
 
 

Continuous Wet-Chemical Synthesis 

and Pyrolysis of Inorganic-Organic 

Hybrid Materials based on 

Polyoxomolybdates and their 

Electrochemical Performance as Anode 

Materials in Lithium-Ion Batteries 

 

Dissertation 

Zur Erlangung des Grades 

des Doktors der Naturwissenschaften 

der Naturwissenschaftlichen-Technischen Fakultät 

der Universität des Saarlandes 

 

von 

Mana Abdirahman Mohamed 

 

 

 

Saarbrücken 

2025 

  



 
 

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tag des Kolloquiums:  08.08.2025 

 

Dekan:    Prof. Dr.-Ing. Dirk Bähre 

 

Berichterstatter:   Prof. Dr. Guido Kickelbick 

 

     Priv.-Doz. Dr.-Ing. Guido Falk 

 

Vorsitz:    Prof. Dr.-Ing. Markus Gallei 

 

Akademischer Mitarbeiter: Dr. Christoph Zollitsch 

  



 
 

  



 
 

Die vorliegende Dissertation wurde in der Zeit von November 2018 bis August 2022 

an der Universität des Saarlandes in der der Naturwissenschaftlich-Technischen 

Fakultät am Institut für Anorganische Festkörperchemie im Arbeitskreis von Herrn Prof. 

Dr. Guido Kickelbick angefertigt.  



 
 

Danksagung 

An dieser Stelle möchte ich mich ganz herzlich bei allen bedanken, die mich während 

meiner Promotionszeit stets ermutigt, fachlich beraten, tatkräftig unterstützt und mir 

immer zur Seite gestanden haben. 

An erster Stelle möchte ich mich bei Prof. Dr. Guido Kickelbick für die Möglichkeit 

bedanken, meine Doktorarbeit zu diesem interessanten Thema in seiner 

Arbeitsgruppe durchführen zu können. Ich danke ihm dafür, dass er mich immer wieder 

zu neuen Forschungsfragen angeregt hat. Die regelmäßigen wissenschaftlichen 

Diskussionen haben immer wieder interessante Ideen hervorgebracht. 

Herrn Dr. Guido Falk danke ich für die wissenschaftliche Betreuung und Begutachtung 

meiner Dissertation. 

Darüber hinaus möchte ich mich bei der gesamten Arbeitsgruppe Kickelbick für die 

freundliche Aufnahme, das gute Arbeitsklima und die große Unterstützung jedes 

Einzelnen bedanken. Vielen Dank an Max, Bastian, Thomas, Svenja, Tobias, Lucas, 

Anna, Kristina, Sandra, Kimia, Aylin, Jan-Falk, Stefan Engel, Elias, Aaron, Dennis, 

Achim, Nadja, Nils, Jessica und Ralf für die tolle Zusammenarbeit. Ich habe sowohl 

die gemeinsame Arbeitszeit als auch die gemeinsame Zeit außerhalb des Labors sehr 

geschätzt. Ich freue mich darauf, mit Euch verbunden zu bleiben. 

Mein herzlicher Dank geht insbesondere an Christina, sowohl für die Einarbeitung in 

das Thema als auch für die tolle Unterstützung während meiner Schreibphase und 

darüber hinaus. Besonders bedanken möchte ich mich bei Oliver für die vielen Tipps 

und Ratschläge, die stetige Unterstützung in allen Belangen und die vielen 

konstruktiven Diskussionen. Ich möchte mich auch bei Robert für die hilfreichen 

Diskussionen und Ratschläge bezüglich der Rietveld-Verfeinerung bedanken. Ich 

danke auch Michael für die Festkörper-NMR-Messungen. Ich danke auch Bernd für 

die Durchführung der Röntgen-Einkristallstrukturanalyse, für die Verfeinerung der 

Kristallstruktur und für die pH-Messungen. Vielen Dank auch an Jörg Schmauch für 

die Einarbeitung und Unterstützung bei der Rasterelektronenmikroskopie und auch für 

die Aufnahme von HR-TEM und TEM Bildern. Susanne Harling danke ich für die 

Durchführung der Elementaranalysen und für ihre tatkräftige Unterstützung bei den 

präparativen Arbeiten. Ich danke auch Ajda für ihre große Hilfe im Labor. 



 
 

Weiterhin danke ich den technischen Mitarbeitern, insbesondere unserer 

Feinmechanikerin Sylvia und unserem Elektriker Stefan Blank sowie Rudolf Richter 

aus der Konstruktion für die technische Unterstützung beim Aufbau der zahlreichen 

Spezialanfertigungen und für die schnelle und unkomplizierte Hilfe bei Reparaturen 

und Wartungen. 

Susanne Limbach danke ich herzlich für die freundliche und unkomplizierte 

Unterstützung bei organisatorischen Fragen. Traudel und Christel danke ich für ihren 

wertvollen Einsatz bei der Praktikumsbetreuung. 

Mein besonderer Dank gilt meinen Kooperationspartnern. Vom Leibniz-Institut INM 

(Institut für Neue Materialien) danke ich Herrn Prof. Dr. Volker Presser und Frau Dr. 

Stefanie Arnold für die gute Kooperation, die vielen Anregungen sowie die rasche 

Revision der Manuskripte. Dr. Antje Quade danke ich für XPS-Messungen und 

hilfreiche Diskussionen. 

Mein herzlicher Dank gilt auch meinen neuen Kollegen und Freunden in meiner neuen 

Heimat auf der Ostalb für die tolle Aufnahme und die Unterstützung und Motivation 

während der Schreibphase. 

Ein großer Dank gilt meiner Familie und meinen Freunden, die mir den nötigen 

Rückhalt und Ansporn gegeben haben und immer ein offenes Ohr für mich hatten. Ich 

danke meinen Freunden Jule und Philipp sowie Maike, die mir das Einleben in 

Saarbrücken besonders erleichtert haben. Durch euch und unsere gemeinsamen 

Ausflüge habe ich viel außerhalb des Laboralltags erlebt. Ein besonderer Dank gilt 

meinem Bruder Mo, der immer für mich da war. Mo danke ich für seine persönliche 

Unterstützung und für seine ständige Motivation. Trotz der großen Entfernung konnte 

ich mich durch unsere gemeinsamen Gespräche und die vielen gemeinsamen Reisen 

immer verbunden fühlen. 

Zum Schluss möchte ich mich bei meinem Partner Chris für seine Expertise im 

grafischen Bereich sowie bei IT- und technischen Problemen bedanken. Ganz 

besonders möchte ich mich bei Chris dafür bedanken, dass er mich immer unterstützt 

hat und mir jederzeit zur Seite stand. 

Tausend Dank an euch alle! 

  



 
 

Table of Contents 

List of abbreviations ..................................................................................................... I 

Kurzzusammenfassung ............................................................................................. III 

Abstract ..................................................................................................................... IV 

1 Introduction .......................................................................................................... 1 

1.1 Lithium Ion Battery ....................................................................................... 1 

1.1.1 POM-based Inorganic-Organic Materials for Lithium-Ion Batteries ....... 5 

1.2 Inorganic organic hybrid materials ................................................................ 6 

1.2.1 Polyoxometalate .................................................................................... 9 

1.2.2 Polyoxometalate-Based Inorganic-Organic Hybrid Materials .............. 13 

1.2.3 Composite materials derived from POM-based inorganic-organic hybrid 

materials 18 

1.3 Molybdenum oxide carbide composite materials ........................................ 19 

1.3.1 Mechanisms of pyrolysis ..................................................................... 20 

1.3.2 Crystal chemistry of molybdenum carbides ......................................... 22 

1.4 Nanoparticles ............................................................................................. 23 

1.4.1 Synthesis of Nanoparticles .................................................................. 25 

1.5 Methods for the Continuous Production Particles....................................... 31 

1.5.1 T-Mixers .............................................................................................. 33 

1.5.2 Microjet reactor ................................................................................... 35 

1.5.3 Flow conditions – Reynolds number ................................................... 39 

1.5.4 Mixing efficiency and mixing time ........................................................ 40 

2 Research Goals ................................................................................................. 42 

3 Results and Discussion ...................................................................................... 43 

3.1 Self-Activation of Inorganic-Organic Hybrids Derived through Continuous 

Synthesis of Polyoxomolybdate and para-Phenylenediamine Enables Very High 

Lithium-Ion Storage Capacity ................................................................................ 44 



 
 

3.2 Continuous Wet Chemical Synthesis of Mo(C,N,O)x as Anode Materials for 

Li-Ion Batteries ...................................................................................................... 81 

3.3 Precursor-Based Syntheses of Mo(C,N,O)x, Molybdenum Carbide, Nitride, 

and Oxide Applying a Microjet Reactor ............................................................... 107 

4 Summary and Outlook ..................................................................................... 130 

5 References ....................................................................................................... 133 

 



I 
 

List of abbreviations 

1,8-DAN 1,8-diaminonaphthalene 

AHM ammonium heptamolybdate 

CB conduction band 

CC carbon cloth 

CIJR confined impinging jet reactor 

CNT carbon nanotube 

CVD chemical vapor deposition 

DMSO dimethyl sulfoxide 

DTO dithiooxamide 

en ethylenediamine 

GO graphene oxide 

H2BDC 1,4-benzenedicarboxylic acid 

HMD hexamethylenediamine 

IUPAC international union of pure and applied chemistry 

LIB lithium-ion batterie 

LTO lithium titanate (Li4Ti5O12) 

MOF metal-organic framework 

NMR nuclear magnetic resonance spectroscopy 

ORMOSIL organically modified silica 

PANI polyaniline 

PEDOT poly(3,4-ethylenedioxythiophene) 

PLGA poly(lactic-co-glycolic acid) 

POM polyoxometalate 

POMOF POM-based metal-organic frameworks 

RGO reduced graphene oxide 

SBU structural building block 

SEM scanning electron microscopy 

SWNT single-walled carbon nanotube 

TEM transmission electron microscope 

TET titanium tetraethylate 

TG thermogravimetric analysis 

TPT tris-(4-pyridyl)triazine 



II 
 

VB valence band 

XPS X-ray photoelectron spectroscopy 

XRD X-ray powder diffraction 

  



III 
 

 

Kurzzusammenfassung 

Die kontinuierliche nasschemische Synthese von Partikeln mit skalierter Oberfläche 

im Mikro- bis Nanometerbereich ist mit dem Mikrojetreaktor möglich. Die Synthese mit 

dem Mikrojetreaktor ist ein nachhaltiges, energiearmes Verfahren, mit dem sich hohe 

Durchsätze bei hoher Reproduzierbarkeit erzielen lassen. Diese Faktoren sind für 

industrielle Anwendungen besonders wichtig. In dieser Dissertation wurden 

anorganisch-organische Hybridmaterialien durch die wässrige Fällungsreaktion mit 

Ammoniumheptamolybdat (AHM) und verschiedenen organischen Spezies, nämlich 

para-Phenylendiamin (PPD), 1,8-Diaminonaphthalin (1,8-DAN) oder 

Hexamethylendiamin (HMD), synthetisiert. Es wurden systematische Studien 

durchgeführt, indem die Verhältnisse der Reaktanten variiert wurden. Unterschiedliche 

molare Verhältnisse von Molybdaten zu organischen Spezies und der pH-Wert führten 

zu verschiedenen kristallinen Hybridverbindungen. Durch Pyrolyse dieser 

anorganisch-organischen Hybridvorläufer können Mischungen aus Molybdäncarbid, -

nitrid, -oxid, elementarem Mo und gemischten anionischen Verbindungen wie 

Mo(C,N,O)x-Verbindungen, die in eine kohlenstoffhaltige Matrix eingebettet sind, 

erhalten werden. Die Morphologie der Ausgangsmaterialien bleibt auch nach der 

Pyrolyse erhalten. Da die Morphologie eine Schlüsseleigenschaft für die Leistung von 

Lithium-Ionen-Batterien ist, eignet sich dieses Verfahren besonders gut für die 

Materialsynthese von Lithium-Ionen-Batterien. 
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Abstract 

Continuous wet-chemical synthesis of scale surface area particles in the micro- to 

nanometer range is possible with the microjet reactor. Synthesis involving the microjet 

reactor is a sustainable, low-energy process that can be used to achieve high 

throughputs with high reproducibility. These factors are especially important for 

industrial applications. In this dissertation, inorganic-organic hybrid materials were 

synthesized through the aqueous precipitation reaction with ammonium 

heptamolybdate (AHM) and different organic species, namely para-phenylenediamine 

(PPD), 1,8-diaminonaphthalene (1,8-DAN) or hexamethylenediamine (HMD). 

