
SOFT CERAMICS FOR HIGH TEMPERATURE LUBRICATION

GRAPHITE-FREE LUBRICANTS FOR HOT AND WARM FORGING OF STEEL

Pablo Gonzalez Rodriguez



PhD committee

Chairman and secretary:
Prof. dr. ir. J.W.M. Hilgenkamp  University of Twente

Supervisor:
Prof. dr. ir. J.E. ten Elshof   University of Twente

Members:
Prof. dr. Sylvie Bégin-Colin   University of Strasbourg
Prof. dr. G. de With   Eindhoven University of Technology
Prof. dr. ir. N.E. Benes   University of Twente
Prof. dr. A.J.A. Winnubst   University of Science and Technology of 
      China, Hefei / University of Twente
Dr. ir. M.B. de Rooij   University of Twente

Cover: Artist impression of the process of ‘forging a PhD thesis’ with the help of the soft 
ceramic lubricants used in the research explained in this PhD thesis. Artwork performed 
with the help of Daniel Gonzalez Montero.

This research was carried out under project number M41.1.11434 in the framework of the 
Research Program of the Materials innovation institute (M2i) in the Netherlands (www.
m2i.nl).

P. Gonzalez: Soft Ceramics for High Temperature Lubrication

PhD Thesis, University of Twente, Enschede, The Netherlands
ISBN:     978-94-91909-37-5
DOI:    10.3990/1.9789491909375
Printed by:   Gildeprint drukkerijen, Enschede, The Netherlands
Copyright © 2016 by:   Pablo Gonzalez Rodriguez



SOFT CERAMICS FOR HIGH TEMPERATURE LUBRICATION

GRAPHITE-FREE LUBRICANTS FOR HOT AND WARM FORGING OF STEEL

DISSERTATION

to obtain
the degree of doctor at the University of Twente,

on the authority of the rector magnificus,
Prof. dr. H. Brinksma,

on account of the decision of the graduation committee,
to de publicly defended

on Friday, 1 July 2016, at 16:45

by

Pablo Gonzalez Rodriguez
born on 04 August 1989

in Valencia, Spain



This dissertation has been approved by the promotor:

Prof. dr. ir. J.E. ten Elshof



To my family, future wife and friends.

And, at the end
we are only atoms drifting alone.

Desperate for something to
cling onto.

Love and space dust
David Jones



Table of Contents

Chapter 1.     Introduction 
1.1 Tribology and solid lubricants 2

1.1.1       Mechanics of solids 2
1.1.2       Superlubrication of graphite 3
1.1.3       Lubrication mechanism 4

1.2 Soft ceramic lubricants 4
1.2.1       Soft structured networks 5
1.2.2       Soft atomic networks 6
1.2.3       Soft amorphous networks 7

1.3 Characterization techniques 8
1.3.1       Small-angle X-ray scattering 8
1.3.2       High-temperature pin-on-disc 10

1.4 Scope of the thesis and outline 11
1.5 References 13

Chapter 2.     Rapid Synthesis and Reversible Exfoliation of a Layered Titanate   
           Nanocomposite 

2.1 Introduction 18
2.2 Experimental Section 20

2.2.1       Layered titanate synthesis 20
2.2.2       Nanocomposite synthesis 20
2.2.3       Characterization 20

2.3 Results and Discussion 21
2.3.1       Synthesis of the nanocomposite 21
2.3.2       Driving force and mechanism of the intercalation 23
2.3.3       Thermochemical analysis of the nanocomposite 25
2.3.4       Intercalation kinetics. 27
2.3.5       Exfoliation kinetics and mechanism. 28
2.3.6       Tuning the layer structure: Colloid and restack 30

2.4 Conclusions 31
2.5 References 32
2.6 Supporting Information 35

Chapter 3.      Hybrid Soft Ceramics for High Temperature Lubrication 
3.1 Introduction 40
3.2 Experimental Section 41

3.2.1       Layered titanate synthesis 41



3.2.2       Nanocomposite synthesis 41
3.2.3       Characterization 42

3.3 Results and Discussion 43
3.3.1       Synthesis of the nanocomposite 43
3.3.2       Thermochemical characterization and structure evolution 45
3.3.3       Thermomechanical characterization 48

3.4 Conclusions 50
3.5 References 51
3.6 Supporting Information 53

Chapter 4.     n-Alkylamine intercalated layered titanates for solid lubrication          54
4.1 Introduction 56
4.2 Experimental Section 57

4.2.1       Layered titanate synthesis 57
4.2.2       Amine intercalation 58
4.2.3       Characterization 58

4.3 Results And Discussion 59
4.3.1       Synthesis of the n-alkylammonium titanate compounds 59
4.3.2       Kinetics of the intercalation 61
4.3.3       Nanostructure of the modified titanates 62
4.3.4       Intercalation dynamics 65
4.3.5       Thermochemical characterization 68
4.3.6       Thermomechanical characterization 69

4.4 Conclusions 70
4.5 References 71
4.6 Supporting Information 73

Chapter 5.     Lubricative properties of porous layered double hydroxides 
                            synthesized using microwave-assisted oxygen generation 

5.1 Introduction 76
5.2 Experimental Section 77

5.2.1       Chemicals 77
5.2.2       Synthesis of LDH precursor 77
5.2.3       Hydrogen peroxide intercalation 78
5.2.4       Iodide intercalation 78
5.2.5       Synthesis of porous LDH 78
5.2.6       Product characterization 79

5.3 Results and Discussion 81
5.3.1       Synthesis of the LDH precursor 81



5.3.2       Synthesis of the iodide-modified LDH 83
5.3.3       Synthesis of the porous LDH 86
5.3.4       Porosity characterization 88
5.3.5       Thermomechanical characterization 90

5.4 Conclusions 92
5.5 References 93
5.6 Supporting Information 95

Chapter 6.     Tribochemistry of Bismuth and Bismuth Salts for Solid Lubrication  
6.1 Introduction 100
6.2 Experimental Section 101

6.2.1       Preparation of bismuth suspensions 101
6.2.2       Characterization 101

6.3 Results and Discussion 102
6.3.1       Thermomechanical and thermochemical behavior of bismuth and 
                bismuth oxide  102
6.3.2       Thermomechanical and thermochemical behavior of bismuth sulfide and
                bismuth sulfate 107

6.4 Conclusions 110
6.5 References 111
6.6 Supporting Information 113

Chapter 7.     Soft organosilica networks for solid lubrication 
7.1 Introduction 118
7.2 Experimental Section 119

7.2.1       Chemicals 119
7.2.2       Organosilica powder preparation 119
7.2.3       Characterization 120

7.3 Results and Discussion 122
7.3.1       Thermomechanical characterization 122
7.3.2       Thermochemical characterization 127

7.4 Conclusions 132
7.5 References 133
7.6 Supporting information 135

Chapter 8.     General conclusions and outlook 
8.1 General conclusions 138
8.2 Outlook 139
8.3 Material improvements of novel soft ceramics 139



8.3.1       Improved performance of ‘soft structured networks’ 139
8.3.2       Improved performance of ‘soft amorphous networks’ 141

8.4 Method development for exploration of novel solid lubricants 142
8.4.1       Time resolved small-angle X-ray scattering 142
8.4.2       Microwave induced hydrogen peroxide decomposition 142

8.5 Final remarks 142
8.6 References 143

Summary                          145
Samenvatting                        147
Acknowledgements                     151
List of publications                      155



Q



1.       
          

Introduction

ABSTRACT

A general introduction to tribology, solid lubricants and mechanical properties of solids is 

presented. The research described in this thesis is mainly focused on finding the next generation 

of solid lubricants for high temperature applications. Different solid structures are introduced 

with a special emphasis on the common lubrication mechanism. The chapter is concluded with 

the outline and scope of the thesis.
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1. Introduction

1.1 Tribology and solid lubricants

1.1.1     Mechanics of solids

Tribology is the science and technology that deals with surfaces under relative 
motion. It studies all the changes that such surfaces undergo related to their contact, 
i.e. deformation, friction forces, corrosion or heat generation. Most of the time, 
unwanted friction forces are generated upon surface contact and the use of lubricants 
is a common solution in order to control (reduce or increase) these forces. Friction is 
normally dependent on factors such as surface properties, material properties and 
the environment.1,2 Lubricants perform best when they are placed between surfaces 
in contact and avoid that the friction forces generate wear and energy losses in the 
overall process.3,4 For that, lubricants absorb the forces generated from the contact by 
deforming their own network in an adaptation effort with the surface characteristics 
of the contact. Lubricants are of various nature, depending on the final application, 
temperature or contact type. In this research we focus on solid lubricants and more 
specifically on the ones used in metal forming.5 In metal forming products are shaped 
through plastic deformation, without adding or removing material. The forming 
processes often need high energy input and lubricants are used to compensate for that. 
The main purpose of these lubricants is: 

 Lubricate – allowing an even and smooth flow of the work piece to obtain a 
perfect filling of the tool contour;6,7 

 Release – assisting in the easy removal of the work piece from the die (without 
damaging it);8 

 Cool down – allowing heat removal from the tool in a controlled way, thereby 
diminishing thermal cracking and die wear;

 Protect – preserving the tool integrity as much as possible in order to run 
economic and extended productive series of parts.

Examples of solid lubricants are graphite, polymeric salts and layered inorganic networks 
such as hexagonal boron nitride (h-BN) and metal chalcogenides, e.g. molybdenum 
disulfide (MoS2) and tungsten disulfide (WS2). Solid lubricants are applied in conditions 
when the use of oil or grease lubrication is unfavorable, i.e. at high temperatures.9
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1.1.2     Superlubrication of graphite

Graphite is by far the most used solid lubricant. Its outstanding lubricative properties 
originate from its particular atomic and bonding characteristics. The carbon atoms are 
covalently bonded to three other carbon atoms in a triangular planar configuration 
due to the sp2 orbital hybridization forming 2D nanosheets of graphene.10,11 Stacks of 
layers are held together by weak van der Waals forces resulting from the extra 2p orbital 
oriented out-of-plane, thus the layers can easily slide over each other.12 The lubricity is 
macroscopically based on weak attraction forces between the layers and, atomically, on 
the smooth contact surfaces of the layers.13 The term superlubricity was coined in 1990 
in order to describe the lubrication mechanism of graphite and other 2-dimensional 
materials at the atomic level.14,15 The superlubricity is related to the forces that facilitate 
the sliding of the layers to avoid a commensurate configuration of the carbon atoms 
from superposing layers. The layers are incommensurate due to a relative rotation of 
their lattices, leading to the systematic countervailing of the friction force on the atomic 
scale.16,17

Figure 1.1. Atomic and crystallographic structure of graphite. The layered structure of graphite displays the 
intrinsic incommensurate arrangement. Taken with permission from ref  18.



4

1. Introduction

1.1.3     Lubrication mechanism

The low friction characteristics of most solid lubricants originate from the favored 
sliding of atomic or crystal planes without any significant energy input. In this way, 
the lubricants can reduce the heat generated on the surface contacts through the 
deformation of their networks. Most lubricants have a layered structure on the molecular 
level with weak interlayer interactions. This is the case for graphite, h-BN, MoS2 and 
WS2. The layers can slide relative to each other by keeping the constituting network 
integrity.19 However, not all lubricants are based on intrinsically layered structures. 
Other well-known lubricants, such as certain soft metals (e.g. lead, silver and bismuth), 
polytetrafluorethylene, some solid oxides, rare-earth fluorides, have a non-lamellar 
structure.20 In soft metals, the atoms slide along the same crystallographic direction, 
forming a slip system where dislocations can propagate. The deformation of the atomic 
network occurs in a preferential direction as in the case of the layered materials. In 
polymers such as polytetrafluorethylene, the long molecules of the polymer can slide 
over each other because of their enhanced mobility.21 Therefore, in the quest for a new 
generation of lubricants, the lamellar structure seems not to be a requirement, but a 
particular uni-directional mechanical deformation of the solid lubricant when a shear 
force is imposed.

1.2       Soft ceramic lubricants

A classic way of describing ceramic materials is by using concepts such as brittleness, 
high hardness, high melting temperature and low ductility.  Plastic deformation in 
ceramic materials occurs by the motion of dislocations (or slip), as in the case of metals. 
The brittleness and hardness of ceramics is based on the limited slip possible. The 
ceramics described in this thesis can be considered as ‘soft’ because they allow plastic 
deformation of their network under relatively small shear forces, resulting in low friction 
forces. In ceramics with ionic bonding, the strong electrostatic forces between the 
charged ions restrict the propagation of the slip. In covalent ceramics, the directionality 
and relative strength of the bonds impedes the dislocation motion of the planes of atoms. 
Nevertheless, when the ionic or covalent structures are clustered within the crystal, 
because of a systematic distribution of vacancies (originating from charge unbalance), 
the periodic structure is organized around a preferential direction(s), in order to minimize 
the crystal energy.22 Layered structures form a network along a preferential direction (to 
form a 2D structure) and a short distance arrangement in the other direction. The crystal 
system has a periodic arrangement of layers with certain spacing and the presence of 
different species in between these layers. The layers can move relative to each other and 
subsequently propagate slip motion. In this work, I call these layered structures: ‘soft 
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structured networks’.  Many metals can accommodate the dislocation motion easily 
because all atoms are neutral, and there are no repulsions like for ionic bonding. In 
these so-called ‘soft atomic networks’ the atoms can slide in the same direction when 
a shear force is applied, thus inducing deformation of the network under low shear 
forces. The same mechanism is sometimes extended to different soft oxide networks 
with screened cations.23 In amorphous ceramics, with no regular atomic structure, the 
plastic deformation is generated by a viscous flow of the network and not strictly by the 
sliding of well-determined planes. In reality, when a viscous network is forced to flow, a 
gradient of forces is produced from the contact surface (where the network flows) and 
the core of the material flux. The gradient of forces (and velocities) can be considered in 
this case as quasi-unidirectional slip propagation, in which the atoms or ions slide past 
one another by breaking and reforming interatomic bonds.24 In this work, I have called 
them: ‘soft amorphous networks’.

1.2.1     Soft structured networks

Clays are among the traditional ceramics used from the beginning of modern human 
history. Their applications are related to their intrinsic workability to obtain ceramic 
products. This workability is based on their abundance and plasticity, which allows 
modelling of different shapes and products. The layered structure typical for clays can 
readily accommodate the dislocation motion upon application of an external shear 
force and will consequently plastically deform. The experimental discovery of graphene 
opened the era of exploration of two-dimensional (2D) materials, now commonly 
known as nanosheets.25,26 Nanosheets form a family of materials with 2D architectures 
that have structural similarities with graphene. They are essentially defined by their 
molecular thickness and large lateral dimensions, which typically differ by 2-5 orders 
of magnitude.27 Owing to their 2D nature, nanosheets exhibit very high specific surface 
areas compared with their corresponding 3D analogues, and may exhibit physical 
phenomena due to the effect of confinement in one principal direction.28 Nanosheets 
from 2D systems are usually mechanically flexible depending on composition and layer 
thickness. A range of two-dimensional materials with thin and flexible networks have 
been used as solid lubricants and additives for lubricant oils, e.g. graphite, MoS2 and 
modified clays.29-31 If the layers are held together by weak van der Waals forces, like in 
graphite, the layered compound is not usually chemically modified, since the layers can 
slide over each other relatively easily. In charged layered systems, the layers are held 
together by strong electrostatic interactions with the counter-ion in the interlayer. In 
that case, a common approach to reduce the layer interaction is through the intercalation 
of bulky organic molecules that force the layers to separate, so that the electrostatic 
interactions are reduced.32-34
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Figure 1.2. Layered compounds categorized by host layer charge. (a) Electrically neutral compounds 

(graphite, h-BN, and MoS2), (b) negatively charged oxides (Cs0.7Ti1.825O4 (or K0.8Ti1.73Li0.27O4), K0.45MnO2, and 

KCa2Nb3O10), and (c) positively charged hydroxides (M2+
1–xM3+

x(OH)2An–
x/n·mH2O and Ru(OH)2.5·mH2O·Cl–

0.5). 

Reprinted with permission from ref. 35. Copyright 2015 American Chemical Society.

1.2.2     Soft atomic networks

Soft metals and metal oxides are commonly composed of a compact atomic 
arrangement. Metals such as lead, copper or bismuth, present low hardness values. 
The special ductility of these ‘soft’ metals makes them suitable for solid lubrication. 
These metals are composed of heavy and large atoms with diffuse electron shells. 
The lack of directionality and the relative small interaction forces facilitate the plastic 
deformation.36 Some oxide networks, such as PbO and CoO, are governed by the 
same deformation mechanisms. In general, oxides with high ionic potentials or highly 
screened cations exhibit low shear strength and hence, high lubricity.23,37 Another well-
known example of a soft atomic network is the MAX family of structures, where the 
M stands for an early transition metal, A is an A-group element and X is either carbon 
and/or nitrogen. They are a large family of ternary carbides and nitrides of transition 
metals and semimetals. They are anomalously soft for this kind of ceramics and, in 
addition they are thermodynamically stable. Because of these properties, MAX phases 
have been investigated as solid lubricants in laboratory conditions.38-40 
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Figure 1.3. Beginning of dislocation motion (or slip) in a standard soft (metal) atomic network when an 

external force is applied. The dislocation motions can derive in a plane slide or twinning of the crystal structure.

1.2.3     Soft amorphous networks

Amorphous ceramics such as SiO2 glass networks can be defined as viscous solids with 
very high viscosity at room temperature. Therefore, they behave as brittle materials 
since the network cannot easily translate an external force into a flow, nor does the 
amorphous arrangement allow the propagation of a dislocation without loss of network 
integrity. When the temperature is raised, the glass network absorbs the thermal energy 
and starts flowing after a softening point, or glass transition temperature (Tg).24 The 
values of Tg vary from material to material and with different compositions, the Tg of 
commercial soda-lime glass can vary from 520 °C to 600 °C.41 The introduction of organic 
species in the inorganic network leads to a structural change affecting the Tg but also a 
change in chemical reactivity and the mechanical properties. Compared to pure silica 
and organic polymers, hybrid organosilica networks offer the combined advantages of 
a mechanically strong yet flexible network and better pH and thermal stability.42
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Figure 1.4. Representation of a organosilica network constituted by monomers with bridged organic 

entities (grey bubbles).

1.3       Characterization techniques

Standard characterization techniques for ceramic materials were used in this research 
project, such as thermogravimetric analysis coupled with differential scanning 
calorimetry (TGA-DSC), infrared spectroscopy (IR), differential thermomechanical 
analysis (DTMA), X-ray diffractometry (XRD) and confocal microscopy (CM). In addition, 
two characterization techniques have played an important role for better understanding 
of soft ceramics, monitoring their synthesis and mechanical behavior. These two 
techniques are small-angle X-ray scattering (SAXS) and high-temperature pin-on-disc 
(HT PoD) measurements.

1.3.1     Small-angle X-ray scattering

The method involves recording the elastic scattering of X-rays by a material that has 
inhomogeneities in the nm-range at low scattering angles (typically 0.1 - 10°). Angle-
dependent scattering originates from differences in electronic densities between 
the different phases. Such variations can be found in systems of homogenous 
colloidal particles that are dispersed in a matrix with a different electronic density, for 
instance a solvent. But the same variations can also be due to the presence of pores 
in a homogeneous matrix or the coexistence of two continuous phases of different 
electronic densities. This technique is particularly useful to monitor in-situ changes 
in a periodic structure such as layered ceramics that are investigated in this project. 
If the material has some degree of crystallinity it will produce a coherent scattering 
pattern with Bragg-like diffraction peaks when being irradiated by photons of the X-ray 
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beam. The changes in crystalline order or periodicity are translated into changes of 
the scattered patterns. The diffraction patterns are recorded as concentric rings on the 
detector placed directly behind the sample. SAXS instruments are often complemented 
with wide-angle X-ray scattering (WAXS) detectors. The WAXS detectors record photons 
scattered at higher angles, hence, extending the range of recordable scattering angles 
to higher magnitudes of the scattering vector (q). A schematic layout of a typical SAXS/
WAXS experimental geometry is shown in Figure 1.5. The SAXS experiments described in 
this thesis were carried out using synchrotron radiation on the Dutch-Belgian beamline, 
DUBBLE BM-26B of the European Synchrotron Radiation Facility (ESRF) in Grenoble.43 
A home-made solution cycling setup including a SAXS measurement chamber, a 
mixing chamber, a timing injection system and a pump system allowed carrying out 
in-situ SAXS measurements was used. The X-ray beam was focused towards the corner 
of a 2D Pilatus 1M detector or to maximize the range of accessible scattering vector 
values. The beam energy was set to 12 keV (l = 0.103 nm). The samples were placed 
at a distance of 1.3 m from the detector, and the intensity was measured in the range 
0.18 < q < 7.85 nm-1 by the SAXS detector. The interlayer distances in the nanocomposite, 
d, were calculated using Braggs law, d = 2p/q.

