
  

  

Layered Transition Metal Thiophosphates as 
Anodes in Sodium-Ion Batteries: 

Evaluation of Electrochemical Properties and 
Structural Examination of Reaction Mechanisms 

during Sodium Uptake and Release 
 

 

Dissertation submitted to the 

Faculty of Mathematics and Natural Sciences of the 

Kiel University 

for the degree of 

Dr. rer. nat. 

by 

Jonas van Dinter 

Kiel, 2022 



  

ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Referent:       Prof. Dr. Wolfgang Bensch 

Korreferent:       Prof. Dr. Norbert Stock 

Tag der mündlichen Prüfung:    20.04.2022 

Zum Druck genehmigt: Kiel, .........................., ______________________________ 

Der Dekan, Prof. Dr. Frank Kempken 
 



  

iii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ³,I�\RX�ZDQW�WR�DVVHUW�D�WUXWK��ILUVW�PDNH�VXUH�LW¶V�QRW�MXVW�DQ�RSLQLRQ�WKDW�
you desperately want to be true.´ 

 

Neil deGrasse Tyson 



  

iv 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

v 
 

Abstract 
The subject of this thesis is the investigation of the transition metal thiophosphates (MTPs) 

Ni2P2S6, CrPS4 and CuCrP2S6 as anode materials in sodium-ion batteries (SIBs) with the 

objective of evaluating their electrochemical performance and understanding the occurring 

structural changes during sodium uptake and release. Electrochemical characterization was 

performed using standard galvanostatic and potentiostatic measurements. Besides 

common characterization methods like X-ray diffraction (XRD), advanced non-standard 

techniques, such as pair distribution function (PDF) analysis, X-ray absorption (XAS) and 

solid state nuclear magnetic resonance (NMR) spectroscopy, were utilized for in-depth 

investigations of structural and electronic changes during discharging and charging. Such 

a sophisticated approach is necessary, because active materials often transform irreversibly 

into amorphous phases or nanoparticles upon discharging. 

From an electrochemical perspective, it has been described in literature that Ni2P2S6 

nanosheets represent superior electrode materials in SIBs. Interestingly, this thesis 

demonstrates that electrodes of the corresponding bulk material provide comparable 

electrochemical performance. Additionally, the anode materials CuCrP2S6 and CrPS4 were 

investigated for the first time in SIBs. The incorporation of Cu+ cations into electrode 

materials often affects the electrochemical performance positively. Hence, the potential 

upside of Cu containing MTP electrodes was evaluated by investigations of CuCrP2S6. 

However, only minor advantages were detected in rate capability measurements, whereas 

long-term performance in fact is inferior to that of Ni2P2S6 electrodes. Thus, the anticipated 

benefits of CuCrP2S6 are less than expected. Conversely, an excellent overall performance 

was demonstrated for CrPS4, which additionally does not contain any crucial elements of 

state-of-the-art electrodes. 

From a mechanistic point of view, it was demonstrated that similar reaction pathways occur 

for different MTPs. During the discharge process, Na+ ions first intercalate into the layered 

MTPs, while a transition to intermediate phases takes place in a second step. Finally, the 

reaction proceeds according to a conversion leading to the formation of Na2S and metal 

nanoparticles. Moreover, the loss of structural long-range order was observed after 

recharging. This thesis disproves the previously assumed formation of NaxP phases in the 

discharge step and instead demonstrates a three-step reaction process for the studied 

MTPs vs. Na. It is noteworthy that each active material generates different intercalation 

compounds and intermediate phases during discharging. Hence, the reaction pathway 

follows a similar pattern but does not display a universal reaction mechanism. 
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Kurzzusammenfassung 

Gegenstand dieser Dissertation ist die Untersuchung der Übergangsmetallthiophosphate 

(MTPs) Ni2P2S6, CrPS4 und CuCrP2S6 als Anodenmaterialien in Natrium-Ionen-Batterien 

(NIBs). Ziel der Arbeit sind die Bestimmung der elektrochemischen Leistungsfähigkeit sowie 

detaillierte Erkenntnisse über die ablaufenden strukturellen Änderungen während der 

Aufnahme und Abgabe von Natrium. Die elektrochemischen Eigenschaften wurden mit 

galvanostatischen und potentiostatischen Messungen untersucht. Neben Standard-

methoden, wie Röntgendiffraktometrie, wurden spezielle Techniken (Analyse der 

Paarverteilungsfunktion, Röntgenabsorptions- und Festkörper-Kernspinresonanz-

spektroskopie) für tiefergehende Charakterisierung der strukturellen und elektronischen 

Zustände eingesetzt. Der Einsatz solcher fortgeschrittenen Methoden ist notwendig, da 

Aktivmaterialien beim Entladen oft irreversibel amorphisiert werden oder Nanopartikel 

bilden. 

Aus elektrochemischer Sicht wurde bisher angenommen, dass Ni2P2S6 Nanoschichten 

außergewöhnliche Elektrodenmaterialien für NIBs darstellen. Interessanterweise zeigt 

diese Dissertation, dass Elektroden aus dem entsprechenden Volumenmaterial 

vergleichbare elektrochemische Leistungsfähigkeiten aufweisen. Außerdem wurden in 

dieser Arbeit erstmalig die Anodenmaterialien CuCrP2S6 und CrPS4 in NIBs untersucht. 

Häufig wird die elektrochemische Leistungsfähigkeit durch den Einbau von Cu+-Kationen in 

Elektrodenmaterialien positiv beeinflusst. Daher wurde der potentielle Vorteil von 

kupferhaltigen MTP Elektroden durch Untersuchungen des Materials CuCrP2S6 

systematisch erfasst. Allerdings wurden nur geringfügig verbesserte Eigenschaften in 

Bezug auf die Ratenstabilität beobachtet, wohingegen die Langzeit-Leistungsfähigkeit 

sogar unterhalb der von Ni2P2S6 Elektroden liegt. Daher sind die vermuteten Vorteile von 

CuCrP2S6 geringer als erwartet. Im Gegensatz dazu wurde insgesamt eine hervorragende 

Leistungsfähigkeit für CrPS4 nachgewiesen, welches außerdem keine wesentlichen 

Elemente moderner Elektrodenmaterialien beinhalten.  

Untersuchungen bezüglich der zugrundeliegenden Reaktionsmechanismen haben gezeigt, 

dass vergleichbare Prozesse während der Aufnahme von Natrium für die verschiedenen 

MTP Materialien ablaufen. Während des Entladens werden zunächst Na+-Ionen in die 

Schichten der MTP Materialien interkaliert und in einem zweiten Schritt bilden sich 

anschließend verschiedene intermediäre Phasen. Schließlich erfolgt eine Umwandlung der 

Intermediate zu Na2S und Metallnanopartikeln. Nach dem Wiederaufladen wurde keine 

strukturelle Fernordnung der resultierenden Produkte detektiert. Diese Dissertation 

widerlegt den zuvor angenommenen Reaktionsmechanismus, der die Bildung von NaxP 
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Phasen voraussetzte, und belegt stattdessen einen dreistufigen Entladeprozess für die 

untersuchten MTP Materialien vs. Na. Es ist allerdings erwähnenswert, dass sich die 

während des Entladens gebildeten Interkalationsverbindungen und Intermediate für jedes 

der untersuchten Materialien unterscheiden. Daher ähneln sich die Reaktionspfade zwar, 

können aber nicht als gemeingültiger Reaktionsmechanismus für die gesamte Stoffklasse 

aufgefasst werden. 
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1. Introduction 
1.1 Motivation 
Global warming, caused by unsustainable energy production, and related issues have been 

discussed for several decades and are among the most popular topics for modern society. 

So far, some political agreements and treaties between numerous nations have been 

negotiated to address the imminent climate crisis. The Paris Agreement,1 which entered 

into force in 2016, defines the aim of limiting global warming to 1.5 °C above pre-industrial 

average temperatures. However, energy demands of an ever-growing population will 

increase over time (Figure 1) and must be covered preferably without increasing 

greenhouse gas emissions. Therefore, moving energy conversion from fossil towards 

renewable sources and effectively integrating underlying technologies into the electrical grid 

is mandatory.2±4 Nevertheless, the ratio of sustainable energy sources in the total primary 

energy supply (~2%) is still small (Figure 1; left) compared to the share of fossil fuels (~80%) 

resulting in annual CO2 emissions of ~33 Gt in 2018. Due to this dependency on fossil fuels, 

power generation is one of the largest CO2 emitting sectors (Figure 1; right) accounting for 

40% (coal: 29%; gas: 9%; oil: 2%) of total energy-related emissions directly followed by the 

transport sector (23%) and emission caused by industrial power demands (23%).5,6 

Furthermore, the global coal fleet alone will add an estimated 175 Gt CO2 to total emissions 

between 2018 and 2040 (assuming an average plant lifespan of 50 years), although a 

steady decrease of emissions from coal burning (to ~60% of 2018s emissions) is already 

taken into consideration.6 

 
Figure 1. World total primary energy supply by source between 1971 and 2018. The pie charts represent 
the share of global energy supply by source in 2018 �³FRDO´�LQFOXGHV�SHDW�DQG�RLO�VKDOH��³RWKHU´�LQFOXGHV�
major renewable sources like solar, geothermal, wind and tide/wave/ocean; toe = ton of oil equivalent = 
107 kcal) (left) and percentage of CO2 emissions by sector in 2018 (right). With alterations from 5,6. 
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These statistics highlight that transitioning from fossil to renewable energy sources is not 

only urgent but inevitable as well. While the effective use of some sustainable energy 

sources like geothermal or hydro energy is limited to certain locations (e.g. places with 

volcanic activity), other renewables, such as wind, tidal or solar energy, are subject to 

natural fluctuations (e.g. weather and seasons). To cope with these intermittent energy 

sources, it is essential to find suitable energy storage systems (ESS) that are integrated 

into smart grids and are able to efficiently store excess energy and release it when needed 

on a large scale and at low costs, preferably built from sustainable materials.2±4,7,8 The most 

obvious and promising candidates for ESSs are Lithium-ion batteries (LIBs), which are well 

developed and already power the majority of portable electronics and electrical vehicles. 

