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1. Summary (English)

The shift from fossil fuels to renewable energies is one of the most important discussed issues in the
present time. Due to the increasing use of renewable energies, the demand of energy storage devices
attracts enhanced interest in publicity, politics and in research. Hence, energy storage devices with
very high efficiencies are required. Rechargeable batteries are reliable and highly efficient energy
storage devices providing high energy density at high voltages with the lead of the Li-ion technology
since the early 1990s. Because of the impressive reversibility of the redox reactions in the Li-ion
technology, long cycle life of several thousand discharge/charge cycles may be enabled. Thus,
electrical energy can be stored in case of oversupply and can be accessed if it is needed on demand.
Despite these promising advantages, the strongly limited abundance of Li and also that of other
elements contained in a Li-ion battery (LIB) leads to the thinking of low-cost and more abundant

alternatives. Especially for stationary storage devices alternative battery technologies are required.

Sodium-ion batteries (SIBs) are a promising alternative, since Na cells show similar properties to the
Li analogues in many cases, while they are based on more environmentally friendly and/or more
abundant materials. SIBs often show slightly lower energy densities and cell voltages than those of
LIBs, but they still provide significantly better values than lead-acid batteries, which are currently

dominating the market in terms of annually manufactured capacity.

With view on commercially applicable electrode materials, intercalation compounds are mostly used
so far due to their excellent cycle life, enabled by the low volume expansion during
insertion/deinsertion of alkali-ions between the layers, but, however, the capacities are often below
250 mAh g!'. Unfortunately, reversible capacities are even lower. Another option is the use of
conversion electrodes. Conversion electrodes may be classified into alloys and transition metal
compounds. They enable the transfer of several electrons per formula unit, resulting in large
capacities. Accompanied with that, they suffer from the large volume expansion during
discharge/charge cycles, which is still an issue for commercialization. Nevertheless, there are several

approaches to mitigate this problem.

Tin (Sn) and its compounds are well investigated alloy electrodes for SIBs as tin provides a very high
theoretical specific capacity of 847 mAh g'. Sn is an example that shows even better capacity
retention when used in SIBs compared to its use in LIBs. Moreover, transition metal compounds
containing phosphorus (P) and/or sulfur (S) are promising conversion electrodes as well, since these
elements are well known to enable high specific volumetric and/or gravimetric capacities in LIBs and

SIBs.
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This cumulative Ph.D. thesis summarizes the research progress obtained during the last years on

conversion electrodes for SIBs and LIBs.

The thesis is initiated with a brief discussion about renewable energy development and introduces the
Li-ion battery concept and the use of sodium ion batteries as an alternative. The following part deals
about the types of electrodes in a battery including the demonstration of typical examples. The
subsequent part explains the research objectives and summarizes the main results accompanied with

the approaches for reaching them.

The majority of the scientific work was conducted at the Friedrich-Schiller-University Jena within the
research group of Prof. Philipp Adelhelm. Cooperation with other institutions was carried out in order
to gain access to specific research instruments with regard to material characterization and thus deepen

the scientific discussion.

The studies during the doctoral period are basically divided into two parts. On the one hand, an
electrode made of a Sn-based alloy is studied and on the other hand, two copper-based transition metal

compounds are discussed for their use in SIBs and LIBs.

The first publication (doi: 10.1002/ente.201900389) addresses the impact of reactive and non-reactive
ball milling on the elements Sn and Sb including the composite formation with carbon. The fabricated
electrodes are investigated in Na cells. Related to that, the voltage profiles are compared for these
electrodes. As a result, it is found that Sb undergoes rapid capacity fading in cells containing diglyme
as electrolyte solvent when Sb is not bound in an intermetallic phase. In case of the presence of the
intermetallic phase B-SnSb, excellent capacities of more than 400 mAh g are obtained after 190
cycles. Moreover, the height change of the electrodes, the so called “breathing”, during
discharge/charge is investigated by in situ dilatometry. Based on this method, it is found that
composite formation with carbon by longer milling (6h vs. 1h) is the dominating condition over

reactive or non-reactive ball milling between the elements Sn and Sb to enable enhanced cycle life.

The second publication (doi: 10.1016/j.powera.2020.100031) focuses on the comparison for the use of
CusP as transition metal compound based conversion electrode in Li and Na cells. Several carbonate
and diglyme electrolytes are compared and studied related to their influence on cycle life and capacity.
CusP using 1M LiTFSI dissolved in diglyme as electrolyte is showing the overall best performance
with the highest capacity and retention (210 mAh g ! after 120 cycles @ 36.6 mA g!) for Li cells.
Moreover, in situ dilatometry shows that breathing in the initial cycles is lower for the diglyme
electrolytes in comparison to selected carbonate electrolytes for Li and for Na cells. However, strong
capacity fading occurs for carbonate electrolytes and related to that, the breathing becomes lower upon

cycling, while diglyme electrolytes enable almost constant breathing and a more stable cycle life.
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In the third publication (doi: 10.1002/adfm.201910583), the combined use of a transition metal
phosphide in combination with sulfur, this way forming a thiophosphate, is considered for its use as a
conversion electrode in SIBs for the first time with CusPS4 as an example. It is found that the use of
1M NaPF; dissolved in diglyme shows the best performance. Hence, capacities of about 580 mAh g™
are obtained after more than 200 cycles @120 mA g! and about 450 mAh g ! after 1400 cycles
@1 A g in a voltage window between 0.01 and 2.5 V. Surprisingly, the capacity of CusPSs4 in Li half
cells is found to be smaller, showing only about 170 mAh g ' after 200 cycles. The redox mechanism
of the herein considered thiophosphate is discussed by the combined use of X-ray photoelectron
spectroscopy (XPS) after galvanostatic discharge/charge, in situ X-ray diffraction (XRD) and
galvanostatic cycling (GCPL) experiments. Based on these results, the redox mechanism is found to be
controlled by sulfur, enabling reversible formation of Na,S. Only in the initial cycle, copper (Cu’)
seems to be reduced to its elemental state and can act as polysulfide trap upon further cycling. The
obtained results demonstrate that CusPS, is an example for the use of a thiophosphate as an electrode
to enable reversible charge storage with high capacity over several hundred cycles without notable

capacity fading.

This thesis ends with an overview concluding the results from the publications and an outlook. Some
comments are given to remaining scientific challenges in the research area of conversion electrodes for
LIBs and SIBs. The results of this dissertation improve the understanding of using alloy and transition
metal compound based conversion electrodes in diglyme electrolytes. While a couple of scientific
questions could be answered, several questions and issues about conversion electrodes remain, being a

motivation to still continue research on conversion electrodes for LIBs and SIBs in the future.
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1. Zusammenfassung (German)

Die Umstellung von fossilen Brennstoffen auf erneuerbare Energien ist eines der wichtigsten
Diskussionsthemen in der heutigen Zeit. Durch die zunehmende Nutzung erneuerbarer Energien zieht
die Nachfrage nach Energiespeichern verstirktes Interesse in Offentlichkeit, Politik und Forschung auf
sich. Bei Energiespeichern sind sehr hohe Wirkungsgrade erforderlich. Wiederaufladbare Batterien
sind zuverléssige, hocheffiziente Energiespeicher, die mit Einfiihrung der Lithiumionentechnologie
seit Anfang der 1990er Jahre besonders hohe Energiedichten und hohe Spannungen liefern. Aufgrund
der beeindruckenden Reversibilitdt der Redoxreaktionen in der Li-lonen-Technologie kann eine lange
Lebensdauer von mehreren tausend Entlade-/Ladezyklen ermoglicht werden. So kann elektrische
Energie bei einem Uberangebot gespeichert und bei Bedarf abgerufen werden. Trotz dieser
vielversprechenden Vorteile fiithrt die stark begrenzte Menge an Li und auch an anderen Elementen,
die in einer Li-lonen-Batterie (LIB) enthalten sind, dazu {iber kostengiinstige und reichhaltigere
Alternativen nachzudenken. Insbesondere die stationdre Energiespeicherung erfordert alternative

Batterietechnologien.

Natrium (Na)-Ionen-Batterien (SIBs) sind eine vielversprechende Alternative zu LIBs, da Na-Zellen in
vielen Fillen dhnliche Eigenschaften wie Li-Zellen aufweisen, wihrend sie auf umweltfreundlicheren
Materialien und/oder deren groBerem Vorkommen basieren. SIBs weisen hdufig etwas niedrigere
Energiedichten und Zellspannungen auf, welche aber immer noch deutlich hoher als die von
Bleibatterien sind, die den Markt in Bezug auf die jéhrlich genutzte Energiekapazitit dominieren. SIBs
eignen sich dabei besonders fiir Anwendungen, bei denen eine hohe Energiedichte auf Basis gut

verfligbarer Elemente bendtigt wird.

Interkalationsverbindungen ermdéglichen aufgrund der geringen Volumenausdehnung bei der Ein-und
auslagerung von Alkalimetallionen zwischen den Schichten eine hohe Zyklenstabilitit, weisen aber
generell theoretische Kapazititen von unter 300 mAh g! auf. Eine Option, hohere Kapazititen zu
erreichen, ist die Verwendung von Konversionselektroden. Konversionselektroden lassen sich in
Legierungen und Ubergangsmetallverbindungen unterscheiden. Sie ermdoglichen die Ubertragung
mehrerer Elektronen pro Formeleinheit des Aktivmaterials, erfahren aber damit verbunden eine sehr
groe Volumenausdehnung wéhrend der Entladungs-/Ladungszyklen. Die daraus resultierende
Dekontaktierung durch Pulverisierung geht dabei oftmals mit einem irreversiblen Kapazitétsverlust

einher.

Zinn (Sn) und seine Verbindungen sind gut untersuchte Legierungselektroden fiir SIBs, da Sn eine
sehr hohe Kapazitit von 847 mAh g! bietet. Sn zeigt bei der Verwendung in SIBs im Vergleich zu
LIBs eine noch bessere Kapazititserhaltung. Dariiber hinaus sind phosphor- und/oder schwefelhaltige

Ubergangsmetallverbindungen ebenfalls vielversprechende Kandidaten zur Verwendung als
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Konversionselektroden, da Phosphor und Schwefel hohe spezifische volumetrische und/oder

gravimetrische Kapazititen ermdglichen.

Diese kumulative Doktorarbeit fasst die in den letzten Jahren erzielten Forschungsergebnisse iiber die

Untersuchung von ausgewihlten Konversionselektroden fiir SIBs und LIBs zusammen.

Das Forschungsthema dieser Arbeit wird mit einer kurzen Diskussion der Entwicklung erneuerbarer
Energien eingeleitet und stellt das Li-lonen-Batteriekonzept mit Verbindung zur Verwendung von
SIBs als Alternative vor. AnschlieBend werden die Elektrodentypen in einer Batterie einschlielich
typischer Beispiele diskutiert. Darauffolgend werden Forschungsziele und deren Ansitze erldutert.

Dabei werden die wichtigsten erzielten Ergebnisse zusammengefasst.

Der GroBteil der wissenschaftlichen Arbeiten wurde an der Friedrich-Schiller-Universitit Jena
innerhalb der Forschungsgruppe von Prof. Philipp Adelhelm durchgefiihrt. Kooperationen mit anderen
Institutionen wurden vorgenommen, um in Hinblick auf die Materialcharakterisierung Zugang zu
spezifischen Forschungsinstrumenten zu erhalten und die wissenschaftliche Diskussion weiter zu

vertiefen.

Diese Studie gliedert sich grundsétzlich in zwei Teile. Zum einen wird eine Legierungselektrode auf
Zinnbasis untersucht und zum anderen werden zwei Ubergangsmetallverbindungen auf Kupferbasis

fur den Einsatz in SIBs und LIBs diskutiert.

Die erste Veroffentlichung (doi: 10.1002/ente.201900389) befasst sich mit dem Einfluss der
Kugelmahldauer auf das nicht-reaktive und reaktive Vermahlen von Zinn (Sn) und Antimon (Sb) fiir
die Nutzung als Kompositelektrode mit Kohlenstoff unter Verwendung eines Diglyme basierten
Elektrolyts. Der Einfluss von reaktivem und nicht-reaktivem Vermahlen der Elemente Sn und Sb wird
mittels elektrochemischer Messungen untersucht. Dabei erfidhrt Sb einen ungewdhnlich schnellen
Kapazititsverlust, wenn es nicht als intermetallische Phase mit Zinn im Diglymeelektrolyten vorliegt.
Im Falle der Verwendung der intermetallischen Phase [B-SnSb werden nach 190 Zyklen hohe
Kapazitidten von mehr als 400 mAh g ! erreicht. Dariiber hinaus zeigt eine in sifu-Dilatometriestudie,
dass die “Atmung” der Elektroden wéhrend der Entlade/-Ladezyklen durch die Kompositbildung mit
Kohlenstoff und nicht durch das Vorliegen einer intermetallischen Phase bzw. einer einfachen

Mischung aus den Elementen Sn und Sb dominiert wird.

In einer weiteren Studie (doi: 10.1016/j.powera.2020.100031) wird ein Vergleich fiir den Einsatz von
CusP als tUbergangsmetallbasierte Konversionselektrode in Li und Na-Halbzellen durchgefiihrt.
Mehrere Elektrolyte werden untersucht und hinsichtlich ihres FEinflusses auf die Lebensdauer,
Uberspannungen und Kapazitit verglichen. Fiir CusP wird in einer Li-Zelle unter Verwendung von
IM LiTFSI in Diglyme als Elektrolyt das insgesamt beste Ergebnis mit der hochsten Kapazitit und
Zyklenstabilitét (210 mAh g nach 120 Zyklen bei 36.6 mA g') erhalten. Dariiber hinaus wird mittels

in situ-Dilatometriestudie gezeigt, dass die Atmung der Elektroden in den Initialzyklen bei
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Verwendung der Diglymelektrolyte im Vergleich zu ausgewahlten Carbonatelektrolyten fiir Li und fiir
Na-Halbzellen geringer ist. Bei den Carbonat-Elektrolyten tritt jedoch mit steigender Zyklenzahl ein
starker Kapazititsschwund, mit einhergehender verringerter Elektrodenatmung auf, wihrend die
Diglymelektrolyte eine hohere Zyklenstabilitdt ermdglichen. Daher zeigt diese Studie, dass Diglyme
ein besser geeignetes Elektrolytlosungsmittel fiir CusP/C-Kompositelektroden in Li und Na-Halbzellen

ist.

In der dritten Publikation (doi: 10.1002/adfm.201910583) wird erstmals ein Thiophosphat fiir seine
Verwendung als Konversionselektrode fiir Ubergangsmetallverbindungen mit CusPS, als Beispiel fiir
SIBs betrachtet. Der  Redox-Mechanismus dieses Thiophosphats wird  durch
Rontgenphotoelektronenspektroskopie (XPS)- und in situ Rontgendiffraktometrie (XRD)-Studien
nach galvanostatischer Ent- und Aufladung untersucht. Mittels dieser Methoden wird gezeigt, dass der
Redox-Mechanismus unter der reversiblen Bildung von Na,S von Schwefel dominiert wird. Nur im
initialen Entladeschritt (Sodiierung) scheint Kupfer (Cu®) in seinen elementaren Zustand reduziert zu
werden, welches beim weiteren Zyklisieren als Schwefelfalle agieren kann. Die Verwendung von
CusPSs wird fiir ausgewihlte diglyme- und carbonatbasierte Elektrolyte in Li- und Na-Halbzellen
diskutiert. Dabei werden die besten Resultate mit 1M NaPF¢ in Diglyme als Elektrolyt erhalten. Auf
diese Weise werden Kapazititen von etwa 580 mAh g ! nach mehr als 200 Zyklen bei einem Strom
von 120mA g und etwa 450 mAh g'! nach 1400 Zyklen bei einem Strom von 1 A g erreicht.
Uberraschenderweise sind die erhaltenen Kapazititen fiir CusPSs4 in Li-Halbzellen deutlich kleiner und
betragen nach 200 Zyklen nur etwa 170 mAh g!. Die erhaltenen Ergebnisse zeigen, dass CuszPS, ein
Beispiel dafiir ist, dass ein Thiophosphat eine sehr hohe Speicherkapazitit {iber mehrere hundert

Zyklen ohne nennenswerte Kapazititsverluste in Na-Zellen ermoglichen kann.

Diese Arbeit schliet mit einer Zusammenfassung, welche die wichtigsten Resultate aus den
Publikationen enthélt und einen Ausblick auf mogliche weitere Untersuchungen gibt. Die Ergebnisse
dieser Dissertation verbessern das Verstindnis zur Verwendung von Konversionselektroden auf der
Basis von Legierungen und Ubergangsmetallverbindungen in Diglymeelektrolyten. Wihrend einige
wissenschaftliche Fragen beantwortet werden konnten, verbleiben dennoch einige offene Frage- und
Problemstellungen, die dazu motivieren sollten, Konversionselektroden fiir LIBs und SIBs auch in

Zukunft weiterhin zu untersuchen.
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2. Introduction

The increasing energy need is one of the most important issues in world’s economy and social life.
Because of severe environmental problems caused by the use of fossil fuels, coal or nuclear power,
there is a need of a change to renewables. In the last two decades, Germany for example, has already
achieved a major increase in the use of renewable energies, enabling the switch to environmentally
friendly green electricity, see Figure 1. ! Hence, there is currently an urgent need for stationary
storage devices taking up the electrical energy. Typically, energy stores are classified into mechanical,
chemical, thermal, electrical and electrochemical energy stores. The important advantage of the latter
mentioned kind of energy store over others is the low loss of energy to the environment during energy
conversion. The optimization of the electrochemical storage devices related to their energy and power
density thereby is of great relevance. The balance between both parameters can be illustrated in a
Ragone plot, see Figure 2. ) One could conclude from that plot that fuel cells are the best choice
looking at their outperforming energy density values, but they also show the smallest power density.
Moreover, it is worth to note that fuel cells are only energy converter and hence suffer from the
permanent need of a hydrogen source and also show a lower degree of energy efficiency in
comparison to the other devices. In addition, hydrogen storage and production are still issues. Thus,
rechargeable batteries receive more and more attention, as they provide high capacities and energy
densities together with moderate power densities, including the highly reversible transformation
between chemical energy and electrical energy. Especially Li-ion batteries (LIBs) and Na-ion batteries
(SIBs) deliver a very high energy density being caused by the large potential difference between
positive and negative electrode. Li shows the most reductive potential within the standard
electrochemical series and may therefore enable large voltage differences in combination with an
appropriate positive electrode material. Because of these conditions and the permanent need of energy
supply on demand in social and economic life being required for smart devices like mobile phones,

tablets, cameras, notebooks, working tools and automobiles, batteries are ideal candidates.
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Figure 1: The development of renewable energies in Germany since the past two decades. Source: German Environmental
Agency using data from AGEE-Stat, as of 02/2020. [/
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Figure 2: Ragone plot for electrochemical storage devices and fuel cells as an energy converter. [’

2.1. Cell setup and working principle of a Li-ion battery

The general cell setup for a Li-ion battery can be seen in Figure 3. A single LIB cell consists of a
positive and a negative electrode immersed in an electrolyte. The resulting potential difference
between the electrodes drives a current when a load is applied. Because of this potential difference,
redox reactions occur at each electrode, enabling simultaneously the electron transfer through the

external circuit during discharge/charge. When discharging a battery, an electrochemical oxidation
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A———> A" + e takes place at the negative electrode (anode). Typically, graphite is used as negative
electrode material in commercial LIBs, since it provides a low potential vs. Li*/Li and a moderate
capacity accompanied with excellent cycle life. The reversible formation and decomposition of LiCs

limits the specific capacity of graphite (372 mAh g™'). In contrast to that, an electrochemical reduction

occurs at the positive electrode (cathode) B" +e ——> B . Materials for the positive electrode are
commonly layered oxides as they were found to provide high redox potentials and sufficient cycling
stability. ] Note that usually the positive electrode limits the specific capacity of the overall battery
capacity, since reachable capacities are mostly below 250 mAh g!. ¥ A typical example for a positive
electrode is LiCoO, which was commercialized in the early 1990s for its use in LIBs. [** %I For this,
the storage mechanism is based on the reversible intercalation/deintercalation of the Li-ions during
discharge/charge cycles in the layered structures. The electrolyte between the electrodes serves
thereby both as an ion conductor and as an electronic insulator. During the oxidation and reduction
processes at the electrodes the electrolyte is partially decomposed at the electrode/electrolyte interface
(especially on the negative electrode), this way forming a solid electrolyte interphase (SEI). The so
called SEI model was firstly introduced by Peled et al. in 1979 for lithium electrodes. ) The SEI is
composed of organic and inorganic decomposition products being responsible for the passivation of

the electrodes from degradation and is essential for the reversible transfer of Li-ions. [®!
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Figure 3: General cell setup of a Lithium ion battery.

24



2.2. Change to sodium ion batteries - a promising abundant and environmentally
friendly alternative

The limited abundance of lithium and other elements typically used in LIBs such as Co or Ni may
cause, together with geopolitical issues, restriction of the widespread use of LIBs in the future. For an
electric vehicle for example, 7.5 kg Li, 65 kg Ni, Co, Mn, 55kg graphite, 48 kg copper and 30 kg of
aluminum can be roughly assumed. ! On base on this estimation one can conclude that large scale
production of electric vehicles can lead to depletion of resources in the closer future. Furthermore,
electrochemical stationary storage based on Li-ion technology would lead to even more issues.
Because of these conditions, there is a need for alternatives. Abundant, environmentally friendly and
more cheap materials have to be used. A promising alternative to lithium is the use of sodium, as it
demonstrates similar chemical properties. The current research progress and opportunities about

4. 71 However, despite the

sodium-ion batteries (SIBs) can be seen in several review articles. [
similarities of Li and Na, the redox chemistry of host materials for both is different in many cases.
This might be due to the different ionic radius of sodium (r=1.02 A, CN = 6) compared to lithium
r=0.59 A, CN=4 B)) and the less polarizing nature of Na* which influences the phase behavior
(crystal structure, coordination number and lattice constants) and the diffusion properties as well. 4]
Calculations for several organic molecules have shown that the energy required for stripping the
solvation shell from Na" is much smaller compared to Li".”! Conclusively, the charge transfer
resistance is expected to be smaller for Na* which may improve the electrode kinetics. Some
differences between the use of lithium and sodium are discussed in the following. Graphite, for
example, cannot be used as negative electrode, since sodium does not form Na-rich intercalation
compounds with graphite. Nevertheless, it is possible to intercalate sodium via the co-intercalation
mechanism together with solvent molecules, which was shown by Jache et al., but this way only minor
capacities of about 110 mAh g! can be achieved. ['%! Moreover, sodium does not form alloys at low
voltages with aluminum in contrast to lithium. This circumstance allows the use of the comparably
cheap aluminum as current collector instead of copper also at the negative electrode, this way lowering
the cost of the battery. Looking at the positive electrode, using the layered oxide NaCoO: as
intercalation host material instead of LiCoO; that is popular in LIBs leads to a huge difference of the

4e. 741 Thereby, the overpotentials drastically increase and several

voltage profiles, see Figure 4. !
voltage steps can be observed, which is attributable to differences of phase transitions during charge
and discharge, respectively. The multiple voltage drops make NaCoO- unattractive for application and
consequently other compositions of layered composites are required. !''! Usually nickel-iron-
manganese (NFM) compounds and polyanionic structures show promising electrochemical
performance and competitive reversible capacities when being used as cathode materials for SIBs, for

4c.7a,7d. 121 A further advantage of latter mentioned cathode materials is the avoidance of the

example. !
use of cobalt (Co), which is toxic and expensive. As shown in Figure 4 the average discharge voltage

of LiCoQ; is larger than that from NaCoO,. This shift to lower voltages in case of sodium is observed
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for most of the electrode materials known. A schematic overview of potential shifts for selected
compounds can be seen in Figure 5. 4]
This phenomenon is due to the energetically less favorable Na® intercalation compared to Li"

intercalation, but there are also exceptions for some conversion reactions, being discussed further

below. 4 131
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Figure 4: Comparison of the voltage profiles of LiCoO:z and NaCoO: for their use in Li and Na half cells, respectively.
Reprodcued with permission from Wiley. (49
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Figure 5: Schematic shift of cell potentials when switching from Li to Na analogues. Reproduced from with permission from
Wiley. (%
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3. State of the art: Electrode types

Electrode materials are generally classified in intercalation compounds and conversion electrodes.
Latter mentioned electrodes can be either based on the use of metals/alloys or transition metal
compounds. It is important to note that alloys are discussed as an extra type of reaction mechanism in
many literature articles, but these can be counted to conversion electrodes as well since new phases
form during the reaction, which is the main characteristic for this kind of electrodes. Nevertheless,
often only transition metal compounds are classified as conversion electrodes. In view of the industrial
use, electrodes based on the intercalation mechanism dominate the market so far because of their
excellent cycle life accompanied with a small volume expansion during cycling. B¢ 14 Although the
properties of the intercalation compounds appear promising, they suffer from their quite limited
capacities. Thus, the use of conversion electrodes might be a promising option in order to enhance the
capacities due to the transfer of several electrons per formula unit of the active material. Next to these
advantages from conversion electrodes some challenges like large volume changes and overpotentials

remain. A more detailed discussion of the electrode types is presented below.

3.1. Intercalation electrodes

Intercalation electrodes are used in most commcercialized LIBs as well as many SIB prototypes and
lab cells. This is due to the highly reversible cell reaction as only small volume changes occur during
the intercalation/deintercalation of alkali-ions between the layers, while the crystal structure is
maintained. A schematic illustration of the intercalation mechanism can be seen in Figure 6. [
During intercalation/deintercalation the chemical potential is continously changing due to the
continous change of the alkali-ion concentration within the layered structure, resulting in a slope of the
corresponding voltage profiles. Intercalation compounds provide only moderate energy densities and
capacities, since intercalation electrodes are mostly limited to the transfer of only less than 1 e per
formula unit. Layered oxides and polyanionic compounds are well known examples, as they provide
often high voltages, thus making them attractive for application for their use as cathode materials.
7d. 12, 15] ‘While for LIBs only MOs edge sharing octahedra are observed, which are separated by
lithium when occupying octahedral institial sites (O-type), different types are frequently observed for
SIBs (O-type and P-type). [1*! This way, sodium layered oxides can adopt O3, O1, P2 or P3 crystal
structures. (1 1) The number indicates the number of transition metal oxide (MO) layers per unit cell.
Hence, O-type phases exhibit sodium in the octahedral sites and P-type phases exhibit sodium in
prismatic sites within the crystal lattice. ['® Numerous Na-layered oxides can provide specific
energies from 400-600 Wh kg™! for Na half cells. [ 7% 1461 For the negative electrode, intercalation
compounds can be used as well. Graphite is the material of choice for commercially available LIBs, in
which usally 6 carbon atoms match with one lithium-ion, for example. ! Unfortunately, as already

mentioned, sodium cannot be intercalated into graphite in the same manner as lithium. Though,
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sodium can be reversibly intercalated together with its solvation shell as it was described by Jache et

al. in 2014 for the first time. ' Several studies followed related to that. ['4% 171 Nevertheless, minor

capacities of just 110 mAh g™! can be reached this way, thus research aims at developing alternatives

with higher capacity. Other useful intercalation compounds for the negative electrode are diversified

titanium oxides, for example, since titanium is a quite abundant element. However, the limited

capacities below 200 mAh g ™! are still an issue for reaching high energy densities for a cell. 8]
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Figure 6: Schematic drawing of the intercalation mechanism for LiCoO2 as an example for a layered oxide.
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3.2. Conversion electrodes

Conversion electrodes are the only option to reach significantly higher specific capacities on the
materials level, as they can store several Li/Na atoms per formula unit. As already mentioned above,
conversion electrodes are classified in alloys and transition metal compounds. The conversion types

are discussed below.

3.2.1 Alloy electrodes

Alloy electrodes form intermetallic phases and/or compounds with Li and Na when being cycled.
Thus, they can form solid solutions as well as defined stoichiometric compounds during
discharge/charge. Phase transitions during the cell reaction often correlate with the predicted phase
transition from the corresponding phase diagrams. Hence, voltage steps occur when forming a new
phase upon discharge/charge. At the same time, also the formation of metastable or amorphous phases
is often observed, i.e. the phase diagram is only useful for providing a first hint on what specific
reactions will take place. When reaching one-phase regions of a phase diagram upon discharge/charge,
solid solution behavior takes place being indicated by a continous change of the cell voltage. Alloy
electrodes may enable extraordinary high capacities, but unfortunately, this advantage causes huge
volume changes of several hundred percent. This issue can be alleviated by nanostructuring or the
embedment of the active material in a carbon matrix as it was shown in previous studies. [*°!