 

Figure 1.5. Scheme of the typical SAXS/WAXS experiment. Reprinted from Methods in Enzymology, Stawski, 

T.M., Benning, L.G., Chapter Five: SAXS in Inorganic and Bioinspired Research, Copyright (2013), with permission 

from Elsevier.  44
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1.3.2     High-temperature pin-on-disc 

A typical pin-on-disc set-up consists of a rotating stage on which a disc is mounted 
and a pin, fixed under a shaft, applies a static load on the disc. The disc can be heated 
to a preset temperature up to 600 °C thanks to a closed oven integrated into the pin-
on-disc setup. In a classical configuration for measuring coatings, a bearing ball can 
be used as pin sliding over the surface of the disc. In this research, all soft ceramic 
lubricants were synthesized and characterized in the form of loose powders. Because of 
this premise, a classical configuration could not be used for two reasons: (1) a spherical 
pin, as commonly used, would indent easily on a loose powder film so that the friction 
coefficient measured would be that of the metal-metal contact and (2) a spherical pin 
cannot be coated with the ceramic powders because of the small contact surface. It 
was not possible to coat the disk with the ceramic powder, prior to the measurement, 
because it was inserted inside the set-up oven. Therefore, a compromise solution was 
found that involved the modification of the bearing ball to overcome both limitations. 
The steel bearing balls were flattened in order to produce a planar contact with the disc. 
A general view of the set-up is shown in Figure 1.6.

 

Figure 1.6. Visualization of a high – temperature pin-on-disc set-up used in this research.
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1.4       Scope of the thesis and outline

This thesis is comprised of six research chapters, in which the synthesis and mechanical 
properties at high temperature of several ‘soft ceramic’ materials are described. The 
main focus of this research was to develop the next generation of solid lubricants for 
high temperature applications, while understanding their synthesis and lubricative 
mechanism. The purpose of the research was to find alternatives to the use of graphite 
and metal chalcogenides in high temperature lubrication processes. Certain problems 
are related to the use of traditional materials like graphite, such as pitting corrosion, a 
black appearance of the final products and the creation of dirty working environment. 
Therefore, alternative materials are needed. The best candidates to replace graphite are 
oxide ceramics because of their intrinsic thermal and chemical stability. Such properties 
are fundamental for lubricants for high temperature applications in order to keep the 
integrity of the materials throughout the process and to avoid reaction of the lubricant 
with the lubricated surface. The development of novel materials, their description and 
the understanding of the lubrication mechanism of these new ‘soft ceramic’ lubricants 
is one of the main pillars of this research. All lubricants were obtained in the form of 
powders and were suspended in order to be applied as films of which the mechanical 
friction properties can be characterized by pin-on-disc measurements. Throughout the 
thesis, soft chemistry syntheses, such as the chemical modification of layered oxides 
in aqueous suspensions at low temperatures and the application of sol-gel chemistry 
to obtain organosilica polymers, were used to prepare nanocrystalline and amorphous 
ceramic oxides. Modified layered ceramics are good candidates for the replacement of 
traditional solid lubricants, as well as ‘soft’ amorphous organosilica materials. In order 
to achieve all of the above, a better understanding of the underlying chemistry and 
mechanical properties of the lubricants is necessary.

The three kinds of ‘soft’ ceramics described above were (thermo)chemically and 
(thermo)mechanically characterized during this research project. A selection of 
modified ‘soft structured networks’ is described in Chapters 2 to 5. The synthesis of 
these materials needed to be understood in order to correlate the nanostructure of the 
layered network to their mechanical properties. In the first place, a layered titanium oxide 
nanocomposite with 11-aminoundecanoic acid was synthesized (Chapter 2) and their 
lubricative properties were assessed at high temperatures (Chapter 3). As explained 
above, the pristine layered ceramics need to be modified through intercalation of bulky 
ions in order to decrease the layer-layer interactions. The intercalation mechanism and 
kinetics, together with information on the control over the exfoliation process, and the 
structural evolution of the nanocomposite upon temperature increase were studied in 
order to understand the lubricative properties of the powders. The gained knowledge 
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was used to expand the facile approach to the synthesis of modified layered ceramics in 
order to obtain other compositions too. 

In Chapter 4, the layered titanium oxide was intercalated with a series of 
n-alkylammonium ions of varying size. The characterization approach is similar to the 
previously synthesized titanium oxide nanocomposite, with the establishment of a 
relationship between the structural, thermal and lubricative properties. 

The modification and characterization of a second kind of layered ceramic, layered 
double hydroxides, is described in Chapter 5. A method to produce porous LDH via 
de intercalation and decomposition of hydrogen peroxide is explained in this chapter. 
The pin-on-disc experiments were used to study the influence of the physico-chemical 
modification of the LDH on its lubricious properties.

The study of the tribochemical properties of bismuth and several bismuth salts, as 
an example of a ‘soft atomic network’ appear in Chapter 6. Pin-on-disc experiments 
were performed to understand the deformation of the network when a shear force is 
applied. The comparison of bismuth and its salts served to relate the crystallographic 
characteristics with the mechanical behavior. 

Chapter 7 explores the chemistry and mechanical behavior of several ‘soft amorphous 
networks’ over a wide range of temperatures. Several organosilica polymers were 
obtained from different monomers with terminating and bridging organic groups. 
The polymers were compared to correlate the different network configurations to the 
mechanic-chemical response upon application of a shear force. In Chapter 8, general 
conclusions are drawn, and an outlook for future research and synthesis strategies is 
presented.
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2.
Rapid synthesis and reversible exfoliation of a 

layered titanate nanocomposite 

ABSTRACT

It is generally believed that intercalation and exfoliation of layered metal-oxide crystals are time-

consuming processes. Nevertheless, in-situ characterization techniques have helped to realize 

that it is not always the case. In this study, the intercalation of 11-aminoundecanoic acid (AUA) 

into the layered structure of the titanate H1.07Ti1.73O4 (HTO) was investigated by small-angle X-ray 

scattering (SAXS). The intercalation kinetics were assessed at different temperatures, and it was 

found that the amino acid chain forms a well-defined nanocomposite within 20 min of reaction in 

water at 80 °C. The synthesis process, driven by acid-base reaction, displayed a very low activation 

energy of 23 kJ/mol. The characterization of the nanocomposite was carried out with the help of 

thermogravimetric and elemental analysis (TGA and EA, respectively) and infrared spectroscopy 

(IR). The amino acid molecules rapidly arranged to form a paraffinic bilayer in the gallery region of 

the layered host. Colloidal suspensions of titanium oxide nanosheets were obtained through the 

exfoliation of the layered nanocomposite by an acid-base reaction. The exfoliation was achieved 

by the generation of host-guest repulsions, caused by a switch in the amino acid charge induced 

by a pH change. The suspensions were studied with UV-visible spectroscopy (UV-VIS) and were 

found to be stable for at least 2 weeks. In addition, the nanosheets were driven to partially re-

stack upon pH changes, as a result of the switching charge of the amino acid.
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2.1       Introduction

Layered inorganic materials have proven to be of great interest because they can be 
exfoliated or delaminated into individual nanosheets. The 2D structure of the nanosheets 
often exhibit different physicochemical properties than their layered 3D counterparts. 
The most extensively studied case is the formation of graphene from graphite, in which 
the layers are held together by weak van der Waals forces.1 In a similar fashion, layered 
inorganic materials can be exfoliated resulting in stable colloidal suspensions. In the case 
of layered inorganic compounds, the layers are held together by strong electrostatic 
interactions and chemical modification is often necessary to aid the exfoliation process. 
A wide variety of layered materials have been exfoliated by these means, i.e. clays,2,3 
layered metal chalcogenides,4 oxides5,6 and hydroxides7,8 and combinations of these.9,10

One example are titanium oxide nanosheets, which can be obtained through the 
exfoliation of protonated layered titanates with lepidocrocite-like structures (H1.07Ti1.73O4). 
The titanates consist of negatively charged layers that can be intercalated by a wide range 
of cations, thus allowing for tuning their properties. Films of titanium oxide nanosheets, 
for example, were reported to exhibit high dielectric constants11 and were used as a seed 
layer for epitaxial coating depositions.12 Layered titanates, and titanium oxide in general, 
find applications like photocatalysts,13 in photovoltaics14 or in batteries.15 In order to 
obtain homogeneous thin films, titanium oxide nanoparticles need to be stabilized by 
the use of surfactants.16 A parallel to nanoparticle stabilization regarding 2D materials 
is the control of the full exfoliation of the individual layers yielding to a stable colloidal 
suspension. A common technique for the formation of titanium oxide nanosheets is 
through the intercalation of bulky ions such as tetrabutylammonium cations (TBA+) 
and subsequent delamination. The exfoliation process leads to a swollen state and 
the partial formation of a hybrid restacked system.11,17 Surfactants containing amine-
derived groups are widely used for the delamination of inorganic layered materials.18-20 
During intercalation, the amine molecules are concurrently accompanied by a number 
of solvent molecules (i.e. water); stable colloidal suspensions are formed due to the 
osmotic swelling that weakens the binding interactions between the nanosheets.21 

Thus, the exfoliation mechanism involves a high degree of swelling, leading to what can 
be considered as a colloidal system. 

In addition, amines can participate in acid-base reactions with protons present in the 
interlayer region, thus enhancing the intercalation of the molecule. Amino acids are 
zwitterions with amine (-NH2/-NH3

+) and carboxylic (-COOH/-COO-) functional groups. 
The amine group in a neutral amino acid can react with the protons of the interlayer 
to form its conjugate acid while the presence of the protonated carboxylic acid does 
not hinder the intercalation. After the intercalation, the pH increase in the solution will 
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deprotonate the carboxylic group, creating negatively charged amino acid molecules; 
see Figure 2.1. These anions may induce a repulsive force for the negatively charged 
metal oxide nanosheets, thus triggering the exfoliation process.22 The use of amino acids 
contributes to the sustainability of the process in terms of toxicity and waste treatment 
in comparison to quaternary ammonium ions.23

In this work, 11-aminoundecanoic acid (AUA) was used to obtain a colloidal suspension of 
layered titanium oxide nanosheets. The process was carried out through the intercalation 
of the amino acid, yielding a well-structured organic-inorganic nanocomposite. 
It is generally thought that the intercalation of large species such as AUA is a time-
consuming procedure, mainly caused by slow diffusion of the guest molecule into the 
layered system.24 The lack of in-situ studies on the exfoliation mechanisms may have 
contributed to the belief that acid-base exfoliation processes occur over an extended 
period of time.25 A recent study in which TBAOH was employed, however, supports the 
idea that intercalation-exfoliation of layered materials may happen within seconds or 
minutes at room temperature.26 

Here, time-resolved in situ small-angle X-ray scattering (SAXS) was employed to study 
the structural evolution of the layered titanate crystal (H1.07Ti1.73O4) upon intercalation 
with the long-chained amino acid AUA at different temperatures. Both the intercalation 
and subsequent exfoliation mechanisms were studied extensively.
 

Figure 2.1. Schematic illustration of the pH dependence of charges within the 11-aminoundecanoic acid 

molecule.
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2.2       Experimental Section

2.2.1     Layered titanate synthesis 

The layered titanate precursor K0.8Ti1.73Li0.27O4 (KLTO) was prepared by a flux method 
reported elsewhere.27 Typically, a mixture of TiO2, K2CO3,Li2CO3 and MoO3 with a molar 
ratio of 1.73:1.67:0.13:1.27 is heated in a platinum crucible to 1150 °C at a rate of 
3 °C/min, held at that temperature for 30 min, and cooled down to 950 °C at a rate of 
0.1 °C/min. The mixture was allowed to further cool to room temperature at 5 °C/min. 
The obtained KLTO powder was once washed in 500 mL demineralized water to remove 
the flux material K2MoO4. The crystals were then dispersed in a 2 mol/dm3 HNO3 solution 
(250 mL) at room temperature and stirred in order to protonate the layered titanate. 
The acid solution was renewed daily after decantation. After treatment for 3 days the 
crystals were recovered by filtration, washed with abundant demineralized water and 
dried in air to obtain H1.07Ti1.73O4·H2O (HTO) powder. The HTO powder was used for the 
in-situ SAXS experiments.

2.2.2     Nanocomposite synthesis

The 11-aminoundecanoic acid (AUA) intercalated HTO was prepared and characterized 
in the laboratory and by in-situ SAXS experiments. Typically, 4 g of AUA were dissolved 
in 500 mL demineralized water and transferred to a round bottom flask. The pH of the 
solution was adjusted to pH 7, below the isoelectric point (IEP) of the amino acid at 
pH 7.85, in order to avoid the presence of deprotonated carboxyl groups 
(see Figure 2.1). Subsequently, 1 g of HTO powder was added and the mixture was stirred 
for 20 min at 80 °C. The product was recovered by filtration and thoroughly washed 
with demineralized water. The powder was dried in air to obtain the nanocomposite, 
denoted as AUATO. For the in-situ SAXS experiments, 100 mg of HTO was suspended in 
50 mL demineralized water. Then, 400 mg of AUA were added to the HTO suspension in 
either: (1) as a powder or, (2) dissolved in 20 mL demineralized water at 80 °C, followed 
by fast injection into the HTO suspension. The pH of the suspension media was set 
slightly below the IEP of AUA. The colloidal suspensions of AUATO were obtained upon 
addition of NaOH (aq) (3 mol/dm3) to increase the pH to 11.

2.2.3     Characterization

The measurement by powder X-ray diffraction (PXRD) was conducted with a Bruker 
D2 Phaser (Cu Ka radiation l = 0.15405 nm). The patterns were further analyzed 
using the XPert Highscore Plus software package. Scanning electron microscopy 
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(SEM) was performed with a JEOL JSM-6490 operating at 15 kV. Thermogravimetric 
analysis combined with differential scanning calorimetry (TGA-DSC) was performed in 
Pt cups using a Netzsch STA 449 F3 at a constant heating rate of 5 °C/min in technical air 
(N2/O2 = 80/20). Elemental analysis (EA) was performed with a Flash 2000 CHNS-O 
Elemental Analyzer (Thermo Scientific), to determine the presence and quantity of 
organic species in the interlayer. Fourier-transformed infrared spectroscopy (FTIR) 
was carried out with a Bruker Tensor 27 FTIR equipped with a liquid nitrogen cooled 
detector D315/6 LN. UV-Vis spectra of samples were recorded with a Cary 50 UV-Vis 
spectrophotometer in transmission mode. The original suspensions were diluted to 
obtain an appropriate range of absorbance. 
SAXS was performed to monitor the kinetics and mechanism of intercalation of 
AUA in between the layers of the HTO host and the subsequent exfoliation process. 
The syntheses were performed at controlled temperatures in round bottom flasks 
placed in an oil bath. The suspension was simultaneously pumped to a home-made 
reaction chamber closed by Kapton® foil walls, to allow the X-ray beam to cross the 
sample and be recorded by the detector. The characterization was carried out using 
synchrotron radiation at the Dutch-Belgian beamline, DUBBLE BM-26B, in the European 
Synchrotron Radiation Facility (ESRF) in Grenoble, France.28 The X-ray beam was focused 
at the corner of a 2D gas-filled multiwire proportional CCD detector to maximize the 
range of accessible scattering vector values q. The beam energy was set to 12 keV 
(l = 0.103 nm). The samples were placed at a distance of 1.3 m from the detector, and 
the intensity was measured in the range 0.18 < q < 7.85 nm-1. The interlayer distances in 
the nanocomposite, d, were calculated using Braggs law; d = 2p/q.

2.3       Results and Discussion

2.3.1     Synthesis of the nanocomposite

The K0.8Ti1.73Li0.27O4 parent structure consists of a stack of negatively charged layers of 
(Ti1.73Li0.27O4)0.8- with a lepidocrocite-like structure, where K+ is located in the interlayer 
region to neutralize the negative charges present in the oxide layers. The substitution 
of K+ by hydrated protons (H+) has an impact on the interlayer distance in the crystals, 
with an increase from 0.75 nm to 0.92 nm after replacement. The washing process also 
causes removal of Li+ ions from the crystal, leaving negatively charged Ti vacancies. The 
interlayer spacing found with PXRD, as shown in Figure 2.2a, correspond well to the 
d values for both KLTO and HTO reported in the literature.29 The inset shows a visualization 
of the HTO structure, with the protons present in the space between the titanium oxide 
layers. The flux synthesis method allowed to obtain large-sized crystals of the layered 
parent compound KLTO with typical sizes larger than 50 mm, as shown in Figure 2.2b.
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Figure 2.2. (a) Powder XRD patterns of KLTO precursor and the protonated form, HTO. 

Inset: Visualization of the HTO crystal structure with intercalated protons. (b) SEM image of KLTO crystals with 

sizes of ~50 mm.

The formation of the nanocomposite was monitored by time-resolved in-situ SAXS 
measurements. An amount of 400 mg of AUA powder was added to a suspension of 
100 mg HTO and pumped through a closed circuit towards the X-ray beam. The evolution 
of crystallographic reflections of the precursors when still present in the suspension as a 
solid can be seen in Figure 2.3. The main diffraction peak for HTO (020), identical to the 
XRD pattern shown in Figure 2.2a, is located at q = 6.8 nm-1 in Figure 2.3. The layered 
material HTO was completely intercalated with AUA to form the AUATO nanocomposite 
within 20 min. The formation of the nanocomposite seems to be conditioned by 
the dissolution of AUA and limited by the diffusion of the molecules to the gallery 
region of HTO. The formation of the nanocomposite gave rise to two new peaks 
within the scanned range, the (020) peak at q = 2.5 nm-1, and the (040) peak at 
q = 5.0 nm-1. This is translated into a layered structure with a d-spacing of 2.43 nm. 
The peak at q = 3.6 nm-1 is attributed to AUA in suspension, and its intensity decreased 
as the amino acid dissolved and intercalated into the HTO structure. Two main 
observations can be made regarding the intercalation mechanism. Firstly, the well-
defined layered structure of the HTO host was maintained in the nanocomposite. The 
new peaks of AUATO arose from the background, with the FWHM decreasing from 0.09 
to 0.03 nm-1 between t = 12 min and t = 20 min. The formation of sharp peaks indicates 
that the AUA molecules diffused into the interlayer gallery and quickly rearranged into 
a well-ordered configuration. The small shoulder of the AUATO (020) and (040) peaks 
(q = 2.57 nm-1) slowly decreased over time and it was not observed in the final product. 
It can be attributed to the rearrangement of AUA molecules within the interlayer. And 
secondly, the particle swelling mechanism can be inferred from the shape and position 
of the new peaks. The main peaks of AUATO and HTO did not shift upon nanocomposite 
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formation. The gradual peak intensity change suggests that the AUA molecules swell 
the crystals layer-by-layer rather than in one single step. The AUA molecules would, then 
intercalate in between the outermost layers and swell the crystals towards the center of 
the particle. Partial swelling over the total number of HTO particles would have led to 
broadening of the (020) peak of HTO, however, this in not observed during the AUATO 
nanocomposite formation.

The unidentified peak at q = 3.85 nm-1 is presumed to be an intermediate form of AUATO 
(e.g. single paraffinic layer of AUA), but its intensity also faded in the course of time and 
was not present in the final product.
 

Figure 2.3. Time-resolved SAXS profiles of the intercalation process of HTO crystals with the amino acid 

AUA to form the AUATO nanocomposite. Data were collected at intervals of 30 s duration. The intensity axis 

has a logarithmic scale and the q vector axis has a linear scale. The intensity dip at q = 4.1 nm-1 is an artefact of 

the background subtraction procedure and corresponds with the peak of the Kapton® foil.

2.3.2     Driving force and mechanism of the intercalation

The driving force for the intercalation process are the fast acid-base reactions in 
the interlayer. The amino acid reacts with the protons of the layered host. The –NH2 

functional group acts as a base for the protons and becomes positively charged. This 
reaction facilitates the entrance of the amino acid, helping to keep the charge balance 
and swelling of the layers. Synthesis experiments were carried out at different pH to 
confirm this hypothesis. Suspensions of HTO were set to pH 3 (high concentration of H+ 
in solution) and pH = 11 (low concentration of H+ in solution) by addition of concentrated 
HCl and NaOH aqueous solutions. The amino acid solution (20 mL) was added to 20 mL 
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HTO suspension to follow the time-resolved evolution of the system. Figure 2.4 shows 
the peak height fit for the (020) peak of HTO at q = 6.8 nm-1. The full range SAXS profiles 
can be found in the supporting information (Figure S2.1). The intensity decrease of the 
HTO peak when the reaction occurred at pH 3 can be attributed entirely to the effect of 
dilution caused by the mixing of the HTO suspension with the AUA solution. The –NH2 

group was protonated and did not interact with the H+ in the interlayer; no intercalation 
was observed. 