Systematic studies were performed by varying the ratios of the reactants. Varying 

molar ratios of molybdates to organic species and pH resulted in different crystalline 

hybrid compounds. By pyrolyzing these inorganic-organic hybrid precursors, mixtures 

of molybdenum carbide, nitride, oxide, elemental Mo and mixed anionic compounds 

such as Mo(C,N,O)x composites embedded in a carbonaceous matrix can be obtained. 

The morphology of the starting materials is also preserved after pyrolysis. Since 

morphology is a key property for Li-ion battery performance, this process is particularly 

suitable for Li-ion battery material synthesis.
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1 Introduction 

1.1 Lithium Ion Battery 

The ever-increasing scarcity of fossil fuels and the ever-increasing CO2 emissions 

resulting from global warming pose serious problems for the planet. In order to 

overcome the energy and environmental crisis, research is constantly being conducted 

into environmentally friendly renewable energy generation, including wind, solar, and 

hydroelectric power plants. Because these energy sources depend on unpredictable 

environmental factors, high-efficiency energy conversion and storage technologies are 

critical. Lithium-ion batteries (LIBs), with their high specific energy, high power density 

and stable performance, are considered the most suitable candidates for 

electrochemical energy storage. Global research efforts are focused on the 

improvement of the current shortcomings of LIBs, including safety, energy density, 

battery life and performance.1–4 

LIBs use electrochemical processes to convert chemical energy into electrical energy. 

The mechanism and schematic setup of a LIB is shown in Figure 1. A microporous 

membrane (separator) separates two electrodes - a positive electrode (cathode) and 

negative electrode (anode). There is also an electrolyte (containing a lithium salt) 

between the two electrodes. The separator prevents a short circuit because it is 

permeable to the electrolyte and the Li+ ions. Transition metal oxides or phosphates 

(e.g. LiCoO2 or LiFePO4) are typically used as the cathode material. The anode 

material is usually graphite. Li+ ions migrate from the anode to the cathode through the 

electrolyte and separator during the discharge process. Simultaneously, an equal 

number of electrons flow to the cathode via the external circuit. During charging, the 

process is reversed. Li+ ions migrate via the electrolyte and separator from the cathode 

to the anode.2–6 
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Figure 1: Graphic illustration of the discharge and charge processes in LIBs, showing 

lithium intercalation and deintercalation. Reproduced from Ref.2 Used with permission 

of Royal Society of Chemistry (RSC), from Roy, P.; Srivastava, S. K. Nanostructured 

Anode Materials for Lithium Ion Batteries. J. Mater. Chem. A 2015, 3, 2454–2484. 

https://doi.org/10.1039/c4ta04980b; permission conveyed through Copyright 

Clearance Center, Inc. Copyright © 2015. 

 

LIBs utilize redox chemistry, which involves simultaneous reduction and oxidation 

reactions between two redox pairs.7 

The following chemical reactions occur at the anode and cathode in LIBs, resulting in 

the production of Li+ ions and electrons:2–4,6 

 

Anode: 6 C + x Li+ + xe-↔ LixC6 (Eq. 1) 

Cathode: LiCoO2 ↔ Li1-xCoO2 + x Li+ + x e- (Eq. 2) 

Total reaction: 6 C + LiCoO2 ↔ LixC6 + Li1-xCoO2 (Eq. 3) 

 

LIBs with improved power and energy densities for future smaller and lighter batteries, 

suitable electrode materials must fulfill the demands for long cycle life, superior ionic 

and electrical conductivity, and reversible capacity. Environmental and economic 
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factors such as cost, availability and safety are also critical. Ideally, cathode materials 

should have a high voltage, while a low potential would be advantageous for anode 

materials. The layered oxide LiCoO2
8 represents the first industrially available cathode 

material. Among cathode materials, LiCoO2 enables reversible and stable lithiation and 

delithiation. Other common cathode materials include LiFePO4
9 with an olivine 

structure and LiMn2O4
10 with a spinel structure.1,6,11,12 

 

There are three different lithiation processes for electrode materials for LIBs. These 

three different reaction mechanisms are intercalation, alloying, and conversion (Figure 

2). Each of the three mechanisms has advantages and disadvantages. Electrode 

materials must therefore be developed in such a way that the disadvantages are kept 

to a minimum and the storage benefits are maximized.13,14 

 

 

Figure 2: Illustration of the different reaction mechanisms found in electrode materials 

for LIBs. The black circles represent: Cavities in the crystal structure, blue circles: 

metals, yellow circles: Lithium. Adapted from Ref.13 Used with permission of Chemical 

Society, from Palacín, M. R. Recent Advances in Rechargeable Battery Materials: A 

Chemist’s Perspective. Chem. Soc. Rev. 2009, 38, 2565–2575. 

https://doi.org/10.1039/b820555h; permission conveyed through Copyright Clearance 

Center, Inc. Copyright © 2009.  
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Electrode materials based on intercalation mechanisms proceed without significant 

structural changes. Li+ ions enter a host material through topotactic and reversible 

insertion between free lattice sites or layers. Due to their high reversibility and 

simplicity, electrode materials based on intercalation mechanisms are widely used. 

However, this type of electrode does not provide high energy densities. This is because 

the specific charge is limited by both the mass and volume of the host material. Due to 

limited storage sites in the host material, which can only store one electron per ion 

center, the capacities of the electrode materials are limited. The smallest cations that 

can easily penetrate solids through intercalation reactions are Li+ ions and protons. A 

major advantage of the intercalating mechanisms is the stable structure of electrode 

materials, as little or no volumetric expansion occurs. As a result, higher performance, 

longer cyclic life and safer battery operation are possible.13–15 

The next lithiation mechanism for electrode material is the alloying mechanism. 

Electrochemical alloying can occur between lithium and metals or semiconducting 

materials at room temperature in non-aqueous electrolytes. Such alloyed electrode 

materials are suitable as anode materials because of their low operating potentials. 

Elements selected from Si, Ge and Sn can alloy with Li to achieve very high theoretical 

capacities. The alloying process between Li and Si, Ge and Sn results in the formation 

of Li22Si5/Li15Si4 (4212 mA h g-1, 3579 mA h g-1)16, Li22Ge5/Li15Ge4 (1625 mA h g-1, 

1384 mA h g-1)17 and Li22Sn5 (994 mA h g-1)18. Despite the numerous advantages of 

alloy-based anode materials, the very high achievable capacities, low costs and large 

quantities, their practical application is hampered by major problems. During the 

lithiation mechanism of alloy-based anode materials, large volume changes occur, 

which lead to significant capacity losses and poor cyclic lifetimes.1,13,14 

The third mechanism involves the electrode materials based on the conversion 

reaction. This involves a phase change of the electrode materials during the 

electrochemical process. During the cycle, the electrode material is completely 

transformed. This causes the formation of novel compounds having new properties. 

Binary transition metals including metal oxides, fluorides, phosphides, and sulfides are 

among the materials that undergo conversion reactions. The conversion reaction of 

transition metal compounds with lithium results in metallic nanoparticles embedded in 

a matrix. This leads to very high capacities because the reaction results in the complete 

reduction of the transition metal to the metallic form. The redox potential increases with 

the ionicity of the metal-oxide, fluoride, phosphide and sulfide bonds. This results in 



Introduction 

5 
 

low redox potentials for these materials, making them suitable anode materials. 

Fluorides are an exception, achieving high redox potentials, which makes them 

suitable for application as cathode material. In the case of electrode materials based 

on the conversation reaction, a large voltage hysteresis is obtained during discharge 

and charge. This causes a lack of energy efficiency. For these reasons, the commercial 

application of electrode materials relying on the conversion reaction has remained 

limited.13,14,19 

Pure lithium as an anode material in LIBs has the highest theoretical capacity of 

3861 mA h g-1 and the lowest potential of 0 V. Pure lithium used as an anode material 

has enormous safety risks. Increased dendrite formation occurs during cycling, 

potentially causing short circuits. In the worst case, this can cause a fire or explosion. 

The high reactivity as well as the infinite volume change and the reduced lifetime of 

lithium electrodes are further aspects that hinder the application.1,3,20 The safety risks 

can be significantly minimized or prevented by using intercalation compounds such as 

lithium titanate (Li4Ti5O12, LTO). However, LTO has drawbacks as an anodic material 

because the material has a low theoretical capacity of 175 mA h g-1 and a high redox 

potential of 1.55 V.21,22 Graphite is extensively used commercially for anode materials. 

The reasons are the natural occurrence, the low costs, the long cycle stability and the 

low redox potential of less than 0.3 V of graphite electrodes. However, the 

disadvantages are its low theoretical capacity of 372 mA h g-1, the low rate and the 

limited space for ion storage.23–26 For widespread commercial application, cost-

effective anode materials with long lifetimes and high power and energy densities are 

required to address the rapidly growing requirements of the battery industry. Therefore, 

extensive research into new anode materials is needed.1,27–29 

 

1.1.1 POM-based Inorganic-Organic Materials for Lithium-

Ion Batteries 

Searching novel electrode materials for LIBs, inorganic-organic hybrid materials based 

on polyoxometalates have emerged in recent years. Polyoxometalates (POMs) consist 

of extraordinary redox-active metal oxide clusters with tunable structures and high 

charge storage capacities. By integrating POMs into an organic matrix, it is possible to 

engineer electrode materials with enhanced electrochemical behavior. Synergistic 

effects can be utilized through the combined effect of inorganic and organic 

compounds. This results in advantages such as attenuation of the volume change 
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during cyclization, increased electronic conductivity and improved ion diffusion. This 

eliminates the problems associated with conventional electrode materials. Precise 

control over surface properties, composition and morphology results from the 

adjustability and structural flexibility of the POM-based hybrid materials. The resulting 

diversity provides a huge range for the creation of future electrode systems.30–32 

 

1.2 Inorganic organic hybrid materials 

Inorganic-organic hybrid materials are derived from the combination of inorganic and 

organic components. Based on the IUPAC (International Union of Pure and Applied 

Chemistry) definition, hybrid materials are a close mixture of inorganic or organic 

components or both. Typically, the interpenetration of the components is on the order 

of less than 1 µm.33 Due to the synergy of the inorganic and organic components, 

hybrid materials exhibit added and/or improved functionalities and properties. 

Inorganic-organic hybrid materials thus form interfaces between two chemical worlds 

with important contributions in and from materials science. Many efforts have been 

made recently to develop multifunctional inorganic-organic hybrid materials by 

combining the chemical activities of their building blocks.33–38 

Two types of classifications are widely found in the literature to categorize hybrid 

materials (Figure 3). One is based on the nature of the interactions among the organic 

and inorganic compounds, which is the most common classification. The second 

classification takes into account which component acts as the dominant matrix and 

which one acts as a guest.37,38 

  



Introduction 

7 
 

 

Figure 3: General categorization of hybrid materials. Classification according to the 

type of interaction between the components (left). Categorization based on the type of 

matrix and guest component (right).Reproduced from Ref.38 This figure is published 

and licensed under CC BY 4.0. Copyright © 2024 The Authors. Published by American 

Chemical Society. 

 

According to the first classification, class I hybrids are defined as ones that result from 

weak interactions within the organic and inorganic building blocks. These weak 

interactions include electrostatic, hydrogen bonds, and/or van der Waals interactions. 

