° and a detector array
consisting of 80 position-sensitive *He-tubes. Each detector covers an angle of 2°. This
results in an angular range of 160° for the detector array. During recording of
diffraction patterns, the detector array is moved stepwise, whereby the typical step
width is 0.05° (repeated 40 times resulting in a total shift of 2°) [185, 186].
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Neutron imaging experiments were carried out at ANTARES, which is connected to
the neutron beam port SR-4a. A schematic drawing of ANTARES is shown in Figure
7. The instrument allows standard two-dimensional radiographic imaging as well as
three-dimensional computer tomography by step-wise rotation of the sample. Special
setups such as stroboscopic and polarized neutron imaging extend the instrumental

possibilities.

Figure 7: Schematic drawing of the instrument ANTARES: 1: Beam shutter, 2: Chamber
1, 3: Flight tubes, 4: Chamber 2, 5: Chamber 3, 6: Sample space, 7: Detector, 8: Beam
stop; modified image from [187].

Typical applications range from geological to engineering issues and fundamental
research on ferromagnetic phase transitions.

The instrument uses cold neutrons and a double crystal monochromator allowing the
wavelength to be set to 1.4 A - 6.0 A. The neutron flux depends on the collimation

1 -2 -1

and ranges from 2.6:10° n'em™”s ' to 4-10° nrem s, The maximum beam size is

35 x 35 cm [176, 187-189).

Prompt Gamma Activation Analysis measurements were performed at the instrument
named PGAA. It uses cold neutrons from the neutron beam tube NL4b with an
average energy of 1.83 meV and wavelength of 6.7 A. The basic experimental setup is

illustrated in Figure 8.
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Figure 8: Drawing of the instrument PGAA: 1: Elliptical neutron guide, 2: Neutron
collimator, 3: Sample chamber, 4: Beam stop, 5: Gamma collimator, 6: BGO scintillator,
HPGe detector, 8: Dewar, 9: Shielding; image modified from [190].

PGAA allows the non-destructive measurements of gaseous, liquid and solid samples.
Applications of PGAA range from archaeology and environmental sciences to geology
and new materials. The instrument can be modified in order to conduct Neutron
Depth Profiling (NDP) measurements [190]. Its suitability for measurements on

components of lithium-ion batteries has been shown recently [113].
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2. Experimental methods

This section provides some background information on experimental setups and
methods with a focus on full-cell preparation and testing as well as experimental

setups for neutron experiments.

All electrode slurries were prepared by using a dissolver as shown in Figure 9. At
high numbers of rotation the dissolver disc provides a sufficient energy for
homogeneous distribution of all constituents and a smooth slurry appearance. Many
parameters such as number of rotation, volume of the dissolver vessel, diameter and
immersion depth of the dissolver disc and viscosity influence the process and quality

of the obtained slurry.

Figure 9: Image of the dissolver for slurry preparation: 1: Double-walled dissolver vessel,
2: Dissolver blade, 3: Cooling water inlet, 4: Cooling water outlet, 5: Cover for dissolver

vessel.

Parameters like container volume, filling level, dissolver disc diameter and distance
from bottom should be adjusted in such a way that the so-called doughnut-effect
occurs. This means that the shaft and dissolver disc are partially visible and a
laminar rolling flow pattern is achieved [191]|. During dispersion the slurry can heat

up due to energy intake resulting in a potential loss of solvent. For this reason the
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dissolver vessel is double-walled and allows the supply of cooling water. The dissolver

vessel can be covered in order to minimize the entry of foreign particles.

The prepared slurries were processed to electrodes by using a roll-to-roll coater as
illustrated in Figure 10a. The dimensions of the coater are equally suitable for short
and long coating lengths. The coater can handle and roll up electrode rolls of several
hundred meters. But likewise about only 2 m of unused electrode foil are necessary to
prepare the roll-to-roll process, which means a relatively low waste of material for
small electrode batches. The coater can be operated with a permanently installed
doctor blade with continuously adjustable gap. But it is also possible to work with a
standard doctor blade with invariable gap positioned in front of a transversely fixed
metal stick as depicted in Figure 10b. This is a simple and well-functioning solution,
but continuous slurry feed should be noted in avoidance of a varying coating

thickness.