When the reaction was performed at pH 11, the –COOH was deprotonated 
(see Figure 2.1) and became negatively charged. Thus, the amino acid molecules did 
not enter the interlayer due to charge repulsion. Furthermore, a new peak appeared 
at q = 7.05 nm-1 which can be attributed to the formation of layered NaxTi1.73O4 due to 
the intercalation of sodium ions (Na+) from NaOH that were present in the suspension. 
The Na+ intercalation process was pushed by the high concentration of Na+ and its 
small hydration sphere, which makes it easier to intercalate than AUA. The (020) peak 
of NaxTi1.73O4 · nH2O (NaTiO) arose from the background at the same time that the HTO 
peaks faded. The d spacing of the new material was 0.89 nm, in comparison with 0.92 
nm found for HTO. The ideal synthesis conditions should be set to a pH equal or slightly 
lower than the IEP of the amino acid (i.e. pH 7.85), as was set for the synthesis shown in 
Figure 2.3.
 

Figure 2.4. Peak height fits of the intercalation of AUA in HTO at low and high pH. The scatter points display 

the evolution of the (020) HTO peak and the (020) NaxTi1.73O4 · n H2O (NaTiO) peak. The colored bands serve as a 

guide to the eye.
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2.3.3      Thermochemical analysis of the nanocomposite

The successful intercalation of AUA in the interlayer close to the IEP was also confirmed 
by FTIR, as shown in Figure 2.5a. The figure shows the spectra of pure AUA and the 
AUATO nanocomposite. The typical antisymmetric stretching vibration (gas) of the C=O 
bond shifted from 1635 cm-1 for free AUA, with predominant deprotonated carboxylic 
group (COO-), to 1704 cm-1 when the protonated form (COOH) was dominant. The shift to 
lower vibrational energies was attributed to the formation of intermolecular hydrogen 
bonds with the oxide layer.18 The symmetric stretching vibration (gs) of C-O was also 
present in both free AUA and AUATO and remained unchanged at 1390 cm-1. The peak 
at 1492 cm-1 could be ascribed to the symmetrical deformation vibration (ds) of the N-H 
bond in NH3

+ and indicates that the AUA in the interlayer was present in its protonated 
form. The absorption peaks at 420 cm-1 correspond to internal vibrational modes of Ti-O 
in the TiO6 octahedra.22

TGA-DSC and EA experiments were performed to assess the degree of intercalation of 
the amino acid in the interlayer region. Both techniques relate the organic content with 
the interlayer spacing and thus with the arrangement of the AUA molecules. Figure 
2.5b shows the TGA profile of the layered titanium oxide (HTO), the amino acid (AUA) 
and the nanocomposite (AUATO). The DSC curves can be found in the supporting 
information (Figure S2.2). The layered HTO underwent a total mass loss of 18%, of which 
10 % was attributed to intercalated crystalline water (up to 100 °C) and 8% to the loss 
of oxygen from the titanium oxide network through a topotactic reaction towards the 
formation of stoichiometric TiO2.30 The amino acid AUA underwent its first mass loss 
in the range of 180 °C to 200 °C, corresponding to the polycondensation reaction of 
–NH2 with the  –COOH groups of the amino acid molecules, with a loss of 9% in the 
form of water as a by-product of the reaction. Decomposition continued until total 
oxidation occurred at 520 °C. The nanocomposite AUATO exhibited an intermediate 
behavior. The first weight loss of 5 % in the TGA curve up to 150 °C was attributed to 
crystalline water evaporation, followed by additional weight loss around 200 °C from 
water loss due to the polycondensation of AUA. The reaction was more extended in 
time and temperature compared to free AUA, due to the confinement of the amino acid 
molecules. Between 300 °C and 600 °C intercalated AUA decomposed, resulting in a 
total mass loss attributable to AUA of 37.5 %. The decomposition of AUA was therefore 
delayed by 80 °C compared to free AUA, supporting the idea that the amino acid was 
totally confined between the oxide layers. 

Elemental analysis of the AUATO nanocomposite (N = 2.3 %, C = 23.4 %, H = 4.57 %, 
O = 5.7 %) showed that the quantities of H2O and AUA that can be estimated to be, 
respectively, 4.7 % and 36.7 % of the total mass. These values were in line with the 
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results of TGA. The degree of intercalation was therefore determined to be 65 % of 
the maximum theoretical value, leading to an experimental chemical formula of 
H0.37(AUA)0.7Ti1.73O4 · 0.7 H2O.
 

Figure 2.5. (a) Fourier transformed IR spectra of the 11-aminoundecanoic acid and the nanocomposite AUATO. 

(b) TGA curves for the layered titanium oxide (HTO), the amino acid (AUA) and the nanocomposite (AUATO).

The partial intercalation of AUA can be explained by the charge density of the layered 
HTO host and steric hindrance. The 2-dimensional unit cell (3.786 x 2.996 = 11.34 Å2) of the 
titania nanosheets consist of two [Ti0.87O2]0.52- structural units with a combined net charge 
of -1.04, leading to a charge density of -9.2|e|·nm-2 (where |e| is the absolute elementary 
charge). The d-spacing of the nanocomposite of 2.43 nm calculated from the SAXS 
data includes the thickness of the titania layers of 0.73 nm.31,32 The fully stretched chain 
length of AUA is 1.85 nm, meaning that a fully stretched single layer of AUA molecules 
would be tilted under an angle of 67°. The –NH3

+ head group of the AUA-H+ chain has a 
diameter of 6.3 Å,33 resulting in a charge density of +3.2|e|·nm-2. The difference in charge 
density between the inorganic host and the amino acid guest molecule is too large 
to be compensated in a single paraffinic layer, since the maximum proton substitution 
would be 36 % in that case. It has been reported for amine intercalation between metal 
oxide layers that the amines tend to form paraffin-like bilayers to overcome the steric 
and charge restrictions, together with the hydrophobic-hydrophilic repulsion between 
the alkane chain and the metal oxide surface.33 A double AUA layer with a 27° tilt would 
carry a charge density of 4.6|e|·nm-2 and have a theoretical proton substitution degree 
of 71 %, which value is in the same range as determined experimentally by TGA and EA.
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2.3.4     Intercalation kinetics. 

The kinetics of the process were assessed by performing amino acid intercalation at 
three different temperatures, i.e. 25, 50 and 80 °C. The syntheses were monitored by SAXS 
measurements and the time-resolved SAXS profiles at each temperature can be found 
in the supporting information (Figure S2.3). The intercalation carried out at different 
temperatures resulted in the same final product but with different intercalation rates 
of AUA in HTO. The intercalation rate is represented by the peak height variations over 
time. The (020) peak of AUATO was used to follow the intercalation process. 
Figure 2.6a shows an example curve for 25 °C, where the variation of peak intensity was 
displayed vs. time in seconds. The maximum conversion rate was extracted from the data 
at different temperatures and used to calculate the apparent activation energy of the 
overall process. Assuming Arrhenius-type behavior for the temperature dependency, 
the conversion rate can be fitted by linear regression, see Figure 2.6b. The obtained 
activation energy was ca. 23 kJ/mol. The low activation energy value may be the result 
of the energetically favorable acid-base reactions, which is the driving force of the 
intercalation process. As can be seen in Figure 2.6a, amino acid intercalation occurred 
already after a short time, even at 25 °C. Diffusion of the lengthy AUA molecules into the 
structure was accelerated by temperature increase.
 

Figure 2.6. a) AUATO (020) peak intensity at 25 °C as function of time during synthesis. b) Arrhenius-type 

representation of the conversion rate at different temperatures. The maximum intercalation rate variation was 

used as kinetic parameters to describe the temperature dependence.
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2.3.5     Exfoliation kinetics and mechanism. 

The net charge of the 11-aminoundecanoic acid molecule can be altered by changes 
in local pH, as shown in Figure 2.1. The amino acid was intercalated in between the 
negatively charged HTO layers below its isoelectric point at pH 7.85, under which 
conditions the –NH2 group was protonated after intercalation, while the –COOH group 
was neutral. When the pH of the medium was subsequently increased above 7.85, both 
the –NH3

+ and the –COOH groups deprotonated and the molecules became negatively 
charged. These newly formed charges induced a strong electrostatic repulsion with the 
negatively charged layered host and caused the exfoliation of the layered crystal into 
separate layers. 
 
 

Figure 2.7. SAXS profiles of the exfoliation of AUATO induced by pH increase. The signal at q = 4 nm-1 

corresponds to kapton foil scattering peak. (a) Display of the 3 first peaks of AUATO and the evolution after pH 

increase. Inset: Normalized (020) individual peak heights and fitting to a first order diffusion limited kinetics. 

(b) Full measurement display showing the slope variation at low q during the process of exfoliation. 

Inset: Evolution of the slope between 0.2 < q < 0.8. The intensity dip at q = 4.1 nm-1 is an artefact of the 

background subtraction procedure and corresponds with the peak of the Kapton® foil.

The exfoliation process was monitored by SAXS measurements. Figure 2.7a and 2.7b 
show the SAXS profiles of the exfoliation experiments using an AUATO suspension. 
The pH was increased by addition of NaOH (aq, 3 mol/dm3) to the suspension and 
was monitored throughout the experiment. After addition of NaOH at t = 84 s, the pH 
increased immediately from 6.5 to 11.6. After incubation, all peaks of the nanocomposite 
disappeared within 200 s, indicating the disappearance of long-range order in the 
layered structure. The position of the vanishing peaks of AUATO showed a small shift 
over time to lower q-values, which corresponds with an increase of interlayer distance of 
only 0.2 Å in real space, indicating immediate exfoliation without a swollen or collapsed 
intermediate state. Peak fits are shown in the supporting information (Figure S2.4). 
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The inset in Figure 2.7a displays the (020) peak height during the exfoliation process. 
The exfoliation process showed 1st order kinetics in agreement with earlier findings.26 

The rate of exfoliation was considered to be proportional only to the concentration 
of AUATO nanocomposite. The concentration of OH- was high and relatively constant 
during the process, making the overall reaction seemingly independent of OH- 

concentration. The first order kinetics must be adjusted consequently to introduce the 
main limiting step, the diffusion of the OH- species into the interlayer and posterior 
reaction with the amino acid.34,35 The equation is then as follows:

                                            eq. 2.1

where k, t and t0 are the rate constant, time and starting point of the exfoliation process, 
respectively.

The scattering curves show an intensity increase at low q, corresponding to randomly 
oriented scattering entities with a finite size, interacting with the light at distances 
above 30 nm (q = 0.2 nm-1).36 Figure 2.7b shows the full scattering range of the SAXS 
measurements during the exfoliation process in which it was observed that the slope 
of the SAXS pattern increased abruptly and kept increasing over time, in the q range 
of 0.20 < q < 1 nm-1. The inset shows the slope of the linear fit of each scattering curve 
at the same q range with an increase from 1.1 to 1.8 in absolute values. The increase 
of the slope was attributed to a change in shape towards flatter discs, i.e. a decrease 
in the stack size of the layered nanocomposite, and ultimately into single sheets. The 
absence of any pseudo-Bragg peaks after the decay of AUATO peaks indicates the 
absence of internal crystallographic order, proving that the nanocomposite crystals 
were completely exfoliated into nanosheets of (Ti1.73O4)d-, stabilized by the amino acid 
repulsions.
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2.3.6     Tuning the layer structure: Colloid and restack

After leaving the exfoliated suspensions to rest, a small white precipitate appeared. It 
may be assumed that the solid was the product of a partial restacking of the titanate 
nanosheets with Na+ ions by attractive electrostatic interactions. In order to characterize 
the stability of the remaining exfoliated nanosheets, aliquots of the supernatant were 
taken and measured by UV-Vis spectroscopy, see Figure 2.8. It can be seen that the 
well-defined peak of the nanosheets at 255 nm was maintained up to 2 weeks after 
exfoliation.

 

Figure 2.8. UV-Vis spectra of colloidal suspensions of exfoliated AUATO after 10 min of pH rise and 2 

weeks of reaction time.

When the colloidal suspensions of isolated nanosheets and AUA were switched to 
acidic conditions (pH 4), a partial restacking of the nanocomposite was observed. As 
can be seen in Figure 2.9, the (020) peak of AUATO emerged from the background 
under these conditions. The protonation of AUA at low pH allowed the partial recovery 
of stable attractive electrostatic interactions leading to the generation of the layered 
nanocomposite. The reversibility of the exfoliation process is related to the nature of the 
acid-base behavior of the system.37 When the pH was decreased to even lower values no 
restacking was observed, which can be explained by partial protonation of the surface 
oxygen atoms of the nanosheets. Protonation generated positive charges on the surface 
and therefore, the positively charged nanosheets experienced electrostatic repulsion 
with protonated AUA. Thus, no restacking occurred.
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Figure 2.9. SAXS time-resolved profiles for the re-stacking of colloidal nanosheets upon acidification 

(pH = 4). The intensity dip at q = 4.1 nm-1 is an artefact of the background subtraction procedure and corresponds 

with the peak of the Kapton foil.

2.4       Conclusions

We have shown that intercalations of lengthy molecules such as 11-aminoundecanoic 
acid, driven by an acid-base reaction, are not necessarily long-time processes, as 
generally thought. Therefore no prolonged synthetic routes are needed for this kind 
of intercalation. The low activation energy of the synthesis (23 kJ/mol) is related to the 
mechanism of intercalation, in which the acid-base reactions are one of the fastest 
chemical reactions in solution. The AUA molecules rapidly intercalate and re-arrange in 
a stable paraffinic layer in between the layered titanate precursor, this can be deducted 
using in-situ (time-resolved) SAXS measurements. Similarly, exfoliation can be triggered 
by a change in pH switching the net charge in the AUA molecule. Exfoliation processes 
were fast and only limited by the diffusion of hydroxyl ions to the interlayer molecules. 
The generation of electrostatic repulsive forces between the titanate layers and the 
charged amino acid led to stable colloidal suspensions of nanosheets. Furthermore, 
the system experienced re-stacking upon acidification of the medium. The state of the 
layered system can therefore be tuned by changes of pH in exfoliated and re-stacked 
titanates. The control over the stability of colloidal suspensions of titanium oxide 
nanosheets might be a crucial step to obtain homogeneus titanium oxide films.
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2.6       Supporting Information

 

Figure S2.1. Intercalations at different pH. Time-resolved SAXS profiles for the intercalation process of 

AUA into the layered structure of HTO at different pH values. a) Intercalation at pH 3, with the HTO (020) peak 

at q = 6.8 nm-1; b) Intercalation at pH 11, with HTO (020) peak at q = 6.8 nm-1 

and NaxTiO2 (020) peak at q = 7.2 nm-1.
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Figure S2.2. Differential Scanning Calorimetry curves of HTO, AUA and AUATO. The peaks correspond with 

the events described in the main body of the manuscript for the TGA measurements.
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Figure S2.3. Time-resolved SAXS profiles recorded during the AUATO nanocomposite synthesis process at 

different temperatures. a) 25 °C; b) 50 °C and c) 80 °C.
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Figure S2.4. Peak position and FWHM of AUATO (020) peak during the exfoliation of AUATO, from peak 

fits of the SAXS profiles. The insets display a close-up within the time frame of 50 to 200 s, where the major 

changes took place. The high dispersity of the data after 200 s is related to the disappearance of the peak.

 
 
 



3 .
Hybrid soft ceramics for high  temperature 

lubrication

ABSTRACT

Solid inorganic lubricants are thermally stable but limited by lack of deformability and availability, 

while organic lubricants, e.g. oils or polymers, are limited in terms of thermal stability. We present 

a novel organic-inorganic nanocomposite solid lubricant that was realized by combining the 

thermochemically stable structure of a layered oxide with the plastic deformability of an organic 

polymer, with the purpose of facilitating the solid lubrication processes at elevated temperatures. 

We monitored the intercalation of 11-aminoundecanoic acid in a layered lepidocrocite-type 

protonated titanate (H1.07Ti1.73O4) in-situ using small-angle X-ray scattering (SAXS). The reaction 

yielded a well-organized layered nanocomposite consisting of parallel inorganic 2D titanate 

layers separated by amino acid molecules, and the formation of the nanocomposite structure 

was found to be completed within only 20 min. The soft solid lubricating properties of the 

nanocomposite were determined using high-temperature pin-on-disc experiments up to 580 °C. 

It was found that upon heating, the amino and carboxylic end groups of the amino acid react with 

each other, creating an in-situ polymerized network of nylon-11 confined between titanate layers. 

The lubrication mechanism is based on the softening of the intercalated polymer above 200 °C, 

facilitating the movement of 2D titanate layers over each other when a shear force is applied.
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3.1       Introduction

The mechanical properties of materials are based on the chemical composition and on 
the architectural arrangement of atoms and bonds, from the nano to the macroscale.1,2 

When society thinks of ceramics, the concepts high hardness, high melting temperature 
and low ductility are prevailing. Research on advanced structured ceramics has shown 
that there are few exceptions to this criterion. Nanostructured ceramics in the shape of 
honeycombs are a good example of deformable ceramics.3 The regular porous network 
can absorb strain under a tensile force, where traditional dense polycrystalline ceramics 
would fail. The anisotropy leads to an increase in flexibility in specific directions due to 
the absence of ionic bonds in those directions. Layered ceramics can undergo plastic 
deformation when a shear force is applied parallel to the planes, which is at the basis 
of the application of such ceramics as solid lubricants.4 The most well-known layered 
structure is graphite, where the carbon atoms are covalently bonded to 3 other carbon 
atoms in a triangular planar configuration due to the sp2 orbital hybridization forming 
2D nanosheets of graphene.5 The layers are held together by weak van der Waals forces 
resulting from the extra 2p orbital oriented out-of-plane, thus the layers can easily slide 
over each other.6 Nowadays, graphite is extensively used in industry for lubrication 
purposes in a wide range of temperatures, because of its relatively high thermal stability, 
decomposing in air above 700 °C.7 Nevertheless, there are some problems related to 
its use, for instance the creation of a dirty working environment and pitting corrosion 
on steel surfaces due to its electrical conductivity.8,9 Alternatives for graphite lubricants 
are based on salts of polymers such as polytetrafluoroethylene,10 and inorganic 2D 
networks like hexagonal boron nitride (h-BN), or metal dichalcogenides such as 
molybdenum disulfide (MoS2). The latter compounds mimic the layered structure of 
graphite.11,12 The use of these alternatives is limited by the decomposition, i.e. oxidation, 
of the compounds in air and at high temperatures. Therefore, there is a need to identify 
thermally stable alternatives that are not susceptible to catastrophic oxidation, or that 
have sufficient thermal stability in order not to affect the behavior of the lubricant within 
the relatively short time scale of the lubrication process. Layered ceramics are most 
commonly used as additives for oil lubrication.13,14 Nevertheless, to our knowledge they 
have not been used as dry powder solid lubricants for high temperature applications. 
From a structural point of view, layered oxides may be suitable substitutes for traditional 
high temperature solid lubricants. They are composed of thin metal oxide layers with a 
partial charge, and held together by strong electrostatic interactions because of the 
presence of counter ions in the interlayer region. In order to reduce the electrostatic 
interactions, the intercalation of bulky ions, typically organic molecules, replacing the 
original counter ions is usually required. The interlayer distance increases by the presence 
of such charged organic species, reducing the Coulombic interactions between the 
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layers, thus facilitating the sliding of sheets relative to one another under the influence 
of a shear force. However, just the presence of organic counter ions may not result in 
enhanced deformability of a stack of layers, since the molecules do not form a network 
and are susceptible to degradation at relatively low temperatures. The presence of a 
polymer would create a soft and well-connected network over which the inorganic 
layers may slide much more easily. In general, the intercalation of polymers in layered 
ceramics is regarded as a challenge.15 A viable approach is to intercalate monomers 
first, followed by triggering a polymerization reaction, in some cases by means of a 
catalyst. We synthetized and characterized a hybrid nanocomposite consisting of a 
layered titanate with lepidocrocite-like structure (H1.07Ti1.73O4, further denoted as HTO) 
and 11-aminoundecanoic acid (denoted as AUA) zwitterions. The amino acid molecules 
are the precursor of nylon-11, which can be formed upon heating in-situ in between the 
oxide layers creating a soft layer. The lubricative properties originate from the synergy 
between the thermally stable oxide and the deformable soft polymer.

