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Kurzzusammenfassung

Die kontinuierliche nasschemische Synthese von Partikeln mit skalierter Oberflache
im Mikro- bis Nanometerbereich ist mit dem Mikrojetreaktor moglich. Die Synthese mit
dem Mikrojetreaktor ist ein nachhaltiges, energiearmes Verfahren, mit dem sich hohe
Durchsatze bei hoher Reproduzierbarkeit erzielen lassen. Diese Faktoren sind flr
industrielle Anwendungen besonders wichtig. In dieser Dissertation wurden
anorganisch-organische Hybridmaterialien durch die wassrige Fallungsreaktion mit
Ammoniumheptamolybdat (AHM) und verschiedenen organischen Spezies, namlich
para-Phenylendiamin (PPD), 1,8-Diaminonaphthalin (1,8-DAN) oder
Hexamethylendiamin (HMD), synthetisiert. Es wurden systematische Studien
durchgefuhrt, indem die Verhaltnisse der Reaktanten variiert wurden. Unterschiedliche
molare Verhaltnisse von Molybdaten zu organischen Spezies und der pH-Wert fihrten
zu verschiedenen kristallinen Hybridverbindungen. Durch Pyrolyse dieser
anorganisch-organischen Hybridvorlaufer kdnnen Mischungen aus Molybdancarbid, -
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 Schllsseleigenschaft fur die Leistung von
Lithium-lonen-Batterien ist, eignet sich dieses Verfahren besonders gut fur die

Materialsynthese von Lithium-lonen-Batterien.



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), 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.



Introduction

1 Introduction

1.1 Lithium lon 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.’*

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. LiCoOz or LiFePOa) 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%
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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 lon 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.”
The following chemical reactions occur at the anode and cathode in LIBs, resulting in

the production of Li* ions and electrons:246

Anode: 6 C + x Li* + xe"— LixCe (Eq. 1)
Cathode: LiCoO2 < Li1xCoO2 + x Li* + x e (Eq. 2)
Total reaction: 6 C + LiCoO2 < LixCs + Li1-xC0O2 (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
2
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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® represents the first industrially available cathode
material. Among cathode materials, LiCoO2 enables reversible and stable lithiation and
delithiation. Other common cathode materials include LiFePO4° with an olivine

structure and LiMn204'° with a spinel structure.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.'314

Intercalation Low capacity

(mostly limited to 1 e/ M)

>

= M, Z

©

=

o

< Commercialised

=

= ’ :

1= Alloying Very large capacity

@ Volume changes
are still an issue

. Under development
Conversion

Large capacity

aM+b LiX Voltage hysteresis

Figure 2: lllustration 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."® Used with permission of Chemical
Society, from Palacin, 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.'3-1°

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 Li22Sis/Li15Sia (4212 mA h g, 3579 mA h g")'6, Li2Ges/Li1sGes (1625 mA h g,
1384 mA h g")'” and Li22Sns (994 mA h g)'8. 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."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

4
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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' 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.’32° The safety risks
can be significantly minimized or prevented by using intercalation compounds such as
lithium titanate (LiaTisO12, LTO). However, LTO has drawbacks as an anodic material
because the material has a low theoretical capacity of 175 mA h g™' and a high redox
potential of 1.55 V.222 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 0.3V of graphite electrodes. However, the
disadvantages are its low theoretical capacity of 372 mA h g™, the low rate and the
limited space for ion storage.?*>?® 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.’27-2°

1.1.1 POM-based Inorganic-Organic Materials for Lithium-

lon 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
5
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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 um.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

Differences between components interactions Differences based on matrix component nature

Organic constituents: Inorganic constituents:
polymers, biopolymers, minerals, clays, sol-gel,
gels, carbons, micelles... metals, ceramics, MOFs, ©
— Inorganic modifiers: semiconductors...
w ~ colloids, nanoparticles Organic modifiers:
wv Y biomolecules, polymers, >~
T \ <2< Q;/\ block copolymers
b SO 50,
(@) e ®
\ R L D
Weak interactions
Inorgcanic constituents: ) }
\ Clays, minerals, ceramics, Organic con.stltuents:
g sol-gel, metals, MOFs, polymers, biopolymers, gels,
’ semiconductors | carbor?s, mlce'lles... ‘ B
\' Inorganic modifiers: Organic modifiers: \g A
colloids, nanoparticles.. biomolecules, block 78S\ Uj'c
copolymers, small organic | O.
¢ [
Strong interactions molecules /’;ﬁ
00090 -
B e

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 | 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 Il 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 (I0) hybrids, when there is an inorganic host into which organic guests are
integrated and organic-inorganic (Ol), 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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hybrid composite (micro) hybrid nanocomposites hybrid compounds
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.3® 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.3?
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 Ol 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.3® According to IUPAC, such porous materials can be divided among three
classes, depending on their pores size. Microporous materials have pore sizes down

8
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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.3°: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.#! 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.*? 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.*? Reddy et al.*3, for example, focused
on CNT-based hybrids for applications in energy storages in their review. Gomez-
Romero et al.*4% 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]™, which consist of consisting of early transition metals (e.g. MoV!, WY!, VY, 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-
9
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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).3"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 [XM120a40]™, Dawson anion [X2M18Oe2]™,
Lindqvist anion [MosO19]> and Anderson anion [XMeO24]™ (Figure 5). The clusters are

distinguished by their different topological structures.*448

Figure 5: Typical representatives of the POM cluster anions (a) Keggin anion; (b)
Dawson anion; (c) Lindqgvist 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.*® 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) > MoV > W(V) 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

10
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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 6.53-5°

PH . Mo W
4 -y A A
[VOo,J* [V,0,]* [MoO,J* [wo,]*
| [H;W1,0,,]
l Q& —
 [Vi0ul*
6 [VO,J

[Mo7024]"

[H,V;505] "
' W-[W,40,,(0H),,]** [H;W12040]"

W-metatungstate

|,

[M034012,(H,0),,]* [W,03,]*

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]™ anions. This leads to complex self-
organization of larger structures via condensation of the {MQOs} units. The clusters can
then be precipitated by adding counterions (e.g. alkali metals or organic cations).53-5
POMs are very good contenders for energy storage applications owing to their unique

electrochemical redox properties. They can engage in fast reversible electron
11
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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 [PMo12040]* as the most well-known
representative can undergo reversible multivalent reduction and oxidation reactions. If
all MoV' ions are reduced to MoV 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.*648-50 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.%85°

[PM04,0,0]* [PM045,0,0]%"
®

24-electrons redox ® -
discharging g

S

charging

P @MVMo @O

Figure 7: Charging and discharging processes of the Keggin anion [PMo0120a40]* -
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.%' Copyright © 2012. Published by
American Chemical Society.

12



Introduction

Various POM clusters with different transition metals have been used for rechargeable
batteries. In 2011, the heteropolyoxomolybdate of the Keggin type Ks3[PMo12040] was
first investigated for use in LIBs as a cathodic material. The material demonstrated a
capacity of above 200 mAh g in the range of potentials from 4.2 V to 1.5 V.8 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
Mo®* ions will be reduced to Mo**. In a voltage range of 4.0 V and 1.5 V, this results in
a high capacity of about 270 Ah kg™'. Further investigations showed that there is a
slight shrinkage of the molecular structure in the reductive phase [PMo'204%]?"- relative
to [PMo 120403 31,5161 A vanadium-based POM (Li7[V15036(CO3)]) showed outstanding
properties as cathodic material for LIBs having a specific capacity of 250 mA g,
energy densities and power densities of 1.5 kWh L' and 55 kW L', accordingly. The
{V15Q0z36} clusters contain eight V'V centers and seven VV centers, which exhibit multi-
electron redox properties.3'62 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.3163

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.5'64
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 (CNTSs), 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.3'-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 1r-1 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[PMo12040]
(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™' (Figure 8a, c).3'6%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[PM012040])/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™ (Figure 8b, c).3.32.6567
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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[PMo012040])/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.5%-67
Used with permission of Royal Society of Chemistry (RSC), from Horn, M. R.; Singh,
A.; Alomari, S.; Goberna-Ferrén, 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.
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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.3' A polyaniline/polyoxometalate hybrid
nanofiber was developed as a cathodic material for LIBs, consisting of the
phosphomolybdic acid polyanion [PMo12040]% 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'at0.1 C), excellent rate capability (94.2 mA h g-' at a rate of 2 C), and
stable cycling behavior (80.7% capacity retention after 50 cycles).*°® Based on
molybdovanadophosphoric acid heteropolyacid HsPMo1oV2040 (PMo1oV2) 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
under a current density of 100 mA g, a rate capability of 559.6 mA h g-' under a high
current density of 2000 mA g', and excellent cycling stability. After 65 cycles, no
capacity loss was observed for a current density of 100 mA g™, and at a high current
density of 1000 mA g', capacity was maintained even after approximately 93%.58

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' at 50 mA g, 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'at2 A g'. 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 PW12.9569 Furthermore, an anode material of PANI,
H3PMo012040 (PMo12) and carbon cloth (CC) ((PANi)-PMo12/CC composite) was
developed. The (PANi)-PMo12/CC composite achieves a capacity of 1092 mA h g™ at
1 A g 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 [PMo12040]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.3'6® 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 {NisPWas} structured building
blocks (SBUs) and stiff carboxylate linkers, {[Nis(OH)s3-
(H20)(en)3(PWs0O34)][Nis(OH)3(H20)4(en)3(PWg0Os34)](BDC)1.5}[Ni(en)(H20)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 at a current of 1.25 C with a
reversible capacity of about 350 mA h g-! after 500 cycles was achieved.”® Shortly
afterwards, a new POMOF [PMog"Mo4V'037(0OH)3Zn4] [TPT]5:2TPT-2H20 (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-g-Keggin fragments with the TPT ligands,
resulting in 2D layers. The 2D layers are interconnected by 1-11 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 at a current density of 50 mA g-! with a stable
reversible capacity of 750 mA h g-! 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 1r-1r 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.%872 Class |
POM-based hybrid materials are based on non-covalent interactions, while class Il
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.”34 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.*>"5-77 Nevertheless, a variety of monomers may be
polymerized to electroactive polymers by electropolymerization.”® These include
ortho/para-phenylenediamine’®-81, 1,5-diaminonaphthalene®? or 1,8-
diaminonaphthalene®3. 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 [PMo12040]
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 mAhg' at 0.5-1 Ag'8 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™ after 50 cycles at 100 mA g-' and 443.8 mA h g™! after 850 cycles at
1000 mA g1.3185

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 MoQO38-88 and Mo0O2%%-°1, 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 MoCy show favorable
lithium storage properties on account of the mechanical and chemical stability and the
better electrical conductivity.®2-2* 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.%495

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 maijor
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 CzHe are used with Mo-containing precursors such as Mo(CO)s, MoCls and
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MoFs 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. %697

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 hexamethylenediamines®,  aniline®, para-
phenylenediamine'®, melamine'', dicyandiamide'®? and 2-methylimidazole®. A new
process based on MoCls and urea was developed to synthesize Mo2C and Mo2N
nanoparticles. A polymeric, glassy phase is formed by dissolving MoCls 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
ureg. 103,104

Ammonium heptamolybdate (NH4)sMosO24 (AHM) is a popular source of molybdenum
in the precursors. AHM is often used in precipitation reactions with cationic organic
compounds.'®® Another potential source of molybdenum is MoCls'%3, but compounds

such as MoO3 and H2MoOQg4 are less commonly used due to their low solubility.%

1.3.1 Mechanisms of pyrolysis
Several phases can be formed from the pyrolysis reaction of such precursors. These
include orthorhombic high-temperature  Mo04011'9%1%  monoclinic  MoQ2'%,
orthorhombic Mo2C'%” and cubic Mo'%. The dominance area diagram for carbothermic
reduction of MoOz2 (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.'%® 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.03.109
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Figure 9: Dominance area diagram for carbothermic reduction of MoO2. Reproduced
from Ref.'% 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, MoOzs is formed in the first stage
by splitting off H20 and NHs (Eq. 4). In the next step, the MoOs formed reacts with a
carbon source in a carbothermal reduction and forms carbides such as Mo2C
(Eq. 5).97:109.110

(NH4)6M07024'4H20—> 7MOO3 (Eq_ 4)
-7 H,0
-6 NH;
4G ie,0, G L _*25C_ e e +XCO _ (Eq.5)
- _3/4CO ~x1/2CO,
+2C
2CO
+CO
Mo 1/2 CO,
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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 MoOs 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 MoCy. Various molybdenum carbides can be
found in the binary Mo-C phase diagram.'" Listed according to their carbon content,
the structurally characterized modifications are shown in Table 1. The hexagonal y-/y'
MoC (x = 1) has the highest carbon content here. It crystallizes dimorphously in the
WC or TiP type structure.''? 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.""3 A defective hexagonal NiAs-type structure is found at a carbon proportion
between x =0.46 and x = 0.64.""* Due to the lack of carbon, these phases are stabilized
by the corresponding carbon content, suggesting electronic reasons.'”™ The
orthorhombic phase Mo2C appears at x = 0.5 and crystallizes in Fe2No.g94 structure
type.'97.116 However, the latter phase shows reduced electrochemical activity.%%117-119
Consequently, the defects in the cubic and hexagonal MoCy phases could be important

in electrochemical intercalation chemistry.10.120

Table 1: Crystal chemistry of MoCy phases.

. MoCo.46 — MoCo.s7 — .
Composition Mo2C MoCo es MoCo.rs y-MoC y'-MoC
Space group Pbcn P63/mmc Fm3m P6m?2 P63/mmc

Structure defective defective ,
type Fe2No.oa NiAs NaCl WC TiP
Stacking AB AB ABC AA AABB
sequence
C amount

22



Introduction

In addition to the pure carbides MoC,, it is also possible that oxide carbides Mo(C,0)y,
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.'?'-25 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.'?*-'27 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.28129
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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.; EI-Sayed, M. A. Chemistry and
Properties of Nanocrystals of Different Shapes. Chem. Rev. 2005, 105, 1025-1102.
https://doi.org/10.1021/cr030063a.'® 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.’ 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. 24128132

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. '3
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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.'28.135

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
(AGs) and bulk volumetric energy (AGv) (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.'38 This figure is published and licensed
under an open access Creative Common CC BY license. Copyright © 2021. Published
by MDPI.

The total free energy AG for a globular particle of radius ris given by the surface energy

y and the free energy of the crystal volume AGv (Eq. 6)."28.135-138
2 4 3
AG = 4mrey + 3" AGy (Eq. 6)

As a consequence, the energy of the crystal (AGv) varies depending on the
temperature T, the Boltzmann constant kB, the supersaturation of the solution S and

its molar volume v (Eq. 7).128.135-138

—kgT In (S
AG, = Bfn() (Eq. 7)
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AG 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 dAG/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

2
= _evw (Eq. 8)
kT In (S)

*

r

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

*

A
J(T,AG*) = Aexp (— kT

) (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.36:137

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.'28.135

In the 1950s, LaMer and his colleagues developed another nucleation theory.39.140 |n
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: (1)
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. (lll) 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.'#! 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.'34

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.’? 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.34144.145

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. 34146 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.'#’-'5" 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.'34146 The
large surface area to volume ratio of the microreactor causes an improved heat and
mass transfer.’3*152 These methods also allow the scaling-up.'6:153 |t is important to
reach a high flow rate in order to enable high throughputs.’* Furthermore, increasing
the size of the reactor tubes up to the millimeter range can lead to up-scaling.'® 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.’® 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.'3*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 machines'®’, online detectors'®, and programmed
cooling and heating systems'>°. 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.!46

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 walls'®, which urge researchers to
develop new strategies.34

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 glass'®, stainless steel'®? and polymers (PVC and
PEEK)'®3 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.'%* These can be overcome with capillary or tubular microfluidic reactors,
which possess special features including ease of use, robust materials and high
temperature adaptability.'34

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. 3
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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.®® 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.34

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.®® 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.'®® Another reactor
with a similar geometry is the confined impinging jet reactor (CIJR) (Figure 15¢). 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

NA] -—
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Figure 15: lllustration 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.'®® In addition, researchers created a mathematical model for the
optimization, scaling up and design of the reactors for polymer synthesis.'®® The
investigations by Marchiso et al.’®® showed that the mixing chambers of CIJRs
significantly improved the mixing capability. Smaller particle sizes were achieved with
ClJRs. 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 (m?/s?)
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.'®® 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.'%17" 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.’”2173 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: lllustration 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.’" (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)."74

(Eq. 10)

Ar—NH, + NaNO,; + 2 HY _ Diazotation Ar—NEN Y + NaY + 2H,0

- i Ar
Ar_N"—EN Y + RH M \NEN + HY

R
Ar: (hetero-) aromatic group

R: coupling component residue
Y: C|, Br, N02, HSO4

Rifer et al.'”5 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.'”® 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.'"?
published a continuous wet-chemical precipitation of zinc oxide (ZnO), magnetite
(FesO4) and brushite (CaHPO4 - 2 H20) 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.'’” These
technologies enable the adjustment of a wide range of physicochemical factors,
including particle size, size distribution, particle vyields, and encapsulation
effectiveness. Finally, optimized process parameters allowed the fabrication of 4.5 g of
polymeric nanoparticles per hour. Both iron oxides ferrihydrite (FesO70H - 4 H20) and
schwertmannite (FesOs(OH)4.5-6(S04)1.75-4) were continuously synthesized by the rapid
precipitation of iron sulfate and ammonium solutions as published by Reichelt et al.’”®
In this study, particle sizes ranging from 8.5 up to 53 ym 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. Tureli.'”® 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. Tureli et al.'® (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 study'' 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.'® and metal chalcogenides by Hieme'®2. Volk et
al.’® 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.'®? 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.'83 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)'73.184-186 gnd tin(1V) oxide particles'®’
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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.'8®

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)'89, 1,8-diaminonapthalene (1,8-DAN)'0 or hexamethylenediamine (HMD)'®° 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. 10190

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], p is the density of the fluid [kg/m?] and n is its dynamic

viscosity [kg/m-s].166.168,191-194

Re = L 4P (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.".193.195 |n 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.'®® Contrary to this,
turbulent conditions are achieved in microjet reactors due to high pressures.'”%17% 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.'® 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. 6819

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).1%8
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Figure 18: Influence of Reynolds number and average particle size on volume
distribution. Reproduced from Ref.'%8 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. 68193197
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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.54.166,198
One of the common approaches to determine the mixing efficiency is the Villermaux-

Dushman reaction, which is based on subsequent concurrent reactions: 199-203

H,BO; + H* > H3BO; (Eq. 12)
51 +10; + 6 H* - 31, +3 H,0 (Eq. 13)
L+ 1" o 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).294-2%¢ The iodine generated in
the redox reaction undergoes a quasi-instantaneous reaction with iodide ions and
forms an equilibrium with triiodide ions (Eq. 14).207208 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 micromixture'96.198.202

Applying the Villermaux-Dushman test reaction, the mixing efficiency of microjet
reactor was analyzed for the setup of 300 um nozzles and a flow rate of 250 ml/min. A

mixing time of 10 ms was determined.86
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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:
e 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-lon Storage Capacity.
ChemSusChem 2023, 16, 1-15. https://doi.org/10.1002/cssc.202202213.

e Abdirahman Mohamed, M.; Arnold, S.; Janka, O.; Quade, A.; Schmauch, J.;
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Results and Discussion

3.1 Self-Activation of Inorganic-Organic Hybrids
Derived through Continuous Synthesis of
Polyoxomolybdate and para-Phenylenediamine

Enables Very High Lithium-lon 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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Self-Activation of Inorganic-Organic Hybrids Derived
through Continuous Synthesis of Polyoxomolybdate and
para-Phenylenediamine Enables Very High Lithium-lon

Storage Capacity

Mana Abdirahman Mohamed,” Stefanie Arnold,"™ @ Oliver Janka,® Antje Quade,*®

Volker Presser,*®™ <9 and Guido Kickelbick*™

Inorganic-organic hybrid materials with redox-active compo-
nents were prepared by an aqueous precipitation reaction of
ammonium heptamolybdate (AHM) with para-phenylenedi-
amine (PPD). A scalable and low-energy continuous wet
chemical synthesis process, known as the microjet process, was
used to prepare particles with large surface area in the
submicrometer range with high purity and reproducibility on a
large scale. Two different crystalline hybrid products were
formed depending on the ratio of molybdate to organic ligand
and pH. A ratio of para-phenylenediamine to ammonium
heptamolybdate from 1:1 to 5:1 resulted in the compound

Introduction

The ever-growing demand for portable electronic devices and
larger energy storage systems requires optimization and
continuous expansion of lithium-ion battery (LIB) technology.
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[CsH,oN,1,IM0gO,6] -6 H,O, while higher PPD ratios from 9:1 to
30:1 yielded a composition of [CsHsN,I,[NH,],[M0,0,,]-3 H,0.
The electrochemical behavior of the two products was tested in
a battery cell environment. Only the second of the two hybrid
materials showed an exceptionally high capacity of
1084 mAhg ' at 100 mAg ' after 150 cycles. The maximum
capacity was reached after an induction phase, which can be
explained by a combination of a conversion reaction with
lithium to Li,M00, and an additional in situ polymerization of
PPD. The final hybrid material is a promising material for
lithium-ion battery (LIB) applications.