Figure 10: Image of the electrode coater. Guidance and direction of the electrode foil is
schematically illustrated in red. (a) 1: uncoated and rolled up electrode foil, 2: position of
doctor blade, 3: drying line with exhaust extraction, 4: coated and rolled up electrode foil;
(b) Detail of doctor blade on top on an electrode foil. The metal stick keeps the doctor

blade in position.

The wet electrode passes a cased drying line with two individual heating zones.
Evaporating solvents are directly drawn off by the connected ventilation system. The
feed rate of the electrode foil can be adjusted to the solvent and coating thickness of

the slurry.
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Subsequently, the prepared electrodes in combination with a separator are laminated
by using a roll laminator as shown in Figure 11. The lamination step allows a tight
connection of the cathode, separator and anode. The laminator has three individual
heating zones and provides the option of pressure and gap adjustment. For a
successful lamination it is important that the separator can be laminated. This can be
achieved by a special activation (e. g. deposition of PVDF-fibers by electro spinning)

or choosing a separator made of lamination capable material.

po

Figure 11: Image of the roll laminator. 1: Upper and lower part equipped with heating
units and steel belts (closed during lamination), 2: Inserting side for non-laminated anode-
separator-cathode stacks, 3: Outlet side for laminated anode-separator-cathode stacks.

As described in the caption of Figure 11, the upper and lower part of the laminator
are closed during lamination and the anode-separator-cathode stack is inserted in one
side. The passage through the laminator takes approximately one minute. If the
result of the lamination is insufficient, the step can be repeated after readjustment of
process parameters. The tightly connected stack significantly facilitates the
subsequent full-cell assemblage as the components can no longer shift against each
other. Furthermore, lamination should largely prevent decontacting of electrodes and

separator during full-cell cycling.

The laminated stacks are connected to anode and cathode taps by ultrasonic welding
and dried again before they are put into pouch bags and filled with electrolyte

solution in an argon-filled glovebox. After tempering for a few hours, the full-cells are
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ready for the formation step and electrochemical testing. The electrochemical
characterization of full-cells was carried out on a BaSyTec (Batterie System Technik)
testing equipment. The full-cells are mounted on racks as shown in Figure 12. Each
testing channel has its own temperature sensor for an automatic stop of the test
procedure in case of overheating or fire. For complex setups several channels can be

combined in Master-Slave configurations.

Figure 12: Prepared full-cells mounted on a BaSyTec rack. Each full-cell is equipped with

a temperature sensor on top as a safety measure in case of battery failure.

The battery test room is air-conditioned in order to provide a constant test
environment. The complementary BaSyTec software features the design of test
procedures, online monitoring and data evaluation. Abort criteria can be defined by
temperature, (dis-)charge duration and voltage. Figure 13 shows the user interface of
the BaSyTec software for data evaluation. Depending on the desired data density, the
interval of data acquisition can be defined by various criteria such as voltage steps (e.
g. 0.05 V), electric charge (e. g. 0.01 mAh) or time (e. g. 0.1 s). Long-term cycling of
batteries can result in excessive amounts of data sets and the interval of data
acquisition should be selected accordingly to the scope of the experiment. Typically,
high data density is favorable for detailed intra-cycle analysis and low data density
should be selected for long-term performance evaluation. For simplified data
evaluation, the BaSyTec software includes the option to extract only stepwise data
from the complete data sets (e. g. endpoint data for CC/CV charge, discharge or
OCYV phase). Data plotting and handling can be carried out within the software, but
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it is also possible to export complete or stepwise data sets to various formats for

further proceeding in Excel, Origin or other software.
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Figure 13: BaSyTec software screen showing recorded data sets and the plot of a voltage
curve.

In the following, experimental setups of the neutron experiments will be described.
Although many neutron experiments can be carried out by following a standard setup

and procedure, some scientific issues require an individual arrangement.

The experiment on gas evolution in LFP/graphite and LFMP /graphite cells was
carried out at the ANTARES instrument at FRM II. As illustrated in Figure 14a, the
pouch cell was mounted on an aluminum plate in front of the detector by using
aluminum tape. The sample holder and tape only slightly attenuate the intensity of
the neutron beam due to the low cross-section of aluminum. However, it was made
sure that the tape only covers the sealed seam of the cell and not the electrodes or
electrolyte-filled pouch cell areas in order to prevent inhomogeneous attenuation
within the observed region of interest. The pouch cell was formed at C/10 and images
were recorded every 30 seconds. For a precise evaluation of the gas evolution all
images have to be divided by the first image. Thus, it is important that the pouch
cell is fixed adequately on the aluminum plate and does not shift or become loose

during in-situ image recording.
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Figure 14: Experimental setup of the neutron imaging experiment: (a) Full-cell fixed with
aluminum tape on an aluminum plate in front of the ANTARES detector; (b)
Potentiostat surrounded by lead bricks and a boron-filled rubber mat as protection
against radiation.