However, it is widely discussed within the scientific community whether LIBs are the right 

choice for stationary, large-scale ESS and the prevailing opinion is that batteries based on 

sodium are better suited for this type of application.3,4,7±9 Although lithium is not particularly 

scarce, it indeed is unevenly distributed and mainly accessible from remote regions 

(Andean states) giving rise to often controversially discussed geopolitical issues regarding 

resource supply.2,3,7±10 Establishing another industrial sector (i.e. large-scale energy 

storage) based on LIBs would unavoidably lead to accelerating depletion of Li (and other 

critical resources) making its integration into large-scale energy storage very expensive and 

potentially economically unfeasible.3,7,8,10,11 In contrast, sodium has a substantial natural 

abundance and is distributed globally leading to easy access at lower price. Moreover, the 

electrochemical properties of Na are very similar to those of Li. Therefore, Sodium-ion 

batteries (SIBs) are viewed as the most promising alternative to LIBs for the future usage 

in large-scale energy storage applications.2,3,7,9 For this purpose, the established operating 

principle of LIBs (intercalation) was adopted and applied to SIBs. So far, many possible 

cathodes have been investigated, which demonstrated appropriate electrochemical 

performance.3,4,7,8,12,13 However, finding suitable anodes for intercalation-based systems is 

far more demanding. Graphite, which is the anode material of choice for state-of-the-art 

LIBs, does not form sodium-rich intercalation compounds and therefore shows very poor 

electrochemical performance as anode material in SIBs.7,14±17 Hence, the identification of 

new anode materials for SIBs providing high specific capacities and long-term stability is 

crucial. Ideally, new materials should be composed of abundant, sustainable and 

inexpensive elements. For that purpose, especially anode materials that undergo so-called 

conversion reactions or alloy formation have gained intense research attention, due to the 

high specific capacities and energy densities provided by these multi-electron reaction 

mechanisms.3,7,18±20 So far, numerous types of promising anode materials have been 

studied for the usage in SIBs.21±29 However, huge volume expansions and voltage 

hysteresis between the charge and discharge process are the biggest challenges that need 
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to be addressed before conversion-based batteries can be used efficiently.7,9,18-20,30 To 

overcome these challenges, it is imperative to study the origins of these issues. Accordingly, 

the investigation of underlying reaction mechanisms of a particular material is a vital starting 

point for a deeper understanding. 

1.2 Objective of the Thesis 
This thesis focuses on the detailed investigation of different active materials as anodes in 

SIBs. For this purpose, several transition metal thiophosphate (MTP) compounds were 

identified as suitable candidates based on their high theoretical specific capacities on the 

assumption of a full conversion reaction. Until now, research of these compounds as active 

materials has been focused primarily on electrochemical performance or has been based 

on LIBs when the reaction mechanism was the objective of investigations.31±37 Thus, data 

related to the underlying reaction mechanisms in SIBs is scarce and often speculative. 

Here, MTP compounds were synthesized via chemical vapor transport reaction followed by 

structural characterization of the materials and investigation of their electrochemical 

properties as anodes against sodium. Additionally, investigations regarding the 

electrochemical reaction were carried out to get a deeper understanding of the underlying 

reaction mechanisms during discharging and charging. As electrochemical reactions in 

SIBs often generate amorphous, nanocrystalline and/or highly defective reaction products, 

approaches that are more sophisticated are required to address the ongoing reactions. 

Therefore, various standard and non-standard characterization methods, such as X-ray 

diffraction (XRD), pair distribution function (PDF) analysis, X-ray absorption (XAS) and solid 

state nuclear magnetic resonance (NMR) spectroscopy, were applied in an effort to 

correlate electrochemical properties and behavior with actual reaction steps and products 

during sodium uptake and release. 
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2. Scientific Background 
2.1 The Rocking Chair Battery 
2.1.1 Important milestones leading to the commercialization of Lithium-Ion 
Batteries 
The rechargeable so-FDOOHG� ³rocking chair battery´ was developed by Whittingham, 

Goodenough and Yoshino and was commercialized by Sony in 1991.38±42 It quickly became 

one of the most important technologies of the past decades41±43 and even awarded its 

developers the Nobel prize in Chemistry in 2019.44 However, first attempts to develop 

rechargeable LIBs were undertaken already in the 1970s. At that time, the newly proposed 

concept of using TiS2 as positive intercalation electrode against metallic Li as anode led to 

an increasing focus on the development of a rechargeable LIB, although the new system 

quickly encountered several deficiencies.38,40,42,45 Dendritic growth of metallic Li on the 

anode causing short-circuits and consequently internal heating, risk of spontaneous ignition 

or explosion posed severe safety issues.42,46±48 Additionally, it was found that cathodes 

based on oxides were yielding higher energy densities, which eventually led to the 

identification of LixMO2 (with M = Co, Ni) and LixMn2O4 as promising cathodes in the early 

1980s.39,42,45,49 At about the same time, it was suggested that dendrite formation could be 

prevented by using intercalation compounds as anodes instead of metallic Li.42,50,51 For this 

purpose, graphite emerged as promising intercalation anode, because it was able to 

intercalate Li at low electrochemical potentials. Nonetheless, a variety of optimizations to 

the carbonaceous anode, the electrolyte and the overall cell design were necessary before 

a commercial product was realized.40,42,45,52 Finally, the first Lithium-ion battery was 

commercialized in 1991 based on the LiCoO2/C system. The successful adaption of 

graphite as anode was a major breakthrough at this point, because it prevented safety 

issues related to dendrite formation during cycling. Additionally, the electrochemical 

potential of the Li (de)intercalation is high for LiCoO2 (LCO) and low for graphite leading to 

high cell potentials and energy densities.39,42,52,53 From then on, LIBs were successively 

integrated in all major battery-related areas and are the most frequently used technology 

for powering mobile applications and portable devices today. This success was made 

possible due to the continuous research on rechargeable batteries, which led to steadily 

increasing energy densities.42,43,45,54,55 

2.1.2 Operating Principle 
7KH�QDPH�³URFNLQJ�FKDLU�EDWWHU\´�LV�RIWHQ�XVHG�WR�GHVFULEH�WKH�FRQFHSW�RI�/,%V��EHFDXVH�WKH�

ions shuttle back and forth between the anode and cathode in a rocking fashion.53,54 The 

operating principle of commercial LIBs is based on reversible intercalation reactions, where 

Li ions are intercalated and deintercalated at the anode and cathode during charging and 
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discharging.30,43,53,56,57 The general battery setup (Figure 2) consists of a positive and a 

negative electrode, which are connected electrically through an external circuit but spatially 

are separated by a polymer membrane. This separator is permeable to ions and soaked 

with a liquid electrolyte enabling ion exchange between the electrodes, while forcing 

electrons to move through the external circuit.45,56,58 The electrolyte usually consists of a 

solution of LiPF6 in mixtures of different alkyl carbonates.43,47,56±59 Commonly-used alkyl 

carbonate mixtures are ethylene carbonate (EC)42 mixed with e.g. either dimethyl carbonate 

(DMC),43,47,57,59 diethyl carbonate (DEC)56,57,59 or ethyl-methyl carbonate (EMC).57,59 Li-ion 

batteries, such as the LiCoO2/C system, are assembled in a discharged state and therefore 

have to be charged before usage.45,53,57 Thus, in the charged state, the graphite anode is 

intercalated with Li (LiC6),47,57,60 while the LCO cathode is partially deintercalated (Li1-xCoO2; 

with x = ~0.5).7,43,45,61  

 
Figure 2. Exemplary depiction of a commercial lithium-ion battery LCO/C system. With alterations 
from 45. 

During discharging, Li is removed from the layered structure of the graphite anode and 

moves through the electrolyte and separator to the cathode, where the Li+ ions are 
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intercalated into Li0.5CoO2. Meanwhile, electrons move through the external circuit from the 

anode to the cathode, thereby causing electric current and reducing Co4+ to Co3+ at the 

cathode. After discharging, the starting materials LiCoO2 and graphite are recovered. 

During charging, this process happens in reverse (eqs. 1 & 2).7,39,43,47,57,58 

 

Anode reaction:   ܥ݅ܮݔ଺
݁݃ݎ݄ܽܿݏ݅݀

݁݃ݎ݄ܽܿ
଺ܥݔ ൅ ା݅ܮݔ ൅  (1)    ି݁�ݔ

Cathode reaction:  ݅ܮଵି௫ܱ݋ܥଶ ൅ ା݅ܮݔ ൅ ି݁�ݔ
݁݃ݎ݄ܽܿݏ݅݀

݁݃ݎ݄ܽܿ
 ଶ   (2)ܱ݋ܥ݅ܮ

 
As rechargeable batteries work on the prerequisite that electrons pass through an external 

circuit, it is necessary that the electrolyte does not transport electrons. However, most 

electrolytes accept electrons at least to some extent leading to different reduction and 

decomposition processes within the electrolyte solution.55,62 The products of this process 

are mostly solids, which accumulate predominantly on the surface of the anode resulting in 

the formation of the so-called solid electrolyte interphase (SEI).55,63 The decomposition of 

the electrolyte usually sets in at low and very high potentials (vs. Li|Li+).55 A common 

threshold for SEI formation at the anode is below ~0.8 V for electrolytes containing LiPF6 

and/or EC.64±66 However, the electrolyte decomposition potential depends on many other 

parameters,55 such as the exact electrolyte composition (i.e. type of solvents and 

conducting salt)57 or the applied current rate.67 The precise constitution of the SEI also 

strongly depends on the electrolyte solution itself, but normally fractions of both the solvent 

and the conducting salt are decomposed resulting in the presence of inorganic and organic 

SEI compounds.55,57,62 While the SEI formation prevents further reduction of the electrolyte, 

it enables alkali metal ions to pass through unimpededly.55,63,68 This process resembles a 

kinetic stabilization against further electrolyte decomposition, thus enhances long-term 

cycling stability.55,62 Another advantageous effect of SEI formation is that co-intercalation of 

solvents is prevented, which would otherwise lead to exfoliation of the graphite layers. 