The success of this technology is based on its superior energy
density, long cycle life, and reliable stability, explaining the
dominance of LIB among present-day electrochemical energy
storage devices. The most often used anode material in LIBs is
graphite, which is limited to a delithiation capacity of
372mAhg ' (with a stoichiometry of LiCy)." Therefore, other
materials, such as mixed metal oxides e.g. Li,Ti;O;, (LTO),? or
nanoparticles of transition metal oxides, such as CoO, CuO, and
Fe,0,, are currently under investigation for an improved battery
performance.”* One of the major problems with some new
electrode materials is the significant volume change during
lithiation and delithiation, which can lead to fractures in the
electrode and often results in capacity fading."”
Inorganic-organic hybrid materials exhibiting redox activity
are promising candidates for simultaneously solving several
problems, for example, lower energy consumption during
production or lower volume expansion during intercalation
compared to traditional pure inorganic materials. Polyoxometa-
lates (POMs), with their unique electrochemical redox properties
and high stability with distinct oxidation and reduction states,
are ideally suited as the inorganic component in such
materials.”” One of the most prominent examples is the
phosphomolybdate anion, especially [PMo,,0,,]*~ with a Keggin
structure that shows fast and reversible electron transfer
reactions without changing its molecular geometry.”® Pure
polyoxomolybdates [Mo,0,,]°" and [MozO,]*" show redox
activity and are readily available through acidifying an aqueous
molybdate solution.”” Particularly, the heptamolybdate anion
[Mo,0,,° is an exceptionally redox-active polycounterion
showing metal-centered redox processes."*'? One strategy to
increase capacity is to blend POMs with redox-active organic

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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molecules to yield inorganic-organic hybrid materials. para-
Phenylenediamine (PPD) represents an excellent redox media-
tor through a two-electron oxidation-reduction reaction. More-
over, PPD can polymerize under electrochemical
conditions."*'® Furthermore, the two nitrogen atoms provide a
possible coordination site for Li* during the lithiation-delithia-
tion process. Therefore, they can improve the Li mobility of
hybrid materials made of this organic compound. An example
of a redox-active inorganic-organic hybrid system is the
combination of phosphomolybdate polyanion [PMo,,0,,]> and
a polyaniline matrix, which was applied as cathode materials for
LIBs.® Also, POM-based metal-organic frameworks (POMOFs)
materials,"”” a POM-incorporated metallapillararene metal-or-
ganic framework (MOF),"™ and metallacalixarene MOFs with
different Keggin type polyoxometalates showed already promis-
ing electrochemical performance as LIB anode materials.""®
Porous POMOF anode materials revealed high chemical stability
and reached a capacity of 710 mAhg ™' after 50 cycles with a
specific current of 100 mAg . The likewise promising capacity
retention of 82% at a high rate of 800 mAg~' after 500 cycles
complement these findings."” A stable chiral three-dimensional
POM-based MOF built by achiral 1,3-bis-(4-pyridyl)propane
(BPP) and Zn-g-Keggin showed an enhanced electrochemical
activity as an anode of LIBs reaching a highly reversible capacity
of 1004 mAhg™' at 100 mAhg™' after 100 cycles.” Finally,
Zhang etal. presented a new redox-active poly-counterion
doping concept that improves the capacity performance of
conducting polymers.""

To further advance LIB technology, improved performance
of electrode materials must be combined with the possibility of
large-scale production processes. Our previous studies have
shown that precipitation methods, usually carried out in batch
processes, can be converted into a continuous process by using
a so-called microjet reactor.?'?? This opens up the possibility
for large-scale and low-energy-consuming production of well-
defined (nano)particles. In this process, two reactant solutions
are fed under high pressure into a reaction chamber where
rapid mixing takes place and the nucleation process is initiated.
A gas jet then removes the product from the mixing chamber,
and particle growth takes place on the way to the collection
vessel. The separation of nucleation and growth allows good
control of particle properties and has already been used in the
production of silicon oxycarbides for LIB applications.”*** The
main advantages of this process in the production of energy
materials are its scalability, low energy consumption, and
avoidance of additional additives.*

In this work, we present a systematic study of the formation
of an inorganic-organic hybrid material precipitated from para-
phenylenediamine (PPD) and ammonium heptamolybdate
(AHM). PPD fulfills two roles here, firstly it can be protonated
during the acid precipitation process and replaces the charge
balancing ammonium ions, secondly it can support the electro-
chemical activity of the hybrid materials formed by its own
redox activity. Hybrid materials with similar composition were
known from literature as precursors for pyrolytic preparation of
Mo,C.”"" In contrast to previously published work in which the
hybrid materials were thermally decomposed, we asked

ChemSusChem 2023, 16, €202202213 (2 of 15)

ourselves whether the thermally untreated materials could
already be used as potential electrode materials. It was
important to find out whether the ratio between organic and
inorganic components in the precipitation reaction also has an
effect on the composition of the precipitated product and its
electrochemical activity.

Results and Discussion
Precipitation reaction of inorganic-organic hybrid material

Inorganic-organic hybrid materials are formed by a precipitation
reaction in an aqueous solution by mixing AHM as a
molybdenum source with PPD under acidic conditions (Fig-
ure 1).

For the precipitation of the hybrid material, the organic
molecules must have Lewis-basic functional groups that allow
the formation of cations under acidic conditions and allow a full
or partial exchange of the ammonium ions in the starting
material. The resulting precipitate forms a salt between the
molybdate anions and PPD cations.

Prior to the use of the microjet, various molar ratios
between the organic compounds and the molybdenum source
(1:1 to 30:1) were applied in initial batch reactions to
investigate the correlation between the formation of inorganic-
organic hybrid materials and the reactants used. These studies
were transferred to the continuous production of the inorganic-
organic hybrid materials with a microjet reactor, which allows
the continuous formation of these precipitates.”'”” Reactant

B
educt solution B microjet
. reactor
aqueous solution of
« HN NH particle
2 2 suspension
"
¥ (NH4)sMo70,4
centrifugation
A HPLC PUND + washing
' + drying
educt solution A
aqueous HCI 10 )
particles

o,%0,

Figure 1. General reaction scheme for the production of the PPD/molybdate
products.
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solutions 1 contained AHM and PPD in addition to a diluted
solution of HCl (reactant solution 2, see experimental section).

Various analytical methods were used to characterize the
product formed. For example, FTIR spectroscopy detected a
broad band at 3550-3350 cm ™', which can be assigned to the
stretching vibration of the N—H group of PPD.?® In addition, a
broad band at 3600-3200 cm™' indicates the presence of

water.”” The vibrations at 1650-1550 cm ' are based on the
bands of N-H deformation vibrations. In addition, there are
C=C stretching vibrations at 1500-1480 cm '. Moreover, the
typical bands of molybdate entities are found between
935cm ' and 810 cm ' (Figure 2a). These observations confirm
the incorporation of the organic and the inorganic components
in the precipitates.”>** A comparison of the FTIR spectra of the
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Figure 2. Material characterization: (a) FTIR spectra of PPD/molybdate precipitates in different ratios compared to their reactants. (b) FTIR spectra of PPD/
molybdate in different ratios. (c,d): X-ray diffractograms of two different PPD/molybdate precipitates (ratios 10:1 and 1:1). (c) Rietveld refinement of PPD/
molybdate (1:1). (d) Le Bail fit of PPD/molybdate (10:1). Differences in the intensities can be attributed to texture problems or preferred orientation. (e,f): "*C
CP-MAS NMR spectra. (g) Scanning electron micrograph of PPD/molybdate (1:1). (h) Scanning electron micrograph of PPD/molybdate (10:1).
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PPD/molybdate precipitates revealed that the samples with the
ratios 1:1, 2:1, and 5:1 containing low amounts of PPD differ
from those with higher organic ligand content (Figure 2b).

Elemental analyses for the precipitates (see Supporting
Information, Table S1) reveal two regions with different compo-
sitions depending on the mixing ratio, indicating the formation
of at least two different compounds. The samples with ratios of
1:1, 2:1, and 5:1 correspond to the composition
[CeH1oNL],[M050,6] - 6 H,0. In contrast, the samples with a mixing
ratio from 9:1 to 30:1 indicate a composition in line with
[CeHoN,14[NH,],[M0;0,,] - 3 H,0.

Powder X-ray diffraction confirmed the existence of the
literature known product [C¢H,oN,],[M0z0,¢]-6 H,O in the pre-
cipitate of the PPD to AHM ratios 1:1 up to 5:1 (Figure S2a). No
other phases corresponding to side products were observed in
all those diffractograms. [CgH;oN,],[M0gO,¢] -6 H,0 crystallizes in
the monoclinic crystal system with the space group P2,/n and
lattice parameters a=2834.31(9), b=2145.8(3), c=1027.6(1) pm,
and B=99.415(2).°* The structure of the compound, which was
previously characterized by single-crystal X-ray analysis, showed
the existence of two octamolybdate anions, [MogzO,*, four
double-protonated PPD cations, and twelve water molecules
per unit cell. The octamolybdate clusters [MogO,l* are
surrounded by H,PPD?" cations with an open channel structure
and octamolybdate clusters as guests (Figure S1).°*" Larger
amounts of PPD (mixing ratio from 9:1 to 30:1) lead to
different diffraction patterns (Figure S2a) and significantly differ-
ent composition, based on the data from elemental analysis.
Structural investigations on single crystals of this compound are
extremely difficult since it crystallizes as very thin hexagonal
platelets (Figure S3), which are very fragile and show a high
degree of stacking faults. From the obtained dataset, a
monoclinic structure with a space group C2/m and lattice
parameters of a=2029.9(1) pm, b=1819.6(1)pm, c=
2521.2(1) pm, and $=90.6(1)" and the presence of four HPPD*
and one [Mo,0,,]° anion per formula unit can be deduced
(Figure S4). The monoprotonated PPD cations can be unambig-
uously deduced when measuring the pH value of the super-
natant from which the crystals were obtained. The measured
pH was 4.4, therefore, when using the pK, values from the
literature (pK,,=2.67, pK,,=6.2),*" only the first protonation
can take place. For reasons of electroneutrality, two NH,'
cations must be present in the crystal structure. From the
difference Fourier maps, the remaining electron density was
attributed to these two ammonium cations and water mole-
cules with the NH, " cations being arbitrarily located. A total of
3 H,0 molecules could be derived, however, severe disorder of
these is present. This results in a sum formula of
[CeHgN, 1, INH,],[M0,0,,]-3 H,0. Details on the structural deter-
mination can be found in the Supporting Information (Tables S2
and S3).

The information obtained from the structural analysis agrees
well with combination of the previously discussed CHN
(Table S1), X-ray data (Figure S2a), and TGA-FTIR data (thermog-
ravimetric analysis coupled with Fourier-transform infrared
spectroscopy; Figure S7).
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The transition range 5:1 to 9:1 between the observed
formation of the two compounds was studied in more detail.
For this purpose, the mixing ratios 6:1, 7:1, and 8:1 were
investigated. At the mixing ratio of 6:1, the formation of
[CeH1oN,1.[M0gO,6] -6 H,O  occurs, but there are also new
reflections indicating the formation of a new component. At a
mixing ratio of 7:1 the reflections of
[CeHsN,1,[NH,],IM0,0,,]-:3 H,O are observed, along with some
new reflections that were also visible at 6:1. Finally, at a mixing
ratio of 8:1, only [C4HoN,],[NH,],[Mo0,0,,]-3 H,O appears to form
(Figure S2b). Rietveld refinement based on the single-crystal
data from the literature was performed for the PPD/molybdate
precipitate with mixing ratios from 1:1 to 5:1 (Figure 2c). For
mixing ratios of 9:1 to 30:1, Le Bail refinements were
performed using the structural information obtained from the
single crystal investigations (Figure 2d).

Since the reaction conditions (temperature, total volume,
amount of hydrochloric acid) were kept constant and only the
AHM to PPD ratio was varied, the synthesis of the inorganic-
organic hybrid material seems to depend mainly on two
parameters: (I) the content of organic components and thus (1l)
the pH of the solution. It is known that an acidic reaction leads
to the condensation of ortho-molybdates enabling the forma-
tion of larger molybdate clusters [Eq. (1)].°***°*”) An increasing
PPD content results in an increase of the pH, thus removing
protons from the system, and subsequently hampering the
formation of the octa-molybdate cluster, underlining the
observation of a hepta-molybdate cluster in the precipitate of
the reactions containing a high PPD to molybdate ratio.

50 8 H* 5 MoO,%, 4 H* i
7 [MoO,]* M07044]% =————= [MogO]* 1
[MoOy] T4 H0 [Mo7024] ~2h,0 [MogO2] (1

3C CP-MAS NMR spectra (cross polarization-magic angle
spinning nuclear magnetic resonance spectra) of the PPD/
molybdate (Figure 2e,f) confirm the presence of double proto-
nated diamines in PPD/molybdate (1:1) (H,PPD*") (Figure 2e)
and mono-protonated diamines in PPD/molybdate (10:1)
(HPPD™) (Figure 2f). The presence of two different compounds
forming in the respective precipitates is supported by scanning
electron microscopy (SEM; Figure 2g,h). Variations of morpholo-
gies of the crystals were observed for different precipitates
(Figure S3). Smaller amounts of PPD lead to anisotropic rod-
shaped morphologies. In comparison, larger PPD amounts lead
to sheet-like morphologies, which underpins the formation of
different compositions depending on the AHM:PPD ratio
obtained by CHN analysis. The temperature in the microjet
synthesis influences the particle size. Thus, increasing temper-
ature leads to smaller particle sizes (Figure S5).

Thermogravimetric analysis (TGA) provides valuable infor-
mation on the synthesized inorganic-organic hybrid material
(Figure S6). Pristine AHM shows three mass loss events up to
300°C, based on the loss of water and ammonia.®® According
to the literature, after the decomposition of the precipitate,
MoO, has formed, which sublimes and leads to the observed
mass loss.*” The sublimation of MoO; starting at 600°C can be
explained by its relatively high vapor pressure.”**? For the
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PPD/molybdate precipitates, two different trends of the TGA
curves are visible. At low PPD concentration (exemplarily shown
for the 1:1 ratio), the TGA curve show three mass losses, while
at higher concentrations (10:1) only two mass losses were
observed. For the 1:1 ratio, the first mass loss originates from
the desorption of adsorbed surface water and the second from
the loss of crystal water. The decompositions of the precipitates
show similar thermal behavior to carbon-supported ammonium
molybdate decomposition.®” These conclusions are supported
by TGA-FTIR measurements (Figure S7). According to the
chemical composition [CgHioN,],[M0g0,6] -6 H,0 the loss of six
water molecules fits the value of the second mass loss. The
third mass loss at around 700 °C shows the loss of CO and CO,,
leading to carbide phase formation. In contrast, the first mass
loss observed at higher PPD concentrations results from the
release of water and ammonia at around 192°C, and the second
mass loss is again the decomposition of the organic compo-
nent, proven by the detection of CO and CO,.

Electrochemical characterization of PPD/molybdate as LIB
anode

The various synthesized hybrid materials were investigated for
their suitability for energy storage systems. The materials were
subjected to conventional LIB processing, namely, casting after
compounding with carbon black conductive additive and
polyvinylidene fluoride binder. Cyclic voltammetry was per-
formed at different scan rates (0.1-10 mVs™') in the voltage
range from 0.01 V to 3.00 V vs. Li */Li to evaluate the underlying
lithium-storage mechanism in the obtained electrodes (Figur-
es 3a,b and S8). For both hybrid systems (PPD/molybdate (1:1)
and PPD/molybdate (10:1)), one clear reduction/oxidation peak
couple is found at 1.3V and 1.5V vs. Li'/Li, respectively. The
transformation reaction, involving the formation of amorphous
Li,0 and complete reduction of the molybdates, can be
attributed to the obtained region when the lithiation potential
decreases from 1.5 V to 0.05 V vs. Li*/Li."

The pseudocapacitive feature can be further investigated by
a kinetic analysis that includes an analysis of the rate-depend-
ent current signal. The relationship between the current (i) and
scan rate (v) is given by i=av” where a and b characterize the
fitting parameters. Thereby obtained b-values of 0.5 correspond
to an ideal diffusion-limited charge storage process typical for
battery-like behavior. At the same time, a b-value of 1 indicates
a perfect surface-limited charge storage process typical for
electrosorption processes/capacitive processes.***® The b-value
analysis conducted on cyclic voltammetry is shown in Figure S9.
The pronounced lithiation-delithiation peak of PPD/molybdate
(1:1) shows a b-value of 0.82 and 0.79, respectively. The more
pseudocapacitive regions at 0.62 V and 2.75 V vs. Li~/Li exhibit
slightly enhanced b-values of 0.94 and 0.82 for delithiation,
respectively. For the same regions in the lithiation curve,
however, we obtain lower values of 0.71 and especially 0.56,
which are closer to the values for the ideal diffusion-limited
charge storage process. The b-value analysis of PPD/molybdate
(10:1) provides for the pronounced lithiation-delithiation peak

ChemSusChem 2023, 16, €202202213 (5 of 15)

of PPD/molybdate (10:1) a b-value of 0.63 and 0.74. The
additional values obtained at 0.62V and 275V vs. Li /Li
characterize significantly more pseudocapacitive regions with
much higher b-values of 0.91 and 0.93 for delithiation and 0.73
as 0.86 for lithiation, respectively.

To further investigate the electrochemical performance and
associated conversion reaction of the different hybrid samples,
galvanostatic charge and discharge experiments were per-
formed. The obtained reduction and oxidation peaks from cyclic
voltammetry are consistent with the galvanostatic discharge
and charge curves (Figure 3c,d). No clear plateaus can be
detected for the PPD/molybdate (1:1) sample, which cannot be
assigned to associated (redox) reactions. In the sample with a
higher insertion of PPD, there is no pronounced plateau in the
first cycles, but after a while, there are two clear plateaus at
1.35V and 0.8 V vs. Li"/Li. This indicates that different reactions
occur during cycling, supported by continuously increased
capacity observed during the first cycles. In general, an increase
in capacity is attributed to pre-activation of the material“’**
However, this cannot explain the persistent increase during
more than 120 cycles, which started with a delithiation capacity
of 195 mAhg ' and reached a very high value of 1084 mAhg '
in the 150" cycle (Figure 3e). This 556% increase must be
related to a change in the electrode material. This behavior can
be confirmed by post-mortem analysis, which shows a
complete degradation of the material and the formation of
crystalline Li,MoO,, as shown by the powder X-ray diffraction
pattern in Figure 4b.

It is difficult to separate the theoretical specific capacity of
the two components and infer the hybrid materials, because
the capacity is not simply the combination of the two
components, but depends on many different factors, such as
the particle size, the morphology, the homogeneous distribu-
tion of the different components and on the interaction of the
different components. This is a principle that is often observed
in hybrid materials.

Our data suggests a mechanism characterized initially by
ion intercalation and a gradual transition to a process
dominated by the transformation reaction. This can be con-
firmed in the plateaus in the later cycle curves. This trend is
seen to a lesser extent in the PPD/molybdate (1:1) sample and
very pronounced in the PPD/molybdate (10:1) sample. More-
over, the galvanostatic lithiation-delithiation curves show a
potential drift during the electrochemical measurement of the
battery cell. The plateau of the lithiation curve shifts toward
higher capacity, while the plateau of the delithiation curve also
shifts slightly in that direction. The reasons for these shifts may
be a change in kinetics, undesirable side reactions, and a
change in the reaction mechanism. During cycling, the slope of
the discharge curves of the PPD/molybdate (10:1) sample also
changed, i.e,, flattened. This may be associated with a reduction
in the grain size of the electrode material during cycling.*”
Although the charge storage process is Faradaic, the charge
transfer and storage are kinetically much faster than conven-
tional battery materials with significantly different redox
peaks.”**" The hybrid PPD/molybdate (10:1) material clearly
indicates that the structure obtained directly after the reaction
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Figure 3. Electrochemical performance of PPD/molybdate hybrid materials: (a,b) Cyclic voltammograms at different scanning rates and potential range
between 0.01 V and 3.00 V vs. Li /Li for (a) PPD/molybdate (1:1), and (b) PPD/molybdate (10:1). (c,d) Galvanostatic charge and discharge profiles at an
applied specific current of 100 mAg ™' between 0.01 V and 3.00 V vs. Li /Li of (c) PPD/molybdate (1:1), and (d) PPD/molybdate (10:1). (e) Galvanostatic
charge—discharge cycling performance showing the electrochemical stability with corresponding Coulombic efficiency values at a specific current of

100 mAg ' for PPD/molybdate (1:1), PPD/molybdate (10:1). (f) Rate performance

evaluated from galvanostatic charge-discharge cycling at different specific

currents with corresponding Coulombic efficiencies for PPD/molybdate (1:1), PPD/molybdate (10:1).

in the microjet reactor is electrochemically very active and is
further activated during cycling, making it a promising high
capacity material for application in lithium-ion batteries. These
observations can also be confirmed by the rate tests performed
(Figure 3f), which show that the hybrid materials exhibit very
unstable performances. This is especially true for the PPD/
molybdate (10:1) sample, since pre-activation cannot occur and
the capacities grow towards the fifth cycle of a rate. In contrast,

ChemSusChem 2023, 16, €202202213 (6 of 15)
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the PPD/molybdate (1:1) sample shows poor Coulombic
efficiency above a specific current of 2 Ag™".

Compared to other hybrid and composite MoO, systems
(Table 1), the optimized inorganic-organic hybrid materials
presented in this work provide very favorable electrochemical
performance values (e.g., 1084 mAhg ' after 150 cycles) for
[CeHgN,1,[NH,],[M0;0,,]-3 H,0 which can compete with results
reported in “state-of-the-art” literature, with straightforward
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Figure 4. (a) X-ray diffractograms of PPD/molybdate (10:1), pristine electrode, and the electrode after cycling. (b) Rietveld analysis of the cycled PPD/
molybdate (10:1). (c) FTIR spectra of PPD/molybdate (10:1), pristine electrode material, and the electrode after cycling. (d) Raman spectra of PPD/molybdate

(10:1), pristine electrode material, and the electrode after cycling.

Table 1. Summary of the different electrochemical performances and properties of various molybdenum oxide hybrid or composite materials. Data from
literature sources that are not available are indicated as “n.a.”. EC=ethylene carbonate; DEC=diethyl carbonate; EMC=ethyl methyl carbonate; DMC=
dimethyl carbonates; PVdF = polyvinylidene fluoride; LiPFs=lithium hexafluorophosphate; CMC = carboxymethyl cellulose; CNT=carbon nanotubes; rGO—=
reduced graphene oxide.
Ref. Material Total electrode Potential  Electrolyte Normalization ~ Capacity Cycles
composition v [mAh g7')

Han MoO,;/CNT MoOx/CNTs: Super P, PVdF 0.01-3.0 1 M LiPFg in EC/DEC na. 500 at 90
etal”! 8:1:1 (1:1 by volume) 0.1Ag "'
Chen Amorphous MoO, Thin Films na. 0.01-3.0 1 Mm LiPF, in EC/EMC/ na. 845 at 100
et al®¥ DMC (1:1:1 by vol- 90 pAcm ?

ume)
Han nanoporous graphene/molyb-  n.a. 0.01-3.0 1 M LiPF4 in EC/DMC na. 710 at 150
et al.®? denum oxide (1:1 by volume) 1Ag"’
Larson Molybdenum oxide nanopo- 52% MoO, 48% C 0.01-3.0 1 M LiPF, in EC/DMC/ na. 480 at 150
etal rous asymmetric membranes DEC (1:1:1 by volume) 012Ag™"
Naresh MoO; /rGO active material: Super P: PVdF  0.1-2.5 1 M LiPF, in EC/DMC n.a. 568 at 100
et al*” 8:1:1 (1:1 by volume) 05Ag”’
Xin Mo,C@C core-shell nanocrys- active material: acetylene 0.01-3.0 1 M LiPF, in EC/EMC/ na. 1089 at 100
etal” tals black: sodium alginate 7:2:1 DMC (1:1:1 by vol- 0.1Ag™’

ume)
Yang Mo0,—Mo,C—C MoO,—Mo,C—C: acetylene 0.01-3.0 1M LiPFgin EC/DC(1:1  na. 1188 at 250
etal? black: CMC 7:2: by volume) 01Ag"’
Gao MoO,/C hybrid MoO,/C hybrid: acetylene: 0.01-3.0 1 m LiPFg in EC/DEC na. 700 at 100
et al."® PVdF 8:1:1 (1:1 by volume) 02Ag"’
Our [CeHoN,14[INH,]1,[M0,0,,]-3 H,0  Mo-hybrid: conductive car- 0.01-3.0 1 m LiPF4z in EC/DMC Total hybrid 1084 at 150
work hybrid bon additive: PVdF 8:1:1 (1:1 by volume) 0.1Ag"’

processing. For example, the optimized MoO, and MoO/CNTs
nanocomposites in the work of Han et al.*" provide less than
half of our capacity (500 mAhg ') with very low cycling stability
(90 cycles). The MoO,~Mo,C—C microspheres in the work of
Yang etal.”” were based on a one-step annealing approach
and provided an excellent reversible capacity of 1188 mAhg™’

ChemSusChem 2023, 16, €202202213 (7 of 15)

after 250 cycles at a specific current of 100 mAg'. The
electrochemical behavior is very similar to our hybrid material
even with the persistent increase in capacity, which is likely
related to a change in the material and/or reaction mechanism.
While slightly higher delithiation capacity is obtained after 250
cycles compared to our system, the capacities are very similar
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after 150 cycles when comparing the two systems (~
1000 mAhg ). The coupled Mo,C@C core-shell nanocrystals on
3D graphene fabricated in the work of Xin et al” also show
very comparable capacity values (reversible capacity of
1090 mAhg ' after 100 cycles at 0.1 Ag™").