Figure 14b shows the potentiostat used for pouch cell charging. The potentionstat
had to be positioned in close proximity to the open beam (distance approximately
1 m). As any electronic device, the potentiostat is sensitive to strong neutron and
v-radiation which may cause malfunctions. To minimize the risk of failure, the device
was protected with lead bricks oriented towards the open beam. Additional
protection was provided by a boron-filled rubber mat. Boron has a high cross section

for neutrons and effectively attenuates their intensity.

Further improvement of the reliability of the experimental setup was reached by
using an interconnected signal amplifier between the potentiostat and computer. This
is recommendable since the cable length from the control room to the potentiostat is

approximately 10 m.

The elemental analysis of anodes was realized at the instrument PGAA at FRM II.
The samples were punched out of the extracted anodes and positioned between fine
aluminum wires which were fixed in an aluminum frame as illustrated in Figure 15a.
Aluminum is the appropriate sample holder material for this experimental setup since
aluminum was not among the elements present in the sample and thus, does not
disturb the quantification of elements to be detected. After preparation of the sample,
the aluminum frame is inserted in the rotatable sample holder of the PGAA

instrument as illustrated in Figure 15b. The sample holder can carry several frames
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and allows complete test series without interrupting the vacuum built up for

measurements.

Figure 15: Sample preparation for the PGAA experiment; (a) Sample holder designed as a
frame of aluminum covered with thin aluminum wires; (b) Sample chamber of the
instrument PGAA. Several aluminum frames can be fixed within the chamber and

measured subsequently without interrupting a measurement session.

The exact quantification of elements is best when an internal standard can be used.
In the case of an anode sample, this can be achieved by knowledge of the exact
weight of the Cu current collector. The amount of detected elements can then be
determined by correlating element peak intensities with the Cu mass as internal
standard. If the concentration of elements to be detected is very low, it is possible to

measure a stack of identic samples positioned in one sample holder.

Powder diffraction of pristine and aged LFP and LFMP samples was carried out at
the instrument SPODI at FRM II. Approximately 2 cm® of the powder were filled
into a vanadium can with a diameter of 13 mm and a wall thickness of 0.15 mm.
Vanadium has a very low coherent but relatively high incoherent cross section for
neutrons [192, 193|. Hence, no vanadium Bragg peaks appear in the recorded
diffraction pattern and only a low background is observable. The vanadium can is
installed on the sample table of SPODI as depicted in Figure 16a. The position of the

vanadium can is pointed out by the red arrow.
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Figure 16: Experimental setup of powder diffraction at the instrument SPODI: (a) The
powder is filled into a vanadium can which is fixed in the sample table; (b) Overview of

sample holder and SPODI detector array.

Figure 16b gives an overview of the SPODI setup and the red arrow marks the
sample table illustrated in Figure 16a, which is surrounded by the detector array.
The orange casing in the background houses the incident neutron beam and the
monochromator. The high take-off angle of 155° between the incident neutron beam

and optical collimation is also well visible (see Figure 6 for more details).
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4. Publication Summaries and Bibliographic Data

This chapter provides summaries, bibliographic data and individual contributions for

the publications of this thesis.

4.1. Influence of Particle Morphologies of LiFePO, on Water- and

Solvent-Based Processing and Electrochemical Properties

Summary of Influence of Particle Morphologies of LiFePQO; on Water- and Solvent-
Based Processing and FElectrochemical Properties by B. Starkel, S. SeidlmayerQ, S.
Jankowskyl, 0. DolotkoQ, R. Gilles® and K.-H. Pettinger1

Sustainability 2017, 9(6), 888, DOI:10.3390/su9060888

Technology Center for Energy, University of Applied Sciences Landshut, Am
Lurzenhof 1, 84036 Landshut, Germany

> Heinz Maier-Leibnitz Zentrum (MLZ), Technische Universitat Miinchen, 85748

Garching, Germany

In this study we investigated the influence of two different material morphologies of
LFP and their effect on processing and electrochemical characteristics. Usually, active
material is processed in the form of (sub-)micron primary particles (PP). By
agglomeration of those particles, so-called secondary agglomerates (SA) are obtained.
SA are characterized by higher bulk density.