Therefore, the formation of a stable SEI generally is considered beneficial for the 

performance of a battery.55,62,66 However, it is noteworthy that SEI formation requires extra 

electrons, while irreversibly consuming a portion of the cyclable lithium, causing high 

irreversible capacity losses within the first cycles.69,70 
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2.2 Problems of Lithium-Ion Batteries 
2.2.1 Cell Limitations 
Despite the broad application of this technology and its obvious success, major drawbacks 

still remain. While graphite can intercalate 1 Li+ ion per 6 C atoms resulting in a high specific 

capacity of 372 mAh g-1, the maximal deintercalation ratio of LCO is limited to 0.5 Li per 

formula unit (f.u.).18,47,57,71±75 Below this ratio, the structure of LiCoO2 collapses and Li+ ions 

can no longer be intercalated reversibly into the host structure.74,75 Therefore, the upper 

cutoff potential is limited to 4.2 V resulting in a low specific capacity of merely 

~140 mAh g-1.57,72,74±76 Although the energy densities of LIBs have been increased 

continuously since its development (mainly due to improvements in cell design), the 

maximum energy that can be stored by these systems is limited intrinsically.7,30,43,45,54 

Further problems are related to charging batteries with high currents, i.e. fast charging. 

Besides considerable heat generation and enhanced mechanical stress within the 

electrodes induced by Li insertion,77±81 transport limitations of the electrolyte at high currents 

make fast charging problematic.79±81 Applying high currents results in a high concentration 

gradient, where Li-ion concentration is enhanced at the cathode and reduced at the anode 

surface leading to strong polarization of the electrodes increasing the cathode while 

decreasing the anode potential. In this case, the overall cell voltage is artificially elevated 

and the cutoff voltage is reached before the electrochemical reaction is completed. In 

addition, when the polarization of the anode forces the electrode surface potential below 

0 V vs. Li|Li+, the risk of Li plating becomes imminent.80±85 Other than that, at low 

temperatures sluggish Li-ion transport within the electrolyte and electrodes causes similar 

conditions and resembling problems.80,81,86 While mechanical stress primarily results in 

decreasing capacities,77,79,80,85 strong heating and transport limitations might lead to severe 

safety concerns like gas evolution and the occurrence of short-circuits caused by side 

reactions within the battery and dendritic growth of metallic Li, respectively. The latter two 

incidents can ultimately entail serious consequences, such as thermal runaway and self-

ignition.80,81,87±90 

2.2.2 Resource-related Issues 
In addition to these intrinsic cell limitations, there are geographically-related challenges on 

the resource level. The biggest reserves of lithium are located in South America in Bolivia, 

Chile and Argentina (often called the lithium triangle).91±94 Major concerns of lithium 

extraction are excessive freshwater consumption in already dry environments, soil and 

water pollution and its impact on local biodiversity and human health.91±93 Furthermore, a 

steady supply of battery-grade lithium might not be guaranteed due to political instability 

and national policies of the Andean states.94±96 The Salar de Uyuni, in Bolivia, which is 
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estimated to be the single richest deposit of lithium worldwide and yet remains 

untouched,97,98 serves as good example for this. On the one hand, due to its nationalistic 

stance on national resources in the past,94,95 exploitation of lithium is not attractive for 

foreign businesses in Bolivia,99 while on the other hand, Bolivia itself lacks the technology 

to independently and efficiently produce battery-grade lithium from brine lakes.94 In addition, 

the brine of the Salar de Uyuni exhibits relative low Li and high Mg concentrations, which 

makes it even more difficult to extract high-grade lithium.97 Meanwhile, roughly half of all 

cobalt deposits are situated in the Democratic Republic of the Congo (DRC), which as well 

gives rise to unstable situations in terms of resource supply.100-102 But cobalt extraction has 

to be considered even more critical. It is estimated that 20% of cobalt mining in the DRC is 

conducted by the small-scale mining sector, which operates under inhumane conditions, 

i.e. child labor and abuse, modern slavery, often working without any precaution or 

otherwise helpful equipment (e.g. digging by hand), and accounts for roughly 13% of the 

global cobalt supply.100,103,104 Besides these working conditions, cobalt mining further 

dramatically impacts the local environment driving forward water, soil and air pollution 

through disposal of harmful waste into rivers, wilderness and even near residential areas, 

which severely affects the health of people living and working in this 

environment.100,103,105,106 

In order to conduct a sustainable energy transformation, it is contradictory to rely on 

resources, whose process of extraction and acquisition fail to abide by the 81¶V�6XVWDLQDEOH�

Development Goals 2030.107 Admittedly, state-of-the-art technology for LIBs shifted from 

LCO to Ni-rich so-called NCM (LiNi1-x-yCoxMnyO2) and NCA (LiNi1-x-yCoxAlyO2) cathodes, 

where a major portion of Co is substituted by Ni and Mn or Al.108±112 However, one has to 

assume that this transition is driven primarily by price development and the need for higher 

energy densities108±111 rather than by ethical considerations.112 While these materials indeed 

deliver higher energy density with lower Co content (more specifically with higher Ni 

content), the long-term performance deteriorates due to increasing structural 

instability.108,110,113,114 Additionally, the existing limitations in terms of energy density remain 

valid and Co continues to be a necessary component ensuring structural and 

electrochemical stability of state-of-the-art materials.75,108,115,116 

Moreover, as a result of extensive use of a variety of metals (transition, light and alkali 

metals) for building effective batteries, another issue comes in the form of price 

development of state-of-the-art battery materials, which predominantly are Cu, Ni, Co, Mn, 

Al and Li. The biggest concerns arise from high and rising prices of metals and supply chain 

insecurities of scarce or unevenly distributed resources (i.e. Li and Co).2,3,7,11,117 Therefore, 

battery recycling was proposed and developed in recent years to mitigate the consequences 
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of resource depletion and negative environmental impact.2,7,109,117,118 However, depending 

on the growth of the battery-related industry, recycling programs might not suffice to prevent 

negative price development and strong fluctuations.11,15,119 To overcome the obstacles 

associated with the current state-of-the-art technology, other approaches are worth 

considering.3,4,7,11,18,119 It should be clear that no single technology will meet all requirements 

in every area of application and hence alternative energy storage systems will most likely 

be used in certain niche applications.3,4,7 Especially in terms of energy density and 

resources, the state-of-the-art technology has room for improvement. Hence, the next 

chapter covers alternative reaction mechanisms exceeding limited capacities of 

intercalation-based LIBs and the incorporation of Na instead of Li in rechargeable batteries. 

2.3 Alternatives to State-of-the-Art Technology 
2.3.1 Reaction Mechanism 
As discussed in the previous chapter, new active materials ought to address the issue of 

restricted energy densities. Enhancing the energy density of a battery can be achieved by 

increasing either the cell voltage or the specific capacity.18,120 For this purpose, materials 

undergoing conversion reactions have been studied intensively since the beginning of the 

21st century.30,121 The conversion mechanism enables the transfer of multiple electrons 

during an electrochemical displacement reaction through a complete conversion of the 

active material, yielding superior specific capacities compared to state-of-the-art electrodes. 

During the discharge process of a conversion electrode, a given metal salt/compound, 

MaXb, is reduced by alkali metal ions A+ to its metallic state, M0, embedded in a matrix of 

the corresponding alkali metal compound, AzX, according to eq. 3. In the discharged state, 

the metal is usually obtained in the form of nanoparticles. During charging, the process 

ideally takes place in reverse.30,41,71,120±123 

௔ܺ௕ܯ ൅ ݖܾ ή ାܣ ൅ ݖܾ ή ݁ି ֖ ܽ ή ଴ܯ ൅ ܾ ή  ௭ܺ (A = Li, Na)  (3)ܣ

, with z being the charge of the anion X and M representing a metal (cation). 

By comparing LiCoO2 to the comparable conversion material CoO, the advantage of 

conversion over intercalation reactions becomes clear. While LCO shuttles a mere 

0.5 e- per f.u. (~140 mAh g-1) during charging and discharging,18,57 CoO is able to deliver 

2 e- per f.u. upon complete reduction yielding a high specific capacity of 

~715 mAh g-1.18,121,123 However, the total amount of transferred electrons is not the only 

crucial factor in terms of energy density. The molar mass of the active material also plays 

an important role.120,122,123 As GHVFULEHG�E\�)DUDGD\¶V�ODZ��WKH�WKHRUHWLFal specific capacity 

(total charge per unit of mass; gravimetric capacity) is proportional to the electron transfer, 

while being reciprocal correlated with the molar mass (eq. 4).18,120,122±124 Therefore, in 
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search of new active materials, these two factors have to be considered together since high 

electron transfer or low molar mass alone does not guarantee high specific capacity or 

energy density. 

ܳ௦௣௘௖ ൌ
௫ήி
ெ

ൌ ூή௧
௠

     (4) 

, with x being the amount of transferred electrons, M the molar mass, F the Faraday constant, I the 

electrical current, t the time, m the mass and Qspec the specific capacity. 