Silicon (Si) is the electrode material providing the highest storage capacity of all known electrode
materials as it forms Lis7sSi enabling ~3590 mAh g ™! at state of full lithitation. ' However, the use
of Si in Na cells is rather difficult as simulations from Jung et al. have shown that the electrochemical
formation of a NaxSi alloy is dependent on the crystallinity of Si. They found that amorphous Si can
electrochemically uptake 0.76 Na when using amorphous Si corresponding to a capacity of
725 mAh g'!. In contrast to that, the formation enthalpy for Nag7Si using crystalline Si is positive
(+0.18 eV), which means that the formation of Nag7Si being energetically unfavorable. But, however,
the formation enthalpy is —0.15 eV for the use of amorphous Si, enabling the formation of the
intermetallic phase. > An experimental study from Lim ef al. showed that the practical capacity of a-
Si is rather low and can be only enhanced when being used in compounds. *!! More promising
candidates for SIBs are tin (Sn), antimony (Sb) and lead (Pb) for example, since these elements show
very high theoretical capacities at reasonably low redox potentials thereby providing good cycle life.
(7d. 19 221 n this thesis, one publication is based on the consideration of the reversible
sodiation/desodiation of a Sn based compound/mixture with Sb. Electrochemical properties of Sn, Sb

and the intermetallic phase SnSb for the use in Na cells are discussed in the subsequent subchapters.
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3.2.1.1 Tin

The advantage of tin in comparison to other electrode materials is due to environmental friendly
applicability, the quite low redox potential and the high theoretical capacity of 847 mAh g™! including
the formation of Najs 75Sn. [° 23! Unfortunately, tin undergoes a volume expansion of ca. 420% [ 21l
during sodiation/desodiation cycles. Despite the large volume expansion caused by the larger size of
the sodium ions, the capacity retention is even better in case of Na in comparison to Li, because of the
higher structural stability during cycling. Related to that, Wang et al. found based on an X-ray
nanotomographic study that lithiation of tin results only in microsctructural damage, but delithiation
leads to large pulverization among the formation of pores. Using Sn in Na cells instead, large volume
changes occur upon sodiation, but desodiation induces only volume contraction with negligible
pulverization, while maintaining the microstructural integrity. > The alloy formation of Sn with Na

222] From that one can see that not all phase transitions

with its voltage profile is shown in Figure 7. !
known from the phase diagram cause a voltage step with view on the voltage profile inlay. This fact

indicates that kinetical limitations hinder the transitions in several thermodynamically stable phases.

The sodiation of Sn proceeds over four steps undergoing crystalline as well as amorphous intermediate

phase transitions. Ellis ef al. summarized the cell reaction as follows with ‘ a * stating the intermetallic

hase being amorphous and *’ stating an unexpected crystalline phase. [4¢ 22> 23]
p g p g p ry p

Plateau 1: Na+Sn——> NaSn, * (eq. 1)
Plateau 2: Na + NaSn, *——a— NaSn (eq. 2)
Plateau 3: SNa +4(a— NaSn)—> Na,Sn, * (eq. 3)
Plateau 4: 6Na + Na,Sn, * —> Na,,Sn, (eq. 4)

DFT calculations about the phase transitions were performed by Chevrier and Ceder and they found

similar results. 22! Slightly different phase transitions were also found by Wang et al. ?%1, which

implies that the sodiation of Sn is not clearly understood yet and appears rather complex. [

Especially during charging, the phase transitions can be linked to four clearly observable distinct

s. [222.25.27] The overall best performance of Sn/C electrodes after their synthesis by ball

voltage plateau
milling was shown by Zhang et al. as they used a diglyme electrolyte instead of conventional
carbonate electrolytes (NaPFs in diglyme). This way, a capacity of 768 mAh g! after 100 cycles was

19¢

retained. ") The average redox potential of Sn is about 0.2 V vs. Na’/Na, which is appealing for

application.
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Figure 7: Na-Sn phase diagram and the corresponding voltage profile for the electrochemical sodiation/desodiation of tin.
Reproduced from with permission from Elsevier. 224

3.2.1.2 Antimony

Another attractive anode material for SIBs is antimony. It shows a high theoretical capacity of
(660 mAh g™! with formation of Na3;Sb) and usually enables a comparably better capacity retention
and a smaller volume change (~390%) in comparison to tin. 22" 28 A further advantage is the cheap
price of Sb, which is rather low (about only 7 $kg) making it attractive for its use. 1?2 But
unfortunately, Sb suffers from its toxic properties. Nevertheless, however, it might be used in minor
content or as additive in applications. The Na-Sb phase diagram is shown in Figure 8. The phase
transitions in the voltage profile for the sodiation of Sb are hardly visible as compared to those of tin.
However, sodiation of Sb takes place at an average value of about 0.6 V and typically occurs within
three steps after the initial sodiation/desodiation cycle: Amorphous Sb transforms into a-Na3Sb,
subsequently into hexagonal/cubic Na3;Sb and finally in pure hexagonal Nas;Sb after full sodiation.
Based on this reaction mechanism the cycle life is very stable. 19 2% Sb can even enable good cycle
life when using it as bulk electrode. Darwiche ef al. obtained this way 580 mAhg ! after 160 cycles at
a current rate of 55 mA g ! for Na half cells. 3%
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Figure 8: Na-Sb phase diagram. Redrawn from reference 13/,

3.2.1.3 Stistaite — SnSb

Another option to enhance the cycle life is the use of binary or ternary intermetallic phase systems
instead of pure metals. However, the sodiation of SnSb is known to be more complex in comparison to
the sodiation of its constituents. SnSb undergoes a couple of (amorphous) phase transitions during
sodiation. 122¢ 22¢ 321 Thys, electrochemical reaction with Na results in a different voltage profile. The
phase diagram of Sn-Sb shows that the stoichiometric ratio can slightly vary at the 1:1 ratio due to
solid solution behavior over a small range (2 at%), see Figure 9. The simplified reaction equations for

the stepwise sodiation of SnSb can be illustrated as shown in eq. 5, eq. 6.

SnSb+3Na" +3e” &=Na,Sb+Sn E>04Vvs.Na"/Na (eq. 5)

Na,Sb+Sn+3.75Na”™ +3.75¢" ==Na,Sb+Na, ,.Sn E<0.4Vvs.Na'/Na (eq. 6)

The overall reaction can be summarized as

SnSb+6.75Na” +6.75e- ==Na,Sb+Na, ,Sn (eq. 7)

With view on eq. 7 one obtains an overall theoretical capacity of 754 mAh g! for the sodiation of
SnSb. Note that Sb becomes inactive when reaching voltages < 0.4 V. After charging, SnSb is
reformed again. >4 This multistep reaction might enable a self-supporting network, which buffers the
volume change and enhance electronic conductivity. 229 The sodiation of SnSb was firstly
investigated by Xiao et al. as they synthesized SnSb by simple reactive ball milling (BM) and used a
carbonate electrolyte for their cells. 2! They found a good cycle life enabled by the synergic

properties of the elements Sn and Sb as they retained 435 mAh g after 50 cycles, which is about 80%
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of the initial capacity (544 mAh g')), being a good motivation for further studies on SnSb as an

electrode.
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Figure 9: Sn-Sh phase diagram. Reproduced with permission from Springer. 33/

3.2.2. Transition metal compounds

Another promising option to obtain high capacities is the use of transition metal compounds as

conversion electrodes. [1334
@
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Figure 10: Schematic view of a conversion reaction based on a transition metal compound.
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Transition metal compounds as conversion electrodes are indicated by the formation of stoichiometric
defined compounds during cycling. The schematic reaction mechanism for these type of conversion

electrodes is visualized in Figure 10. Hence, the general conversion reaction for lithium can be simply

written as
. dischar; .
M,X, +(be)Lic——aM +bLi X (eq. 8)
charge

M thereby represents a transition metal and X the anionic species initially bond with the transition

metal, while a,b and c are constants. The described reaction leads to a constant chemical potential

during the cell reaction, since the concentration of the alkali-ions in the host lattice is constant during
conversion as only the amounts of charge and discharge products are changing. This phenomenon
typically results in a horizontal voltage plateau upon discharge/charge when looking at the
corresponding voltage profile. However, in many cases, voltage plateaus are non-ideal because of
changes being caused by decomposition reactions on the electrode surface or the formation of
amorphous phases and intermediates for example. Transition metal chalcogenides or halogenides
basically undergo a complete reduction of a transition metal to its elemental state. That is why a
transfer of several electrons accompanied with high specific capacities of several hundred mAh g! is
possible.

However, several issues have to be considered for conversion reactions. Due to volume changes of
several hundred percent for an electrode during conversion including the formation of a nanoscopic
structure lead to contact losses and pulverization of the electrodes, resulting in rapid capacity fading.
Moreover, large overpotentials assigned by a voltage hysteresis occur during discharge/charge. During
the initial lithiation/sodiation process a kind of nanocomposite is formed, the structure of which is
maintained upon cycling. ** 3% 3% The huge irreversible structural change in the initial cycle results
commonly in a low initial coulomb efficiency (ICE) value. In order to buffer the volume changes,
conversion materials can be embedded in a carbon matrix, reducing the volume changes and providing
enhanced electronic conductivity within the electrode, for example. The benefit of these carbon

11b, 13, 22b, 22¢, 36

composites was already studied in several research publications. [ ! Further options to

circumvent structural instabilities due to volume changes and resulting capacity losses are the use of

nanostructures or thin films, [7h 340 34¢,37]
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With view on application, conversion electrodes can be either used as cathode or anode material, since

a wide range of materials with different operative voltages exists. Related to that, Klein et al. have

shown that the voltages undergo a constant voltage shift when switching from LIBs to SIBs depending

on the anion.

I An overview about the voltage shift for several compounds can be seen in Figure 11.

From this one can recognize that dependent on the anion, the voltages can be even higher in Na cells

as compared to Li cells when using transition metal bromides or iodides, for example. ¥/ Thus, the

redox voltage is simply tunable by substitution of the anion.

MX, +(b-c)Na = a-M+b-NaX (I}
: N } (1) - () => AE*(Li-Na)
MX, +(b- = a-M+blix ()

.Na cell gives ,Li cell gives
higher cell voltage* higher cell voltage*
lodides 045V
Bromides 008V
Chlorides 0.00(07) V
Fluorides
Sulfides
Oxides +0.96 V
Hydrides +0.36 V
04 02 00 02 04 06 08 1.0
AE°(Li-Na)/ V

Figure 11: The substitution of lithium by sodium results in a constant voltage shift of the cell voltages for different transition
metal compounds, here presented with chalcogenides or halogenides. The Li cell provides higher voltages for fluorides,
sulfides, oxides and hydrides. However, for bromides and iodides the cell voltages are even higher in Na cells. Conversion
reactions with chlorides lead to nearly identical cell voltages in Li- and Na-cells. Reproduced with permission from Wiley.

[4c]
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4. Aim of the thesis and approach

The use of three different conversion type electrodes for Li and Na cells is discussed within the thesis.
A variety of analysis methods and electrochemical investigations was applied in order to study the cell
reaction mechanisms for each considered electrode material. Hence, voltage profiles, phase transitions
and cycle life have been analyzed. The materials were -characterized before and after
sodiation/desodiation and lithiation/delithiation, respectively. Partially, in situ measurements were
performed in order to obtain information about structural changes during cycling. Within all herein
presented studies, the electrodes were prepared by ball milling. A schematic overview of the research
objectives is presented in Figure 12.

Herein, on the one hand, an alloy as electrode material was investigated with the aim to study the
influence of ball milling time onto structural changes and the electrochemical performance for a
mixture between the elements Sn and Sb and the intermetallic phase SnSb emebedded in a carbon
matrix (publication 1). On the other hand, the electrochemical behavior of two transition metal
compounds was studied. Related to that, CusP was compared between its use in Li and Na cells in
terms of voltage profiles, phase behavior and cycle life in different electrolytes under the same
synthesis conditions (publication 2). In another study, the redox activity of a thiophosphate was

investigated by using CusPS, as a conversion electrode in Li and mainly in Na cells (publication 3).

Most of the herein considered studies were performed at the Friedrich-Schiller-University Jena within
the Research group of Prof. Adelhelm. However, some measurements were conducted by cooperation
partners in order to study the electrode properties after discharging/charging. TEM measurements
were carried out in cooperation with the research group of Prof. Rettenmayr (Friedrich-Schiller-
University Jena, Germany). XPS measurements were done by the research group of Prof. Turchanin
(Friedrich-Schiller-University Jena, Germany). /n situ XRD and additional TEM measurements were
performed in cooperation with the research group of Prof. Pinna (Humboldt-University Berlin,

Germany).
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Reactive ball milling

Cu, P = CuyP
Cu, P,S, S = Cu,PS,

Reactive / non-reactive ball milling
Sn, Sb = Sn+Sb / SnSb

Figure 12: Schematic overview of the research objectives. Alloys and transition metal compounds as electrodes were
fabricated by ball milling. The investigations were done mainly using diglyme based electrolytes.
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4.1. The influence of the ball milling time on structural changes, phase behavior
and electrochemical properties for an alloy electrode

An efficient synthesis of electrode materials is crucial considering their use in practical devices. In
addition, energy consumption should be minimized for environmentally friendly production. A cost-
effective and simple method to synthesize electrode materials is the use of high energy ball milling

(HEBM). [22b.224. 38]

Herein, the applicability of the high energy ball milling synthesis method and its effects on structural

changes are considered for a SnSb and Sn+Sb alloy electrode. The following questions are discussed.

e Q1: How does the ball milling time influence crystal structure, lattice parameters, particle size
and distribution of the elements Sn and Sb when being milled together with carbon?

e Q2: Does reactive ball milling of the elements Sn and Sb (formation of SnSb intermetallic
phase) lead to differences in the voltage profiles and cycle life in comparison to the use of
non-reactive ball milling (formation of Sn+Sb mixture)?

e (Q3: What is the impact of ball milling time in a swing ball mill (SBM) onto the
electrochemical performance for both, when Sn+Sb and SnSb being milled with carbon?

e Q4: Which role plays the electrolyte?

e QS: How does the ball milling time influence the composite formation and the electrode
thickness change? Is there any relationship between thickness change and capacitiy

accompanied with its retention?

Q1: In order to prove the influence of time ball milling time on crystal structure, lattice parameters,
particle size and the distribution of the elements Sn and Sb, X-ray diffraction (XRD) and scanning
electron microscopy (SEM) combined with energy dispersive X-ray spectroscopy (EDS) were
performed. For the determination of changes in the crystal structure and the lattice parameters,
diffraction patterns for different milling times were recorded. Figure 13 shows the XRD pattern of the
Sn+Sb mixture with time dependency of the ball milling time using a swing ball mill (SBM). The
lattice parameters can be obtained by applying a Rietveld Refinement, (see SI publication 1:

Figure S1).
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Figure 13: Diffraction patterns of Sn, Sb and the 1:1 mixtures after ball milling for 1h, 3h and 6h. Reproduced with
permission _from Wiley. (2P

SEM combined with EDS are appropriate methods in order to detect morphological changes after ball
milling. Figure 14 shows the EDS and SEM images for the Sn+Sb mixture and the SnSb intermetallic
phase after milling in a SBM for 1h and 6h. Figure 14a demonstrates the EDS and SEM images of the
mixture of Sn+Sb. EDS shows that ball milling Sn and Sb for only 1h, leads to an inhomogenous
distribution of both elements, while the SEM images show that the particles exceed sizes of even
50 um. In contrast to that, the EDS and SEM images in Figure 14b show a homogenous distribution
of the elements Sn and Sb for the intermetallic phase SnSb synthesized by reactive ball milling in an
initial ball milling step in a planetary ball mill (PBM). Furthermore, particle sizes are found to

decrease to below less than 10 pm.

Figure 14: SEM images of Sn+Sb mixtures and the SnSb intermetallic phase after ball milling for a) 1h, and b) 6h with
carbon. Reproduced with permission from Wiley. 22/
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Q2: Galvanostatic cycling with potential limitation (GCPL) can be used in order to investigate
achievable capacities and cycle life of an electrode material. This method also provides an insight
about how phase transformations occur during discharge/charge cycles with view on the voltage
profiles. Herein, all measurements were performed using a diglyme electrolyte (1 M NaPFg in
diglyme).

The question about the influence of reactive ball milling in comparison to non-reactive ball milling of
the elemental components Sn and Sb onto the electrochemical performance can basically discussed by
the sole use of GCPL.

Related to that, voltage profiles and a cycle life test of the intermetallic phase SnSb and the mixture of
its constituents can be seen in Figure 15a,b.

The voltage profile for the Sn+Sb mixture, prepared by non-reactive ball milling, is found to be largely
dominated by the redox activity of Sn, which can be explained by the redox inactivity of Sb in
diglyme electrolytes, being discussed in detail in Q4. Moreover, the formation of SnSb by reactive ball
milling leads to a smoothened two plateaus containing voltage profile. SnSb is undergoing a transition
over a couple of intermediates upon sodiation/desodiation. (22224 22¢.32]

Q3: The influence of ball milling time with carbon onto the electrochemical performance is discussed
using GCPL when comparing the cycle life for different milling times (6h vs. 1h). For that, discharge
capacity is illustrated over cycle number. As a result, enhanced capacity retention is found for Sn+Sb
and SnSb being milled for 6h, which can be explained by improved composite formation as can be

further seen from Figure 15b.

1.2 T T T
a) SnSb/6h 2nd | _b)
o5 SnSb/6h 50th | ™ 900}
> = G
= < soof -
+~z. < 700 b oo o onoP/6h |
2 Oy,
Z, T 600} i)
“; 1.2 - - a
2 0l —— 8n+Sb/1h 2nd B 500 | Sy oo SO/ |
s .. Sn+Sb/1h 50th o 100l S R ey
€ o
B 0.6+ [ 300 L
8 ovaf S
ool 2 200} . . ]
% 200 400 600 800 0 10 2? 30 40 20
capacity / mAh g’ cycle number

Figure 15: Galvanostatic cycling of SnSb and Sn+Sb electrodes (C-rate of 0.13 (100 mA g™')) in a diglyme electrolyte (1M
NaPFs in diglyme) in a voltage window of 0.01-1.2 V' vs. Na*/Na: a) Voltage profiles of Sn+Sb/1h and SnSb/6h; b) Discharge
capacities of the first 50 cycles. Reproduced with permission from Wiley. 122/
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Q4: The influence of the electrolyte can be seen when comparing discharge capacities for Sn+Sb
mixtures and the SnSb intermetallic phase. Capacities are observed to be much lower for the mixture
when using diglyme electrolytes. In order to discover the origin of the much smaller capacities for the
mixture in diglyme electrolytes, the constituents are compared for their application in both, diglyme
and carbonate electrolytes. The results of the redox activity of Sb for both types of electrolytes are
shown in

Figure 16a,b. However, in case of using diglyme electrolyte, large capacity fading of more than 75%
occurs already in the 2™ cycle, while Sb cycled in a carbonate electrolyte delivers capacities of about
500 mAh g ! even after 10 cycles. This observation leads to the conclusion that a thick passivation
layer forms on the Sb electrode in diglyme electrolytes after the initial discharge/charge cycle, being
impermeable for the Na-ions upon further cycling. In contrast, Sn is known to be largely redox active
in diglyme electrolytes 1! as can also be seen in Figure 16c. Consequently, this result indicates that
the lower capacities of the Sn+Sb mixture in comparison to the SnSb intermetallic phase originate

from the redox inactivity of elemental Sb in diglyme electrolytes after the initial cycle.
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Figure 16: Voltage profiles of a) Sb/C in a carbonate electrolyte (1M NaPFs in EC:DMC(1:1v)+FEC(2vol%)); b) Sb/C and
¢) Sn/C in a diglyme electrolyte (IM NaPFs in diglyme). Cycling was performed in a voltage range of 0.01-1.2 V vs. Na*/Na
at 100 mA g~!. Reproduced with permission from Wiley. (22t
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Q5: In order to investigate the thickness changes mentioned related to, in situ dilatometry (ECD) is
performed. During a conversion reaction, the electrode undergoes a huge volume change due to
changes of the crystal structure and the formation of a nanoscopic structure within the initial discharge
process. This usually leads to contact losses resulting in rapid capacity fading. However, to circumvent
this issue, particles of active material may be embedded in a carbon matrix which makes it impossible
to determine the overall volume change by standard methods like in situ X-ray diffraction.
Nevertheless, the shrinking and expansion of the whole electrode can be directly reliable measured
and described by in situ dilatometry. Therefore, a sensor is fixed on the top of the electrode moving up
and down with the electrode surface during the cell reaction, this way recording the electrode height

change during cycling, which in the battery community is typically named as electrode “breathing”.

Herein, in situ dilatometry was applied in order to find a correlation between electrode thickness
changes and capacity retention in dependency of the ball milling time for SnSb and Sn+Sb with
carbon. This method can consequently be used to assess whether composite formation or reactive ball
milling of the metallic components is the most important factor in achieving improved capacity
maintenance. The considered dilatometry studies are shown in Figure 17. Since the mass loadings are
quite similar (1.18-1.44 mg cm?) and thus well comparable, the influence of ball milling on the
compactness of the composites can also be discussed. Interestingly, the initial electrode thickness at
longer ball milling times (6h vs. 1h) is smaller for both the mixture and the intermetallic phase, which
is an indication of a higher compactness. Obviously, the height changes during cycling are also
smaller and similar for SnSb and Sn+Sb electrodes for those that are subjected to a longer milling
process together with carbon, resulting in improved capacity retention. Thus, one can link the
enhanced capacity retention to reduced electrode breathing by a more compact embedment of the
metallic particles in the carbon matrix enabled by longer milling. A more detailed view on Figure 17
leads to the conclusion that composite formation with carbon by prolonged milling is the predominant
process over alloying/mixing of the metallic components Sn and Sb to achieve reduced breathing

accompanied with enhanced cycle life.
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Figure 17: Electrode thicknesses change during sodiation/desodiation of Sn+Sb and SnSb with varying ball milling times
measured by ECD at 0.13 C (100 mA g™'). Reproduced with permission from Wiley. (22

4.2. Transition metal (copper) compounds
4.2.1 Li vs. Na comparison for a copper based conversion electrode (CusP)

The use of copper rich copper phosphide (CusP) in Li and Na cells is compared within this section for
the use in combination with different types of electrolytes. Differences and correlations between
electrode breathing, cycle life, capacity and voltage profiles are discussed. Following questions were

aimed to be clarified.

e Q1: What is the difference in storage behavior between the use of CusP in Li cells and Na
cells?

e Q2: Which role plays the use of different electrolytes on the electrochemical performance
with respect to voltage profiles, capacity retention, cycle life and rate performance?

e Q3: How much charge is stored in the carbon matrix?

e Q4: What is the difference in electrode thickness change when using CusP as electrode

material in Li cells compared to Na cells?

Q1: Best electrochemical results were achieved by using diglyme electrolytes containing large anions
in the conducting salts (LiTFSI in Li cells and NaOTf in Na cells). To clarify the difference in storage
behavior, these electrolytes are used in Li and Na cells. The difference in storage behavior can be
determined by GCPL analyzing the voltage profiles for both cells, see Figure 18. In fact, one can
observe a multistep reaction mechanism for lithium while for sodium only one large sloping plateau

can be observed. One can see that the use of Li leads to larger capacities (210 mAh g! after 100
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cycles in a voltage window of 0.5-2 V) compared to the use of Na (120 mAh g ! after 100 cycles in a
voltage window of 0.01-2 V) despite of the smaller applied voltage window at the same current
density. One can also recognize that the use of Li leads to smaller overpotentials although the obtained

discharge capacities after 100 cycles being higher compared to the Na cells, see Figure 18f).

Q2: In order to clarify the role of the different electrolytes, the use of carbonate and ether (diglyme)
electrolytes is directly compared in terms of effects on overpotentials, cycle life and achievable
capacities. Unfortunately, the dissolution of small anions like PFs and ClO4 is not possible in
diglyme, since these anions form immobile solid salt-solvent complexes with digylme in Li cells. !
Thus, herein a smaller matrix of electrolytes is considered than one could expect. However, one can
observe rapid capacity fading and a fast increase of overpotentials when using carbonate electrolytes
upon cycling (see Figure 18b,d and Figure 19). Illustrating capacities vs. cycle number (see
Figure 19) shows that the use of diglyme based electrolytes results in higher capacity retention, and if

Figure 18a,c,e, is examined more closely, also in lower overpotentials for both, Li and Na cells.
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Figure 18: Galvanostatic discharge/charge curves for CusP/C electrodes in Li- and Na-half cells (two-electrode geometry
with Li/Na as counter electrode) for different electrolyte solutions a) Voltage profiles of the 1*, 2" and 100" cycle for a) 2G
LiTFSI; b) EC:DMC LiPFs; c) 2G NaOTf; d) EC:DMC NaPFs; e) 2G NaPFs, f) Voltage profiles of the 100" cycle for Li (2G
LiTFSI electrolyte) and Na (2G NaOTf electrolyte) in comparison. Arrows indicate the combined overpotentials for both
cells. Cycling was performed with a current rate of 0.1 C (36.6 mA g~') in a voltage window of 0.5-2.5 V in Li cells and
0.01 -2.5 V in Na cells. Reproduced with permission from Wiley. 34
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Figure 19: Discharge capacities vs. cycle number for CusP/C electrodes in Li and Na half cells (two electrode geometry) for
different electrolytes. Cycling was performed with a current rate of 0.1 C (36.6 mA g™!) in a voltage window of 0.5-2.5 V (Li
cells) and 0.01 -2.5 V (Na cells). Reproduced with permission from Wiley. 364

Since diglyme electrolytes containing large anions (TFSI™, OT{") provided the best results, GCPL rate
performance tests were were conducted with these electrolytes in order to receive information about
the reaction kinetics (see Figure 20). Therefore, the applied current was increased every five cycles to
higher C-rates and finally reduced to the initially applied C-rate. However, a larger capacity of about
300 mAh g(CusP)! was retained for Li (85% of the capacity of the 2™ cycle) as compared to
170 mAh g(CusP) ! for the use of Na (71% of the capacity of the 2™ cycle), implying better reaction

kinetics for Li cells.
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Figure 20: Rate capability test for five different C-rates for CusP/C electrodes in Li and Na half cells (two electrode
geometry, 1C = 363 mAg!) in a voltage window of 0.5-2.5V (Li cells) and 0.01 -2.5V (Na cells). Reproduced with
permission from Wiley. 364

Q3: The carbon black contained in the electrode (30 wt%) enables extra capacity, thus capacity values
are given per gram and per gram CusP/C in the voltage profiles. To determine the contribution of
carbon to the overall capacity, voltage profiles of the carbon black conducting agent were recorded at
36 mA g ! for different electrolytes, as can be seen in Figure 21. The capacity contribution of carbon
black in the case of Li is about 70 mAh g'! after around 20 cycles with use of the electrolytes 2G
LiTFSI and EC:DMC LiPFs, see Figure 21a,b. These values remain almost constant upon cycling.
The carbon content results in a capacity contribution of about 21 mAh g™! to the overall capacity of
CusP in Li half cells which is only about 7% of the overall theoretical capacity of CusP. The capacity
contribution of carbon black in Na cells can be seen in Figure 21c-e. A reversible capacity of about
150 mAh g! is found for carbon black using 2G NaPFs and EC:DMC NaPFs within a voltage window
0f 0.01 V-2 V vs. Na*/Na, which leads to a storage contribution of 45 mAh g™! (12% of the theoretical
capacity of CusP) to the overall capacity of the Cu;P/C electrodes. Because of the much smaller
practical capacities in case of using CuszP in Na cells, the capacity contribution of carbon black can

amount up to 38%, while for Li a capacity contribution of 10% is not exceeded.