In contrast, class II hybrids involve strong chemically based interactions. For example, 

the inorganic and organic units are linked by strong covalent bonds. Due to the fact 

that both stronger and weaker interactions can occur in the same hybrid material, this 

classification is sometimes ambiguous.34–38 

The second categorization of hybrid materials emphasizes the nature of the 

predominant structural matrix component versus that which is accommodated. 

Accordingly, hybrid materials can be separated into two major groups: inorganic-

organic (IO) hybrids, when there is an inorganic host into which organic guests are 

integrated and organic-inorganic (OI), in which the matrix forms an organic phase. This 

classification is particularly important regarding nanocomposites (Figure 4), in which 

one of the two building blocks determines the structure.34,38 
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Figure 4: Schematic illustration of various types of hybrid materials in which the 

dispersion of organic and inorganic components occurs at different stages (black lines 

show organic units representing a polymer and orange lines show inorganic units 

corresponding to a layered phase or aggregated rods). Reproduced from Ref.38 This 

figure is published and licensed under CC BY 4.0. Copyright © 2024 The Authors. 

Published by American Chemical Society. 

 

The concepts of composite or nanocomposite are used to describe the formation of 

new materials by combining different phases. According to this, hybrid materials and 

nanocomposite could appear as synonyms. However, the classification criteria are 

different. While hybrids refer to the combination of different components, composites 

and nanocomposites relate to their dispersion degree.38 According to the IUPAC 

definition, a composite is a material composed of several distinct (non-gaseous) phase 

domains, including not less than one domain that appears to be continuous. The term 

nanocomposite is used when the dimension of one phase is in the nanometer range.33 

The schematic representation in Figure 4 illustrates this clearly. In the case of a hybrid 

composite material (Figure 4, left), there is a combination of organic and inorganic 

phases that goes further than a physical mixture. The integrity of the phases is 

maintained. In this way, the material retains areas of the individual phases. In a hybrid 

nanocomposite (Figure 4, middle), further increasing the degree of dispersion causes 

the domains of the single components to blur or disappear. In this particular case, the 

IO or OI classification discussed before makes sense. Last but not least, in hybrid 

materials (Figure 4, right), polysiloxanes or metal-organic frameworks (MOF), the 

organic and inorganic compounds are linked on the molecular levels and form porous 

structures.38 According to IUPAC, such porous materials can be divided among three 

classes, depending on their pores size. Microporous materials have pore sizes down 
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to 2 nm, mesoporous materials have pore sizes from 2 to 50 nm, and macroporous 

materials have pore sizes greater than 50 nm.39,40 

All possible combinations of inorganic and organic components result in a wide variety 

of compositions and chemical structures. This results in a broad field of applications 

for hybrid materials, including energy storages, sensor technology, catalytic 

applications, photonics and biomedicine. The focus of this dissertation is on the 

application of energy storage. This area will be discussed in more detail in the 

following.38 

Hybrid materials are gaining importance in the field of energy storage. For example, 

the limitations of pseudocapacitive materials (metal-transition oxides or conductive 

polymers), such as changes in crystal structure, volume growth during cycling, and 

limited capacity, may be resolved by combination to carbon materials, thereby 

increasing the performance of supercapacitors.41 Furthermore, in order to produce 

electrodes with a hybrid electrochemical reaction, faradaic can also be integrated into 

the networks of capacitive-like materials. This would make it possible to eliminate the 

gap between supercapacitors and batteries in regard to performance and energy 

densities.42 The structure of the materials plays an enormously important role in energy 

storage for the performance of the end devices. However, faradaic materials are often 

not very conductive, so they are optimally embedded in the conductive carbon matrix 

and the volume change can also be compensated for, for example downsizing to the 

nanometer scale. There are countless possible combinations. Multiple hybridizations 

(carbon/metal oxide/conductive polymer) are also being explored. There are many 

specialized reviews on this topic in the literature.42 Reddy et al.43, for example, focused 

on CNT-based hybrids for applications in energy storages in their review. Gómez-

Romero et al.44,45, on the other hand, focused on polymer-metal oxide hybrids 

(including polyoxometalates).38 

 

1.2.1 Polyoxometalate 

Polyoxometalates (POMs) are commonly used components in inorganic-organic hybrid 

materials. POMs represent a special group of chemical compounds with the formula 

[MxOy]n-, which consist of consisting of early transition metals (e.g. MoVI, WVI, VV, NbV, 

and TaV) that form anionic molecular metal oxide clusters linked by common oxygen 

atoms, forming defined cluster frameworks with extremely diverse functional 

properties. Thus, POMs are ideally suited as inorganic components in inorganic-



Introduction 

10 
 

organic hybrid materials. In addition to isopolyoxometalates, which contain one type of 

metal atom in their metal-oxygen skeleton, the so-called addenda atom (M), there are 

heteropolyoxometalates with a further heteroatom (X) (e.g. B, Si, P, Mn, Co, Gd).31,46–

51 This results in many possible variations for the POMs. In the POM cluster anion, 

both addenda and possibly hetero-metal can be varied, which leads to a structural 

diversity of POM cluster anions. Some of the best known such POM cluster anion 

representatives are the Keggin anion [XM12O40]n-, Dawson anion [X2M18O62]n-, 

Lindqvist anion [Mo6O19]2- and Anderson anion [XM6O24]n- (Figure 5). The clusters are 

distinguished by their different topological structures.44,48 

 

 

Figure 5: Typical representatives of the POM cluster anions (a) Keggin anion; (b) 

Dawson anion; (c) Lindqvist anion and (d) Anderson anion. Addenda atoms (M) are 

shown in blue, O atoms in red and heteroatoms (X) e.g. B, Si, P in orange. Reproduced 

from Ref.48 and licensed under a Creative Commons Attribution-NonCommercial 3.0 

Unported Licence. Copyright © 2015. Published by Royal Society of Chemistry (RSC). 

 

The redox properties of the POM cluster anions can be adjusted by varying the 

heteroatoms and/or addenda atoms. According to decreasing oxidizability, the 

addenda atoms can be ordered as listed below: V(V) > Mo(VI) > W(VI).46,52 

Due to the large number of different POM clusters, synthetic difficulties arise. The 

formation of POM clusters depends strongly on the pH value, the concentration, the 

reactant ratios, the order in which the various reagents are added, the temperature and 
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the pressure. Different POM clusters of vanadates, molybdates and tungstates as a 

function of the pH values are shown in Figure 6.53–55 

 

 

Figure 6: Structure of the main POM clusters ({VOx}, orange polyhedra; {MoOx}, blue 

polyhedra; {WOx}, gray polyhedra (x = 4-7)) in aqueous solution as a function of pH. 

Reproduced from Ref.53 Copyright © 2023. Published and using under permission by 

Jenny Stanford Publishing Pte Ltd. 

 

In order to produce POM clusters, the simplest synthesis method involves adjusting 

the pH value of an aqueous solution of [MOx]n- anions. This leads to complex self-

organization of larger structures via condensation of the {MO6} units. The clusters can 

then be precipitated by adding counterions (e.g. alkali metals or organic cations).53–55 

POMs are very good contenders for energy storage applications owing to their unique 

electrochemical redox properties. They can engage in fast reversible electron 
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exchange reactions, as the compounds are highly stable in different oxidation and 

reduction state. For this reason, POMs are referred to in the literature as electron 

storage devices or sponges. The Keggin anion [PMo12O40]3- as the most well-known 

representative can undergo reversible multivalent reduction and oxidation reactions. If 

all MoVI ions are reduced to MoIV ions, 24 electrons are reversibly transferred (Figure 

7). Furthermore, the main structure remains intact during the redox reaction without 

changing its molecular geometry. This makes them ideal for use as electrode materials, 

as no major volume changes occur during redox processes.46,48–50 The hollow sphere 

structure of POMs enables a large space and surface area for lithium-ion storage. The 

diffusion of lithium ions is also facilitated by the large cavities on the molecule. The Li 

ions fit into the real 3D spaces in the outer edge of the molecular POM clusters.30,56,57 

In this context, the more electrons are absorbed by the POM cluster, the more negative 

the reduction potential becomes. The cluster is destroyed when a maximum quantity 

of electrons has been exceeded. The maximum quantity of electrons a cluster can 

accept is dependent on the type of cluster, the type of metal atoms in the cluster, the 

electrochemical stability and the operating conditions of the battery.58,59 

 

 

Figure 7: Charging and discharging processes of the Keggin anion [PMo12O40]3- - 

reversible transfer of 24 electrons. Reprinted with permission from Wang, H.; 

Hamanaka, S.; Nishimoto, Y.; Irle, S.; Yokoyama, T.; Yoshikawa, H.; Awaga, K. In 

Operando X-Ray Absorption Fine Structure Studies of Polyoxometalate Molecular 

Cluster Batteries: Polyoxometalates as Electron Sponges. J. Am. Chem. Soc. 2012, 

134, 4918–4924. https://doi.org/10.1021/ja2117206.51 Copyright © 2012. Published by 

American Chemical Society. 
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Various POM clusters with different transition metals have been used for rechargeable 

batteries. In 2011, the heteropolyoxomolybdate of the Keggin type K3[PMo12O40] was 

first investigated for use in LIBs as a cathodic material. The material demonstrated a 

capacity of above 200 mAh g-1 in the range of potentials from 4.2 V to 1.5 V.60 In further 

studies, theoretical and experimental investigations were performed to better 

comprehend the structure and redox characteristics during the charging and 

discharging processes. Through a reversible 24 electron redox reaction, the total of 12 

Mo6+ ions will be reduced to Mo4+. In a voltage range of 4.0 V and 1.5 V, this results in 

a high capacity of about 270 Ah kg-1. Further investigations showed that there is a 

slight shrinkage of the molecular structure in the reductive phase [PMo12O40]27- relative 

to [PMo12O40]3-.31,51,61 A vanadium-based POM (Li7[V15O36(CO3)]) showed outstanding 

properties as cathodic material for LIBs having a specific capacity of 250 mA g-1, 

energy densities and power densities of 1.5 kWh L-1 and 55 kW L-1, accordingly. The 

{V15O36} clusters contain eight VIV centers and seven VV centers, which exhibit multi-

electron redox properties.31,62 Zhang et al. presented a highly stabilized crystalline 

microporous metal oxide containing Mo, V, and Bi with a large capacity of 380 Ah kg-

1, which is an excellent cathode for LIBs. The strategic incorporation of a third metal 

ion into the crystal Mo-V complex oxides (orth-MoVO) has been successful in 

increasing the stabilizing properties of the material.31,63 

 

1.2.2 Polyoxometalate-Based Inorganic-Organic Hybrid 

Materials 

Although POMs are effective electrode materials owing to their highly defined structure 

and excellent redox characteristics, their low specific surface area due to 

agglomeration in the electrolyte and increased solubility in the electrolyte causes 

shorter lifetimes, reduced capacities, and poorer stability of battery performance.61,64 

In addition, poor cycle and rate performance occurs due to non-uniform and non-

nanoscale distribution of POM clusters, which hampers electron transfer among the 

electrode and the material. The disadvantages can be compensated by forming hybrid 

or composite materials using different materials with a large surface area or a porous 

structure. A combination of POM with carbon materials or redox-active organic 

compounds would improve the functionality, stability and electrical conductivity in 

combination.31,32 
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Various carbon materials, such as carbon nanotubes (CNTs), single-walled carbon 

nanotubes (SWNTs), and multi-walled carbon nanotubes (MWNTs), as well as 

graphene and their derivatives, such as reduced graphene oxide (RGO) or graphene 

oxide (GO), were reported to enhance the energy storage capacity of LIBs.31,65 Several 

approaches have been developed for combining POMs with carbon materials. These 

include non-covalent functionalization by means of intermolecular interactions, 

including electrostatic interactions and π-π interactions among POMs and organic 

materials, and covalent functionalization by covalently grafting POMs onto organic 

materials. To increase electron transfer and lithium-ion diffusion, a nanohybrid system 

with POM clusters and nanotubes (SWNTs) was developed. A POM TBA3[PMo12O40] 

(where TBA = [N(CH2CH2CH2CH3)4]+) has been coated on the surfaces of the SWNTs 

through electrostatic interactions. The large surface area of the POM/SWNT hybrid 

system results in a capacity of 320 Ah kg-1 (Figure 8a, c).31,65,66 By using graphene in 

such hybrid systems, the capacitive effect can be improved as graphene has a higher 

specific surface area than CNTs. As cathode material for application in LIB, 

TBA3[PMo12O40]/rGO hybrid systems were realized by grafting the POM molecules 

onto the surfaces of rGO. The POM/rGO hybrid system shows a capacity of approx. 