After continuous microjet reactor synthesis, the materials
obtained can directly achieve high electrochemical performance
without additional thermal or chemical processing. By fine-
tuning the synthesis conditions, a characteristic electrochemical
behavior similar to that described in the literature for
molybdenum oxides could be achieved. The possibility to
further modify these components makes this type of inorganic-
organic hybrid synthesis very promising for electrochemical
storage.

Material characterization of PPD/molybdate LIB anodes

To explain the unexpected improvement in electrochemical
performance of PPD/molybdate (10:1) during cycling, the
original electrode and the post-cycling electrode were charac-
terized by powder X-ray diffraction, FTIR spectroscopy, and
Raman spectroscopy (Figure 4a-d). These measurements were
compared with the as-synthesized PPD/molybdate (10:1). For
this purpose, the electrodes were prepared after cycling by
stopping the cells in the delithiated state after 100 cycles, and
the obtained electrode was rinsed with DMC to remove the
residual salt. The X-ray diffractograms (Figure 4a) show a clear
change comparing the PPD/molybdate and the electrode. The
diffraction pattern of the electrode seems to shift and the
reflections broaden considerably, as would be expected if a
reduction is associated with a decrease in crystallite size (see
above). The crystallite size of PPD/molybdate (10:1) is 48(1) nm
and decreases to 40(10) nm (average over eight reflections)
after electrode preparation. After cycling, the X-ray diffracto-
grams change significantly, confirming the formation of lithium
molybdate (Li,MoO,; Figure 4b), which crystallizes in the
trigonal crystal system with space group R3 (a=1433.0(2) pm,
€=958.4(2) pm)."”

In the FTIR spectra (Figure 4c), the observed bands in the
as-prepared electrode are still at the same positions, indicating
that the same structure must be present. However, the broad
water band in the range 3600-3200 cm ' has disappeared.?”
This indicates that solvent exchange occurred during the
electrode preparation. The FTIR spectrum of the cycled sample
shows that the N—H bands at 1650-1550 cm ' are no longer
present. One possible reason for this is the deprotonation of
the amine groups. This would make the nitrogen atom a
possible coordination site for Li” during the lithiation-delithia-
tion process. It is possible that PPD is involved in a redox
reaction. In this case, p-benzoquinone diimine may be formed
by a two-electron redox reaction. PPD can also be electrochemi-
cally polymerized in situ.”*'® The splitting of the C=C band in
the cycled sample can be assigned to C=C and C=N vibrations.
This is consistent with the work on polymerized PPD found in
the literature."%%°¢"

ChemSusChem 2023, 16, €202202213 (8 of 15)

Comparison of the different Raman spectra (Figure 4d)
shows a clear change in the PPD/molybdate (10:1) and the
cycled sample, indicating a polymerization. In PPD/molybdate
(10:1), a band at 1556 cm ' is observed, assigned to C=C
vibrations. After cycling, the band shifts to 1547 cm ™', and a
new band appears at the shoulder at 1614 cm™' corresponding
to C=C and C=N vibrations. Other additional peaks at
1511 cm™, 1400 cm~', 1326 cm~', and 1162 cm™' correspond to
C-C, C-N, C-N*, and C-H vibrations of the quinoid ring,
respectively. The equivalent bands of the C-H and C-N
vibrations are shifted to 1317 cm™" and 1154 cm™' in the PPD/
molybdate (10:1) sample."**" The Mo-O vibrations are visible
at 972cm " in the PPD/molybdate (10:1) sample, and after
cycling the band shifts to 955cm™'. That highlights the
observed change of the molybdate unit. The band at 972 cm ™’
is assigned to Mo,0,,°  units, while the band at 955cm™’
corresponds to MoO,?” units.”*?

X-ray photoelectron spectroscopy (XPS) measurements were
performed to obtain information on the oxidation states of the
Mo-species and the oxygen-bonding states. The Mo3d peaks
were fitted with three components (Figure5). The Mo®'
component has the highest binding energy with a binding
energy of 232.6 eV. The signal caused by a reduced Mo™*
(presumably Mo®") species was fitted with a constant binding
energy distance of —1.3 eV to Mo®", while Mo"" (presumably
Mo**) was fitted with a constant binding energy distance of
—3 eV with respect to Mo®*. !

The samples PPD/molybdate (1:1) (Figure 5a) and PPD/
molybdate (10:1) (Figure 5b) were compared with the pristine
electrode and the electrode after cycling to obtain further
information about the redox processes taking place. Due to the
high surface sensitivity of XPS spectroscopy, the information
depth is about 10 nm. Therefore, only qualitative information is
obtained. The precipitates PPD/molybdate (1:1) and PPD/
molybdate (10:1) show the presence of Mo®" (Figure 5a,b). In
the pristine electrode of both samples, molybdenum species
with lower oxidation numbers appear (Figure 5¢,d). This
indicates that the molybdenum has already been reduced
during the electrode preparation step. After cycling, the content
of Mo-species with a lower oxidation number increases in both
samples. In addition, small contributions of even further
reduced Mo*! appear (Figure 5e,f). Thus, further reduction of
the molybdenum species is observed, which can be attributed
to electrochemical processes in the cell. A similar trend occurs
for both samples PPD/molybdate (1:1) and PPD/molybdate
(10:1), compared to their electrodes and the electrodes after
cycling. These investigations show that both components the
molybdenum species as well as the organic species contribute
to the redox process.

The O1s peaks were fitted with four signals (Figure 6). The
signal at 530.6 eV was used for calibration, which is due to the
0-Mo°®" interaction. The O-Mo®* contribution was observed at
a binding energy of 531.2 eV. The binding energies assigned to
0=C and O-Mo** bonds overlap at 532.0 eV, and the contribu-
tion originating from the O—C bond has a binding energy of
5333 eV.* These binding energies agree well with the
literature values. They can be explained by the higher electron
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Figure 5. Fitted XPS Mo3d spectra: (a) PPD/molybdate (1:1); (b) PPD/molybdate (10:1); (c) pristine electrode PPD/molybdate (1:1); (d) pristine electrode of
PPD/molybdate (10:1); (e) electrode after cycling of PPD/molybdate (1:1); (f) electrode after cycling of PPD/molybdate (10:1).

density of the more electronegative oxygen when the metal
atom is more oxidized, leading to a decrease in binding
energy.* PPD/molybdate (1:1) (Figure 6a) and PPD/molybdate
(10:1) (Figure 6b) have mainly O-Mo®" bonds. In the pristine
electrodes (Figure 6¢,d) the proportion of O—Mo®* increases,
which correlates with the results of the Mo3d peaks. The
observed O=C and C-O bonds may originate from the
conductive additive (carbon black) used for the electrode
preparation.

The cycled electrode of PPD/molybdate (1:1) (Figure 6e)
exhibits O-Mo*' and C-O bonds. The O1s peak of the cycled
electrode of PPD/molybdate (10:1) (Figure 6f) is broader. It
shows less O-Mo®" and more O=C and C-O bonds, which is

ChemSusChem 2023, 16, €202202213 (9 of 15)

due to the formation of lithium carbonate during the cycling
process through the formation of a solid electrolyte interphase
(SEN).* The original electrode of PPD/molybdate (1:1) contains
the highest amount of O-Mo®~, which correlates with the Mo
bonds in Mo3d spectra. The amounts of O=C and O-C are
comparable to those of other samples.

During electrode preparation, a change in the material is
observed, as explained earlier. This change can be attributed to
a chemical reaction of the material when treated with DMSO.
The analyses (Figure S10) show that this leads to solvent
exchange and a redox reaction. In the redox reaction induced
this way, the PPD is partially oxidized and the DMSO and the
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Figure 6. Fitted XPS O1s spectra: (a) PPD/molybdate (1:1); (b) PPD/molybdate (10:1); (c) pristine electrode PPD/molybdate (1:1); (d) pristine electrode of PPD/
molybdate (10:1); (e) electrode after cycling of PPD/molybdate (1:1); (f) electrode after cycling of PPD/molybdate (10:1).

molybdenum are partially reduced. This shows that the material
is very redox-active.

Post-mortem analyses of the product were difficult due to
the limited amount of material and the high content of various
components. Therefore, we decided to carry out a model study
applying a chemical lithiation instead of an electrochemically
driven process. In this way, we obtained evidence for the
description of electrochemical lithiation. PPD/molybdate treated
with DMSO was subsequently chemically lithiated with n-
butyllithium (n-BuLi) to produce a sample as close as possible
to electrochemical lithiation (Figure 7). The product was then
characterized by powder X-ray diffraction, FTIR spectroscopy
and "*C CP-MAS NMR spectroscopy. It can be concluded that a

ChemSusChem 2023, 16, €202202213 (10 of 15)

redox-induced polymerization of the PPD takes place, resulting
in a redox-active, positively charged poly(p-phenylenediamine)
(Scheme 1). Composites of such polymers with metal species
have proven to be highly conductive.*”

Comparison of the X-ray diffraction patterns of DMSO-
treated and chemically lithiated PPD/molybdate (10:1) after
cycling, and PPD/molybdate (1:1) after cycling (Figure 7a)
reveals the formation of the same phase. Using the structural
data of trigonal Li,M00,*? the Rietveld analysis (Figure 7b)
shows good agreement.

After chemical lithiation or electrochemical cycling, the
molybdate component of the inorganic-organic hybrid material
converts to Li,MoO,. This indicates that the electrochemical

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 7. Results of chemical lithiation: (a) PXRD pattern of DMSO-treated and chemically lithiated PPD/molybdate, PPD/molybdate (10:1) after cycling and
PPD/molybdate (1:1) after cycling. (b) Rietveld analysis of DMSO-treated and chemically lithiated PPD/molybdate. (c) FTIR spectra of PPD/molybdate (10:1),
pristine electrode, after cycling and chemically lithiated PPD/molybdate_DMSO. (d) '*C CP-MAS NMR spectrum of DMSO-treated and chemically lithiated PPD/

molybdate.

cycling is reproducible by chemical lithiation with n-BulLi. It can
be concluded that the molybdenum species contribute to the
electrochemical activity, but the organic component seems to
play a significant factor. Subsequently, the organic component
was investigated in more detail by FTIR spectroscopy (Figure 7¢c)
and *C CP-MAS NMR spectroscopy (Figure 7d). The FTIR spectra
reveal that the bands of the DMSO-treated and chemically
lithiated PPD/molybdate (10:1) and the PPD/molybdate (10:1)
(Figure 7¢) remain at the same position after cycling, indicating
that the same organic species was formed. In the DMSO-treated
PPD/molybdate (10:1) anode material used, a partial reduction
of DMSO to DMS as well as Mo(VI) to Mo(V) takes place, which
leads to partial oxidation of PPD to the corresponding
benzoquinone diimine. The oxidative polymerization is acti-
vated during the electrochemical cycling. The *C CP-MAS NMR
spectrum of DMSO-treated and chemically lithiated PPD/
molybdate (Figure 7d) reveals the formation of a PPD trimer.
The PPD dimer forms by recombination of the PPD cation
radicals (Scheme 1). An N coupling of the PPD cation radical
([HPPD]***) (1) is dominant upon dimerization. After dimeriza-
tion, a new coupling with [HPPD]*** and PPD dimer (2) occurs
to form a PPD trimers (3). The peak at 169.6 ppm belongs to
the carbon cation double-bonded to nitrogen (C=NH *)."

ChemSusChem 2023, 16, €202202213 (11 of 15)

Conclusions

In this work, a sustainable, continuous approach for the
preparation of inorganic-organic hybrid materials with remark-
able electrochemical properties using a microjet reactor is
presented. Two inorganic-organic hybrid materials were synthe-
sized from aqueous solutions of PPD and AHM at room
temperature. The inorganic-organic hybrid material precipitated
at low PPD:AHM  ratios has the  composition
[CeHoNL],[M0g0,6] - 6 H,0, while the one at high PPD:AHM ratios
contains a heptamolybdate anion and exhibits the composition
[CeHoN,1,[NH,]1,[M0,0,,]-3 H,O. The electrochemical measure-
ments of PPD/molybdate (10:1) showed that an optimized
electrode material could be produced by simply adjusting the
synthesis parameters. Without further treatment, this material
shows exceptional delithiation capacities through conversion
reactions up to 1084 mAhg™'. For reaching this high capacity
the material requires an induction phase, which can be
explained by several conversion reactions in the material during
the redox processes. Both, the formation of Li,Mo0, and the
polymerization of the PPD could be detected. The combination
of inorganic and organic redox-active species in a hybrid
material opens a large playground for the adjustment of
specific properties. Moreover, the microjet approach represents
a sustainable, energy-saving production method for such LIB
materials.
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Scheme 1. Proposed polymerization mechanism of PPD. Reproduced and
modified from reference [61] with permission from John Wiley and Sons.

Experimental Section

Materials

Ammonium heptamolybdate tetrahydrate (AHM; >99%) was
obtained from Carl Roth. Para-phenylenediamine (PPD; 97 %) and n-
Butyllithium (n-BuLi; 2.5 M in hexane, packaged under nitrogen in
resealable AcroSeal bottles) were purchased from Alfa Aesar. The
concentration of n-butyllithium was determined by titration to
2.27 M. The hydrochloric acid (HCI; 37%) was obtained from Bernd
Kraft GmbH. Ethanol (99% denatured with 1% PE) and 2-propanol
(97 %) were received from BCD Chemie GmbH. Dimethyl sulfoxide
(DMSO; 99%) was supplied from Fisher Scientific GmbH. Conductive
carbon additive (Type C65) was purchased from IMERYS Graph-
ite&Carbon, polyvinylidene fluoride (PVdF, 99.5%), dimethyl
sulfoxide (DMSO, anhydrous, >99.9%), and lithium hexafluorophos-
phate (LiPF) (LP30; 1 m in an ethylene carbonate (EC) and dimethyl
carbonate (DMC) mixture in the ratio ECDMC (1:1 by volume) as
electrolyte from Sigma Aldrich. All chemicals were used without
further purification. VWR International GmbH provided n-hexane (>
97 %). It was dried in a solvent purifying system SPS 5 (MBraun).

Synthesis

Beaker synthesis of precipitates

The general procedure for the precipitation formation was that
AHM was dissolved in water (500 mL). The amine (these were
added in different ratios; Table S4) was then dissolved in water
(500 mL) and the two solutions were mixed, then dilute HCl

ChemSusChem 2023, 16, 202202213 (12 of 15)

Chemical lithiation

For the chemical lithiation, PPD/molybdate (10:1)_DMSO (0.5 g)
was first added to hexane (20 mL) under an argon atmosphere. To
this was added 74 equivalents of n-butyllithium (227 m in n-
hexane) with stirring. The reaction was stirred at 80°C for 6 h. The
reaction was terminated by the addition of 2-propanol to quench
the remaining n-butyllithium. The product was separated by
filtration. Finally, the product was washed with 2-propanol and
dried at 80°C.

Structural and chemical characterization

Fourier-transform infrared spectroscopy (FTIR) measurements of
dried samples were recorded in attenuated total reflectance (ATR)
mode using a Bruker Vertex 70 spectrometer. Each spectrum was
performed in the wavenumber range 370-4500cm ' and by
averaging 16 scans with a spectral resolution of 4 cm™'. Thermogra-
vimetric Analyses (TGA) were performed on a Netzsch TG F1 lIris
under a constant flow of N, (40 mLmin ') with a heating rate of
20°Cmin ' to a maximum of 900 °C. During the measurements, the
samples were placed in an open alumina crucible. The TG-FTIR
measurements were performed under the same conditions. The
elemental analyses were conducted on an Elementar Vario Micro
cube.

Powder X-ray diffraction (XRD) patterns of the pulverized samples
were recorded at room temperature on a D8-A25-Advance
diffractometer (Bruker) in Bragg-Brentano 6—f geometry (goniom-
eter radius 280 mm) with Cuy,-radiation (A= 154.0596 pm). A 12 um
Ni foil working as K; filter and a variable divergence slit were
mounted at the primary beam side. An LYNXEYE detector with 192
channels was used at the secondary beam side. Experiments were
carried out in a 26 range of 6° to 130° with a step size of 0.013° and
a total scan time of 1 or 4 h. The recorded data was evaluated using
the Bruker TOPAS 5.1 software, with the observed reflections being
treated via single-line fits.*®!

The single-crystal data set was collected using a Bruker D8 Venture
diffractometer with a microfocus sealed tube and a Photon Il
detector. Monochromated Cuy, radiation (.=1.54178 A) was used.
Data was collected at 133(2) K and corrected for absorption effects
using the multi-scan method. The structure was solved by direct
methods using SHELXT®” and was refined by full matrix least
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squares calculations on F? (SHELXL2018“®) in the graphical user
interface Shelxle.®” Details on the single-crystal X-ray diffraction
experiments is given in the Supporting Information. Deposition
Number 2226468 contains the supplementary crystallographic data
for this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.

SEM images were recorded using a JEOL JSM-7000 F microscope
with a working distance of 10 mm and operating at 20 kV. For the
sample preparation, a small amount was placed on a specimen
stub covered with a carbon adhesive foil, followed by the
deposition of a gold layer.

Solid-state CP-MAS NMR spectra were recorded using a Bruker
AV400WB spectrometer. A resonance frequency of 100.65 MHz for
3C NMR spectra was used. The spinning frequency for the MAS
experiments was 13 kHz. X-ray photoelectron spectroscopy (XPS)
was performed with an Axis Supra (Kratos Analytical) spectrometer.
Wide and elemental scans were acquired employing Aly, radiation
with 150 W power with a pass energy of 160eV and 80eV,
respectively, while for high-resolution measurements, 225 W with
10 eV were used. The data processing was done with CasaXPS (Casa
Software, version 2.3.15).

Raman spectra were recorded with a Renishaw inVia Raman
Microscope equipped with a neodymium-doped yttrium aluminum
garnet laser with an excitation wavelength of 532 nm and a laser
power of approximately 0.05 mW at the surface of the sample, a
2400 mm ' grating, and a 50xobjective lens with a numeric
aperture of 0.75. Five different spots from each sample were
recorded with five accumulations and 30 s acquisition time. All
spectra were normalized to 100 %.

Electrochemical characterization

Electrode materials and preparation

The hybrid material working electrodes were prepared by mixing
80 mass% [CeH,oN,1,[M0gO4] -6 H,O or the
[C4HoN,14[NH,],[M0,0,,]-3 H,O powders, respectively, with 10 mass
% conductive carbon additive (Type C65, IMERYS Graphite&Carbon)
and 10 mass% polyvinylidene fluoride (PVdF, Sigma Aldrich),
dissolved in dimethyl sulfoxide (DMSO, anhydrous, Sigma Aldrich),
in a SpeedMixer DAC 150 SP from Hauschild. First, the active
material and the conductive carbon were combined in a mortar
and ground carefully. The dry powder mix was then dry-mixed for
5 min at 1000 rpm. Drop by drop, DMSO solvent was added to the
mixture until the slurry reached the desired viscosity. This paste
was again mixed at 1500 rpm for 5 min, following 2500 rpm for
5 min. Finally, the PVdF binder solution (10 mass% PVdF in DMSO)
was added, and the viscous electrode past kept mixing for 10 min
at 800 rpm. To obtain a homogenous electrode slurry, the
suspension was agitated for 12 h using a magnetic stirrer. The
obtained slurries were doctor-blade cast on copper foil with a wet
thickness of 200 pm. The electrodes were initially dried at ambient
conditions overnight. Then, a further vacuum drying step at 110°C
for 12 h was conducted to remove the remaining solvent. Dry-
pressing in a rolling machine ((HRO1 hot rolling machine, MTI) was
used to regulate the electrode packing density. After that, utilizing
press-punch (EL-CELL), 10 mm diameter discs were punched from
the coating and used as the working electrode (WE). The resulting
electrode thickness of the dried electrodes was 100+ 10 um with a
material loading of 3.0 £ 0.5 mgcm 2

ChemSusChem 2023, 16, 202202213 (13 of 15)

Cell preparation and electrochemical characterization

For electrochemical testing in an organic electrolyte, 2032-type
coin cells were assembled in an argon-filled glove box (MBraun
Labmaster 130; O, and H,0 < 0.1 ppm) using a hydraulic crimper
(MSK-110, MTI corp.). Both the counter electrode (CE) and the
reference electrode (RE) were made from a pressed and punched
lithium metal disc (MTI corp.) with a diameter of 11 mm and a
uniform thickness of 0.45 mm (RE). To separate the working and
counter/reference electrodes, vacuum-dried glass-fiber separator
(GF/F, Whatman) discs of 18 mm diameter were utilized. A stainless-
steel spacer/-current collector was placed on the backside of each
counter electrode. The cells were filled with 150 L 1 m lithium
hexafluorophosphate (LiPFs) in an ethylene carbonate (EC) and
dimethyl carbonate (DMC) mixture in the ratio EC:DMC (1:1 by
volume) as electrolyte (LP30, Sigma Aldrich).