46



a) 2.0 ) j b) 20 T — T T T
2G LiTFSI EC:DMC LiPF; :10
= >
= 15 - ]
- =
2] .
> 7]
2 »
(=)}
£ 1.0 Y & 1
9 S
o ' ' j 0.5 N N
g o e o 0 50 100 150 200 250 300
Speific capacity./ mAh g specific capacity / mAh g’
c) 2.0 : , : 1 d) 2.0 . . —
> —_10 = EC:DMC NaPF 10
- 2G NaOTf ~ —2 P ’ =
g 154 i z 1.5 .
2 3
g)' 1.0 1 Q 1.0 ]
5 05 1 g 05 1
0.0 . . : 0.0+ . . .
0 50 100 150 200 0 100 200 300 400
specific capacity / mAh g specific capacity / mAh g™’
e)

voltage vs. Na*/Na / V

Y0 50 100 150 200 250 300

specific capacity / mAh g

Figure 21: Voltage profiles of carbon black at 36 mA g for different electrolytes. It is of note, however, that the preparation
of carbon black electrodes is difficult as the material is very fluffy, which causes problems during electrode preparation. The
mass loadings are typically very small (in our case about 0.7-1.0 mg cm™2). Overall, an exact deconvolution of the individual
contributions of CusP and carbon black to the capacity of the CusP electrode is not possible, but the contribution of carbon

black is discussed in the main manuscript. The herein used carbon black was carbon Super P. Reproduced with permission
from Wiley. 3%
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Q4: In situ dilatometry experiments were performed in order to investigate the influence of the alkali-
ion on the electrode thickness change upon cycling. Figure 22 shows the electrode thickness change
for the lithium cell (LiTFSI in 2G) and the Na cell (NaOTf in 2G) within the intial five cycles. The
considered electrodes are well comparable as mass loading and initial height are quite similar (36 vs.
39 um) and (3.49 vs. 3.23 mg cm2). In the initial cycle, a larger height change for the sodium cell has
been observed, which might be explained by the larger radius of the Na-ion, resulting in a higher
volume expansion and a more excessive SEI formation. Upon consecutive cycling, height changes are
larger in the lithium cell. This result is expected to be caused by the higher practical storage capacity
of CusP in the lithium cell, which usually leads to larger volume changes. The use of carbonate
electrolytes shows analogue behavior and leads to a more rapid decrease of electrode breathing, being

discussed more in detail in publication 2.
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Figure 22: In situ dilatometry studies of CusP in Li and Na half cells with diglyme electrolytes for IM LiTFSI in diglyme
(red); and IM NaOTf (black) in diglyme. Cycling was performed with a current rate of 0.1 C (36.6 mA g™!) in a voltage
window of 0.5-2.5 V vs. Li*/Li for the use of Li and 0.01 -2.5 V vs. Na*/Na for the use of Na. Reproduced with permission
from Wiley. (364
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4.2.2 Redox activity of copper thiophosphate CusPS4

Within this chapter a novel transition metal based conversion electrode is basically discussed for its
use in SIBs and partially for LIBs. Redox activity of CusPS4 is unknown so far, but a variety of
thiophosphates was previously studied related to their use as solid electrolytes in solid state batteries

(SSBs). 9 Following questions were aimed to be answered.

e Q1I: Is it possible to synthesize pure phase CusPS4 by reactive ball milling of the raw materials
Cu, P»Ss and S in appropriate stoichiometric amount, analogue to lithium/sodium
thiophosphate LizPS4, NazPS4?

e Q2: What is the capacity and its retention over large cycle numbers? What are the advantages
over copper sulfides and copper phosphides?

¢ (Q3: Which alkali metal leads to better performance, Li or Na?

e Q4: Which elements are redox active? Are there differences and similarites in comparison to

decomposition products when thiophosphates being used as electrolytes in SSBs?

Q1: The presence of CusPSs after reactive ball milling of Cu, P»Ss and S was proven by XRD, see
Figure 23. In order to check the presence of CusPS, and its lattice structure in a local area, the crystals
were visualized with transmission electron microscopy (TEM), as it is a powerful imaging method for
illustrating nanosized particles and lattice planes on atomic level, see Figure 24. Based on these
analysis tools, phase pure CusPSs was found to crystallize in an orthorhombic crystal structure
(P mn 21 space group). Informations about lattice parameters and particle size, determined by XRD

are discussed in detail in publication 3.
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Figure 23: X-ray diffraction pattern of CusPSspowder synthesized by high energy ball milling for 24 h in a planetary ball
mill (ICSD: 98-041-2240). The obtained pattern corresponds to an orthorhombic crystal lattice of the P m n 21 space group.
Reproduced with permission from Wiley. 1%/
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50 nm

Figure 24: TEM analysis of the CusPSs powder after synthesis by reactive ball milling of Cu, P2Ss and S: a) single
particle image; b) TEM/SAED pattern;, ¢) HRTEM images of agglomerated Cus3PSs+ crystals. Reproduced with
permission _from Wiley. (1101

Q2: In this study, electrochemical experiments were conducted using a diglyme electrolyte for Li and
mainly Na half cells. Galvanostatic cycling was performed to get an insight in which extend Cu3PS,4
contributes to the overall capacity and moreover, the reaction kinetics and mechanism. With view on
Figure 25, the voltage profiles show that CusPSs undergoes an activation process during cycling, since
the capacities are increasing until up ~ 200 cycles at 120 mA g !, reaching values of about more than
580 mAh g !. Hence, CusPS4 enables even higher capacities and cycle life than what has been reported

for copper sulfides and copper phosphides. [12> 13- 30]
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Figure 25: a) Voltage profiles of the 1, 2" and 5" cycle. Cycling was performed with 1 M NaPFs in diglyme as electrolyte
within a voltage window of 0.01 — 2.5 V vs. Na*/Na with a current density of 120 mA g™'; b) voltage profiles of the 25", 50",
100™ and 200" cycle. Reproduced with permission from Wiley. (110

Q3: The cycle life of CusPSs in Li and Na cells is compared in Figure 26a,b using diglyme

electrolytes. Using NaPFs in diglyme as electrolyte was showing the overall best result (>600 mAh g™
after ~70 cycles @ 50 mA g! and 580 mAh ¢! @ 120 mA g ! after 200 cycles). In contrast, the use
of a large anion (OTf") resulted in rapid capacity fading in case of Na. For the use of CusPS4 in Li

cells, only minor capacities of about 200 mAh g™! after 200 cycles @ 50 mA g! were obtained
(170 mAh g ! after 200 cycles @120 mA g™!).
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Figure 26: Discharge capacities vs. cycle number with a current rate of a) 50 mA g’ and b) 120 mA g for Na and Li with
different electrolytes using diglyme (abbreviation 2G) as a solvent. Reproduced with permission from Wiley. (117
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Q4: The redox behavior of CusPS4 was investigated in Na cells via the combined use of galvanostatic
cycling, in situ XRD and X-ray photon spectroscopy (XPS). XPS allows to determine binding energies
on a small local surface area in nanometer scale. Herein, this method was used in order to determine
charge and discharge products after the 50" cycle. As a reference, the S 2p and P 2p signals of the
pristine electrodes are shown in Figure 27a,b. Next to CusPS4 some P-S bondings and/or sulfur signals
can be observed. After cycling, Na,S was found in the fully sodiated state as S 2ps» and S 2p1,» peaks
at 161.6 and 162.8 eV have been observed, see Figure 27¢,d. *!) With view on Figure 27e,f, one can
recognize that residues of Na»S remain inactive after subsequent desodiation. Moreover, more sodium

polysulfides and/or possibly Cu,S might be formed.

When using thiophosphates typically as solid electrolytes for solid state batteries (SSBs), for example,
the use of Li3PS4 in Li cell leads to extra capacity, if the electrochemical stability window > =2V vs.
Li"/Li is exceeded. " During oxidation, the formation of elemental sulfur S(0), P»Ss or phospho
sulfidic anions then is likely. **) These decomposition products can further react to LisP,Se or LisP and
Li>S when reaching voltages < 1.5 V. [0¢ 42 [n the analogue case of using NasPS, as an electrolyte,
NasP and Na,S and P-S as well as P-S-Na bonds were found as decomposition products. MO
Comparing with our results, not any prove for NasP, but the presence of Na,S as an analogue
decomposition product is found. Furthermore, next to Na,S, P-S bindings are found to be present in
minor content as can be concluded from the associated consideration of the capacities after sodiation

and desodiation, respectively, see Figure 27d.f.
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Figure 27: XPS analysis of the S 2p signal for a) pristine CusPS4; ¢) the sodiated state of the 50" cycle; e) the desodiated
state of the 50" cycle. The corresponding P 2p signals are shown in b,df). The sputtering time was 30 min. Cycling was
performed at 120 mA g™ in a voltage window of 0.01-2.5 V vs. Na*/Na using 1 M NaPFs in diglyme as electrolyte.
Reproduced with permission from Wiley. 1%/
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It is difficult to identify the redox activity of Cu via XPS since signals for Cu(0) and Cu(I) are very
close to each other. Thus, in situ XRD was performed. In situ XRD is an useful analysis tool in order
to record crystalline phases during a running cell reaction. Herein, copper was found to be only redox
active within the initial sodiation step as the intensity of the Cu signal was found to undergo a large
intensity change in comparison to the subsequent charge step and the complete following cycle, see
Figure 28a,b. Furthermore, the experimentally determined capacities of about 580 mAh g! are close
to the theoretical value of solely sulfur redox activity between S?~ and S° in CusPSs (613 mAh g™!).
From these observations it can be concluded that the redox activity of sulfur is dominating the capacity
contribution. Moreover, it is worth to note that with view on the long cycle life, dissolution of the
electrode components does not take place. Further details related to the reaction mechanism are
discussed in publication 3. By linking the results from GCPL, XRD and XPS one can conclude that Cu
is only redox active during the initial discharge. Upon further cycling, the redox activity of sulfur was
found to be dominating the cell reaction based on the reversible formation of Na,S. However, the role

of phosphorus remains unclear, hence further investigations like the use of NMR studies are required.
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Figure 28: a) In situ XRD analysis after the initial sodiation and desodiation step; b) Cu signal intensity change measured by
in situ XRD before and after the first two sodiation and desodiation cycles. The crystalline nature of CusPSs vanishes and Cu
as well as Na:S signals increase during sodiation. Cycling was performed at 120 mA g~' in a voltage window of 0.01-2.5V
vs. Na*/Na using I M NaPFs in diglyme as electrolyte. Reproduced with permission from Wiley. 11/
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5. Results and discussion — publications

Publication 1: Reactive and non-reactive ball milling of tin-antimony (Sn-Sb)
composites and their use as electrode for sodium-ion batteries with glyme
electrolyte

Conversion electrodes are well known to enable high theoretical capacities. Related to that, Sn and its
compounds are attractive for their use as electrode material in SIBs as Sn shows a theoretical capacity
of 847 mAh g'!. But, however, a couple of fabrication methods for electrodes is quite complex and
expensive. Thus, in Publication 1 a very simple and cheap method for electrode fabrication is
considered, which is simple ball milling. Especially up to the begin of this Ph.D. project, no systematic
study about the influence of the ball milling time onto the electrochemical performance for Sn based
electrodes was performed before publication. Therefore, a mixture between Sn and Sb (Sn+Sb),
prepared by non-reactive ball milling, and the intermetallic phase' (SnSb), prepared by reactive ball
milling, are compared in regard to their electrochemical behavior. Moreover, as conversion electrodes
suffer from huge volume changes and often large overpotentials during phase conversion, the active
material may be embedded in a carbon matrix in order to minimize these problems. Therefore, the
influence of the ball milling time onto cycle life is discussed. Voltage profiles and cycle life tests
reveal that the intermetallic phase shows larger capacities (680 mAh g! vs. 440 mAh g after 50
cycles @ 100 mA g ). Ball milling of the active material together with carbon in a swing ball mill
(SBM) for longer times is found to lead to enhanced cycle life because of a more stable composite
formation. Further, the redox activity of the constituents is investigated in diglyme and it is found that
Sb is largely redox inactive in diglyme electrolyte in contrast to its use in carbonate electrolytes.
Surprisingly, however, Sb is largely redox active in diglyme electrolyte when being bond as
intermetallic phase with Sn. In situ dilatometry reveals that composite formation with carbon is
dominant over reactive and non-reactive ball milling of the active material components to enable
enhanced cycle life. The results of these findings are published in the journal of Energy Technology
with the title “Reactive and non-reactive ball milling of tin-antimony (Sn-Sb) composites and their use
as electrode for sodium-ion batteries with glyme electrolyte” (doi: 10.1002/ente.201900389). The
authors are Wolfgang Brehm, Johannes R. Buchheim and Philipp Adelhelm.

For this publication, XRD studies were performed by Johannes R. Buchheim. SEM, ECD, GCPL,
particle size distribution (PSD) measurements, post mortem XRD as well as data analysis and further
calculations were conducted and evaluated by the first author. The paper was written by the first
author and edited by Philipp Adelhelm. This is an open access article distributed under the terms of the
Creative Commons CC BY license, which permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

! In this publication the intermetallic phase SnSb is named as intermetallic compound
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Reactive and Nonreactive Ball Milling of Tin-Antimony
(Sn-Sb) Composites and Their Use as Electrodes for
Sodium-lon Batteries with Glyme Electrolyte

Wolfgang Brehm, Johannes Rolf Buchheim, and Philipp Adelhelm*

Tin (Sn), antimony (Sb), as well as their intermetallic compound SnSb are potential
high-capacity negative electrodes for lithium- or sodium-ion batteries. Starting from
bulk Sn and Sb, the effect of ball milling in sodium-ion half cells with a diglyme-
based electrolyte is studied. Nonreactive ball milling of Sn, Sb, and carbon leads to
intimately mixed but largely phase-separated composites (Sn + Sb) with electro-
chemical sodiation behavior being the sum of the individual phases. Thereby,
Sb shows an unusual and rapid capacity fade in the chosen electrolyte which

is unexpected, considering the usually excellent compatibility of diglyme-based
electrolytes with negative electrodes. Reactive ball milling of Sn and Sb using

a planetary ball mill leads to the phase-pure intermetallic compound B-SnSb.
Compared with Sn + Sb, SnSb shows excellent performance with a specific
capacity exceeding 400 mAh g " after 190 cycles and a high rate capability (around
400 mAh g~ " at 5 C). Hence, herein, Sb is largely inactive as a pure phase but active
when bound in the B-SnSb intermetallic compound. Using in situ electrochemical

during charging. In view of these chal-
lenges, the use of metals (or metalloids)
appears attractive which typically provide
high capacities at attractive redox potentials.
However, the use of silicon, which is widely
studied for lithium-ion batteries (LIBs), also
has failed in SIBs so far. For this reason, a
lot of interest is currently devoted to the use
of tin (Sn) and antimony ($b)." "7 In both
cases, the redox reaction involves several
phase transitions and therefore the potential
curve has a more stepped shape. The major
redox potentials of Sn and respectively Sb in
sodium cells are at about 0.2 and 0.6 V ver-
sus Na*/Na, which makes their use very
appealing. In lithium cells, the redox poten-
tials are about 0.5 and 0.9V versus Li"/Li.

dilatometry, the “breathing” of the electrodes during charging/discharging is
minimized by optimizing ball-milling time, which improves cycle life.

1. Introduction

Sodium-ion batteries (SIBs) are considered as attractive future
energy stores which could complement the more mature Li-ion
and lead-acid technologies."! Considering potential negative
electrodes, the use of graphite is not straightforward in SIBs
due to the lack of sodium-rich NaC, compounds. This can be
circumvented by use of solvent cointercalation reactions though
the obtainable capacity of about 110 mAh g~ is still limited.[)
The use of hard carbon is one promising option with capacities
up to about 400 mAh g~ ",*” but the partly extremely low redox
potential versus Na™ /Na might easily lead to dendrite formation
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Moreover, when comparing the sodiation/
lithiation of Sn and Sb in SIBs and LIBs,
it is quite interesting to note that structural
stability was found to be better for the case
of sodium, despite its larger atom/ion
size."®'% This indicates that the difference
between analogue reactions for “lithium” and “sodium” can be
also counterintuitive."”!

Advantages of Sn are its environmental friendliness, the
attractive redox potential, and the high theoretical capacity,
847n1Ahg"1, for the formation of NasosSn.'"'*2% On the
downside, the volume expansion is, just as for all alloying reac-
tions, very large. Sodiation of Sn to Nas,5Sn is accompanied
by a crystallographic volume expansion of 420%!"**Y, for
example. The theoretical capacity of Sb is somewhat lower
(660 mAh g, the formation of Na;Sb with a volume expansion
of 390%"*2) but its cycling stability is usually better as com-
pared with Sn. Sb shows even stable cycling when used as bulk
material. Related to that, Darwiche et al. obtained a specific
capacity of 580mAh g™ after 160 cycles at a current rate of
55mA g~!, using half cells with sodium as the counter elec-
trode."” A drawback is the toxicity of many Sb compounds as
well as its limited abundance in the Earth’s crust. This restricts
the practical use of Sb but it may be suitable when used in
smaller amounts or as an additive. The costs of Sn and Sb are
currently in the range of 20-7 $ per kg which is in the same
range or lower compared with other metals used in LIBs such
as cobalt (40-1008kg "), nickel (10-15S8kg™'), or copper
(7 Skg )2

The cycle life for both Sn and Sb can be also improved by
embedding them as nano- or microparticles in a carbon matrix

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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by, e.g., high-energy ball milling (HEBM), which overall
improves the mechanical stability of the electrode during
cycling."**% The size reduction not only improves cycle life
but also increases electrode utilization and rate capability. The
trade-off of using a porous matrix as a support is a decrease
in electrode density and a weight penalty which decreases the
energy density of the cell. A careful balance between advantages
and disadvantages is therefore needed. Note that also the carbon
matrix contributes to charge storage.

It has been also reported that the cycle life can be further
improved by using binary or ternary intermetallic phase systems
instead of pure metals.">"% Xiao et al. explained the better
stability of a binary intermetallic phase of the active materials
Sn and Sb by the unique structural confinement during galvano-
static cycling in comparison with a single metal.'® Park et al.
observed these improvements for SnSb/C nanocomposites in
LIBs as well.*" The use of SnSb results in a theoretical capacity
of 754mAhg™". In general, the sodiation process of SnSb is
complex, involving the formation of several (amorphous) inter-
mediates. In a simplified way, however, the reaction shows two
steps, see Xiao et al.'>?)

SnSb + 3Na'+3e = Na3Sb+ Sn E > 0.4 Vvs.Na' /Na (1)
Theoretical capacity per g of Sb: 660mAhg ',

Na3Sb + Sn + 3.75Na™ +3.75e” =

2
Na3Sb + Na; ;sSn E < 0.4Vvs. Na™/Na @)

Theoretical capacity per g of Sn: 847 mAhg '

The overall reaction for the sodiation of SnSb can be
described as

SnSb + 6.75Na* 4+ 6.75e™ = Na;Sb + Naz 755n (3)
Theoretical capacity per g of SnSb: 754 mAhg™",

The sodiated Sb phase is inactive when discharged below 0.4 V.
When recharged, SnSb is ideally fully reformed. Whereas it is
difficult to explain the overall improved behavior, it has been sug-
gested that the use of SnSb is advantageous because the multistep
reaction creates a self-supporting network which improves struc-
tural stability and conductivity."

Another approach to improve cycle life is to change the elec-
trolyte composition. Tarascon et al. showed that the performance
of Sn/C electrodes can be improved by replacing conventional
carbonate-based electrolytes by glyme-based electrolytes. Using
NaPFg in diglyme, the capacity reached was 768 mAh g™ after
100 cycles.""! Glyme-based electrolytes are recently reconsidered
for a variety of electrode reactions.”®*”) In our previous studies
diglyme showed preferable properties in Na-O, batteries,””® Cu$
electrodes!®”), or graphite electrodes,®™” for example. A recent
review summarizes latest progress in the use of glymes for
rechargeable batteries.”” However, carbonate-based electrolytes
remain the ones most frequently used in the literature. In these
cases, the use of fluoroethylene carbonate (FEC) as additive has
been shown to be beneficial for creating a stable solid electrolyte
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interphase (SEI), thereby minimizing catalytic decomposition
processes of the main solvents of the electrolyte.'*??

Despite the overall promising results on Sn, Sb, and SnSb-
based electrodes, there is still a lack of understanding on how
the preparation parameters influence the electrochemical perfor-
mance, whether the SnSb intermetallic phase behaves better
than the 1:1 stoichiometric mixture of the elements, and whether
electrochemical alloying of Sn + Sb during cycling takes place.
Moreover, the use of glyme electrolytes in combination with
Sb electrodes has never been reported.

In this study, we therefore systematically analyze how milling
conditions affect the structural properties of the composites and
whether reactive ball milling leads to better electrochemical pet-
formance than conventional (i.e., nonreactive) ball milling.
Several Sn + Sb composites (with carbon as the additive) are pre-
pared by a swing ball mill (SBM) using different milling times.
Using the same starting materials, we prepare the SnSb interme-
tallic compound by reactive ball milling using a high-energy plan-
etary ball mill (PBM). We discuss particle and crystallite sizes of
Sn+ Sb and SnSb, homogeneity of the composite, cycle life,
potential profiles, and phase behavior. For comparison, we also
study the behavior of the pure metals Sn and Sb. Electrochemical
measurements are done using glyme-based electrolytes (1 m
NaPFj in diglyme). Finally, we perform in situ electrochemical
dilatometry (ECD) to study the change in electrode thickness dur-
ing cycling.

2. Results and Discussion

Figure 1 shows an overview of the produced samples. The
composites from Sn and Sb were prepared in an SBM using
1:1 stoichiometric amounts and 30 wt% of carbon additive (car-
bon black, C65). The ball-to-powder weight ratio was 10:1 and
the milling time varied from 1 to 6 h (batch size 1 g). The SnSb
intermetallic phase was prepared by reactive ball milling of
Sn and Sb for 24h in a PBM under protective atmosphere
(batch size: 5g). SnSb was then further milled with carbon
black in the SBM. Samples based on the 1:1 element mixtures
and the intermetallic compound are denoted as Sn+ Sb and
SnSb, respectively.

2.1. Characterization of the Materials

Figure 2 shows the diffraction patterns of the starting materials
(Sn, Sb) and the 1:1 mixtures after ball milling for 1, 3, and 6 h.
In line with the phase diagram, we find Sn, Sb, and the inter-
metallic phase SnSb.*'! Note that SnSb and Sb show an
extended homogeneity range of 2at% at room temperature.
The results show that Sn and Sb remain the major components
of the samples although the content of p-SnSb increases with
ball-milling time, ie., the related (202) reflex at 26 =29.1°
increases.

After 6h the content of -SnSb is around 20 wt%, as deter-
mined by the Rietveld refinement. The contribution of the car-
bon additive to the diffraction pattern is negligible due to its
disordered structure. The related structure refinement is sum-
marized in Table S1, Supporting Information. An increase in
milling time leads to a small expansion of the a and c lattice
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Figure 1. Ball-milling conditions for the preparation of SnSb/C and (Sn + Sb)/C composites from bulk Sn and Sb and carbon black. The carbon content
for all samples was 30 wt%. Reactive ball milling was conducted in an Ar-flooded ball-milling jar.
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Figure 2. Diffraction patterns of Sn, Sb, and 1:1 mixtures after ball milling
for 1, 3, and 6 h.

parameters of Sn, Sb, and SnSb, respectively. For all samples,
the increase by ball milling over 6h is in the range of about
0.2-0.7% in the a direction and 0.4%-0.6% in the ¢ direction,
see Figure S1, Supporting Information. We attribute this
increase to the lattice distortion induced by plastic deformation.
This effect has been also found for other metals such as Cu****
and ALP* for example. We also note that solid solution forma-
tion could affect the lattice parameters. In this case, however,
the expected changes would be much larger. For example, a
change of 3.4% for the a parameter was found when ball milling
Fe/Ni mixtures along with solid solution formation.*”!

The diffraction pattern of the Sn+ Sb mixture after reactive
ball milling for 24h is shown in Figure 3. The formed
SnSb phase exhibits a hexagonal structure with the lattice param-
eters a=4.32 A and c=5.34 A (see also Table $2, Supporting
Information). The average crystallite size obtained from
Rietveld refinement was determined to D =50 nm. The differ-
ence in (202) reflex intensity between the experiment and refine-
ment is caused by the preferred orientation of the crystals.
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Scanning electron microscopy (SEM) combined with energy
dispersive X-ray spectroscopy (EDX) was used to study particle
size and homogeneity of the samples, see Figure 4. Ball milling
reduced the particle sizes in all cases. For the shortest ball-
milling time of 1h, the sample (Sn+ Sb/1h) contained still
quite large particles, some even exceeding 50 pm in diameter,
see Figure 4 top image. The biphasic nature of the sample can
be also easily seen from EDX mapping. A much more homoge-
nous particle size and elemental distribution was found for
the sample containing the SnSb intermetallic phase. Particle
sizes were below about 10 pm. It is of note that the milling
process was likely also aided by the higher hardness of the
intermetallic phase. The EDX analysis of the investigated elec-
trodes in Figure 4 shows a complete homogeneous distribution
of both elements, well in line with the X-ray diffraction (XRD)
results.

As SEM is a quite local method, we further used light scatter-
ing for determining the particle size distributions (PSDs) of the
powders, see Figure S2, Supporting Information. Although the
expected trend of decreasing particle sizes with increasing mill-
ing times could be observed, it is of note that only a qualitative
correlation should be made. The distributions are very broad and
multimodal in all cases which is likely because of the carbon
additive that is highly absorbing and forms agglomerates.
Nevertheless, the measurements confirm that the particle sizes
shift to smaller values for longer ball-milling times.

2.2, Electrochemical Studies

Results from galvanostatic charge/discharge experiments are
shown in Figure 5. All investigated electrodes were prepared
based on a metal-to-carbon black weight ratio of 7:3 with
10 wt% carboxy methyl cellulose (CMC) binder and exhibited
an active mass loading of 1.2-1.3mgcm ™ (without carbon
black). The CMC binder was used because it allows aqueous
processing of the electrodes which is, in view of application, a
better choice compared with using N-methyl-2-pyrrolidone
(NMP) solvent that is required for polyvinylidine fluoride
(PVDF) binders. Moreover, the use of CMC binders has been
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Figure 3. a) Diffraction pattern and refinement of p-SnSb prepared by reactive ball milling from Sn and Sb powders (SnSb ICSD 98-005-2294).
b) Diffraction pattern of SnSb samples after subsequent ball milling with carbon black C65 for 1 and 6 h.

Figure 4. SEM/EDX analysis of a) Sn + Sb/1 h and b) SnSb/6 h electrodes.

shown as effective in improving the capacity and cycle life
of Sn electrodes. This has been explained by the strong interac-
tion between Sn and the CMC binder due to its carboxylic
groups.’®*”! The initial electrode thicknesses (without the cur-
rent collector) were around 15-18 pm for the samples ball milled
for 6h and 23-28 pm for the samples ball milled for 1h. All
experiments were performed with a current of 100 mAg *
(0.13 C related to the theoretical capacity of SnSb). Capacity val-
ues are normalized to the metal content of the electrode.
Galvanostatic discharge/charge and cycle life measurements
for the electrodes Sn+ Sb/1h and SnSb/6h are shown in
Figure 5a,b. These electrodes show the largest difference in
the electrochemical properties of all samples. In both cases,
the initial discharge capacity slightly exceeds the theoretical
capacity of 754 mAhg~! by about 4% (Sn +Sb/1h) and 12%
(SnSb/6 h), which is due to SEI formation and excess storage
capacity of carbon (see the following section for further details).
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The initial coulombic efficiency (ICE) is similar, 78% for
Sn + Sb/1h and 79% for SnSb/6 h, but the capacity drops after
the initial cycle, reaching 487 mAhg ' for Sn+Sb/1h and
692mAhg™' for SnSb/6h (the latter value corresponds to
0.88 mAhcm 7). Cycle life for all electrodes is compared in
Figure 5b. As shown, all Sn + Sb electrodes show a strong capac-
ity loss in the first two cycles, reaching about 500 mAhg .
Further cycling shows that longer ball milling leads to a
more stable cycle life. The average capacity loss per cycle between
the 2nd and 50th cycle is 7.68 mAhg™' for Sn+Sb/1h
and 3.28mAhg ' for Sn-+ Sb/6h. Notably, the capacity is
much higher for the SnSb electrodes, showing that initially start-
ing with the intermetallic phase is beneficial for achieving high
capacity over many cycles. Around 680 mAhg ' (0.24 mAhg ™'
of average capacity loss per cycle between the 2nd and 50th cycle)
is obtained in case of SnSb/6 h after 50 cycles. Before concluding
further, it is important to note that the carbon additive also
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Figure 5. Galvanostatic cycling of the different electrodes (C-rate of 0.13 (100 mAg™')): a) Voltage profiles of Sn + Sb/1 h and SnSb/6 h; b) discharge
capacities of the first 50 cycles; ¢,d) voltage profiles of the first two cycles of Sn/C and Sb/C; €) 6 h capacity derivatives of the second cycles of Sn/C, Sb/C,
and SnSb/6 h; and f) derivative plots of the 2nd and 50th cycle of Sn + Sb/1 h and the 50th cycle of SnSb/6 h.

contributes to sodium storage capacity. The maximum capacity
for used carbon black is about 220 mAh g ' using NaPFy (1 M) in
diglyme as the electrolyte, see Figure S3, Supporting Informa-
tion. It is generally difficult to get reliable data on the storage
capacity of carbon black as the material is a very fluffy powder
and active mass loadings will become comparably small (about
0.5 mgcm™?). This likely also explains the deviation from the
155 mAh g~ ! obtained in the study by Zhang et al. under similar
conditions."* Considering a maximum capacity of 220 mAh g,
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the contribution of carbon black to the composite will amount to
66 mAhg .