PP and SA were processed to slurries by using water or N-methyl-2-pyrrolidone
(NMP). The four different slurries were then processed to cathodes and characterized
in full-cells with graphite as anode material.

Neutron and X-ray diffraction showed that no structural changes occurred upon
slurry preparation. Thus, the LFP samples as such are stable in water and NMP.
Electrochemical testing revealed distinct differences. At elevated C-rates PP
processed with water showed a reduced discharge capacity in comparison to PP
processed with NMP. The reason is very likely the loss of carbon coating due to high

mechanical stress at simultaneous presence of water. Cathodes containing SA showed
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the opposite behavior and a slightly higher discharge capacity was found for SA
processed with water. In this case, the reason is found in a better homogeneity of
cathodes when the binders carboxymethyl cellulose (CMC) and styrene-butadiene
rubber (SBR) are used in combination with water as a solvent. No negative effect
was found upon water-based processing. The reason therefore can be found in the
protective function of SA. During slurry preparation only the outer particles are
exposed to high mechanical stress. The C-rate performance of NMP-based PP-
cathodes was not reached by NMP- and water-based SA-cathodes. An explanation is
that each SA itself represents a micro-heterogeneity in the cathode, which is in
contradiction with a generally striven homogeneity.

Long-term cycling showed that water-based PP cathodes fade stronger during the
first 100 cycles. Water- and NMP-based SA-cathodes showed nearly identic long-term
fading and had the highest discharge capacity after 500 cycles.

Full-cells assembled with SA-cathodes revealed a lower coulomb efficiency although a
lower capacity fading rate was observed during long-term cycling. It is known that
the particle size distribution can affect the relation between coulomb efficiency and
capacity fading. Since the LFP-particle itself were equal for PP and SA, reasons are

likely to be found in the secondary structure of agglomerates.

Individual contribution:

B. S. designed and performed the electrochemical experiments, analyzed the
electrochemical data and drafted the manuscript. S. S. performed XRD experiments,
analyzed the data of neutron and X-ray diffraction and helped to draft the
manuscript. S. J. supported the analysis and interpretation of CE data and helped to
draft the manuscript. O. D. performed neutron diffraction experiments and helped to
draft the manuscript. R. G. supported the analysis of X-ray and neutron diffraction
data and helped to draft the manuscript. K.-H. P. supported the analysis of

electrochemical data and helped to draft the manuscript.
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4.2. Ageing and Water-Based Processing of LiFeMnPO, Secondary

Agglomerates and Its Effects on Electrochemical Characteristics

Summary of Ageing and Water-Based Processing of LiFeMnPQO, Secondary
Agglomerates and Its FEffects on FElectrochemical Characteristics by B. Starkel,
S. Seidlmayer2, 0. DolotkoQ, R. Gilles” and K.-H. Pettinger1

Energies 2017, 10, 2135; doi:10.3390/en10122135

Technology Center for Energy, University of Applied Sciences Landshut, Am
Lurzenhof 1, 84036 Landshut, Germany

> Heinz Maier-Leibnitz Zentrum (MLZ), Technische Universitat Miinchen, 85748

Garching, Germany

In this study, secondary agglomerates of LEMP were aged for 21 days at moderate
(23 °C, 35 % relative humidity) and harsh (40 °C, 100 % relative humidity) storage
conditions. The moisture uptake of the powder samples was measured via Karl-
Fischer titration. For both aging conditions it was found that more the than 75 % of
the moisture is adsorbed within 24 hours. The moisture content gradually increases
over the following 20 days.

When the material is stored under harsh conditions the formation of acicular LisPOy
crystals can be detected via energy dispersive X-ray spectroscopy (EDX) and
inductively coupled plasma optical emission spectrometry (ICP-OES). Neutron
diffraction of pristine and aged samples proved that LEFMP remains unaffected by
both storage conditions. Thus, the observed acicular LisPO, crystals are not formed
under consumption of active lithium but very likely from a precursor which was used
in excess during material synthesis.