All electrochemical measurements were carried out at a climate
chamber (Binder) with a constant temperature of 25+ 1°C. Cyclic
voltammetry (CV) measurements were performed with a multi-
channel potentiostat/galvanostat VMP300 (Bio-Logic Science Instru-
ment), equipped with the EC-Lab software. All CV measurements
were carried out with different scan rates of 0.10/0.25/0.50/0.75/
1.00/2.50/5.00/7.50/10.00 mVs ™" in a potential window of 0.01-
3.00V vs. Li*/Li. Galvanostatic charge-discharge cycling with
potential limitation (GCPL) tests in the range of 0.01-3.00 V vs. Li*/
Li with a charge-discharge current of 100 mAg ' were carried out
using an Arbin system. The mass of active material was utilized to
normalize the specific current and specific capacity calculations.
Cells prepared for post-mortem analysis were stopped after 100
cycles in the de*-lithiated state, and the obtained electrode was
rinsed with DMC to remove the remaining salt. Rate performance
experiments were carried out in the same potential window at
different currents to obtain more information about the half-cell
rate capacity and higher currents. To get more information about
the half-cell rate capability and higher currents, rate performance
measurements were conducted by using the same potential
window for different currents. The applied specific currents were
01Ag ', 02Ag ', 05Ag ", 1.0Ag ", 20Ag ', 40Ag ', 80Ag ',
and (again) 0.1 Ag™".
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Results and Discussion

Table S1: Elemental analysis of the precipitated products PPD/molybdate.

C/% | H/% | N/%

Theor. [CcH10N2]2[M0zO26] - 6 H20 953 | 213 | 3.71
Theor. [CsHoN21a[NHa]2[M07024] - 3 H20 1822 | 3.19 | 885
PPD/molybdate (1:1) 9.51 2.13 3.65
PPD/molybdate (2:1) 9.61 2.18 3.68
PPD/molybdate (5:1) 967 | 218 | 3.71
PPD/molybdate (9:1) 18.83 | 3.04 | 7.63
PPD/molybdate (10:1) 18.46 | 3.06 | 7.49
PPD/molybdate (15:1) 1896 | 3.08 | 7.67
PPD/molybdate (18:1) 18.93 3.14 7.68
PPD/molybdate (20:1) 18.98 | 3.12 | 7.72
PPD/molybdate (25:1) 19.59 | 3.19 7.93
PPD/molybdate (30:1) 19.36 | 3.18 | 7.79

Figure S1: Unit cell of [CgH10N2]2[Mo0gO3¢] - 6 H20.1
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Figure S2: (a) X-ray diffractograms of PPD/molybdate precipitates with different ratios. (b)
X-ray diffractograms of the PPD/molybdate precipitations with different mixing ratios are
plotted alongside the diffraction patterns of pure PPD and AHM. The reflections of
[CeH10N2]2[M0gO26] - 6 H,O(*) are marked with asterisks, and the reflections of
[CsHaN2]a[NH4]2[M07024] - 3 H20 (°) are marked with circles. Differences in the intensities can

be attributed to texture problems or rather preferred orientation.

Figure S3: Scanning electron micrographs of PPD/molybdate products from microjet

synthesis. The respective AHM to PPD ratios are given.
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Results and Discussion

Refinement details for [CsHaN2]a[NH4]2[M07024] - 3 H20

All non H-atoms were located in the electron density maps and refined anisotropically.
C-bound H atoms were placed in positions of optimized geometry and treated as riding atoms.
Their isotropic displacement parameters were coupled to the corresponding carrier atoms by
a factor of 1.2 (CH). The N-bound hydrogen atoms of the phenylenediamine ligands were
placed in positions of optimized geometry and treated as riging atoms, too. Their occupancy
factors were adopted to a protonation degree of 1.5 for one phenylenediamine ligand (LH*),
which was determinded by potentiometric measurements. The occupation factors of some of
the LH* units were constrained to some degree and added to four LH* per asymmetric unit.
Acoordingly, two NH* ions were randomly occupied with three water molecules to ensure the

electroneutrality in the structure.

Figure S4: Unit cell of [CeHsN21a[NH4]2[M07024] - 3 H,0.
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Results and Discussion

Table S2: Crystal data and structure refinement for [CeHaN2]a[NHa]2[M07024] - 3 H>0.

Empirical formula C24Hs50Mo7N10027

Formula weight 1582.32

Temperature 133(2) K

Wavelength 1.54178 A

Crystal system monoclinic

Space group C2/m

Unit cell dimensions a = 20.2993(11) A, b = 18.1963(10) A, ¢ =

25.2122(14) A, 8 =90.622(2)°

Volume 9312.1 A’
z 8
Density (calculated) 2.26 g/cm’
Absorption coefficient 15.8 mm*
F(000) 6192
Crystal size 0.160 x 0.150 x 0.030 mm’
Theta range for data collection 1.75 to 68.40°
Index ranges -24<h<23,-21<k<21,-30<1<30
Reflections collected 84334
Independent reflections 8855 [R(int) = 0.0428]
Completeness to theta = 67.68° 100.0 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7531 and 0.4433
Refinement method Full-matrix least-squares on F°
Data / restraints / parameters 8855 /304 /767
Goodness-of-fit on F2 1.041
Final R indices [I>2sigma(l)] R1 = 0.0385, wR2 = 0.1013
R indices (all data) R1 =0.0396, wR2 = 0.1020
Largest diff. peak and hole 2.325 and -1.568 e. A’
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Table S3: Atomic coordinates, Wyckoff positions, equivalent isotropic displacement

parameters (Azx 103) and site occupation factors for [CéHaN2]a[NHa]2[M070.4] - 3 H,0.

Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.

Wyck. x/a y/b z/c Ueq s.o.f.
Mo(1) 8j 0.2748(1)  0.7396(1)  0.3868(1)  36(1) 1
Mo(2) 8 0.3653(1)  0.8256(1)  0.3041(1)  24(1) 1
Mo(3) 8j 0.1621(1) 0.8297(1) 0.3238(1) 25(1) 1
Mo(4) 8/ 0.2516(1)  0.7034(1)  0.2567(1)  21(1) 1
Mo(5) 8j 0.3457(1)  0.8093(1)  0.1760(1)  23(1) 1
Mo(6) 8j 0.1436(1)  0.8197(1)  0.1957(1)  24(1) 1
Mo(7) 8j 0.2295(1)  0.7120(1)  0.1238(1)  29(1) 1
0(1) 8j 0.2782(2)  0.6587(3)  0.4220(2)  54(1) 1
0(2) 8/ 0.2836(2)  0.8078(3)  0.4333(2)  55(1) 1
0(3) 8 0.3607(2)  0.7444(2)  0.3565(2)  34(1) 1
0(4) 8j 0.1810(2)  0.7507(2)  0.3750(2)  34(1) 1
o(5) 8j 0.4487(2)  0.8105(2)  0.2950(2)  32(1) 1
0(6) 8/ 0.2630(2)  0.7982(2)  0.3128(1)  25(1) 1
0(7) 8 0.0781(2)  0.8181(2)  0.3286(2)  35(1) 1
0(8) 8j 0.3610(2)  0.9013(2)  0.3444(2)  38(1) 1
0(9) 8/ 0.1803(2)  0.9065(2)  0.3608(2)  40(1) 1
0(10) 8 0.2587(2)  0.6495(2)  0.3134(2)  30(1) 1
0(11) 8j 0.3407(2)  0.7326(2)  0.2468(1)  23(1) 1
0(12) 8j 0.1644(2)  0.7397(2)  0.2624(1)  24(1) 1
0(13) 8j 0.3424(2) 0.8722(2) 0.2384(1) 25(1) 1
0(14) 8j 0.1673(2) 0.8792(2) 0.2554(1) 24(1) 1
0(15) 8/ 0.4296(2)  0.7933(2)  0.1735(2)  33(1) 1
0(16) 8/ 0.2439(1)  0.7853(2)  0.1899(1)  22(1) 1
0(17) 8 0.0598(2)  0.8123(2)  0.2055(2)  34(1) 1
0(18) 8j 0.2428(2)  0.6399(2)  0.2053(2)  29(1) 1
0(19) 8j 0.3306(2)  0.8755(2)  0.1300(2)  41(1) 1
0(20) 8j 0.1521(2) 0.8838(2) 0.1456(2) 36(1) 1
0(21) 8j 0.3231(2)  0.7221(2)  0.1326(2)  30(1) 1
0(22) 8j 0.1439(2)  0.7277(2)  0.1527(2)  28(1) 1
0(23) 8j 0.2242(2)  0.6223(2)  0.0990(2)  42(1) 1
0(24) 8j 0.2217(2)  0.7655(3)  0.0688(2)  42(1) 1
N(1) 8j 0.0491(2)  0.6546(3)  0.2135(3)  45(1) 1
c(1) 8j 0.0482(2)  0.5745(3)  0.2120(2)  28(1) 1
c(2) 8 0.1072(2)  0.5382(3)  0.2119(2)  29(1) 1
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C(3)
N(2)
N(3)
C(4)
C(5)
C(6)
C(7)
N(4)
N(5)
C(8)
C(9)
C(10)
c(11)
N(6)
N(7)
C(12)
C(13)
C(14)
C(15)
N(8)
C(16)
C(17)
C(18)
N(9)
C(19)
C(20)
c(21)
N(10)
N(11)
C(22)
C(23)
C(24)
C(25)
N11
N21
eid
c21
c31
ca1

8

-0.0115(2)
0.1439(3)
-0.1330(3)
0.0715(4)
0.0380(3)
-0.0299(3)
-0.0647(4)
0.2827(4)
0.5565(4)
0.3538(5)
0.3873(3)
0.4545(3)
0.4887(4)
0.3931(4)
0.6695(4)
0.4654(5)
0.4988(4)
0.5659(4)
0.6010(4)
-0.0443(2)
-0.0448(3)
-0.1036(2)
0.0142(2)
0.3650(3)
0.4349(3)
0.4525(3)
0.5186(3)
0.3132(8)
0.5461(10)
0.3724(7)
0.3990(7)
0.4576(7)
0.4869(10)
0.5814(4)
0.5784(8)
0.5811(5)
0.5229(5)
0.5223(6)
0.5793(6)

0.5380(3)
1/2

1/2

172
0.4342(3)
0.4343(3)
1/2

1/2

1/2

1/2
0.5656(4)
0.5652(4)
1/2

1/2

1/2

1/2
0.5651(5)
0.5655(4)
1/2
0.8445(3)
0.9253(3)
0.9616(3)
0.9620(3)
0.7325(5)
0.7314(4)
0.7322(4)
0.7323(4)
0

0

0
0.9347(7)
0.9344(7)
0
0.1394(5)
0.8388(7)
0.0642(6)
0.0246(6)
0.9515(6)
0.9153(7)
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0.2127(2)
-0.0627(3)
-0.0739(3)
-0.0687(3)
-0.0704(2)
-0.0733(3)
-0.0744(3)
0.1556(4)
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Results and Discussion

c51 8j 0.6371(7)  0.9541(7)  0.3741(4)  52(3) 0.5
c61 8j 0.6391(7)  0.0277(7)  0.3619(4)  48(3) 0.5
N(12) 8j 0.3744(10) 0.7256(9)  0.5203(7)  49(5) 0.25
C(26) 8j 0.4371(9)  0.7428(6)  0.5099(7)  28(3) 0.25
c(27) 8j 0.4571(10) 0.7539(10) 0.4554(8)  34(3) 0.25
C(28) 8j 0.5229(10)  0.7718(10) 0.4463(8)  39(4) 0.25
C(29) 8j 0.5697(10) 0.7788(8)  0.4878(8)  44(4) 0.25
C(30) 8j 0.5495(10) 0.7680(11) 0.5415(8)  40(4) 0.25
c(31) 8j 0.4842(9)  0.7501(10) 0.5517(8)  37(4) 0.25
N(13) 8j 0.6314(10) 0.7957(11) 0.4789(8)  54(5) 0.25
o(w) 4 0.2474(4)  1/2 0.2686(4)  76(2) 1
o(aw) 4 0.2448(5) 0 0.1388(7)  149(7) 1
O2WA) 8 0.3349(6)  0.6310(10) 0.5206(3)  121(9)  0.71(2)
O(2WB) 8 0.2850(20)  0.5550(20) 0.5096(12)  160(20)  0.29(2)
o(BwW) 8 0.1719(5)  0.8949(6)  0.0278(4)  142(4) 1
N(1A) 4i 0.2619(5) 0 0.2507(7)  109(6) 1
N(1B) 4i 0.0708(8) 0 0.0140(6)  130(6) 1
N(1C) 8j 0.1945(3)  0.6256(4)  -0.0092(2)  30(1) 1
N(1D) 4i 0.2848(9) 0 0.4090(9)  55(5) 1
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Figure S5: Scanning electron micrographs of PPD/molybdate products from microjet synthesis

at room temperature (a) and 50 °C (b).

100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure S6: Comparisons of thermogravimetric curves of PPD/molybdate with their reactants;

heating rate: 20 °C min’%; nitrogen atmosphere.
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Figure S7: (a) TG-FTIR measurements of PPD/molybdate (1:1), (b) TG-FTIR measurements of

PPD/molybdate (10:1), (c) thermogravimetric curve, with Gram-Schmidt and differential

thermogravimetric curve of PPD/molybdate (1:1); heating rate: 20 °C min‘%; gas: Nitrogen; (d)

thermogravimetric curve, with Gram-Schmidt and differential thermogravimetric curve of

PPD/molybdate (10:1); heating rate: 20 °C min'!; gas: nitrogen; (e) associated FTIR spectra of

PPD/molybdate (1:1) and (f) associated FTIR spectra of PPD/molybdate (10:1).
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Figure S8: Electrochemical performance showing cyclic voltammogram at different scanning

rates and a potential range between 0.01 V and 3.00 V vs. Li*/Li for (a) PPD/molybdate (1:1);
(b) PPD/molybdate (10:1).
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Figure S9: Cyclic voltammograms at different scanning rates and kinetic fitting to calculate

b-Values for (a, ¢, e) PPD/molybdate (1:1); (b, d, f) PPD/molybdate (10:1).
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Supporting discussion:

We have always observed a change in the pristine electrode when comparing PPD/molybdate
(10:1) and the pristine material. This indicates that the material changes during electrode
fabrication. To investigate the reason for the change and resulting product, the applied
PPD/molybdate (10:1) was added with an excess of DMSO and stirred for 1 h. To remove the
DMSO, the material was dried in analogy to the electrode preparation in a vacuum (6 mbar)
at 80 °C. The hypothesis that in the electrode preparation used DMSO caused a change in the
hybrid material aligns with a visible color change of the product (Figure S10a-b, Figure S11).
In addition, X-ray diffractograms, FTIR spectra, 3C CP-MAS NMR spectra, TG-FTIR
measurements, and XPS spectra were recorded from the PPD/molybdate (10:1) and the
PPD/molybdate (10:1) treated with DMSO. A major phase change was well visible in the X-ray
diffractograms (Figure $10c). The X-ray diffraction pattern remains similar, but the reflections
are widened enormously, and the reflection positions are shifted to higher angles. That
indicates the crystallite size becomes smaller, and the structure remains intact although the
unit cell size decreases. The FTIR spectra (Figure S10d) remain unchanged (i.e., no bands shift)
of the structure. At the same time, the broad water band in the 3600-3200 cm™ range has
disappeared.? As a result, a solvent exchange must have occurred during the electrode
production.

These findings are consistent with those shown for the electrode material. The 1*C CP-MAS
NMR spectra of PPD/molybdate (10:1) treated with DMSO reveal a slight change compared to
the 13C CP-MAS NMR spectra of PPD/molybdate (10:1) (Figure $10e). Although the main peaks
remain the same, some additional peaks appear at 166.1 ppm, 94.6 ppm, 40.2 ppm, and
18.4 ppm. The peak at 166.1 ppm implies the formation of p-benzoquinone diamine because
this peak belongs to the nitrogen double-bonded carbon (C=NH). The primary amine-bonded
carbon (C-NH2) shows a peak at 94.6 ppm.3 Finally, at 40.2 ppm and 18.4 ppm, the peaks can
be assigned to DMSO and dimethyl sulfide (DMS). These results suggest that after adding
DMSO, a redox reaction is induced. Parts of the PPD are oxidized to p-benzoquinone diimine
while, at the same time, DMSO is reduced to DMS. The presence of DMS and the solvent
exchange from water to DMSO is confirmed by the TG-FTIR measurements (Figure S10f).
Instead of the loss of water and ammonia visible at the measurements of PPD/molybdate
(10:1), we see a loss of DMSO, DMS, and ammonia in the measurements of PPD/molybdate

(10:1) treated with DMSO.
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In Figure $10g the element composition obtained via XPS for PPD/molybdate (10:1) and
PPD/molybdate (10:1) after the DMSO treatment is shown. It can be seen that after treatment
with DMSO, there also are visible amounts of S and traces of F and Si. In addition, C content
increases, as expected for a solvent exchange where DMSO is incorporated in the structure.
The results of the high-resolution measured peaks are shown in Figure S10h. In the
PPD/molybdate sample, Mo®* is present, but after DMSO treatment, we determined a lower
oxidation number Mo™ (probably Mo®*). PPD/molybdates have mainly O bound to Mo®* and
a lower ratio of O=C bonds (no Mo*). After DMSO treatment, more Mo°* containing bonds
are evident, which also correlates with the ratios in the Mo 3d peaks. These data show that

during the treatment with DMSO, the molybdenum is also partially reduced.
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Figure $10: Investigation of the effect of DMSO. (a) Microscopic image of PPD molybdate
(1:10) powder. (b) Microscopic image of PPD molybdate (10:1)_DMSO powder. (c) X-ray
diffractograms of PPD/molybdate (10:1) and PPD/molybdate (10:1)_DMSO. (d) FTIR spectra
of PPD/molybdate (10:1) and PPD/molybdate (10:1)_DMSO. (e) *3C CP-MAS NMR spectra of
PPD/molybdate (10:1)_DMSO. (f) TG-FTIR measurements of PPD/molybdate (10:1)_DMSO. (g)
Element composition from XPS data for PPD/molybdate (10:1) and PPD/molybdate
(10:1)_DMSO. (h) Bonding ratios determined from Mo3d peaks and O1s peaks of
PPD/molybdate (10:1) and PPD/molybdate (10:1)_DMSO.
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In summary, treatment with DMSO leads to solvent exchange and induces a redox reaction
that partially oxidizes the PPD while simultaneously reducing DMSO and molybdenum. This
shows very well how redox-active the material is when the sole treatment with DMSO induces

a redox reaction.

NH, NHs*
HCI
(NH4)6M07024 -4 Hzo + 10 © D —— ! © [NH4]2[M07024] -3 Hzo
NH2 NH2

DMSO

NH* NH,*
4 © X @[NHAZ[Mo(V|)7_y/Mo(V)y024]- DMSO/DMS
NH, NH

Figure S11: Reaction mechanism of PPD/molybdate (10:1) and its effect of DMSO.
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Table S4: The synthesis of the PPD/molybdate precipitates with different ratios.

AHM PPD
Ratio HCl
PPD/molybdate (g) (8)
(PPD : AHM) (M)
(mol) (mol)
3.86 0.338
1 1:1 0.025
3.12:10°3 3.13-10°3
3.86 0.676
2 2:1 0.025
3.12:10°3 6.25-10°3
3.86 1.69
3 5:1 0.025
3.12:10°3 0.0156
3.86 3.04
4 9:1 0.025
3.12-10°3 0.0281
3.86 3.38
5 10:1 0.025
3.12-10°3 0.0313
3.86 5.07
6 15:1 0.05
3.12:10°3 0.0469
3.86 6.08
7 18:1 0.05
3.12:10°3 0.0562
3.86 6.76
8 20:1 0.05
3.12-10°3 0.0625
3.86 8.45
9 25:1 0.075
3.12-10°3 0.0781
3.86 10.14
10 30:1 0.1
3.12:10°3 0.0938
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Table S5: The synthesis of the PPD/molybdate precipitates in the microjet reactor with

different ratios.

AHM PPD
Ratio HCI
PPD/molybdate (8) (8)
(PPD : AHM) (M)
(mol) (mol)
3.86 0.338
11 1:1 0.025
3.12-10°3 3.13-10°3
3.86 0.676
12 2:1 0.025
3.12:10°3 6.25-107
3.86 1.69
13 5:1 0.025
3.12:10°3 0.0156
3.86 3.04
14 9:1 0.025
3.12:10°3 0.0281
3.86 3.38
15 10 31 0.025
3.12:10°3 0.0313
3.86 5.07
16 15:1 0.05
3.12-10°3 0.0469
3.86 6.08
17 18:1 0.05
3.12-10°3 0.0562
3.86 6.76
18 20:1 0.05
3.12-103 0.0625
3.86 8.45
19 2531 0.075
3.12:10°3 0.0781
3.86 10.14
20 30:1 0.1
3.12:103 0.0938
518
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Results and Discussion

3.2 Continuous Wet Chemical Synthesis of Mo(C,N,O)x

as Anode Materials for Li-lon 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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Molybdenum carbides, oxides, and mixed anionic carbide-nitride—oxides Mo(C,N,O), are potential anode
materials for lithium-ion batteries. Here we present the preparation of hybrid inorganic—organic precursors
by a precipitation reaction of ammonium heptamolybdate ((NH4)sM0o;0,4) with para-phenylenediamine in
a continuous wet chemical process known as a microjet reactor. The mixing ratio of the two components
has a crucial influence on the chemical composition of the obtained material. Pyrolysis of the precipitated
precursor compounds preserved the size and morphology of the micro- to nanometer-sized starting
materials. Changes in pyrolysis conditions such as temperature and time resulted in variations of the final
compositions of the products, which consisted of mixtures of Mo(C,N,O),, MoO,, Mo,C, Mo;N, and Mo.
We optimized the reaction conditions to obtain carbide-rich phases. When evaluated as an anode
material for application in lithium-ion battery half-cells, one of the optimized materials shows
a remarkably high capacity of 933 mA h g™* after 500 cycles. The maximum capacity is reached after an
activation process caused by various conversion reactions with lithium.
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Accepted 6th August 2023

DOI: 10.1039/d3ta03340f
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1. Introduction

Due to their high energy density, long cycle life, and high
working potential, rechargeable lithium-ion batteries (LIBs)
dominate the current electrochemical energy storage market.'
The ever-growing demand for LIBs, especially in electric vehi-
cles, has increased the necessity for new electrode materials
with improved battery performance. Graphite remains one of
the most important anode materials for LIBs, with a theoretical
capacity of 372 mA h g~ '.** Designing new anode materials with
high specific capacity is becoming an increasingly important
requirement for high-performance LIBs. Therefore, research is
focussing on other materials with enhanced capacity. Particu-
larly attractive are alloying or conversion-type materials.® For
example, molybdenum oxides provide a theoretical capacity of
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1117 mA h g~ for MoO; '**> and 838 mA h g ' for MoO, ***
when forming Li-rich phases during conversion reaction.
Molybdenum carbides with the compositions Mo,C or MoC,
show favorable lithium storage properties compared to pure
oxides due to better electrical conductivity and excellent
mechanical and chemical stability.'® Combining the properties
of molybdenum oxides and carbides could lead to promising
electrode materials for LIBs.