From these results, one can overall conclude that 1) the use of
SnSb instead of Sn+ Sb mixtures is beneficial for achieving
higher capacity and 2) longer milling times are achieved with
carbon.

A closer look at the voltage profile reveals that both electrodes
show a characteristic multistep behavior which is due to the reac-
tion over several consecutive phases. To understand the behavior,
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it is important to note a difference between Sn, Sb, and SnSb. The
sodiation of Sn has been described to proceed over several steps,
undergoing a couple of crystalline and amorphous intermediate
phases. Ellis et al. observed that the sodiation of tin occurs within
four steps with “a” stating that the intermetallic compound is
amorphous and “*” stating an unexpected crystalline phase."**

Plateau region 1: Na 4+ Sn — NaSn;*

Plateau region 2: Na + NaSn;* — a-NaSn
Plateau region 3: 5 Na + 4(a-NaSn) — NagSn,*
Plateau region 4: 6 Na + NagSn,* — NaysSny

The detected phases are similar (but not identical) but not in
coherence with the density functional theory (DFT) calculations
of Chevrier and Ceder.* Slightly different experimental results
were also discussed by Wang et al.,*! showing that the sodiation
mechanism of Sn is not clearly understood and rather complex."

Especially during charging, the phase transitions can be
clearly observed.*®*** We also find this behavior for a Sn/C
reference cell (the same electrolyte was used), see Figure 5c.
While for Sn, plateaus in the potential profile are commonly
clearly visible (at least during desodiation), they are hardly
observed for Sb. After the initial sodiation/desodiation cycle of
crystalline Sb, it stays amorphous. Mainly three voltage plateaus
are observed in the subsequent cycles during sodiation, corre-
lated with the following three sodiation steps: Amorphous Sb
reacts to a-Na;Sb, which then transforms into hexagonal/cubic
Na;Sb and finally a Na;Sb hexagonal pure phase after full sodia-
tion. After the activation cycle, the cydle life is very stable.['**?
We prepared Sb/C reference cells, see Figure 5d, but found a
different behavior. For the diglyme electrolyte, only the first cycle
shows an appreciable capacity and a defined redox plateau.
Notable is the rapid capacity loss of more than 75% in the second
cycle. This is rather unexpected, considering the previously
reported excellent stability for SbI'” and the generally better sta-
bility of glymes at lower redox potentials. Sb therefore seems an
unusual case where the replacement of carbonates by diglymes
leads to a clear loss in electrode stability.

The significantly better cycling stability of Sb with a carbonate
electrolyte, is confirmed by using NaPFg (1 M) EC:DEC (3:7) with
addition of FEC (5%) for stabilizing the SEI, see Figure S4,
Supporting Information. Even after ten cycles we still obtained
around 500 mAh g, Impedance data for the Sb/C electrode are
shown in Figure S5, Supporting Information. Spectra were col-
lected after sodiation and desodiation (first cycle) and after sec-
ond sodiation. From this, one can observe that the transfer
resistance becomes smaller after first sodiation and remains con-
stant after first desodiation and the subsequent sodiation step.
This observation can be explained by the poor activity of Sb in
the diglyme electrolyte after the first cycle. After the first cycle,
the conducting carbon matrix dominates the Na storage behavior
and also impedance spectra (with comparably small resistance
values).

In contrast, the reversibility of the SnSb electrode is very high,
indicating that a reversible storage of Na ions by Sb only takes
place when being bound in an intermetallic phase. Recently,
Fehse et al. experimentally investigated the sodiation/desodia-
tion behavior and detected the occurrence of an amorphous o-
Sn phase and Na;Sb on the higher voltage plateau. In the lower
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voltage plateau the amorphous tin phase was observed to react to
pure Naj; 755n.%%) The voltage profile also smoothens in case of
SnSb. The unexpected inactivity of Sb in diglyme might be due to
excessive SEI formation, leading to passivation of the electrode. A
hint on side reactions can be discerned from the derivative plots
shown in Figure 5f, showing an extra maximum at around 0.77 V
during charging only for metals but not for the intermetallic
phase. It can be also seen that Sn changes its charging behavior
during cycling as a maximum at around 0.28 V disappears over
cycling (comparing the 2nd and 50th cycle). This indicates that
behavior during cycling is dynamic and the sodiation/desodia-
tion mechanisms stabilize only after several cycles. Figure S6,
Supporting Information, shows that this situation is reached
after about 15 cycles. When further looking at Figure 5f, it is
worth mentioning that the derivative curve of Sn+ Sb/1h of
its second cycle is approximately identical with that of Sn, indi-
cating the inactivity of Sb in the Sn + Sb electrede. In contrast to
Sn + Sb, the behavior of the SnSb electrode is comparable for the
2nd and 50th cycle, see Figure 5a and Figure 5e,f. The extra max-
imum at 0.77 V which is present for Sn and Sb is also absent.
Comparing the results for the Sn, Sb, Sn+ Sb, and the SnSb
electrode, it also becomes evident that no electrochemical (de-)
alloying between the components takes place. In other words,
Sn + Sb mixtures do not form SnSb during cycling, and SnSb
does not phase separate to its constituents.

Further evidence for these conclusions was obtained by XRD
measurements, demonstrated in Figure 6. For this, cells were
dismantled in the desodiated state after 50 cycles. For the
Sn+Sb/1h electrode, crystalline Sn was detected, indicating
that Sb remains amorphous after the first cycle. For the
SnSb/6h electrode, neither Sn, Sb, nor SnSb signals could be
detected after 50 cycles. As the voltage profile did not change
within 50 cycles, one can conclude that amorphization of
SnSb took place. Both electrodes, however, contain unknown
reflexes at about 6 h at around 26 =29° and 36°. The origin is
unknown so far but they could be due to a decomposition prod-
uct that forms during cycling or due to unknown metastable
phases. The amorphization of SnSb during cycling is in line with
results from Darwiche et al.** Although we did not observe any
drying out of the cells, the appearance of these reflexes may indi-
cate side reactions that require further studies.

Rate capability measurements for the electrode with the best
performance (SnSb/6 h) are shown in Figure 7. Even at higher
C rates of 5C (3.7 Ag ") still values at around 400 mAh g™ " are
achieved, indicating excellent kinetics. Values for coulombic
efficiencies # are close to 100%. After reapplying a rate of C/10,
the capacity largely recovered, indicating an overall satisfying
structural stability of the electrode. For the same sample, results
for 190 consecutive cycles at 0.13 C are shown in Figure 8.
It can be seen that accelerated aging of the electrode starts at
about 50-60 cycles; nevertheless, about 400 mAh g_1 are still
obtained at the end of the experiment with coulombic efficiencies
close to 100%, demonstrating the excellent reversibility of the
electrode reaction after many cycles. Only the initial cycle shows
a higher value which is expected, and is a result of SEI formation.

Although further improvement is necessary, these results are
better compared with what is commonly achieved for carbonated-
based electrolytes. A comparison with literature results is shown
in Table S3, Supporting Information. Overall, the comparison
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Figure 6. XRD analysis for Sn+Sb/Th and SnSb/6h before cycling and after the 50th cycle in the desodiated state (Sn: ICSD 98-004-0037;

Sb: ICSD 98-000-9859; SnSb: 1CSD 98-005-2294).
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Figure 8. Cycle life test at 0.13 C for the SnSb/6 h electrode.

clearly indicates that the use of diglyme as the electrolyte is pref-
erable for achieving a longer cycle life. Likely, this is related with
the better behavior of ether electrolytes at low potentials in gen-
eral combined with a more uniform SEI for Na-ion batteries as
compared with carbonate-based electrolytes,"***! — Sb being an
exception as shown in this work. The better performance for
Sn/C electrodes within the first 100 cycles, reported by Zhang
et al.," might be explained by the better compatibility of
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diglyme with Sn compared with Sb (see Figure 5d) and addition-
ally by the applied smaller voltage window, as the influence of
capacity fading by the applied upper cut-off voltage can be seen
in Figure S7, Supporting Information. However, adding Sb leads
to a smoothening of the voltage profile which is preferable.
Finally, we applied in situ ECD to study the electrode dynam-
ics, iLe., the change in electrode thickness during cycling.
Whereas the volume changes in Sn (420%, sodiation) and Sb
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(3909, sodiation) during cycling are very large, buffering those is
an urgent matter related to application. Despite these large val-
ues, the effective change in electrode thickness might be much
smaller, depending on the ability of the electrode to compensate
for the volume change. In situ ECD is a useful method to probe
the effective change in the electrodes during ion insertion/dein-
sertion. For example, Camer et al. analyzed the influence of elec-
trode binder materials via dilatometry studies for a graphite/Si
electrode, revealing that the large capacity fading can be miti-
gated by using a cross-linked binder."® Jeong et al. demonstrated
by dilatometry studies that a poly(methyl methacrylate) (PMMA)
treatment improves the dimensional reversibility in coherence
with improved capacity retention for a porous (Si/Fe)-based com-
posite electrode.”! In another study by Goktas et al., intercala-
tion of solvated ions into graphite could be monitored, showing
that capacity fading can be small even for very large changes in
electrode thickness. Moreover, the change in electrode thickness
might be far from linear during galvanostatic cycling.*) However,
no literature related to in situ ECD for Sn + Sb and SnSb electro-
des for LIBs and SIBs is published yet.

Results for the “breathing” of different electrodes over
4-5 cycles are compared in Figure 9. The initial thicknesses
and porosities of the electrodes are summarized in Table 1.
The porosity P was determined by the quotient of the bulk volume
V;, and the apparent electrode volume V based on the real elec-
trode dimensions. The electrode porosity in percent is then
P=[1- ‘\j—’J] - 100%. The values demonstrate that longer ball mill-
ing also leads to a more compact electrode, considering the
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Figure 9. Electrode thicknesses change during sodiation/desodiation
measured by ECD at 0.13 C.

corresponding decreasing porosities for the mixture as well as
for the intermetallic phase. In addition, the SnSb electrodes
(P=67% for 6h ball milling) are less compact than the
Sn + Sb electrodes (P=064% for 6h ball milling) for the same
ball-milling times. The lower porosities for the 6h ball-milled
samples result in higher theoretical volumetric capacities
compared with 1h ball-milled samples. The obtained values
respond to around 52%-78% of the bulk values
(864 mAhcm?® for SnSb electrodes and 866 mAhcm ™ for
Sn + Sb electrodes, calculated with the densities of the electrode
components). A theoretical gravimetrical capacity of 220 mAh g™*
was assumed for the calculation of the carbon black contribution
to the volumetric capacities. Higher values could be obtained by
calendering. An overview on volumetric capacities of several met-
als and alloys in combination with lithium is given by Obrovac and
Chevrier*®!

During initial sodiation the relative change in thickness is sur-
prisingly smaller for the more compact electrodes (33% and 40%
for SnSb/6h and Sn + Sb/6 h) compared with the less packed
ones (48% and 74%) for Sn+ Sb/1h and SnSb/1h. Because
of the similarity of the height changes between SnSb/6h and
Sn + Sb/6 h, the “breathing” of the electrode seems dominated
by the ball-milling time with the carbon additive. Longer mixing
times with carbon black seem to reduce the changes in electrode
thickness during cycling. This observation underlines that
embedment of the active material in the carbon matrix is impor-
tant for buffering volume changes. Identifying such correlations
can help further optimize electrode stability during cycling. The
results also show that the “breathing” of the electrodes over
cycling is much more constant for the electrode from mixtures
that have been milled for 6 h. Electrodes from mixtures milled
for only 1 h show a larger change upon cycling, indicating struc-
tural changes and contact losses. As a result, these electrodes age
faster as also seen in Figure 5b. Overall, in situ ECD is an effec-
tive tool that can help to understand the fading of electrodes with
identical composition but different preparation strategies.

3. Conclusions

The influence of ball-milling conditions on the performance of
Sn- and Sb-containing electrodes for SIBs was evaluated in
diglyme-based electrolytes. For this, electrodes from Sn, Sb,
Sn + Sb mixtures, and SnSb were systematically compared. Sn,
Sb, and Sn—+ Sb electrodes were prepared in a one-step ball-
milling process using 30 wt% of the carbon additive. Mixing times

Table 1. Electrode thicknesses and the height change during the first sodiation measured by ECD at 0.13 C. The porosity P was calculated based on the real
electrode volume and the volume of the components with their crystalline densities. The following density values were used: psps, = 7.0 g cm ™~ (space group

R-3m, hexagonal), ps, =6.70gcm * (space group R-3m, hexagonal), ps,

=73gwm

’ (Space group |4|/amdv tetragonal)s Plearbon black, estimated) =

20gem 3, P(EMC bindeny = 1.6 gcm 3, Qivol ANd Gy area are the theoretical volumetric and areal capacities of the electrode including the porosity.

Initial electrode Metal loading Gih,areal Gih ol Height change during Height change during
Electrode thickness [pum)] [mgem 7 [mAhcm 2] P [%] [mAhcm 3| first sodiation [pum)] first sodiation [%]
SnSb/6h 18 1.29 1.39 67 605 6 33
SnSb/1h 27 1.44 1.55 74 452 20 74
Sn+Sbf6h 15 118 1.62 64 672 6 40
Sn+Sb/1h 25 1.44 1.55 74 490 12 48
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were 1 and 6 h. SnSb was prepared by reactive ball milling using a
PBM and then further treated with carbon black in the same way
as the other materials. Important conclusions are summarized
as follows: 1) Sb shows unexpected and very poor stability in
the diglyme-based electrolyte. This is different from many other
negative electrodes for which diglyme has been recently identified
as a promising solvent. However, Sb reversibly stores sodium ions
when bound in a SnSb intermetallic phase. 2) The electrochemical
activity of electrodes from Sn and Sb mixtures (Sn + Sb) is largely
dominated by Sn. Electrochemical results indicate that the sodia-
tion/desodiation mechanism stabilizes after around 15 cycles.
This stabilization can be seen from a change in the voltage profile.
Electrochemical alloying of both elements during cycling does not
take place. 3) The performance of SnSb electrodes is superior to
Sn + Sb mixtures. SnSb electrodes show high specific capacity, of
about 680 mAh g™, within the first 50 cycles, along with good
cycle life (>400 mAh g~ after 190 cycles). SnSb becomes amor-
phous during cycling with no obvious changes in the voltage pro-
file. Compared with Sn, the use of SnSb leads to a smoothening of
the voltage profile. 4) Longer milling (6 vs 1h) has only a minor
influence on the initial capacity, but it significantly improves cycle
life stability. These results can be well understoed from in situ
ECD measurements which show that long milling times reduce
the “breathing” of the electrodes during cycling (despite the fact
that the electrodes are also more compact).

4. Experimental Section

Ball milling of SnSb/C; Sn+ Sb/C; Sn/C, and Sb/C: Commercial Sn par-
ticles from Alfa (325 mesh) and Sb particles (100 mesh) from Sigma
Aldrich were used as active materials. Sn and Sb were put into zirconia
jars with a molar ratio of 1:1. For reactive ball milling (synthesis of
(-SnSb), a 5g batch of stoichiometric amounts of Sn and Sb was ball
milled for 24 h at 400 rpm in a PBM (PBM, Fritsch Pulverisette 7) with
a jar volume of 80 ml. For creating the composites, 1g batch of the raw
materials was ball milled together with carbon black, C65, in a metal-to-
carbon weight ratio of 7:3 (IMERYS Graphite&Carbon) in an SBM with
a frequency of 25Hz in a jar volume of 10ml (SBM, Retsch MM 400).
All materials were ball milled in a ball-to-powder ratio of 10:1 for both types
of ball mills.

Slurry and Electrode Preparation: An aqueous slurry was prepared
containing 10wt% CMC related to the total weight of SnSb/C, Sn + Sb/C,
Sn/C, and Sb/C powder. The slurry was cast onto a copper foil and the
electrodes were cut into disks (12mm in diameter) followed by drying
under vacuum at 60°C overnight. The active mass loading was around
12mgem 2

Characterization Methods: XRD analysis was performed on a Bruker D2
Phaser diffractometer using Cu Ku radiation (4, =1.54184 A). A Fritsch
Analysette 22 Microtec plus measuring unit with wet dispersion was used
to determine PSD.

Electrochemical Tests: A 1 m concentrated electrolyte solution was pre-
pared from NaPF purity >99% (Alfa Aesar) and diglyme (Sigma Aldrich).
Diglyme was dried in a molecular sieve (4 Angstrom, Sigma Aldrich) to
ensure that the water content was lower than 10 ppm, confirmed by
Karl-Fischer titration. The reference measurement for Sb/C with the car-
bonate electrolyte was performed with NaPFs (1 m) in EC:DEC (3:7) with
the addition of FEC (5%). The electrochemical tests were performed in
coin cells in the C2032 format, using two pieces of Whatman separators
(glass microfiber filters GF/A) and Na metal (provided by BASF SE) as the
counter electrode. The cells were cycled using multichannel cyclers from
Biologic (BCS, MPG2) and an SP150 galvanostat/potentiostat.

Dilatometer Measurement: For dilatometer measurements, a dilatome-
ter ECD-3-nano from EL-CELL was used for measuring the expansion and
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shrinking of the electrodes. Herein, the used electrodes exhibited a diam-
eter of 10 mm.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Publication 2: Mechanochemically synthesized Cus;P/C composites as a
conversion electrode for Li-ion and Na-ion batteries in different electrolytes

Transition metal compounds as conversion electrodes show commonalities and differences for their
use in LIBs and SIBs as discussed by Klein et al. for several examples. This study continues such
considerations for a transition metal phosphide conversion electrode due to its very high specific
gravimetric and/or volumetric capacities. Copper rich copper phosphide (CusP) for example, shows a
theoretical capacity of 363 mAh g ! being on one level with that of graphite but its volumetric capacity
is about three times higher (2664 Ah1!' vs. 780 AhI'!). However, before publication, a detailed
comparison of CusP as electrode material for its use in Li cells and Na cells was missing so far. Thus,
herein, electrochemical studies are performed for the use of CusP as electrode material for Li and Na
cells under same fabrication conditions. Moreover, the influence of the electrolyte is thereby
considered as well. Voltage profiles and cycle life experiments show larger capacities in case of Li as
well as better capacity retention compared to the Na analogues for both, ether and carbonate
electrolytes. The capacity contribution of carbon is thereby found to be larger in case of Na as
compared to Li. Furthermore, the use of ether (glyme) electrolytes results in outperforming properties
over the use of carbonate electrolytes, like enhanced capacity retention and smaller overpotentials, for
example. In a final consideration, an in situ dilatometry study shows that breathing of the electrodes is
larger in Li cells than for Na cells with link to a higher storage capacity of CusP in Li cells. Glyme

electrolytes demonstrate quite constant breathing in contrast to the carbonate electrolytes.

The authors are Wolfgang Brehm, Aggunda L. Santhosha, Zhenggang Zhang, Christof Neumann,
Andrey Turchanin, Martin Seyring, Markus Rettenmayr, Johannes R. Buchheim and Philipp
Adelhelm.

For this paper, XRD studies were performed by Johannes R. Buchheim. TEM measurements were
conducted and analyzed by Martin Seyring and Markus Rettenmayr. Further, XPS post mortem studies
were carried out and analyzed by Christof Neumann and Andrey Turchanin. SEM, ECD, GCPL, PEIS,
GITT and post mortem XRD as well as the corresponding data analysis and further calculations were
performed by the first author. The paper was written by the first author and edited by Philipp
Adelhelm.

This article was published in Journal of Power Sources Advances with the title “Mechanochemically
synthesized CusP/C composites as a conversion electrode for Li-ion and Na-ion batteries in different
electrolytes” (doi: 10.1016/j.powera.2020.100031). This is an open access article distributed under the
terms of the Creative Commons CC BY license, which permits unrestricted use, distribution, and

reproduction in any medium, provided the original work is properly cited.
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ARTICLE INFO ABSTRACT

Keywords: Copper phosphide (CusP) is a potentially high volumetric capacity conversion electrode for the use in Li-ion as

CugP well as in Na-ion batteries. Here, we study the lithium and sodium storage properties of CuzP/Carbon (CuszP/C)

Na-ion. m:ld Lidon batteries composites containing 70 wt% CusP and 30 wt% carbon black. CusP is prepared by reactive ball milling from the

E?:lym";:mg elements while in a second step CuszP is mixed with carbon black by non-reactive ball milling. Structure and

In situ dilatometry morphology are characterized by X-ray diffraction (XRD) as well as scanning and transmission electron micro-
scopy (SEM, TEM). The electrochemical properties are studied in Li and Na half cells with different types of
electrolytes based on carbonates (EC:DMC mixture) or diglyme, with the latter clearly leading to better results
such as higher capacity, better cycle life and smaller polarization. After 120 cycles, the Li-cell showed a capacity
of 210 mAh g ! while around 120 mAh g ! were found for the Na cell. The contribution of the carbon black is
negligible in case of the Li cell while it becomes an important factor in the Na cell. Electrode expansion/shrinkage
of the electrode during cycling (“breathing™) as determined by in situ dilatometry is fairly constant in diglyme
electrolytes while rapid fading is observed in carbonate electrolytes.

1. Introduction volume changes that occur during cycling and strong polarization leading

to a large voltage hysteresis, Many compounds, like transition metal

An important challenge for current battery technologies is to reduce
the amount of expensive and non-abundant elements in order to further
reduce cost and to avoid possible supply risks. This is especially a target
for lithium-ion battery (LIB) as well as for the more recent sodium-ion
battery (NIB) technology [1-10]. An approach to fulfill these re-
quirements are conversion electrodes. Conversion electrodes based on
transition metal compounds enable the transfer of several electrons per
formula unit, this way leading to high capacities and energy densities
when being used as a cathode or anode material. The reaction equation
can be generalized as follows

discharge
MXs + (be)Li = aM + bLi.X eq 1

charge

General challenges related to conversion reactions are the large

oxides, nitrides, fluorides, sulfides and phosphides are considered as
potential electrode materials for LIBs and NIBs [1,2,11-13]. For these
series of compounds Klein et al. discussed the shift in cell voltage when
replacing lithium by sodium. The difference depends on the anion which
amounts to 0.96V for oxides (lithium cell shows higher voltages than
sodium cells), for example. For chlorides, the voltage is almost identical
while conversion reactions with e.g. iodides would lead to a higher
voltage in case of sodium [12]. From the large number of conversion
electrodes, recently copper phosphides attracted attention because of
their very high theoretical volumetric and/or gravimetric capacities
[14-18]. Elemental phosphorus shows a theoretical capacity as high as
2596 mAh g ! (based on formation of NayP), which is, besides Na metal,
the material with the highest capacity for NIB anodes [19,20]. Phos-
phorous is a comparably abundant element, though natural sources of
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phosphorous are largely minerals. A direct consequence of the large ca-
pacity of elemental phosphorous is that large volume changes take place
during battery cycling which is a severe challenge. The formation of NagP
from P comes along with a volume change of about 490%, resulting in
electrode degradation and hence poor cycle life [21]. The volume
expansion in case of phosphorus is even higher compared alloy electrodes
such as the well investigated Sn (420%), Sb (390%), and also amorphous
Si (282%) electrodes for example [22-26]. In view of these challenges for
elemental phosphorous and metals, the use of phosphides becomes
interesting. For CusP, the volume expansion on the materials level during
sodiation is 164%. This also requires nanosizing but the issue is less se-
vere compared to elemental phosphorous and the above-mentioned
metals. The ideal electrode reactions of CusP with lithium/sodium as
counter electrode are

discharge
=

3-A+CusP 3.-Cu+ AsP (A= Li, Na) eq2

charge

The theoretical capacity of CusP (363 mAh g 1) is close to that of
graphite (372 mAh g 1), but it exhibits a theoretical volumetric capacity
of 2664 Ah 17!, being about three times larger compared to graphite
(~780Ah 1Y) [27]. Additionally, transition metal phosphides are
generally known to be electronically conductive if there is an appropriate
difference in electronegativity and atomic ratio of metal and P, so that
they are advantageous for application compared to the well investigated
copper oxides, for example [28]. Moreover, sodiation of CugP leads to the
formation of highly conductive Cu which may improve the electronic
wiring also in the sodiated state, this way mitigating contact losses. It is
also worth mentioning CuP, as another candidate [29]. The larger
phosphorous content provides a higher theoretical capacity, but on the
other hand the volume expansion becomes much larger again (462%)
and the conductivity is lower.

Studies on the use of CuzP in LIBs so far showed that, according to eq.
(2), LisP and Cu form as discharge products [30,31]. Stan et al. used wet
ball milling for the synthesis of a CuzP/C composite and found that the
cycling performance was strongly depending on the applied voltage
window [32]. Using a carbonate-based electrolyte, the best capacity
retention was obtained when cycling between 0.5 and 2V maintaining
220mAh g ! after 50 lithiation/delithiation cycles. The use of CusP as
electrode for NIBs is not well investigated so far. Only two studies have
been published so far [17,33]. In line with eq. (2), sodiation of CusP
should lead to the formation of NasP and Cu. Clear evidence for NazP
formation by XRD is, however, missing so far. Using X-ray photoelectron
spectroscopy, Fan et al. at least could show that phosphidic bonds with
Na develop during sodiation [33]. In contrast, the reversible formation of
elemental Cu could be verified via XRD. Zhu et al. very recently studied
CuzP@C nanosheets being synthesized by a temperature induced syn-
thesis and compared the electrochemical performance with that of using
other synthesis methods creating CuzP/C composites [17]. They reached
an excellent cycling stability and retained a capacity of 286 mAh g’l at
0.1 Ag~! after 300 cycles with the temperature induced method. Fan
et al. obtained similar capacities after more than 50 cycles for CusP
nanowire structures [33].

Although the nanostructuring approach leads to better performance,
a simpler synthesis method is desirable. There are several methods to
synthesize CusP. For example, thermal synthesis in a quartz tube, wet ball
milling, in situ growth of Cu(OH); nanowires, followed by a phosphida-
tion reaction as well as solvothermal methods have been used [17,27,33,
34]. A simpler method is the use of (dry) high energy ball milling. The
method also is convenient for adding carbon which acts as a support for
the active material. The embedment of active materials as nano- or mi-
croparticles in a carbon matrix generally improves the cycle life [23,
35-37]. In a previous study on such composites, we showed for Sn, Sb
and C that the ball milling time has a major influence on the composite
formation and consequently on the electrode properties. Also the degree
of electrode “breathing” (electrode expansion/shrinkage during cell

Journal of Power Sources Advances 6 (2020) 100031

cycling) was influenced as proven by in situ dilatometry studies [36].
While the use of carbon as matrix is quite effective in buffering volume
changes and improving the electronic wiring, the trade-off is the addi-
tional weight and volume which reduces the energy density of a cell. A
careful balance in properties is therefore required.

It is also widely known that the cycle life of electrodes is strongly
influenced by the electrolyte composition [1,36-40]. Carbonate-based
electrolytes are used in commercial LIBs and hence also in most
research studies for conversion electrodes [11-13]. Compared to ether
electrolytes, carbonate electrolytes generally show the advantages of
higher relative permittivity and better oxidative stability while ethers
can have a wider temperature window and show a better reductive sta-
bility [41]. The latter property can also lead to favorable SEI formation
and hence longer cycle life as shown for various cases [1,8,35,36,38-41].
The use of an ether-based electrolyte for CusP as electrode material has
not been reported yet, however. Moreover, a direct comparison between
lithium and sodium storage in CusP electrodes is still lacking in literature.

Here, we report on the lithium and sodium storage in CusP/C com-
posites in half cells using different electrolytes (ether-based and
carbonate-based). We also discuss the storage capacity of carbon black
which contributes to the storage capacity of the electrodes to different
degrees in Li- and Na-cells. Further analysis was done using X-ray
diffraction (XRD), scanning/transmission electron microscopy with
elemental mapping (SEM, TEM) and X-ray photoelectron spectroscopy
(XPS).

2. Results and discussion
2.1. Cell reaction and physicochemical properties

Properties of the ideal cell reactions of CusP in Li and Na cells are
compared in Table 1. The larger size of the sodium ion causes a larger
volume expansion during discharge (261% for Na compared to 190% for
Li). Considering the cell level, the difference is much less drastic
(—22.3% for Na vs. —17.1% for Li) which is due to the lower density of
lithium metal (0.53 g em™) compared to sodium (0.97 gcm'a). Herein,
the volume expansions were simply determined by the densities and
molecular weights of the expected charge and discharge products. In
Fig. S1 GITT measurements give an estimate about the average voltages
for lithiation and sodiation of CusP. Obviously, the discharge voltage in
case of lithium (—0.8 V vs, Li" /Li) is larger compared to sodium (~0.3 vs.
Na'/Na).