Pristine and aged samples were then processed to water- and NMP-based cathodes.
Via X-ray diffraction it was confirmed that LFMP is resistant to water-based
processing.

Electrochemical characterization was carried out in full-cells using synthetic graphite
as anode material. The initial charge capacities as well as the irreversible capacity
loss (ICL) are equal for both water-and NMP-based cathodes and no effect of the
initial sample aging is observable. Similar discharge capacities were observed for
discharge currents in the range of 0.1 C to 1 C. At a rate of 2 C, full-cells assembled
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with NMP-based cathodes tend to a stronger IR-drop and slightly lower discharge
capacity in comparison to water-based cathodes. This effect is more significant at
5 C. The reason for the better C-rate performance of water-based cathodes is caused
by a better homogeneity of cathode constituents when the binder system CMC/SBR
is used. The lower boiling point of water also allows a shorter drying period of the
coated cathodes. As a consequence, the cathode constituents have less time to
separate in the wet state.

Long-term cycling over 200 cycles and measurements of coulomb efficiency did not
reveal any significant differences for any initial storage condition and solvent used for
slurry preparation.

Additional long-term cycling of full-cells assembled with anodes containing natural
graphite resulted in an approximately 5 % lower relative capacity loss after 200
cycles. Morphologic properties of graphite, such as particle size, basal-to-edge-plane
ratio and crystallinity influences the full-cell performance and capacity fading. As a
result of this study, the choice of anodic graphite exceeds the influence of aging and
processing conditions by far. This study also confirmed the insensitivity of secondary
agglomerates towards water-based processing as it has been described in our work on

different LFP morphologies.

Individual contributions:

B. S. designed and performed the aging and electrochemical experiments, analyzed
the data and drafted the manuscript. S. S. performed XRD experiments, analyzed the
data of neutron and X-ray diffraction and helped to draft the manuscript. O. D.
performed neutron diffraction experiments and helped to draft the manuscript. R. G.
supported the analysis of X-ray and neutron diffraction data and helped to draft the
manuscript. K.-H. P. supported the analysis of electrochemical data and helped to

draft the manuscript.
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4.3. Gas Evolution and Capacity Fading in LiFe,Mn; \PO,/Graphite
Cells Studied by Neutron Imaging and Neutron Induced Prompt

Gamma Activation Analysis

Summary of Gas Evolution and Capacity Fading in LiFe.Mn; PO,/ Graphite Cells
Studied by Neutron Imaging and Neutron Induced Prompt Gamma Activation
Analysis by B. Starkel, S. Seidlmayer2, M. Schule, A. Dinterl, 7. Revayz, R. Gilles®
and K.-H. Pettinger1

Journal of The Electrochemical Society, 164 (14) A3943-A3948 (2017);
doi: 10.1149/2.0011802jes

Technology Center for Energy, University of Applied Sciences Landshut, Am
Lurzenhof 1, 84036 Landshut, Germany

> Heinz Maier-Leibnitz Zentrum (MLZ), Technische Universitdt Miinchen, 85748

Garching, Germany

In this publication we used neutron imaging and prompt gamma activation analysis
to study the effect of Mn-dissolution on initial gas evolution and long-term capacity

fading.

As the first part of this work, neutron imaging was applied to compare the gas
evolution during the initial charge of LFP /graphite and LEMP /graphite full-cells. It
was found that 30 % more gas is evolved in LFMP /graphite full-cells in comparison
to the system LFP /graphite. Furthermore, for both full-cells sections characterized by
significantly different linear gas evolution rates could be detected over the charging
process. In both cases strong gas evolution can be observed until the anode reaches a
potential of approximately 0.25 V vs. Li/Li" (corresponding to the beginning
formation of LiCjg), indicating major progress in the formation of the SEI-layer. In
the case of LFP /graphite gassing continues at a decreased and constant rate until
reaching the fully charged state. Thus, for the LFP/graphite system two distinct

gassing rates are identifiable.

In contrast, LFMP /graphite exhibits an additional third linear gassing section in the
cathode potential range of 3.0 V — 4.1 V vs. Li/Li". It is assumed that in this phase
of the charge process dissolved Mn from LFMP migrates to the anodic graphite and
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gets inserted in the SEI-layer. This insertion causes continuous SEI-formation and

gassing.