140 Ah kg-1 (Figure 8b, c).31,32,65,67 
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Figure 8: (a) Visualization andTEM image of POM/SWNT hybrids with possible 

interaction of lithium, Used with permission of John Wiley and Sons, from Kawasaki, 

N.; Wang, H.; Nakanishi, R.; Hamanaka, S.; Kitaura, R.; Shinohara, H.; Yokoyama, T.; 

Yoshikawa, H.; Awaga, K. Nanohybridization of Polyoxometalate Clusters and Single-

Wall Carbon Nanotubes: Applications in Molecular Cluster Batteries. Angew. Chem. 

2011, 123, 3533–3536. https://doi.org/10.1002/ange.201007264; permission 

conveyed through Copyright Clearance Center, Inc. Copyright © 2011. (b) 

Visualization and TEM image of TBA3[PMo12O40]/rGO hybrid. Used with permission of 

Royal Society of Chemistry (RSC), Kume, K.; Kawasaki, N.; Wang, H.; Yamada, T.; 

Yoshikawa, H.; Awaga, K. Enhanced Capacitor Effects in Polyoxometalate/ Graphene 

Nanohybrid Materials: A Synergetic Approach to High Performance Energy Storage. 

J. Mater. Chem. A 2014, 2, 3801–3807. https://doi.org/10.1039/c3ta14569g; 

permission conveyed through Copyright Clearance Center, Inc. Copyright © 2014. (c) 

Comparison of electrochemical performances in a LIB. Reproduced from Ref.65–67 

Used with permission of Royal Society of Chemistry (RSC), from Horn, M. R.; Singh, 

A.; Alomari, S.; Goberna-Ferrón, S.; Benages-Vilau, R.; Chodankar, N.; Motta, N.; 

Ostrikov, K.; Macleod, J.; Sonar, P.; Gomez-Romero, P.; Dubal, D. Polyoxometalates 

(POMs): From Electroactive Clusters to Energy Materials. Energy Environ. Sci. 2021, 

14, 1652–1700. https://doi.org/10.1039/d0ee03407j; permission conveyed through 

Copyright Clearance Center, Inc. Copyright © 2021. 

  



Introduction 

16 
 

The use of conductive redox-active organic molecules and polymers is another 

strategy for improving the material properties. Due to their excellent conductivity, they 

improve the transfer of electrons to the POMs.31 A polyaniline/polyoxometalate hybrid 

nanofiber was developed as a cathodic material for LIBs, consisting of the 

phosphomolybdic acid polyanion [PMo12O40]3- and a polyaniline matrix. This compound 

showed significantly improved electrochemical performance. The 

polyaniline/polyoxometalate hybrid nanofiber has a high specific capacity 

(183.4 mA h  g-1 at 0.1 C), excellent rate capability (94.2 mA h g-1 at a rate of 2 C), and 

stable cycling behavior (80.7% capacity retention after 50 cycles).49 Based on 

molybdovanadophosphoric acid heteropolyacid H5PMo10V2O40 (PMo10V2) and 

polydopamine, a PMo10V2/PDA microsphere composite is obtained. The material is 

produced by hydrothermal in-situ polymerization in a strongly acidic medium. The 

PMo10V2/PDA microsphere composite showed a specific capacity of 915 mA h g-1 

under a current density of 100 mA g-1, a rate capability of 559.6 mA h g-1 under a high 

current density of 2000 mA g-1, and excellent cycling stability. After 65 cycles, no 

capacity loss was observed for a current density of 100 mA g-1, and at a high current 

density of 1000 mA g-1, capacity was maintained even after approximately 93%.68  

In the literature, all three components POM, carbon material and conductive polymer 

are often combined. Currently, there is little knowledge about the characteristics of the 

charge transfer among the conductive carriers and the POMs. This needs to be better 

understood to enable the commercial applications of this triple combination in LIBs. A 

graphene/polyaniline/polyoxotungstate cathode material for LIBs (rGO@PANI/PW12) 

was successfully designed. The rGO@PANI/PW12 shows a specific capacity of 

285 mA h g-1 at 50 mA g-1, a good cycling stability with a capacity loss of only 0.028% 

per cycle at over 1000 cycles and a rate capability of 140 mA h g-1 at 2 A g-1. The good 

electrochemical properties of rGO@PANI/PW12 are explained by the quick electron 

migration from the reduced PANI polycation to the PW12 polyanion along with the 

strong redox properties of PW12.65,69 Furthermore, an anode material of PANI, 

H3PMo12O40 (PMo12) and carbon cloth (CC) ((PANi)-PMo12/CC composite) was 

developed. The (PANi)-PMo12/CC composite achieves a capacity of 1092 mA h g-1 at 

1 A g-1 for 200 cycles. On the basis of both experimental measurements and theoretical 

calculations, the possibility of electron migration from PANI to neighboring POM 

clusters affects the electronic conductivity of the material. The data also show a strong 

electrostatic interaction between PANI and [PMo12O40]3-. Furthermore, the calculations 
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show that when the adsorption point on the POM cluster is close to a PANI chain, the 

adsorption energy of Li+ is lower. This can be explained by the interactions between 

these units.31,32,61,65 

POM-based metal-organic frameworks (POMOFs) are attracting much attentions 

owing to their synergistic and functionally integrated effects. As alternatives to metal 

ions in MOFs, POMs are ideal building blocks. To prevent the solubilization of POMs 

in organic electrolytes, MOFs are also investigated as carriers for the immobilization of 

POMs. POMOFs are suitable for potential applications in LIBs. This is due to their 

unique combination of POM and MOF properties, including open pore architecture and 

redox-rich chemistry.31,65 The first POMOF was designed to enhance the cycling 

performance of the anodes in LIBs. POMOF-1 consists of an advanced 3D network 

architecture of flexibly redox-active POM clusters with redox-active organic ligands. 

POMOF-1 was hydrothermally prepared and consists of {Ni6PW9} structured building 

blocks (SBUs) and stiff carboxylate linkers, {[Ni6(OH)3-

(H2O)(en)3(PW9O34)][Ni6(OH)3(H2O)4(en)3(PW9O34)](BDC)1.5}[Ni(en)(H2O)4]·H3O (en = 

ethylenediamine, H2BDC = 1,4-benzenedicarboxylic acid). When applied as an anodic 

material in LIBs, POMOF-1 shows very good electrochemical properties. The intrinsic 

pore structure allows absorption of major volumetric changes and ion diffusion at 

comparatively large current rates during cycling. As a result, exceptional cycle stability 

is observed. During lithiation and delithiation, the local structure and the components 

remain intact. A discharging capacity of 1421 mA h g-1 at a current of 1.25 C with a 

reversible capacity of about 350 mA h g-1 after 500 cycles was achieved.70 Shortly 

afterwards, a new POMOF [PMo8
VMo4

VIO37(OH)3Zn4] [TPT]5·2TPT·2H2O (NNU-11, 

TPT = tris-(4-pyridyl)triazine) was introduced. The structure of POMOF NNU-11 is 

ultra-stable due to the directed bonding of Zn-ε-Keggin fragments with the TPT ligands, 

resulting in 2D layers. The 2D layers are interconnected by π-π stacking effects to form 

a 3D arrangement. For application in LIBs as an anodic material, NNU-11 shows a 

discharging capacity of 1322.3 mA h g-1 at a current density of 50 mA g-1 with a stable 

reversible capacity of 750 mA h g-1 after 200 cycles. This is due to the good redox 

properties of the POMs and the functionality of the MOFs. NNU-11 shows very good 

chemical stability owing to the support of π-π stacking effects.NNU-11 was stable in 

air, aqueous solution from pH 1 to 11, and various solvents.31,32,65,71 

POM clusters can be integrated into a matrix or onto a substrate by forming a hybrid 

or composite material. For this purpose, either the POM can be mixed with the 
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monomer and then polymerized or the prefabricated polymer can be mixed with the 

POM. These are the options for incorporating the POMs into the polymers.68,72 Class I 

POM-based hybrid materials are based on non-covalent interactions, while class II 

materials are based on covalent interactions. Due to the more stable bonds between 

the two units, the POM-based hybrid materials are more advantageous but come with 

synthetic challenges.73,74 By using conductive and redox-active polymers, it is possible 

to optimize material properties and electrical conductivity. This results in enormous 

advantages for electrochemical applications. In particular, polypyrrole, polyaniline, and 

poly(3,4-ethylenedioxythiophene) (PEDOT) have been as conductive polymers in 

hybrid materials for LIBs.45,75–77 Nevertheless, a variety of monomers may be 

polymerized to electroactive polymers by electropolymerization.78 These include 

ortho/para-phenylenediamine79–81, 1,5-diaminonaphthalene82 or 1,8-

diaminonaphthalene83. Combining these materials with POMs results in hybrid 

materials with superior electrochemical properties. 

 

1.2.3 Composite materials derived from POM-based 

inorganic-organic hybrid materials 

Due to the abundance of transition metal species, POM-based inorganic-organic 

hybrid materials are also promising source materials. By combining POM [PMo12O40] 

with the subsequent chelating ligands dithiooxamide (DTO) or L-cysteine, POM 

chelates are obtained. These POM-DTO or POM-L-cysteine chelates are used in the 

next step to produce D- or L-MoS2-C composites in the next step via concurrent self-

sulfurization and self-carbonization via pyrolysis. The architecture of the MoS2-C 

composite material consists of dense Mo2S bubbles enclosed by thin P- and N-doped 

carbon layers. The carbon coating and the encapsulating wider carbon substrate are 

seamlessly welded together, which prevents the active MoS2 species from detaching 

and breaking up the conductive network. The composite D-MoS2-C, which was 

produced by pyrolysis of POM-DTO chelates, profits from the robustness, elasticity 

and conductivity of the DTO-derivative carbon network. This material is used as an 

anodic material in LIBs and has a reversibility capacity after 700 cycles of 1500-

2000 mA h g-1 at 0.5-1 A g-1.84 MoO2 nanoparticles encapsulated in a porous 

octahedron carbon network were prepared by directly calcining of the POMOF (NENU-

5) precursor and subsequent etching step. This synthesis strategy of the MoO2@C 

nano-octahedron via precursor treatment enables in-situ generation of a porous carbon 
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matrices. This increases the ion diffusion of the enclosed MoO2 nanoparticles and the 

active centers for the storage of redox ions. For application as an anodic material for 

LIBs, the MoO2@C nano-octahedral composites provide a reversible specific capacity 

of 1442 mA h g-1 after 50 cycles at 100 mA g-1 and 443.8 mA h g-1 after 850 cycles at 

1000 mA g-1.31,85 

 

1.3 Molybdenum oxide carbide composite materials 

Transition metal carbides, oxides and sulfides have been investigated due to their 

superior theoretical capacity as alternative electrode materials to graphite for LIBs. 