Table 1

Properties for the reaction of CusP with lithium and sodium (298 K). Due to lack
of tabulated data, the cell voltage E could only be calculated for the reaction with
sodium (E = —AG/zF, neglecting the contribution of AS). The formation enthalpy
from CusP was taken from Ref. [42] and that of NasP from Ref. [43]. The den-
sities for the calculation were taken from Refs. [44] for NasP [45], for LisP, and
[46] for CusP, respectively. Note that CusP can adopt different crystal structures
and hence different densities are reported in literature. As commonly reported for
conversion electrodes, values for qy, (mAh g ) refer to the active material, i.e.
CuzP. Including the mass of Li and Na gives values of Qe cuzp- 14 = 331 mAh g !
and e cuzp i na =277 AR g .

Cell reaction 3Na + CuzP — NasP + 3Li+ CusP — LizsP+

3Cu 3Cu
number of transferred e~ 3 3
Cell voltage E/V 0.34 -
Grn (CusP)/mAh cm * 2664 2664
quh (CusP)/mAh g 363 363
volume expansion electrode 261 190
reaction/%
volume expansion cell —22.3 -17.1
reaction/%
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2.2, Materials characterization

Fig. 1a shows the X-ray diffraction (XRD) pattern of the CusP powder
after its synthesis by reactive ball milling in a PBM. The pattern corre-
sponds to the expected hexagonal crystal structure (space group: P 63 ¢
m). An average crystallite size of about 17 nm was determined by Riet-
veld analysis, see Fig. S2a. The lattice parameters were determined to
a=6.970(6) A and ¢ = 7.153 (6) A and are well in line with the previous
results from Bichat et al. and Stan et al. [32,47]. The not specified small
reflection at 20 = 30.6° might be a phosphidic intermediate impurity
which, however, is not detectable anymore after the subsequent ball
milling step in the swing ball mill, see Fig. S2b.

Further information on the synthesized CusP was obtained from
transmission electron microscopy (TEM) measurements. The TEM
selected area electron diffraction (SAED) pattern of the particle in Fig. 1b
confirms formation of CusP. Related to that, the high-resolution TEM
image in Fig. 1c shows the (112) lattice plane of a CusP crystal with an
interplanar spacing 2.55 A. Scanning electron microscopy (SEM) with
elemental mapping (energy dispersive X-ray spectroscopy, EDS) was used
to study the morphology and homogeneity of the sample, see Fig. 1d.
Particles were generally smaller than 5pm and the clearly overlapping
signals from Cu and P indicate, in line with XRD measurements, complete
reaction between Cu and P throughout the sample.

2.3. Electrochemical characterization of CuzP/C

Galvanostatic discharge/charge experiments are shown in Fig. 2a-g.
All experiments shown in this manuscript were performed with a current
density of 36.3mA g~ (corresponding to a C-rate of 0.1 related to qu,
(CusP) =363 mAh g 1). The voltage windows were 0.5-2V for the Li-
half cells and 0.01-2V for the Na-half cells. Electrolytes based on
diglyme (2G) or a 1:1vol mixture of ethylene carbonate (EC) with
dimethyl carbonate (DMC) were used using Li/Na salts with different

hexagonal
PB3cm
ICSD: 98-001-5056

Y
030]
)

(113)

intensity a.u.

26(CuKa)/°
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anions, i.e. OTf (triflate), TFSI  (bis(trifluoromethanesulfonyl)imide)
and PFg (hexafluorophosphate). The experimental matrix, however, is
smaller than one would expect at first. One reason is that we were not
successful in preparing glyme electrolyte solutions with the salts LiPFg
and LiClOy. This is because these salts form solid complexes with diglyme
molecules [48]. On the other hand, NaTFSI cannot be used in sodium half
cells due to rapid corrosion [40]. Overall five different electrolyte com-
positions were compared and abbreviated as follows EC:DMC LiPFg,
EC:DMC NaPFs, 2G LiTFSI, 2G NaOTf, 2G NaPFs. The electrolyte con-
centration was 1 M in all cases.

As the carbon black (30 wt%) contributes to the overall electrode
capacity, capacity values are stated per gram of CusP and per gram of
CusP/C in the related figures. Note that the storage capacity provided by
the carbon black depends on the used electrolytes and the type of ion (Li,
Na). Moreover, the voltage windows are necessarily different in both half
cells. Fig. S3 shows the capacity contribution of carbon black for Li and
Na for the different electrolytes. For example, the capacity contribution
of carbon black in the case of Li is about 70 mAh g ' after around 20
cycles using for 2G LiTFSI and EC:DMC LiPF, and remains almost con-
stant within the subsequent cycles, see Figs. S3a and b. This results in a
contribution of about 21 mAh g~ to the overall capacity of CusP in Li
half cells which is only about 7% of the overall theoretical capacity. The
capacity contribution of carbon black in case of Na can be seen in
Figs. S3c-e. A reversible capacity of about 150 mAh g~ for carbon black
was measured for 2G NaPFg and EC:DMC NaPFg within a voltage window
of 0.01 V-2 V vs. Na"/Na, which results in a storage contribution of
45mAh g ! to the overall capacity of the CusP/C electrodes. This
amounts to about 12% of the theoretical capacity of CusP. The effect on
the practical capacities is discussed further below. Note that the storage
capacity of carbon black is slightly influenced by the chosen conducting
salt, therefore the use of 2G NaOTf results in a reversible capacity of
about only 120 mAh g !, for example.

In case of Li, the initial cycle shows a discharge capacity of about

d(112) = 2.5§A

Fig. 1. a) XRD analysis of CusP after reactive ball milling of Cu and P with a planetary ball mill (Reference: ICSD: 98-001-5056); b) SAED pattern of a CusP particle; c)
High resolution TEM image of CusP after high energy ball milling for 24 h @ 400 rpm in a planetary ball mill; d) SEM analysis of CusP/C composite electrodes with

elemental mapping by EDX.
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Fig. 2. Galvanostatic discharge/charge curves for
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500 mAh g (CusP)! for both, carbonate and diglyme electrolytes,
exceeding the theoretical capacity of 363 mAh g'l. For 2G LiTFSI the
initial discharge capacity was 523 mAh g (CugP) !, see Fig. 2a. The initial
Coulomb efficiency (ICE) was about 63% with an accompanied charge
capacity of 329mAh g (CuzP) L. Herein, Coulomb efficiencies were
calculated based on n, = %"7 100%. Sloping voltages and a large plateau
region are observed, being typical for conversion reactions. However, the
obtained overpotentials of about 0.2 V are comparably small to that what
has been typically observed for other conversion reactions, e.g. CuO or
CoS (0.6 V-1.0V) [12,13,33,49]. In contrast to that, the use of the car-
bonate electrolyte EC:DMC LiPFg leads to an initial discharge capacity of
496 mAh g (CusP) ! and an initial charge capacity of 245mAh g
(CusP) ™!, The resulting ICE is only 50% accompanied with larger over-
potentials in the first cycle.

The excess capacity (g > i) and the large capacity loss in the first
cycle are due to excessive electrolyte decomposition (SEI formation)
along with the formation of a nanoscopic structure typical for conversion
reactions [12,13]. A similar behavior is found in case of sodium, see
Fig. 2¢,d,e. The ICE value is higher for the ether electrolyte (2G NaPFg,
50%) compared to the carbonate electrolyte (EC:DMC NaPF;, 39%). The
lower ICE for carbonate electrolytes is also in line with the larger po-
larization during charging. This suggests a much thicker SEI in case of
carbonates. As both electrodes (working electrode and counter electrode)
show an SEI, we conducted impedance measurements in a three electrode
arrangement with Li as a reference and counter electrode. Results are
shown in Fig. S4 and indicate a much less resistive SEI for the CusP
electrode in case of the diglyme electrolyte. Fig. 2g shows the discharge
capacity for the different electrolytes over 120 cycles. Few cycles are
needed in all cases to reach fairly stable capacity values after which slow
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Fig. 2. (continued).
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fading takes place.

For both cells (Li, Na), the capacity retention as well as the absolute
capacity values are clearly better in case of the ether electrolyte indi-
cating an overall better stability of the electrode. The use of large anions
(TFSI™ for Li and OTf for Na) seems beneficial. For better comparison
the voltage profiles using large anions in diglyme for Li and Na cells are
shown in Fig. 2f. For Na and 2G NaOTf as electrolyte, the capacity after
120 cycles reaches 120 mAh g (CuzP) !, formally corresponding to 33%
of the theoretical capacity. Unfortunately, the real values might be lower
as the carbon black additive could contribute to the capacity as much as
38% (assuming that the carbon black provides 150 mAh g 1
CusP/C composite (carbon, 30 wt%). Higher capacity values are obtained
in case of lithium, i.e. 210 mAh g (CusP) ! after 120 cycles are retained
when using the ether based electrolyte 2G LiTFSI. This value corresponds
to 58% of the theoretical capacity (or 1.74 Li ions per formula unit). In
this case, the capacity contribution of carbon black to the practical ca-
pacities does not exceed 10%. While improvements are needed, the use of
glymes shows already superior performance compared to many previous
studies in which always carbonate electrolytes were used [32,50]. A
literature comparison is shown in Table S1. Note that in our study we
chose for a simple ball milling synthesis based on bulk precursors. This
shows that quite reasonable results can be already obtained with this
straightforward preparation method.

A rate performance test of the electrodes in the diglyme electrolytes is
shown in Fig. 2h. One can observe higher capacities for all current rates
for Li. Even at a current rate of 1C (363 mA g (CusP) 1, a capacity of
about 250 mAh g (CusP) ! is retained compared to 130 mAh g (CusP) !
for Na. The initial capacity drop is much larger for Na (391-235mAh g
(CuzP)™ ) compared to Li (359-343mAh g (CusP) ™). With consecutive

also in the

cycling the voltage drops occur in similar extent, implying similar ki-
netics. When returning to C/10 a capacity of close to 300 mAh g (CusP)
for Li and around 170 mAh g (CugP)~! for Na is recovered. Considering
the Li case, 85% of the capacity obtained in the 2nd cycle are retained
after completing the rate performance test when reapplying C/10. In
contrast, only 71% for Na were retained. These results indicate that the
overall rate performance of the lithium cell is better compared to the
sodium cell. The observation that the storage capacity for Na is smaller
compared to Li for the same conversion electrode is frequently reported
in literature. This is typically explained with the larger ion radius of Na™
which makes efficient diffusion more difficult. Given the complicated
nanoscopic structure and the excessive SEI formation, however, a clear
explanation is difficult. In some cases, conversion electrodes show a
higher capacity for Na compared to Li when using transition metal car-
bodiimides such as CuNCN and ZnNCN, for example [51,52].

2.4. Post mortem analysis

Post mortem analysis was conducted in order study the electrodes
after cycling. XRD patterns (measured under Ar atmosphere) after 5 cy-
cles are shown in Fig. 3a and b. For lithium, CusP reflections can be
observed in the lithiated state, meaning that the conversion reaction was
incomplete. However, the broadening of the signals might be a hint for a
gradual loss in crystallinity (amorphization) during cycling. We could not
find any evidence for LizCuP which was found by Bichat et al. in small
amounts [47]. This might be also due to different experimental condi-
tions (larger active mass loading), see Table S1. In case of Na, CusP
signals are visible in the sodiated state as well. Broadening of CuyP sig-
nals is more distinct and therefore a stronger loss in crystallinity may take
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Fig. 3. Post mortem XRD analysis of CusP/C electrodes after 5 cycles a) in the lithiated/delithiated and b) sodiated/desodiated states. ICSD: 98-001-5056 was used as
reference for CuzP. The **’ indicates the diffraction signals derived from the Cu current collector (ICSD: 98-005-3755). For XRD, cycling was performed with a current
rate of 0.1 C (36.6 mA g ') in Li and Na half cells (two electrode geometry) in a voltage window of 0.5-2.5 V (Li cells) and 0.01-2.5 V (Na cells); XPS analysis of the P
2p signal is shown for c) the sodiated state of CusP of the 5th cycle; d) the desodiated state of CusP of the 5th cycle. For XPS, cycling was performed at 0.1 C
(36.6 mA g ') within a voltage window of 0.01-2V vs. Na'/Na using 1 M NaOTf in diglyme as electrolyte.

place upon cycling. Overall, XRD did not provide evidence for the for-
mation of LizP and respectively NasP. Note that the formation of copper
as discharge product could not be analyzed as copper was used as current
collector for the experiments,

For the Na-cell, further analysis on the possible discharge products
was done using X-ray photoelectron spectroscopy (XPS). The results of
the discharged and charged state after five cycles are shown in Fig. 3c and
d. Note, the samples were pretreated by Ar”-sputtering to remove the top
surface layer (see experimental for details), In the sodiated state, hardly
evidence was found for phosphidic species which show characteristic
signals at binding energies (BE) between 123 and 126 eV, see Fig. 3c.
However, the BE of phosphidic species is close to the Cu 3s signal from
the collector at about 122 eV, which complicates the analysis. On the
other hand, signals from phosphate species and other compounds con-
taining oxidized phosphorous (for simplicity denoted as “P-O bonds” in
the following) were clearly observed between 132 and 136eV. The
corresponding spectrum for the desodiated state is shown in Fig. 3d.
Similarly, a signal at 132-136 eV can be observed, however, with much
smaller intensity. These measurements are again an indication that the
conversion reactions are chronically difficult to analyze. The rather un-
expected observation of “P-O" bonds instead of the expected CusP is a
clear sign for side reactions with the electrolyte solution causing the low
ICE value and a thick SEI. The presence of “P-O" bonds is in line with the
observations of Fan et al. as they detected phosphate species next to
phosphidic species as well [33]. The difficulty in analyzing the samples

can be understood from a previous study on CuO thin films (approx.
200 nm in thickness) where we found that the SEI can grow to a thickness
of several pm during discharge but at the same time the surface layer
partly disappears during charging [11]. The partial dis-
solution/decomposition of the SEI during charging could explain the
reduced signal intensity for the “P-O" bonds in the desodiated state.

Overall, the results from XRD and XPS provided only limited infor-
mation on the electrode reaction. Nevertheless, some conclusions can be
drawn. (1) The XRD measurements indicate that the conversion reaction
is incomplete and that amorphous phases form during cycling, (2) The
XPS measurements show that the surface is rich in “P-O" compounds
which likely result from side reactions with the electrolyte solution
resulting in a thick SEL

2.5. In situ electrochemical dilatometry (ECD)

In situ ECD provides information on the electrode thickness during
charging/discharging (“breathing”), i.e. it is also sensitive to amorphous
phases and SEI formation as long as there is a sufficiently large change in
electrode thickness.

Fig. 4 shows the electrode thickness change for the lithium cell (1
M LiTFSI in 2G) and the sodium cell (1 M NaOTf in 2G). The presented
samples are well comparable since mass loading and initial height are
quite similar (36 vs. 39 um) and (3.49 vs. 3.23 mgcm ™ 2). Both cells
show a large increase in electrode thickness during the initial
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Fig. 4. In situ dilatometry studies of CusP in Li and Na half cells with diglyme
electrolytes a) 1 M LiTFSI in diglyme; b) 1 M NaOTf in diglyme. Cycling was
performed with a current rate of 0.1 C (36.6 mAg ') in three-electrode geom-
etry in a voltage window of 0.5-2.5V vs. Li*/Li and 0.01-2.5V vs. Na'/Na,
respectively.

sodiation/lithiation. This has been observed for other measurements
[36,53] and relates to restructuring of the electrode particles, com-
bined with surface film formation (SEI formation). The larger thick-
ness increase in case of sodium indicates a more excessive surface film
formation and also results from the ion size effect (Na > Li) [11]. Upon
further cycling, breathing becomes larger in the lithium cell, which
can be explained by the higher specific capacity obtained in compar-
ison to the sodium cell.

The use of carbonate electrolytes results in analogue behavior to the
use of diglyme electrolytes but a stronger capacity decay occurs (see
Fig. S5). Obviously, there is a larger thickness change in the initial cycles
for both cases, Li (23 pm) and Na (20 pm) compared to when diglyme is
used as electrolyte solvent (Li, 10 pm and Na, 17 pm), which might be a
hint for intensified side reactions when carbonate electrolytes are used.
Moreover, to begin of the intial discharging processes , the increase in
electrode thickness in case of the carbonates is slower compared to that of
diglyme electrolytes for both, Li and Na cells. While it is difficult to
completely rationalize this, it may indicate a more excessive electrolyte
decomposition before the desired cell reaction begins (see peak shape
profile). This layer limits then the redox activity upon further cycling and
hence a strong capacity fade occurs. These results are in line with the
results from GCPL from Fig. 4 as an improved capacity retention was
found for diglyme electrolytes in comparison to the carbonate
electrolytes.

The theoretical volumetric capacities and porosities of the electrodes
are summarized in Table S2 as they are important practical parameters.

Porosity values P were calculated with P = (1 - %ﬁ) +100%. The

calculation was based on the densities of the materials contained within
the electrode with the carbon black contribution to the overall capacity
being neglected. Herein, porosities range from 54% to 67% (see
Table s2), which is in good accordance with the porosities obtained in
our previous study on Sn + Sb and SnSb electrodes being prepared on the
same synthesis route [36]. Related to that, the achievable theoretical
volumetric capacities for the herein considered electrodes vary between
530 and 642mAh cm™3, which is about 64-78% of the theoretical
volumetric bulk capacity of the overall electrode (826 mAh em ).
However, the practical volumetric capacity for 2G LiTFSI was somewhat
lower, reaching 216 mAh em 2 in the 5th lithiation cycle, which is 41%
of the theoretical value. In case of Na, only 131 mAh em ™ discharge
capacity were obtained after five cycles corresponding to 23% of the
theoretical value for 2G NaOTf. These values show that the volumetric
capacities are smaller than that what is being found for graphite
(~550 mAh cm ) which emphasizes the need for further optimization
processes by e.g. calendering.

Overall, all electrodes showed large height changes in the first cycles
which is typical for conversion electrodes. Breathing was found being
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constant in case glyme electrolytes were used, while a rapid capacity
decay was found for carbonate electrolytes. The breathing for the lithium
cell was larger, in line with the significantly larger capacity.

3. Conclusion

Mechanochemically synthesized CusP/C composites were studied for
lithium and sodium storage in different electrolyte solutions. The most
important results are concluded as follows.

1) For Li and Na cells, the use of diglyme leads to a much better capacity
and cycle life compared to the carbonate electrolyte. The combined
overpotentials are also larger for latter electrolyte, indicating a more
resistive surface layer as a result of a more unfavorable electrolyte
decomposition.

Despite the larger voltage window the sodium storage capacity of the
electrodes is smaller. After 120 cycles, approx. 1 Na is stored per
formula unit compared to 1.74 for Li.

Revealing the reaction mechanism was found to be very difficult. Post
mortem XRD after discharging/charging reveals that CusP is not fully
utilized. Crystalline discharge products such as sodium or lithium
phosphide could not be detected. Instead, amorphization takes place
which seems stronger in case of Na. XPS measurements showed that
the surface layers contain oxidized phosphorus species likely as a
result of side reactions with the electrolyte solution. The first
discharge capacity exceeds the theoretical capacity due to electrolyte
decomposition/film formation.

Results from in situ electrochemical dilatometry studies corresponded
well to the galvanostatic measurements. The diglyme electrolyte
leads to more stable “breathing” while a rapid degradation is found
for carbonate electrolytes. Carbonate electrolytes lead to a larger
breathing during the initial discharge for both Li and Na, indicating
more side reactions and hence a more unfavorable SEI formation
which may cause the faster capacity fade for these electrolytes.

2

—

3

—
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=

3.1. Experimental part

Materials synthesis: Commercial Cu particles (<425 pm, 99.5% pu-
rity) and phosphorus (99,8% purity) from Sigma Aldrich were used as
active materials and were put in appropriate stoichiometric ratios into
zirconia jars. 5 g of the raw materials were ball milled in a planetary ball
mill (PBM, Fritsch Pulverisette 7) for 24 h at 400 rpm with a jar volume of
80 ml as well as in a subsequent step in a swing ball mill (SBM, Retsch
MM 400) for 12h with a jar volume of 10 ml applying a frequency of
25 Hz, in order to form a composite with carbon. CuzP to carbon weight
ratio was set to 7:3. For the use of both ball mill machines, the ball to
powder weight ratio was set to 10:1.

Characterization methods: XRD analysis of the CusP electrodes and
powders was performed with a Bruker Phaser D2 diffractometer using Cu
Ko radiation (0.02° step width and 20s step time). XPS of the CusP/C
electrodes was performed using a multiprobe system (Scienta Omicron)
with a monochromatic X-ray source (Al K,) and an electron analyzer
(Argus CU) with 0.6 eV spectral energy resolution. The spectra were
fitted using Voigt functions after background subtraction. In order to
remove the thin surface layer, consisting of salt residuals and oxidized
species, the samples were sputtered in the same multiprobe system using
Ar " -ions (FOCUS FDG150, 1 keV, 10 mA) for 30 min. This corresponds to
an approximate sputter depth of 15nm. Longer sputter times did not
change the spectra. SEM images were obtained using a benchtop SEM
machine (Phenom ProX) operating at 15kV accelerating voltage. TEM
specimens were prepared by dispersing the powder in ethanol in an ul-
trasonic bath and placing onto a holey carbon copper grid. The structural
features of the CuzP nanoparticles were studied by high-resolution
transmission electron microscopy (HRTEM) and selected area electron
diffraction (SAED) in a JEOL JEM 3010HT operating at 300 kV that is

73



W. Brehm A.L. Santhosha Z. Zhang et al.

equipped with a LaBg filament and a 1k x 1 k GATAN multi scan CCD-
camera.

Electrode preparation: A slurry, using 5 wt% of PVDF binder related
to the total weight of CusP/C powder was prepared in an NMP solution in
an MBraun Glovebox under Ar atmosphere. The slurry was casted with a
doctor blade by hand onto a copper foil (Schlenk) under inert conditions.
Electrodes were punched into round discs (12 mm diameter) and dried
overnight in a vacuum oven (Biichi B-585) at 70°C. The active mass
loadings varied between 1.5 and 2.5mgem 2. The initial electrode
thickness (without current collector) of the electrodes varied between 20
and 40 pm.

Electrochemical tests: The diglyme electrolytes for Na cells were
prepared by dissolving NaPFg (1 M) from Alfa Aesar and NaOTf (1 M)
(TCI Chemicals, 98%). The carbonate electrolyte was prepared by dis-
solving NaPFg (1 M) in a EC:DMC (1:1) mixture (chemicals obtained from
Sigma Aldrich). Diglyme and EC:DMC were dried over molecular sieves
(4 A, Sigma Aldrich). For the Li cells, the diglyme electrolyte was ob-
tained by dissolving (1 M) LiTFSI (Sigma Aldrich). For the carbonate
electrolyte, a commercial product of (1 M) LiPFs in EC:DMC (1:1) was
purchased from Sigma Aldrich. Electrochemical investigations were
performed in C2032 coin cells, using two pieces of glass microfiber filters
(Whatman, GF/A) as separator and Na metal (BASF SE) as counter
electrode. An electrolyte volume of 100 pl was used for each cell. Cycling
was conducted using Biologic MPG2 and BCS instruments.

In situ dilatometry was performed using a three electrode setup of
ECD-3-nano from EL-CELL for measuring the expansion and shrinking of
the electrodes. Herein, the used electrodes exhibited a diameter of
10 mm.
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Publication 3: Copper thiophosphate (Cus3PSs) as electrode for sodium-ion
batteries with ether electrolyte

The application of a thiophosphate (CusPS,;) as electrode

2 | — | . . . . . .
J——b:_’ — 500 material is demonstrated for sodium ion batteries in half cells.

During cycling, redox activity of CusPS; is found to be largely
dominated by sulfur including the formation of Na,S as a final

discharge product. This way, CusPSs; shows excellent cycle

life while reaching capacities of about 580 mAh g!.

Voltage vs. Na*/Na

Keyword: Thiophosphate electrodes.

In publication 3 the redox activity of a thiophosphate is considered for its use as electrode material for
SIBs. Li/Na thiophosphates are often used as electrolytes in SSBs as they provide high ionic
conductivities and structural integrity. Before this publication, there was only one study about using a
thiophosphate (LisPSs) in combined application as electrode and electrolyte for Li SSBs ] but
however, no study has been carried out for the use of a thiophosphate as an electrode in SIBs. This
study aims at studying the redox activity of a thiophosphate in SIBs when being used only as an
electrode at the example of copper thiophosphate (CusPS4). The synthesis of this thiophosphate is
based on reactive ball milling of the raw materials S, P»Ss and Cu in powder form using appropriate
stoichiometric ratios. The as-synthesized CuszPS4 is characterized by XRD, TEM and SEM related to
its crystal structure, morphology and particle size. Electrochemical investigations, in situ XRD? and
XPS based post mortem studies reveal that CusPS4 undergoes a phase conversion with Na, based on
the reversible formation of Na,S, leading to capacities of about more than 580 mAh g after 200
cycles @ 120 mAh g™'. Furthermore, redox activity is dominated by sulfur. Interestingly, only during
the initial discharge, copper (Cu) is the sole redox active element, while in the further cycles the redox
inactive remaining Cu can act as polysulfide trap, avoiding dissolution effects and resulting in

enhanced cycle life. However, the role of phosphorus remains unclear so far.

The authors of this publication are Wolfgang Brehm, Aggunda L. Santhosha, Zhenggang Zhang,
Christof Neumann, Andrey Turchanin, Andréa Martin, Nicola Pinna, Martin Seyring, Markus

Rettenmayr, Johannes R. Buchheim and Philipp Adelhelm.

The results of this study were published in Advanced Functional Materials under the title “Copper
thiophosphate (CusPS4) as electrode for sodium-ion batteries with ether electrolyte” (doi:

10.1002/adfm.201910583).

2 In the research community the terms in situ and operando are not consistently used. In cooporation with the
coauthors, the designation operando XRD was used in publication 3.
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Adelhelm.

This is an open access article distributed under the terms of the Creative Commons CC BY license,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original

work is properly cited.