Besides other promising battery concepts like alkali metal-air or alkali metal-sulfur, each of 

which having their own specific challenges,125±130 especially conversion-type batteries 

based on alloying reactions are studied extensively.27,131±135 The basic idea is that every 

metal, which is able to form alloys with Li or Na can act as electrode material for these 

batteries according to eq. 5.20,120,136,137 

଴ܯ ൅ ାܣݔ ൅ ି݁ݔ ֖  (5)   (A = Li, Na) ܯ௫ܣ

The most noteworthy electrode materials for this type of reaction are silicon and phosphorus 

for LIBs and SIBs, respectively. Both materials provide extraordinary high theoretical 

specific capacities (i.e. Si: ~4200 mAh g-1 vs. Li; P: ~2600 mAh g-1 vs. Na) at low average 

discharge potentials.134,138±141 Other suitable elements for alloying reactions include Ge, Sn, 

Pb, As, Sb or Bi for either Li or Na.119,120,123,131,132 The reason for the remarkably high specific 

capacities of alloying materials is the advantageous ratio of electron transfer to molar mass 

(i.e. high electron transfer and low molar mass) according to eq. 4. Furthermore, if the 

composition of the conversion material is chosen carefully, even combined conversion-

alloying reactions may take place. Therefore, first metallic particles are provided by a 

conversion reaction (eq. 3) followed by alloying (eq. 5), if a suitable element combination is 

present.27,120,123,135±137 Moreover, it is assumed that the combination of these two 

mechanisms has a beneficial impact on the electrochemical performance.142±144 

Altogether, these alternative reaction mechanisms and concepts are of great interest for an 

advanced battery technology, because they are able to overcome the intrinsic limitations of 

intercalation-based state-of-the-art batteries. In addition, the combination of these 

alternative reactions with materials containing more sustainable elements has a beneficial 

impact on the overall sustainability of those systems. Therefore, one approach is the 

utilization of materials that undergo conversion reactions together with the incorporation of 

sodium as basis of an advanced battery technology.  

2.3.2 Sodium vs. Lithium 
The success story of LIBs evidences the qualification of Li to be the backbone of modern 

battery technology. The reasons are the low atomic weight, a small ionic radius (0.76 Å145), 
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which benefits solid-state diffusion and the lowest standard potential of E0 = -3.04 V146 (vs. 

standard hydrogen electrode (SHE)).3,7,9±11 Despite those excellent electrochemical 

properties, the situation arising from an ever-increasing demand poses challenges and 

questions for the future usage of Li as basis of the state-of-the-art technology (see 

chapter 2.2.2). While resource depletion and price development will most likely exacerbate 

upon the constantly increasing demand for Li,2,3,7,8,11,15 it is further questioned, if efforts like 

recycling programs for LIBs will prevent the consequences of this rising demand (i.e. price 

increase and fluctuations).11,15,119 Therefore, a different approach to solution is the 

substitution of Li. For this purpose, the heavier homologue Na is the most suitable 

candidate, because it has a similar, low standard potential of E0 = -2.71 V146 (vs. SHE) and 

its ionic radius of 1.02 Å145 is only 0.26 Å larger than that of Li+. Nevertheless, sodium is 

also three times heavier than lithium. While the electrochemical properties of Na compared 

to Li are slightly disadvantageous, its natural high availability all over the globe (~23000 ppm 

Na vs. 20 ppm Li in the continental (DUWK¶V�FUXVW)147 is the biggest benefit of Na, which keeps 

the prices for raw materials significantly lower than for Li resources.2,7,9,11,15 These raw 

materials usually are Li2CO3 and Na2CO3, whereat Na2CO3 by itself is about 100 times less 

expensive than its lithium analogue. However, the decisive economical advantage over 

lithium is even more pronounced, when price development is taken into consideration. While 

the price of Na2CO3 increased from $128 in 2010 to $150 in 2019, the Li2CO3 price nearly 

tripled from $5180 to $13000 per metric ton.148 Besides less expensive raw materials, the 

utilization of sodium instead of lithium further enables the use of cheaper Al instead of Cu 

as current collector, which reduces costs even more. The reason is that, unlike lithium, 

sodium does not alloy with aluminum making it a suitable and inexpensive current collector 

alternative in SIBs.2,3,7,9,15 

To summarize, resource and price considerations associated with limited lithium supply in 

the future are primary driving forces for the development of an alternative battery 

technology. The choice of sodium is not surprising due to its good electrochemical 

properties and applicability as the basis of an alternative technology. Although sodium has 

potential advantages over lithium in some areas, various challenges associated with SIBs 

have been identified so far. These difficulties have to be addressed and overcome before 

SIBs become commercially available and a serious alternative to LIBs in certain areas of 

application. 
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2.4 Challenges for Sodium-Ion Batteries 
2.4.1 Intercalation Materials 
The usage of sodium instead of lithium is often rendered disadvantageous in literature by 

comparing the dramatically lower specific capacity of Na vs. Li. However, this argument is 

only valid, if the alkali metals are directly compared.9,15,149,150 In this case and according to 

eq. 4, pure Li metal delivers a specific capacity of 3861 mAh g-1, while Na metal provides 

1166 mAh g-1, which is a discrepancy of ~70%. This difference is solely due to the higher 

mass of sodium vs. lithium.9,15 For a more realistic estimate, a comparison of actual 

electrode materials, such as LiCoO2 and NaCoO2, should be undertaken. For these 

compounds, the masses of the alkali metal ions only make up a fraction of the total molar 

weight and therefore the theoretical specific capacity for the sodium containing compound 

is reduced by not more than ~15%.9,150 For a full cell system, it is estimated that the specific 

capacity penalty for SIBs can be even further limited to ~10% through material design (e.g. 

using Na0.5Li0.5CoO2 instead of NaCoO2 to reduce the impact of the inactive portion of the 

alkali metal).149 Another important parameter worth considering is the lower operating 

voltage of SIBs and its impact on the energy density.9,149,150 When taken into consideration, 

it is estimated that the total specific energy density of a full cell is lowered by ~18% in SIBs 

compared to LIBs.149,150 However, it is noteworthy that these considerations are somewhat 

simplified, yet draw a more realistic picture in contrast to solely comparing the theoretical 

specific capacities of the alkali metals. Although lower energy densities might prevent SIBs 

to become directly competitive against LIBs,4,7,12 this should not be a severe drawback 

regarding applications like large-scale ESS, where cost-effective batteries are needed and 

the weight of devices is less important.12,151 Besides, the development of suitable anode 

materials is one of the biggest challenges for SIBs. While graphite is used successfully in 

LIBs as anode material leading to the formation of Li-rich (LiC6) graphite intercalation 

compounds (GICs),47,57,152,153 electrochemical intercalation of Na results in sodium-poor 

GICs (NaC186
16 at room temperature; NaC64

14 and NaC70
17 at elevated temperatures) and 

hence very low reversible capacities in SIBs.14,16,17,153 The poor electrochemical sodium 

intercalation properties of graphite are caused most likely by thermodynamic hindrance (i.e. 

Na-rich GICs are energetically unstable and their formation only starts below the Na plating 

potential)12,152±156 leaving graphite inapplicable as anode material in SIBs. Therefore, new 

anode materials providing high and reversible specific capacities, long-term stability and 

high rate capability have to be identified. Besides good electrochemical properties, new 

anodes should ideally consist of cheap, abundant and sustainable elements. 
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2.4.2 Conversion Materials 
As mentioned previously, the specific capacity can be increased by using materials that 

undergo conversion instead of intercalation reactions. However, conversion-based anode 

materials come with its own issues, which so far have prevented them from becoming 

commercially competitive. Among the biggest challenges are mechanical issues like high 

volume expansion due to structural rearrangement of the active material during the 

conversion reaction and electrochemical problems involving high potential plateaus as well 

as large voltage hysteresis between discharge and charge plateaus.18,30,71 Volume 

expansions of ~10%18 are common for commercial LIBs as well but are way larger for 

conversion-based materials. Volume expansions occur in the range of ~15 - 200%18 for 

conversion materials, while being particularly large for alloying reactions in LIBs (e.g. 

~300% for Si anode)157,158 and even more pronounced in SIBs.7,18 These extreme volume 

changes potentially lead to inferior long-term stability due to crack formation and eventually 

pulverization resulting in contact loss between particles of the active material, which causes 

partial passivation of the electrode.3,71,135,159 In terms of the electrochemical issues, 

unfavorable potential plateaus are responsible for reduced energy densities by lowering the 

operating voltage of the final cell, whereas large potential hysteresis between discharge 

and charge curves cause low round-trip efficiency.18,30,43,71 Solution approaches for 

mitigating the impact of excessive volume expansion usually include improvements of the 

electrode design, i.e. usage of appropriate binders160±163 as well as nanostructured and/or 

composite electrodes with carbonaceous nanomaterials (graphene, reduced graphene 

oxide, carbon nanotubes etc.).164±168 Regarding the electrochemical challenges, especially 

improvements directed towards the active material are targeted. On the one hand, 

unfavorable potential plateaus can be tuned by altering the composition of the active 

material, because the cell potential increases with the ionicity of the M-X bond.3,18 On the 

other hand, the occurring potential hysteresis in conversion materials is one of the most 

complex challenges and its manifold origins are not fully understood. Nevertheless, it is 

assumed to be closely connected to underlying asymmetric reaction pathways during 

discharging and charging, diffusion kinetics, ohmic resistance and overpotentials.169±174 

Using nanostructured materials and modifying electrode designs, e.g. via surface 

engineering, are considered promising solution approaches, but further comprehension of 

this complex phenomenon is required to finally find appropriate and reliable 

solutions.120,171-173  

Overall, there are still many challenges to be solved for SIBs and in particular for battery 

technology based on conversion materials. However, environmental, ethical and economic 

reasons might open up the market for sodium-based battery technology in the foreseeable 

future. The approach of using batteries based on sodium in combination with conversion-
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type electrodes even holds potential to outperform the current state-of-the-art technology. 