Long-term evaluation of Mn-dissolution and deposition on the anode surface was
carried out via PGAA measurement of extracted anodes harvested from
LFMP /graphite full-cells after different number of cycles. The measurements prove
that Mn-dissolution decreases rapidly with increasing cycle number. Compared to
values of Mn-dissolution found for oxide-type cathode active materials such as NMC,

the results also state that Mn-dissolution from LFMP is relatively low.

Mn-dissolution from LFMP leads to a higher irreversible capacity loss after the
formation cycle. But long-term cycling of LFP /graphite and LEMP /graphite full-cells
reveals a slightly better capacity retention of LFMP /graphite full-cells, which
compensates the higher formation loss after several cycles. Although Mn-dissolution
can be detected for LFMP, it seems to be low enough not to trigger ongoing and

measurable parasitic processes on the graphite surface.

Individual contributions:

B. S. designed and performed the electrochemical experiments, analyzed the
electrochemical data, conceived and helped to carry out the neutron imaging
experiment and drafted the manuscript. S. S. helped to carry out the neutron imaging
experiment, supported the interpretation of data from neutron imaging and PGAA
experiments and helped to draft the manuscript. M. S. carried out the neutron
imaging experiment, analyzed the data and helped to draft the manuscript. A. D.
supported electrochemical experiments and helped to draft the manuscript. Z. R.
performed the PGAA experiment, analyzed the data and helped to draft the
manuscript. R. G. supported the interpretation of neutron imaging and PGAA data
and helped to draft the manuscript. K.-H. P. supported the analysis of

electrochemical data and helped to draft the manuscript.
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5. Conclusion and Outlook

This thesis focused on new aspects of aging of the intrinsically safe cathode material
LiFexMn; POy in the form of LiFePOy4 (x = 1) and LiFeq 33Mng ¢7PO4. Neutron-based
experiments provided supportive data for the understanding of potential structural

changes and explanations for electrochemical behavior.

In the first part, different morphologic structures of LiFePO4 were studied in the
context of material processing and electrochemical properties. The morphology of
primary particles was compared with secondary agglomerates, which can be regarded
as a superstructure of primary particles. Secondary agglomerates are obtained by
agglomeration of primary particles to large clusters. Both morphologies were
processed to water- and NMP-based slurries and subsequently characterized in full-
cells. Providing a discharge capacity of 92 % at 5 C, the highest C-rate capability was
found for NMP-processed primary particles, while water-processed primary particles
delivered 72 % discharge capacity at 5 C. Water- and NMP-processed secondary
agglomerates reached 77 % and 68 % of discharge capacity at 5 C, respectively. The
inversed performance of primary particles and secondary agglomerates upon water-
and NMP-based processing is not explained by structural changes as such. Neutron as
well as X-ray diffraction showed that lattice constants of all samples before and after
processing varied only in a narrow range of 0.002 A, 0.001 A and 0.002 A for a, b and
¢, respectively. Such small deviations do not indicate structural modifications implied
by material processing. In case of primary particles all cathodes show a comparable
homogeneity, but a partial loss of carbon coating is assumed after water-based
processing as all particles are exposed to high shearing force at simultaneous contact
to water explaining differences in rate capability. Regarding secondary agglomerates,
it is obvious that during slurry processing the vast majority of particles is protected
against mechanical stress inside the agglomerates, preventing a measurable loss of
carbon coating and performance deficit. Lower C-rate performance of NMP-processed
secondary agglomerates is likely caused by reduced cathode homogeneity since NMP
needs a longer period of drying and undesirable mobility of constituents is prolonged.
But long-term cycling resulted in identic capacity retention, indicating that this effect
only comes into effect at higher C-rates. Limited C-rate of secondary agglomerates
can generally be regarded as an inherent property, since each agglomerate itself
represents a micro-heterogeneity. Primary particles show different characteristics in
long-term cycling. After water-based processing the lowest capacity retention and
strongest fading is observable. Both can be explained by partial loss of carbon coating