76


https://creativecommons.org/licenses/

FULL PAPER

ADVANCED
FUNCTIONAL
MATERIALS

www.afm-journal.de

Copper Thiophosphate (Cu;PS,) as Electrode for
Sodium-lon Batteries with Ether Electrolyte

Wolfgang Brehm, Aggunda L. Santhosha, Zhenggang Zhang, Christof Neumann,
Andrey Turchanin, Andréa Martin, Nicola Pinna, Martin Seyring, Markus Rettenmayr,

Johannes R. Buchheim, and Philipp Adelhelm*

Lithium and sodium thiophosphates (and related compounds) have recently
attracted attention because of their potential use as solid electrolytes in solid-
state batteries. These compounds, however, exhibit only limited stability in
practice as they react with the electrodes. The decomposition products partially
remain redox active hence leading to excess capacity. The redox activity of
thiophosphates is explicitly used to act as electrode for sodium-ion batteries.
Copper thiophosphate (Cu3PS,) is used as a model system. The storage
behavior between 0.01 and 2.5 V versus Na*/Na is studied in half cells using
different electrolytes with 1 M NaPF; in diglyme showing the best result. Cu;PS,
shows highly reversible charge storage with capacities of about 580 mAh g™

for more than 200 cycles @120 mA g~" and about 450 mAh g~' for 1400 cycles
@1 A g7'. The redox behavior is studied by operando X-ray diffraction and X-ray
photoelectron spectroscopy. During initial sodiation, Cu;PS, undergoes a con-
version reaction including the formation of Cu and Na,S. During cycling, the
redox activity seems dominated by sulfur. Interestingly, the capacity of Cu;PS,
for lithium storage is smaller, leading to about 170 mAh g™ after 200 cycles. The
results demonstrate that thiophosphates can lead to reversible charge storage
over several hundred cycles without any notable capacity decay.

from the rich chemistry of layered oxides,
polyanion compounds and Prussian blue
analogues, which allows tuning of the
electrode properties.l’ To reduce cost, com-
pounds rich in abundant Mn and Fe are
preferred over Co and Ni that dominate
the cathode materials for most lithium-
ion batteries (LIBs). The composition of
the electrolyte solutions is largely adopted
from LIBs with carbonates as solvents
and NaPF as conductive salt though also
ethers are increasingly being studied as
well as polymer and inorganic solid elec-
trolytes.”l Considering potential negative
electrodes, however, the materials choice
is presently rather limited. Graphite, being
the standard material in lithium-ion bat-
teries, can only be applied using solvent
cointercalation phenomena in ether elec-
trolytes.”) The capacity, however, is lim-
ited to around 110 mAh g so far and the
electrode undergoes large volume changes
during cycling.®) Higher capacities can
be achieved in disordered carbons,” but

1. Introduction

Sodium-ion batteries (NIBs) are currently developed with the
aim to provide an alternative to lead—acid and lithium-ion bat-
teries that is based on more abundant and low-cost materials.
The progress in the field is frequently summarized in litera-
ture.") For the positive electrodes, the field is especially profiting

much of the capacity is obtained at potentials likely too close to
the sodium metal plating potential to enable safe operation. Var-
ious titanium oxides and related compounds are of interest too
because titanium is quite abundant. The capacities, however, are
often well below 200 mAh g '1¥l From the class of metals and
metalloids, only Sn, Sb, and Pb show high storage capacities.*?
While the volume expansion on the electrode level can be
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effectively buffered by embedding the particles in a carbon
matrix, the widespread use might be limited as these elements
are not abundant. Moreover, Pb, Sb and their compounds are
not environmentally friendly and/or toxic. For high capacity
electrodes, this largely leaves conversion electrodes as options !
These are based on transition metal compounds, often oxides
or sulfides. During sodiation/lithiation, the transition metal is
fully reduced along with formation of sodium/lithium oxides
or sulfides. Depending on the transition metal and the type
of anion (oxides, sulfides, fluorides, ...) used, the properties of
these electrodes can strongly vary. Common advantages are
very high capacities easily reaching several hundred mAh g,
while common challenges are sluggish kinetics leading to large
voltage hysteresis, volume expansion, and low initial coulombic
efficiency (ICE). Moreover, the reaction mechanisms are often
nonideal, include amorphous and intermediate phases along
with side reactions, see, e.g., results on CuQ,[10%11]

Recently, copper phosphides were investigated because of
their very high theoretical volumetric or gravimetric capacities.?
For example, Zhao et al. reported that CuP; has a theoretical
capacity of gy, = 1282 mAh g In Na half cells, the practical
storage capacity at 150 mA g! was about 450 mAh g™ between
the 2nd and 30th cycle (=100% capacity retention). However,
strong capacity fading occurred during prolonged cycling
leaving only 170 mAh g after 100 cycles.['2®l Cu;P shows only
a moderate theoretical capacity of 363 mAh g7, i.e., on par with
graphite in lithium-ion batteries, but its volumetric capacity is
approximately three times higher (2664 Ah I vs 781 Ah 1), Stan
et al. found stable cycling with 220 mAh g after 50 cycles.[]

Copper sulfides (CuS with gy, = 560 mAh g™ and Cu,S gy, =
337 mAh g} are also well known as high capacity storage mate-
rials for LIBs and NIBs. Their high intrinsic electronic and ionic
conductivity is a great advantage, but cycle life is poor in com-
monly used carbonate electrolytes." Han et al. for example
showed for a carbonate electrolyte a comparably high specific
capacity of 582 mAh g! in the initial cycle, but only 13.8% after
the first 10 cycles were retained for a Li half-cell.' Moreover, in
another study from Debart et al. a similar high capacity value was
achieved in the initial cycle, and they observed a drop to about
50 mAh g after five cycles, explained by the dissolution of active
material in the carbonate electrolyte.'") Jache et al. could link this
strong capacity fade to the electrolyte solvent and showed that the
use of carbonates leads to short cycle life while ethers provide
long cycle life. Bulk CuS and Cu,S were used for this study, the
latter showing the best cycle life."*"! Using also an ether electro-
Iyte, Wang et al. showed for nanostructured Cu$ that high capaci-
ties between 376 and 447 mAh g™! are obtained for more than 100
cycles at C-rates up to 2C.1V In case of sodium, Park et al. showed
that the theoretical capacity of CuS can be almost reached after a
longer activation period of around 100 cycles (0.2C).*!

The combined use of copper, sulfur and phosphorous leads
to the class of copper thiophosphates. Cu (6 $ kg™)" and espe-
cially P (0.45 $ kg )?% and S (0.1 $ kg )*! are cost-effective and
abundant elements, making them attractive for application. It is
interesting to note that lithium/sodium thiophosphates such as
Li;PS, and Na;PS, are currently highly studied as solid electro-
Iytes (SE) for all solid state batteries thanks to their high room
temperature ionic conductivity in the order of =10*-107% S ¢m™!
and their high ductility??l Recent results, however, showed that

Adv. Funct. Mater. 2020, 1910583 1910583 (2 of 12)
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the solid electrolytes easily decompose in contact with positive
and negative electrodes as the theoretical electrochemical sta-
bility window is quite narrow.?¥ Long-term use of these mate-
rials in high voltage batteries therefore requires the formation
of suitable interphases that stabilize the electrode—electrolyte
contact areas.?2>¢23] [n analogy to conventional lithium-ion bat-
teries, formation of a solid electrolyte interphase (SEI) is desired,
yet this is not a trivial task. Decomposition products of the solid
electrolyte, however, can also remain redox active during cycling,
hence leading to excess capacity. While this is not necessarily a
problem, it can lead to a continuous cell degradation and an over-
estimation of the storage capacity of the electrode material.**"!
Calculations predicted that the electrochemical stability window
for thiophosphate electrolytes is limited by sulfur and by phos-
phorus redox activity (depending on the redox potential).[224
Here, we intentionally use a thiophosphate not as solid elec-
trolyte, but instead as electrode material Cu;PS, is taken as a
study case. To the best of our knowledge, the intentional use
of thiophosphates as electrode material for NIBs has not been
reported vyet. Nevertheless, it is important to mention a very
recent study by Fan et al., who reported on iron thiophosphite
(FePS;) and related compound.? According to their results,
a composite electrode with reduced graphene oxide was syn-
thesized and showed an initial capacity of about 880 mAh g
(0.05 A g7!) in a Na half cell, however the ICE was only 48%. After
the first cycle the capacity was around 420 mAh g Cycling led
to a capacity fade of 58% over 300 cycles leading to 243 mAh g .
Higher capacities and better cycle life were achieved for lithium
with 843 mAh g found after 120 cycles. The ICE value was
only 59%, however. Similar findings were observed in a study
by Edison et al. about tin thiophosphite SnPS; in a Li half
cell.?l They obtained capacity values >2300 mAh g in the
initial cycle, but the ICE was even only 38%. However, still a
capacity of 532 mAh g! after 100 cycles (0.1 A g™) was retained.
Although improvement is necessary, these findings are a clear
motivation to study the behavior of thiophosphates as electrodes
in batteries. An advantage of Cu;PS, over FePS; and SnPS; is
the possibility to synthesize the former by simple reactive ball
milling, while for the latter two more complex synthesis routes
were applied. The Cu;PS, was first prepared in a ball mill and
then subsequently mixed with carbon black in a second Dball
milling step to prepare a Cu;PS,/C composite. Electrodes of the
active material were tested for their sodium storage behavior
in half cells. A variety of analytical tools (scanning and trans-
mission electron microscopy (SEM, TEM), X-ray photoelectron
spectroscopy (XPS) as well as operando X-ray diffraction (XRD)
are applied to study the reaction mechanism. Electrochemical
results are compared with the analogue lithium half cells.

2. Results and Discussion
2.1. Materials Characterization
Cu;3PS, was synthesized in a planetary ball mill (PBM) for 24 h

at 400 rpm from stoichiometric amounts of Cu, sulfur and P,S5
according to

6Cu+P,S; +3S — 2Cu,PS, (1)

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The reaction product was confirmed by XRD, as shown
in Figure 1. Cu;PS, crystallizes in an orthorhombic struc-
ture and the pattern is well in line with the reference (ICSD:
98-041-2240). Rietveld refinement revealed lattice parameters
of a =7254(5) A, b = 6.305(5) A, ¢ = 6.041(2) A (Pmn21 space
group) and a crystallite size of 21 nm, see Figure S1 in the Sup-
porting Information.

Local analysis was done using TEM combined with selected
area electron diffraction (SAED), presented in Figure 2. The
images show that the as-prepared Cu,PS, consisted of poly-
crystalline agglomerates with high phase purity. SAED pat-
tern and bulk powder XRD pattern are compared in Figure S2
(Supporting Information), showing good agreement. High
resolution TEM images in Figure 2c show an interplanar lattice
spacing of 3.09 A (red) corresponding to the (002) planes, i.e.,
half of the length of the c-axis of the Cu,PS, unit cell. Moreover,
6.39 A were measured for the interplanar distance of the (100)
lattice plane, which is in good agreement with the length of the
b-axis of the Cu;PS, unit cell. These results are well in line with
the results of the Rietveld refinement of the XRD analysis in
Figure 1. Overall, the results confirm that phase pure Cu;PS, was
obtained by the ball milling process. An important difference

50 nm

www.afm-journal.de

ICSD: 98-041-2240
orthorhombic (P mn 21)

o3 (210)

1211)

Intensity /a.u.

v i | : A
10 20 30 40 50 60 70 80
20(CuKa)/°®

Figure 1. X-ray diffraction pattern of Cu3PS, powder synthesized by high
energy ball milling for 24 h in a planetary ball mill (ICSD: 98-041-2240).
The obtained pattern corresponds to an orthorhombic crystal lattice of
the Pmn21 space group.

Figure 2. TEM analysis of the Cu;PS, powder: a) single particle image; b) TEM/SAED pattern; ¢) HRTEM images of agglomerated Cu;PS, crystals.

Adv. Funct. Mater. 2020, 1910583 1910583 (3 of 12)
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Figure 3. SEM images of the Cu;PS,/C composite electrode and EDS elemental mapping.

between Cu;PS, and the thiophosphates Li;PS, and Na;PS,
used for solid state batteries is that Cu;PS, is air stable, while
the latter compounds are highly hygroscopic, leading to imme-
diate formation of H,S upon air exposure. Cu;PS, is also stable
in ethanol as it was used in photo-electrochemical studies.!2%%]

The synthesized CusPS, was mixed with carbon black
as conductive additive (7:3 by weight) in a swing ball
mill (SBM) for 12 h (25 Hz) to form a Cu,PS,/C com-
posite. Electrodes were then prepared by casting a slurry
onto a copper current collector using PVDF as binder. The
total composition of the electrode in weight fractions was
Cu;PS:C:PVDF = 0.66:0.29:0.05. SEM/EDS images of the elec-
trodes shown in Figure 3 reveal fine particles up to a few um
in size and a homogenous distribution of all elements suggesting
that Cu3PS, was intimately mixed with carbon. This observation
is in line with the XRD results. A more detailed view on the
particle size and the materials morphology can be seen in the
TEM images shown in Figure S3a,b (Supporting Information).
The particles presented in Figure S3a (Supporting Information)
were captured directly after synthesis in the PBM. The syn-
thesis leads to particles in different sizes ranging from around
<100 nm up to about 1 pm. The embedment in the surrounding
carbon matrix after the additional ball milling step with carbon
can be seen in Figure $3b—d (Supporting Information). Herein,
also larger aggregates >1 um were observed. The particles show
an irregular shape as expected, which can be seen with a more
detailed view on Figure S3c,d (Supporting Information).

Thickness and loading of the electrodes were around 20 um
(without current collector) and between 1.5-2.2 mg cm™.
Assuming an ideal and full conversion according to

Cu,PS, +11Na 22 3Cu + 4Na,S + Na,P| 843 mAh g (2)

would correspond to a theoretical areal capacity between
2.5-3.7 mAh em™. All experiments presented in this manu-
script were performed at a current density of 120 mA g™, using
a solution of NaPF; (1 m) in diglyme as electrolyte.

Adv. Funct. Mater. 2020, 1910583 1910583 (4 of 12)

2.2. Electrochemical Characterization of Cu;PS,

Voltage profiles are shown in Figure 4ab. The initial cycle
shows a discharge capacity of more than 1030 mAh g!
(1.49 mAh cm™), followed by a charge capacity of 817 mAh g™,
Sloping voltages and a large hysteresis are observed, which are
typical for conversion reactions. However, some distinct features
can be seen, which will be discussed further below. The initial
coulombic efficiency of 79% indicates an irreversible capacity
loss within the initial desodiation step. This is also typical for
conversion reactions and a result of solid electrolyte interphase
formation along with formation of a nanoscopic structure.[10%!
The coulombic efficiency values were determined using

Ne :%x 100%. As can be seen in Figure 5, the capacity fur-

in

ther drops in the subsequent cycle by more than 200 mAh g™
This fading ends after around 25 cycles (=400 mAh g™, after
which the capacity increases again until the 150th cycle. The
gradual activation of the electrode can be also seen from the
derivative plots. Figure 4c shows that the peak positions shift
during cycling for about 100 cycles after which the situation
becomes stable (with a slight average increase of +0.35 mAh g}
between the 100th and 200th cycle). Such a long-term activa-
tion over many cycles has been also reported by Park et al. for
CuS by using the same electrolyte as in the present study.'®l It
is important to note that carbon black also contributes to the
storage capacity, see Figure S4 (Supporting Information). The
maximum capacity of carbon black after the initial cycle is about
180 mAh g! in the applied voltage window. This means that the
maximum contribution to the electrode is 54 mAh g(Cu;PSy)™,
i.e., below 10% when considering stable cycling at capacities of
around 600 mAh g(Cu;PS,)~". We therefore neglect the contri-
bution of carbon black in the following discussion. The deri-
vate plot accentuates voltage plateaus, i.e., the plateau at 1.42 V
becomes clearly visible as a strong peak. This feature almost
completely disappears upon cycling, being a first hint on some
irreversible two-phase process taking place. It is unlikely that

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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0.01-2.5 V versus Na*/Na with a current density of 120 mA g'; b) voltage profiles of the 25th, 50th, 100th and 200th cycle; c) capacity derivative curves

of the Tst, 2nd, 50th, 100th, and 200th cycle.

this feature relates to electrolyte decomposition as glymes are
usually very stable at low potentials versus Na“/Na. In the sub-
sequent cycles, enhanced activity is found around 2 V. The
intensity of the peaks increases upon cycling, indicating that
the redox behavior changes. This is in line with the activation
of the electrode seen from the galvanostatic measurements.
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Figure 5. Discharge capacities versus cycle number and the corre-
sponding Coulombic efficiencies for more than 200 cycles. Cycling was
performed with T m NaPF; in diglyme as electrolyte within a voltage
window of 0.01-2.5 V versus Na“/Na with a current density of 120 mA g™,
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Without further analysis, a redox activity around 2 V could be
due to reduction/oxidation of sulfur andjor polysulfides.*!
The voltage profiles and corresponding derivate plots over
200 cycles show that, although the overall behavior is quite
sloping, several steps repeatedly appear, indicating a multi-
step reaction process. According to the derivative plot, redox
plateaus during reduction occur at around 1.5, 1.0, and 0.5 V.
Plateaus during oxidation (desodiation) become more distinct
during cycling, especially at higher cycling numbers (1.50 and
1.82 V). The third desodiation plateau is developing after around
100 cycles and shifts to voltages of about 2.25 V after 200 cycles.
The combined overpotentials vary between about 0.6 to 1.0 'V,
being similar to many other sulfides/phosphides."%?1829 Inter-
estingly, the kinetics improve over cycling as the voltage gap of
the hysteresis decreases. This decrease is likely the reason for
the gradual increase in electrode capacity, as one can observe in
Figure 5. In order to prove the reproducibility of the cycle life
test, in total five cells were assembled being successfully cycled at
least for 50 times. All of them showed the mentioned activation
process reaching capacity values of at least 450 mAh g(Cu;PS,)™!
so far. The capacities obtained for Cu;PS, are higher than for
CusS electrodes and enable enhanced cycling life in comparison
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to the well-known CuP, when not using complex synthesis
methods in order to create composites. 221830

We further used impedance spectroscopy to qualitatively
follow changes of the electrode during cycling. Figure S5ab
(Supporting Information) shows impedance spectra over sev-
eral cycles (desodiated state). The overall resistance increases
during the early cycles, which is generally associated with an
increase in the charge transfer resistance. After that, the total
resistance decreases again reaching values of about 10-16 Q.
This observation is in line with the gradual activation of the
electrode discussed above.

For comparison, the electrodes were also tested in lithium
half cells and with different electrolyte compositions and
voltage windows, see Figures S6 and S7 (Supporting Informa-
tion). In a previous study, we found a very strong influence
of the conductive salt on reactions in diglyme based electro-
Iytes, with NaOTf and NaPF; being preferred for sodium and
graphite electrodes.*!) Figure S6 (Supporting Information)
shows that, for lithium, the best capacity retention was found
for a voltage window between 1-2.5 V versus Li*/Li, with a
capacity of 170 mAh g(CusPS,) ! retained after 200 cycles at
50 mA g using 1 m LiTFSI in diglyme. Figure S7 (Supporting
Information) shows results for various electrolyte composi-
tions at two different current densities (50 and 120 mA g™'). It
is important to mention that a one-to-one comparison between
NaPFg and LiPFg in diglyme is not possible as LiPFg forms
solid complexes with diglyme. A similar behavior is found for
LiC10,.*?l Moreover, a selected carbonate electrolyte was tested
and showed to be not appropriate for the use in Li and Na half
cells, concluded from Figure S8 (Supporting Information).
Among the various compositions tested, stable cycling at high
capacity as well as an activation of the electrode is only found
for NaPFg when using diglyme as solvent. In case of other salts
as well as for the lithium half cells, a much lower capacity and
rapid fading was observed. While further explanations on this
behavior are outside the scope of this manuscript, it is clear that
the electrolyte composition is very important for cycling the
CusPS, electrodes. The differences in electrode performance
for varying electrolyte compositions are usually linked to a dif-
ferent solid electrolyte interphase formation. Further optimiza-
tion of the electrolyte composition may therefore even lead to
better results. The improved behavior for diglyme compared
to carbonates is well in line with reports on copper sulfides,
which also suffer from rapid capacity for the latter solvents.!"*"]
Interestingly, the sodium cells show higher capacities com-
pared to the lithium cells in the diglyme-based electrolyte. This
is also found for conversion reactions with copper diimide
(CuNCN)*¥ though usually the opposite trend is found, ie.,
experimentally determined capacities for conversion reactions
with lithium are typically higher than for the analogue reaction
with sodium.

2.3. Postmortem Analysis of Cu3PS,

The reaction mechanism was studied by X-ray photoelectron
spectroscopy (XPS) and (operando) X-ray diffraction. For this,
the best performing electrodes, i.e., the electrodes cycled in
NaPFj (1 M) diglyme were chosen. Before discussing the results,
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one has to realize that the redox chemistry of thiophosphates is
very complex. Considering Cu;PS,, the formal oxidation states
are Cu(+l), P(+V), and S(~II). During oxidation/reduction, all
three elements can be redox active, e.g., Cu(+I) can be reduced
to Cu(0) or oxidized to Cu(II), S(-II) can be oxidized to poly-
sulfides S,>~ or $(0), P(+V) may be reduced to P(+1V), P(0) or
P(~III) and so on. P,S; may also reappear as compound during
the reaction. Moreover, a variety of thiophosphate anions exists,
that may form during cycling as well. A discussion on the
chemistry of lithium thiophosphates can be found in a review
by Ghidiu et al.13¥

As conversion reactions are typically very complex in nature,
it is generally difficult to clarify the redox chemistry. Part of the
problem is that the reactions are often incomplete and, in many
cases, amorphous and intermediate phases are formed. This
becomes even more challenging for Cu;PS, as all elements can
be redox active. Moreover, the formation of often thick SEIs
additionally aggravates the analysis of the bulk electrode. Nev-
ertheless, in the following we attempt to at least confirm or
exclude some of the possible reaction products using a more
surface (XPS with depth profiling) and a bulk (XRD) sensitive
technique. It is known that thiophosphates used as solid elec-
trolytes react when exceeding their electrochemical stability
window (=2 V vs Li*/Li), leading to excess capacity.”*") During
oxidation, $(0) formation is likely as well as the formation of
P,Ss or anions like P,S.>, P,S;*, and P,Sg*.12%< Further side
reactions with these decomposition products can occur during
reduction at lower voltages of about 1.5 V, this way forming
products like Li,P;S; as well as Li3P and Li;S.[#*

For the XPS studies, the pristine electrodes and the cycled
electrodes after stabilization (50th cycle sodiated and desodiated
state) were compared, see Figure 6. Ar'-sputtering was applied
to remove possible surface layers/SEI components (see the
Characterization Methods for details). Figure 6a,b shows the
high resolution S 2p and P 2p spectra for the pristine electrode.
Results on Li;PS, and Ag;PS, served as reference for inter-
preting the data.l’*l The spectra were in good agreement, which
is reasonable considering that y-LiyPS,, Ag;PS, and CusPS,
share the same crystal structure and space group (Pmn2l).
Doublet peaks (energy separation = 1.2 eV) at binding ener-
gies (BE) of 162.0 eV for the S2p signal can be related to the
transition metal-PS,*" bondings by comparison with literature
data on Li;PS, and Ag;PS,. A signal for PS,* has been reported
at 161.5 eV for Li;PS, % at 163.7 eV for crystalline Ag;PS,
and at 162.1 eV for amorphous Ag;PS,*® The small devia-
tions between the different thiophosphates are due to the dif-
ferent cations. Another peak at a BE of 163.5 eV was detected,
corresponding to sulfur or other P-S compounds.?*d Qiao
et al. explain that amorphization leads to a shift of the P-S-P
binding energies to lower values.[*>"] Consequently, the overall
broad peak related to the S2p signal may be also due to an
overlay of crystalline and amorphous Cu,PS,. Note that there
was no indication for other phases by XRD (Figure 1). Results
for the cycled electrode are shown in Figure 6¢c—f. Figure 6¢
shows the S 2p spectrum of the electrode after sodiation. The
peaks according to the S 2p;;, and S 2p,; signals at 161.6 and
162.8 eV can be assigned to Na,S,?° which is an expected dis-
charge end product according to Equation (2). This means that
the tetrahedral coordinated P—S bonds cleave during sodiation.
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Figure 6. XPS analysis of the S 2p signal for a) pristine Cu3PS; c) the sodiated state of the 50th cycle; e) the desodiated state of the 50th cycle.
b,d,f) The corresponding P 2p signals are shown. The sputtering time was 30 min. Cycling was performed at 120 mA g7 in a voltage window of

0.01-2.5 V versus Na“/Na using 1 m NaPFg in diglyme as electrolyte.

Similarly, the P 2p signal has changed after sodiation, as can be
seen in Figure 6d. The vanishing of the species marked in light
blue at 131.8 eV (P2ps);) and 132.6 eV (P2pp), indicates the
P—S bond cleavage. This finding is in line with the results by
Fan et al. and Edison et al. obtained for FePS; and SnPS;./*>%l
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Figure 6e shows the S 2p spectrum after subsequent charging
(50th cycle, desodiated state). Again, the signature of Na,S
can be found. However, the signal is broader, especially after
removing the oxidic surface layer by sputtering with Ar'-ions.
This is an indication that residues of Na,S remain inactive.l*’!
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Moreover, more sodium polysulfide compounds might be
formed. The occurrence of other charging products such as
Cu3PS, or Cu,S could not be clearly evidenced as the signals
from Na polysulfides (161.7 eV/163.3 eV for terminal and central
sulfur), PS,* (162.1 eV) and Cu,S (162.6 eV) are overlapping
each other.36:37]

Overall, the S 2p spectrum provides at least proof for the
formation and (partial) decomposition of Na,S during dis-
charging/charging. The XPS data could not be used to con-
firm formation of elemental copper since the signals of Cu (I)
(932.4 eV) and elemental Cu (932.6 eV) in the Cu 2py;, spec-
trum are extremely close.*®] Nevertheless, the data is shown in
Figure $9a,b (Supporting Information). Little evidence for the
presence of a small amount of Cu?* (933.8 eV) can be found in
the charged electrode, as it can be observed in Figure S9b (Sup-
porting Information). This indicates that some CuO might be
present in the sample. However, this contribution can be also
due to a CuO impurity that formed during the short air expo-
sure during sample transfer or formed by a side reaction with
the diglyme electrolyte.

Figure 6b,d,f shows the results for the P 2p spectra. The
pristine material shows a doublet at a BE of 131.8 eV due to
PS;* (again by comparison with Li;PS,).»*>%3 Furthermore,
another P—S bonding species can be seen at 132.6 eV, being
either a sign for a local P,S, residue which might not have fully
reacted to Cu,PS, during synthesis or being due to the above
mentioned existence of some amorphous Cu;PS,. As sulfur for-
mally remains in the —II state during discharging, phosphorous
may be redox active. As the oxidation state of P in Cu3PS, is +V,
reduction to lower oxidation states during sodiation is expected.
However, formation of CuyP could be excluded, because no
signal at BEs around 129-130 eV was detected.’”) There was
also no evidence for elemental phosphorous, which should
show signals at a BE of around 128 eV. The signal at around
133 eV fits to phosphates and thiophosphates, which may have
formed due do side reactions or reactions with the electrolyte.
The formation of NasP as the most likely discharge product
(see Equation (2)) could not be confirmed. However, the cor-
responding binding energy at around 127 eV overlaps with sig-
nals of the Cu 3s spectrum at 126 eV, therefore complicating
the analysis. Due to this overlap, no data <127 eV were acquired.
Nevertheless, substantial formation of Na;P during discharging
can be excluded from the XPS data. After sodiation, P,Ss could
be detected at 133.7 eV.*"] However, as formation of P,S; cannot
account for the large capacity values determined, it is expected
to be only a minor component of the electrode. Consequently,
the redox activity of phosphorus cannot be clearly clarified via
XPS, but phosphorus could be evidenced as oxidized species
with an oxidation state larger than zero in the sodiated and in
the desodiated state as well. Dietrich et al. demonstrated that
the occurrence of Li,S in presence of P,S; influences the P-S-P
binding energy due to acting polarization forces."! Thus, we
may observe an analogue case for Na, i.e., an overlay of shifted
binding energies between 132-134 eV derived from P,Ss due to
the presence of Na,S is likely.

Before sputtering, the spectra of F 1s (6877 eV) and P 2p
(1377 eV) show presence of PF", which remains from the con-
ductive salt. The signals disappear by sputtering, indicating
the conductive salt residues are located close to the electrode
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surface. Figure S9¢.d (Supporting Information) shows evidence
for NaF at a BE of 684.7 eV in the F 1s spectrum, which is an
expected product of SEI formation.

The analysis by XPS leads to the following conclusions for
the redox reactions after electrode activation (50th cycle): a)
After sodiation as well as after desodiation, the presence of
Cu3P, Na;P, P(0) and S(0) can be excluded; b) sodiation leads
to formation of Na,S, but not all of it disappears during deso-
diation; ¢) PS,* could not be observed, meaning that Cu;PS,
is not an active compound during cycling, so it is irreversibly
decomposed during electrode activation. However, very little
P,S5 may be present; d) small amounts of Cu,S in overlay with
Na polysulfides may be present.

2.4. Operando XRD Analysis of Cu;PS,

Figure 7a shows operando XRD results for the 1st cycle. Upon
sodiation, the Cu;PS, reflections immediately start to disap-
pear. This process is clearly linked to the voltage plateau at 1.4 V
versus Na*/Na. This plateau only appears during the first sodia-
tion process, see also Figure 4a indicating that the structure of
CusPS, is irreversibly converted. At the same time, reflections
due to Na,S and Cu become more intense, which can be more
clearly seen from the patterns after complete discharge and
charge, looking at Figure 7b. The Na,S signal intensity con-
tinuously increases with the degree of sodiation, reaching its
maximum at the end of the discharge at 0.01 V versus Na'/Na.
This indicates that Na,S continuously forms during sodiation.
During subsequent desodiation (charging), the intensity of the
reflections continuously decreases, yet complete disappear-
ance does not take place. This indicates a partial reversibility of
the Na,S conversion during cycling, well in line with the XPS
findings. Charge products could be polysulfides or elemental
sulfur (the former being confirmed by XPS). Formation and
disappearance of Na,S could be also found in the 2nd cycle (cf.
Figure 7b). Only minor changes in the intensity of the Cu (111)
reflection are observed within the 2nd cycle, indicating a very
small, if any, redox activity of copper during cycling, looking
at Figures S10 and S11 (Supporting Information). The results
therefore indicate that the high storage capacity of the electrode
is due to sulfur redox. Also phosphorous might contribute, but
neither XPS nor XRD could provide any evidence for this.
Considering this, the first cycle is clearly very different
from all the others. As sulfur in Cu,PS, is already in its fully
reduced state, the initial sodiation capacity is largely linked to
reduction of Cu® to Cu(0). Sulfur then becomes redox active
during the first desodiaton step. In view of the very good cycle
life for an electrode based on sulfur redox, one may therefore
speculate that the formed copper nevertheless plays a role in
improving the behavior of the electrode. This might be because
the formed copper improves the local electronic conductivity
and because copper can trap polysulfides (by forming, e.g.,
CuS and Cu,S) that would otherwise dissolve into the electro-
lyte. Copper sulfides could also reversibly store charge in this
electrolyte;*>18] however, XRD clearly shows that most of the
copper remains in its metal state during cycling. The domi-
nant role of the sulfur redox can also be rationalized from the
experimentally determined capacity values which reach about
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Figure 7. Operando XRD analysis after a) the initial sodiation and deso-
diation step. The crystalline nature of Cu;PS, vanishes and Cu as well
as Na,S signals increase during sodiation. The measurement was per-
formed continuously during recording the diffraction patterns. b) XRD
patterns after completed sodiation and desodiation of the initial 2 cycles.
Following references were used: Cu3PS,: ICSD: 98-041-2240 with the (210),
(002) and (21) plane; Na,S: ICSD: 98-006-0436 with the (111) and (022)
plane and Cu: ICSD: 98-005-3755 with the (111) plane. Cycling was per-
formed at 120 mA g7 in a voltage window of 0.01-2.5 V versus Na*/Na
using 1T m NaPFg in diglyme as electrolyte,
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580 mAh g after more than 200 cycles. Assuming solely sulfur
redox between $2~ and S°, the capacity of the electrode (with the
formal composition of Cu3PS,) would be 613 mAh g(CusPS,) 7,
i.e., the values are close to each other.