Molybdenum oxides, such as MoO3
86–88 and MoO2

89–91, are considered as potential 

anode materials for LIBs based on their large theoretical capacitance, high stability, 

lower electrical resistance, and high electrochemical activity. Compared to 

molybdenum oxides, molybdenum carbides such as Mo2C or MoCx show favorable 

lithium storage properties on account of the mechanical and chemical stability and the 

better electrical conductivity.92–94 The combination of molybdenum oxides and carbides 

provides promising properties for the possible appliance of these materials in 

electrodes of LIBs. A single-phase molybdenum oxide carbide was obtained from this 

combination. This material could be very promising as it has a higher electrical 

conductivity (than molybdenum oxides) and a higher specific capacitance (than 

molybdenum carbides). Due to drastic volume changes and strong particle 

agglomeration that occur during the charge/discharge process. This results in the 

problems of rapid capacity drop and limited performance of molybdenum carbide, 

oxide and oxide carbide electrodes. These disadvantages can be overcome by 

combining molybdenum carbide, oxide and oxide carbides with carbonaceous 

materials.94,95 

In general, the conventional industrial production of molybdenum carbides is carried 

out using powder metallurgical processes. In this process, molybdenum oxides are 

reduced to elemental molybdenum using hydrogen. The elemental molybdenum is 

then carburized with carbon powders at temperatures of 1500-2000 °C. The major 

drawbacks of this process are the high energy consumption and the fact that the Mo2C 

formed does not exhibit a high specific surface area. This means that the Mo2C formed 

is not suitable for the employment in LIBs. Chemical vapor deposition (CVD) is another 

potential production method. In this process, carbon-containing gases including CO, 

CH4 and C2H6 are used with Mo-containing precursors such as Mo(CO)6, MoCl5 and 
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MoF6 to deposit the materials on various substrates. This method has some problems, 

the resulting Mo2C does not show satisfactory purity and pore structure. Furthermore, 

the equipment for CVD systems is quite complex, the reagents to be used are 

expensive and the operation is costly. The gaseous Mo precursors are harmful to the 

environment and living organisms.96,97 

The production of molybdenum carbides and molybdenum oxide carbides using 

precursor methods is one of the most promising alternative synthesis strategies. 

Moderate reaction conditions and a versatile precursor composition allow for a greater 

flexibility in the size and morphology of the final product. In addition, these methods do 

not require high energy consumption. Suitable precursors can be produced by 

precipitation reaction. Subsequent pyrolysis enables the production of the target 

compound. Several examples of the precursor route are listed below. Mixtures of 

various molybdates with hexamethylenediamines98, aniline99, para-

phenylenediamine100, melamine101, dicyandiamide102 and 2-methylimidazole95. A new 

process based on MoCl5 and urea was developed to synthesize Mo2C and Mo2N 

nanoparticles. A polymeric, glassy phase is formed by dissolving MoCl5 in ethanol and 

adding urea. This is followed by pyrolysis under nitrogen gas flow. Molybdenum 

carbide or nitride could be produced by varying the molar proportion of metal to 

urea.103,104 

Ammonium heptamolybdate (NH4)6Mo6O24 (AHM) is a popular source of molybdenum 

in the precursors. AHM is often used in precipitation reactions with cationic organic 

compounds.103 Another potential source of molybdenum is MoCl5103, but compounds 

such as MoO3 and H2MoO4 are less commonly used due to their low solubility.96 

 

1.3.1 Mechanisms of pyrolysis 

Several phases can be formed from the pyrolysis reaction of such precursors. These 

include orthorhombic high-temperature Mo4O11
105,106, monoclinic MoO2

106, 

orthorhombic Mo2C107 and cubic Mo108. The dominance area diagram for carbothermic 

reduction of MoO2 (Figure 9), which illustrates the carbothermic reaction in the Mo-O-

C system, shows that MoO2, MoC and C are in equilibrium at around 600 °C. At this 

temperature, molybdenum oxide carbides can be obtained. Above 650 °C, Mo2C is the 

most stable phase.109 Further molybdenum carbide products like cubic or hexagonal 

MoCx (x = 0.46-0.75) can also be formed. Molybdenum nitrides such as Mo2N can be 

produced by the incorporation of amine ligands.103,109 
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Figure 9: Dominance area diagram for carbothermic reduction of MoO2. Reproduced 

from Ref.109 by permission of Springer Nature and Copyright Clearance Center. 

Copyright © 2013. Published by Journal of Iron and Steel Research International. 

 

Molybdenum carbide is formed out of the precursor during pyrolysis in a two-stage 

process. Starting from ammonium heptamolybdate, MoO3 is formed in the first stage 

by splitting off H2O and NH3 (Eq. 4). In the next step, the MoO3 formed reacts with a 

carbon source in a carbothermal reduction and forms carbides such as Mo2C 

(Eq. 5).97,109,110 

 

 

(Eq. 4) 

 

(Eq. 5) 
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An excess or lack of carbon leads to unwanted by-products such as elemental Mo or 

residual oxides. Therefore, the proportion from MoO3 to the carbon source is 

decisive.110 

 

1.3.2 Crystal chemistry of molybdenum carbides  

A brief digression to understand the formation of the respective molybdenum carbide 

phases with the general composition MoCx. Various molybdenum carbides can be 

found in the binary Mo-C phase diagram.111 Listed according to their carbon content, 

the structurally characterized modifications are shown in Table 1. The hexagonal γ-/γ' 

MoC (x = 1) has the highest carbon content here. It crystallizes dimorphously in the 

WC or TiP type structure.112 At a lower carbon content, a defective cubic NaCl-type 

structure is formed. This is visible as the carbon content is reduced from x = 0.67 to x 

= 0.75.113 A defective hexagonal NiAs-type structure is found at a carbon proportion 

between x = 0.46 and x = 0.64.114 Due to the lack of carbon, these phases are stabilized 

by the corresponding carbon content, suggesting electronic reasons.115 The 

orthorhombic phase Mo2C appears at x = 0.5 and crystallizes in Fe2N0.94 structure 

type.107,116 However, the latter phase shows reduced electrochemical activity.95,117–119 

Consequently, the defects in the cubic and hexagonal MoCx phases could be important 

in electrochemical intercalation chemistry.110,120 

 

Table 1: Crystal chemistry of MoCx phases. 
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In addition to the pure carbides MoCx, it is also possible that oxide carbides Mo(C,O)x, 

nitride carbides Mo(C,N)x and oxide nitride carbides Mo(C,N,O)x are formed. It is not 

possible to differentiate between these phases using X-ray diffraction due to the small 

differences between C, N and O.110 

 

1.4 Nanoparticles 

Among the most important tasks in today’s research is to find (create) new materials 

with better properties. During the last decades nanoparticles are gaining more interest. 

These classes of materials offer a broad potential range of applications, from catalysis, 

electronics, energy and textiles to biotechnology and medicine.121–125 Nanoparticles 

are characterized by the fact that their size is between 1 and 100 nm. The 

characteristics of nanoparticles are strongly influenced by their size. The fact that 

smaller particles have a high surface area is one of the reasons.124–127 The so called 

surface effect is induced by the larger surface-to-volume ratio in nanomaterials (Figure 

10). The reduction of the particle size results in an increase in the number of atoms on 

the surface. In comparison to bulk atoms, surface atoms tend to be more chemically 

active due to coordinatively unsaturated surface atoms. This results in a higher surface 

energy with decreasing the particles sizes.128,129 
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Figure 10: Surface/volume ratio as a relation of the particle size. Reprinted with 

permission from Burda, C.; Chen, X.; Narayanan, R.; El-Sayed, M. A. Chemistry and 

Properties of Nanocrystals of Different Shapes. Chem. Rev. 2005, 105, 1025–1102. 

https://doi.org/10.1021/cr030063a.128 Copyright © 2005. Published by American 

Chemical Society. 

Another reason for the dependence of particle size on properties is the quantum size 

effect. Since the electronic wave functions of the conduction electrons in metals and 

semiconductors delocalize within the particle, the electrons are defined by "particles in 

a box". In addition, there is a size dependence, since the density of states and the 

particle energies decisively depend on the size of the box. This changes both the 

position of the energy states and the distribution of electrons in the energy states, 

which leads to effects such as a larger band gap in semiconductors. Consequently, the 

HOMO-LUMO band gaps of semiconductor particles, and thus their absorbance and 

fluorescence wavelengths, are size related. Thus, as the particle size reduces, the 

energy difference between the top valence band (VB) and the bottom conduction band 

(CB) rises Therefore, excitation of the nuclei requires higher energy, which becomes 

free as the crystal returns to its ground state by a color shift of the emitted light from 

long-wave (red color) to short-wave (blue color) (Figure 11).128–131 
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Figure 11: Quantum size effects: Increase in band gap and blue shift as particle size 

decreases (CB: conductive band; VB: valence band). Reproduced from Ref.130 by 

permission of Elsevier and Copyright Clearance Center. Copyright © 2018. 

 

These two effects are mainly responsible for the fact that the chemical and physical 

characteristics of nanoparticles differ enormously from corresponding bulk materials of 

the identical compound. It leads, for example, to the melting point decreasing with 

decreasing particle size. The melting point for bulk tin is 232 °C it can reduced of about 

70 °C by decreasing the size of tin nanoparticles.124,128,132 

CdSe semiconductors usually luminesce in a characteristic red color. It is possible to 

tune this continuously from red to blue in the length range below 10 nm.126,133 

 

1.4.1 Synthesis of Nanoparticles 

There are two main strategies for the production of nanoparticles: “top-down” and 

“bottom-up” method. The “top-down” method starts from a bulk solid, which is reduced 

to nanoparticles, e.g. by milling. The “bottom-up method, on the other hand, works in 

the opposite direction, synthesizing nanoparticles from atomic or molecular 

compounds in a gas or liquid phase. The "bottom-up" technique is more commonly 

used.134 
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One of the simplest ways to produce nanoparticles is the precipitation reaction. In 

general, the precipitation reaction proceeds from dissolved reactants in which a new 

solid is formed. The addition of excess dissolved solids leads to precipitation. In order 

for nucleation to take place, the solution requires supersaturation. This is either 

accomplished by dissolving the substance immediately at higher temperatures and 

then cooling it, or by the addition of a reactant that creates a supersaturated solution 

as the reaction proceeds. During the precipitation processes the following steps are 

passed: nucleation, growth, ripening and recrystallization (aging). However, these 

different steps can also overlap.128,135 

In the case of first nucleation, a differentiation can be made between homogeneous 

and heterogeneous nucleation. Homogeneous nucleation occurs without the 

involvement of other substances by combining dissolved molecules or ions to form 

nuclei. In contrast, heterogeneous nucleation occurs at structural inhomogeneities 

(nuclei, impurities, vessel surfaces) to which ions or molecules can attach, e.g., by 

adsorption, until a nucleus is formed.128,135–137 

In homogeneous nucleation, the supersaturated solution is not energetically stable 

from therefore, according to thermodynamics, the process can be considered as a 

change in the total energy of the particle. This consists of the sum of the surface energy 

(ΔGs) and bulk volumetric energy (ΔGv) (Figure 12).128,135–138 
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Figure 12: Schematic illustration of the change in Gibb’s free energy during nucleation 

and the growth process. Reproduced from Ref.138 This figure is published and licensed 

under an open access Creative Common CC BY license. Copyright © 2021. Published 

by MDPI. 

 

The total free energy ΔG for a globular particle of radius r is given by the surface energy 

γ and the free energy of the crystal volume ΔGv (Eq. 6).128,135–138 

 

∆𝐺 = 4𝜋𝑟2𝛾 + 
4

3
𝜋𝑟3∆𝐺𝑉 (Eq. 6) 

 

As a consequence, the energy of the crystal (ΔGv) varies depending on the 

temperature T, the Boltzmann constant kB, the supersaturation of the solution S and 

its molar volume ν (Eq. 7).128,135–138 

 

∆𝐺𝑉  =  
−𝑘𝐵𝑇 ln (𝑆)

𝜈
 (Eq. 7) 
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∆G exhibits a positive maximum for a critical size (r*) when S>1. The activation energy 

for nucleation is the maximum of the free energy. Stable nuclei form and grow into 

particles as soon as the nuclei are higher than the critical size and their free energy for 

growth continues to reduce. If one sets d∆G/dr = 0, one obtains the critical nucleus 

size r*. The critical radius defines the minimum size that is necessary without the 

particles dissolving again. Thus, all particles with r > r* will grow and all particles with r 

< r* will dissolve for a given value of S. The lower the critical nucleus size r*, the lager 

the saturation ratio S. (Eq. 8).128,135–138 

 

𝑟∗  =  
2 𝛾𝜈

𝑘𝐵𝑇 ln (𝑆)
 (Eq. 8) 

 

Nucleation is a static process because the energy barrier represents the activation 

energy, so the nucleation rate is represented by the Arrhenius equation (Eq. 9). The 

equation allows three parameters to be varied: Surface free energy, supersaturation 

and temperature. Where supersaturation has the largest influence on the nucleation 

rate.128,135–138 

 

𝐽(𝑇, ∆𝐺∗) =  𝐴 𝑒𝑥𝑝 (−
∆𝐺∗

𝑘𝐵𝑇
) (Eq. 9) 

 

Heterogeneous nucleation occurs at preferred locations on the surfaces, such as 

phase boundaries or contamination. At these locations, the effective surface energy is 

reduced, and consequently the activation energy (energy barrier to nucleation) 

decreases. Thus, this nucleation is more likely to occur at preferred locations. 