This progress will take some time and further research is needed to identify promising active 

materials as well as to address and solve the above-mentioned challenges. For this 

purpose, the investigation of the underlying reaction pathways is of great importance and 

contributes to comprehending the origins of the challenges conversion-based SIBs are 

facing. 

2.5 Metal Thiophosphate Compounds 
The first documented reports about members of a new substance class, today called metal 

thiophosphates (MTPs), can be traced back to the late 19th century.175,176 Later, the 

proposed compositions of M2P2S6
177±179 and MxPS4 (x = 1, 1.5, 3)180±183 were confirmed. 

Today, a variety of different thiophosphates with diverse anionic compositions (e.g. [PS4]3-, 

[P2S6]4-, [P2S6]2-, [P2Sx]4- with x = 7-10, [P3S9]3-, [P4S12]4-, etc.) and dimensionalities are 

known.184,185 Among these compounds, particularly layered MTPs have been studied 

thoroughly. Investigations focused on a great number of different topics ranging from 

electronic186±189 and magnetic properties187±193 to electrochemical intercalation31,32,191±194 

and different structural aspects.195-197 More recently, the exfoliation of MTPs yielding few- 

or monolayers came into focus. These materials are easily exfoliated because of the strong 

ionic bonds within and weak van der Waals forces between the layers.198 The resulting 2D 

materials are studied extensively often regarding the dependence of physical properties on 

the number of layers.199±209 However, with respect to energy storage applications like LIBs 

and SIBs, especially hypothiophosphates [P2S6]4- and orthothiophosphates 

[PS4]3- containing 3d metals are considered promising electrode materials. The reason is 

that their beneficial ratios of theoretically transferable electrons to molar mass results in 

high theoretical capacities (Ni2P2S6: 865 mAh g-1; CuCrP2S6: 870 mAh g-1; CrPS4: 

1015 mAh g-1; according to eq. 4 assuming full conversion). Therefore, the focus of this 

thesis primarily lies on the 1st row transition metal hypothiophosphates Ni2P2S6 and 

CuCrP2S6 as well as on the orthothiophosphate CrPS4. 

2.5.1 Structure of the Hypothiophosphates M2P2S6 and MIMIIIP2S6 
In hypothiophosphates the phosphorus is tetravalent within the characteristic [P2S6]4- anion, 

while the metal cations¶ oxidation states range from I to IV including compounds with mixed 

cation charge (i.e. MIMIII and MI
2MII). Usually, hypothiophosphates crystallize in monoclinic 

space groups, but in some cases trigonal symmetry is observed as well (Hg2P2S6 with 

triclinic symmetry being the only exception). The most common hypothiophosphates are MII 

and MIMIII compounds (with MII = Mg, Ca, Sr, Ba, Sc, Mn, Fe, Co, Ni, Zn, Pd, Cd, Hg, Sn, 

Pb; MI = Cu, Ag; MIII = Sc, V, Cr, In).177,198,210,211 
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The structural framework of hypothiophosphates (Figure 3) is mostly independent of the 

metal cation and basically identical for all compounds of this substance class.210,211 The 

crystal structure is related to the CdCl2 structure type.178,179,192 The lattice is made of a 

slightly distorted cubic close-packing of S2- anions, where 2/3 of the octahedral sites of every 

other layer are occupied by metal cations and 1/3 by P-P dimers (Figure 3a). Each P atom 

has three adjacent S and one P atom generating the ethane-like [P2S6]4- anion. A typical 

honeycomb arrangement (Figure 3b) is formed as every metal cation within the layer is 

surrounded by three hypothiophosphate anions.185,192,210–213 The stacking direction of the 

layers is usually along the c-axis.179,210,211  

 
Figure 3. (a, b) Crystal structure of Ni2P2S6 (space group: C/2m). (a) Unit cell viewed along the a-
axis showing octahedral coordination of metal cations (grey spheres: Ni2+) and (b) depiction of a 
single layer viewed along the c-axis highlighting the characteristic honeycomb arrangement. (c, d) 
Unit cells of CuCrP2S6 (orange: Cu+, blue: Cr3+) viewed along the a-axis. The different metal cation 
ordering (c) at room temperature (space group: C2/c) and (d) below the threshold temperature (space 
group: Pc) are shown. Yellow and purple spheres illustrate sulfur and phosphorus, resp. The 
structures were created with the software VESTA 3.4.0218 using crystallographic data from 
literature.213,216,217 

While this description is accurate for MII compounds and in general for MIMIII compounds 

as well, slight variations in the cation ordering are observable for CuIMIII compounds. In the 

structure of these compounds, Cu+ cations are displaced from the center of the sulfur 
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defined octahedron depending on the temperature.210,211,214±217 For CuCrP2S6, the Cu+ 

cations statistically occupy multiple different sites within the octahedron at room 

temperature (Figure 3c), while being strictly fixed to alternating occupancy between upper 

and lower sites of the octahedron (Figure 3d) when cooled below a certain temperature 

threshold.216,217 

2.5.2 Structure of the Orthothiophosphate CrPS4 
The orthothiophosphates exhibit the tetrahedral [PS4]3- anion, where phosphorus is charged 

fivefold positive,198 while the oxidation states of metal cations are usually in the range of I 

to III. In contrast to hypothiophosphates, MxPS4 compounds (with MIII = Sc, Cr, B, Al, Ga, 

In, Bi; MI = Li, Na, K, Ag, Cu; MII = Pd) exhibit a larger variety of crystal symmetries and 

dimensionalities.181±183,189,219±226 Due to this structural inhomogeneity, the structure 

description is based on layered CrPS4 (Figure 4), which crystallizes in the monoclinic space 

group C2. The crystal lattice consists of a hexagonally close-packing of sulfur anions, in 

which the P5+ cations are tetrahedrally coordinated forming the characteristic [PS4]3- anion, 

while Cr3+ is surrounded octahedrally by sulfur anions (Figure 4a). The resulting CrS6 

octahedra are linked to chains via common edges and connected by PS4 tetrahedra to 

layers, which are stacked along the c-axis (Figure 4b). It is noteworthy that the sulfur 

packing of the crystal lattice is slightly distorted, which also results in minor distortion of the 

tetrahedral and octahedral coordination of P5+ and Cr3+, respectively.183,193 

 
Figure 4. (a) Unit cell of CrPS4 viewed along the b-axis and (b) depiction of connected CrS6 
octrahedra to chains (along b-axis) and connection of the chains to layers via PS4 tetrahedra viewed 
along the c-axis. The blue octahedra show the coordination environment of Cr3+, purple tetrahedra 
indicate the coordination of P5+ and yellow spheres form the sulfur lattice. The structure was created 
with the software VESTA 3.4.0218 using crystallographic data from literature.193 

2.5.3 Transition Metal Thiophosphates as Anode Materials 
Early investigations of hypothiophosphates as electrodes in LIBs suggested that M2P2S6 

can reversibly intercalate 3 Li/f.u. generating LixM2P2S6 (0 < x < 3), which was based on the 
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number of unoccupied octahedral sites in the van der Waals gap.31,32,192 Accordingly, for the 

electrochemical intercalation of Li into Ni2P2S6, specific capacities of ~216 mAh g-1 were 

reported (508 Wh kg-1; Eav = 2.35 V),31 which is consistent with the theoretical capacity for 

the uptake of 3 Li/f.u. calculated with eq. 4. Furthermore, some investigations showed that 

M2P2S6 compounds can incorporate up to 18 Li/f.u.31,32 While the corresponding specific 

capacities amount to ~1300 mAh g-1, it was suggested that the active material decomposes 

irreversibly during this process leading to formation of M0, Li3P and Li2S. As a result of the 

irreversibility of the reaction, it was considered only for primary (non-rechargeable) 

batteries.32 However, a reversible reaction including 3 - 6 Li/f.u. was mentioned to be 

suitable for rechargeable batteries as well.31,32 Similar to the hypothiophosphates, an 

intercalation ratio for CrPS4 was estimated based on the number of octahedral interlayer 

vacancies resulting in LixCrPS4 (0 < x < 2). Indeed, these values were achieved by using 

butyl-lithium, but only low intercalation ratios of x < 1 were obtained electrochemically, 

which made CrPS4 appear to be a poor active material.193 

More recently, nanosheets of M2P2S6 (M = Fe, Co, Ni) were investigated as promising 

anode materials in LIBs and SIBs. While achieving high and reversible capacities, only few 

attempts to elucidate the reaction mechanism in LIBs were conducted and the obtained 

capacities were assigned to the generation of metallic nanoparticles, Li2S and Li3P.33,36 

Additionally, no investigations were undertaken to obtain details of the reaction mechanism 

in SIBs and an analogous process generating Na2S, NaxP (x � 3) and M0 was assumed.33 

However, due to the distinct discrepancy between specific capacities reported for LIBs and 

SIBs,33 it is very likely that the underlying electrochemical reactions are not equal. Hence, 

in-depth investigations of the sodium uptake mechanism of Ni2P2S6 were conducted in the 

context of this thesis. Moreover, previous studies compared the electrochemical 

performance of bulk and nanosheet electrodes for the application in LIBs,36 but only 

nanosheets or otherwise modified samples of Ni2P2S6 were investigated in SIBs,33 while no 

data was gathered for the bulk material. 