3.2       Experimental Section

3.2.1     Layered titanate synthesis

The layered titanate precursor K0.8Ti1.73Li0.27O4 (KLTO) was prepared by a flux method 
reported elsewhere.17 Typically, a mixture of TiO2, K2CO3,Li2CO3 and MoO3 with a molar 
ratio of 1.73:1.67:0.13:1.27 is heated in a platinum crucible to 1150 °C at a rate of 
3 °C/min, held at that temperature for 30 min, and cooled down to 950 °C at a rate 
of 0.1 °C/min. The mixture was allowed to cool further to room temperature at 5 °C/min. 
The obtained KLTO powder was once washed in 500 mL demineralized water to remove 
the flux material K2MoO4. The crystals were then dispersed in a 2 mol/dm3 HNO3 solution 
(250 mL) at room temperature and stirred in order to protonate the layered titanate. 
The acid solution was renewed daily after decantation. After treatment for 3 days the 
crystals were recovered by filtration, washed with abundant demineralized water and 
dried in air to obtain H1.07Ti1.73O4·H2O (HTO) powder. The HTO powder was used for the 
in-situ SAXS experiments.

3.2.2     Nanocomposite synthesis

Typically, 4 g of AUA was dissolved in 500 mL demineralized water and transferred to a 
round bottom flask. The pH of the solution was adjusted to pH 7, below the isoelectric 
point (IEP) of the amino acid at pH 7.85, in order to avoid the presence of deprotonated 
carboxyl groups (see Figure 3.1b). Subsequently, 1 g of HTO powder was added and 
the mixture was stirred for 20 min at 80 °C. The product was recovered by filtration and 
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thoroughly washed with demineralized water. The powder was dried in air to obtain the 
nanocomposite AUATO. For the in-situ SAXS experiments, 100 mg of HTO was suspended 
in 50 mL demineralized water. Then, 400 mg of AUA powder was added to the HTO 
suspension. The pH of the suspension media was set slightly below the IEP of AUA. The 
exfoliation of the nanocomposite to obtain colloidal suspensions of nanosheets was 
achieved upon addition of NaOH (aq) (3 mol/dm3) to increase the pH to 11.

3.2.3     Characterization

SAXS was performed to monitor the kinetics and mechanism of intercalation of 
AUA in between the layers of the HTO host and the subsequent exfoliation process. 
The syntheses were performed at controlled temperatures in round bottom flasks 
placed in an oil bath. The suspension was simultaneously pumped to a home-made 
reaction chamber closed by Kapton® foil walls, to allow the X-ray beam to cross the 
sample and be recorded by the detector. The characterization was carried out using 
synchrotron radiation at the Dutch-Belgian beamline, DUBBLE BM-26B, in the European 
Synchrotron Radiation Facility (ESRF) in Grenoble, France.16 The X-ray beam was focused 
at the corner of a 2D gas-filled multiwire proportional CCD detector to maximize the 
range of accessible scattering vector values q. The beam energy was set to 12 keV 
(l = 0.103 nm). The samples were placed at a distance of 1.3 m from the detector, and 
the intensity was measured in the range 0.18 < q < 7.85 nm-1. The interlayer distances in 
the nanocomposite, d, were calculated using Bragg’s law: d = 2p/q.

The measurement by powder X-ray diffraction (XRD) at different temperatures was 
conducted with a X’Pert Powder Pro (PANalytical) using Cu-Ka irradiation (λ = 1.5418 Å) 
and recorded with a 1D PIXcel detector. The sample was placed in a Anton Paar TTK 450 
chamber and heated from 25 to 250 °C with an increase of 5°C/step. The patterns were 
further analyzed using the X’Pert Highscore Plus software package. 
Thermogravimetric analysis combined with differential scanning calorimetry (TGA-
DSC) was performed in Pt cups using a Netzsch STA 449 F3 at a constant heating rate 
of 5 °C/min in technical air (N2/O2 = 80/20). Fourier-transformed infrared spectroscopy 
(FTIR) was carried out with a Bruker Tensor 27 FTIR equipped with a liquid nitrogen 
cooled detector D315/6 LN. 

The lubricative properties of the nanocomposite films were assessed by the use of a 
High-Temperature Pin-on-Disc (PoD) tribometer of CSM instruments. The pins consisted 
of flattened steel bearing balls (10 mm diameter, SKF). The surface of the steel pin 
was 27 mm2, giving a surface concentration of lubricant of 75 μg/mm2 (or 75 g/m2). 
The applied load was 10 N, resulting in an effective contact pressure of 370 kPa. The 
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rotating disk was made of EN 10278 steel and was polished, as well as the flattened 
bearing balls, with SiC paper with a maximum mesh of 2000 and diamond paste of 3 mm 
particle size. The calculated arithmetic roughness of the steel surfaces was Ra = 0.90 ± 
0.25 mm. The measurements consisted of recording the friction force for a maximum of 
one rotation of the pin over the disc, at a velocity of 1 mm/s. Data were collected from 
the first data points after contact between the pin/lubricant and the disc at a preset 
temperature varying from 25 to 580 °C. The coefficient of friction (CoF) was averaged 
after a minimum of 5 repetitions. The typical time scale of one experiment was up to 
30 s since the powder films were susceptible to be worn out due to the limited testing 
surface. The friction force of a graphite suspension was measured as reference. The 
graphite powder (Sigma-Aldrich, 99.99 %) was milled on a roller bench with zirconium 
oxide beads (f = 1 mm) for 48 h and applied to the steel pins in an identical way as 
the AUATO suspensions. The coefficient of friction (CoF) was determined from the 
experimental data using the equation:

Fr= μ∙N

where Fr is the resistive force of friction, m is the CoF and N is the normal force (or applied 
load).

3.3       Results and Discussion

3.3.1     Synthesis of the nanocomposite

Layered titanates consist of negatively charged titanium oxide monolayers that can 
be intercalated by a wide range of cations. The charge imbalance in these titanate 
nanosheets is caused by the presence of aliovalent ions or titanium vacancies, and 
these can be compensated by a variety of counter ions that are present in the interlayer 
region. The layered parent compound potassium lithium titanate K0.8(Li,Ti)2O4 (denoted 
as KLTO) was obtained by a solid state flux method developed elsewhere. In order 
to allow its further functionalization with other cations, KLTO was protonated in a 
concentrated aqueous solution of HNO3, thereby replacing K+ and Li+ by H+ via ion 
exchange. This process results in the protonated form HTO. The H+ counter ions maintain 
change neutrality in the layered system. Moreover, they are susceptible to acid-base 
reactions. A hybrid nanocomposite (AUATO) was obtained by suspending HTO and 
AUA powder in water at 80 °C and a pH of 7. The intercalation of AUA in the interlayer 
region of HTO was monitored using in-situ small-angle X-ray scattering (SAXS), see 
Figure 3.1a. The intercalation of the amino acid seems to lead to a fully crystalline 
layered composite within 20 min, including the dissolution of the amino acid. The peaks 
of both the HTO and AUA precursors vanish at the same time as the nanocomposite 
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is formed, with appearance of new characteristic peaks at q = 2.5 nm-1 for the AUATO 
(020) peak, and at q = 5.0 nm-1 for the AUATO (040) peak. The layered structure swells 
with the intercalation of AUA. The d-spacing between layers increases from 0.92 nm 
in HTO to 2.43 nm in AUATO. In this topotactic transformation, the well-defined layer 
structure of HTO is maintained throughout the intercalation process. The molecules of 
AUA rapidly rearrange upon intercalation. A temporary peak appears at q = 3.85 nm-1; it 
can be attributed to an intermediate form of hydrated AUA,18 but it is not present in the 
final product, see supporting information Figure S3.1. The quick intercalation of AUA 
is probably due to a rapid acid-base reaction between the amino group (–NH2) of the 
amino acid and the protons of the layered HTO, see Figure 3.1b. In the vicinity of the 
isoelectric point of the zwitterion (IEP = 7.85), where this experiment was performed, 
the –NH2 group is deprotonated and the –COOH is protonated. The –NH2 group, a weak 
base, becomes positively charged upon intercalation and acid-base reaction, so that the 
counter-ions between the titanate layers essentially convert from H+ into protonated 
AUA. The presence of the protonated carboxylic acid group is thought to increase the 
stability of the nanocomposite due to its ability to generate hydrogen bridges with the 
oxygen ions of the titanium oxide layers.19 If the pH of a suspension containing AUATO 
is raised to above the IEP of the amino acid, both functional groups (–NH3

+ and –COOH) 
become deprotonated, so that the overall charge of the molecule becomes negative 
instead of positive. These newly formed negative charges generate large electrostatic 
repulsions with the negatively charged titanate layers of the host compound, causing 
the rapid exfoliation of the layered crystal into separate nanosheet layers.20,21 Figure 3.1c 
shows the time-resolved SAXS profile of the exfoliation of AUATO after an increase of 
the pH to 11. All reflections of AUATO faded until complete disappearance within 200 s 
after the moment of pH increase. This process gives an indication of the loss of order in 
the layered system,22 and the generation of a colloidal suspension of individual titanium 
oxide nanosheets stabilized by the electrostatic repulsions with the amino acid.
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Figure 3.1. Synthesis and exfoliation of the AUATO nanocomposite. a) Time-resolved SAXS profiles of the 

intercalation process of HTO crystallites with the amino acid AUA at pH 7. Disappearing peaks of AUA and HTO, 

and emerging peaks of AUATO can be seen. The intensity dip at q = 4.1 nm-1 is an artefact of the background 

subtraction procedure and corresponds with a diffraction peak originating from the Kapton® foil holder. 

b) Molecular representation of the zwitterion 11-aminoundecanoic acid (AUA). The amine (NH2 /NH3
+) and 

carboxylic acid (COO-/COOH) functional groups can participate in acid-base reactions with protons of the layered 

HTO host and are susceptible to protonation/deprotonation upon pH change. c) Time-resolved SAXS profiles of 

the exfoliation process of AUATO nanocomposite at pH = 11. The anomaly at q = 4.1 nm-1 is an artefact of the 

background subtraction procedure.

3.3.2      Thermochemical characterization and structure evolution

The thermal evolution of the composite was studied by means of TGA-DSC in air using 
a heating rate of 5 °C/min. The TGA-DSC profiles in Figure 3.2 provide a comparison 
between AUA and AUATO. The nanocomposite loses up to 3.5 wt% mass below 150 °C, 
which is attributed to the loss of physically bound water from the intergallery spacings. 
A well-defined mass loss is found for both AUA and AUATO at 200 °C. It corresponds 
with the occurrence of polycondensation of 11-aminoundecanoic acid into nylon-11, 
which is accompanied by an overall 9 wt% mass loss due to water released during 
polyamide bond formation. The endothermic peak present in the DSC signal of AUATO 
at 180-200 °C shows the in-situ melting of the amino acid and the formation of nylon 
between the layers, which is even more clearly visible in the DSC signal of AUA.23 Both 
the polycondensation and the melting processes overlap each other partially since they 
happen at similar temperatures. At even higher temperatures, a two-step decomposition 
process with the decomposition of the amino group at 300 °C and a rapid thermal 
oxidation of the polymer at 450 °C. This decomposition process is delayed by no less 
than 100 °C in the case of AUATO, clearly indicating the high degree of encapsulation of 
the polymer between the titanate layers.24 The nylon network would be then protected 
from premature oxidation by the titanium oxide layers.
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Figure 3.2. Thermal evolution of AUATO nanocomposite and AUA amino acid. Thermogravimetric analysis 

(TGA; drawn lines) coupled with differential scanning calorimetry (DSC, dashed lines) of 11-aminoundecanoic 

(AUA) and the nanocomposite (AUATO). Heating rate of 5 °C/min.

The formation of nylon-11 by polycondensation of the amino acid monomers in AUATO 
was confirmed by temperature-dependent diffuse reflectance FTIR spectroscopy 
(DRIFTS), as shown in Figure 3.3a. The figure shows the spectra of the AUATO 
nanocomposite up to 250 °C. Upon heating, an absorption peak emerges above 
150 °C at 3300 cm-1, which becomes more pronounced from 190 °C, and is attributed 
to N-H stretching of the amide bond. Another indication for the formation of amide 
bonds is the shift of the N-H symmetrical deformation vibration at 1492 cm-1 (amine) 
to 1543 cm-1 (amide) overlapping with the N-H bending in the amide.25 The typical 
antisymmetric stretching vibration (gas) of the C=O bond at 1704 cm-1 and the symmetric 
stretching vibration (gs) of C-O at 1395 cm-1 in protonated carboxylic acid (COOH) 
disappear, indicating the disappearance of free COOH groups. Moreover, the stretching 
vibration of the C=O bond becomes more pronounced in the in-situ formed nylon-11. 
The typical CH2 bending vibration peak at 1465 cm-1 becomes wider upon heating from 
180 °C, indicating the formation of a melt. 

The temperature increase also induces changes within the crystal structure of the 
nanocomposite, as can be seen in Figure 3.3b. The figure displays the (020) peak of 
AUATO, the first Bragg reflection of the nanocomposite, which can also be seen in the 
SAXS data in Figure 3.1 at q = 2.5 nm-1. The peak shifts towards higher angles, from 3.7° to 
4.5°, indicates that the metal oxide layers collapse upon heating. There is an initial peak 
shift up to 125 °C, with the strongest effect in the course of the first 50 °C temperature 
increase. The overall shift can be explained in terms of a partial reorganization of the 
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AUA molecules contained between the titanium oxide layers, and is probably related 
to the loss of intergallery water. The intensity of the peak decreases dramatically above 
125 °C and continues to shift to 4.5°. This latter process is associated with the melting of 
AUA molecules and the initiation of the polycondensation reaction, as indicated by the 
TGA-DSC and DRIFTS measurements. The melting and formation of nylon-11 from AUA 
yields an easily plastically deformable intercalation layer, and it also induces  disorder of 
layers as can be seen by the broadening of the (020) peak.
 

Figure 3.3. Chemical and crystallographic changes induced during temperature increase of the 

nanocomposite. a) Polycondensation of intercalated AUA into in-situ formed nylon-11 intercalated between 

titanate layers, as recorded by temperature-dependent DRIFTS. The change in the bond vibrations in AUATO, 

the appearance of amide groups and the disappearance of amine and carboxylic vibrations are indicative for 

polycondensation. b) Isolines plot of part of the X-ray diffractogram of the (020) peak of AUATO with increasing 

temperature. The color scale represents the normalized intensity.
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3.3.3     Thermomechanical characterization

High-temperature Pin-on-Disc (PoD) experiments were performed to relate the 
structural order and presence of soft layers within the nanocomposite to the mechanical 
properties. The AUATO nanocomposite was applied as a solid lubricant in the form of a 
suspension onto the surface of a flattened steel bearing ball acting as a pin. The pin 
was subsequently pressed onto the surface of a preheated steel disc at temperatures 
between 25 and 580 °C. The recorded friction forces were translated into a coefficient of 
friction (CoF). The CoF of the AUATO nanocomposite compounds was compared with the 
CoFs for unlubricated metal-metal contact and a film of graphite, which is considered 
as the “state-of-the-art” lubricant. For the sake of clarity and simplicity, the data points 
of both references are represented in the form of colored bands. The measured values 
can be found in Figure S3.2, in the supporting information section.  Figure 3.4 shows the 
performance of protonated HTO precursor and AUATO films obtained from suspensions 
at different pH. The results shown were extracted from the data points recorded after 
contact between the pin-lubricants and disc surfaces. HTO exhibits a CoF in the range of 
the metal-metal contact up to 200 °C and a stable value above 0.55 up to the maximum 
temperature, 580 °C. The sharp increase of the CoF between room temperature and 
200 °C may be attributed to loss of water from the interlayer region during heating, as 
witnessed in the TGA-DSC analysis of HTO in supporting information Figure S3.3. 
The presence of water at lower temperatures probably acts as an intraparticle lubricant 
facilitating the sliding of the sheets relative to one another to a limited extent. The 
high CoF values above 200 °C provide evidence of the strong electrostatic interactions 
between planes and H+ counterions after dehydration. The interactions hold the layers 
together and therefore hinder the sliding of sheets over each other. 

The AUATO nanocomposite was suspended in water and the pH changed, so that the 
morphology of the staked material changed from strongly ordered at pH < 7.85 to a 
colloidal suspension of nanosheets and amino acid molecules at pH > 7.85. The resulting 
nanocomposite powder lubricant films are thus composed of a well-defined layered 
structure when deposited from suspensions at low pH, and a disordered amorphous 
morphology from suspensions at high pH. In the latter case, the rapid drying of the 
film on top of the bearing ball does not allow the nanosheets to re-stack in an orderly 
configuration, as can be seen by the lack of features in the XRD patterns presented 
in the supporting information in Figure S3.4. The behavior of the films is comparable 
in all cases. At room temperature, the presence of intercalated amino acid molecules 
in the interlayer region does not lead to good lubricative properties in the hybrid 
nanocomposite, because the CoF is even higher than for direct metal-metal contact. 
This behavior is indicative of a hard material. The densely packed amino acid chains, in 
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combination with strong hydrogen bonding between titania planes and counter ions 
may explain this behavior. A CoF ≈ 0.5 was recorded at all pH between 3 and 11. Upon 
heating, the increase of flexibility of the carbon chains and relative weakening of the 
hydrogen bonds at temperatures as low as 100 °C yielded values of CoF equal to or 
slightly lower than metal-metal contact. This hypothesis is supported by the changes 
in the crystallography and the chemistry of the nanocomposite as shown in Figure 3.3. 
A rapid drop in the CoF occurred above 200 °C for all three films irrespective of pH. 
The change is related to the melting of the freshly formed nylon-11 phase just below 
200 °C,26 as shown in Figures 3.2 and 3.3. The structural order of the layered system at 
low pH seems not to influence the CoF of AUATO. Apparently, the presence of molten 
nylon-11 between and around the layers suffices to allow the siding of the layers. The 
stability of the nylon network in and around the titania sheets seems to be sufficient 
to decrease the overall friction force. The CoF of AUATO converges to values between 
0.07 and 0.10 for all films. This corresponds with a decrease in friction force by a factor 
of 3 from the unlubricated metal–metal contact and a factor of 5 from the original 
HTO phase. The performance of the AUATO nanocomposite is comparable to the 
performance of the graphite films at a temperature of 400 °C and higher. The AUATO 
films were found to be less stable with temperature, with partial nylon-11 oxidation, 
compared to graphite.

 

Figure 3.4. Friction coefficients of AUATO nanocomposites. Films of  AUATO nanocomposite lubricant 

obtained from suspensions with varying pH were explored as solid lubricants. The figure displays the coefficient 

of friction (CoF) obtained by high temperature Pin-on-Disc measurements on films of AUATO. The performance of 

unmodified HTO is also shown. Note that the reference CoF for the unlubricated contact is m = 0.32 ± 0.02,  and 

the CoF of graphite m = 0.050 ± 0.005 . 
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3.4       Conclusions

A novel hybrid organic-inorganic nanocomposite was synthesized and used for solid 
lubrication at high temperatures for the first time. The nylon-titanate nanocomposite 
structure has an inorganic layered structure reminiscent of well-performing solid 
lubricants such as graphite and metal dichalcogenides, while also containing a polymeric 
component that softens at high temperatures, allowing the plastic deformation of the 
nanocomposite by sliding of the titanate layers over each other under shear force. The 
nanocomposite is obtained by modifying a layered titanium oxide phase via intercalation 
of 11-aminoundecanoic acid. The intercalated AUA molecules polymerize upon heating, 
generating polymer chains of nylon-11, encapsulated in the intergallery spacing of the 
layered titanate. The presence of the amino acid does not seem to intrinsically improve 
the lubricating properties of the nanocomposite. However, the softening of the in-situ 
generated nylon phase allows the layers of titanium oxide to slide easily over each other, 
thus allowing to decrease friction forces when applied as lubricant. The in-situ  formed 
internal lubricant decreased the CoF by a factor of 5 compared to the unmodified layered 
protonated titanium oxide ceramic phase. In short term experiments, the performance 
of the nanocomposite was comparable to that of graphite. The synthesis and use of this 
nanocomposite constitutes a novel lubrication mechanism with a synergy between a 
polymer and an inorganic network at the nanoscale. This type of modification may be 
also applied to many other intercalation compounds due to the zwitterionic behavior of 
the amino acid, thus allowing to explore the concept of soft nanocomposite materials 
for high temperature lubrication further.
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3.6       Supporting Information
 

Figure S3.1. Powder X-ray diffractogram of AUATO nanocomposite. The (0k0) peaks of the nanocomposite 

are indexed and show a single phase compound without parasitic phases.

 

Figure S3.2. Variation of the average coefficient of friction with temperature of graphite and the 

unlubricated surfaces used as reference values in this work.
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Figure S3.3. Thermogravimetric analysis coupled with differential scanning calorimetry (TGA-DSC) of the 

protonated titanate (HTO). Heating rate of 5 °C/min.

 

Figure S3.4. Powder X-ray diffractogram of a dried sample of AUA exfoliated at pH 11. The diffractogram 

shows the absence of the characteristic diffraction peaks of the AUATO nanocomposite. A parasitic peak of 

the compound (NaxTO) originated from the intercalation of Na+ ions from NaOH used to adjust the pH at 11 is 

present. Inset: Artistic impression of the nanosheets disorder induced by the exfoliation. 