A promising way to produce molybdenum carbides and
molybdenum oxycarbides is through precursor methods. The
milder reaction conditions, in combination with a versatile
composition of the precursors, allow better tailoring of the size
and morphology of the final product and are less energy
consuming than other methods."” Suitable precursors can be
obtained from precipitation reactions, which are subsequently
pyrolyzed to the target compounds. Typical examples for this
route are mixtures of various molybdates with aniline," para-
phenylenediamine,” 2-methylimidazole,'"* melamine,” or
dicyandiamide.** Giordano et al. also showed that Mo,C and
Mo, N nanoparticles could be prepared from MoCl; and urea.”
A facile preparation method via self-polymerization of dopa-
mine for Mo,C nanoparticles supported on 3D carbon micro
flowers was discovered by Huang et al.”® Li et al. developed a new
pathway for mesoporous and nanosized Mo,C/Mo,N hetero-
junctions using dopamine-molybdate coordination precursor
with silica nanoparticles,> while mixed salt precursors con-
sisting of a molybdenum hexamethylenetetramine complex
were presented by Wang et al.>®

This journal is © The Royal Society of Chemistry 2023
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A popular source for molybdenum in the precursors is
ammonium heptamolybdate (NH,)sM0,0,4 (AHM), which can
form inorganic-organic hybrid precipitates with various organic
molecules that can be pyrolyzed to Mo,C.**** The pyrolysis
conditions for converting the precursors to the carbides must
be accurately controlled because of the many binary
compounds in the Mo-O and Mo-C systems. Examples include
orthorhombic  high-temperature Mo040;,,”** monoclinic
Mo0,,* orthorhombic Mo,C* (ESI, Fig. S1at), and even cubic
Mo.**¥* At around 600 °C, M0O,, MoC, and C are in equilibrium.
Molybdenum oxycarbide can be obtained at this temperature,
while above 650 °C Mo,C is the most stable phase.’> Other
molybdenum carbide products, such as cubic (ESI, Fig. S1b¥) or
hexagonal (ESI, Fig. Sicf) MoC, (x = 0.46-0.75) can also be
formed. The use of amine ligands may furthermore lead to the
formation of nitrides such as Mo,N.?***

The present work uses the continuous®****' and easy-to-
scale®*” microjet reactor synthesis to obtain nanostructured
Mo-based particles. The continuous wet chemical process
allows for larger production volumes while often also a better
control over reaction conditions, and thus a better control over
particle morphology and reproducibility are achieved. We
present a systematic study on the precursor formation by the
microjet method and subsequent pyrolysis of Mo(C,N,0),
materials. In a previous publication, we could show that
different precursor compositions are obtained depending on
the ratio between the molybdenum source and the para-phe-
nylenediamin (PPD) in the reactor.”* The resulting non-
pyrolyzed materials showed different electrochemical behavior
in battery applications depending on their composition. The
precursors are obtained as precipitates in the microjet reaction
by an exchange reaction of the ammonium ions in AHM against
the protonated PPD. In our present study, we will focus on the
pyrolysis of the achieved precursors and their electrochemical
behavior. The influence of various parameters, such as the
decomposition temperature, which affects the molybdenum
carbide species, and the effect of the precursor composition was
analyzed to understand the role of the carbon source during the
pyrolysis. In addition, we carried out an electrochemical char-
acterization on the obtained compounds to understand the
effect of composition on electrochemical parameters.

2. Experimental section

2.1. Materials

Ammonium heptamolybdate tetrahydrate ((NH4)¢M0;0,,-4H,0,
AHM; =99%) was purchased from Carl Roth. para-Phenylenedi-
amine (PPD; 97%) was ordered from Alfa Aesar. Hydrochloric
acid (HCl; 37%) was bought from Bernd Kraft GmbH. Ethanol
(99% denatured with 1% petroleum ether) was received from
BCD Chemie GmbH. Conductive carbon additive (Type C65) was
ordered from IMERYS Graphite&Carbon. Polyvinylidene fluoride
(PVdF, 99.5%), dimethyl sulfoxide (DMSO, anhydrous, =99.9%),
and lithium hexafluorophosphate (LiPFg; LP 30; 1 M in an
ethylene carbonate (EC) and dimethyl carbonate (DMC) mixture
in the ratio EC:DMC (1:1 by volume)) as electrolyte were

This journal is © The Royal Society of Chemistry 2023

View Article Online
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obtained from Sigma-Aldrich. No further purification was con-
ducted for all chemicals.

2.2. Material synthesis

The PPD/molybdate precursor synthesis is described in detail in
our previous work.?® Briefly, AHM and PPD were dissolved in
water, and a 0.25-0.10 M diluted HCI solution was prepared.
These solutions were the educt solution for the beaker and
microjet precipitation. For the microjet experiments, two HPLC
pumps (LaPrep P110 preparative HPLC pumps (VWR)) were
used to deliver the solutions with a flow rate of 250 mL min ' at
room temperature. The reaction occurred in the microjet
reactor, where the solutions were pushed at high pressure
through a 300 pm diameter nozzle into the reaction chamber.
Nitrogen gas was applied to remove the particles formed.>**
The particles were isolated by centrifugation (8000 rpm, 15 min)
at the end of the precipitation. All products were washed with
ethanol and dried at 80 °C. Finally, the obtained precursors
were pyrolyzed under argon flow with the temperature program
shown in Fig. 1.

2.3. Material characterization

Powder X-ray diffraction (PXRD) measurements were performed
using a Bruker D8-A25-Advance diffractometer in a Bragg-
Brentano geometry with CuK,-radiation (Cu-K,, 2 = 154.06 pm,
40 kv, 40 mA). PXRD was conducted with a total measurement
time of 1 h and from 6-130° 26 with a step size of 0.013°. The
powder is applied to a recessed stainless steel or a silicon zero-
background carrier. Rietveld analysis using Topas 5 was applied
to quantify the crystalline phases in the samples.*® The crys-
tallographic data for the Rietveld refinements were obtained
from Crystallographic Open Database (COD) and the Inorganic
Crystal Structure Database (ICSD).

Scanning electron microscopy (SEM) was carried out using
JEOL JSM-7000 F microscope at a working distance of 10 mm
and operating at 20 kV. A small amount was placed on a sample
stub covered with carbon adhesive film to prepare the samples,
and then a thin gold layer was deposited via sputter coating.

The elemental analyses were performed on an Elementar
Vario Micro cube. 1.5-2.5 mg of the substance to be analyzed is
weighed out. The sample weight is determined to the nearest
0.001 mg. The powders are weighed into special tin boats, then
folded into cube-shaped packets.

X-ray photoelectron spectroscopy (XPS) was conducted using
an Axis Supra (Kratos Analytical) spectrometer. Survey and
elemental scans were recorded using Al-K, radiation with
a power of 150 W and a pass energy of 160 eV and 80 eV,

Fig.1 Temperature program for the pyrolysis (RT: room temperature).

J. Mater. Chem. A, 2023, 11, 19936-19954 | 19937
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respectively. Concerning high-resolution measurements, 225 W
at 10 eV was employed. The data was processed with CasaXPS
(Casa Software, version 2.3.15). The powders were sprinkled
onto the surface of a small piece (5 x 5 mm?) of sticky carbon
tape using a spatula. The flat side of the spatula was used to
press the powders firmly into the tape. After removing the loose
powder from the surface of the sample bar, the holder was
inserted into the XPS load lock.

A Renishaw inVia Raman microscope was used to collect
Raman spectra, equipped with a neodymium-doped yttrium-
aluminum-garnet laser with an excitation wavelength of
532 nm and a laser power of approximately 0.05 mW at the
sample surface, a 2400 mm per grating, and a 50x objective
with a numerical aperture of 0.75. From each sample, five
different spots were collected with five accumulations and 30 s
acquisition time. Normalization of all spectra from 0-1 was
performed. The powder samples were fixed onto the glass
microscope slides. The spectra underwent automatic cosmic ray
removal. Before and after the measurement, a silicon standard
was used to calibrate the system.

Transmission electron microscopy (TEM) was performed
using a JEOL JEM-2011 and a JEOL JEM-ARM 200 instrument.
Previously, the sample was suspended in ethanol, assisted by
ultrasonic treatment, then that suspension was deposited on
carbon-coated copper grids (Plano $160-3).

3. Electrochemical characterization

3.1. Electrode materials and preparation

Working electrodes were obtained by mixing 80 mass% PPD/
molybdate (1:1) (750 °C), PPD/molybdate (10:1) (750 °C),
PPD/molybdate (9:1) (600 °C) or PPD/molybdate (10:1)
(600 °C) powder, respectively, with 10 mass% conductive carbon
additive (Type C65, IMERYS Graphite&Carbon) and 10 mass%
polyvinylidene fluoride (PVdF, 99.9%, Sigma-Aldrich), dissolved
in dimethyl sulfoxide (DMSO, >99.9%, anhydrous, Sigma-
Aldrich), in a SpeedMixer DAC 150 SP from Hauschild. After
the active material and the conductive carbon were mixed and
grounded manually in a mortar, the dry powder mix was mixed
at 1000 rpm for 5 min in a SpeedMixer. Then the DMSO was
added dropwise to obtain a viscous paste. This paste was again
mixed at 1500 rpm for 5 min following 2500 rpm for 5 min. After
adding the PVdF binder solution (10 mass% PVdF in DMSO),****
the last mixing step was conducted at 800 rpm for 10 min. The
suspension was stirred for 12 h on a magnetic stirrer to obtain
a homogeneous electrode slurry. The obtained slurries were
doctor-blade cast on copper foil with a wet thickness of 200 pm.
After an initial drying step of the electrodes at ambient condi-
tions for 12 h, a further drying step at 110 °C for 12 h was
conducted to remove the remaining solvent. The packing
density of the electrode was adjusted by dry-pressing in the
rolling machine (HRO1 hot rolling machine, MTI). Afterward,
discs of 12 mm diameter were punched from the coating using
press-punch (EL-CELL) and applied as the working electrode
(WE). The resulting electrode thickness of the dried electrodes
was 45-65 um with a material loading of 2.5 + 1 mg cm 2.

19938 | J Mater Chem. A, 2023, 11, 19936-19954
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3.2. Cell preparation and electrochemical characterization

2032-type coin cells as a two-electrode system were used for
electrochemical testing with an organic electrolyte. After drying
all cell parts at 100 °C, the cells were assembled inside an argon-
filled glovebox (MBraun Labmaster 130; O, and H,O < 0.1 ppm)
using a hydraulic crimper (MSK-110, MTI corp). A pressed and
punched lithium metal disc (MTI Corp) of 11 mm diameter and
a uniform thickness of 0.45 mm was used both as the counter
electrode (CE) and a reference electrode (RE). To separate the
WE and CE/RE, vacuum-dried compressed glass-fiber separator
(GF/F, Whatman) discs measuring 18 mm in diameter were
utilized. On the backside of each lithium counter electrode,
a stainless-steel spacer/current collector was placed. The cells
were filled with 150 pL of 1 M lithium hexafluoridophosphate
(LiPFe) in a mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC) in a volume ratio of 1:1 (EC:DMC) as the
electrolyte (LP 30, Sigma-Aldrich).

All electrochemical measurements were carried out in
a climate chamber (Binder) with a constant temperature of
25 £ 1 °C. Cyclic voltammetry (CV) measurements were per-
formed with a multi-channel potentiostat/galvanostat VMP300
(Bio-Logic Science Instrument), equipped with the EC-Lab
software. All CV measurements were carried out with different
scan rates of 0.10/0.25/0.50/0.75/1.00/2.50/5.00/7.50/10.00 mV
s ! for 5 cycles each in a potential window of 0.01-3.00 V vs. Li'/
Li.

The galvanostatic charge/discharge cycling with potential
limitation (GCPL) was carried out in the range of 0.01-3.00 V vs.
Li"/Li with a specific current of 100 mA g~ using an Arbin
battery cycler. For the calculation of the specific current and
specific capacity, the mass of active material (total hybrid
material) was used for normalization. Rate performance
measurements were conducted in the same potential window at
different currents. The applied specific currents were 0.1, 0.2,
0.5, 1.0, 2.0, 4.0, 8.0 A g~ ', and (again) 0.1 A g™ ".

4. Results and discussion

4.1. Precipitation of precursors

Precipitation reactions for forming precursors were performed
in an aqueous solution by mixing AHM as a molybdenum
source with para-phenylenediamine (PPD). The resulting hybrid
inorganic-organic precipitates were used as precursors in
a subsequent pyrolysis reaction to form molybdenum carbides,
oxides, oxycarbides, and nitrides (ESI, Fig. S2+). The organic
components serve as carbon and nitrogen sources during
thermal decomposition, while the molybdate supplies the
oxygen. Details on the preparations can be found in a previous
publication.>

Two hybrid inorganic-organic precursors can be synthesized
depending on the mixing ratio of molybdate and PPD, regard-
less of the chosen reaction method (batch or microjet). The first
precursor is formed at a low PPD ratio (1:1 to 5:1) and has the
composition [C¢H;oN;]o[M0gO,6]- 6H,0. The second compound
with the composition [CeHoN,[4,[NH,],[M0,0,,]-3H,0 is formed
at PPD to AHM ratios of 10: 1 and higher.>®

This journal is © The Royal Society of Chemistry 2023

85



Results and Discussion

o
[
=
[
8
Lag]
wy
()
S
o
o
e
=
S
=
3
<3
2
El
z
°
a
)
a
=]
o
b7
=
B
S
<
~
=]
g
S
=1
2
=
=)
i
&
i)
9
g
<
»
2
13
o
S
<
=1
7]
=%
o

o
=
=
o
o)
a
=
L
T
=3
i=3
=
=
e
=
2
o
£
£
(9}
=
<
&
=
)
b=
2
E
<
«
=
=]
£
£
'C
9]
(.
=
]
2
o
<
5
9
g
-]
3
2
=
o
£
L
2
T
=
2
=
e

Paper

4.2. Pyrolysis of the precursors

The pyrolysis of the precursors was carried out by heating the
precipitated products to 600 °C or 750 °C in an Ar flow. The
obtained products were characterized by powder X-ray diffrac-
tion (XRD).

The formation of molybdenum carbide from the precursor
during pyrolysis follows a two-step mechanism.**** In the first
step, MoO; is formed by eliminating H,O and NH;. In the
second step, the formed molybdenum(vi)-oxide reacts with the
carbon source to form carbides such as Mo,C (eqn (1)). The
ratio between MoOj; and the carbon source is critical since the
deficiency or excess of carbon leads to non-targeted side-
products such as remaining oxides or elemental Mo.

The binary Mo-C phase diagram reports different molyb-
denum carbides with the general composition MoC,.** Table 1
lists the structurally characterized modifications according to
their carbon content. The highest carbon content discussed
here applies to the hexagonal y-/y-MoC (x = 1), which crystal-
lizes dimorphically in the WC or TiP-type structure.* A defective
cubic NaCl type structure is observed when the carbon content
is lowered, between x = 0.67 and x = 0.75.* Between x = 0.46
and x = 0.64, a defective hexagonal NiAs type structure was
reported.* Since these phases exhibit carbon deficiencies, they
seem to be stabilized by the respective carbon content, leading
to the assumption that electronic reasons play an important
role.” For x = 0.5, the ordered orthorhombic phase Mo,C is also
observed. For the latter phase, however, reduced electro-
chemical activity has been reported.'®*~* Therefore, the defects
in the cubic and hexagonal MoC, phases can play a significant
role in electrochemical intercalation chemistry.*

Besides the pure carbides MoC,, oxycarbides Mo(C,0),,
nitride carbides Mo(C,N),, and oxide nitride carbides
Mo(C,N,0), may exist. Further analytical techniques were
required to determine the chemical composition. In the
following paragraphs, only the description of a pure carbide is
used, while the description of oxides or nitrides is used when
a clear identification is possible. For example, a pure molyb-
denum nitride crystallizes in a tetragonal crystal structure.>
Therefore, it is possible to distinguish this phase from the
carbide phases or the molybdenum oxides.

View Article Online

Journal of Materials Chemistry A

Fig. 2a shows the diffraction data of a pyrolyzed microjet
sample (750 °C) with a precursor ratio of 9:1 (PPD : AHM). In
the Rietveld refinement, the presence of orthorhombic
Mo,C,*"* elemental Mo,*** and carbon-deficient MoC, ** was
observed. The latter phase can adopt a defective NiAs- or NaCl-
type structure, in which not all octahedral voids are filled by
carbon atoms. Due to the uncertainties regarding the elemental
composition and the amount of x, the composition MoCg 67 **
was used to model and refine the cubic phase. In contrast,
a hexagonal phase was used for MoC,, 5.*

The X-ray diffractograms show the presence of crystalline Mo
and Mo,C besides a phase with extensively broadened Bragg
reflections. These broad reflections could be assigned to a NaCl-
type structure. However, the (111) reflection is shifted to higher
angles, while the (200) reflection for the same phase is shifted to
lower 26 values. Furthermore, the (200) reflection is significantly
broadened compared to the (111) reflection. This behavior is
known to be caused by stacking defects in, for example, metals
of the Cu type (fce).>*>” Here, the (111) plane is a gliding plane
that leads to stacking errors that can locally show the atomic
arrangement of the hexagonal closed-packed (hcp) structure. To
address this problem and qualitatively describe the stacking
errors, the structure refinement (Fig. 2a) was carried out using
two MoC, phases, one derived from the NaCl type and the other
from the NiAs type. The procedure described was also used to
interpret the diffraction data of the samples described in the
next paragraphs.

Starting from the different precursor systems, we investi-
gated the influence of pyrolysis at 750 °C."*** Both batch and
microjet synthesized samples with PPD-AHM ratios between
1:1 and 30:1 were used. The systematic studies of the batch
samples show that a ratio between AHM and PPD of at least 9: 1
is required to form the desired MoC, carbide phase (Fig. 2b). At
ratios <9:1, orthorhombic Mo,C, monoclinic M00O,,” and
tetragonal Mo,N,* are formed in addition to elemental Mo. At
higher PPD amounts, mainly MoC, is formed with fewer
amounts of Mo,C and elemental Mo. The ratios 9:1 and 10: 1
showed no impurity of elemental Mo. According to these
studies, the first assumption that the organic amount in the
precursor sample plays an essential role in the pyrolysis process
could be verified.

MoOs — 4 S 414 Mo,0 — 4 Moo, — 255 12 Mo,c XS0, Moc,
~1/4CO ~3/4CO 2 CD ~x1/2CO,
+2C 1
<200 &
+CO
Mo -1/2CO,

This journal is © The Royal Society of Chemistry 2023
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Table 1 Different molybdenum carbide modifications (with increasing carbon content from left to right)

Composition Mo,C Mo0Cy.46-0.64 MoCo.67-0.75 ¥-MoC v'-MoC
Space group Phcn P63/mmc Fm3m P6m2 P63/mme
Structure type Fe,Npos Defective NiAs Defective NaCl WC TiP
Stacking sequence AB AB ABC AA AABB

Subsequently, analogous to the pyrolyzed PPD/molybdate
precursors from batch synthesis, Rietveld analyses were per-
formed to determine the composition of the pyrolyzed
products from the microjet synthesis (Fig. 2c). These studies
show a similar trend to the results from the batch synthesis.
A PPD : AHM ratio of at least 9: 1 is required to obtain an excess
of MoC,. Compared to the phase compositions of the pyrolyzed
PPD/molybdate precursors from the batch synthesis, the pyro-
lyzed samples from the microjet synthesis tend to form less
Mo,C and Mo at high PPD contents. These observations can be
explained by the different phases (with different chemical
compositions) formed in the precursor syntheses, as described
in our previous work.*®
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A previously reported predominance-area diagram for the
carbothermic reduction of MoO, shows an equilibrium between
Mo0,, C, and MoC, at 600 °C.*? In comparison, the reduction
product Mo,C is more stable above 650 °C. Metallic Mo is
predominantly formed above 1060 °C with a certain CO
content.” This leads to the assumption that the formation of
MoC, or the respective oxide nitride carbide Mo(C,N,0), could
be enhanced at 600 °C.*

Therefore, we also investigated the influence of temperature
during pyrolysis (Fig. 2d). For this purpose, the 10:1 PPD/
molybdate precursors were pyrolyzed at 600 °C and 750 °C,
respectively. In addition, the pyrolysis time was extended to 10
hours instead of 5 hours. Rietveld analysis of the product

Mass (%)

11 21 61 911 10:1 15:1 18:1 20:1 25:1
Phase composition PPD : AHM

d)

100

80

@
t=3
L
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!
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Fig.2 (a) Structural analysis of the thermally treated PPD/molybdate precursor (9 : 1) at 750 °C: the refined phase compositions are 70(1) mass%
fcc-MoC,, 3(1) mass% hcp-MoC,, 13(1) mass% Mo,C and 14(1) mass% Mo. (b) Phase compositions of the pyrolyzed PPD/molybdate precursors
from batch synthesis and (c) from microjet synthesis determined via fitting the XRD data. (d) Phase compositions of the pyrolyzed PPD/molybdate

precursors (10 : 1) determined via fitting the XRD data.
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illustrates the expected trend. Lower temperature results in an
excess of the MoC, phase without significant contamination by
Mo,C and elemental molybdenum. Increasing the pyrolysis
temperature and time leads to an increase in Mo,C and
clemental molybdenum.

A possible approach to avoid the formation of elemental
molybdenum could be to increase the amount of organic
components. This would result in the formation of less
reducing CO and thus more Mo,C (eqn (1)). Another approach
to avoid elemental molybdenum in the sample could be to lower
the reaction temperature. This can be concluded from the
thermodynamic studies of Zhu et al.>

Having established the compositional space by X-ray
diffraction, additional measurements were employed to verify
the results. Elemental analysis of the thermally treated PPD/
molybdate precursors (10:1) (600 °C and 750 °C) shows
a high carbon (21 mass% and 20 mass%, respectively) content
(ESI, Table S1f) that can be attributed to the presence of
amorphous carbon in the samples. The product particles are
embedded in a carbon matrix through the pyrolysis of the
precursors conducted in an argon atmosphere.'®*"%6

By comparing the elemental analysis of the pyrolyzed PPD/
molybdate precursors from the 1:1 to 30:1 ratios (ESI, Table
S17), it is apparent that the carbon content in the 1:1 to 5:1
ratios was not as high as that of the 9:1 to 30: 1 samples. This
suggests that a higher PPD content is needed to produce the
desired MoC, phases and generate a carbon matrix that hosts
these particles.