Therefore, heterogeneous nucleation is more frequent compared to homogeneous 

nucleation, which is considered to be the driving forces behind successful nucleus-

directed grown nanoparticles. However, it is assumed in nanoparticle synthesis that 

both types of nucleation occur sequentially and also in parallel.136,137 

After nucleation is complete and a nucleus is formed, these can grow in various ways 

to form a crystal. The next step of the growth process begins. Growth can occur via 

molecular additions. This involves the deposition of soluble species onto the solid 

surface. It is also possible that particles be grown through aggregation with other 
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particles. Finally, ripening occurs. According to Ostwald ripening, bigger particles 

further grow while the ones that are smaller decrease in size and dissolve.128,135 

In the 1950s, LaMer and his colleagues developed another nucleation theory.139,140 In 

their mechanism, they conceptually divided nucleation and growth into two stages. This 

nucleation theory relied on LaMer's studies of the synthetic formation of sulfur sols 

obtained from the degradation of sodium thiosulfate. First, free sulfur was formed out 

of the thiosulfate, then sulfur sols were formed in the solution. In three sections, the 

procedure of nucleation and growth, based on LaMer's process, can be classified: (I) 

Rapid increasing of the monomer concentration of the solution. Starting from a specific 

point, a supersaturation level (Cs) is reached. Here homogeneous nucleation can be 

achieved, but "practically infinitely". (II) An increase in saturation occurs. A level (Cmin) 

is reached, here the energy barrier (activation energy) for nucleation may be exceeded. 

This leads towards fast self-nucleation. (III) Due to this, the supersaturation level 

decreases and the nucleation period is terminated. Growth is controlled by the diffusion 

of the monomers across the solvent. The LaMer mechanism is illustrated in Figure 13. 

Here the concentration is represented graphically as a function of time.136,137,139,140 
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Figure 13: LaMer model the mechanism of nucleation. Reproduced from Ref.141 This 

figure is published and licensed under an open access Creative Common CC BY 

license. Copyright © 2021. Published by MDPI. 

 

Nanoparticle synthesis by bottom-up methods usually follows the nucleation of growth. 

Traditionally batch processes are then used. Several methods for such wet chemical 

synthesis are known in literature. The simplest ways to produce nanoparticles is the 

precipitation reaction. Further strategies are exchange reaction, redox reaction, 

hydrolysis and sol-gel processing.134 

The following parameters are important for precipitation reactions in the microjet 

reactor. A high supersaturation in a short time interval is required. To achieve this, the 

solubility products of the products must be very low and the solid-forming reaction must 

take place very quickly. This results in a large number of nuclei promoting the formation 

of small amorphous or nanocrystalline particles.142 In addition, precise temperature 

control and the use of high initial concentrations are beneficial. By avoiding secondary 

nucleation, narrow particle size distributions can be achieved. This is made possible 

by quickly reducing the supersaturation as a consequence of the high speed of the 

surface reaction kinetics. For homogeneous particles, an even supersaturation with no 
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major local variations is also crucial. A prerequisite for the reduction of locally occurring 

concentration gradients is very rapid mixing, preferably quicker with respect to the 

nucleation time.143 

 

1.5 Methods for the Continuous Production Particles 

Although batch processes are commonly used by default, they have several 

drawbacks. In batch reactors, inadequate mixing results in a heterogeneous 

distribution of reactants and temperatures. This results in a wide particle size 

distribution and poor reproducibility. In addition, scaling up is difficult because larger 

batches make it more challenging to control reaction parameters and produce 

inconsistent particles.134,144,145 

In order to overcome these disadvantages, continuous synthesis comes to fore in 

science. The last 20 years researcher in these fields developed many approaches for 

continuous synthesis.134,146 Two different methods of continuous synthesis of particles 

can be distinguished: gas-phase continuous synthesis and liquid-phase continuous 

synthesis. The disadvantages of gas-phase syntheses are that the use of high 

temperatures leads to highly agglomerated or aggregated particles. In the following, 

the focus is on continuous synthesis methods in liquid phases.147–151 Here we have a 

promising process for consisting and controlled production of particles. 

Microreactor/microfluidic synthesis allows better control of reaction parameters that 

affect particle size distribution. This results in more homogeneous particles.134,146 The 

large surface area to volume ratio of the microreactor causes an improved heat and 

mass transfer.134,152 These methods also allow the scaling-up.146,153 It is important to 

reach a high flow rate in order to enable high throughputs.154 Furthermore, increasing 

the size of the reactor tubes up to the millimeter range can lead to up-scaling.155 If an 

expansion of the reaction chamber proves challenging or for further scale-up, the 

number of tubes or channels can be paralleled / numbering-up.156 The massively 

reduced reaction time at the micrometer length scale offer the possibility to accomplish 

reaction which would be too fast for conventional methods. Overall through efficient 

mixing these techniques provide potential for an automated approach which make the 

use for industrial processes attractive.134,152 Moreover the microreactors have the 

advantage of implementing high-throughput screening experiments in optimizing the 

synthesis condition, determining nucleation and growth kinetics and evaluating 

material preparation method. This could be achieved equipping the microreactors with 
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automated sampling and feeding machines157, online detectors158, and programmed 

cooling and heating systems159. However, the transformation from batch to continuous 

processes is not straightforward. The essential parameters - mixing, heat transfer and 

reaction time - must remain the same when switching from a batch to a continuous 

process in order to achieve consistent results.146 

Continuous flow microreactors along with segmented flow microreactors are two main 

categories into which microreactors can be classified (Figure 14). Several advantages 

are known for the continuous flow microreactors including facile control, high 

throughput, large temperature adaptability and easy operation. There are also some 

disadvantages which are limiting their application such as cross-contamination or 

clogging from direct contact with the channel walls160, which urge researchers to 

develop new strategies.134 

The simplest continuous flow microreactor is the capillary or tubular microfluidic 

reactors which has a flow cross sectional area in the micrometer range (Figure 14a). 

Robust materials such as silica glass161, stainless steel162 and polymers (PVC and 

PEEK)163 are used for this type of microreactors. The main challenges in the synthesis 

of semiconductor nanocrystals are high temperatures, corrosive starting materials and 

fast kinetics.164 These can be overcome with capillary or tubular microfluidic reactors, 

which possess special features including ease of use, robust materials and high 

temperature adaptability.134 

Segmented flow microreactors still can be categorized into two subgroups. These 

include gas-liquid (bubble) microfluidic reactors and liquid-liquid or droplet-based 

microfluidic reactors (Figure 14b). The methods can resolve the problems of 

continuous flow reactors and additionally provide several advantages like efficient 

mixing, rapid mass transfer and large interfacial area However, they also present 

several problems, including the challenge of realizing multi-step reactions, inaccurate 

controlling the coalescence of droplets with specific reactants to induce the reaction, 

and droplet instabilities.134 
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(a)  

(b)  

Figure 14: Comparison between the two main synthesis strategies in microreactors 

(a) continuous flow, and (b) segmented flow. 

 

Inert gas bubbles are created in a segmented gas-liquid reactor to improve the mixture 

via generating a circulation inside a liquid droplet, while reducing axial dispersion 

through separation of the liquid droplets among one another. The size distribution is 

clearly narrowed through the reduced residence time distribution.165 Although this gas-

liquid approach provides a distinct benefit, such as simple isolation from gas and liquid, 

as the generated particles may contact the channel wall, fluid flow is affected by 

deposition or clogging. On the other hand, in liquid-liquid segment flow method, the 

precursor solvent is encapsulated in the liquid droplet. Which prevents contamination 

or clogging because the liquid droplet does not interact with the channel walls. 

Moreover, such droplets are accurately controllable and can be influenced in 

microfluidic reactors, e.g., by droplet formation, droplet separation and droplet 

fusion.134 

 

1.5.1 T-Mixers 

In the precipitation of particles, turbulent mixing is a crucial parameter. Reactor design 

is critical to achieving maximum mixing efficiency. By adjusting parameters such as 

reactor geometry, channel structure and flow conditions, mixing efficiency can be 

optimize.166,167 
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The most common geometries are the T- and Y-shaped mixers, which achieve very 

short mixing times in the range of milliseconds.168 In the T-shaped mixer (Figure 15a), 

two liquid streams flowing perpendicular to each other mix via a connected straight 

outlet channel. Similarly, the Y-shaped mixer (Figure 15b) also contains a long straight 

outlet channel, which is connected by two angled inlet channels.166 Another reactor 

with a similar geometry is the confined impinging jet reactor (CIJR) (Figure 15c). Here, 

two linear jets of liquid meet and flow into a small cylindrical chamber with a conical 

head, in which the liquids mix. The liquids leave the reactor through a connected outlet 

channel.168,169 

 

 

Figure 15: Illustration of the reactor geometries of a) T-shaped, b) Y-shaped and c) 

confined impinging jets. Educt streams (yellow and blue arrow), product stream (green 

arrow) and gas stream (orange arrow). 

 

The effectiveness of CIJRs and T-mixers for particle formation during turbulent 

precipitation for the manufacturing of polymer nanoparticles was investigated by 

Marchisio et al.169 In addition, researchers created a mathematical model for the 

optimization, scaling up and design of the reactors for polymer synthesis.169 The 

investigations by Marchiso et al.169 showed that the mixing chambers of CIJRs 

significantly improved the mixing capability. Smaller particle sizes were achieved with 

CIJRs. In addition, the CIJRs were highly capable of transforming pressure drop to 

turbulent kinetic energy. It was also found that reducing the inlet jet diameter resulted 

in increasing the jet velocity and providing a quicker and more effective mixing (Figure 

16).169 
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Figure 16: Contour plots for CIJRs and T-mixers of the turbulent kinetic energy (m2/s2) 

and variance of the mixing fraction at a flow rate of 120 ml/min and inlet jet diameters 

of d = 2 mm (above) and d = 1 mm (bellow). Reproduced from Ref.169 by permission 

of Elsevier and Copyright Clearance Center. Copyright © 2011. 

 

1.5.2 Microjet reactor 

The microjet reactor was created and patented by Bernd Penth.170,171 The microjet 

reactor represents an evolution in comparison to the CIJR. An additional inlet for gases 

(vertical to the liquid inlets) represents the enhanced improvement (Figure 17). This 

extension makes the reactor extremely suitable for solid particle synthesis, as the 

additional gas flow carries the product away from the reactor and thus prevents 

clogging. In the microjet reactor, the liquids are pressed into two inlets through tight 

nozzles (in the size region of a few hundred micrometers in diameter). As a result, the 

liquids collide as impinging jet, which leads to high jet velocities and fast mixing 

conditions.172,173 New flow conditions result from the additional gas flow and the 

modified reactor geometry, which leads to new possibilities for particle synthesis. 
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Figure 17: Illustration of the reactor geometries of Microjet reactor. 