Regarding CrPS4 and CuCrP2S6, no investigations of the electrochemical performance as 

conversion electrode and of the corresponding mechanism of sodium uptake and release 

have been performed until now. Additionally, especially copper containing materials, such 

as CuCrP2S6, are of interest for application as active materials. Cu often is extruded from 

the host material and substituted by Li and Na upon lithiation or sodiation, respectively. As 

a result, metallic Cu nanoparticles or dendrites are generated in early discharge states,227-233 

which potentially enhances the intrinsic electrical conductivity of the electrode.229,233 Hence, 

the material choice of CuCrP2S6 was inspired particularly by these investigations in order to 

combine the benefits of Cu containing materials with high theoretical capacities of MTP 
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compounds. In addition, none of the investigated materials contain critical Co, which indeed 

should be avoided when conducting research on new active materials for batteries due to 

its precarious mining conditions and negative influence on the environment.
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3. Methods 
In order to obtain detailed information about the complex reaction mechanisms occurring 

during sodium uptake and release in SIBs, usually a combination of different 

characterization methods is necessary, often requiring various non-standard techniques. 

Therefore, the fundamentals of non-standard methods applied in this thesis, i.e. pair 

distribution function (PDF) analysis, X-ray absorption spectroscopy (XAS) and solid state 

nuclear magnetic resonance (NMR) spectroscopy, are discussed here. Further information 

about the applied standard methods, programs, devices and experimental details can be 

found in chapter 4. 

3.1 Pair Distribution Function 
While X-ray diffraction is a very powerful method yielding information about the averaged 

long-range order of crystalline materials via detection of Bragg reflections, this technique 

fails when the examined compounds are disordered or do not possess structural periodicity. 

Amorphous, nanoscopic or strongly disordered solids often exhibit only short- and medium-

range order resulting in broadening or absence of Bragg reflections in XRD 

experiments.234-237 Therefore, complementary total scattering methods were developed 

enabling extraction of information from diffraction patterns without Bragg reflections. This is 

possible because information about the local and medium-range order can be extracted 

from the weak diffuse scattering within the background of diffraction patterns.234±236 

Extracting those information from total scattering experiments is done by converting the 

collected data into the so-called pair distribution function (PDF), which translates the 

structural information from reciprocal (Q) space into a real space histogram of bond lengths 

between pairs of atoms.234,235,238 However, the collected total scattering data usually 

contains additional diffuse scattering information from various sources, such as the sample 

holder, air scattering and contributions from the instrument. In order to account for these 

contributions to the PDF, an empty sample holder is measured to obtain a background 

pattern, which then is subtracted from the collected patterns of the samples.238,239 Besides 

data corrections regarding the impact of the experimental setup and other undesired 

contributions (e.g. Compton scattering, fluorescence), further processing of the data is 

necessary (Figure 5). On that account, the corrected data is normalized with respect to the 

total scattering cross-section of the sample, i.e. the squared average atomic form-factor 

 ଶ (for X-ray experiments), yielding the structure function S(Q). Finally, the pairۄሺܳሻ݂ۃ

distribution function G(r) is obtained by Fourier transforming S(Q) from reciprocal to real 

space (eq. 6), with G(r) representing the probability of the presence of an atom being the 

distance r away from another atom in the real space:234±236,238,239 
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, with Q being the magnitude of the scattering vector. 

 
Figure 5. Exemplary data reduction process including background removal (left), normalization 
(diagonal) and Fourier-transforming (right). The data was obtained from total scattering experiments 
of CrPS4 and processed with the software xPDFsuite.240 

The general measurement setup for total scattering experiments is usually very similar to 

standard XRD experiments. However, due to the transformation from reciprocal to real 

space, the resolution of the resulting PDF depends on the range of the measured Q space. 

In order to obtain a sufficiently high resolution in real space, measuring a wide range of Q 

space is necessary, which is achieved by using high energy X-rays or neutrons, as Q 

increases with decreasing wavelength (ܳ ൌ ସగ௦௜௡ఏ
ఒ

).235,238,239 With a high-enough resolution, 

distances in the range of adjacent atoms up to medium-range order of ~10 - 100 Å can be 

characterized using the described method of pair distribution function analysis.234±238 

3.2 X-ray Absorption Spectroscopy 
Similar to PDF experiments, X-ray absorption spectroscopy (XAS) is utilized to investigate 

the local environment of a sample and is not restricted to crystalline materials either. In 

contrast, XAS is an element-specific method and therefore more detailed information about 

the local environment of a given element can be obtained. In general, XAS consist of the X-

ray near edge absorption spectroscopy (XANES) providing information about the 

coordination environment and oxidation state as well as the extended X-ray absorption fine-

structure spectroscopy (EXAFS), which gives details about the local structure (i.e. 

distances, number and species of neighboring atoms) of a sample.241,242 Collecting XAS 
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spectra requires an intense and energy-tunable source of X-rays, which usually is provided 

by synchrotron radiation. Because XAS is an absorption spectroscopy, it is based on the 

Lambert-Beer law:241 

ܫ ൌ  ଴݁ିρௗ     (7)ܫ

, where I is the intensity after absorption, I0 is the incident intensity (before absorption), d is the 

thickness of the sample and µ is the absorption coefficient. 

Therefore, the measurement setup (Figure 6a) is built in a way to enable the detection of 

intensity before and after absorption by the sample (and reference). Additionally, the X-ray 

energy of the incident beam is increased continuously during the XAS measurement.241 

When the incident X-rays reach energies that are equal to the binding energy of core level 

electrons, the absorption coefficient suddenly and strongly increases. The resulting 

pronounced feature in the spectrum is called absorption edge and corresponds to the 

absorption of the incident X-rays by an electron and its transition to unoccupied electronic 

states (XANES). When the X-ray energy exceeds a certain energy threshold, the absorbing 

core level electron is emitted as photoelectron according to the photoelectric effect 

(Figure 6b) resulting in the presence of a core hole (empty core electron level). After leaving 

the absorber atom, the emitted photoelectron propagates through the sample as a wave 

and can be scattered by adjacent atoms. The backscattered waves interfere with the 

outgoing waves influencing the absorption coefficient of the absorber atom, which causes 

the extended X-ray absorption fine structure (EXAFS).241±244 The recombination of the core 

hole usually occurs extremely fast and does not impact the X-ray absorption. The two main 

mechanisms of recombination are X-ray fluorescence and the Auger effect (Figure 6c). X-

ray fluorescence occurs when an electron from a higher core level emits an X-ray photon 

when filling the core hole. The energy emitted in this process is characteristic for the 

absorber atom. When recombination occurs through Auger effect, the core hole is also filled 

by an electron from a higher energy level, but instead of a photon, a second so-called Auger 

electron is emitted (with characteristic energy for the absorber atom) into the continuum or 

out of the sample.241 
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Figure 6. (a) Exemplary depiction of the measurement setup of a XAS experiment. XAS commonly 
requires collimated, tunable synchrotron radiation. To obtain an X-ray absorption spectrum, the 
incident intensity (I0), the intensity transmitted through the sample (I) or intensity of a secondary 
emission (If, e.g. fluorescence) and the intensity transmitted through a reference material (Iref) is 
sampled. (b) Photoelectric effect: X-rays are absorbed by an atom leading to the excitation of an 
electron, which is emitted from the absorber atom as photoelectron resulting in a core hole. (c) 
Recombination happens when an electron from a higher energy level moves to the empty core level. 
The energy difference is emitted via X-rays (fluorescence) or another electron (Auger-effect). With 
alterations from 241. 

In order to extract information from either XANES or EXAFS, processing of the measured 

data is necessary. For this purpose, the absorption coefficient is retrieved according to eq. 7 

and plotted against the incident beam’s energy. Afterwards, the data is calibrated to a 

reference material and normalized with respect to the magnitude of the edge jump to obtain 

XANES spectra.241,245 The XANES plot (absorption coefficient vs. energy; µ(E)) is converted 

into the EXAFS by subtracting a background function (represented by the absorption of an 

isolated atom µ0(E)), normalizing by the absorption coefficient of an isolated atom  

(L(M) = =(@)#=$(@)
=$(@)

) and converting the kinetic energy of the photoelectron into wave number 

(N = $
ℏO2Q-(M − M))), which then illustrates the oscillatory part of the absorption coefficient 

in relation to the wave number.241,243–245 After applying an appropriate k-weighting scheme 

to account for increasing decay of oscillations at higher k values,241,245 the EXAFS spectrum 

is Fourier transformed to obtain a partial (i.e. element specific) pair distribution function of 

distances in R space. It is noteworthy that the obtained R values are not the exact 
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interatomic distances, because the EXAFS is subject to a phase-shift resulting from the 

backscattering of the photoelectron wave. Additionally, in order to cancel out abortion 

effects, which would be caused by the sudden termination of the spectrum at the end of the 

measuring range, the EXAFS is multiplied by a suitable window function prior to the Fourier 

transformation.241 

3.3 Solid State Nuclear Magnetic Resonance Spectroscopy 
Nuclear magnetic resonance (NMR) spectroscopy is a powerful standard technique used 

to characterize the chemical environment especially in fluids and solutions. In order to 

collect NMR spectra, it is necessary that the nucleus of interest exhibits a nuclear spin 

(I > 0). The fundamental principle of NMR spectroscopy is the splitting of the energy levels 

of different spin states of a particular nucleus in a strong magnetic field (Zeeman effect) and 

the corresponding resonance of these energy levels with the external field at certain 

frequencies.246 Nuclei with a spin of I = ½ (e.g. 19F, 31P) normally do not cause major 

problems, although NMR spectra of these dipolar nuclei are subject to anisotropic 

interdependencies, such as chemical shift anisotropy (CSA; i.e. anisotropic electronic 

shielding of the nucleus) and magnetic dipole-dipole interactions, causing broadening of the 

line shapes in the spectrum. In liquids and solutions, however, the broadening due to dipole 

interaction and CSA is compensated by arbitrary molecular movement, effectively resulting 

in the same average magnetic field at a particular chemical environment. For quadrupolar 

nuclei, i.e. with a nuclear spin of I > ½ (e.g. 7Li, 23Na), additional so-called anisotropic 

quadrupolar broadening becomes effective. This broadening effect is caused by 

interactions of the quadrupolar moment with the electric field gradient in proximity to the 

nucleus. For solid state NMR, dipolar coupling and CSA are the primary reasons for line 

broadening, besides quadrupolar broadening (for nuclei with a spin of I > ½).246±248 In order 

to account for the line broadening in solids, samples can be rotated rapidly at an angle of 