4 .
n-Alkylamine intercalated layered titanates for 

solid lubrication

ABSTRACT

The intercalation of different primary n-alkylamines in the structure of a layered titanate of the 

lepidocrocite type (H1.07Ti1.73O4) for application in high temperature solid lubrication is reported. 

The intercalation of amines was explored by means of in-situ small angle X-ray scattering (SAXS) 

with variations on the alkyl chain length (3 to 12 carbon atoms) and the ratio amine : titanate. 

The intercalation process was found to be completed within only 5 min after mixing of the 

precursors in water at 80 °C. The topotactic transformation of the layered titanate is driven by 

an acid-base reaction. The thermal degradation of the modified titanates was investigated by 

thermogravimetric analysis (TGA) and the chemical changes by temperature-dependent infrared 

spectroscopy (DRIFTS). The coefficient of friction of the lubricants was assessed by means of high-

temperature pin-on-disc experiments up to 580 °C. The intercalation of amine into the layered 

titanate rendered a deformable layered ceramic upon heating. It was found that the hydrocarbon 

chain length exerts an influence on the mechanical properties of the titanates, resulting in lower 

friction forces for lubricants with longer intercalated amine molecules. Films of solid lubricants 

with longer amine chain lengths showed coefficients of friction as low as 0.01.
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4.1       Introduction

A wide range of two-dimensional (2D) nanomaterials has been explored over the 
past decades because of their potential for utilization in many different fields, such as 
environmental,1 catalytic,2 electronic3 and mechanical4 applications. Till date, a large 
number of 2D compositions has been obtained from 3D layered parent compounds, 
such as graphite,5 layered transition metal dichalcogenides,6 layered metal oxides,7 

layered double hydroxides,8 clay minerals9 and MAX phases.10 Most of these 2D 
materials have found applications in tribology as solid lubricants and as oil additives 
for lubrication.11 The most well-known layered structure is graphite, forming a flexible 
2D carbon network that displays high thermal stability and is electrically conductive. 
Graphite is known for its natural ‘softness’, which can be translated as a readiness of layer 
delamination.5 The outstanding mechanical properties of graphite as lubricant originate 
from its atomic structure and bonding. In graphite, the layers are held together by weak 
Van der Waals forces. The layers can easily slide over each other when a shear force is 
applied.12 Nowadays, graphite is extensively used in industry for lubrication purposes 
over a wide range of temperatures.13 Graphite has a relatively high thermal stability, 
decomposing in air above 700 °C. Nevertheless, there are some problems related to its 
use, for instance the formation of a dirty working environment and pitting corrosion on 
metal surfaces due to its electrical conductivity.14  Alternatives for graphite lubricants are 
based on salts of polymers such as polytetrafluoroethylene15 and the abovementioned 
inorganic 2D structures. The latter compounds mimic the behavior of the layered 
structure of graphite. Hexagonal boron nitride (h-BN) and metal dichalcogenides 
such as molybdenum disulfide (MoS2) and tungsten disulfide (WS2) are composed by 
layers or nanosheets held together by van der Waals forces. As with graphite, there is 
no need for chemical modification of the layers for their use as lubricants.16,17 They are 
reported to have been applied as powder solid lubricants18 and as additives in oils and 
greases.19 Their use is limited by the decomposition, i.e. oxidation, of the compounds in 
air at high temperatures, as well as their price and availability.20 Clay minerals and metal 
(hydr)oxides composed of charged nanosheets that are held together by strong 
electrostatic forces, with the presence of counter ions in the intergallery region, are much 
more readily available layered materials. However, their ionic nature hinders their direct 
application as lubricant when used in pristine form, but allows a chemical modification 
with a wide variety of organic and inorganic counter-ions that can potentially enhance 
their mechanical properties. With the intercalation of bulky or long organic molecules, 
the interlayer distance of the 2D network increases, resulting in a reduction of the layer 
interaction and thus, the exfoliation or the sliding of the sheets relative to one another is 
facilitated.21 Many examples of the use of modified 2D charged structures as additive in 
lubricating oils can be found in the literature. For instance, the use of metal hydroxides 
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modified with oleic acid22 or dodecyl sulfate ions23 in oil lubrication and montmorillonite 
functionalized with quaternary ammonium ions of different sizes as additive in grease 
lubrication.24 The presence of the modified layered ceramic as additive appears to 
reduce the friction force and wear rate of the lubricated surfaces. Despite the research 
on ceramics as oil/grease additives, they have only been studied to a limited extent 
as dry powder solid lubricants for high temperature applications. To our knowledge, 
layered titanates have not yet been employed as solid lubricant. These layered systems 
have been studied for their photoactive behavior25 and their role as seed layer for crystal 
growth.26 A common technique for the formation of 2-dimensional titanium oxide 
nanosheets is via intercalation of bulky ions such as tetrabutylammonium (TBA+) ions 
and the subsequent delamination of the layered oxide.7 The exfoliation process leads 
to a swollen state or the partial formation of a restacked hybrid system.27,28 Surfactants 
containing amine-derived groups are widely used for the delamination of inorganic 
layered materials. In this study we report the intercalation of primary n-alkylamines, 
with alkyl chain lengths ranging from 3 to 12 carbon atoms, into the layered structure 
of a lepidocrocite-type layered titanate (H1.07Ti1.73O4). The intercalation of bulky amine 
molecules is carried out to enhance the sliding of the titanium oxide platelets, 
rendering an easily deformable ceramic-organic hybrid when a shear force is applied. 
We report the influence of the carbon length on the layer spacing after intercalation and 
its influence on the mechanical properties of the solid lubricants in high temperature 
pin-on-disc experiments.

4.2       Experimental Section

4.2.1     Layered titanate synthesis

The layered titanate precursor K0.8Ti1.73Li0.27O4 (KLTO) was prepared by a flux method 
reported elsewhere.29 Typically, a mixture of TiO2, K2CO3,Li2CO3 and MoO3 with a molar 
ratio of 1.73:1.67:0.13:1.27 is heated in a platinum crucible to 1150 °C at a rate of 
3 °C/min, held at that temperature for 30 min, and cooled down to 950 °C at a rate 
of 0.1 °C/min. The mixture was allowed to cool further to room temperature at 5 °C/min. 
The obtained KLTO powder was once washed in 500 mL demineralized water to remove 
the flux material K2MoO4. The crystals were then dispersed in a 2 mol/dm3 HNO3 solution 
(250 mL) at room temperature and stirred in order to protonate the layered titanate. 
The acid solution was renewed daily after decantation. After treatment for 3 days the 
crystals were recovered by filtration, washed with abundant demineralized water and 
dried in air to obtain H1.07Ti1.73O4·H2O (HTO) powder. The HTO powder was used for the 
in-situ SAXS experiments.
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4.2.2     Amine intercalation

Different amine-intercalated HTO compounds were prepared and characterized in 
the laboratory and by in-situ SAXS experiments. Primary n-alkylamines with different 
chain lengths containing 3, 5, 6, 8 or 12 carbon atoms were chosen, and denoted as 
Nx, where x = 3 – 12. The ratio amine : HTO was varied and set to 1:2, 1:1 or 2:1 for N3 to 
N8 intercalation experiments. For the in-situ SAXS measurements, 100 mg of HTO was 
suspended in 20 mL demineralized water at 80 °C. Then, a stoichiometric amount of N3 
to N8 corresponding to the chosen ratio was dissolved in 20 mL of demineralized water 
at 80 °C, followed by fast injection into the HTO suspension. The intercalation of N3 to 
N12 in the laboratory consisted of the mixing of HTO and the amine in a molar ratio 
1 : 1 in demineralized water with a final concentration of 2 wt% of the modified titanate. 
The suspensions were vigorously stirred for 2 h at room temperature. The products are 
denoted as NxTO, with x = 3 – 12.

4.2.3     Characterization

Thermogravimetric analysis (TGA) was performed in Pt cups using a Netzsch STA 449 
F3 at a constant heating rate of 5 °C/min in technical air (N2/O2 = 80/20). Temperature-
dependent diffuse reflectance infrared spectroscopy (DRIFTS) was carried out with a 
Bruker Tensor 27 equipped with a Harrick Praying Mantis set-up including a reaction 
chamber dome enclosed by ZnSe windows. 

The lubricious properties of the nanocomposite films were assessed by the use of a 
high-temperature Pin-on-Disc (PoD) tribometer of CSM instruments. The pins consisted 
of flattened steel bearing balls (10 mm diameter, G10T SKF). The surface of the steel pin 
was 27 mm2, giving a surface concentration of lubricant of 75 μg/mm2 (or 75 g/m2). The 
applied load was 10 N, resulting in an effective contact pressure of 370 kPa. The rotating 
disk was made of EN 10278 steel and was polished, as well as the flattened bearing balls, 
with SiC paper with a maximum mesh of 2000 and diamond paste of 3 μm particle size. 
The calculated arithmetic roughness of the steel surfaces was Ra = 0.90 ± 0.25 μm. The 
NxTO products were suspended in water at a concentration of 2 wt% and subsequently 
dried on the surface of the steel pin. The measurements consisted of the recording of 
the friction force for a maximum of one rotation of the pin over the disc, at a velocity 
of 1 mm/s. Data were collected from the first data points after contact between the 
pin/lubricant and the disc at a preset temperature varying from 25 to 580 °C. The 
coefficient of friction (CoF) was averaged over a minimum of 5 repetitions. The typical 
time scale of one experiment was up to 30 s since the powder films were susceptible 
to be worn out due to the limited reservoir surface of the pin. The friction force of a 
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graphite suspension was measured as reference. The graphite powder (Sigma-Aldrich, 
99.99 %) was milled on a roller bench with zirconium oxide beads (f = 1 mm) for 48 h and 
applied to the steel pins in an identical way to the n-alkylamine-titanate suspensions.

SAXS was performed to monitor the kinetics and mechanism of intercalation of amine 
molecules in between the layers of the HTO host. The syntheses were performed at 
controlled temperatures in round bottom flasks placed in an oil bath. The suspension 
was simultaneously pumped to a home-made reaction chamber closed by Kapton® foil 
walls, to allow the X-ray beam to cross the sample and be recorded by the detector. 
The characterization was carried out using synchrotron radiation at the Dutch-Belgian 
beamline, DUBBLE BM-26B, in the European Synchrotron Radiation Facility (ESRF) in 
Grenoble, France.30 The X-ray beam was focused at the corner of a 2D Pilatus 1M detector 
to maximize the range of accessible scattering vector values q. The beam energy was 
set to 12 keV (l = 0.103 nm). The samples were placed at a distance of 1.3 m from the 
detector, and the intensity was measured in the range 0.18 < q < 7.85 nm-1. The interlayer 
distances in the nanocomposite, d, were calculated using Bragg’s law; d = 2p/q.

4.3       Results And Discussion

4.3.1     Synthesis of the n-alkylammonium titanate compounds

The K0.8Ti1.73Li0.27O4 parent structure consists of a stack of negatively charged layers of 
(Ti1.73Li0.27O4)0.8- with a lepidocrocite-like structure, where K+ is located in the interlayer 
region to neutralize the negative charges present in the oxide layers. The washing 
process in aqueous HNO3 solution led to replacement of K+ and Li+ ions for H+ in the 
interlayer region, leaving negatively charged Ti vacancies in the titanium oxide layers. 
Amines are weak bases that are susceptible to react with the protons of layered HTO. 
The reaction yields positively changed organic alkylammonium cations that can be 
intercalated as counter charges between the titanium oxide layers. 
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Figure 4.1. (a) Time-resolved in-situ SAXS profiles of the intercalation process of hexylamine (N6) in the HTO 

crystals (ratio 1:2) to form the N6TO. Data were collected at intervals of 3 s duration. The intensity axis has a 

logarithmic scale and the q vector axis has a linear scale. The signal at q = 4 nm-1 corresponds to kapton foil 

scattering peak. Inset: Normalized (020) individual peak heights of HTO at q = 6.8 nm-1 and fitting to a first order 

diffusion limited kinetics.(b) Time required for 99 % completion of the intercalation of hexylamine in HTO at 

different amine : HTO ratios based on HTO (020) peak intensity changes and kinetic model fitting.

The intercalation process of propyl-, pentyl-, hexyl- and octylamine was followed by in-
situ small angle X-ray scattering (SAXS). Different amine to HTO ratios were chosen in 
order to investigate the kinetics and crystallographic influence of amine : HTO ratio on 
the final products. Figure 4.1 shows a representative time-resolved SAXS profile upon 
mixing amine and HTO. The figure displays the intercalation of hexylamine into the 
layered HTO structure at a ratio 1:2 (amine : HTO). The first Bragg reflection of HTO at 
q = 6.8 nm-1 and t = 0 corresponding to the (020) peak can be seen. The corresponding 
interlayer spacing (d-spacing) of the unmodified titanate is 0.92 nm. At t = 25 s a solution 
of hexylamine was injected in the aqueous suspension of HTO and intercalation occurred 
at approx. t = 50 s. New peaks of the N6TO compounds, corresponding to (020) and (040) 
reflections, emerged at q = 2.95 nm-1 and q = 5.91 nm-1, respectively. 
These values in q can be translated to a d-spacing of 2.12 nm from the (020) reflection 
of the N6TO compound. The compound preserves a well-defined layer order after the 
topotactic reaction, as can be seen from the narrow FWHM of the (020) and (040) peaks. 
The inset in Figure 4.1 displays the (020) peak height of HTO during the intercalation 
process. 
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4.3.2     Kinetics of the intercalation

The intercalation process followed first-order Langmuir-type kinetics, in agreement 
with earlier findings.7,31 First-order Langmuir kinetics assume a random irreversible 
adsorption process with an adsorption rate proportional to the number of available 
adsorption sites. In the layered titanate, the n-alkylamine molecules react with the 
protons of the titanate layers, which act here as adsorption sites. We assume that these 
reaction sites are intrinsic to the system and that the main varying parameter is the 
concentration of adsorbing species, i.e. the amine concentration. The rate of HTO peak 
intensity decay was indeed found to be proportional to the concentration of amine in 
solution. Thus the variation in the intercalation rate is proportional to the concentration 
of amine molecules. The surface protons are accessible through quasi-2-dimensional 
diffusion of the amine molecules into the interlayer gallery, a process that is thought to 
constitute the rate-limiting step. The first-order Langmuir kinetics model is consequently 
taking the diffusion of the amine species into the interlayer and its subsequent reaction 
with the proton into account as the main rate-limiting step. Numerically, this model was 
able to fit the data with a small error.31,32 The equation is as follows:

                                                                                 (eq. 4.1)

where k, t and t0 are the rate constant, actual time and starting time of the exfoliation 
process, respectively.

This model was used to relate the kinetics of amine intercalation and the following 
exfoliation of the layered system with amine : HTO ratio. The reaction rate constant 
(k) of the intercalation process, based on the HTO (020) peak height variation after 
mixing of n-alkylamine and HTO, was assessed from fits to the experimental data. As 
a representative example, Figure 4.1b shows k values of the hexylamine intercalation 
processes in HTO at different ratios. It can be seen that the time needed for the process 
depends roughly linearly on the amine concentration. The higher the amine : HTO ratio, 
the faster the intercalation reaction. The rates of intercalation of the other n-alkylamine 
molecules with longer hydrocarbon chains were similar for each individual HTO : amine 
ratio. It can be concluded from this observation that the chain length of the n-alkylamine 
species is not a rate-limiting parameter. All intercalations reached completion within 
300 s. 
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4.3.3     Nanostructure of the modified titanates

The driving force for the intercalation process is the fast acid-base reaction in the 
interlayer. The amine molecule reacts with the protons of the layered host. The –NH2 
functional group acts as a base for these protons and becomes positively charged. This 
reaction facilitates the entrance of the organic molecule in the intergallery space between 
titanate layers, helping to keep the local charge balance and leading to swelling of the 
layers.  The intercalation model was used for all amine – HTO intercalations by recording 
the individual time-resolved SAXS profiles upon intercalation. The SAXS profiles of each 
amine and amine to HTO ratio are displayed in Figure 4.2. 
Only the (020) peak of each individual amine – HTO intercalation process is shown. 
The figure shows the evolution of the scattering peak with reaction time, in which all 
amines were introduced between t = 25 s and t = 50 s. The intercalation of the amines 
at different ratios affects the final crystal arrangement of the layered compounds. As 
summarized in Table 4.1, the interlayer distance clearly varied in all cases, depending on 
the chain length and also on the amine : HTO ratio. 

Table 4.1. Summary of q values of (020) peak of NxTO and calculated interlayer distances.

Compound

Ratio amine : HTO

1:2 1:1 2:1

q (nm-1) d-spacing (nm) q (nm-1) d-spacing (nm) q (nm-1) d-spacing (nm)

N3TO 3.62 1.73 – – 3.55 1.76

N5TO 3.10 2.02 3.10 2.02 3.02 2.08

N6TO 2.96 2.12 2.87 2.19 2.78 2.26

N8TO 2.81 2.24 2.46 2.55 2.22 2.83
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Figure 4.2. Time-resolved in-situ SAXS profiles of amine intercalation in HTO with different ratio amine : 

HTO showing the (020) peak of the amine – HTO compounds. Propylamine intercalation: a) 1:2 ratio, b) 1:1 

ratio, c) 2:1 ratio. Pentylamine intercalation: d) 1:2 ratio, e) 1:1 ratio, f ) 2:1 ratio. Hexylamine intercalation: g) 1:2 

ratio, h) 1:1 ratio, i) 2:1 ratio. Octylamine intercalation: j) 1:2 ratio, k) 1:1 ratio, l) 2:1 ratio.
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In general, higher ratios of amine to HTO rendered larger layer separations. This 
effect can be explained by the charge density of the layered titanium oxide 
host and steric hindrance of the organic molecules. The 2-dimensional unit cell 
(3.786 x 2.996 = 11.34 Å2) of the titania nanosheets consists of two [Ti0.87O2]0.52- 

structural units with a combined net charge of -1.04|e|, leading to a charge density 
of -9.2|e| ·nm-2 (where |e| is the absolute elementary charge). The –NH3

+ head group 
of the ammonium ion chain has a diameter of 6.3 Å,33 which corresponds to a charge 
density of +3.2|e|·nm-2. The difference in charge density between the inorganic host 
and the amine guest molecule is too large to be compensated by a single alkylamine 
monolayer, since the steric impediments would allow a maximum proton substitution 
of 35 % in that case. It has been reported for amine intercalation between metal oxide 
layers that the amines form paraffin-like bilayers to overcome the steric restrictions and 
accomplish charge neutrality, while hydrophobic-hydrophilic repulsions between the 
alkane chain and the metal oxide surface also play a role.33 

The amine molecules may potentially arrange in a variety of configurations, including 
a close-packed arrangement without overlap and with a certain tilting angle with 
respect to the nanosheet, an arrangement with overlapping alkyl groups coordinating 
neighboring nanosheet layers and no tilting, and a mixed arrangement with intermediate 
tilting and overlap. At lower amine ratios, the paraffinic bilayer was less dense and 
there was less steric hindrance between the hydrocarbon chains, therefore the tilting 
angle of the amine chain relative to the titania layer could decrease. When the ratio 
amine : HTO increased, so did the packing density and steric restrictions between 
molecules, yielding larger separation distances between the layers. The charge repulsions 
and steric arrangements rendered, therefore, different interlayer distances and 
molecular arrangements. Different packing systems can be considered, with variations 
in the angle of the amine tail relative to the surface of the titania layer, interdigitation 
and tilting. The d-spacing of the modified titanates ranges between 1.73 and 2.83 nm, 
see Table 4.1, and includes the thickness of the titania layers of 0.73 nm.34 The fully 
stretched chain length of the different amines is 6.5 Å for N3, 9.0 Å for N5, 10.2 Å for N6 
and 12.7 Å for N8 as calculated from typical C-C, C-N and N-H bond lengths from 
literature.33 If a paraffinic bilayer is composed of a parallel molecular arrangement 
without overlap, the calculated tilting angle of the molecules ranges between 40 and 
50°, depending on the chain length and ratio amine : HTO. In conclusion, the layer 
distance of each compounds is influenced by two factors, namely amine chain length 
and ratio amine : HTO.
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4.3.4     Intercalation dynamics

The intercalation dynamics of the amines into the interlayer space can be inferred 
from the shape evolution of the emerging (020) peaks for each compound displayed 
in Figure 4.2. In contrast to the other alkylamines, the intercalation of propylamine 
into layered HTO caused partial exfoliation of the layered system. The scattering curves 
show an intensity increase at low q, corresponding to randomly oriented scattering 
entities with a finite size.35 The intensity increase results from the distribution of such 
entities separated by distances of 30 nm or more. Figure 4.2a to 4.2c show the scattering 
range 1 ≤ q ≤ 5 nm-1 during the intercalation-exfoliation process. It can be observed that 
the slope of the SAXS pattern increases until completion of the reaction. The increase 
of slope is attributed to a change in shape towards flatter discs, i.e. a decrease in the 
stack size of the layered nanocomposite, and ultimately into single sheets of Ti1.73O4

d-, 
stabilized by the propylamine molecule acting as surfactant.35 The high intensity at low 
q is probably caused by scattering by single nanosheets.21 In order to understand the 
changes occurring in the propyl amine-layered system, the scattering invariant Qinv, 
which is only dependent on the total scattering volume of the particles, was calculated. 
The scattering invariant, Qinv, is defined as: 

                                                                                                                 (eq. 4.2)

where q is the scattering vector and I(q) is the recorded intensity. The limits q and q’ can 
be considered the limits of the measurement, in this case 1 nm-1 ≤ q and q’ ≤ 5 nm-1. 
The introduction of q2 in the equation normalizes the intensity contribution at low q. 
The time needed for Qinv to reach 99 % of its final value was considered as the moment 
of completion of the exfoliation process. The reaction time  followed a clear trend with 
the amine ratio, similar to the gradual disappearance of the HTO (020) peak as discussed 
above. The Qinv and completion times of the exfoliation process are found in Figure 4.3. 
The time needed to complete the exfoliation process of N3TO is in accordance with 
the kinetics found for the disappearance of the HTO peak and can be extrapolated 
to the intercalation reaction of all species. The presence of a pseudo-Bragg peak for 
ratios 1 : 2 and 2 : 1 after the reaction indicates the presence of internal crystallographic 
order in intercalated N3TO, in addition to exfoliated nanosheets. Remarkably, the 
peak was not seen at ratio 1 : 1. Perhaps the stoichiometric reaction of propylamine 
with protons yielded a stable nanosheet colloid at ratio 1 : 1, while nonstoichiometric 
reactions yielded a fraction of residual layered material. 
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Figure 4.3. Time-resolved Scattering invariant (Qinv) as a function of time for different amine : HTO ratios 

during the intercalation of propylamine in HTO: (a) 1 :2,  (b) 1 : 1, (c) 2 : 1 and (d) completion of the reaction 

estimated from the trend in Qinv.