The Raman spectra of the pyrolyzed precursors (10 : 1 ratio)
also confirm the presence of graphitic carbon in the sample,
where the characteristic D-band (1360 ¢m™') and G-band
(1600 em™") are observed (Fig. 3a).*' In contrast, no D-band
and G-band are visible in the Raman spectrum of pyrolyzed
PPD/molybdate precursors from the 1:1 ratio (Fig. 3a). This
observation agrees with the elemental analysis, where we noted
an absence of excess carbon for samples 1:1to 5: 1. At the same
time, this is the case for samples 9:1 to 30: 1. Transmission
electron microscopy (TEM, Fig. 3c and d) of the samples ob-
tained from the 10 : 1 precursor further confirms that the MoC,
particles are embedded in a carbon matrix. Combining MoC,
particles embedded in carbonaceous materials creates a poten-
tial anode material with high capacity and cycling stability.’®
Finally, Raman spectra of the pyrolyzed 1 : 1 precursors (750 °C)
revealed the formation of MoO,, which is in good agreement
with the above-shown results.*>**

Being able to produce nearly phase-pure samples of MoC, at
lower decomposition temperatures revitalized the question
about the stacking problem before addressing the electro-
chemical performance. Fig. 3b shows a powder diffraction
pattern of a PPD : AHM 9 : 1 sample decomposed at 600 °C. The
diffraction pattern can be refined by contributions of cubic and
hexagonal MoC, phases, modeling the stacking faults present
in the material. To further assess the postulated stacking fault
interpretation, TEM investigations were conducted. The images
unambiguously prove the presence of stacking faults (Fig. 3c).
Lattice plane distances observed in TEM agree with the expected
values from hexagonal and cubic MoC,. The d-values between

This journal is © The Royal Society of Chemistry 2023
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0.22 nm (011) and 0.24 nm (002) correspond to hexagonal MoC,,
while the lattice plane distance of d = 0.243 nm agrees with the
(111) distance from cubic MoC, (Fig. 3d).

Since batch and microjet syntheses lead to similar products
after decomposition, the samples prepared by microjet were
used for further electrochemical studies. In addition, the
studies show that lower decomposition temperatures (600 °C
instead of 750 °C) are beneficial for the formation of the desired
MoC, phases and that the optimal PPD:AHM ratio for the
present phases is between 9:1 and 10:1. In the syntheses,
molybdenum (oxide nitride) carbides were embedded in an
amorphous carbon matrix.

4.3. Selection of materials for electrochemical
characterization

After the systematic studies regarding the synthesis and pyrolysis
conditions, a range of samples with different phase compositions
was chosen for the electrochemical investigations. Scanning
electron microscopy (SEM) of the samples tested as LIB anodes
was performed (Fig. 4). First, the samples with PPD:AHM
ratio 1:1 (Fig. 4a) and 10:1 (Fig. 4b) pyrolyzed at 750 °C were
investigated. Contrary to 1:1 sample the 10:1 exhibit severe
stacking faults in the carbide phase and the carbon matrix.

Phases with stacking faults are favored in the application as
LIB materials, and the results of the investigations show that
lowering the pyrolysis temperature leads to an excess of them.**
Therefore, the samples pyrolyzed at 600 °C with a PPD : AHM
ratio of 9:1 (Fig. 4c) and 10:1 (Fig. 4d) were additionally
examined. Although their phase composition is similar, the
particles in the 9:1 sample are smaller, suggesting they could
show better electrochemical performance.

4.4. Electrochemical characterization of pyrolyzed PPD/
molybdate as LIB anode

The electrochemical performance of the four samples
mentioned above was investigated in a LIB half-cell set-up with
1 M LiPF, in EC: DMC (1:1 by volume) electrolyte. The results
are shown in Fig. 5 and 6. The active materials were wet-coated
with a conductive additive and polyvinylidene fluoride binder
for electrochemical characterization. Cyclic voltammetry (CV)
measurements of all materials were recorded in the voltage
range from 0.01 V to 3.00 V vs. Li'/Li at different scan rates
(0.10-10.00 mV s~ '; Fig. 6 and ESI, Fig. S37).

The two systems containing the decomposed precursors with
a PPD : AHM ratio of 1:1 and 10: 1 (pyrolyzed at 750 °C) show
similar peaks during cycling. For both hybrid systems, one clear
reduction and one oxidation signal exist at potentials of around
1.1 V vs. Li"/Li and 1.6 V vs. Li'/Li, respectively. This mainly
applies to the low scan rates up to 1.00 mV s~ '. When the
lithiation potential decreases from 1.50 V t0 0.05 V vs. Li'/Li, the
region where the conversion reaction occurs can be associated
with the formation of amorphous Li,O and the full reduction of
Mo.® At high scan rates, the 10: 1 sample pyrolyzed at 750 °C
current level is reduced, and the curve slightly deviates from
a pure capacitive-like behavior. This may indicate that the scan

J. Mater. Chem. A, 2023, 11, 19936-19954 | 19941
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Fig. 3 (a) Raman spectra of pyrolyzed PPD/molybdate precursors measured with 532 nm laser excitation. (b) Structural analysis of the thermally
treated PPD/molybdate precursor (9: 1) at 600 °C: the refined phase compositions are 90(1) mass% fcc-MoC,, 9(1) mass% hcp-MoC, and 1(1)
mass% Mo,C. (c) Transmission electron micrographs of the thermally treated PPD/molybdate precursor. (d) The lattice plane distances (d-values)

of selected areas.

rate is too fast for the conversion reaction process or that the
electrode degrades quickly.

The two samples with a PPD: AHM ratio of 9:1 and 10:1
pyrolyzed at 600 °C exhibit similar electrochemical behaviors,
with the resulting capacity for the 9:1 sample pyrolyzed at
600 °C being significantly higher. The first cycle displays an
irreversible signal at 0.7 V vs. Li'/Li, which is related to the
conversion reaction and the decomposition of electrolyte and
solid electrolyte interphase (SEI) formation since this signal
disappears in the following cycles. MoC, shows a pseudocapa-
citive behavior due to its nanocrystallinity. The high perfor-
mance at high rates can be partially explained by the significant
contribution of a surface-limited capacitive-like process to the
charge storage.

Through a kinetic analysis composed of different cyclic vol-
tammograms collected at different scan rates, the contribution
of capacitive-like charge storage can be investigated in the so-
called b-value analysis. The correlation between the scan rate
(v) and the current (i) can be described by the equation i = avb,
with the fitting parameters represented by a and b. A b-value of
0.5 suggests an ideal charge storage process limited by

19942 | J Mater. Chemn. A, 2023, 11, 19936-19954

diffusion, typically seen in battery-like behavior. Conversely, a b-
value of 1 indicates a charge storage process limited by the
surface and characteristic of electrosorption/capacitive
processes.***® The b-value analysis performed in this work on
cyclic voltammetry with scan rates between 0.1-1.0 mV s~ is
shown in ESI Fig. S4.1 In the 9: 1 sample that was pyrolyzed at
600 °C, the sharp lithiation/de-lithiation peak has a b-value of
0.72. In contrast, the regions at 0.50 V and 2.75 V vs. Li'/Li,
which are more pseudocapacitive, demonstrate slightly higher
b-values of 0.79 and 0.93, respectively. In comparison, all other
samples in this study obtain a slightly lower fraction of non-
diffusion limited charge storage.

The distinct signals which appear from the second cycle
onward at 1.4 V vs. Li'/Li (oxidation) and 1.3 V vs. Li'/Li
(reduction) can be attributed to the conversion reactions of the
associated lithiation/de-lithiation of MoC, (yLi" + MoC, +y e~
— Mo + Li,C,, reaction during charging process)."”**” Like-
wise, significantly weaker reversible redox peaks occur mainly
with the 9: 1 sample pyrolyzed at 600 °C at about 1.2 V vs. Li'/Li,
which are related to the partial embedding of the Li-ions into
the MoC; lattice to form LiyMoC,."*”* The following oxidation

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Scanning electron micrographs of pyrolyzed PPD/molybdate samples (a) 1:1 and (b) 10 : 1 pyrolyzed at 750 °C and (c) 9:1and (d) 10: 1

pyrolyzed at 600 °C.

peak at 1.46 V vs. Li’/Li can be attributed to the oxidation from
LiyMoC; to Mo and Li,O during Li* deintercalation. Mo,C does
not exhibit any electrochemical activity in the voltage range of
0.01-3.0 V vs. Li'/Li, so there are no detectable reduction or
oxidation signals in the cyclic voltammograms.*®

To explore the electrochemical performance and the corre-
sponding conversion reaction of the various pyrolyzed samples,
galvanostatic charge, and discharge experiments were con-
ducted. Typically, the galvanostatic discharge and charge
profiles obtained from these experiments (Fig. 6a-d) are
analyzed for further insights and confirm the observations from
the CV measurements. The first discharge capacities of the
precursors with the PPD : AHM ratio of 1: 1 and 10: 1 pyrolyzed
at 750 °C electrodes occur at 87.5mAh g *and 123.8mAhg *,
with an initial Coulombic efficiency of 44.7% and 65.6%,
respectively. This capacity loss follows SEI film formation and
insertion of Li" into the MoC, structure. In the following cycles,
one can observe a broad plateau at 1.4 V and 0.7 V vs. Li*/Li in
the lithiation curve, and a clear plateau at 1.4 V vs. Li'/Li and
a broad peak at 1.6 V vs. Li'/Li in the de-lithiation curve. These
two charge-discharge plateaus were ambiguously found, indi-
cating the phase transition and conversion reaction, which
agrees well with the CV study above. All the plateaus observed,
which are still very pronounced in the first cycles, are signifi-
cantly weakened during the first 100 cycles, which indicates
a changed reaction mechanism and/or rapid aging and degra-
dation of the cell.

This journal is © The Royal Society of Chemistry 2023

In comparison, the galvanostatic charge and discharge
curves of precursors with a PPD : AHM ratio of 10:1 at 600 °C
and 9:1 pyrolyzed at 600 °C show a discharge capacity of
148 mA h g ' and 531 mA h g ' with Coulombic efficiencies of
94.4% and 54.7%, respectively. The 10:1 sample pyrolyzed at
600 °C does not show a substantial plateau in the individual
cycles. Instead, there is a broad plateau in the lithiation cycle at
around 0.9 Vvs. Li'/Li and in the de-lithiation of about 1.5 V vs.
Li'/Li. The same plateaus are also observed in a slightly more
pronounced form in the 9 : 1 sample pyrolyzed at 600 °C sample,
which characterizes the lithiation process of the MoC, electrode
with the associated conversion reaction. It is remarkable that at
the 100th cycle, an additional plateau appears at 2.5 V vs. Li*/Li,
which can also be identified in the CV analysis. So there seems
to be another process responsible for slowly increasing the
capacity after a certain number of cycles. The observed elec-
trochemical signatures indicate that the fundamental electro-
chemical process is not significantly varied by varying the
precursors and the pyrolyzing temperature. We also assume
that activated carbon might have contributed slightly to the
capacity.

Fig. 6f demonstrates the difference in cycling stability of all
different Mo(C,N,0), embedded in carbonaceous materials at
arate of 100 mA g~ *. The lowest electrochemical performance is
delivered by the 1:1 sample pyrolyzed at 750 °C, which starts
with a capacity of 2 mAh g ' and delivers around 104 mAh g '
after 200 cycles, demonstrating a capacity gain of 25%. The
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Fig. 5 Cyclic voltammograms of pyrolyzed PPD/molybdate hybrid materials (normalized to scan rate) recorded at different scan rates and
a potential range between 0.01V and 3.00 V vs. Li*/Li for (a) PPD/molybdate (1 : 1) (750 °C), (b) PPD/molybdate (10 : 1) (750 °C), (c) PPD/molybdate

(9:1) (600 °C), and (d) PPD/molybdate (10 : 1) (600 °C).

10:1 sample pyrolyzed at 750 °C, and the 10:1 sample pyro-
lyzed at 600 °C, offer very similar electrochemical behavior
compared to the 1:1 sample pyrolyzed at 750 °C with de-
lithiation capacities of 94 mA h g' and 154 mA h g~ ' after
200 cycles combined with a capacity retention of 81% and
124%, respectively.

In contrast, the 9: 1 sample pyrolyzed at 600 °C yields high
electrochemical performance. The values start with an initial
capacity of 531 mA h g ', showing a capacity fading for the first
50 cycles but then rising to a capacity value of 933 mA h g™ ',
demonstrating capacity retention of 175% after 500 cycles. The
presence of Mo,C and carbon in the hybrid materials may
increase the structural stability and buffer the volume changes
during the conversion reaction or lithium-ion insertion/
extraction, resulting in no severe capacity degradation after
200-500 cycles.” The hybrid material with the PPD : AHM ratio
of 9:1 pyrolyzed at 600 °C indicates at this point that the
structure obtained after pyrolysis is electrochemically active or
is activated while cycling and thus represents a promising high-
capacity material for application in LIBs.

These observations agree with the rate capability tests
(Fig. 6e) and indicate that the hybrid material with the PPD:
AHM ratio of 9:1 pyrolyzed at 600 °C shows volatile

19944 | J Mater. Chem. A, 2023, 11, 19936-19954

performance. Combined with the charge and discharge profiles,
this could explain that the pre-activation or the addition in the
lithiation mechanism is not achieved yet, leading to very
unstable capacities during different specific currents. With
significantly lower de-lithiation capacities but much more
stable behavior, the precursors 1:1 and 10:1 pyrolyzed at
750 °C and the precursor 10: 1 pyrolyzed at 600 °C delivered
values of upto 144 mAhg ', 115mAhg 'and 243 mAh g *
with a capacity retention of 85%, 82%, and 91%, respectively
when returning to the initial current. Overall, good electro-
chemical performance is favored by the structural defects
present in the material, which significantly improves the elec-
trical conductivity of the electrode. Likewise, the formed
nanoparticle size influences the Li insertion behavior and
lithium storage capacity.”>”® Smaller particle sizes of the inter-
mediates allow a smaller lithium-ion diffusion distance and
form a larger specific surface area, thus achieving a larger
electrolyte-electrode material contact area. This effect may
improve the kinetic properties of the system since short ion
diffusion paths exist. Due to the conversion reactions occurring
during cycling, free carbon is also formed from the initial
material, which forms a carbon matrix. It can thus buffer the
volume change during the lithiation/de-lithiation process while

This journal is © The Royal Society of Chemistry 2023
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pyrolyzed at 750 °C, and 9:1 and 10 : 1 synthesized at 600 °C.

reducing the aggregation of Mo(C,N,0), particles.”””® The
carbon formed can also be activated by the reactions to
contribute to the electrochemical storage of the lithium ions.
The high specific capacity of the 9 : 1 sample pyrolyzed at 600 °C
can be explained by the enhanced formation of Mo*' after
lithiation, a reversible process without the evolution of the
monoclinic MoO, in the 9:1 sample pyrolyzed at 600 °C.” In
addition to the larger interlayer spacing, which favors faster

This journal is © The Royal Society of Chemistry 2023

kinetics, the oxygen vacancies also allow a larger physical space
for lithium-ion storage to be obtained.*>*

Comparing the obtained electrochemical performances with
other hybrid and composite molybdenum oxycarbides and
molybdenum carbide compounds reported in the literature
(Table 2), the optimized sample with the PPD : AHM ratio of 9: 1
pyrolyzed at 600 °C can show favorable electrochemical
performance values (e.g,, 933 mA h g™ after 500 cycles at
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Fig. 7 Raman spectra of the hybrid materials (a) 1:1 and (c) 10 : 1 pyrolyzed at 750 °C, and (e) 9:1 and (g) 10 : 1 synthesized at 600 °C. X-ray
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100 mA h g ). The materials, optimized by a straightforward obtained with their molybdenum oxycarbide nanoparticles
manufacturing process, can therefore keep up well with the embedded in N-doped carbon a reversible capacity of
standard of state-of-the-art literature. For example, Xiu et al. 793 mA h g~ only for low cycling stability (100 cycles).’® A high
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reversible capacity of 1188 mA h g~ " after 250 cycles at a specific
current of 100 mA g~' was reported by Yang et al. for MoO,~
Mo,C-C microspheres.”* Based on a one-step annealing
approach, this material delivers a similar electrochemical
behavior to our data. This particularly concerns the increasing
capacity while cycling, probably connected with an activation
process and a change of the material and reaction mechanism,
even if our material shows a slightly steeper increase in capacity
after the 250 cycles than shown here. With a 2.6-fold higher
capacity, our optimized system impresses, for example,
compared to the molybdenum carbide embedded in carbon
nanofiber as a 3D flexible anode system investigated by Lee et al.
in 2018. With superior stability and high-rate performance in
LIBs, performance values of 350 mA g’1 could be achieved after
300 cycles at a specific current of 500 mA g~ '.*> While not
showing the trend of increasing capacity during cycling, Gao
et al. mesoporous Mo,C-C hybrid nanospheres system show
slightly lower de-lithiation capacity with 673 mA h g™" after 50
cycles and a cycling rate of 100 mA h g~'.®

In summary, we see good performance with low energy
consumption for synthesis and the advantages of the microjet
reactor. Optimizing synthesis parameters and subsequent

View Article Online

Paper

pyrolysis at relatively low temperatures made it possible to
obtain characteristic electrochemical behavior comparable to
that found in the literature for different molybdenum
carbides. "85

4.5. Post mortem characterization of pyrolyzed PPD/
molybdate LIB anodes

The electrochemical properties and structure-property correla-
tion were better understood by comparing the cycled with
untreated materials using Raman spectroscopy and XRD
(Fig. 7). PXRD of the PPD: AHM ratio 1:1 pyrolyzed at 750 °C
shows no significant change, which reveals no significant
structural change after electrode preparation (Fig. 7b). After
cycling, the powder X-ray diffractogram changes completely
and could be assigned to lithium molybdate (Li,M0O,; Fig. 7b),
crystallizing the trigonal crystal system with space group
R3 (a = 1433.0(2), ¢ = 958.4(2) pm).*

No significant changes are visible in the Raman spectra of
the 10:1 sample pyrolyzed at 750 °C compared to its pristine
electrode (Fig. 7c). The D-band and G-band are still present after
cycling, but we see a strong fluorescence background. Small
peaks in the spectra indicate the presence of the D-band and
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Fig. 8 Fitted XPS Mo 3d spectra of the (a) PPD/molybdate with a PPD : AHM ratio of 9 : 1 pyrolyzed at 600 °C, (b) pristine electrode, (c) electrode
after cycling. Fitted XPS O 1s spectra of the (d) PPD/molybdate with a PPD : AHM ratio of 9:1 pyrolyzed at 600 °C, (e) pristine electrode, (f)
electrode after cycling. Fitted XPS C 1s spectra, (g) PPD/molybdate with a PPD : AHM ratio of 9 : 1 pyrolyzed at 600 °C, (h) pristine electrode, and (i)

electrode after cycling.
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G-band (Fig. 7c). The corresponding powder X-ray diffracto-
grams reveal a decrease in the crystallinity of the material after
electrode preparation. After cycling, the amorphization of the
material increases even further (Fig. 7d).

The Raman spectra of the 9:1 sample pyrolyzed at 600 °C,
the corresponding pristine electrode, and the corresponding
electrode after cycling all show the carbon-related D-band and
G-band (Fig. 7e). X-ray diffractograms show an amorphization
of the material after electrode preparation and cycling (Fig. 7f).
The 10: 1 samples pyrolyzed at 600 °C show similar behavior to
the sample 9: 1 pyrolyzed at 600 °C. The Raman spectra of the
10:1 pyrolyzed at 600 °C and the pristine electrode and the
electrode after cycling show the D-band and G-band (Fig. 7g).
Furthermore, a decrease in crystallinity is visible in the X-ray
diffractograms (Fig. 7h). Moreover, the X-ray diffractograms of
the electrodes with the ratio 10:1 pyrolyzed at 750 °C after
cycling, and the samples 9: 1 and 10 : 1 pyrolyzed at 600 °C show
a decrease of the intensity of the reflection at ~37° 26, which
belongs to the carbide. Nevertheless, several peaks appear in the
electrode materials due to the electrode preparation, where
PVdF as a binder and carbon black is involved. Furthermore,
after cycling, electrolyte components can be detected.”

X-ray photoelectron spectroscopy (XPS) was conducted to
provide information on the Mo species’ oxidation states, oxygen
bonding states, and carbon bonding states. Four components
were used to fit the Mo 3d peaks (Fig. 8a—c). The Mo®" species
has the maximum binding energy (BE) with a BE of 232.6(2) eV.
Mo’" with a constant binding energy distance of —1.3 eV was
fitted to Mo®', while Mo"" with a constant binding energy
distance of —3 eV was fitted to the Mo®" binding energy. The
Mo-carbides were fitted with a BE of 228.5(3) eV.”" There were
four components to fit the O 1s peaks (Fig. 8d-f). The signal at
530.6 eV was used for calibration, which is caused by the O-
Mo®" interaction. At a binding energy of 531.2 eV, the O-Mo™'
contribution was detected. The binding energies attributed to
the 0=C and O-Mo*" bonds overlap at 532.0 eV, and the O-C-
bond-derived contribution has a binding energy of 533.3 eV.”!
The C 1s peaks were fitted with eight components (Fig. 8g-i).
The carbide carbon (Mo-C) was fitted with a binding energy of

View Article Online
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283.4(1) eV. The oxide carbide carbon (C-Mo-0) was fitted at
283.9(1) eV. Graphitic carbon (C-C sp?) is seen at 284.3(1) eV,
and amorphous carbon (aliphatic C-C sp®) is observed at
284.8(1) eV. The binding energies of C-OH/R were found at
286.5(1) eV and C=0 at 288.4(1) e¢V.”*** Additionally, the elec-
trode material bonding of C,-F, is visible, which partially
overlapped. The binding energy of C-CF is 285.7 eV, the one of
C=0/C-CF, is 287.7 eV, and the one of CF,/CO; is at 290.1 eV.**
In all cases, the precursor with the PPD:AHM ratio of 9:1
pyrolyzed at 600 °C electrode after cycling was compared with
its pristine electrode.