 

In research, the microjet reactor has been investigated over the last 20 years for the 

production of various inorganic, hybrid and pharmaceutical particles. In 2004, Wille et 

al.174 (Clariant GmbH) investigated the microjet reactor for the synthesis of model azo 

pigments as part of a screening study of various microdevices with a number of 

different options. Essentially, the process proved to be suitable for pigment syntheses. 

However, the limitation to just two reactant flows and the restriction regarding the 

maximum flow ratio were criticized by the authors. Due to the fact that the collision 

point shifts once the flow rate ratio reaches a particular value of 1:1.5, which leads to 

clogging, the reactor was impractical for the special azo coupling reaction (Eq. 10).174 

 

 

(Eq. 10) 

 

Rüfer et al.175 studied the capability of the microjet for solid-state synthesis using a 

precipitation reaction of barium sulphate from barium chloride and potassium sulphate. 
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The focus of the investigation was on the effect of various variables (reactant and 

stabilizer concentration, volume flows, supporting gas pressure) on particle size and 

stabilization against agglomeration. Particle sizes between 60 and 150 nm could be 

reproducibly adjusted. Similar batch experiments were able to yield particles down to 

a minimal size of 300 nm. According to the researchers, clogging was completely 

prevented or reduced by the impinging jet principle, and the rapid and intensive stirring 

in the microjet reactor had a favorable impact on nucleation. Briefly afterwards, Dittert 

et al.176 succeeded in synthesizing titanium dioxide nanoparticles with various phase 

compositions (anatase, brookite, rutile, amorphous) by continuous synthesis via 

hydrolysis of titanium tetraethylate (TET). The phase content could be influenced most 

strongly by changing the temperature of the reactant solution. In 2014, Betke et al.172 

published a continuous wet-chemical precipitation of zinc oxide (ZnO), magnetite 

(Fe3O4) and brushite (CaHPO4 · 2 H2O) particles. The effects of various process 

variables, including process temperature and flow rate, were methodically analyzed. 

The particle sizes could be varied between 44 – 102 nm for zinc oxide, 46 – 132 nm 

for magnetite and 100 – 500 nm for brushite. The polymeric nanoparticles temoporfin 

loaded with Eudragit®RS 100 (copolymers of methyl methacrylate and ethyl acrylate/ 

methacrylic acid) was developed for powerful application in the gastrointestinal tract 

using continuous flow technology with a microjet mixer by Beyer et al.177 These 

technologies enable the adjustment of a wide range of physicochemical factors, 

including particle size, size distribution, particle yields, and encapsulation 

effectiveness. Finally, optimized process parameters allowed the fabrication of 4.5 g of 

polymeric nanoparticles per hour. Both iron oxides ferrihydrite (Fe5O7OH · 4 H2O) and 

schwertmannite (Fe8O8(OH)4.5-6(SO4)1.75-4) were continuously synthesized by the rapid 

precipitation of iron sulfate and ammonium solutions as published by Reichelt et al.178 

In this study, particle sizes ranging from 8.5 up to 53 µm were achieved. The authors 

investigated the impact of various variables on the chemical product properties, 

including pH, reactant concentration, and aging behavior. Technical parameters such 

as the use of a gas stream and the jet diameter were also investigated. A higher jet 

velocity and increased mixture were achieved by reducing the nozzle and jet diameter. 

In contrast, a reduction of the nozzle diameter from 100 to 50 resulted in no change in 

the primary particle size and only a slight reduction in the agglomerate diameter. The 

authors explained this by saying that the speed was already sufficient with the larger 

nozzle diameter. This meant that the mixing process could already be completed 
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before nucleation. Only Brownian agglomeration would be reduced by further 

increasing the jet speed. Better product homogeneity and a reduction in agglomerate 

size could be achieved by using a gas stream. 

The continuous production of pharmaceutical nanoparticles on the basis of 

solvent/non-solvent precipitations using microjet reactor technology was described by 

A. K. Türeli.179 The efficient control of particle characteristics (size, polydispersity index 

and drug loading) was investigated as a function of different active ingredients, matrix 

materials and influences of various parameters such as capillary and nozzle 

parameters, flow rate, temperature, pressure and solvent type. This made it possible 

to develop a novel system with improved in-vitro properties for the oral administration 

of drugs. Türeli et al.180 (MJR PharmJet GmbH) utilized the enhanced control of the 

process variables of the microjet reactor technology. This enabled them to synthesize 

nanocarriers having increased drug loading through the generation of counter-ion 

complexes. The authors published a further study181 on a systematic design of 

experiments on the characteristics of ciprofloxacin poly(lactic-co-glycolic acid) 

nanoparticles (PLGA) investigating the influence of the process variables gas 

pressure, flow rate and temperature. Unlike the known properties of small viscosity 

systems, a reduction in particle size was observed at low flow rates. This is caused by 

the large interfacial tension and the large viscosity of dimethyl sulfoxide (DMSO). The 

low flow rate reduces the solvent and non-solvent volumes in the mixing chamber, 

which can result in increased diffusion of DMSO toward the water phase. 

Additional inorganic compounds prepared using the microjet reactor include yttrium 

orthovanadate particles by Volk et al.182 and metal chalcogenides by Hieme152. Volk et 

al.182 succeeded in synthesizing high-purity, nanoscale yttrium orthovanadate particles 

having a mean grain size of 100 nm using microjet reactor technology through a wet 

chemical precipitation reaction. In a feasibility study, Hiemer et al.152 investigated the 

preparation of doped metal particles. They succeeded in synthesizing Ta-doped 

nanocrystalline tin dioxides and cadmium sulfide particles. 

Lohmann-Richters and Odenwald et al.183 published a synthetic preparation of cesium 

hydrogen phosphate particles (CsH2PO4). The use of microjet reactor technologies, a 

scalable, simple and robust method for the production of cesium hydrogen phosphate 

(CsH2PO4) particles below 200 nm was developed. In addition, Odenwald et al. 

published several papers on the use of microjet reactor technologies to synthesize 

functional organically modified silica (ORMOSIL)173,184–186 and tin(IV) oxide particles187 
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by sol-gel synthesis. Modl et al. carried out a continuous synthesis for surfactant-free 

platinum nanoparticles using microjet reactor technology.188 

Corresponding publications from this dissertation extend the list of the above work to 

include the continuous manufacture of inorganic-organic hybrid materials based on 

ammonium heptamolybdate as the inorganic unit and para-phenylenediamine 

(PPD)189, 1,8-diaminonapthalene (1,8-DAN)190 or hexamethylenediamine (HMD)190 as 

the organic unit. By pyrolysis, these inorganic-organic hybrid materials were used as 

precursors for composite materials. This made it possible to produce the 

corresponding metal carbides, nitrides and oxides embedded in a carbon matrix.110,190 

 

1.5.3 Flow conditions – Reynolds number 

The Reynolds number (Re) represents one of the major non-dimensional quantities 

used to characterize flow conditions in microfluidics. It is determined to be the ratio of 

the inertial force to the viscous force (Eq. 11), wherein u is the mean flow velocity [m/s], 

d is the hydraulic diameter [m], ρ is the density of the fluid [kg/m3] and η is its dynamic 

viscosity [kg/m·s].166,168,191–194 

 

𝑅𝑒 =  
𝑢 · 𝑑 · 𝜌

𝜂
 (Eq. 11) 

 

As soon as the decisive Reynolds number is exceeded, the previously laminar flow 

becomes susceptible towards small disturbances. Once the critical value is reached, a 

change from a laminarly to a turbulent flow is to be expected. Within the range from 

2300 to 4000, the critical Reynolds number can vary.191,193,195 In macroscopic large 

pipes, higher Reynolds numbers of more than 4000 can be achieved for the fluid flows. 

Since the characteristic length for calculating the Reynolds number is an order of 

magnitude smaller, such high Reynolds numbers cannot be achieved for microreactors 

operating at low pressures and low flow rates. Under moderate pressures of 1-10 bar, 

the Reynolds numbers of flows in microreactors rarely reach 2000, so rapid mixing by 

turbulence in microreactors cannot be achieved at these pressures.193 Contrary to this, 

turbulent conditions are achieved in microjet reactors due to high pressures.170,175 The 

movement of liquids at low Reynolds numbers is mainly based on molecular diffusion 

under laminar flow conditions. Difficulties arise in the rapid and efficient mixing of 

liquids in microreactors due to the drawback of laminar flow.166 Reynolds number 
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increases and the micromixing time is shortened due to higher volume flows. The 

correlation which exists within the Reynolds number or micromixing time and particle 

size distribution has been investigated in several studies.168,196 

Barium sulphate precipitates are used as a model system for these investigations. A 

higher supersaturation was obtained due to rapid mixing and consequently to faster 

nucleation and growth rates. As a result, more and smaller particles are formed by 

increasing Reynolds numbersIncreasing the Reynolds number further has little effect 

on the particle size distribution when the reactant solution is thoroughly mixed prior to 

particle formation (Figure 18).168 

 

 

Figure 18: Influence of Reynolds number and average particle size on volume 

distribution. Reproduced from Ref.168 by permission of John Wiley and Sons and 

Copyright Clearance Center. Copyright © 2015. 

 

1.5.4 Mixing efficiency and mixing time 

In general, micromixers have shorter mixing times than conventional systems. Usually, 

micromixer mixing times lie within the region of one second to a couple of milliseconds. 

The effect of mass transfer on the reaction rate can be clearly reduced on account of 

the very short diffusion times resulting from the small dimensions.168,193,197 
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In many chemical reactions with liquids, the efficiency depends on the quality of the 

mixture. By adjusting parameters such as the geometry of the micromixer, the channel 

structure and the flow conditions, scientists improve the mixing performance. Beyond 

this, consideration must be given to the influence of the flow behavior of the liquid, 

diffusion effects and inertia and surface effects on the mixing properties. The only 

effective variable is the specific power input. That is, improvements in mixing efficiency 

through geometric optimization are associated with increased energy output.154,166,198 

One of the common approaches to determine the mixing efficiency is the Villermaux-

Dushman reaction, which is based on subsequent concurrent reactions:199–203 

 

𝐻2𝐵𝑂3
− +  𝐻+ →  𝐻3𝐵𝑂3 (Eq. 12) 

5 𝐼− + 𝐼𝑂3
− + 6 𝐻+ → 3 𝐼2 + 3 𝐻2𝑂 (Eq. 13) 

𝐼2 +  𝐼−  ↔  𝐼3
− (Eq. 14) 

 

In this reaction, the neutralization of boric acid (Eq. 12) and the redox reaction (Eq. 13) 

compete for the 𝐻+ ions. The redox reaction (Eq. 13) occurs rapidly, but much more 

slowly compared to the neutralization reaction (Eq. 12).204–206 The iodine generated in 

the redox reaction undergoes a quasi-instantaneous reaction with iodide ions and 

forms an equilibrium with triiodide ions (Eq. 14).207,208 The concentration of the triiodide 

ions formed is detected spectroscopically at 353 nm and are calculated using the Beer-

Lambert law. The more 𝐼3
− ions present, the worse the micromixture196,198,202 

Applying the Villermaux-Dushman test reaction, the mixing efficiency of microjet 

reactor was analyzed for the setup of 300 µm nozzles and a flow rate of 250 ml/min. A 

mixing time of 10 ms was determined.186 
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2 Research Goals 

The goal of this work is the development of a continuous wet-chemical synthesis of 

inorganic-organic hybrid materials in a microjet reactor. In addition to the simple and 

sustainable synthesis of new materials, the analysis and characterization of the 

products is an essential component. 

Continuous wet chemical synthesis in a microjet reactor is a particularly efficient 

method that generates a high throughput. In addition, the method proves to be 

particularly advantageous producing particles with a narrow particle size distribution. 

As a result, this synthesis method is interesting for the production of materials for 

lithium-ion batteries (LIBs). 

The focus is on the synthesis and characterization of new materials for the application 

as anodic materials in LIBs. In collaboration with the working group of Prof. Dr. Volker 

Presser from the Leibniz Institute INM (Institute for New Materials), the electrochemical 

performance the materials produced for their electrochemical performance is being 

examined. 