In contrast to N3TO, the intercalation of amines with longer alkyl chain lengths did 
not render exfoliated nanosheets. The higher the amine to HTO ratio, the higher the 
degree of crystalline order from the beginning of the intercalation. An enhanced rate 
of intercalation due to the higher amine concentration in solution could explain this 
effect. During all intercalations, the amine molecules penetrated the interlayer region, 
expanded the interlayer space and introduced a certain variation of interlayer spacings 
in a succession of metastable configurations that merged into a fully ordered assembly 
at the end of the process. 
The amine chain length also seemed to influence the speed of intercalation. Shorter 
amines showed a shorter range of metastable configurations upon intercalation, which 
means that the shorter amines penetrated and rearranged faster than longer amines; 
as can be seen in Figure 4.2d-l with the intercalation of pentyl-, hexyl- and octylamine. 
The most notable case is the intercalation of octylamine in the HTO layered host. At low 
amine : HTO ratios, the octylamine molecules introduced a large variation of interlayer 
spacings. Figure 4.2j-k show that the (020) peak split into two broad peaks at these 
lower ratios. These disappeared after 500 s at ratio 1:2 and 60 s at ratio 1:1. At the lowest 
ratio, a fraction of the HTO crystallites was swollen, rendering larger interlayer distances 
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than in the final product. This phenomenon may be explained by a reversible osmotic 
swelling of the crystallite caused by the initial entry of water and its ultimate expulsion 
by hydrophobic repulsions of the amine chain during the formation of the octylamine 
bilayer. A similar phenomenon was also observed during the intercalation of hexylamine 
at 1:2 ratio, see Figure 4.2g. At high amine : HTO ratios, the final crystalline assembly was 
reached very quickly upon intercalation. The drop in peak scattering intensity that can 
be seen in some of the figures is related to the loss of organically modified titanates 
from suspension by flotation. In these cases the organophilic amines formed a stable 
hydrophobic configuration, comparable to a micelle, that made the nanocomposite 
crystals migrate to and float on the water surface.

 

Figure 4.4. Temperature-dependent diffuse reflectance FTIR spectroscopy (DRIFTS) of dodecylamine-

titanate (N12TO).
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4.3.5     Thermochemical characterization

The thermal stability of the synthesized products was assessed by means of 
thermogravimetric analysis (TGA) and temperature-dependent diffuse reflectance 
infrared spectroscopy (DRIFTS). The compound obtained from HTO and dodecylamine 
(N12TO) was also included in this series. The DRIFTS profiles of N12TO are shown in Figure 
4.4, as a representative example. The DRIFTS profiles of the other n-alkylammonium 
titanates and the TGA analyses can be found in the supporting information section, 
Figures S4.1 and S4.2. The most notable change in N12TO was the flattening of the 
background due to loss of adsorbed water, as can be concluded from the flattening 
of the broad band at 2500-3500 cm-1 and the disappearance of the peak at 1630 cm-1 

upon heating. The change is more noticeable in NxTO with shorter amine chains 
(see Figure S4.1) and is believed to be related to the considerable hydrophobicity 
of longer alkyl chains, resulting in smaller amounts of intercalated water.33 The N-H 
bond stretch vibration in the amine molecule is located at 3450-3250 cm-1, which 
overlaps with the broad H2O band and became more visible upon water removal. The 
symmetrical deformation vibration of amine, typically at 1492 cm-1, shifted to 1560-
1566 cm-1. The shift toward lower vibrational energies has been attributed to the 
formation of intermolecular hydrogen bonds with the oxide layer.36 Consequently, the 
intercalated amines can be modeled as chains, whose polar heads are anchored to the 
titanium oxide network through hydrogen bonding and whose aliphatic alkyl chains are 
oriented to the center of the gallery space. The spectra have strong absorptions at 2958-
2962, 2928-2932, 2853-2860 and 1465-1470 cm-1, which are assigned to stretching and 
bending modes of different C–H vibrations in the intercalated amine. The intensity drop 
of the C-H vibrations with temperature increase indicates the decomposition of the 
amine molecules encapsulated within the titanium oxide layers. The emerging signal 
at 2330-2335 cm-1 is typical for the asymmetric stretch vibration of CO2 and results from 
oxidation of the alkyl chains. The emergence of the CO2 peak was accompanied by other 
decomposition products like CO at 2190 and 2030 cm-1. However, the degradation was 
not complete at 600 °C since –CH2– absorption bands were still present at 2925-2854 
cm-1. The amine molecules are shielded by the layered titanate, avoiding full oxidation 
even at such high temperatures. The oxide absorption bands at 600-700 cm-1 remained 
constant during the measurement, which indicates the high thermal stability of the 
oxide network. When the thermal evolution of the material was monitored by means of 
TGA no decomposition was observed above 550 °C, as can be seen in Figure S4.2. 
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4.3.6     Thermomechanical characterization

High-temperature Pin-on-Disc (PoD) experiments were performed to relate the 
presence of n-alkylamonium ions in the layered titanate structure to the mechanical 
properties as solid lubricants. All compounds were applied as a solid lubricant in the 
form of an aqueous suspension of micronsized powder onto the surface of a flattened 
steel bearing ball acting as a pin. The pin was subsequently pressed onto the surface 
of a preheated steel disk at temperatures between 25 and 580 °C. The recorded 
friction forces were translated into a coefficient of friction (CoF). The CoF of the 
n-alkylamine – titanate compounds was compared with the CoF of the unlubricated 
metal–metal contact, and a film of the state-of-the-art lubricant graphite. For the sake 
of clarity and simplicity, the data points of both references are represented in the form 
of a colored band in Figure 4.5. The measured values can be found in Figure S4.3, in 
the supporting information section. There is a clear dependence of the CoF with the 
chain length of the intercalated n-alkylammonium ions. The trend shows that the longer 
the hydrocarbon chain length is, the lower the friction coefficient. The performance of 
N3TO was above the CoF of the unlubricated metal surfaces at almost any temperature. 
Apparently, the disordered structure of the titanate nanosheets after exfoliation with 
propylamine, and/or the short carbon chain length did not allow easy sliding of the 
titanium oxide planes, but actually inhibited it, rendering elevated CoF values. The 
intermediate carbon chain length amines in N5TO and N6TO, yielded high CoF values at 
low temperatures and a gradual decrease towards elevated temperatures. This trend can 
be explained by softening of the organic amine interlayer at higher temperatures. The 
increase of flexibility and mobility of the hydrocarbon chains and the relative weakening 
of the hydrogen bonds at temperatures as low as 100 °C yielded values of CoF equal to 
or slightly lower than metal-metal contact. The longest molecules, N8 and N12, yielded 
low CoF values at room temperature, in the same range as the graphite reference, even 
outperforming graphite at some temperatures. The n-alkylamine titanate films were 
found to be less stable with the sliding distance, compared to graphite, because of loss 
of lubricant from the limited area of the pin. The lowest CoF values recorded were in 
the range of 0.02 ± 0.01 (for N8TO) compared to graphite values of 0.050 ± 0.005. The 
short measurement times allowed to avoid the total burn-out of the amine species 
encapsulated between the layered titanate planes. For applications with an atmosphere 
depleted in oxygen the lubricants could have a longer lifespan at elevated temperature 
and still display low CoF, as can be inferred from Figures 4.4 and 4.5. In processes where 
only a short lifetime is needed, they may present an alternative to graphite.
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Figure 4.5. Friction coefficients of the n-alkylamine titanate compounds. The figure displays 

the coefficient of friction (CoF) obtained by high temperature Pin-on-Disc measurements on films of 

n-alkylamine titanate compounds obtained from suspension. Reference CoF for the unlubricated metal-

metal contact and a graphite film have been included. The red band represent the range of values of the two 

references recorded at different temperatures. 

4.4       Conclusions

A range of n-alkylamine intercalated layered titanates were synthetized and investigated 
for application as solid lubricats. Their synthesis was monitored using in-situ SAXS, which 
helped to identify the intercalation mechanisms of each individual n-alkylamine. The 
layer distance expansion was influenced by the length of the n-alkylamine chain and 
the amine : HTO ratio. The intercalation was proven to be complete within only 5 min at 
80 °C in water for all investigated systems. The driving force of the rapid intercalation is 
an acid-base reaction between the amine molecules and the protons present in gallery 
region of the layered titanate. The encapsulated n-alkylamines facilitated the sliding of 
the titanium oxide planes upon application of a shear force, as revealed by the drop in 
CoF obtained by pin-on-disc experiments at elevated temperatures. The results showed 
a  clear dependence of the CoF values with hydrocarbon chain length, which resulted 
in a friction drop with the use of longer n-alkylamine molecules. The amine molecules 
were shielded by the titanium oxide layers, protecting them from full oxidation up to 
temperatures of 600 °C. The thermal stability of the organic-inorganic compounds was 
sufficient to allow the recording of low friction coefficients that even outperformed 
graphite in some cases. These new lubricants could be a plausible substitute of solid 
lubricants used nowadays, i.e. graphite or molybdenum disulfide. 
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4.6       Supporting Information
 

Figure S4.1. Temperature-dependent diffuse reflectance FTIR spectroscopy (DRIFTS) of n-alkylamine 

intercalated titanate compounds. (a) Propylamine-titanate, (b) Pentylamine-titanate, (c) Hexylamine-titanate, 

(d) Octylamine-titanate.
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Figure S4.2. Thermogravimetric analysis (TGA) of the the n-alkylamine intercalated titanate compounds.

 

Figure S4.3. Variation with temperature of the average coefficient of friction for graphite and the 

unlubricated surfaces used as reference in this work.

 
 
 



5 .
Lubricative properties of porous layered double 

hydroxides synthesized using microwave-
assisted oxygen generation

ABSTRACT

Porous magnesium-aluminium layered double hydroxides (LDH) were prepared through 

intercalation and decomposition of hydrogen peroxide (H2O2). This process generates oxygen gas 

nano-bubbles that pierce holes in the layered structure of the material by local pressure build-

up. The decomposition of the peroxide can be triggered by microwave radiation or chemically 

by reaction with iodide (I-) ions. The carbonate LDH version [Mg0.80Al0.20(OH)2](CO3)0.1∙mH2O was 

synthesized by microwave-assisted urea coprecipitation and further modified by iodide or H2O2 

intercalation. High resolution Scanning Electron Microscopy (HR-SEM) and Brunauer-Emmet-

Teller (BET) analysis were used to assess the morphology and surface area of the new porous 

materials. The presence of H2O2 in the interlayer region and later decomposition generated more 

pores on the surface of the LDH platelets, increasing their specific surface area from initially 

9 m2/g to a maximum of 67 m2/g. X-Ray Diffraction showed that the formation of the pores did 

not affect the remaining crystal structure, allowing further functionalization of the material. The 

mechanical behaviour of different LDH compounds was examined by pin-on-disc experiments. It 

was found that the friction coefficient depends on the metal composition, on the counter-ion and 

on the crystallographic order.
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5.1       Introduction

Extensive research has been dedicated in recent years to improve the architecture of 
micro- and mesoporous structures for applications in multiple fields. Particularly, layered 
ceramics and their pillared derivatives have shown promising qualities as catalysts,1,2 ion 
exchangers3,4 and gas absorption systems.5 The relevance of these materials is related 
to their broad range of compositions, versatile synthesis method and high potential of 
functionalization.6 They typically consist of crystals with a platelet shape that expose 
their outer surfaces to the medium. Sometimes these crystals are highly aggregated, 
exhibiting relatively low surface areas, which requires a modification in order to increase 
their active surface area. This can be done by the intercalation of bulky molecules 
that give rise to pillars,7 or the addition of active entities that participate in the final 
application. Polyoxometalates, such as Keggin-type ions [AlO4Al12(OH)24(H2O)12]7+ (Al13), 
and metal alkoxides, such as tetraethyl ortosilicate (TEOS), have been incorporated 
by ion-exchange/intercalation into various layered structures such as Layered Double 
Hydroxides (LDH)8,9 and manganese oxide (MnO2).10,11 The intercalation is usually 
followed by a thermal treatment in order to form pillars from the intercalated species, 
rendering microporous openings in the layered structure.12 

The surface area of these layered systems can also be increased by exfoliation. 
Surfactants reduce the interaction between the layers and may be used to obtain 
dispersions of thin nanosheets.13 Nevertheless, when the powders are dried, the 
exfoliated dispersions collapse and the layers re-stack, not necessarily giving rise to a 
substantial increase in surface area in comparison with the starting situation.14 These 
processes sometimes require toxic solvents and multiple process steps.15,16 Moreover, 
exfoliated systems cannot always retain the functionality of the intercalated compounds 
because the additives are susceptible to removal by external agents, e.g. solvents and 
photodegradation. The mechanical properties of the layered systems will likely change 
upon structure modification. LDH materials have already been explored as lubricants 
through the intercalation of bulky chemical molecules in the gallery space.17 However, 
a more detailed study showing how the structural integrity of the layer structure affects 
the lubricious properties is needed.

In this work we propose a method to increase the porosity of LDH compounds 
without pillarizing the interlayer region or use of toxic solvents, while avoiding the 
presence of residual chemical waste. The method is based on hydrogen peroxide 
(H2O2) decomposition to create new pores on the surface and within the slit pores of 
the platelets of layered materials. We used a derivative form of hydrotalcite as model 
compound. Hydrotalcite is a member of the family of LDHs, which is a broad family 
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of hydroxides of metals from the groups I-II-III-A, and the transition metals.18 These 
compounds are composed of positively charged layers, intercalated with anionic species. 
The anions may vary from small inorganic ions (CO3

2- or Cl-) to bulky organic ions such as 
dodecylsulfate (DS).19 This family of hydroxides shares the structure of brucite, Mg(OH)2. 
The net charge present in the layers originates from the partial substitution of divalent 
cations (M2+) by trivalent ones (M’3+), thereby creating an excess of positive charge. 
The most common combination of metals is Mg2+ and Al3+, but many other metals can 
lead to these layered structures, such as Cr3+, Fe3+, Ga3+, Fe2+, Co2+, Ni2+ or Ca2+ and also 
monovalent cations such as Li+. The general formula of these brucite-like compounds 
is [M1-x

2+M’x
3+(OH)2]x+Ax/n

n-∙mH2O where x is the ratio between metal cations 
(M’3+/(M2++M’3+)), n is the charge on the anion A, and m is the number of water molecules 
located in the interlayer space. 
Microwave radiation was used to trigger the decomposition of H2O2 located in between 
the layers of the LDH compounds. The decomposition process generates oxygen gas 
that may force the formation of small holes in the layer structure. This approach was 
compared with chemically induced decomposition of H2O2 using iodide ions (I-) as 
catalysts. The lubricative properties of the porous LDH materials were assessed by high 
temperature pin-on-disc in order to relate the induced porosity changes of the layered 
network to its mechanical behaviour. 

5.2       Experimental Section

5.2.1     Chemicals

The reagents used for the synthesis and modification of hydrotalcite are magnesium 
nitrate hexahydrate (Mg(NO3)2∙6H2O, 98.5%, Merck), aluminium nitrate nonahydrate 
(Al(NO3)3∙9H2O, 98.5%, Merck), urea (CH4N2O, 98%, Sigma-Aldrich), potassium iodide 
(KI, 99.99%, Sigma-Aldrich), hydriodic acid solution (HI, 57 vol% in H2O, Alfa-Aesar), 
hydrogen peroxide solution (H2O2, 50 vol%, Sigma-Aldrich) methanol (CH3OH, 99.8%, 
Alfa-Aesar) and demineralized water (DI water). All of them were used without 
further purification. The microwave-assisted reactions were performed in a Milestone 
MicroSynth Pro Lab station 230 V/50 Hz with a maximum power of 300 W.

5.2.2     Synthesis of LDH precursor

The layered double hydroxide of magnesium and aluminium in the carbonate form was 
prepared based on the method proposed in the literature.20 The precursors magnesium 
nitrate hexahydrate, aluminium nitrate nonahydrate and urea were dissolved in DI water. 
The total concentration of metal ions (Mg2++Al3+) was set to 0.5 M and the concentration 
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of urea to 1 M, the molar ratio of Mg2+ : Al3+ being 4 for LDHs employed the structural 
characterization study. LDHs with metal ratios of 2 and 3 were also synthesized for 
comparison in the mechanical characterization study. The precursor solution was 
then placed in closed quartz vessels for hydrothermal treatment in the microwave 
(MW) reactor. The temperature was increased at a rate of 5 °C/min to 150 °C and kept 
at that temperature for 10 minutes. After synthesis, the freshly formed suspensions of 
LDH were allowed to cool down to room temperature. The powders were collected by 
centrifugation at 5000 rpm for 10 min and washed with DI water, up to a total of 3 cycles. 
Afterwards, the samples were dried in a vacuum oven (10-1 mbar) at 35 °C for 24 h. This 
precursor was named LDHx-CO3, with x = 2, 3 or 4.

5.2.3     Hydrogen peroxide intercalation

A certain quantity of LDH4-CO3 was thermally treated at 200 °C for 2 h in a vacuum oven 
(10-1 mbar) in order to eliminate all the water present in the interlayer. Subsequently, the 
dehydrated cold sample was immersed in 50 mL aqueous solution of 50 vol% H2O2. This 
suspension was cooled down to 5 °C to avoid premature decomposition of H2O2 and was 
stirred overnight to intercalate H2O2 in the interlayer space. The sample is referred to as 
LDH4-H2O2.

5.2.4     Iodide intercalation

The LDHx-CO3 precursor (1 g) was immersed in 50 mL methanol. Potassium iodide was 
added to this suspension to obtain a 1 M iodide ion solution; the mixture was vigorously 
stirred for at least 30 minutes and subsequently heated to 65 °C under reflux conditions 
and bubbled with N2 gas. In parallel, hydriodic acid (1:1 molar ratio with CO3

2- in the LDH) 
was mixed with 10 ml methanol and added drop-wise to the hydrotalcite suspension. 
The reaction was continued for 1 h and the product was collected, centrifuged and 
washed with methanol 3-5 times until no coloration from hydriodic acid was present. 
Afterwards, the resulting iodide-intercalated LDH was dried in a vacuum oven overnight 
at 35 °C. The compound is referred to as LDHx-I. 