The shallow signal depth of XPS of about 10 nm favors
information from the interfacial/superficial SEI layer. A
comparison of the Mo 3d spectra of the precursor with the
PPD : AHM ratio of 9:1 pyrolyzed at 600 °C (Fig. 8a) with the
pristine electrode (Fig. 8b) shows no significant change. The
only difference is that the Mo carbide content decreases slightly
while the Mo®' increases slightly. A major change is visible after
cycling (Fig. 8¢). The content of Mo®", Mo®", and Mo*" increases
while the Mo-carbide decreases enormously. The O 1s spectra
show a decrease in the O-Mo®" content and an increase of the
0=C/O-Mo"" content from the precursor with the PPD : AHM
ratio of 9 : 1 pyrolyzed at 600 °C (Fig. 8d) to the pristine electrode
(Fig. 8e) or the electrode after cycling (Fig. 8f). In the C 1s
spectra of the precursor with the PPD : AHM ratio of 9: 1 pyro-
lyzed at 600 °C (Fig. 8g), both carbide (Mo-C) and oxycarbides
(C-Mo-0), C=0, C-C sp?, and aliphatic C-C sp® are visible. In
the pristine electrode (Fig. 8h) and the electrode after cycling
(Fig. 8i), CF, appears due to the polymer binder PVdF added to
the material during electrode fabrication. In addition, the peak
of aliphatic C-C sp® increases because carbon black was also
added during electrode fabrication. The increase of the signal
sp> C-C- binding energy confirms the above assumptions that
the carbon matrix increases.

The XPS data indicates a complex process occurs during the
electrode preparation and cycling. The Mo-carbide peak
vanishes in the Mo 3d spectra, consistent with the XRD data. A
shift in the relative ratios of the O-Mo peaks indicates a reduc-
tion from O-Mo°®"* to O-Mo™".

Fig. 9 Scanning electron micrographs of the PPD/molybdate with a PPD : AHM ratio of 9 : 1 pyrolyzed at 600 °C, (a) pristine electrode, and (b)

electrode after cycling.

This journal is © The Royal Society of Chemistry 2023
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Scanning electron micrographs of the original electrode
(Fig. 9a) and the electrode after cycling (Fig. 9b) were performed
to confirm the assumption that two processes (decomposition
of the carbide and the reduction of O-Mo®") occur during
cycling leading to the formation of two products. In the pristine
electrode, the initially present sheet-like morphology origi-
nating from the precursor with the PPD:AHM ratio of 9:1
pyrolyzed at 600 °C can be seen. In addition, a homogeneous
distribution of the carbon black particles is observed. The
clectrode additionally shows particles with a fibrous
morphology after cycling. This underlines the assumption that
a lithium-ion insertion/extraction and a conversion reaction
must occur during the electrochemical cycling.

5. Conclusions

In this study, we investigated the effects of synthesis conditions
for synthesizing inorganic-organic hybrid materials from
ammonium heptamolybdate (AHM) and para-phenylenedi-
amine (PPD) by a wet chemical continuous precipitation
microjet method. In the second step, these served as precursors
for the pyrolytic production of molybdenum carbides, nitrides,
and oxides. Our data show the crucial role of the proportions of
the organic component in the hybrid precursors. The precur-
sors with lower PPD content resulted in a mixture of Mo,C,
Mo0,, Mo, N, and elemental Mo. These materials do not exhibit
stacking defects and excess carbon, which was shown to be
crucial for improving electrochemical performance. Precursors
with higher PPD content led to Mo(C,N,0), with stacking
defects embedded in a carbonaceous matrix, a potential anode
with high capacity and cycling stability. The electrochemical
measurements showed that different morphologies and particle
sizes could be obtained by different synthesis parameters and
pyrolysis temperature settings, resulting in different electro-
chemical behaviors. For example, the precursor with a PPD:
AHM ratio of 9:1 was pyrolyzed at 600 °C and exhibited
capacities up to 933 mA h g' after 500 cycles. Further investi-
gation showed that two processes, decomposition of the carbide
and reduction of O-Mo®" occur during cycling. We assume that
lithium storage/removal and a conversion reaction occur during
electrochemical cycling, resulting in an improved electro-
chemical performance with high cycling stability.
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Mo,C, Pbcn MoC,.,, Fm3m MoC, ., P6,/mmc

Figure S1: Crystal structures of a) orthorhombic Mo,C,%2 b) cubic MoCq 7,2 and c) hexagonal
MoCy.49 Mo atoms are depicted in blue, C atoms in black.

NH,
. N/©/ + (NHy)eMo;0z — S o PPD/molybdate —2T—» Mo(C.N,0),
2

Figure S2: General reaction scheme, first step precursor precipitation followed by pyrolysis
reaction.

Table S1: Elemental analysis of PPD/molybdate precursors after the pyrolysis.

Carbon | Hydrogen | Nitrogen

/ mass% | [/ mass% | [/ mass%
Ideal Mo,C 5.89 0 0
Ideal MoOC 9.69 0 0
Ideal Mo,N 0 0 6.80
PPD/molybdate (9:1) (600°C) 20.85 0.24 0.74
PPD/molybdate (10:1) (600°C) 21.45 0.22 0.59
PPD/molybdate (1:1) (750°C) 0.38 0 2.56
PPD/molybdate (2:1) (750°C) 2.01 0 0.22
PPD/molybdate (5:1) (750°C) 3.19 0 0.14
PPD/molybdate (9:1) (750°C) 22.75 0 0.24
PPD/molybdate (10:1) (750°C) 20.02 0 0.24
PPD/molybdate (15:1) (750°C) 22.62 0 0.30
PPD/molybdate (18:1) (750°C) 23.57 0 0.20
PPD/molybdate (20:1) (750°C) 23.15 0 0.19
PPD/molybdate (25:1) (750°C) 22.86 0 0.23
PPD/molybdate (30:1) (750°C) 22.59 0 0.23
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Figure S3: Electrochemical performance of pyrolyzed PPD/molybdate hybrid materials. Cyclic
voltammograms at different scan rates and potential range between 0.01V and 3.00 V vs.
Li*/Li for (a) 1:1 and (b) 10:1 pyrolyzed at 750 °C as well as (c) 9:1 and (d) 10:1 synthesized at
600 °C.
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Figure S4: Cyclic voltammograms at different scan rates and kinetic fitting to calculate
b-values for (a-b) PPD/molybdate (1:1) (750°C); (c-d) PPD/molybdate (10:1) (750°C); (e-f)
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3.3 Precursor-Based Syntheses of Mo(C,N,0)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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Abstract: Composite materials such as molybdenum carbides, nitrides, oxides, and mixed anionic
compounds like Mo(C,N,O), embedded in carbonaceous matrix exhibit promising potential as
anode materials for lithium batteries, with a preference for fine-grained morphologies. In this
study, we present a novel synthetic approach involving an inorganic-organic hybrid precursor
precipitated from aqueous solutions of ammonium heptamolybdate and one of two organic species:
1,8-diaminonaphthalene (1,8-DAN) or hexamethylenediamine (HMD). The precipitation reaction
can be carried out in a beaker and in a continuous process using a microjet reactor. This enables the
synthesis of precursor material on the gram scale within minutes. The pyrolysis of these precursors
yields mixtures of Mo(C,N,0)x, MoO,, M0>C, Mo, N, and Mo, with the choice of organic compound
significantly influencing the resulting phases and the excess carbon content in the pyrolyzed product.
Notably, the pyrolysis process maintains the size and morphology of the micro- to nanometer-sized
starting materials.

Keywords: continuous synthesis; molybdate; 1,8-diaminonapthalene; hexamethylenediamine;
inorganic-organic hybrid material; pyrolysis; molybdenum oxide carbide; composite material

1. Introduction

Current lithium-ion batteries (LIBs) contain graphite as anode material, which has a
relatively low capacity of 372 mA h g~!. The limited capacity of intercalation materials,
e.g., graphite and other types of materials, such as lithium titanate, Li4TisO;, (LTO), can be
exceeded by conversion materials, e.g., nanoparticles of transition metal oxides, e.g., Fe;03,
Co0, and CuO. These materials are being explored for improved battery performance [1-4].

Molybdenum oxides, showing theoretical capacities of 837 mA h g~! for MoO, and
1117 mA h g~ ! for MoOs, are also potential candidates for anode materials. Molybdenum
carbides like Mo,C and MoC, (x = 0.43-0.75) exhibit beneficial lithium storage properties
relative to simple oxides because of their better chemical stability, electrical conductivity,
and excellent mechanical properties [1]. The combination of the properties of molybdenum
oxides and carbides has the potential to create a new class of electrode materials for LIBs [1].

Generally, the industrial production of molybdenum carbides proceeds via a powder
metallurgical process, in which the molybdenum oxides are reduced to the element by
applying hydrogen. Afterwards, the metal is carburized with carbon powders at very
high temperatures (15002000 °C). This process is extremely energy intensive, and the
formed Mo,C cannot be used for application in LIBs due to the lack of the required high
specific surface area. Therefore, low-temperature preparation routes are preferred for the
electrochemical applications [5].

One potential method for the production of valuable materials is chemical vapor
deposition (CVD), in which carbonaceous gases like CH4, C;Hg, and CO, along with Mo-
containing precursors, are used for the deposition of the materials on various substrates.
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While showing some advantages to the industrial method, still the pore structure and
purity of the resulting Mo, C are not satisfying. In addition, the equipment costs of CVD
systems are quite high [5,6]. Alternative synthesis strategies include the use of molecular
precursors in pyrolytic reactions at much lower temperatures than the previously men-
tioned techniques. More moderate reaction conditions, in addition to a diverse composition
of precursors, allow a more flexible adjustment of the size and morphology of the final
product, which is beneficial for the LIB application [5].

Several reports in the literature show that suitable compounds can be obtained from
precipitation reactions. Subsequent pyrolytic reactions allow the preparation of the tar-
geted compounds. In the following, several methods for the carbothermic reduction of
molybdenum carbide via a precursor route are listed. Precursors as previously studied
starting materials were mixtures of molybdate and 2-methylimidazole [1], aniline [7], p-
phenylenediamine [8], melamine [9], and dicyandiamide [10]. A novel procedure for the
synthesis of Mo,C and Mo, N nanoparticles was reported by Giordano et al. It was based
on a process in which MoCl; was dissolved in ethanol, and urea was subsequently added
to form a polymeric, glassy phase. Later, thermal treatment under nitrogen gas flow was
applied, and by changing the molar ratio of metal to urea, molybdenum nitride or the re-
spective carbide was synthesized [11]. A simple way to prepare Mo,C nanoparticles on 3D
carbon microflowers by self-polymerization of dopamine was found by Huang et al. who
performed the pyrolysis under argon flow [12]. A new route for mesoporous and nanoscale
Mo,C/Mo;N heterojunctions was designed by Li et al. using a dopamine-molybdate
coordination precursor with silica nanoparticles [13]. Finally, Wang et al. found that a
mixed salt precursor containing a molybdenum-hexamethylenetetramine complex could
be pyrolyzed under an argon atmosphere [14].

Several phases can be obtained by such decomposition reactions, such as orthorhombic
HT-Mo40y; [15,16], monoclinic MoO; [16], orthorhombic Mo,C [17] (Figure 1a), and cubic
Mo [18]; thus, reaction conditions have to be accurately controlled [6]. Around 873 K,
MoO,, MoC, and C exist in an equilibrium. At this point, molybdenum oxide carbide
can be obtained; above 923 K, Mo,C is the stable phase [19]. It is also possible to obtain
other molybdenum carbides such as cubic (Figure 1b) or hexagonal (Figure 1c) MoC,.
Furthermore, it is also possible to obtain Mo,N due to the use of amines in the hybrid
precursors [11,19].

b
(a) (b) -
&cC

Mo,C, Pbcn MoC,;, FmM3m MoC, ,,, P6,/mmc

Figure 1. Crystal structures of (a) orthorhombic Mo,C [17,20], (b) cubic MoCy g7 [21], and (c) hexago-
nal MoCo 49 [22]. Mo atoms are illustrated in blue, C atoms in black. The space groups are provided.

A prominent source of molybdenum in the precursors is ammonium heptamolyb-
date (NH4)sMogOs4 (AHM), which often forms precipitates together with cationic organic
compounds. Mo,C can be obtained after pyrolysis of the resulting, often insoluble precipi-
tates [11]. Another potential molybdenum source is MoCls [11], while compounds such as
H;MoO4 and MoOj are less often used due to their low solubility [5].

For the application of such materials in energy storage, the formation of nanoscopic
precursors would be very attractive, especially if the precursor can be transformed into
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the desired molybdenum carbide without losing the initial morphology. In addition, the
large-scale production of such materials is important since relevant amounts have to be
produced. In previous studies of our group, it was shown that precipitation methods,
which are commonly conducted in batch processes, can be transformed into a continuous
process by applying a microjet reactor [23,24]. Consequently, the possibility of a large-scale
production of well-defined (nano)particles is opened up. In this procedure, two reactant
solutions are fed into a reaction chamber under high pressure, which initiates the nucleation
process through rapid mixing. The mixed product is removed from the mixing chamber by
a gas jet, and particle growth takes place on the path to the collection container. Isolating
nucleation and growth enable a high degree of control over particle properties. We have
applied this method already to the formation of silicon oxide carbides species for battery
applications [25-27].

Based on the work of Ge et al. [8], where Mo,C nanoparticles are prepared by direct
pyrolysis of their MoO, /p-phenylenediamine hybrid precursors, we optimize in our pre-
vious work the synthesis to transfer this procedure to the microjet reactor [28,29]. This
synthesis was further modified by changing the organic component for the presented study.

Herein, we report a systematic study on the formation of precursors and the synthesis
of molybdenum carbides, nitrides, oxides, and Mo(C,N,O), composite materials. The
effects of the precursor ratio and the influence of different organic species were evaluated
to further explore the role of carbon sources for pyrolysis. In our work, we mainly focus on
the different amines used, the influence of the ratios used, and the resulting compounds, as
well as their composition after pyrolysis.

The aim of the study was not to obtain phase-pure materials but to investigate
the influence of different diamines on the final composition of the precipitated as well
as the pyrolyzed compounds. This work follows on from two of our previously pub-
lished papers [28,29]. There, the synthesis and pyrolysis of the precursor using para-
phenylenediamine (PPD) was investigated. The present study builds on these earlier
results. Using different amines, the overall influence of organic species in the synthesis
of such molybdenum carbides, nitrides, oxides, and Mo(C,N,O), composite materials
is compared.

2. Materials and Methods
2.1. Materials

Ammonium heptamolybdate tetrahydrate ((NH4)sMo7054-4 HyO, AHM; >99%) and
hexamethylenediamine (HMD; >99.5%) were obtained from Carl Roth GmbH & Co. KG,
Karlsruhe, Germany. 1,8-diaminonapthalene (1,8-DAN; 97%) was purchased from Alfa Aesar,
Haverhill, MA, USA. Hydrochloric acid (HCI; 37%) was obtained from Bernd Kraft GmbH,
Oberhausen, Germany. Ethanol (99% denatured with 1% PE) was received from BCD Chemie
GmbH, Hamburg, Germany. All chemicals were used without further purification.

2.2. Syntheses—Microjet Synthesis of Precipitates

Diluted hydrochloric acid (between 0.05 and 0.6 mmol L~1, solution A) and a combi-
nation of an aqueous AHM solution and an ethanolic solution of 1,8-DAN or an aqueous
solution of HMD (solution B) (Tables 1 and 2) were used in the synthesis. The solutions
were pumped into the reactor using two HPLC pumps (LaPrep P110 preparative HPLC
pumps (VWR)) at a flow rate of 250 mL min~. In the microjet reactor, the solutions collide
through a nozzle with a diameter of 300 pm and a strong mixing takes place under high
pressure. The resulting particle suspensions were removed with a stream of nitrogen gas at
a pressure of 8 bar [23]. Each reactant starting solution (solution A and solution B) had a
volume of 1 L. Both solution jets collide at an angle of 180° to each other, while the nitrogen
stream enters the reaction chamber at an angle of 90° to the nozzles and the outlet pipe is at
an angle of 180° to the nitrogen stream A schematic illustration of the experimental setup
is shown in Figure 2.
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Table 1. The syntheses of the precursors 1,8-DAN/molybdate and the different ratios in the mix-
ing solution.

Reaction Ratio 1’8-(D )A N A(H:VI HCl1
Number (1,8-DAN:AHM) & & ™M)
(mmol) (mmol)

05 3.86

1 11 216 a1 0.05
1.0 3.86

2 2:1 s s 0.05
1.25 1.93

3 51 730 s 0.025
233 1.93

4 9:1 = s 0.025
25 1.93

5 1011 T i 0.025

6 15:1 30 195 0.05

2 2 1.56 €

4375 1.93

7 181 o s 0.05
5.16 1.93

8 20:1 = i 0.05
6.09 1.93

9 25:1 28 e 0.075
7.34 1.93

10 30:1 b Toc 0.1

Table 2. The syntheses of the precursors HMD/molybdate and the different ratios in the mixing solution.

HMD AHM

Reaction Ratio ) ® HCl
Number (HMD:AHM) ol (mmol) M)
|
: N A T
; -
. w B
: w W
6 15:1 5':11;15 g?g 0.3
: 151 o5 . Y
: S T
9 25:1 9';];5 g?g 0.6
10 30:1 1%;9 2?2 0.6

Once synthesized in the microjet reactor, the particles were separated by centrifugation
(8000 rpm, 15 min). Products were washed with ethanol and dried at 80 °C.

Finally, the precursors obtained were pyrolyzed under argon flow using the following
temperature program (Figure 3).
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Figure 2. General reaction scheme showing the continuous wet-chemical synthesis of the products
1,8-DAN/molybdate and HMD/molybdate.

750 °C

Figure 3. Temperature program for the pyrolysis.

In the 1,8-DAN/molybdate system, the pH values were between 1 and 3. The pH
values in the HMD/molybdate system were between 0 and 2.

2.3. Characterization

Fourier-transform infrared spectroscopy measurements (FT-IR) of dried samples were
recorded in attenuated total reflectance (ATR) mode using a Bruker Vertex 70 spectrometer
(Bruker Optics GmbH & Co. KG, Ettlingen, Germany). Each spectrum was performed
in the wave number range of 500-4500 cm ! and by averaging 32 scans with spectral
resolution of 4 cm L. The elemental analyses were conducted on an Elementar Vario Micro
cube (Elementar Analysensysteme GmbH, Langenselbold, Germany). Thermogravimetric
analyses (TGA) were performed on a Netzsch TG F1 Iris (NETZSCH GmbH & Co. Hold-
ing KG, Selb, Germany) under a constant flow of N, (40 mL min~!) with a heat rate of
20 K min~! and until 1173 K. During the measurements the samples were placed in an
open alumina crucible. Powder X-ray diffraction (XRD) measurements were carried out
on a Bruker D8-A25-Advance diffractometer (Bruker AXS GmbH & Co. KG, Karlsruhe,
Germany) in a Bragg—Brentano geometry with CuKy-radiation. The XRD patterns were
performed with a total measurement time of 1 h and from 7 to 110° 26 with a step size of
0.013°. By the Rietveld analysis, the quantitative analyses were carried out, and the sample
composition could be determined by this method using TOPAS 5 [30]. The crystallographic
data for the Rietveld refinement were obtained from the Crystallographic Open Database
(COD) and the Inorganic Crystal Structure Database (ICSD). Following CIFs were used for
Rietveld Refinement Mo,C [17,20], Mo, N [31], MoO; [32], MoCy 47 [21], MoCy5 [22] and
Mo [18,33]. SEM images were taken using a JEOL JSM-7000 F microscope (JEOL (Germany)
GmbH, Freising, Germany) with a working distance of 10 mm and operating at 20 kV. For
the sample preparation, a small amount was placed on a specimen stub covered with a
carbon adhesive foil, followed by the deposition of a gold layer.
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3. Results and Discussion
3.1. Synthesis/Precipitation Reaction

The first precipitation reaction that was carried out in a continuous process was mixing
ammonium heptamolybdate (AHM) as a source of molybdenum with para-phenylenediamine
(PPD) in acidic conditions [28]. For the presented study, the organic components were
changed to study the influence of an aromatic versus a non-aromatic diamine on their
capability as precipitation precursors. The studied diamines were chosen based on their
high carbon content and good availability. In addition, potential differences in the precursor
production and the final product formation depending on the stereochemistry of the
diamines and the extent of aromaticity in the organic molecules can be compared. 1,8-
Diaminonaphthalene (1,8-DAN) with a higher organic content in comparison to PPD and
hexamethylenediamine (HMD) as a non-aromatic diamine were chosen. The precursors
were precipitated by mixing the aqueous solution of AHM as a molybdenum source and
an ethanolic solution of 1,8-DAN or an aqueous solution of HMD under acidic conditions
(Figure 2). The precipitation reactions were carried out in a microjet reactor using different
molar ratios between the molybdenum source and the organic compounds. Subsequently,
the correlation between the formation of the molybdenum oxide carbides, carbides, oxides,
and nitrides and the composition of the precipitated precursor was investigated.

The precipitation reaction was followed by a subsequent pyrolysis reaction to form
molybdenum oxide carbide, carbide, oxide, and nitride (Equation (1)). The organic moieties
in the species act as carbon sources during the thermal decomposition. In our approach,
we exclusively used amines since other groups, such as hydroxyl, carboxyl, or phosphate
groups, can introduce other atoms that can disrupt the delicate reduction equilibrium.
These can cause either an excess of various molybdenum oxides or impurities such as
phosphorus compounds to be obtained. Only the use of amines leads to the desired
molybdenum oxide carbide.

1,8-DAN or HMD + (NH4)gMo;Oz4 HCI (1,8-DAN or HMD)/molybdate

l AT 1)

Mo(C,N,0),

The precipitates were characterized employing Fourier-transform infrared (FT-IR)
spectroscopy, elemental analysis, and thermogravimetric analysis (TGA), as well as scan-
ning electron microscopy (SEM) and powder X-ray diffraction (PXRD).