~54.74° with respect to the orientation of the applied magnetic field.246±250 Spinning around 

the so-called magic angle cancels out the contributions arising from CSA and dipole-dipole 

as well as a portion of the quadrupolar interactions.246±248 This is possible, because the 

mathematical description of these interaction include angular dependencies containing the 

term 3cos2(ș)-1, which becomes zero for ș = 54.74° (���ିଵ ቀ ଵ
ξଷ
ቁ) and consequently 

enhances the resolution of line shapes for dipolar as well as quadrupolar nuclei in 

solids.246,247,249,250 Nevertheless, magic angle spinning (MAS) NMR does not completely 

eliminate the contribution of quadrupolar broadening from the spectrum. Additionally, the 

spinning of the sample results in the appearance of spinning side bands, which is usually 

not problematic as their position depends on the spinning speed. Hence, these side bands 

are easily distinguishable from real resonances.246-248 
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4. Publications 
4.1 What happens structurally and chemically during sodium 
uptake and release by Ni2P2S6: a combined X-ray diffraction, X-ray 
absorption, pair distribution function and MAS NMR analysis 

The first study published in the context of this thesis focuses on the application of the 

layered thiophosphate Ni2P2S6 as anode material in SIBs and the investigation of the 

ongoing reaction mechanism during Na uptake and release. Although previous 

investigations revealed the promising electrochemical performance for modified Ni2P2S6 

electrodes in SIBs (e.g. nanosheets), neither the electrochemical properties of the bulk 

material nor the underlying reaction mechanism had been investigated for Ni2P2S6 or 

comparable electrodes in SIBs up to the time of the study presented here. Nevertheless, 

the ongoing reaction mechanism for SIBs previously had been proposed to be equal to the 

processes occurring in LIBs. Because this assumption is not necessarily true, the goal here 

was to shed light on the reaction mechanism of sodium uptake and release. Moreover, the 

actual merit of Ni2P2S6 nanosheet electrodes was evaluated by electrochemical 

characterization of and comparison to the performance of the bulk material in SIBs. 

Electrodes of bulk Ni2P2S6 delivered a high reversible capacity of 621 mAh g-1 at a current 

density of 1.0 A g-1 after 190 cycles during long-term measurements and an appropriate 

rate capability of 392 mAh g-1 at a current rate of 3.0 A g-1 was observed. After switching 

back to low current rates, a capacity retention of 74% was obtained. Overall, the 

electrochemical performance of bulk Ni2P2S6 is comparable to nanosheet electrodes. 

Additional electrochemical analysis revealed that long-term cycling induces changes of the 

reaction mechanism. In order to gain a deeper understanding, the first cycle was targeted 

for a detailed investigation of the reaction pathway via XRD, PDF analysis, XAS and MAS 

NMR spectroscopy. During early stages of discharge (0.5 - 3.5 Na/f.u.), an intermediate 

phase is generated, in which Na is intercalated randomly (staging behavior) into the van der 

Waals gap of Ni2P2S6. Na uptake up to 5 Na/f.u. results in the reduction of Ni2+ to Ni0 

nanoparticles and the formation of a second intermediate phase, Na4P2S6, which starts as 

early as after the uptake of 2.5 Na/f.u. Increasing the Na uptake leads to the disappearance 

of this intermediate after ~9 Na/f.u., while Na2S is generated between the uptake of 

7 - 12 Na/f.u. Despite the postulated occurrence of NaxP phases during the discharging 

process of thiophosphates, no signs of such phases were observed and the generation of 

a P0 phase as further reaction product in the fully discharged state (12 Na/f.u.) is considered 

most probable based on the observed specific capacities. Finally, the electrode releases 

~11.7 Na/f.u. during recharging and indications of the formation of Ni3S2 were found. 
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However, no phases other than NaF (product of SEI formation) were observed 

unambiguously, which is due to the nanoscopic and structurally strongly disordered nature 

of the electrode after completing a full cycle. Therefore, further structural examinations and 

a detailed prediction of the changing reaction mechanism upon long-term cycling were not 

feasible. Nevertheless, based on electrochemical data analysis, the successive inactivation 

of Ni or P is proposed as explanation of the electrochemical behavior. 
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4.2 Long-Term Stable, High-Capacity Anode Material for Sodium-
Ion Batteries: Taking a Closer Look at CrPS4 from an 
Electrochemical and Mechanistic Point of View 

In the second study, the layered thiophosphate CrPS4 was investigated as anode material 

in SIBs and examined regarding the underlying reaction pathway. For this investigation, 

CrPS4 was chosen, because Cr is a suitable substitution for main elements of state-of-the-

art battery technology, such as Ni or Co, while promising electrochemical behavior has been 

demonstrated previously for the substance class of thiophosphates. Furthermore, this study 

displays the first investigation of CrPS4 as electrode material in SIBs and the underlying 

reaction mechanism of Na uptake and release. 

Excellent electrochemical performance was found for CrPS4 electrodes against Na metal 

exhibiting an initial discharge capacity of 1226 mAh g-1 (current rate: 0.1 A g-1) and a 

reversible capacity of 687 mAh g-1 after 300 cycles at a current rate of 1.0 A g-1. CrPS4 

electrodes further showed good rate capability of 288 mAh g-1 at a current density of 

3.0 A g-1 and demonstrated an extraordinary capacity retention when switched back to lower 

currents. Moreover, electrochemical experiments indicated changes of the underlying 

reaction pathway during extended periods of cycling. The analysis of this long-term 

electrochemical behavior suggests a partial but immediate deactivation followed by a 

successive reactivation of electrode components within ~130 cycles. By combining 

complementary characterization techniques (i.e. XRD, PDF analysis, XAS and 23Na/31P 

MAS NMR spectroscopy), details of the electrochemical reaction of Na uptake and release 

during the initial discharge/charge process were revealed. At early stages of the discharge 

process (0.5 - 3 Na/f.u.), several intercalation compounds are formed, which decompose 

upon further discharging (5 - 8 Na/f.u.). This decomposition is accompanied by the 

generation of Na2S, strongly disordered metallic Cr and NaF (product of SEI formation), 

whereas no signs of NaxP phases were observed. Hence, the reduction of P5+ to P0 is 

assumed based on the obtained specific discharge capacities and 31P MAS NMR 

investigations. However, the ongoing reaction mechanism exhibits a much higher degree 

of complexity, which was demonstrated by 31P MAS NMR spectroscopy as well. The uptake 

of 2 - 8 Na/f.u. generates several P containing phases, some of which are assumed to be 

related to the formation of intercalated phases, the breakdown of these intermediary 

intercalation compounds and the formation of a P0 phase. Admittedly, the origins of some 

of the signals detected by 31P MAS NMR spectroscopy remain uncertain. Recharging 

results in the recovery of a short-range order similar to the local environment of CrPS4, 

although the analysis of the electrochemical data suggests a partial passivation of the 

electrode after the initial cycles. 
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4.3 A Combined Sodium Intercalation and Copper Extrusion 
Mechanism in the Thiophosphate Family: CuCrP2S6 as Anode 
Material in Sodium-Ion Batteries 
The third study is focused on the layered anode material CuCrP2S6 and its application in 

SIBs. Similar to the previous works, the electrochemical performance as electrode and the 

reaction mechanism of Na uptake and release were investigated. This particular anode 

material was chosen to combine the promising electrochemical properties of layered 

thiophosphates with the potential benefits arising from the incorporation of Cu+ into anode 

materials. Moreover, this study depicts the first investigation of the active material CuCrP2S6 

in SIBs. 

Although the electrochemical long-term performance of CuCrP2S6 is not as high as for 

Ni2P2S6 or CrPS4, the reversible capacity is still fairly large yielding 409 mAh g-1 after 200 

cycles when a current rate of 1.0 A g-1 is applied. The rate capability 

(422 mAh g-1 @ 3 A g-1) is comparable to that of Ni2P2S6, although the percentage decrease 

is slightly smaller for CuCrP2S6 at current densities greater than 0.5 A g-1. The capacity 

retention of 79% after reapplying low current rates indicates a good tolerance against high 

currents and is slightly higher than for Ni2P2S6 (74%). Additionally, the discharging and 

charging process of the initial cycles was investigated by XRD and CV analysis, which 

revealed an interesting and rare reaction mechanism. The uptake of sodium leads to the 

intercalation of ~1 Na/f.u. into the interlayer space of the CuCrP2S6 electrode. Further Na 

uptake results in the extrusion of Cu+ by Na+ and consequently in the generation of metallic 

Cu. Hence, after a total uptake of 2 Na/f.u., Na+ completely occupies the van der Waals gap 

as well as the octahedral space within the layer, in which Cu+ was distributed formerly. It is 

noteworthy that most likely Cu+ is not extruded completely and therefore some Cu+ cations 

remain in the structure of the intermediate phase. Further discharging (3 - 12 Na/f.u.) 

follows the pathway of a conventional conversion, which is accompanied by the generation 

of Na2S. The discharge process of CuCrP2S6 electrodes therefore can be described as 

combined intercalation-reduction-extrusion mechanism followed by a conversion reaction. 