5.2.5     Synthesis of porous LDH

Three parallel procedures were followed to synthesize porous LDHs by means of H2O2 
decomposition, see Figure 5.1. The first route involved microwave-assisted (MW) 
decomposition of hydrogen peroxide (route A1). An aliquot of the LDH4-H2O2 suspension 
was placed in a round bottom flask inside the MW at 90 °C during 2 h (max. power 
of 150 W) in order to trigger the decomposition of H2O2, and to generate oxygen gas. 
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The MW oven was configured with a columnar setup to allow formed oxygen to escape 
from the system and avoid pressure build-up. The solid was then filtered, washed and 
subsequently dried under vacuum (10-1 mbar) at 35 °C overnight. The final product is 
referred to as LDH4-H2O2-MW.

A second aliquot was extracted from the original LDH4-H2O2 suspension. The 
decomposition of H2O2 was triggered by addition of iodide ions acting as catalyst 
(route A2). The suspension was placed in an Erlenmeyer under mild stirring and 1 ml 
of 0.001 M KI solution was subsequently added. Immediate bubbling occurred and 
stirring was continued until all oxygen generation was completed. The powders were 
filtered, washed and dried under vacuum (10-1 mbar) at 35 °C overnight. The final 
product is referred to as LDH4-H2O2-I.

The third procedure was also based on the chemical reaction between H2O2 and iodide 
ions, but the starting compound was LDH4-I, the iodide-intercalated form of this layered 
hydroxide (route B), see Figure 5.1. The LDH4-I powder was suspended in 50 mL 10 vol% 
H2O2 solution under stirring. Stirring was continued until the bubbling stopped. The 
powders were filtered, washed and dried overnight under vacuum (10-1 mbar) at 35 °C. 
The final product is referred to as LDH4-I-H2O2.

5.2.6     Product characterization

High Resolution scanning electron microscopy (HRSEM) was performed with a Zeiss 
MERLIN HR-SEM operating at 1.5 kV. LDH powders were spread over silicon substrates 
from the suspensions. Thermogravimetric analysis (TGA) was done in Pt cups in a 
Netzsch STA 449 F3 at a constant heating rate of 5 °C/min in technical air (N2/O2 = 80/20). 
Powder X-ray diffraction (XRD) was conducted with a Bruker D2 Phaser (Cu Ka radiation 
l = 0.15405 nm). The patterns were further analysed using the XPert Highscore Plus 
software package. 

X-ray photoelectron spectroscopy (XPS) was performed with a PHI Quantera Scanning 
ESCA microprobe with a base pressure below 1 · 10−8 mbar. All samples were degassed in 
the vacuum chamber prior to the measurements. The measurements were done using a 
monochromatic Al Ka (1486.6 eV) X-ray source and an EA 125 electron energy analyser. 
All spectra were acquired in the constant analyser energy (CAE) mode. A CN 10 charge 
neutralizer system was used to overcome the charging effect in the LDH structures. 
UV-Vis spectra of samples were recorded with a Cary 50 UV-Vis spectrophotometer in 
transmission mode. The original suspensions were diluted to obtain an appropriate 
range of absorbance. Surface area and pore size analysis were performed using the 
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Brunauer-Emmet-Teller (BET) approach. The adsorption/desorption isotherms were 
collected in a TriStar 3000 analyser at 77 K in N2. LDH samples were degassed at 150 °C 
prior to the measurements. 

The lubricative properties of the different LDH films were assessed by the use of a High-
Temperature Pin-on-Disc (PoD) tribometer of CSM instruments. The pins consisted 
of flattened steel bearing balls (10 mm diameter, SKF). The surface of the steel pin 
was 27 mm2, giving a surface concentration of lubricant of 75 μg/mm2 (or 75 g/m2). The 
applied load was 10 N, resulting in an effective contact pressure of 370 kPa. The rotating 
disk was made of EN 10278 steel and was polished, as well as the flattened bearing balls, 
with SiC paper with a maximum mesh of 2000 and diamond paste of 3 mm particle size. 
The calculated arithmetic roughness of the steel surfaces was Ra = 0.90 ± 0.25 mm. The 
measurements consisted of recording the friction force for a maximum of one rotation 
of the pin over the disc, at a velocity of 1 mm/s. Data were collected from the first data 
points after contact between the pin/lubricant and the disc at room temperature. The 
coefficient of friction (CoF) was averaged after a minimum of 5 repetitions. The typical 
time scale of one experiment was up to 30 s since the powder films were susceptible 
to be worn out due to the limited testing surface. The coefficient of friction (CoF) was 
determined from the experimental data using the equation:

Fr= μ∙N

where Fr is the resistive force of friction, m is the CoF and N is the normal force (or applied 
load).
 

Figure 5.1. Schematic overview of the three porous LDH synthesis routes.
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5.3        Results and Discussion

5.3.1     Synthesis of the LDH precursor

Layered double hydroxides were synthetized by coprecipitation from a metal salt 
solution by means of microwave radiation. The advantage of this technique is the 
homogeneous ‘molecular’ heating mechanism compared to conventional synthesis 
in which heat transfer from the outside is dominated by conduction and convection 
currents. Microwave radiation therefore allows the synthesis of crystalline LDH in 
relatively short reaction times. Figure 5.2a. shows the XRD pattern of the LDH4-CO3 

precursor, crystalline within 10 min of reaction time. The main Bragg reflections are 
indexed in the graph, showing a well-crystallized phase characterized by its strong 
(003) and (006) reflections at 11.6° and 23.4°, respectively. The layers have a d-spacing of 
0.76(3) nm, which is in accordance with literature data.21

 

Figure 5.2. XRD patterns for all LDHs. (a) LDH4-CO3  precursor synthesized by hydrothermal microwave-assisted 

coprecipitation; (b) LDH4-I sample prepared from intercalation of iodide ions (I-) in between the layers of the LDH4-

CO3  host. The effect of turbostraticity is visible in the peak inversion (c) LDH4-H2O2-MW sample synthesized by 

microwave radiation (route A1) of LDH4-H2O2 suspension; (d) LDH4-H2O2-I sample prepared by addition of 1 mM KI 

solution to LDH4-H2O2 suspension (route A2) and (e) LDH4-I-H2O2 sample prepared by immersion of LDH4-I in H2O2 

solution (route B).
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Microwave synthesis in closed vessels creates high-temperature high-pressure 
conditions. In the coprecipitation process, the hydrothermal conditions reinforce the 
hydrolysis rate of urea (see equations 5.1 and 5.2), forming high pH nucleation points in 
solution from which LDH crystal growth can occur. 

(eq. 5.1)
                                                                                                                                                                                                  

                               

(eq. 5.2)

In the hydrolysis of urea, carbonate ions are generated that subsequently take place in 
the interlayer region and become part of the layer of counter ions between the positively 
charged hydroxide layers. The hydroxides of magnesium and aluminium crystallize at 
the new nucleation points. The metal cation ratio (x) is generally found to be between 
0.2 ≤ x ≤ 0.33.21 The higher the value of x, the more excess charge is present in the 
metal-hydroxide layers, and the smaller the interlayer distance is. When the distance is 
very small then it is harder to intercalate or functionalize the layers because the attractive 
electrostatic forces between hydroxide planes and counter-ions are very large. In this 
research a ratio of x = 0.2 (lower limit) was chosen. The overall formula can be expressed 
as [Mg0.80Al0.20(OH)2](CO3)0.1∙mH2O, with a variable amount of water depending on the 
synthesis path.

The morphology of the LDH4-CO3 precursor was examined by HRSEM, and is presented 
in Figure 5.3. Typical LDH platelets can be seen with thicknesses of around 100 nm 
and sharp edges. The particle size ranges from 2 to 5 μm, although bigger intergrown 
platelets of 10 μm and larger can be found at various locations. Dried powders have a 
heavily agglomerated microstructure with most of the platelets being stacked on top 
of each other. 
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Figure 5.3. SEM image of LDH4-CO3 precursor after MW synthesis.

5.3.2     Synthesis of the iodide-modified LDH

Hydrothermal coprecipitation promoted by urea decomposition (equations 5.1 and 5.2) 
generates LDHs with carbonate ions in the interlayer region. The intercalation of H2O2 

is not impeded by the presence of CO3
2- ions because of the affinity of H2O2  to water 

molecules that are already present in the interlayer region. But in order to intercalate 
anionic species like iodide ions, decarbonation of the LDH phase is necessary. The 
precursor LDH4-CO3 was therefore functionalized via ion exchange. The process was 
promoted by the presence of hydriodic acid (HI). The protons (H+) from HI protonated the 
carbonate ions, yielding carbonic acid that was eventually liberated in the form of CO2 
gas from solution. However, at low pH the hydroxide network of LDHs is susceptible to 
dissolution, generating a morphology change of the particles.22 To avoid this side-effect, 
methanol was chosen as solvent instead of water, since alcohol acts as a weaker base 
for protons.23,24 The intercalated iodide entities acted as catalysts for the decomposition 
of hydrogen peroxide, through the formation of hypoiodite ions that lead to release of 
oxygen gas and heat.25 The reactions of this catalytic process are shown in equations 5.3 
and 5.4:
                                          

(eq. 5.3)

                                    (eq. 5.4)
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The change in crystallinity upon iodide intercalation can be monitored by the changes 
in the XRD spectrum, Figure 5.2b. A clear shift of the main reflections to lower angles can 
be seen, indicating an increase in the interlayer spacing for LDH4-I. The (003) peak moves 
to 10.8° which implies a d-spacing of 0.82 nm, providing enough space to accommodate 
the iodide ions (0.20 nm), while taking into account the layer thickness of 0.48 nm of the 
metal hydroxides.26 The intensity of the main reflection (003) was significantly reduced, 
while the (006) intensity increased slightly. This indicates a decrease in the higher-
order crystallinity and is a phenomenon often observed for I- intercalated LDHs.27 The 
structural order of LDHs intercalated with I- is compromised by stacking faults of the 
cationic metal hydroxide layers and positional disorder of the large iodide anions. 
This effect is called turbostraticity and it is related to the large size of the anions and 
the non-directionality of the interaction forces.28 The necessity of I- excess, choice of 
solvent and temperature were validated by conducting intercalation experiments in 
the presence of only HI at room temperature, in the presence of HI and excess KI at 
room temperature, and in demineralized water instead of methanol (at 65 °C and with 
excess KI). These three procedures led to less crystalline materials and are therefore not 
considered further here. The corresponding X-ray diffractograms are presented in the 
supplementary information, Figure S5.1.

XPS spectra of LDH4-CO3 and LDH4-I were acquired in order to determine if a quantitative 
decarbonation of the system had been achieved. Figure 5.4 shows the binding energy 
ranges 275-295 eV and 615-645 eV, corresponding to the C 1s and I 3d orbital energy 
regions, respectively. Figures 5.4a and 5.4b both display two distinct peaks, belonging 
to C 1s orbitals in different electronic environments. The peaks are attributed to 
carbon surrounded by carbon atoms at 285 eV, resulting largely from the carbon tape 
used to attach the LDH to the sample holder, and carbonate ions (CO3

2-) at 289 eV. 
In the case of LDH4-I, the carbonate peak had almost completely disappeared, see 
Figure 5.4b. The estimated degree of decarbonation is 80-85%, allowing the presence 
of iodide ions in the interlayer region. Figure 5.4c shows the binding energy range 
between 615 and 645 eV, where two peaks emerged after iodide intercalation. 
The peaks are assigned to the I 3d orbitals; the doublet orbital splitting of 3d3/2 and 
3d5/2. Iodine found at 621 eV is generally associated with alkali iodides and/or hydrated 
iodide salts that can be assumed to be reasonably similar to the electronic environment 
of iodide in the LDH interlayer. Please note that the XPS spectrum before intercalation is 
not displayed because no peaks were present.
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Figure 5.4. X-Ray Photoemission Spectroscopy for the precursor LDH4-CO3 and the intercalated form 

LDH4-I (a) C 1s peaks for LDH4-CO3 (b) C 1s peaks for LDH4-I and (c) I 3d peaks for LDH4-I.

However, the presence of other iodine species cannot be excluded solely by XPS. 
UV-Vis spectroscopy was performed on the samples to elucidate if the iodide ions 
had undergone some oxidation to I2 in the process. Figure S5.2 shows that the only 
absorption peak presented by the intercalated sample suggests the presence of only 
iodide ions in solution. 
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5.3.3     Synthesis of the porous LDH

The synthesis of porous LDHs was performed following the methods shown in Figure 
5.1. In the first route (A1) the precursor LDH4-CO3 was dehydrated at 200 °C and in 
vacuum for 2 h in order to evacuate all water in the interlayer. These conditions were 
chosen after performing TGA measurements on the precursor powders. These TGA-DTA 
curves can be found in Figure S5.3. They show a major weight reduction up to 200 °C 
that is attributed to water loss from the adsorbed and interlayer water. 
After dehydration, the powder was suspended in a 50 vol% H2O2 solution. Dehydration 
was performed to enhance the diffusion of H2O2 and water molecules back into the 
interlayer. Water removal from a layered system has been mentioned as a crucial 
step to accomplish quantitative intercalation of H2O2.29 The LDH4-H2O2 suspension 
was annealed in the MW reactor for 2 h in an open vessel until all hydrogen peroxide 
had completely decomposed. The formation of oxygen gas in between the layers 
induced an exfoliation-restacking process as can be elucidated from the XRD pattern 
for LDH4-H2O2-MW, see Figure 5.2c. The peaks of the main reflections were still 
present after the treatment and they had shifted to lower angles, indicating that the 
layered structure was retained and the d-spacing was slightly larger with an average 
of 0.92 nm. The full width at half maximum (FWHM) of the XRD peaks increased, 
indicating some degree of stacking disorder, probably due to re-arrangement of the 
layers upon formation of oxygen gas. The absence of a broad background, typical of 
amorphous materials, discards the possible dissolution of the LDH and formation of 
amorphous hydroxides.30 

Figure 5.5a shows the porous LDH4-H2O2-MW material, with a surface covered by new 
pores formed by the sudden release of confined oxygen nano-bubbles formed by 
decomposition of H2O2 in the interlayer region. The local build-up of oxygen pressure 
was high enough to pierce holes in the surface of the layers. Previous studies evaluated 
the strength of the layers, and found Young’s moduli of 63.4 ± 0.5 GPa for a hydrated 
system and 139 ± 1 GPa for isolated nanosheets.31 The oxygen over-pressure is enough 
to overcome the mechanical strength of the nanosheets. The oxygen pressure release 
is also accompanied by partial exfoliation and subsequent restacking of the layers, as 
seen by XRD in Figure 5.2 on the induced sheet disorder. The edges of the particles 
are strongly affected by the treatment and some fragments seem to have been ejected 
from the structure. 
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Figure 5.5. HR-SEM images of (a) LDH4-H2O2-MW porous layered material; (b) LDH4-H2O2-I porous layered 

material, and (c) LDH4-I-H2O2 porous layered material.



88

5. Lubricative properties of porous layered double hydroxides synthesized using 
microwave-assisted oxygen generation

The second synthetic route (A2) consisted of the addition of a diluted solution of KI to an 
LDH4-H2O2 suspension. The reaction between iodide ions and H2O2 is self-propagating 
due to the fact that heat generated in the reaction enhances the reaction itself. For this 
reason the concentration of iodide was kept low at [I-] = 1 mM. The crystallographic 
changes were similar to those of LDH4-H2O2-MW. The effect can be seen in Figure 5.2d 
by the similar degree of crystal disorder on the LDH particles, the enlargement of the 
FWHM and the slight shift of the main reflections to lower angles. The average d-spacing 
that can be calculated from these data is 0.82 nm. Nevertheless, the morphology of the 
particles showed fewer changes than for LDH4-H2O2-MW, as illustrated in Figure 5.5b. 
The pores seem to be more superficial and occur less frequently in number. In the case 
of the MW reaction all H2O2 molecules have the same probability to react since MW 
radiation interacts with all of them homogeneously. But in the chemical reaction with 
iodide, the decomposition was less localized between the layers. The presence of H2O2 

not only in the interlayer but also in the bulk of the solution could also be a reason for 
the formation of more superficial pores on the platelets.  

The third synthetic route (B) consisted of the immersion of LDH4-I in a 10 vol% H2O2 

solution. The O2 generation rate was monitored during the experiment. The O2 

generation rate gradually reached a maximum of 10 mL/min. This rate increase is an 
indication of the increase of concentration of free iodide ions in solution with time. 
A similar but less pronounced loss of structural integrity was observed for catalytic H2O2 

exfoliation of the LDH4-I sample where the d-spacing remained constant while the FWHM 
of the main reflections increased, see Figure 5.2e. The turbostratic effect was conserved, 
meaning that the natural crystallographic disorder of the platelets was added to the 
perturbations in the structure coming from the chemical reaction between H2O2 and 
iodide. The morphology of the platelets shown in Figure 5.5c suggests that the absence 
of intraplatelet holes is due to the diffusion of iodide ions within the layers, creating 
further crystallographic disorder and reacting outside the platelets without producing 
any pores.

5.3.4     Porosity characterization

The increase of porosity in these layered systems was analysed using N2 BET analysis. 
Absorption-desorption isotherms showed that all LDHs exhibit a type IV isotherm and 
H3 hysteresis loop. This is a common signature for plate-like particles and with slit-
shaped pores, according to the IUPAC classification32 (see example in Figure S5.4). The 
surface areas of all compounds are summarized in Table 5.1. The contributions of the 
micropores and meso-/macropores to the total surface area are listed. As expected, the 
precursor LDH4-CO3 has the lowest surface area. The meso/macroporous regime (pore 
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size > 2 nm) is dominant and is attributed primarily to the external surface area of the 
platelets. The micropores (pore size < 2 nm) are attributed to the near edge zone of the 
interlayer region.

Table 5.1. Summary of the surface properties of all LDHs.

LDH Surface 
area (m2g-1)

Micropores 
area (m2g-1)

Meso/ macropores 
area (m2g-1)

Contribution total surface area 
(%)

Micropores Meso/ Macropores

LDH4-CO3 9.0 0.3 8.7 4 96

LDH4-I 11.1 1.6 9.5 14 86

LDH4-I-H2O2 37.1 3.3 33.9 9 91

LDH4-H2O2-KI 56.6 39.0 17.6 69 31

LDH4-H2O2-MW 66.5 37.4 29.1 56 44

On the one hand, the functionalization of layered LDH4-CO3 with iodide does not bring 
important changes to the surface area or the pore size distribution. The turbostraticity 
of the platelets may aid in exposing part of the microporous openings of the interlayer 
region. On the other hand, all three treatments with H2O2 led to a notable increase of the 
final specific surface area. LDH4-I-H2O2 shows a relative increase of specific surface area 
by 300%, mostly due to the increase of meso/macroporous surface area. This cannot 
be attributed to the formation of new pores as evidenced in Figure 5.5.c, but to the 
swelling and twisting of the nanosheets that form the platelets. The mismatch between 
the nanosheets induced by these perturbations led to exposure of new surface areas on 
the edges of the platelets. The change in crystallinity as shown in Figure 5.2e supports 
this interpretation. Treatment of LDH4-H2O2 with iodide ions increased the surface area of 
LDH by 500%.  The clear increase of the micropore surface area can be attributed to two 
factors. Firstly, the generation of micropores on the surface of the platelets was caused 
by O2 nano-bubbles around the edges and on the surface of the platelets. Secondly, 
these new pores allowed exposure of the interlayer region between nanosheets that 
was previously not accessible to N2. Finally, the microstructure most affected by these 
oxygen nano-bubbles is the MW treated LDH4-H2O2. The final surface area increased 
by 640% to 66.5 m2g-1, with a larger contribution of the micropore surface area to the 
final total surface area. It is remarkable that the contribution of meso/macropores in 
this compound is higher than for LDH4-H2O2-KI. The more homogeneous and higher 
reactivity of H2O2 enhanced by MW led to more rapid release of confined oxygen 
between the platelets. The more violent pressure release formed larger pores in the 
surface of the platelets and exposed the inner interlayer region of the platelets. 
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This effect can also be seen by the rise in micropore volume, see Figure 5.6. For both 
LDH4-H2O2 intercalated compounds, the final micropore volume had increased by a 
factor of 50 after H2O2 decomposition. This is associated with the swelling and mismatch 
of the nanosheets after treatment, and aided by the accessibility of the interlayer 
intraplatelets, thanks to the presence of pores.  

 

Figure 5.6. Micropore volumes for all LDHs. Note the break introduced between 0.003-0.014.