Several steps are necessary to achieve these goals. The first stage is the preparation 

and optimization of POM-based inorganic-organic hybrid materials in the microjet 

reactor. The structure of the resulting compounds will be characterized using X-ray 

powder diffraction, single crystal structure analysis, thermogravimetric analysis, 

elemental analysis, IR spectroscopy, solid-state magnetic resonance spectroscopy 

(NMR) and scanning electron microscopy. 

In the next step, composite materials derived from the POM-based inorganic-organic 

hybrid materials produced above are synthesized via pyrolysis. For structural analysis, 

these materials are analyzed using X-ray powder diffraction, elemental analysis, 

Raman spectroscopy, scanning electron microscopy and transmission electron 

microscopy. 

Next, the two classes of materials produced above will be tested for their application 

as anode materials in LIBs and their electrochemical properties will also be 

investigated. 

The final step is to break down the electrochemical performance of the anode materials 

with the help of post-mortem examinations and model studies. The following analytical 

methods are used for this purpose: X-ray powder diffraction, IR spectroscopy, Raman 

spectroscopy, X-ray photoelectron spectroscopy (XPS), solid-state magnetic 

resonance spectroscopy (NMR) and scanning electron microscopy.  
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3 Results and Discussion 

This dissertation includes the following peer-reviewed research papers as subsections 

of the following Results and Discussion chapter. 

 

List of publications: 

• Abdirahman Mohamed, M.; Arnold, S.; Janka, O.; Quade, A.; Presser, V.; 

Kickelbick, G. Self-Activation of Inorganic-Organic Hybrids Derived 

through Continuous Synthesis of Polyoxomolybdate and Para-

Phenylenediamine Enables Very High Lithium-Ion Storage Capacity. 

ChemSusChem 2023, 16, 1–15. https://doi.org/10.1002/cssc.202202213. 

• Abdirahman Mohamed, M.; Arnold, S.; Janka, O.; Quade, A.; Schmauch, J.; 

Presser, V.; Kickelbick, G. Continuous Wet Chemical Synthesis of 

Mo(C,N,O)x as Anode Materials for Li-Ion Batteries. J. Mater. Chem. A 2023, 

11, 19936–19954. https://doi.org/10.1039/d3ta03340f. 

• Abdirahman Mohamed, M.; Janka, O.; Harling, S.; Kickelbick, G. Precursor-

Based Syntheses of Mo(C,N,O)x, Molybdenum Carbide, Nitride, and Oxide 

Applying a Microjet Reactor. Solids 2024, 5, 443–459. 

https://doi.org/10.3390/solids5030030. 
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3.1 Self-Activation of Inorganic-Organic Hybrids 

Derived through Continuous Synthesis of 

Polyoxomolybdate and para-Phenylenediamine 

Enables Very High Lithium-Ion Storage Capacity 

This chapter presents the first continuous synthesis of inorganic-organic hybrid 

materials using the Microjet reactor. The redox-active reactant ammonium 

heptamolybdate (AHM) was used as the inorganic component and para-

phenylenediamine (PPD) as the organic component. These materials are therefore 

potential contenders as anode materials in LIBs. 

The development of low-energy, sustainable processes and high scalability with high 

reproducibility are particularly important for upscaling the production of battery 

materials. For applications in LIBs, the production of large surface areas of the 

materials is crucial. Both particle size and morphology contribute significantly to the 

electrochemical performance. Furthermore, inorganic-organic hybrid materials offer 

great adjustability of properties by skillfully combining suitable inorganic and organic 

components. 

Systematic studies showed that depending on the ratio between AHM and PPD and 

the pH value, two different crystalline hybrid compounds are obtained. The hybrid 

materials were produced under simple acidic aqueous precipitation reaction in the 

microjet reactor. 

Besides synthesis, the focus is on detailed characterizations of the materials and the 

study of the electrochemical lithiation of the materials. 
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3.2 Continuous Wet Chemical Synthesis of Mo(C,N,O)x 

as Anode Materials for Li-Ion Batteries 

This chapter builds on the previous results and deals with the pyrolysis of presented 

inorganic-organic hybrid materials. A further class of material is presented as an anode 

material based on inorganic-organic hybrid precursors. The sizes and morphologies 

could be obtained during the pyrolysis of the hybrid precursors. Since these are 

important factors for electrochemical performance, as mentioned above, it is a suitable 

synthesis route for the production of anode materials for LIBs. 

By optimizing the pyrolysis conditions such as temperature and time, mixtures of 

molybdenum carbides, nitrides, oxides, elemental molybdenum and mixed anionic 

compounds such as Mo(C,N,O)x embedded in a carbonaceous matrix could be 

obtained. The proportion of organic components in the hybrid precursor is also decisive 

for pyrolysis. The latter material, Mo(C,N,O)x embedded in a carbonaceous matrix, 

shows not only excess carbon but also staple defects, which leads to an improvement 

in electrochemical performance. 

Beyond the synthetic process, the article highlights the in-depth characterization of the 

materials and the examination of the electrochemical lithiation of the materials. 
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3.3 Precursor-Based Syntheses of Mo(C,N,O)x, 

Molybdenum Carbide, Nitride, and Oxide Applying 

a Microjet Reactor 

In the last article, the influence of the carbon source on the pyrolysis reaction is 

investigated in more detail. Previous results showed that the carbon content is a 

decisive factor for pyrolysis. First, new inorganic-organic hybrid compounds are 

prepared using 1,8-diaminonaphthalene (1,8-DAN) or hexamethylenediamine (HMD) 

as organic species and in combination with ammonium heptamolybdate as inorganic 

species. The syntheses and optimization are carried out in line with the previous work. 

There is a clear trend towards the use of aromatic systems, due to their better stability 

compared to aliphatic systems, as well as organic species with the highest possible 

carbon content. These materials were also produced via simple continuous 

precipitation reactions in the microjet reactor. 

Thus, the following composite material Mo(C,N,O)x embedded in a carbon matrix with 

high carbon excess is obtained. Both the produced inorganic-organic hybrid materials 

and the composite material Mo(C,N,O)x embedded in a carbon matrix are potential 

candidates as anode materials in LIBs. 

In addition to the synthesis, the next article concentrates on the extensive 

characterization of the materials. 
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4 Summary and Outlook 

In this dissertation, a sustainable continuous wet-chemical method in a microjet reactor 

was used to produce inorganic-organic hybrid materials based on polyoxomolybdates 

and diamines. Systematic studies and detailed characterizations were carried out to 

optimize these materials for applications in LIBs. Furthermore, these inorganic-organic 

hybrid compounds were pyrolyzed and can thus be used for applications as electrode 

materials in LIBs.  

In the first part of the work, two inorganic-organic hybrid materials were prepared using 

two redox-active reactants ammonium heptamolybdate (AHM) as inorganic component 

and para-phenylenediamine (PPD) as organic component. By varying the PPD and 

AHM ratios, the compound PPD/molybdate (1 : 1) with the composition 

[C6H10N2]2[Mo8O26]·6 H2O was prepared at low PPD:AHM ratios, while the compound 

PPD/molybdate (10 : 1) with the composition [C6H9N2]4[NH4]2[Mo7O24]·3 H2O was 

prepared at high PPD:AHM ratios. Both materials were tested for their electrochemical 

performance without further treatment. The material PPD/molybdate (10 : 1) shows 

remarkable electrochemical properties by conversional reaction reaching extraordinary 

capacities up to 1084 mA h g-1 at 100 mA g-1 after 150 cycles, which corresponds to a 

capacity increase of 556%. This high capacity is achieved after an induction phase. 

This behavior is so far unknown and can be described by several conversion reactions. 

Post-mortem analyses show a complete decomposition of the material and the 

formation of crystalline Li2MoO4. Furthermore, in-situ polymerization of the PPD was 

demonstrated by model studies comparing chemically lithiated material. This could 

explain the unique increase in capacity. 

In the second part of this work, the previously prepared inorganic-organic hybrid 

materials served as precursors for composite materials including molybdenum 

carbides, nitrides, oxides, elemental molybdenum and mixed anionic compounds such 

as Mo(C,N,O)x embedded in a carbonaceous matrix. During the pyrolysis of the 

inorganic-organic hybrid materials, the sizes and morphologies of the materials could 

be preserved. The size and morphology are decisive factors for the electrochemical 

performance. In addition to parameters like time and temperature, the proportion of 

organic components in the hybrid precursor is decisive for pyrolysis. A mixture of Mo2C, 

MoO2, Mo2N and elemental Mo without stacking faults and excess carbon was 

obtained from the pyrolysis of the hybrid precursors with lower PPD content. With 

higher PPD content in the hybrid precursor, Mo(C,N,O)x with stacking faults in a 
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carbonaceous matrix resulted after pyrolysis. In the anode materials for LIBs, stacking 

faults and excess carbon were found to be critical for improving electrochemical 

performance. Different electrochemical behaviors could be achieved by varying 

synthesis parameters such as pyrolysis temperatures and different particle sizes and 

morphologies. The best electrochemical performance could be achieved with the 

hybrid precursor with higher PPD:AHM ratio, the PPD/molybdate material (9 : 1), which 

was pyrolyzed at 600 °C. The material demonstrated a capacity of 933 mA h g-1 at 

100 m A g-1 after 500 cycles. Post-mortem analyses show that two processes take 

place during cyclization. One is the decomposition of the carbide and the other is the 

reduction of O-Mo6+. This transformation reaction results in improved electrochemical 

performance and high cycle stability. 

In the third part of this work, the aim was to gain a better understanding of the impact 

of the carbon source on the pyrolysis reaction. For this purpose, two new organic 

species 1,8-diaminonaphthalenes (1,8-DAN) or hexamethylenediamines (HMD) were 

synthesized in combination with ammonium heptamolybdate as inorganic species to 

form inorganic-organic hybrid precursors. A comparison was made with the results 

from the previous work, where para-phenylenediamine was used as the organic 

species. Thus, three different organic diamines were compared, namely PPD with 6 

carbons and an aromatic system, 1,8-DAN with 10 carbons and an aromatic system 

and HMD with 6 carbons and an aliphatic system. The findings demonstrate clearly 

that these differences in organic species are crucial for the pyrolysis. The pyrolysis of 

the 1,8/molybdate precursors results mainly in the formation of a mixture of 

molybdenum carbide and molybdenum with composites materials Mo(C,N,O)x 

embedded in the carbonaceous matrix. The latter material, Mo(C,N,O)x, also exhibits 

staple defects. Meanwhile, pyrolysis of the HMD/molybdate precursors leads to 

materials without excess carbon. This is due to the low carbon content of HMD and the 

low stability of the aliphatic diamine compared to aromatic systems. It could also be 

shown here that the morphologies are retained during pyrolysis of inorganic-organic 

hybrid precursors. 

Overall, the microjet approach proved to be a sustainable and energy-saving method 

for producing extremely interesting inorganic-organic hybrid materials via a simple 

precipitation reaction. These materials are suitable for direct use as anode materials. 

Furthermore, these materials are good precursors for pyrolysis reactions and can then 

also be regarded as anodic materials for LIBs. 
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Combining redox-active inorganic and organic species in a hybrid material offers a 

wide range of variations for future research work. In addition to POM clusters made of 

molybdate, POM clusters with other transition metals such as tungstate or vanadate 

could also be used. The variation of organic species is also diverse. In addition to the 

use of other redox-active diamines, the addition of further functional groups is also 

possible. The investigation of larger aliphatic and aromatic systems is also of interest. 

Other monomers that can be polymerized to electroactive polymers by 

electropolymerization can also be used. 

In addition to the almost infinite variation possibilities of the inorganic and organic 

species for the synthesis of hybrid materials, the structures of the 1,8/molybdate and 

HMD/molybdate hybrid materials can be broken down in more detail by growing single 

crystals for further research work with regard to characterization, and the 

electrochemical performance of the 1,8/molybdate and HMD/molybdate materials can 

be investigated in more detail. 
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