Similar to previous studies, the formation of NaF as well-known SEI component and no 

generation of NaxP phases were observed. After recharging the electrode, no crystalline 

phases except for NaF were detected. However, based on the CV curves and obtained 

capacities, a reaction involving the oxidation of Cr, P and Cu seems reasonable, although 

Cu often is considered electrochemically inactive after initial reduction. The similarities 

between CuCrP2S6 and Ni2P2S6 together with the CV analysis suggest the formation of Cu-, 

Cr- and P- or Cu-Cr- and P-sulfides after recharging. 
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5. Conclusion and Future Perspective 
In the context of this thesis, three materials from the broader substance class of transition 

metal thiophosphates were studied in detail, while the investigations were aimed to identify 

their potential as anode materials in SIBs and to understand the underlying reaction 

pathways of sodium uptake and release. For this purpose, the compounds Ni2P2S6, CrPS4 

and CuCrP2S6 were chosen and the corresponding studies were designed to answer 

several questions. The research concerning Ni2P2S6 was focused on reviewing the 

conversion-alloying reaction mechanism that had been postulated prior to the study and 

further on comparing the electrochemical performance of bulk with previously reported 

values for nanosheet electrodes. In contrast, CrPS4 was investigated as new anode 

material, which does not contain main elements of common state-of-the-art electrodes, 

while the investigation of CuCrP2S6 was aimed to determine the benefits of incorporating 

Cu+ into a thiophosphate anode material. A brief summary of the most essential findings is 

given below, which is followed by putting the results into context and answering the research 

questions. Thereafter, future perspectives based on this thesis are highlighted. 

In order to assess the electrochemical performance of the different materials, experiments 

were focused on long-term cycling and rate capability tests. Each material surpasses its 

theoretical capacity in the initial cycle, which is ascribed to SEI formation and co-

intercalation of solvent molecules into the van der Waals gaps of the layered materials. The 

observed reversible long-term capacities range between 687 mAh g-1 after 300 cycles for 

CrPS4 and 409 mAh g-1 in the 200th cycle for CuCrP2S6, when current rates of 1.0 A g-1 were 

applied. Rate capabilities vary in similar dimensions from 422 mAh g-1 (CuCrP2S6) to 

288 mAh g-1 (CrPS4) for maximum current densities of 3.0 A g-1. The electrochemical 

performance of Ni2P2S6 lies in between (621 mAh g-1 after 190 cycles; 392 mAh g-1 at a rate 

of 3.0 A g-1). In an effort to unravel the reaction mechanisms of discharging and charging, 

a variety of complementary characterization techniques was applied to study the occurring 

changes of structural long- and short-range order as well as of the electronic state. Despite 

pronounced structural similarities between the starting materials, the occurring reaction 

mechanisms during Na uptake are different. In early discharge states, the formation of 

intercalation compounds was observed. For Ni2P2S6, arbitrary intercalation of Na+ into the 

van der Waals gaps (staging phenomenon) results in a random distribution of Na in the 

interlayer space, i.e. simultaneous formation of multiple intercalation stages. In contrast, 

only one distinct intercalation stage was observed for CuCrP2S6, whereas the presence of 

domains comprising different amounts of intercalated Na (i.e. several defined intercalation 

stages) was detected for CrPS4. Increasing the Na content leads to the transformation of 

the intercalation compounds into different intermediate phases. For Ni2P2S6 electrodes, an 
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intermediate compound with the local structure of Na4P2S6 is formed, and Ni2+ is reduced to 

Ni0 nanoparticles in the process. For CuCrP2S6, the layered structure is maintained, and 

Cu+ is reduced to Cu0 and replaced by Na+ according to an extrusion reaction. Investigations 

of CrPS4 evidenced an extraordinary complex mechanism with a variety of unknown 

intermediate phases. For each of the examined electrode materials, completing the 

discharge process leads to conversion of the previously formed intermediates, resulting in 

the formation of Na2S. The discharged samples therefore consist of Na2S and metal 

(Ni0/Cr0/Cu0 + Cr0, resp.) nanoparticles, while the presence of a P0 phase is postulated 

based on the experimentally obtained specific capacities. Recharging results in the loss of 

long-range order. It is most likely that different metal and phosphorus sulfides are formed 

for Ni2P2S6 and CuCrP2S6. In contrast, recharging the CrPS4 electrode potentially leads to 

the recovery of its local environment. Moreover, changes of the specific capacities were 

observed during long-term cycling. For CrPS4, the specific capacity harshly dropped after 

the initial cycle and started increasing again thereafter, while the initial drop in specific 

capacity was less pronounced and occurred over a larger number of cycles for Ni2P2S6 and 

CuCrP2S6. In each case, the observed behavior indicates a changing reaction mechanism 

during long periods of cycling. 

This thesis provides new and deep insights into the potential of transition metal 

thiophosphates as electrodes and the ongoing processes during Na uptake and release. 

From an electrochemical perspective, CrPS4 electrodes demonstrated an outstanding long-

term performance, proving that crucial state-of-the-art elements can be avoided in high-

performance electrodes. As for the other two materials, CuCrP2S6 does not offer real 

benefits over Ni2P2S6 with respect to long-term performance. Regarding rate capabilities, 

CuCrP2S6 delivered the highest absolute numbers but is comparable to Ni2P2S6 and inferior 

to CrPS4 electrodes from a percentage contemplation. Despite the slight advantages of 

CuCrP2S6 over Ni2P2S6 at higher current rates (>0.5 A g-1), the benefits provided by the 

incorporation of Cu into MTP electrodes are less than expected. Similarly, bulk Ni2P2S6 

delivered a comparable electrochemical performance as reported for Ni2P2S6 nanosheets, 

concluding that the previously assumed benefits of MTP nanosheet electrodes have been 

overestimated to date. In general, the examined MTP electrodes provide appropriate 

electrochemical performance comparable to or even better than other substance classes, 

such as binary or ternary transition metal sulfides. From a mechanistic point of view, the 

investigations of Ni2P2S6 did not provide any evidence for the formation of NaxP phases, 

which had been postulated previously. Hence, the assumed conversion-alloying reaction in 

SIBs for hypothiophosphates of certain bivalent transition metals is disproved by this study. 
Moreover, neither for CrPS4 nor for CuCrP2S6 any signs of NaxP phases were found. 

Therefore, it can be assumed that these materials do not follow a conversion-alloying 
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pathway either. Admittedly, rephrasing the formerly assumed reaction equation into a 

uniform mechanism for MTP electrodes would be the most elegant conclusion but is not 

practical insofar as the discharge processes of the investigated MTPs generate intercalation 

compounds and intermediate phases, which do not match a common mechanism. However, 

the discharge processes at the least proceed according to a similar course, which can be 

summarized by three steps: 

i) intercalation of Na into the van der Waals layer 

ii) formation of intermediate phase(s) 

iii) conversion 

Recharging results in the loss of long-range order for all compounds. However, the 

formation of different sulfides is most probable for Ni2P2S6 and CuCrP2S6, while some data 

suggest that the local environment of CrPS4 is recovered upon recharging. 

It is noteworthy that Ni2P2S6 and CuCrP2S6 electrodes behave fairly similar, especially in 

terms of electrochemical performance, whereas the behavior of CrPS4 is noticeably different 

(e.g. capacity drop during long-term performance, complex discharging process). These 

differences certainly are correlated with the oxidation state of P and the structures of the 

corresponding anions in these compounds ([P2S6]4- vs. [PS4]3-). Equally, the similarities 

between Ni2P2S6 and CuCrP2S6 are attributed to the [P2S6]4- anion, while differences 

between the mechanisms most likely arise from WKH�FDWLRQV¶ different properties, such as 

their oxidation states and the associated standard potentials. Interestingly, so far 

unpublished work on the reaction mechanism of Fe2P2S6 vs. Na, which is not included in 

this thesis, indicates close resemblance to the reaction mechanism of Ni2P2S6 in SIBs. 

Pursuing this approach, the implied question, whether different types of MTPs (M2P2S6, 

MIMIIIP2S6, MPS4) each follow universal reaction mechanisms, displays an intriguing topic 

for future research. Moreover, the chemical nature and local structure of the P0 phase, which 

is assumed to be present in all discharged MTP electrodes, has not been unraveled 

conclusively and its identification depicts another interesting objective. Characterization 

techniques such as X-ray photoelectron spectroscopy (XPS) or XAS investigations at the P 

K-edge energy potentially are capable of answering this question in upcoming studies. 

Future research might as well address the observed alterations of the reaction mechanisms 

during long-term cycling. Since all samples transitioned into amorphous and disordered 

nanoscopic states after completing the initial cycle, further structural characterization is 

tedious and most likely requires an even more sophisticated approach. Hence, this topic 

ought to be addressed properly and not on the side of a study aiming to answer different 

research questions. However, it can be combined perfectly with evaluating the implications 

of using MTP nanoparticles as starting material on the long-term performance. Besides, 
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some structural peculiarities were encountered during this thesis, which are worth 

investigating in more detail. The observed structure-related phenomenon manifests as 

extinction of several Bragg reflections in XRD measurements of hypothiophosphates (here: 

Ni2P2S6 and CuCrP2S6). Possible explanations include the presence of stacking faults, 

rotational disorder, distortions of the unit cell or combinations thereof, but a valid structural 

model, which uniformly describes this phenomenon throughout the whole material class, is 

still lacking and should be viewed as worthwhile research question in future projects. 
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7.1.1 What happens structurally and chemically during sodium uptake and 
release by Ni2P2S6: a combined X-ray diffraction, X-ray absorption, pair 
distribution function and MAS NMR analysis 
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7.1.2 Long-Term Stable, High-Capacity Anode Material for Sodium-Ion 
Batteries: Taking a Closer Look at CrPS4 from an Electrochemical and 
Mechanistic Point of View 
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7.1.3 A Combined Sodium Intercalation and Copper Extrusion Mechanism in 
the Thiophosphate Family: CuCrP2S6 as Anode Material in Sodium-Ion 
Batteries 
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