resulting impaired kinetics and accelerated material degradation.
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The second part comprised with the different characteristics of LiFeg33Mngg7POy
secondary agglomerates upon atmospheric aging (23 °C and 35 % rh, 40 °C and
100 % rh) and a combined variation in processing conditions. Aging at
40 °C/100 % rh led to the formation of acicular crystals on the surface of
LiFep 33Mng 6;POy4 particles. EDX and ICP-OES analysis stated them to be LizPO,.
Neutron diffraction proved that no structural changes occurred after the formation of
LisPOy4 indicating the excess of a synthesis precursor as source of Li. Overall, no
structural modifications of LiFey33Mng/PO4 were detectable after different aging
conditions. Subsequent water- and NMP-processing of aged and pristine samples
revealed similar characteristics as LiFePO,4 secondary agglomerates. A reduced rate
capability (79.6 % at 5 C compared to 84.5 % for water-based cathodes) of NMP-
processed cathodes is the result of a slightly lower homogeneity. Apart from this, no
systematic influence of aging was measurable and comparable capacity retention of
all full-cells was observed over 200 cycles. This states the possibility of simplified
material handling in the industrial process. The study was supplemented by cycling
LiFep 33Mng 6;PO4 cathodes with anodes prepared with synthetic flake-shaped and
natural potato-shaped graphite, respectively. Full-cells containing natural graphite
provided better cycling properties and a 4.9 % higher capacity retention was
measured after 200 cycles in comparison to synthetic graphite. These results indicate
that a variation of anodic graphite has a stronger influence than any aging or
processing of LiFe33Mngg;POs. The morphology of graphite can significantly
influence the performance of batteries since parameters like crystallinity, basal-to-

edge-plane ratio and pore size vary.

The third part was a comparative study on the first cycle gas evolution in
LiFePOy/graphite and LiFeq33Mng;PO4/graphite cells. By means of in-operando
neutron imaging it has been found that different gas evolution rates and volumes are
generated in these cell systems. In both cases the highest gas evolution rate can be
observed at the beginning of charge until the anodic potential drops down to
approximately 0.2 V vs. Li/ Li", corresponding to an SOC of about 15 %. Normalizing
the final gas volume in the LiFePQ4/graphite cell to 100 %, approximately 75 % of
the gas has been generated at this point. The gas evolution rate in the
LiFePOy4/graphite cell then remains constant until SOC = 100 %. Regarding the
LiFe( 33Mng 67PO4/graphite cell, almost 90 % of the overall gas volume observed for
the LiFePQ,/graphite are generated when the anodic potential reaches 0.2 V vs.
Li/Lif Thus, a stronger gas evolution can be stated and Mn in LiFeg33Mng /POy
seems to be responsible for this behavior as it is the only variation between both cells.

The gas evolution rate in the LiFep33Mng¢;POy4/graphite cell decreases after the
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anode reaches 0.2 V vs. Li/Li", but it is still elevated. When reaching the cathode
potential of 4.1 V wvs. Li/Li+, gas evolution is equal to the rate observed for the
LiFePOy/graphite cell. The phase between the anode potential of 0.2 V vs. Li/Li+
and the cathode potential of 4.1 V vs. Li/Li", which corresponds to the beginning
Mn%/Mm3+ redox plateau, is characteristic for the LiFeg33Mng¢7PO4/graphite cell
and the final gas volume is 30 % higher in comparison to the LiFePO,/graphite cell.
It is very likely that Mn-dissolution and migration to the anodic graphite is
responsible for the elevated gas evolution since it disturbs the formation of the SEI-
layer. However, it remains unanswered in how far the beginning Mn%/ Mn®" redox
plateau and decreasing gas evolution rate are correlated. A more detailed
investigation of Mn-dissolution via PGAA has been included in this study and it was
found that Mn-dissolution mainly takes place in the beginning and decreases strongly
with ongoing cycling. Overall, the extent of Mn-dissolution is quite moderate in

comparison to values observable for Mn-containing layered oxides.

Concluding, the results of this work demonstrate the suitability of LiFeq33Mng POy
and LiFePO, secondary agglomerates for water-based and thus, environmentally
friendly cathode manufacturing. Consequently both materials hold the potential to
replace commonly used organic solvents such as NMP, which requires cost-intensive
exhaust treatments and protective measures for workers due to its toxicity.
Furthermore, material handling can be simplified since temporary storage and
processing in moist atmosphere did not result in reduced performance. Dry room
conditions are not mandatory as long as coated electrodes are dried thoroughly before
battery assemblage. These results are of particular interest for Mn-rich LiFe.Mn;.
POy as it provides a higher operating voltage and energy density in comparison to
Mn-free LiFePOy.
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