Comparing the FT-IR spectra of all 1,8-DAN/molybdate precipitates with different
ratios indicates a great similarity between these (Supporting Information, Figure Sla). In
the spectra of the 1,8-DAN, a broad band in the area of 3550-3350 cm 1 can be attributed to
the stretching vibration of the N-H group [34,35]. In the spectra of AHM at 3600-3200 cm ™ L
a broad band indicates the presence of water [36]. These bands almost completely disappear
in the 1,8-DAN/molybdate precipitates. All spectra show vibrations at 1650-1550 cm ™!,
which are caused by the N-H deformation vibrations. In addition, C=C stretching vibrations
can be detected in the range of 1500-1480 cm~!. Additionally, typically, molybdate bands
are present from 935 to 890 cm ™! (Figure 4a). These findings indicate that both organic and
inorganic components are integrated in the precipitates [9,37-39]. The N-H deformation
vibrations are more pronounced at the higher ratios from 10:1, which indicates a higher
amine content in these samples. The vibrations of the molybdate units have the same shape
both at low ratios of 1:1 and higher ratios of 10:1. This indicates that the same molybdate
cluster must be present.
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Figure 4. (a) IR spectra of the starting materials 1,8-DAN, AHM, and two spectra of a 1:1 and 10:1
mixture. (b) IR spectra of HMD/molybdate and their reactants.

In the spectra of HMD, a broad band in the range of 3550-3350 cm ! can be assigned
to the stretching vibration of the N-H group [34,40]. Furthermore, two bands appear at
2960-2850 cm™!, belonging to the -CH, vibrations, while the AHM shows the same
vibrations as stated before (vide supra). Again, these bands almost completely disappear
in the products of the reaction between HMD and AHM. A comparison of the IR spectra
obtained for the different HMD/molybdate ratios revealed two different types of spectra
in this system depending on the ratios between the components (Supporting Information,
Figure S1b), suggesting the formation of two different compounds. The vibrations at
1650-1550 cm™~! of the N-H deformation are visible in all spectra, as well as the -CH,
deformation vibrations, which are detected in the range of 1470-1430 cm . Finally, the
characteristic bands of the molybdate units are located in the range of 935-890 cm !
(Figure 4b), indicating that both starting materials are found in the precipitate [9,37-39].
There is a more significant N-H deformation oscillation at the higher ratios above 10:1,
indicating a higher amine content in these compounds. At the higher ratios, the vibrations
of the molybdate units show a shift to higher wavenumbers and a more pronounced peak,
indicating a change in the molybdate cluster.

The chemical composition of the precipitates, especially the carbon content, is impor-
tant for the pyrolytic formation of oxide carbides, carbides, oxides, and nitrides. Therefore,
elemental analyses were carried out for all obtained precipitates (Supporting Information,
Tables S1 and S2, and Figure S2). Based on these results, two different compositions could
be determined. Similar to the results from the IR spectra, the samples with the lower
1,8-DAN content from the ratios 1:1 to 5:1 show similar compositions. This is also the case
for the HMD/molybdate precipitates. However, in the latter example, there is no clear
trend as the HMD ratio increases. Overall, the amount of carbon increases when more
diamine is added to the AHM.

According to the experimental results described until now, the different mixing ra-
tios show different products. Furthermore, different morphologies of the precipitates of
1,8-DAN and molybdate were observed depending on the mixing ratios (Figure 5a and
Supporting Information, Figure S3). The first products with the ratio 1:1 and 2:1 show
similar block-shaped morphologies. The larger amounts of 1,8-DAN (5:1 to 30:1) lead to
highly anisotropic rod-shaped morphologies. Also, in the HMD/molybdate system, differ-
ent morphologies were observed for the precursor precipitates (Figure 5b and Supporting
Information, Figure S4). In this case, the morphologies are more irregularly shaped. The
precipitates show agglomerated layered platelets.

114



Results and Discussion

Solids 2024, 5

450

Figure 5. (a) SEM images of the products of 1,8-DAN/molybdate precursors with different mixing
ratios. (b) SEM images of HMD/molybdate precursors.

Both the composition and the synthesis conditions have a strong influence on the
morphologies of the precursor systems formed. Since we showed in previous studies that
the morphologies of the precipitated products are preserved after pyrolysis, it is therefore
possible to adjust the morphology of the pyrolyzed product by adjusting the precursor
precipitation reactions. These results are consistent with our earlier findings [28,29].

All precipitates obtained are crystalline phases, as demonstrated by XRD analysis
(Figure 6). Based on these measurements, our assumption that different crystalline struc-
tures are formed depending on the ratio between the components can be underlined. The
diffractograms of the 1,8-DAN/molybdate, again in agreement with the results discussed
above, show a transition between a lower ratio of 1,8-DAN (1:1-5:1) and a higher ratio of
1,8-DAN (9:1-30:1) (Figure 6a and Supporting Information, Figure S5a).

The diffractograms of HMD/molybdate do not show such a clear trend, similar to the
results of the elemental analysis. The samples with the lower amount of HMD (1:1-5:1)
again show the formation of the same compound as the diffraction patterns are similar.
Increasing the amount of HMD again leads to similar diffractograms (9:1-30:1) (Supporting
Information, Figure S5b). However, closer observation reveals several additional reflections
in some diffractograms that could be assigned to the reflections from diffractograms with
lower HMD content (1:1-5:1) (Figure 6b). These observed discrepancies most likely also
explain the irregular trends in the elemental analysis. It appears that increasing the amount
of HMD leads to the mixing of the lower ratio (1:1) and higher ratio (20:1) compounds.
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Figure 6. (a) XRD pattern of the starting materials 1,8-DAN, AHM, and 1,8-DAN/molybdate (1:1

and 10:1 mixture). (b) XRD pattern of the starting materials HMD, AHM, and HMD/molybdate (1:1,
10:1, and 20:1 mixture).

3.2. Thermal Decomposition Behavior of the Precursors

The thermogravimetric analysis (TGA) and TG-FTIR data of the 1,8-DAN/molybdate
samples support the hypothesis that two different products were obtained at different
ratios (Figures 7a and 8 and Supporting Information, Figure S6). The TGA curves were
recorded in nitrogen atmosphere with a heating rate of 20 K min™. Atlower 1,8-DAN to
molybdate ratios the release of water, carbon monoxide and carbon dioxide are visible. As
the amount of 1,8-DAN increases, the release of ammonia is also observed.
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Figure 7. (a) Overview of TG curves of 1,8-DAN/molybdate with different ratios; heating rate: 20 K

min~!; gas: nitrogen. (b) Overview of TG curves of HMD/molybdate with different ratios; heating
rate: 20 K min~'; gas: nitrogen.

Furthermore, the TGA and TG-FTIR date of HMD/molybdates samples (Figures 7b and 9
and Supporting Information, Figure S7) also show the formation of two products depend-
ing on the respective reactant ratios. At lower HMD ratios, three distinct steps of mass
loss are visible, which can be attributed to the loss of water, ammonia, carbon monoxide
and carbon dioxide. An increase in the HMD ratio results in the release of less water, more
ammonia, carbon monoxide and carbon dioxide.

These results are very similar to the trend of our previous results [28]. In all cases, an
increase in the amount of diamine leads to a release of ammonia or an excess of ammonia.
The previous results with the PPD/molybdate system show that in the samples with less
diamine the diamine is doubly protonated, while in the samples with higher diamine the
amine is monoprotonated due to the higher basicity of these samples. The samples with
higher diamine also contained ammonium cations (NH4") in order to achieve electroneu-
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trality [28]. The release of ammonia observed in the TG-FTIR measurements underlines
that the 1,8-DAN/molybdate and HMD/molybdate samples show a similar trend.
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Figure 8. (a) TG-FTIR measurements of 1,8-DAN/molybdate (1:1), (b) TG-FTIR measurements
of 1,8-DAN/molybdate (10:1), (c) thermogravimetric curve, with Gram-Schmidt and differential
thermogravimetric curve of 1,8-DAN/molybdate (1:1); heating rate: 20 K min!; gas: nitrogen;
(d) thermogravimetric curve, with Gram-Schmidt and differential thermogravimetric curve of 1,8-
DAN/molybdate (10:1); heating rate: 20 K min™!; gas: nitrogen.

3.3. Pyrolysis of the Precipitation Products

In analogy to our previous work [29], all precursors were heated to 1023 K in an Ar
flow and allowed to remain at this temperature for 5 h. As described previously [29], a
two-step mechanism takes place during pyrolysis when forming molybdenum carbide
from the starting material [6]. Exemplarily, the X-ray diffraction pattern of the decomposed
precursor 1,8-DAN/molybdate (1:1) and 1,8-DAN/molybdate (10:1) are presented together
with the obtained fit (Figure 10a,b). The presence of orthorhombic Mo,C [17,20] (Pbcn),
cubic Mo [18,33] (Fm3m), and also MoC, (Fm3m or P63/mmc) [21] was observed. The
latter phase is described as a defect structure of the NaCl or NiAs type, whereby not all
octahedral voids are filled by carbon atoms. The formation of the respective structure types
is attributed to the different carbon content. Because of the uncertainties concerning the
elemental composition and thus the amount of x, the composition MoCy 67 [21] was used to
refine the structure of the NaCl type, while the composition MoCy 5 [22] was used for the
hexagonal NiAs type.
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Figure 9. (a) TG-FTIR measurements of HMD/molybdate (1:1), (b) TG-FTIR measurements of
HMD/molybdate (10:1), (c) thermogravimetric curve, with Gram-Schmidt and differential ther-
mogravimetric curve of HMD/molybdate (1:1); heating rate: 20 K min™!; gas: nitrogen; (d) thermo-
gravimetric curve, with Gram-Schmidt and differential thermogravimetric curve of HMD/molybdate
(10:1); heating rate: 20 K min™!, gas: nitrogen.

As described in our previous work [29], stacking faults can be observed in these
materials; therefore, the refinement has been conducted using the cubic as well as the
hexagonal phase (Figure 10a,b) to model the different stacking periodicities. Metals adapt-
ing the Cu-type structure show a similar behavior [41-44]. Representative XRD patterns
of the decomposed precursors HMD/molybdate (1:1) and HMD/molybdate (10:1) are
shown together with the achieved fit (Figure 10c,d). In contrast to the XRD pattern from
the 1,8-DAN/molybdate precursor systems (Figure 10a,b), the XRD pattern from the
HMD/molybdate systems (Figure 10c,d) is more crystalline. There is no broad reflection at-
tributable to MoCy [21], and no amorphous background is visible. The structure refinement
revealed the presence of orthorhombic Mo,C [17,20] besides the presence of monoclinic
MoO; [32], tetragonal Mo,N [31], and cubic Mo [18,33].

The pyrolysis of the 1,8-DAN/molybdate precursor was carried out at 1023 K in accor-
dance with our previous experiments [29]. Results from phase composition are presented
in Figure 11a. In comparison to the PPD/molybdate system [29], the 1,8-DAN/molybdate
precursors mainly form the MoC, carbide phases besides small amounts of Mo,C, empha-
sizing the previous assumption that the pyrolysis process depends on the carbon content in
the precursor [29]. This is furthermore in line with the carbon content of PPD (67 mass% C)
versus 1,8-DAN (76 mass% C).
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treated HMD/molybdate precursor (1:1) at 1023 K: the refined phase compositions are 69(1) mass%
MoO;, 21(1) mass% Mo, N, and 10(1) mass% Mo. (d) Structural analysis of the thermally treated
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HMD/molybdate was pyrolyzed, applying the same parameters as the other two
examples. Results from phase composition are presented in Figure 11b. The pyrolysis study
of HMD/molybdate with the use of an aliphatic amine does not show a clear trend. In
many samples, an increased amount of elemental molybdenum besides MoOj is found.
Reasons for this divergent trend might be the lower carbon content of HMD (62 mass% C)
and its aliphatic nature along with the lower stability (in comparison to aromatic amines)
that do not allow for the formation of molybdenum carbide.

The elemental analysis of all pyrolyzed products of 1,8-DAN/molybdate shows a high
amount of carbon (Supporting Information, Table S3). This is in contrast to the pyrolyzed
samples from the PPD/molybdate system, where only the samples with higher PPD ratios
showed higher carbon contents [29]. This is due to the higher carbon content introduced
via 1,8-DAN. This excess carbon found in the elemental analysis furthermore indicates that
amorphous carbon has to exist in the samples, especially since a high amorphous fraction
and no crystalline carbon was observed in the XRD pattern discussed above. Due to an
argon atmosphere pyrolysis of the precursors, the resulting particles are embedded in a car-
bon matrix [1,10,45,46]. Combining molybdenum oxides with carbides and carbonaceous
materials creates a potential anode material. For other systems, it has been reported that
this can lead to materials that exhibit high capacities along with good cycling stability [1].
The elemental analysis of the pyrolyzed products of the combination between HMD and
AHM, again, shows different results. The carbon content in the sample is very low, which
is based on the lower carbon content and lower stability of the aliphatic amine (Supporting
Information, Table S4). This reveals that the amines decomposed more or less completely
via the pyrolysis process.

Finally, SEM images were taken to compare the morphologies before and after py-
rolysis. The SEM images before pyrolysis are shown above (Figure 5). In Figure 12a,
the corresponding images after pyrolysis of the 1,8-DAN/molybdate precursors are de-
picted. It is obvious that morphology was preserved after pyrolysis. The SEM images of
the HMD/molybdate precursors also indicate the preservation of the morphology after
pyrolysis (Figure 12b).

(a) Pyrolyzed 1,8-DAN/molybdate precursors
1:1 21 _ el WIS 1 91

Figure 12. (a) SEM images of the pyrolyzed 1,8-DAN/molybdate precursor. (b) SEM images of the
pyrolyzed HMD/molybdate precursors.

120



Results and Discussion

Solids 2024, 5

It is interesting to note that there is a great correlation between all reported experi-
ments and our previous results with the PPD/molybdate systems [28,29]. The variation of
the ratio between ammonium heptamolybdate and diamine under acidic conditions leads
to the formation of two different precipitate compounds with different morphologies. In
any case, increasing the diamine amount causes a higher organic content in the precipitate.
The results also show the occurrence of ammonium cations with increasing diamine content,
which is due to monoprotonated diamines [28]. The pyrolysis of the precursors systems
PPD/molybdate [29], 1,8-DAN/molybdate, and HMD/molybdate reveals a similar trend.
Pyrolysis of the PPD/molybdate system shows that at low PPD amounts, a mixture of
orthorhombic Mo,C, monoclinic MoO, tetragonal Mo, N, and cubic Mo is formed, while
at higher PPD amounts, mainly MoC, with lower amounts of Mo,C and elemental Mo
is obtained [29]. Similarly to these results, the pyrolysis of the 1,8-DAN/molybdate pre-
cursors reveals the formation of MoCy carbide phases with less impurities of Mo,C and
elemental Mo due to the higher carbon amount in all investigated ratios. Compared to
the pyrolysis behavior of PPD/molybdate [29] and 1,8-DAN/molybdate precursors, the
HMD/molybdate precursors show a difference. No formation of the MoCy carbide phases
is visible. At lower HMD amounts, mainly MoO, was obtained, while at higher HMD
amounts, elemental Mo was received. Other side products were Mo,C and Mo,N. The
low stability of the aliphatic diamine of HMD compared to the aromatic diamine of PPD
and 1,8-DAN is the reason for the formation of carbon deficiency in the pyrolysis products
of HMD/molybdate precursors. This behavior is also known in the literature. Varganici
et al. [47] and Garcia et al. [48] reported higher thermal stability of aromatic compounds
compared to aliphatic compounds.

4. Conclusions

The aim of this study was to investigate the synthesis conditions for the preparation
of inorganic-organic hybrid materials from ammonium heptamolybdate (AHM) and 1,8-
daminonaphthalene (1,8-DAN) or hexamethylenediamine (HMD) utilizing a wet-chemical
continuous microjet precipitation method along with subsequent pyrolytic production
of molybdenum carbides/nitrides/oxides. For the first step, organic components were
selected according to their structure. On the one hand, 1,8-DAN, as an aromatic amine
with higher carbon content, was used. On the other hand, hexamethylenediamines, as
an aliphatic amine, were utilized. The results clearly show that these differences play
a key role in the pyrolysis. Pyrolytic treatment of the 1,8-DAN/molybdate hybrid pre-
cursor leads to a variety of composite materials (Mo(C,N,0),, molybdenum carbide, and
molybdenum) embedded in the carbonaceous matrix. The molybdenum carbide MoC,
shows stacking defects, as seen from PXRD measurements. In contrast, the pyrolysis of the
HMD/molybdate precursor does not lead to a material with an excess of carbon, which is
attributed to the reduced stability and carbon content of the aliphatic amine. It was also
shown that the pyrolysis of the inorganic-organic hybrid materials 1,8-DAN/molybdate as
well as HMD/molybdate leads to the preservation of the morphology. In the present work,
we show that the newly used amines and the newly produced hybrid materials exhibit
different behavior in the pyrolysis of the composites than in our previous studies [28,29].
We also observed that different compositions are obtained. Overall, the microjet method
enables the synthesis of an extremely interesting hybrid material that could potentially
become a candidate as an anode material for Li-ion batteries because of its potentially high
capacities and cycling stability over other carbide materials.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/s0lids5030030/s1, Figure S1: (a) Overview of the received IR
spectra of the products from reactions with different ratios of 1,8-DAN/molybdate. (b) Overview
of the received IR spectra from HMD/molybdate with different ratio; Figure S2: C, H and N mass
percent as a function of the ratio of precursors; Figure S3: SEM images of 1,8-DAN/molybdate
precursor; Figure S4: SEM images of HMD/molybdate precursors; Figure S5: (a) Overview of the
received XRD pattern of the products from reactions with different ratios of 1,8-DAN/molybdate.
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(b) Overview of the received XRD pattern from HMD/molybdate with different ratio; Figure S6:
TG-FTIR measurements (a) associated FTIR spectra of 1,8-DAN/molybdate (1:1) and (b) associated
FTIR spectra of 1,8-DAN /molybdate (10:1); Figure S7: TG-FTIR measurements (a) associated FTIR
spectra of HMD/molybdate (1:1) and (b) associated FTIR spectra of HMD/molybdate (10:1); Table S1:
Elemental analysis of the precipitated products 1,8-DAN/molybdate; Table S2: Elemental analysis of
the precipitated products HMD/molybdate; Table S3: Elemental analysis of 1,8-DAN/molybdate
precursors after the pyrolysis; Table S4: Elemental analysis of HMD/molybdate precursors after
the pyrolysis.
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Figure S1: (a) Overview of the received IR spectra of the products from reactions with different ratios
of 1,8-DAN/molybdate. (b) Overview of the received IR spectra from HMD/molybdate with different ratio.

Table S1: Elemental analysis of the precipitated products 1,8-DAN/molybdate.

Composition C / mass% H/ mass% N/ mass%
1,8-DAN/molybdate (1:1) 26.25 242 6.09
1,8-DAN/molybdate (2:1) 26.39 242 6.09
1,8-DAN/molybdate (5:1) 26.98 245 6.20
1,8-DAN/molybdate (9:1) 27.18 2.44 6.21
1,8-DAN/molybdate (10:1) 27.00 242 6.23
1,8-DAN/molybdate (15:1) 27.16 2.35 6.17
1,8-DAN/molybdate (18:1) 27.54 2.38 6.27
1,8-DAN/molybdate (20:1) 27.70 2.39 6.32
1,8-DAN/molybdate (25:1) 28.00 244 6.34
1,8-DAN/molybdate (30:1) 27.82 2.54 6.25

Table S2: Elemental analysis of the precipitated products HMD/molybdate.

Composition C / mass% H/ mass% N/ mass%
HMD/molybdate (1:1) 4.56 2.16 1.92
HMD/molybdate (2:1) 4.76 2.1 2.00
HMD/molybdate (5:1) 4.89 2.1 1.94
HMD/molybdate (9:1) 6.81 2.22 2.63
HMD/molybdate (10:1) 6.79 2.21 2.63
HMD/molybdate (15:1) 10.21 2.62 3.90
HMD/molybdate (18:1) 8.37 2.46 3415
HMD/molybdate (20:1) 10.12 2.63 3.83
HMD/molybdate (25:1) 7.20 2.35 2.68
HMD/molybdate (30:1) 8.20 243 3.06
2
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Figure S2: C, H and N mass percent as a function of the ratio of precursors.

Figure S4: SEM images of HMD/molybdate precursors.
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Figure S5: (a) Overview of the received XRD pattern of the products from reactions with different ratios
of 1,8-DAN/molybdate. (b) Overview of the received XRD pattern from HMD/molybdate with different
ratio.
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Figure S6: TG-FTIR measurements (a) associated FTIR spectra of 1,8-DAN/molybdate (1:1) and (b)
associated FTIR spectra of 1,8-DAN/molybdate (10:1).
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Figure S7: TG-FTIR measurements (a) associated FTIR spectra of HMD/molybdate (1:1) and (b)
associated FTIR spectra of HMD/molybdate (10:1).
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Table S3: Elemental analysis of 1,8-DAN/molybdate precursors after the pyrolysis.

Composition C / mass% H/ mass% N/ mass%
Theor. Mo2C 5.89 0 0
Theor. MoOC 9.69 0 0
Theor. Mo2N 0 0 6.80
1,8-DAN/molybdate (1:1) 29.43 0.14 0.32
1,8-DAN/molybdate (2:1) 30.41 0.33 0.36
1,8-DAN/molybdate (5:1) 31.28 0.32 0.38
1,8-DAN/molybdate (9:1) 31.05 0.28 0.42
1,8-DAN/molybdate (10:1) 30.68 0.27 0.46
1,8-DAN/molybdate (15:1) 30.95 0.26 0.46
1,8-DAN/molybdate (18:1) 28.92 0.24 0.41
1,8-DAN/molybdate (20:1) 31.14 0.28 0.52
1,8-DAN/molybdate (25:1) 31.47 0.25 0.37
1,8-DAN/molybdate (30:1) 32.22 0.25 0.44

Table S4: Elemental analysis of

HMD/molybdate precursors after the pyrolysis.
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Composition C / mass% H/ mass% N/ mass%
Theor. Mo2C 5.89 0 0
Theor. MoOC 9.69 0 0
Theor. Moz2N 0 0 6.80
HMD/molybdate (1:1) 0 0.15 1.33
HMD/molybdate (2:1) 0 0.13 1.31
HMD/molybdate (5:1) 0 0.14 1.32
HMD/molybdate (9:1) 0 0.12 1.40
HMD/molybdate (10:1) 0 0.14 1.54
HMD/molybdate (15:1) 1.17 0.22 0.41
HMD/molybdate (18:1) 0 0.15 1.48
HMD/molybdate (20:1) 0.58 0.20 0.51
HMD/molybdate (25:1) 0 0.16 1.52
HMD/molybdate (30:1) 0 0.16 1.30
5]
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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
[CeH10N2]2[M08O26]-6 H20 was prepared at low PPD:AHM ratios, while the compound
PPD/molybdate (10 : 1) with the composition [CeHoN2]J4[NH4]2[M07024]-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' at 100 mA g 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 Li2MoOa4. 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,0)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-! at
100 m A g™ 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-Mo®*. 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)y, 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.

131



Summary and Outlook

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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