Finally, it is also worth noting that the long cycle life shown
in Figure 5 implies that dissolution of the electrode compo-
nents does not take place. This is not necessarily expected, as
for example Na,S in combination with P,S5 shows a high solu-
bility in diglyme (the individual compounds do not).*!! Dissolu-
tion of the active material would lead to a rapid capacity fading.
As XPS and XRD both provide evidence for Na,S formation,
the long cycle life directly implies that P,Ss does not occur in
larger amounts during cycling.

2.5. Rate Performance and High Current Stability

Rate capability measurements are shown in Figure 8a.
Even at current densities as high as 5 A g'!, values around
350 mAh g ! were obtained. After decreasing the current den-
sity again to 120 mA g, the capacity recovered to values of
about 600 mAh gl The voltage profiles at different current
densities are shown in Figure S12 (Supporting Information).
Figure 8b shows the cycling stability test at a current rate of
1A g\ The storage capacity exceeded more than 400 mAh g!
even after 1400 cycles, indicating that the redox processes
(after stabilization of the electrode) are highly reversible.
Coulombic efficiency values obtained were =100% over the
whole study. Selected voltage profiles and derivative plots are
compared in Figure 8c,d and show that the redox behavior
remains nearly constant over the long term test. Overall, com-
pared to FePS;,[*%l Cu;PS, performs better with respect to rate
capability, cycling stability as well as capacity when cycled
toward sodium.

3. Conclusion

The use of copper thiophosphate (Cu,PS,) as electrode
for sodium-ion Dbatteries was explored. Cu;PS, was syn-
thesized by reactive ball milling from Cu, sulfur and P,S;s
and tested in half cells between 0.01 and 2.5 V versus Na'/
Na. Different electrolytes were tested with NaPFg (1 ™)
in diglyme, showing the best behavior. At 1 A g™!, capacity
values of around 450 mAh g~! were obtained for more than
1400 cycles, indicating excellent reversibility of the reaction.
The redox behavior was analyzed using (operando) XRD and
XPS with depth profiling. During initial sodiation, CusPS,
undergoes a conversion reaction including the formation of
copper and Na,S. The PS> tetrahedrons are cleaved. During
cycling, the redox activity is dominated by sulfur redox likely
between S$%° and polysulfides S,*". Some Na,S seems to
remain inactive during cycling, however. Copper seems to
contribute to a minor degree during charge storage as Cu
metal is found in the charged and discharged state; however,
the intensities of the XRD reflections slightly vary during
cycling. The role of phosphorous remains unclear so far.
NMR spectroscopy may provide further information on this
in the future. Overall, the processes appear highly reversible.
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Figure 8. a) Rate capability for a Cu;PS,/C electrode with 1 M NaPF in diglyme for a voltage window of 0.01-2.5 V; b) High current rate cycling per-
formance test for a Cu3PS,/C electrode with 1 M NaPFg in diglyme for a voltage window of 0.01-2.5 V at 1 A g™'; ¢) corresponding voltage profiles and

d) capacity derivatives.

The remaining Cu metal may aid the electronic wiring of the
electrode and act as a polysulfide trap, thereby improving
cycle life. Reference experiments with the analogue lithium
cell showed that the storage capacity of Cu;PS, is higher for
sodium. The lower voltage limit for achieving stable cycling
is higher for Li (=1 V vs Li"/Li) compared to sodium (0.01 V
vs Na'/Na). Finally, we also demonstrated that the storage
capacity of Cu;PS, electrodes is higher compared to Cu,S,
CuS, Cu;P, and FePS; and shows better cycling stability than
CusP, FePS; and CuP; electrodes.
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4. Experimental Section

Preparation of the Electrodes: Commercial Cu particles (<425 um,
99.5% purity), P;Ss (99% purity), and sulfur (99.5% purity) from Sigma
Aldrich were used as active materials and were put in appropriate
stoichiometric ratios into zirconia jars. 5 g of the raw materials were ball
milled in a planetary ball mill (PBM, Fritsch Pulverisette 7) for 24 h at
400 rpm with a jar volume of 80 mL as well as in a subsequent step in
a swing ball mill (SBM, Retsch MM 400) for 12 h with a jar volume of
10 mL applying a frequency of 25 Hz, this way forming a composite with
carbon. Cu;PS, to carbon weight ratio was set to 7:3. For the use of both
ball mills, the ball to powder weight ratio was set to 10:1.
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Electrode Preparation: A slurry, using 5 wt% of PVDF binder related to
the total weight of Cu3PS; powder was prepared in an NMP solution in
an MBraun Glovebox under Ar atmosphere. The slurry was casted with a
doctor blade by hand onto a copper foil (Schlenk) under inert conditions
and the electrodes were cut into spherical 12 mm diameter pieces and
dried in a vacuum tube oven at 70 °C overnight. The finally obtained
active mass loadings varied between 1.5-2.2 mg cm ™2,

Characterization Metheds: XRD analysis of the Cu;PS, electrodes
and powders was performed with a Bruker Phaser D2 diffractometer
using Cu Ke radiation (0.02° step width and 20 s step time). XPS of the
Cu;PS,/C electrodes was performed using a multiprobe system (Scienta
Omicron) with a monochromatic X-ray source (Al K& and an electron
analyzer (Argus CU) with an 0.6 eV spectral energy resolution. The
spectra were fitted using Voigt functions after background subtraction.
In order to remove the thin surface layer, consisting of salt rests and
oxidized species, the samples were sputtered in the same multiprobe
system using Ar* jons (FOCUS FDG150, 1 kEV, 10 mA) for 30 min. This
corresponds to an approximate sputter depth of 15 nm. Longer sputter
times did not change the spectra. TEM specimens were prepared by
dispersing the powder in ethanol in an ultrasonic bath and placing
onto a holey carbon copper grid. The structural features of the Cu;PS,
nanoparticles were studied by high-resolution transmission electron
microscopy (HRTEM) and selected area electron diffraction in a JEOL
JEM 3010HT operating at 300 kV that is equipped with a LaBg filament
and a 1k x 1k GATAN multi scan CCD-camera. TEM investigations for
getting information about the particle size (Figure S3a,b, Supporting
Information) were carried out on a Philips CM200 LaBg operated at an
acceleration voltage of 200 kV.

The operando XRD measurement was performed on an STOE Stadi
MP diffractometer equipped with a Dectris Mythen 1K linear silicon strip
detector and Ge(111) double-crystal monochromator (Mo Kl radiation)
in a Bragg—Brentano geometry on a sepcifically developed operando half
cell."?) One XRD pattern was recorded every hour and the operando cell
was cycled at C/20 in order to obtain one XRD pattern every 0.3 sodium
atoms reacted per formula unit.

Electrochemical tests: Electrolytes were prepared by dissolving NaPF
(1 M) from Alfa Aesar in diglyme (Sigma Aldrich). Diglyme was dried
over a molecular sieve (4 A, Sigma Aldrich) to ensure the water content
to be lower than 20 ppm, confirmed by Karl-Fisher titration. Other
electrolyte solutions were prepared in the same way. Electrochemical
measurements were performed in C2032 coin cells, using 2 pieces of
glass microfiber filters (Whatman, GF/A) as separator and Na metal
(BASF SE) as counter electrode. The electrochemical experiments were
performed with a Biologic MPG2 and a BCS galvanostat/potentiostat.
Reproducibility of the results was assured by cycling in total more than
20 cells. Impedance tests were carried out in beaker cells (two electrode
system) and measured using a Biologic SP150 galvanostat/potentiostat.

Supporting Information

Suppeorting Information is available from the Wiley Online Library or
from the author.
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6. Conclusion and outlook

The main aim of this Ph.D. thesis was to find new aspects of conversion electrodes for Li and Na cells.
On the one handside, an alloy electrode was investigated for its use in Na cells related to the influence
of ball milling time on the electrochemical performance. On the other side, a comparison for transition
metal compounds related to their use in Li as well as in Na half cells was performed. For the first
major project, the ball milling time was varied and a variety of electrochemical characterization and
analytical methods was used. In the second major project transition metal compounds were
investigated. Therefore, in one study, a copper phosphide was compared for its use in Li and Na cells
in terms of its electrochemical properties. In another study, a thiophosphate was investigated as an
electrode material for its use in Li and Na cells as well. For all these studies, a variety of analysis and
characterization tools was used, including in situ methods. XRD (and in situ XRD), XPS, TEM, SEM
and others were used for the material characterization before, after and during cycling.

GCPL, EIS and CV measurements were applied for the investigation of the electrochemical
performance of the electrodes. Moreover, in situ dilatometry was applied in order to study the
electrode breathing during cycling. The most important conclusions from the obtained results are listed

below.

Findings for Sn+Sb/C and SnSb/C composite electrodes:

e Reactive and non-reactive ball milling influence the voltage profiles and the redox activity of
the elements Sn and Sb dependent on the electrolyte.

e Sb becomes redox inactive in diglyme upon cycling when not being bond with Sn as SnSb.

o The use of diglyme delivers appropriate conditions for excellent capacities and good cycle
life.

e The capacity retention is dominated by the composite formation with carbon due to prolonged
ball milling in the swing ball mill over the formation of the intermetallic phase or the mixture,
which can be understood from in situ dilatometry studies.

However, despite a couple of questions are answered, following discussion points should be

considered in futural studies:

o The effect of reactive and non-reactive ball milling onto the crystallite size, crystallinity and
amount of percentage of the desired reaction product should be monitored via in situ XRD
measurements during ball milling in order to optimize the synthesis conditions. Associated
with that, lattice strain and contraction effects could be analyzed as well as their influence

onto the electrochemical performance.
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o The influence of other ball milling parameters, like jar volume or amount of material in the

jar, may be varied in order to further optimize the efficiency of the electrode fabrication.

90



Findings for CusP as a conversion electrode:

CusP as a conversion electrode in Li cells shows improved properties in comparison to the use
of Na in all cases. Overpotentials are also smaller in Li half cells.

The use of diglyme shows outperforming properties in comparison to selected carbonate
electrolytes.

In situ dilatometry shows that breathing in the initial discharge/charge cycle is larger for
carbonate electrolytes, which may be correlated with a more excessive SEI formation as rapid
capacity fading occurs upon further cycling.

In contrast, diglyme electrolytes enable constant breathing after the initial cycle without any

notable capacity decay within the initial five cycles.

The following aspects require additional studies in the future:

In the study on Cus;P, XRD and XPS investigations could not show expected charge and
discharge products when comparing the reaction mechanisms between their use in LIBs and
SIBs in detail. Hence, NMR studies or a larger active mass loading for improved detection of
signals when using XRD should be applied for post mortem studies.

The influence of the glyme length for the herein investigated transition metal compounds

might show effects on the electrochemical behavior and should be proven.

Findings for Cu;PS4 as a conversion electrode:

Herein, a thiophosphate (CusPS,) is used as an electrode material mainly in SIBs which is
found to be largely redox active and shows much better battery performance in comparison to
its use in Li cells.

The use of a NaPF¢ dissolved in diglyme as an electrolyte in Na cells was found to be most
appropriate in order to obtain excellent cycle life and very large capacities without any
remarkable capacitiy decay.

The redox mechanism was found to be dominated by sulfur via in situ XRD and XPS
including the reversible formation of Na,S, but, however, only in the initial cycle, copper is
redox active while being reduced to its elemental state. Cu remains redox inactive upon

further cycling, but it still can act as a trap for polysulfides.

Open remaining questions/studies about CusPS, are proposed as follows for the future:

It is important to clarify the reason for the inapplicability of carbonate electrolytes with the
thiophosphate CusPS4 in detail. Moreover, the strong influence of the appropriate conducting
salt should be clarified. A post mortem SEI investigation via XPS might reveal information
about the enhanced cycle life when using NaPFs in diglyme in comparison to the use of other

conducting salts like NaOTT. Since the reaction mechanism seems to be rather complicated
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and the role of phosphorus remains unclear so far, an NMR study should be conducted.
Moreover, the role of copper as polysulfide trap should be better understood by further
studies.

CusPS; should be studied in full cell measurements in order to check its applicability for
industrial application.

The use of CusPS4 together with a solid state thiophosphate electrolyte should be investigated
as it may lead to faster diffusion between electrode and electrolyte, because of the same
crystal structures.

Is the application of CusPSs in solid state batteries different as when being compared with the
use of liquid electrolyte? A detailed comparison for application in LIBs and SIBs might show
different results and therefore needs to be studied.

Are there other thiophosphates which also show large redox activity when being used as an

electrode material?
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7. Experimental methods and characterization techniques

7.1. Cell assembly and setup

Cell assembly was performed in an Argon filled glovebox in order to avoid oxidation and wetting of
the electrode materials. Within this thesis two-electrode and three-electrode measurements were
performed. Galvanostatic cycling experiments were carried out by using coin cells (two-electrode
measurements, CR2032 Coin Cells by MTI Corp.), see Figure 29. Coin cells are usually fabricated by
applying pressure onto the cell parts through a special coin cell press, resulting in very good sealing
and contacting. Further, impedance measurements were performed in beaker cells (two-electrode
measurements), see Figure 30. These cells show a similar setup like coin cells, but they are larger in
size and thus allow the use of larger electrode diameters and larger amount of electrolyte. The cell
pressure is enabled by screws, pressing on the central spring being fixed on the top of the cell. Air
leakage is avoided by the use of rubber sealing rings. Three electrode measurements were carried out
in t-shaped Swagelok type cells for cyclic voltammetry (CV) as well as impedance measurements, see
Figure 31. These cells contain an additional reference electrode which is set close to the working
electrode in order to reach a higher accuracy of the potential measured at the working electrode. The
battery materials are therefore put into the t-shaped cell housing. Screws, springs and silicone sealing
rings enable reasonable cell pressure and sealing of the cell, respectively. The reference electrode,
which is typically the same alkali metal as being used for the counter electrode for half cell

measurements, is connected vertically to the cell by an additional separator stripe through a small slit.

Current Callector <« ey

Cu/Al current collector <—! -~

Active material ‘—_

3 Separators + electrolyte ‘—5
Li/Na metal « y

Current Collector < e

Figure 29: Left: Coin cell parts. Right: Schematic setup of a coin cell used for Li/Na half cells, which was used for
galvanostatic cycling and rate performance tests.

93



Figure 31: Swagelok cell components for three electrode measurements.

7.2. Electrochemical measurements

Galvanostatic cycling with potential limitation (GCPL)

GCPL is the most convenient method in the battery community for characterizing electrode materials
in terms of their electrochemical properties. Within a defined voltage window, voltage is recorded
over time while a constant current is applied. LIBs and SIBs this way can be continuously
discharged/charged. The current direction is thereby alternately changed after reaching a potential
limit. The resulting voltage profiles supply information about phase transitions indicated by voltage
steps or sloping profiles, see Figure 32a. Moreover, capacities, energy densities and efficiencies,
overpotentials as well as Coulomb efficiencies can be determined. The voltage profiles can be further
used to create capacity derivative plots, which provide a detailed information about redox potentials

and reversibility of a cell reaction as shown in Figure 32b. GCPL is also used for testing the rate
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performance of a cell when applying different currents and cycle life tests, see Figure 32¢,d. GCPL

was used in publications 1-3 as the main electrochemical characterization tool.
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Figure 32: a) Voltage profiles; b) capacity derivatives; c) cycle life test; d) Rate capability for a CusPS4/C electrode with
1 M NaPFs in diglyme for a voltage window of 0.01 V - 2.5 V. Reproduced with permission from Wiley. [11%
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7.2.1. Galvanostatic intermittent titration technique (GITT)

A typical GITT profile is shown in Figure 33. For this method current pulses are applied onto a
battery followed by a relaxation period under a predefined relaxation condition, typically reaching an
equilibrium (voltage change per time unit ~ 0). In practice however, the equilibrium cannot be
reached, thus only an approximated equilibrium curve can be determined. This method delivers an
insight about the equilibrium voltage in the dependency of the state of discharge/charge. GITT was

used in order to discuss the equilibrium discharge voltages of CusP in Li- and Na half cells in

publication 2.
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Figure 33: GITT profiles of the second cycles of CusP/C electrodes in Li and Na half cells. (']
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7.2.2. In situ electrochemical dilatometry (ECD)

During a conversion reaction the electrode undergoes a huge volume change due to changes in the
crystal structure and the formation of a nanoscopic structure (for transition metal compounds) within
the initial discharge process. This usually leads to contact losses which result in rapid capacity fading.
However, to circumvent this issue, usually conducting agents are used which make it impossible to
determine the overall volume change by standard methods like in sifu X-ray diffraction. The shrinking
and expansion of the whole electrode can be directly reliable measured by in situ dilatometry under
use of a sensor contacting the electrode surface during the cell reaction. The dilatometry cell setup is
schematically shown in Figure 34. In situ dilatometry directly provides information about the height
change in dependency of the electrochemical storage capacity of the electrode. This method was used

to investigate the electrode thickness changes during cycling in publications 1,2.

Load

Steel membrane Sensor

<« Current collector

Reference +———— Working electrode

electrode

Current collector —» % ——— Counter electrode

Figure 34: Schematic in situ dilatometry cell setup.
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7.2.3. Cyclic voltammetry (CV)

Cyclic voltammetry is a common method to clarify the redox behavior of an active material. A typical
CV scan profile is screened in Figure 35. For a CV scan, the applied potential £ is continuously
changed with a constant scan rate v within a predefined voltage window which is defined by a vertex
upper potential limit and vertex lower potential limit in a saw tooth shape (see inlay in Figure 35).
The resulting current response / can be negative (reduction) or positive (oxidation). By this method,
redox potentials of a redox active species and moreover, the reversibility of a cell reaction may be
determined. When looking at the / vs. E diagram, the current response follows the Butler-Volmer
kinetics, beginning on its onset until reaching a current maximum or minimum. After reaching such a
peak, the absolute current usually decreases as diffusion limitation takes place, i.e. diffusion of the

ions towards an electrode limits the current response.
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Figure 35: Schematic illustration of a cyclic voltammogram: The small inlay shows the applied voltage as function of the
time in a peak shape.
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7.2.4. Potentiostatic electrochemical impedance spectroscopy (PEIS)

Potentiostatic electrochemical impedance spectroscopy is a complex method being used for
understanding dielectric properties of a material in dependency of the frequency. Therefore, a sinus
form alternating potential £ is applied to the system.

E = E, sin(at) (eq.9)

The current response is measured in dependency of the frequency. From that one obtains a phase

shifted sinus form current about the phase angle ¢
I =1 sin(wt + @) (eq. 10)

with @ =27 f (eq. 11)
The impedance Z of an electrochemical system then can be determined by

_E_ E sin(wt)

z7-L- Tanereo) (eq. 12)
Eulers relationship: € = cos¢+isin ¢ (eq. 13) leads to
E= Eoe’w (eq. 14)
1= Ioemw (eq. 15)

The complex notation of the impedance consequently can be illustrated as:
E i .. “h 7 = ﬂ
Z(w) = 7 = Zoe = Zo(cos¢+151n ®) (eq. 16) with 0= 7 (eq. 17)
0

This relationship then can be used in the so called Nyquist plot, being explained below in order to

obtain information about resistances and kinetics at interphases.

The complex impedance Z(w) is composed of a real and an imaginary part. The plot of the negative

imaginary part on the y-axis vs. the real part on the x-axis is named as Nyquist plot. It is worth to

mention that each measurement point is related to one frequency value for the Nyquist plot.

Low frequency data is located at high resistances on the x-axis, while high frequency processes take
place at lower resistances under assumption of the presence of only ohmic and capacitative effects. In
the battery community electrochemical impedance spectroscopy (EIS) is often used to receive
information about charge transfer resistance (high frequencies) and diffusion kinetics (lower

frequencies) when considering electrode processes. A typical impedance spectrum of a Li or Na half

cell in a three electrode arrangement is shown in Figure 36. **! Herein, bulk resistance R, is only
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contained in the real part on the x-axis and contains the resistance of the inner cell parts like separator,

electrolyte and electrodes. R, is the resistance of the solid electrolyte interphase layer (SEI) while

R

., 1s the charge transfer resistance of the electrode. These processes can be better understood by
applying equivalent circuits, see inlay in Figure 36. Impedances of the SEI and the charge transfer are
usually illustrated as parallely connected resistance and capacitance equivalents, for example.
Diffusion processes of the alkali ion at the interface between electrode material and electrolyte are
indicated by a straight sloping line at lower frequencies (identified by a Warburg impedance in an
equivalent circuit). PEIS was used in order to discuss the charge transfer kinetics of CusP and CuszPS4

electrodes in publications 2 and 3.
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Figure 36: Typical EIS of a Li- or Na-ion cell and the equivalent circuit used to fit the EIS. Reproduced with permission from
Elsevier. (41
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7.3. Characterization methods

7.3.1. X-ray diffraction (XRD)

X-Ray diffractometry is a convenient method to characterize crystalline materials. It provides
information about crystal structures, crystal orientations, crystallite size, crystallinity as well as strain
effects of the lattice parameters. X-rays are created by beaming electrons onto a metal source, often
copper (Cu) or molybdenum (Mo), which releases X-rays. An XRD signal is created by constructive
interference of a monochromatic X-ray beam being scattered from lattice planes at specific angles.
Hence, an XRD pattern enables visualization of a periodic atomic arrangement in a material.

Scattering follows according to Bragg’s law as follows:

n-A=2d-sin(0) (eq. 18)

n represents the resonance order, A the characteristic wave length, d the distance between the lattice

planes and @ is the diffraction angle.

XRD was used in publications 1-3 in order to discover crystal structures, lattice parameters and

crystallite sizes of the electrode materials.

7.3.2. In situ XRD

In situ XRD is useful to analyze the development, decomposition and/or maintenance of crystalline
phases during a running chemical or electrochemical reaction. Within the thesis, it was used in order to
identify the phase development during the sodiation/desodiation of CusPSs. For this kind of

measurement a special cell setup with an X-ray transparent window is used.

7.3.3. X-ray photoelectron spectroscopy (XPS)

While XRD is dependent on the crystallinity of a material, XPS can be also applied for non-crystalline
materials which is useful for the determination of surface binding characteristics and the elemental
composition of a material’s surface. XPS is based on the irradiation of a material with X-rays while
detecting the energy for the excitation and release of electrons in order to characterize the binding
energies. Due to the strong surface sensitivity of about 10 nm, one carefully needs to judge whether
the results being discussed are representative or not. Hence, XPS is often used together with other
characterization techniques. Herein, XPS was used in order to support the understanding of the

reaction mechanism for the use of Cus;P/C and CusPS4/C electrodes in Li and Na cells.
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7.3.4. Scanning electron microscopy (SEM)

SEM is a common imaging method for the characterization of the materials morphology. The working
principle of SEM is based on an electron beam scanning the surface of a material. The electrons
impinging on the sample are backscattered, while additionally secondary electrons of the sample are
emitted. These backscattered electrons and/or the secondary electrons are detected and can be
converted into an image. Thereby, the electron beams’ focus may be controlled by several magnetic
lenses analogue to an optical microscope working with optical lenses. Herein, imaging was processed
for all projects directly after ball milling to get an insight to the particles morphology and particle sizes

without the influence of additives like binder materials.

7.3.5. Transmission electron microscopy (TEM)

TEM is another imaging technique for morphological characterization of a material. It enables higher
resolution imaging and is therefore a much more local method in comparison to SEM. TEM allows
even to visualize structural properties on atomic level. This technique enables predictions about
particle size and shape and furthermore, the local crystal structure. The working principle of TEM
thereby is analogue to a light microscope permitting electrons instead of light. The TEM electron
source is usually a tungsten filament or a LaBs single crystal, which is connected to a high voltage
source, enabling the emission of electrons by thermionic or field electron emission into the vacuum. A
high voltage difference of a few hundred kV is required in order to sufficiently accelerate the electrons
for receiving a high resolution image. When the electron beam targets a very thin sample or particle,
the electrons undergo a diffraction according to Bragg’s law. These electrons are collected by a
detector, this way converting the information into a high resolution image. Herein, TEM was
processed in order to discuss crystal sizes and shapes, lattice parameters as well as the particle

morphology of the as synthesized CuszP and CusPS; particles in publication 3.

7.3.6. Energy dispersive X-ray spectroscopy (EDS)

SEM and TEM use an electron beam impinging on a sample. In this process, electrons of the atoms
contained in the sample become excited. During the relaxation of the electrons, element specific X-
rays are emitted with a certain wave length which can be detected. This method allows to specify the
amount of atoms contained in a local surface area of the investigated material. EDS is suitable for
heavy elements contained in the sample, since they enable a more intense scattering. This method was

used in order to prove the homogeneity of the considered materials in publications 1-3.
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7.3.7. Particle size distribution (PSD) by light scattering

Particle sizes can be determined by diffracting laser light through a dispersion of particles in a liquid.
This technique allows measuring the particle size by the angular variation with the light intensity of
light. The angular scattering intensity is recorded and being used to calculate the particle sizes for
creating a light scattering pattern by means of the Mie theory or Fraunhofer approximation. As the
diffraction angle increases with decreasing particle size, particle sizes between 0.1 and 3 um can be
reliable analyzed with this method. Analysis of the PSD was used in publication 1 in order to prove

the change particle sizes by influence of the ball milling time.
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8. Appendix

8.1 Supporting information on publication 1

Supporting Information on

Reactive and non-reactive ball milling of tin-antimony (Sn-Sb) composites and their use
as electrode for sodium-ion batteries with glyme electrolyte

Wolfgang Brehm®®, Johannes R. Buchheim®®, Philipp Adelhelm®®*

“ Institute of Technical Chemistry and Environmental Chemistry, Friedrich Schiller University Jena,
Philosophenweg 7a, 07743 Jena, Germany

b Center for Energy and Environmental Chemistry (CEEC Jena), Friedrich Schiller University Jena,
Philosophenweg 7a, 07743 Jena, Germany

* correspondence: philipp.adelhelm@uni-jena.de
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Figure S1: Changes of the lattice parameters a and ¢ of a)
Sb, b) Sn and c) p-SnSb with the ball milling time in the
SBM with carbon black.
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Table S1: Results of the Rietveld refinement of the prapered samples (Sn: ICSD 98-004-0037; Sb: ICSD 98-000-9859;SnSb:

ICSD 98-005-2294).

Sample Composition Lattice parameters D
[wt%] [A] [nm]
Sn+Sb/1h Sn49 % a=5.8322 100
c=3.1816
Sb 49 % a=4.3078 99
c=11.2769
SnSb 2 % a=4.3250 100
c=5.3375
a=289.3
Sn+Sb/3h Sn47 % a=5.8377 122
c=3.1847
Sb 44 % a=4.3093 137
c=11.2867
SnSb 9 % a=4.3261 119
c=5.3490
a=289.6
Sn+Sb/6h Sn36% a=5.8551 45
c=3.1937
Sb 44 % a=4.3204 137
c=11.3208
SnSb 20 % a=4.3340 69
c=5.3631
o =289.6

N ex
TiL[wil; 12

[ (N-P) .
R = |————=%— ...statistically expected R value
exp S Wil P2 Yy exp

N (]8XP _jcalcy2
pr=j2L=1 Loty 1 )] ...weighted-profile R value

1 I
w; = JﬁTp ...weighting factor
x% = Rwp ...goodness of fit

- Rexp
N ...number of points

P ...number of parameters

R-values

pr
0.2488
Rexp

0.1851
2

X
1.344

Rwp
0.1238
Rexp
0.0996

2

4
1.243

Rwp
0.1031
Rexp
0.0821

2

4
1.255
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Table S2: Results of the Rietveld refinement of p-SnSb-synthesized by ball milling for 24h in a PBM and further ball milling
with C65 for 1h and 6h. (SnSb: ICSD 98-005-2294)

Parameter SnSb SnSb/1h SnSb/6h
Rwp 0.1395 0.0505 0.0443
Rexp 0.0690 0.481 0.3586
X 2.021 0.105 0.123

a [I:\] 4.321(2) 4.319(9) 4.323(0)
c [A] 5.340(2) 5.328(8) 5.334(4)
D [nm] 50 50 56

Sn+3b/1h
i Sn+Sb/3h ]
Sn+Sb/6h
SnSb/th

- SnSb/6h :
—_— C65

0.1 1 10 100 1000

particle size of the composite / ym

Fig. §2: Particle size distribution measurement based on a light scattering technique of wet dispersions of Sn+Sb/C, SnSb/C
and carbon black C65.
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Fig. S3: Voltage profiles for carbon black C65 in a voltage range from 0.01-1.2 V vs. Na*/Na at same current density
conditions of the herein considered composite electrodes (100 mA g™!).
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Fig. §4. Voltage profiles for Sb/C in a voltage range from 0.01-1.2 V vs. Na+/Na at same current density conditions of the
herein considered composite electrodes (100 mA g™*).
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Fig. S5: Impedance analysis for a two-electrode cell with Sb/C as working electrode and sodium metal as counter electrode.
Spectra were collected after the 1* sodiation and desodiation as well as after the 2" sodiation. The frequency range was

1 MHz to 100 mHz and the amplitude 10 mV. The electrolyte used was NaPFs dissolved in diglyme (IM). Cells were cycled
in a voltage window between 0.01-1.20 V vs. Na+/Na.
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Fig. S6. Derivative curves of Sn+Sb/1h: The change of the desodiation mechanism can be seen by formation of an uniform
signal at 0.2 V within the initial 15 cycles. The little peak at around 0.77 V vs. Na'/Na, vanishing after the 2" cycle,

correlates with SEI formation.
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Table S3: Literature overview about the electrochemical performance of Sn and SnSb electrodes prepared by ball milling (containing carbon as additive)

Source Weight ratio Binder type  Activeload  Electrolyte Voltage C-Rate/h™!  Cryst. size / Particle Cycles Specific

and content/  /mgcm™ window /V nm size capacity /

wt% vs. Na*/Na mAh g!
Liu et al., Chem. Commun. 2012 SnSb/C=7:3 n.a. n.a. n.a. 0.01-1.2 ~0.1 10 few 100 nm 50 453
Zhang et al., Electrochimica Acta 2017  SnSb/C=10:1.25 CMC 10 0.78 PC/NaClO4 0.01-2 0.59 n.a. 50-100 nm 200 100
Darwiche et al., Electrochem. Com. SnSb/C = 6:1 CMC 12 1.9 FEC content 0.02-1.5 0.06 ? n.a. n.a. 125 525

2013
Our study SnSb/C =7:3 CMC 10 1.3 2G NaPFe 0.01-1.2 0.13 56 0.1-40 pm 190 (50) 408 (680)
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Fig. S7: Voltage profiles for SnSb/6h in a voltage range from 0.01-2.0 V vs. Na*/Na at 0.13 C. The increase of the upper
cutoff voltage from 1.2 Vto 2 V vs Na*/Na leads to rapid capacity fading. This observation can be explained by the SEI
becoming more instable, when reaching higher voltages.
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8.2 Supporting information on publication 2
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Figure S1 Galvanostatic intermittent titration technique (GITT): GITT profiles of the second cycle with consecutive current
pulses of 8 min at 0.1C. The relaxation condition for each step was set to dE/dt = 10 mV/h for lithiation/sodiation and
delithiation/desodiation. The used electrolytes were 2G LiTFSI and 2G NaOTf in lithium and sodium half cells, respectively.
Although the electrochemical equilibrium was not achieved under the given conditions, the results give an estimate of the

average discharge voltage derived from these measurements. The average discharge voltages of 0.8 V vs. Na*/Na and 0.3 V

vs. Li*/Li were determined by taking the voltage values after relaxation.
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Figure S2: a) Rietveld refinement analysis of CusP; b) XRD analysis of the CusP/C (7:3) electrode on a current collector
(Reference: ICSD: 98-001-5056).
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of carbon black electrodes is difficult as the material is very fluffy, which causes problems during electrode preparation. The

mass loadings are typically very small (in our case about 0.7-1.0 mg cm™2). Overall, an exact deconvolution of the individual

contributions of CusP and carbon black to the capacity of the CusP electrode is not possible, but the contribution of carbon

black is discussed in the main manuscript. The herein used carbon black was Carbon Super P.
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Table S1: Literature overview about CusP/C composites as electrode material in Li and Na ion half cells

Type

Li

Li

Reference Weight ratio
Stan et al., doi: Cu3P/C=8:1
10.1002/aenm.201200655
Bichat et al., CusP/C =
doi:10.1016/j.jpowsour.2004.05.024 85:15
Bichat et al., doi: CusP/C =
10.1149/1.1815156 85:15
Crosnier et al., doi: CusP/C =
10.1149/1.1736592 9:1
Our study CusP/C=7:3
Zhu et al., doi: CusP@C5/C
10.1039/C9TA04035H =8:1
Our study CusP/C=7:3

Binder type

and content

/ wt%

PVDF 10

n.a.

n.a.

PVDF 5

PVDF 5

PVDF 10

PVDF 5§

CusP
loading /
mg cm™2

n.a.

10-12 mg

10-12 mg

3.3

1.17 (incl.

C)
33

Electrolyte

EC:DEC+LiPFe.

EC:DMC+LiPFe.

EC:DMC+LiPFe.

EC:DMC+LiPFs

2G+LIiTFSI

EC:DMC+NaClO4

2G+NaOTf

Voltage
window /
Vvs.
AY/A
0.5-2

0.02-2

0.01-2.5

0.5-2

0.01-3

0.01-2

Current

/mA g1

242

6.1

C/8?

C/10

36.6

100

36.6

Cryst.

size /

nm

20

n.a.

300

17

17

Particle

size /

pm

10

0.1-0.2

20

0.1-40

~100

0.1-40

Cycles

50

39

16

30

120

300

120

Specific capacity / mAh g~

1

220

~273

~440

~120

210

~286

124
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Figure S4: Impedance analysis of CusP electrodes in a frequency range of 1 MHz to 10mHz after the first
delithiation/desodiation cycle in a Li cell. Results were obtained using a cell in three electrode geometry using IM LiPFs in

EC:DMC and IM LiTFSI in 2G in Li cells. Galvanostatic cycling was performed in a voltage window of 0.5-2 V.
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Figure S5: In situ dilatometry studies of CusP in Li and Na half cells with carbonate electrolytes a) IM LiPFs in EC:DMC
(1:1); b) IM NaPFs in EC:DMC (I:1). Cycling was performed with a current rate of 0.1 C (36.6 mA g') in a voltage
window of 0.5-2.5 V' vs. Li*/Li for the use of Li and 0.01 -2.5 V vs. Na*/Na for the use of Na.



Table S2: Parameters of the CusP/C electrodes: Electrode thicknesses and the height change during the first sodiation
measured by ECD at 0.1 C (36.6 mA g~'). The porosity P was calculated based on the real electrode volume and the volume
of the components with their crystalline densities. The following density values were used: pcusp = 7.34 g cm™3 (space group
P 63 cm), prearbon black) = 2.00 g cm™3, ppvDF bindery = 1.78 g cm™3. qinvol and qunareat are the theoretical volumetric and areal

capacities of the electrode including the porosity.

Electrode Initial CusP P/% qth,vol [ Height change Height change
electrode loading Gth, areal / mAh cm™ 1t discharge /  1tdischarge / %
thickness / / mAh cm™2 um
um mg cm™2

Li/2G:LiTFSI 36 3.49 1.27 62 530 10 28
Li/EC:DMC LiPFs 28 3.28 1.18 54 642 23 82
Na/2G:NaPFs 22 2.52 0.91 55 627 16 73
Na/2G:NaOTf 39 3.23 1.17 67 577 17 44
Na/EC:DMC NaPFs 20 2.30 0.83 54 630 20 100
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Figure S1: Rietveld refinement of Cu;PS,; raw powder afier mechanochemical synthesis in a PBM. Crystal sizes of 21 nm

were obtained. The lattice parameters were determined to: a = 7.254(5) 4, b = 6.305(5) A, c=6.041(2) 4.
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Figure S2: Results from TEM/SAED and XRD for the synthesized CusPS, in comparison. Both methods evidence formation of
Cu3PS, through the ball milling process.
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Figure §3: TEM images of a) Cu3PS, particles after their synthesis by ball milling in the PBM for 24 h @ 400 rpm and b),c),d)
after an additional milling step with carbon black for another 12 h at a frequency of 25 Hz.
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Figure §4: Voltage profiles of carbon black at 36 mA g using 1 M NaPFy in diglyme as electrolvte. It is of note, however,
that the preparation of carbon black electrodes is difficult as the material is very fluffy, which causes problems during
electrode preparation. The mass loadings are typically very small (in our case about 0.7-1.0 mg cm °). This might explain
the difference from the results reported by Zhang et al. (155 mAh g ') and an own previous studv'"! for the same carbon
black. Moreover, the obtainable capacity of carbon black in the composite might differ from pure carbon black electrodes.
Overall, an exact deconvolution of the individual contributions of Cu;PS, and carbon black to the capacity of the Cu;PS,/C
electrode is not possible, but the contribution of carbon black is small enough to be neglected for the discussion in the main

Mmanuscript.
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Figure 85: Impedance measurement of the a) pristine electrode and the desodiated states of the 17, 2 and 5" cyele and b)

the 10" 15" and 25" cycle for a voltage amplitude of 10 mV applied in a frequency range from 1 MHz to 100 mHz, when

being cyeled between 0.01 — 2.5 V with a current density of 120 mA g . The used elecirolyte was 1 M NaPF in diglyme.
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Figure S6: Discharge capacities vs. cycle number with a current rate of 50 mA g using Li with 1°M LiTFSI dissolved in

diglyme as electrolyte.
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Figure S7: Discharge capacities vs. cyele number with a current rate of a) 50 m4 g’ and b) 120 mA g for Na and Li with

different electrolytes using diglyme (abbreviation 2G) as a solvent.
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Figure 88: Discharge capacities vs. cvcle number with a curvent rate of 120 mA g’ for Na and Li with different electrolvtes

using EC:DMC as a solvent. The applied voltage window was 0.01-2.5 V vs. Na'/Na for the Na half cells and 1 V-2.5 V vs.

Li'/Li for the half cells with Li.
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Figure §9: XPS analysis of the sodiated and desodiated Cu;PSy/C for a,b) Cu 2p and c,d) F s species before and afier

sputtering the surface laver. The measurements were performed after 50 cycles. The cycling experiment was performed with
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Figure S10: Operando XRD analysis after the 2" sodiation and desodiation step (CuzPS ICSD: 98-041-2240; Na,S: 1CSD:
98-006-0436, Cu: ICSD: 98-005-3755).
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Figure S11: Cu signal intensity change measured by in operando XRD before and afier the first two sodiation and
desodiation cycles (Cu: ICSD: 98-005-3753).
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Figure S12: a) Voltage profiles of the rate capability test for a Cu;PSy/C electrode with 1 M NaPF; in diglyme cycled in a
voltage window of 0.01 V- 2.5 V.

a) B. Zhang, G. Rousse, D. Foix, R. Dugas, D. A. Corte, J. M. Tarascon, Adv Mater
2016, 28, 9824; b) W. Brehm, J. R. Buchheim, P. Adelhelm, Energy Technology
2019, DOI: 10.1002/ente.2019003891900389.

[1]

126



9. References

[1]

[2]
[3]

[5]
[6]

[8]
[9]

[10]
[11]

[12]

[13]
[14]

[15]
[16]

https://www.umweltbundesamt.de/en/indicator-ghg-emissions-avoided-through-the-use-
of#fassessing-the-development, access 11/2020.

S. Kulandaivalu, Y. Sulaiman, Energies 2019, 12.

a) J. P. Brett Ammundsen, Adv Mater 2001, 13; b) Y. K. Sun, Z. Chen, H. J. Noh, D. J. Lee,
H. G. Jung, Y. Ren, S. Wang, C. S. Yoon, S. T. Myung, K. Amine, Nat Mater 2012, 11, 942;
¢)J. Yan, X. Liu, B. Li, RSC A4dv. 2014, 4, 63268; d) H. Z. Zhang, Q. Q. Qiao, G. R. Li, X. P.
Gao, J. Mater. Chem. A 2014, 2, 7454; ¢) S. S. Zhang, Energy Storage Materials 2020, 24,
247.

a) P. K. Nayak, E. M. Erickson, F. Schipper, T. R. Penki, N. Munichandraiah, P. Adelhelm, H.
Sclar, F. Amalraj, B. Markovsky, D. Aurbach, Advanced Energy Materials 2018, 8; b) X.
Zeng, M. Li, D. Abd El-Hady, W. Alshitari, A. S. Al-Bogami, J. Lu, K. Amine, Advanced
Energy Materials 2019, 9; c) P. K. Nayak, L. Yang, W. Brehm, P. Adelhelm, Angew Chem Int
Ed Engl 2018, 57, 102.

E. Peled, J. Electrochem. Soc. 1979.

a) A. Wang, S. Kadam, H. Li, S. Shi, Y. Qi, npj Computational Materials 2018, 4; b) X. B.
Cheng, R. Zhang, C. Z. Zhao, F. Wei, J. G. Zhang, Q. Zhang, Adv Sci (Weinh) 2016, 3,
1500213; ¢) P. Verma, P. Maire, P. Novak, Electrochimica Acta 2010, 55, 6332; d) K.
Edstrom, M. Herstedt, D. P. Abraham, Journal of Power Sources 2006, 153, 380; e) S. Leroy,
F. Blanchard, R. Dedryvere, H. Martinez, B. Carré, D. Lemordant, D. Gonbeau, Surface and
Interface Analysis 2005, 37, 773; f) A. Augustsson, M. Herstedt, J. H. Guo, K. Edstrom, G. V.
Zhuang, J. P. N. Ross, J. E. Rubensson, J. Nordgren, Phys. Chem. Chem. Phys. 2004, 6, 4185.
a) S.-W. Kim, D.-H. Seo, X. Ma, G. Ceder, K. Kang, Advanced Energy Materials 2012, 2,
710; b) D. Kundu, E. Talaie, V. Duffort, L. F. Nazar, Angew Chem Int Ed Engl 2015, 54,
3431; ¢) M. D. Slater, D. Kim, E. Lee, C. S. Johnson, Advanced Functional Materials 2013,
23, 947; d) N. Yabuuchi, K. Kubota, M. Dahbi, S. Komaba, Chem Rev 2014, 114, 11636; ¢)
H. Pan, Y.-S. Hu, L. Chen, Energy & Environmental Science 2013, 6, 2338; f) M. H. Han, E.
Gonzalo, G. Singh, T. Rojo, Energy & Environmental Science 2015, 8, 81; g) M. Li, Z. Du,
M. A. Khaleel, 1. Belharouak, Energy Storage Materials 2020, 25, 520; h) H. Zhang, Y.
Huang, H. Ming, G. Cao, W. Zhang, J. Ming, R. Chen, Journal of Materials Chemistry A
2020, 8, 1604.

D. R. Lide, CRC Handbook of Chemistry and Physics, 84th ed., CRC, Boca Raton, 2004.

M. Okoshi, Y. Yamada, A. Yamada, H. Nakai, Journal of The Electrochemical Society 2013,
160, A2160.

B. Jache, P. Adelhelm, Angew Chem Int Ed Engl 2014, 53, 10169.

a) K. Chayambuka, G. Mulder, D. L. Danilov, P. H. L. Notten, Advanced Energy Materials
2018, 8; b) W. Brehm, A. L. Santhosha, Z. Zhang, C. Neumann, A. Turchanin, A. Martin, N.
Pinna, M. Seyring, M. Rettenmayr, J. R. Buchheim, P. Adelhelm, Advanced Functional
Materials 2020, DOI: 10.1002/adfm.201910583.

a) Y. You, A. Manthiram, Advanced Energy Materials 2018, 8; b) K. Kubota, S. Kumakura,
Y. Yoda, K. Kuroki, S. Komaba, Advanced Energy Materials 2018, 8.

F. Klein, B. Jache, A. Bhide, P. Adelhelm, Phys Chem Chem Phys 2013, 15, 15876.

a) Y. Li, Y. Lu, P. Adelhelm, M. M. Titirici, Y. S. Hu, Chem Soc Rev 2019, 48, 4655; b) S.
Mariyappan, Q. Wang, J. M. Tarascon, Journal of The Electrochemical Society 2018, 165,
A3714; ¢) M. Sathiya, K. Hemalatha, K. Ramesha, J. M. Tarascon, A. S. Prakash, Chemistry
of Materials 2012, 24, 1846; d) M. Goktas, C. Bolli, E. J. Berg, P. Novak, K. Pollok, F.
Langenhorst, M. v. Roeder, O. Lenchuk, D. Mollenhauer, P. Adelhelm, Advanced Energy
Materials 2018, 8, 1702724.

L. Croguennec, M. R. Palacin, Journal of the American Chemical Society 2015, 137, 3140.

a) C. F. a. P. H. C. Delmas, Physica 1980, 99B 81; b) L. Viciu, J. W. G. Bos, H. W.
Zandbergen, Q. Huang, M. L. Foo, S. Ishiwata, A. P. Ramirez, M. Lee, N. P. Ong, R. J. Cava,
Physical Review B 2006, 73.

127


https://www.umweltbundesamt.de/en/indicator-ghg-emissions-avoided-through-the-use-of#assessing-the-development
https://www.umweltbundesamt.de/en/indicator-ghg-emissions-avoided-through-the-use-of#assessing-the-development

[20]
[21]

[22]

[23]

[24]
[25]

[26]
[27]

[28]
[29]

[30]
[31]
[32]

[33]
[34]

[35]
[36]

[37]

a) M. Goktas, C. Bolli, J. Buchheim, E. J. Berg, P. Novak, F. Bonilla, T. Rojo, S. Komaba, K.
Kubota, P. Adelhelm, ACS App! Mater Interfaces 2019, 11, 32844; b) M. Goktas, B.
Akduman, P. Huang, A. Balducci, P. Adelhelm, The Journal of Physical Chemistry C 2018,
122, 26816.
a) P. Senguttuvan, G. Rousse, V. Seznec, J.-M. Tarascon, M. R. Palacin, Chemistry of
Materials 2011, 23, 4109; b) L. Wu, D. Buchholz, D. Bresser, L. Gomes Chagas, S. Passerini,
Journal of Power Sources 2014, 251, 379; ¢) X. Ma, K. An, J. Bai, H. Chen, Sci Rep 2017, 7,
162.
a) M. Ashuri, Q. He, L. L. Shaw, Nanoscale 2016, 8, 74; b) T. Ramireddy, N. Sharma, T.
Xing, Y. Chen, J. Leforestier, A. M. Glushenkov, ACS App! Mater Interfaces 2016, 8, 30152;
¢) B. Zhang, G. Rousse, D. Foix, R. Dugas, D. A. Corte, J. M. Tarascon, Adv Mater 2016, 28,
9824; d) G. Wang, X. Xiong, Z. Lin, C. Yang, Z. Lin, M. Liu, Electrochimica Acta 2017, 242,
159.
S. C. Jung, D. S. Jung, J. W. Choi, Y. K. Han, J Phys Chem Lett 2014, 5, 1283.
C.-H. Lim, T.-Y. Huang, P.-S. Shao, J.-H. Chien, Y.-T. Weng, H.-F. Huang, B. J. Hwang, N.-
L. Wu, Electrochimica Acta 2016, 211, 265.
a) L. D. Ellis, T. D. Hatchard, M. N. Obrovac, Journal of The Electrochemical Society 2012,
159, A1801; b) W. Brehm, J. R. Buchheim, P. Adelhelm, Energy Technology 2019, DOLI:
10.1002/ente.2019003891900389; ¢) T. Palaniselvam, M. Goktas, B. Anothumakkool, Y. N.
Sun, R. Schmuch, L. Zhao, B. H. Han, M. Winter, P. Adelhelm, Advanced Functional
Materials 2019, 29, 1900790; d) L. Xiao, Y. Cao, J. Xiao, W. Wang, L. Kovarik, Z. Nie, J.
Liu, Chem Commun (Camb) 2012, 48, 3321; e) A. Darwiche, R. Dugas, B. Fraisse, L.
Monconduit, Journal of Power Sources 2016, 304, 1; f) V. L. Chevrier, G. Ceder, Journal of
The Electrochemical Society 2011, 158, A1011; g) H. Xie, X. Tan, E. J. Luber, B. C. Olsen,
W. P. Kalisvaart, K. L. Jungjohann, D. Mitlin, J. M. Buriak, ACS Energy Letters 2018, 3,
1670.
a) M. Lao, Y. Zhang, W. Luo, Q. Yan, W. Sun, S. X. Dou, 4dv Mater 2017, 29; b) T.
Palaniselvam, M. Goktas, B. Anothumakkool, Y.-N. Sun, R. Schmuch, L. Zhao, B.-H. Han,
M. Winter, P. Adelhelm, Advanced  Functional  Materials 2019, DOI:
10.1002/adfm.2019007901900790.
J. Wang, C. Eng, Y. C. Chen-Wiegart, J. Wang, Nat Commun 2015, 6, 7496.
L. D. H. Ellis, T.D.; Obrovac, M.N., Journal of The Electrochemical Society 2012, 159,
A1801.
J. W. Wang, X. H. Liu, S. X. Mao, J. Y. Huang, Nano Lett. 2012, 12, 5897.
J. M. Stratford, M. Mayo, P. K. Allan, O. Pecher, O. J. Borkiewicz, K. M. Wiaderek, K. W.
Chapman, C. J. Pickard, A. J. Morris, C. P. Grey, J Am Chem Soc 2017, 139, 7273.
J. Qian, Y. Chen, L. Wu, Y. Cao, X. Ai, H. Yang, Chem Commun (Camb) 2012, 48, 7070.
P. K. Allan, J. M. Griffin, A. Darwiche, O. J. Borkiewicz, K. M. Wiaderek, K. W. Chapman,
A.J. Morris, P. J. Chupas, L. Monconduit, C. P. Grey, J Am Chem Soc 2016, 138, 2352.
A. Darwiche, C. Marino, M. T. Sougrati, B. Fraisse, L. Stievano, L. Monconduit, J Am Chem
Soc 2012, 134, 20805.
C. H. Mathewson, Z. Anorg. Allg. Chem. 1906, 50, 192.
M. Walter, S. Doswald, M. V. Kovalenko, Journal of Materials Chemistry A 2016, 4, 7053.
H. Okamoto, Journal of Phase Equilibria and Diffusion 2012, 33, 347.
a) K. Cao, T. Jin, L. Yang, L. Jiao, Materials Chemistry Frontiers 2017, 1, 2213; b) F. Klein,
R. Pinedo, P. Hering, A. Polity, J. Janek, P. Adelhelm, The Journal of Physical Chemistry C
2016, 120, 1400; ¢) X. Wei, X. Wang, X. Tan, Q. An, L. Mai, Advanced Functional Materials
2018, 28, 1804458.
J. Cabana, L. Monconduit, D. Larcher, M. R. Palacin, 4dv Mater 2010, 22, E170.
a) S. O. Kim, A. Manthiram, ACS Appl Mater Interfaces 2017, 9, 16221; b) J. Li, D. Yan, T.
Lu, W. Qin, Y. Yao, L. Pan, ACS Appl Mater Interfaces 2017, 9, 2309; ¢) S. O. Kim, A.
Manthiram, Chem Commun (Camb) 2016, 52, 4337; d) W. Brehm, A. L. Santhosha, Z. Zhang,
C. Neumann, A. Turchanin, M. Seyring, M. Rettenmayr, J. R. Buchheim, P. Adelhelm,
submitted in Journal of Power Sources Advances 2020.
a) X. Wang, H.-M. Kim, Y. Xiao, Y.-K. Sun, Journal of Materials Chemistry A 2016, 4,
14915; b) M. S. Chandrasekar, S. Mitra, Electrochimica Acta 2013, 92, 47.

128



[39]
[40]

[43]
[44]

a) ; b) F. Zhao, N. Han, W. Huang, J. Li, H. Ye, F. Chen, Y. Li, Journal of Materials
Chemistry A 2015, 3, 21754; c) M. C. Stan, R. Klopsch, A. Bhaskar, J. Li, S. Passerini, M.
Winter, Advanced Energy Materials 2013, 3, 231.

J. Grondin, Solid State Ionics 2004, 166, 441.

a) Y. Yang, Q. Wu, Y. Cui, Y. Chen, S. Shi, R. Z. Wang, H. Yan, ACS Appl Mater Interfaces
2016, 8, 25229; b) C. Dietrich, R. Koerver, M. W. Gaultois, G. Kieslich, G. Cibin, J. Janek,
W. G. Zeier, Phys Chem Chem Phys 2018, 20, 20088; ¢) M. Ghidiu, J. Ruhl, S. P. Culver, W.
G. Zeier, Journal of Materials Chemistry A 2019, 7, 17735; d) G. F. Dewald, S. Ohno, M. A.
Kraft, R. Koerver, P. Till, N. M. Vargas-Barbosa, J. Janek, W. G. Zeier, Chemistry of
Materials 2019, DOI: 10.1021/acs.chemmater.9b01550; e) Z. Liu, W. Fu, E. A. Payzant, X.
Yu, Z. Wu, N. J. Dudney, J. Kiggans, K. Hong, A. J. Rondinone, C. Liang, J Am Chem Soc
2013, 135, 975; f) S. Wenzel, T. Leichtweiss, D. A. Weber, J. Sann, W. G. Zeier, J. Janek,
ACS Appl Mater Interfaces 2016, 8, 28216.

C.-H. Kuo, Y.-T. Chu, Y.-F. Song, M. H. Huang, Advanced Functional Materials 2011, 21,
792.

a) R. Koerver, F. Walther, I. Aygiin, J. Sann, C. Dietrich, W. G. Zeier, J. Janek, Journal of
Materials Chemistry A 2017, 5,22750; b) D. H. S. Tan, E. A. Wu, H. Nguyen, Z. Chen, M. A.
T. Marple, J.-M. Doux, X. Wang, H. Yang, A. Banerjee, Y. S. Meng, ACS Energy Letters
2019, 4, 2418.

T. Hakari, M. Nagao, A. Hayashi, M. Tatsumisago, Journal of Power Sources 2015, 293, 721.

S. S. Zhang, K. Xu, T. R. Jow, Electrochimica Acta 2004, 49, 1057.

129



	1. Summary (English)
	1. Zusammenfassung (German)
	2. Introduction
	2.1. Cell setup and working principle of a Li-ion battery
	2.2. Change to sodium ion batteries - a promising abundant and environmentally friendly alternative

	3. State of the art: Electrode types
	3.1. Intercalation electrodes
	3.2. Conversion electrodes
	3.2.1 Alloy electrodes
	3.2.1.1 Tin
	3.2.1.2 Antimony
	3.2.1.3 Stistaite – SnSb

	3.2.2. Transition metal compounds


	4. Aim of the thesis and approach
	4.1. The influence of the ball milling time on structural changes, phase behavior and electrochemical properties for an alloy electrode
	4.2. Transition metal (copper) compounds
	4.2.1 Li vs. Na comparison for a copper based conversion electrode (Cu3P)
	4.2.2 Redox activity of copper thiophosphate Cu3PS4


	5. Results and discussion – publications
	Publication 1: Reactive and non-reactive ball milling of tin-antimony (Sn-Sb) composites and their use as electrode for sodium-ion batteries with glyme electrolyte
	Publication 2: Mechanochemically synthesized Cu3P/C composites as a conversion electrode for Li-ion and Na-ion batteries in different electrolytes
	Publication 3: Copper thiophosphate (Cu3PS4) as electrode for sodium-ion batteries with ether electrolyte

	6. Conclusion and outlook
	7. Experimental methods and characterization techniques
	7.1. Cell assembly and setup
	7.2. Electrochemical measurements
	7.2.1. Galvanostatic intermittent titration technique (GITT)
	7.2.2. In situ electrochemical dilatometry (ECD)
	7.2.3. Cyclic voltammetry (CV)
	7.2.4. Potentiostatic electrochemical impedance spectroscopy (PEIS)

	7.3. Characterization methods
	7.3.1. X-ray diffraction (XRD)
	7.3.2. In situ XRD
	7.3.3. X-ray photoelectron spectroscopy (XPS)
	7.3.4. Scanning electron microscopy (SEM)
	7.3.5. Transmission electron microscopy (TEM)
	7.3.6. Energy dispersive X-ray spectroscopy (EDS)
	7.3.7. Particle size distribution (PSD) by light scattering


	8. Appendix
	8.1 Supporting information on publication 1
	8.2 Supporting information on publication 2
	8.3 Supporting information on publication 3

	9. References