5.3.5     Thermomechanical characterization

The mechanical friction properties of the different pristine and modified LDHx with 
various Mg2+ : Al3+ ratio were assessed by pin-on-disc. The ratio Mg2+ : Al3+ affects to the 
overall partial charge of the nanosheets. The lower the value, the more excess charge 
is present in the metal-hydroxide layers, and the smaller the interlayer distance is. 
Figure 5.7 shows the coefficients of friction (CoF) of LDH with different metal ratios 
and counter-ion compositions. Carbonate-LDH (yellow) displayed a decreasing CoF 
with increase of the metal ratio. An increase of the metal ratio causes less strong ionic 
interactions between layers and counter ions because the charge densities are smaller, 
and that results in larger layer distances. Therefore, as expected, the layers can slide 
more easily over each other, resulting in lower CoF values. The iodide substituted 
species (blue) showed lower CoF compared with the carbonate precursors. Carbonate 
ions have a planar triangular molecular structure and two negative charges distributed 
over the anion, which makes that carbonate ions can be accommodated easily between 
magnesium-aluminum hydroxide layers and keep them attached by strong electrostatic 
interactions. Iodide ions have a large spherical shape and one negative charge. The 
electrostatic interactions of such systems will therefore be weaker than in the carbonate 
case. Iodide-exchanged layers can potentially slide over each other more easily, resulting 
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in lower CoF. Remarkably, there is no difference between the CoFs of LDH samples 
with ratio 2, 3 or 4. It seems that the presence of iodide alone overcomes the influence 
of the metal ratio over the sliding of the sheets and the CoF remains similar. The porous 
LDH structure obtained by reaction between LDH4-I and hydrogen peroxide (H2O2) 
was also tested. The CoF of the LDH-I-H2O2 (red) was the lowest of all LDH species, 
with an average CoF value of 0.1. As can be seen in Figure 5.2e, the reaction between 
the intercalated iodide ions and H2O2 seemed to trigger exfoliation-restacking of the 
layers resulting in a loss of crystallographic order. Possibly the slight disorder of the 
layered restack, translated into layer in-plane mismatch and out-of-plane orientation 
differences could explain this phenomenon. These variations in layer order may result 
in weakening of the layer-layer attraction and favoring the sliding of the layers upon 
application of a shear force.

 

Figure 5.7. Pin-on-Disc measurements of different LDH compounds with carbonate ions, iodide ions and 

after H2O2 treatment.
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5.4       Conclusions

We report a rapid and environmentally friendly method for the synthesis of porous 
LDHs. The crystallinity of the LDHs was feebly affected by the process, bringing only 
some stacking disorder of the nanosheets. The remaining layer network was not affected 
by the change in morphology and can be further functionalized after the creation of 
pores. The most effective way to synthesize porous LDHs is by means of microwave-
enhanced hydrogen peroxide decomposition. The final surface area increased up 
to 640 % and the micropore volume increased by a factor of 50. The decomposition 
of H2O2 in the interlayer region through MW radiation appears to be faster, giving rise 
to larger pores crossing the platelets. This technique could potentially be applied to 
any layered material in order to increase the surface area. The presence of carbonate 
between LDH layers hindered the layer sliding, which increased the CoF. The CoF was 
reduced by the addition of bulky iodide ions, and it was further reduced by the induced 
layered disorder via H2O2 decomposition. The lack of full order of the layers in the latter 
system has probably influenced the structural coherence of the material, resulting in an 
overall lower CoF when applied as a solid lubricant.
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5.6       Supporting Information
 

Figure S5.1. XRD patterns for LDH-I compounds synthetized by other methods than proposed in the core 

of the research. (a) LDH-I synthesized in methanol at room temperature and with a stoichiometric amount of 

HI (to CO3
2- ions) with same intercalation time, 1 h. The intercalation seems incomplete with side peaks caused by 

side products; (b) LDH-I synthesized in methanol at room temperature and with a stoichiometric amount of HI (to 

CO3
2-  ions) and excess of KI salt, with same intercalation time, 1 h. Lower crystallinity than for synthesis at 65 °C; 

(c) LDH-I synthesized in water at 65 °C, stoichiometric amount of HI (to CO3
2-  ions) and excess of KI salt with the 

same intercalation time, 1 h. Low pH in water seems to affect the overall structure of the LDH.

 

Figure S5.2. UV-Visible spectra for the LDH-CO3 (bottom) and LDH-I functionalized sample (second from bottom). 

For comparison purposes, the UV-Vis spectra of diluted solutions/suspensions of Iodide (I-), Iodine (I2) and tri-

iodide ions (I3
-) with the purpose to show that no other side products are generated in the intercalation process.
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Figure S5.3. Thermogravimetric Analysis (TGA) and Differential-TGA (in inset) curves of LDH-CO3. 

Dehydration of LDH starts with water removal from the surface of the platelets and ends with the removal of 

interlayer water (crystalline water) at 200 °C (peak D1). Peaks D2 and D3 correspond to the dehydroxylation of the 

network and subsequent thermal decarbonation, respectively.

 

Figure S5.4. N2 Adsorption-desorption isotherms for LDH-CO3 and LDH-H2O2-MW. These curves are 

representative of the adsorption-desorption isotherms for all the compared LDH compounds.
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6 .
Tribochemistry of bismuth and bismuth salts 

for solid lubrication

ABSTRACT

One of the main trends in the last decades is the reduction of wastage and the replacement of 

toxic compounds in industrial processes. Some soft metallic particles can be used as non-toxic 

solid lubricants in high temperature processes. The behavior of bismuth metal particles, bismuth 

sulfide (Bi2S3), bismuth sulfate (Bi2(SO4)3) and bismuth oxide (Bi2O3) as powder lubricants was 

studied in a range of temperatures up to 580 °C. The mechanical behavior was examined using 

a high temperature pin-on-disc set-up, with which the friction force between two flat-contact 

surfaces was recorded. The bismuth-lubricated surfaces showed low coefficients of friction

(CoF  = 0.08) below 200  °C. Above the melting temperature of the metal powder at 271 °C, a 

layer of bismuth oxide developed and the friction coefficient increased. Bismuth oxide showed 

higher friction coefficients at all temperatures. Bismuth sulfide exhibited partial oxidation upon 

heating but the friction coefficient decreased to 0.15 above 500 °C, with the formation of bismuth 

oxide-sulfate, while some bismuth sulfate remained. All surfaces were studied by X-ray diffraction 

(XRD), confocal microscopy, high resolution scanning electron microscopy (HR-SEM) and energy-

dispersive X-ray spectroscopy (EDS). This study reveals how the partial oxidation of bismuth 

compounds at high temperatures affects their lubrication properties, depending on the nature 

of the bismuth compound. 
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6.1       Introduction

Solid lubricants are used in many industrial processes, especially related to metal 
processing. Although metals as structural materials are in some cases being replaced by 
more lightweight or sustainable solutions, like composites or ceramics,1,2 the production 
of high-end products is still linked to the mechanical properties and workability of metals. 
Metal-metal sliding contacts are present in a wide variety of applications, including 
conduits,3 automotive gears,4 sliding electrical contacts5 and biological implants.6 In 
the upstream industry, the production of steel requires the use of large amounts of 
lubricants and nowadays the most common products are aqueous suspensions of 
graphite, molybdenum disulfide or polytetrafluoroethylene (Teflon).7,8 Nevertheless, 
some problems are associated with their use, for instance pitting corrosion on the steel 
surface caused by partial decomposition of the lubricants at high temperature, and, 
more in general, a dirty working environment.9 Bismuth has been used for many years as 
an active part in self-lubricating alloys10 because of its natural softness and as an additive 
for lubricating oils.11-13 This element has found its major applications as an alternative for 
lubricants based on lead. Both metals have a high density, malleability, softness and low 
melting temperature.14 The one important difference between the two is that bismuth 
is not toxic for living organisms, in contrast to its counterpart lead.15 Despite both being 
heavy metals, bismuth may be considered as a green alternative to lead. Bismuth has 
already been used in protective lubricating coatings for solid lubrication.16 It has been 
found that bismuth particles can form non-bonded films on steel that are easily removed 
from lubricated surfaces, and which are due to the poor solubility of bismuth in iron.17,18 
Other compounds of bismuth have also been studied as active additives in lubricants. 
The presence of sulphur has a synergetic effect on the lubricating properties of bismuth. 
Bismuth sulfide (Bi2S3) is known to have lubricious properties, forming a stable tribolayer 
on lubricated pairs.19 Bismuth organometallic compounds are used as additives in oil-
lubricated systems, together with sulphur carriers that promote the formation of a 
Bi2S3 tribolayer between the interfaces of metal-oil-metal. However, under conditions 
where the use of organic-based products is unfavorable, i.e. at high temperatures, 
employing solid lubricants in the form of powders is a solution to reduce friction and 
energy consumption.9 Powders are typically applied in the form of a suspension in a 
liquid solvent or compressed to act as a part on the sliding system.20 Application of the 
lubricant together with treatment of the waste after its use should be performed in a 
controlled manner. Therefore, it is important that the lubricant itself is not toxic in small 
concentrations for living organisms. Bismuth is present as additive in cosmetics and 
paints,21,22 anti-inflammatories23 and dental resins,5 so it can be considered as a non-toxic 
material for humans. Exposure to bismuth at high temperatures is not known to have 
toxic effects. Bismuth metal has a low vapor pressure and is just slightly absorbable by the 
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respiratory and intestinal tracts.24 Therefore, in this research we explore the applications 
of bismuth and several bismuth compounds as high temperature lubricants. Bismuth 
and bismuth salts have hardly been studied as lubricants in the form of free powders 
and little is known about the chemical modifications that bismuth undergoes when 
present in the contact between two sliding surfaces.

6.2       Experimental Section

6.2.1     Preparation of bismuth suspensions

Bismuth metal powder (Bi, ABCR, 99.9 %), bismuth (III) sulfide (Bi2S3, ABCR, 99.9 %), 
bismuth (III) oxide (Bi2O3, Alfa Aesar, 99 %) and bismuth (III) sulfate (Bi2(SO4)3, Alfa Aesar, 
99 %) were used as received, without further purification. The powders were suspended 
in water to a concentration of 2 w% in closed bottles. The suspensions were placed 
on a rolling bench with zirconium oxide beads (f = 1 mm) for 48 h in order to reduce 
the particle size of the powders, as a standard procedure to grind suspended powders. 
The suspensions were then transferred to a steel pin and dried on a hot plate at 90 °C. 
Typically, a quantity of 200 mL of each suspension was transferred with the help of a 
pipette and dried on the surface of the measuring steel pin. 

6.2.2     Characterization

The lubricating properties of the bismuth and bismuth salt powder films were assessed 
by the use of a High-Temperature Pin-on-Disc (PoD) tribometer of CSM instruments. This 
technique allows to record friction forces between two sliding surfaces when a lubricant 
is present in between them. The granular nature of the lubricant made it necessary 
to adapt the classical PoD configuration, because the use of a bearing ball implies a 
single contact point between the two metal surfaces. In our experiments the balls were 
flattened so that the lubricant could be applied on the surface of the pins and could 
be employed when the discs had reached the set temperatures. The pins consisted 
of flattened steel bearing balls (10 mm diameter, SKF). The surface of the steel pin 
was 27 mm2, giving a surface concentration of lubricant of 75 mg/mm2 (or 75 g/m2). 
The applied load was 10 N, resulting in an effective contact pressure of 370 kPa. The 
rotating disk was made of EN 10278 steel and was polished, as well as the flattened 
bearing balls, with SiC paper with a maximum mesh of 2000 and diamond paste of 3 mm 
particle size. The calculated arithmetic roughness of the steel surfaces was Ra = 0.90 ± 
0.25 mm. The measurements consisted of recording of the friction force for a maximum 
of one rotation of the pin over the disc, at a velocity of 1 mm/s. Data were collected 
from the first data points after contact between the pin+lubricant and the disc at 
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temperatures varying from 25 to 580 °C. The coefficient of friction (CoF) was averaged 
over a minimum of 5 repetitions. The typical time scale of an experiment lasted up 
to 30 s, since the powder films were susceptible to be worn out due to the limited 
testing surface.

The measurement of particle size was performed using a laser diffraction particle size 
analyzer (Mastersizer 2000). The particle size distributions (PSDs), i.e., particle size 
at 10% (D10), 50% (D50), and 90% (D90) of the volume distribution were all calculated 
automatically using the Mastersizer 2000 software. 

The characterization of the crystallographic changes by X-ray diffraction (XRD) 
was conducted with an X’Pert Powder Pro (PANalytical) using Cu-Ka irradiation 
(λ = 1.5418 Å) and recorded with a 1D PIXcel detector. Scans from 2θ = 20-70° were 
measured with step sizes of 0.013° and 150 s per step. 

High-resolution scanning electron microscopy was executed on a Merlin field emission 
microscope (Zeiss) coupled with elemental analysis performed by energy-dispersive 
X-ray spectroscopy (EDS; TEAM™ EDS system). Further surface analysis was performed 
with a laser confocal microscope VK 9700 from Keyence at a magnification of 10 times 
and a z-axis resolution of 1 nm. Surface images of different tribofilms were obtained and 
the profile roughness parameters were determined.

6.3       Results and Discussion

6.3.1     Thermomechanical and thermochemical behavior of bismuth and bismuth oxide

The performance of bismuth metal (Bi) and bismuth compounds as lubricants was 
studied by means of Pin-on-Disc (PoD) measurements. The diverse compounds have 
different melting/softening points that may influence the tribological properties. The 
lowest melting point is that of bismuth metal at 271 °C, followed by Bi2(SO4)3 at 405 °C, 
Bi2O3 at 817 °C and Bi2S3 at 850 °C. Only the two first compounds have melting points 
below the maximum testing temperature in this study (580 °C). The powders of all 
bismuth compounds were suspended in water and grinded for 48 h and the particle 
size distributions in volume are displayed in Table 6.1. The thicknesses of the dried films 
varied from 100 to 300 mm for the different films. The thickness difference was caused 
by density differences between the individual compounds, while keeping the mass of 
the powders constant. 
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Table 6.1. Summary of particle size distributions by volume of the different lubricants.

Particle size distributions (PSDs)

Compounds D10 (mm) D50 (mm) D90 (mm)

Bi 2.09 6.42 20.462

Bi2O3 1.38 11.14 69.56

Bi2S3 1.51 11.51 67.14

Bi2(SO4)3 1.86 11.71 45.67

  
The friction properties of Bi were directly compared with those of Bi2O3, see Figure 6.1. 
The recorded dynamic friction force was translated to the coefficient of friction (CoF) for 
different temperatures, from 35 °C to 580 °C using equation 6.1.

Fr= μ∙N                                                                           (eq. 6.1)
 
where Fr is the resistive force of friction, m is the CoF and N is the normal force, respectively.

Figure 6.1. Variation of the average coefficient of friction of bismuth metal (Bi) and bismuth oxide (Bi2O3) 

with temperature. The red bands represent the average range of the CoF upon contact between the two bare 

metal surfaces, and the CoF of graphite lubricant, respectively.
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The CoF of the contact between the unlubricated surfaces of the pin and the disc were 
recorded as reference, resulting in values of 0.32 ± 0.02 at different temperatures. 
The CoF of graphite as the state-of-the-art lubricant was also determined, with 
values of 0.050 ± 0.005. For the sake of clarity and simplicity, the data points of both 
reference measurements are represented in Figure 6.1 in the form of colored bands. 
The measured values can be found in Figure S6.1 in the supplementary information 
section. The average CoF of the Bi films was lower than the metal-to-metal contact at all 
temperatures below 500 °C. The maximum effectiveness of Bi as lubricant was reached 
in the low temperature range (up to 200 °C) with a reduction of the CoF by a factor 
of 3 compared to the reference. This is due to the fact that bismuth metal has a closed 
packed quasi-metallic layered structure at room temperature.25 This structure may be 
at the basis of its enhanced properties as solid lubricant. When a force is applied the 
atoms slide along the same crystallographic direction, forming a slip system where 
dislocations can propagate. The value of the CoF increased steadily between 200 and 
500 °C, to reach typical values of metal-metal contact eventually. The variation of the 
recorded values also increased with temperature, which could be related to changes 
experienced by the Bi film. Above the melting temperature (271 °C), liquid bismuth can 
wear out faster compared to the solid powder form. Thus, the performance of bismuth 
metal as lubricant was only comparable with graphite at temperatures below 200 °C. 
On the other hand, the CoF of Bi2O3 was higher than the metal-metal contact for all tested 
temperatures. Bismuth atoms in the structure of Bi2O3 are not completely screened by 
the surrounding oxygen atoms due to their large size (117 pm). The lack of surrounding 
makes that the metal cations can interact with each other and form covalent or ionic 
bonds leading to a network that is difficult to shear.26   

The variation in the friction properties of Bi powders can be directly linked to changes 
in the chemistry and crystallography of the lubricant. The friction experiments led to 
the formation of transferred films from the surface of the pin to the surface of the discs 
and the Bi powders underwent crystallographic changes within the measurement time. 
Figure 6.2 shows the X-ray diffraction patterns of the Bi transferred films at different 
temperatures, up to 580 °C. It was found that, upon heating, partial oxidation of the 
Bi film resulted in Bi2O3. The oxidation happened even at room temperature and was 
accelerated in samples tested at 300 °C and higher. Figure 6.2b displays the 2Q region 
from 26 to 28.5°. It can be seen that three Bi2O3 peaks emerged from the background, 
i.e. the (110), (120) and (012) peaks, resulting in an overall intensity decrease of the Bi 
(012) peak with increasing temperature. The intensity of the (012) peak increased up 
to 400 °C as an artifact of the irradiated surface. Bismuth metal seemed to adhere 
stronger to the surface of the disc after measurement around and above the melting 
point. The measurements at high temperature also induced the oxidation of the surface 
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of the steel discs, and peaks of iron (III) oxide (Fe2O3) were present in samples tested 
above 400 °C. Evidence of intermetallic compounds of bismuth and iron were not 
found in the employed films, which could be due to the short measurement times. 
The transferred Bi powders may not have had enough time to react with the surface 
of the steel before the samples had cooled down. The lubrication mechanism at low 
temperatures (below the melting point) is not based on the formation of a bound layer 
of lubricant and substrate, but on the deformation and sliding of Bi particles between 
the two sliding metal surfaces. Previous reports in literature found the same behavior 
when using Bi as additive in lubricant oils.11,17

Bismuth has a low melting point compared to the majority of metals in the periodic 
table.25 The oxidation of Bi was accelerated above the melting point, as can be seen 
by the XRD data in Figure 6.2. The partial oxidation of the lubricant films beyond the 
melting point could be related to the higher friction coefficients at higher temperatures. 
The CoF of Bi powders increased upon heating and approached the behavior of Bi2O3 

films, as can be seen in Figure 6.1. Apparently, the formation of a stiffer oxide phase 
decreased the deformability of the bismuth film, hindering its good friction properties. 
In addition, the molten bismuth was worn out faster, which implied a friction increase 
when a thinner bismuth film is present in between the contact asperities.
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Figure 6.2. (a) Powder XRD patterns of transferred Bi films after heating to temperatures between 35 and 580 °C. 

(b) Close-up range from 26 to 28.5 °, where the main peaks of Bi and Bi2O3 are located. The diffractograms were 

normalized to the main peak of the Fe-Cr substrate at 2Q = 44°. The phases are represented as follows: Bi metal 

(Bi, ♦, JCPDS 00-044-1246), bismuth (III) oxide (Bi2O3, *, JCPDS 00-006-0294), stainless steel (Fe-Cr, •, 

JCPDS 03-065-7775) and iron (III) oxide (Fe2O3, o, JCPDS 01-073-0603).

The melting of Bi could also be seen in the morphology of the transferred films. Confocal 
microscopy imaging of Bi samples after investigation above 300 °C showed regions 
with varying light refraction and amorphous shapes that could be attributed to molten 
Bi powder, see Figure 6.3. A close-up of the molten droplets showed that their core 
was formed by microcrystals and not by a glassy structure. The molten areas may have 
been the nucleation points for the accelerated oxidation of Bi.  Despite the formation of 
molten Bi, the increasing CoF with increasing temperature can be directly linked to the 
formation of Bi2O3 crystals in the matrix of molten Bi droplets. 
The transferred Bi films at 300 °C had thicknesses in the range of 30 – 50 mm and a 
roughness of 0.8 mm, in contrast to Bi2O3 transferred films that had thicknesses in the 
range of 70 – 110 mm and an average roughness of 3.9 mm, see Figure 6.3. The lower film 
thickness and roughness of Bi could be linked to the plasticity of the metallic phase in 
comparison to the more brittle behavior of Bi2O3.
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Figure 6.3. Confocal microscopy analysis of  Bi and Bi2O3 transferred films after friction experiments at 

300 °C. (a) Zenithal view of a typical Bi transferred film at x10 magnification. Inset: view of a molten droplet 

at x50 magnification. Clear grey: steel, dark brown: bismuth, elongated dark-edged drops: molten bismuth; 

(b) Topographic representation of the surface of a Bi film at x10 magnification and line profile of the roughness; 

(c) Zenithal view of a typical Bi2O3 film with x10 magnification; (d) Topographic representation of the surface of a 

Bi2O3 film at x10 magnification and line profile of the roughness. 

6.3.2     Thermomechanical and thermochemical behavior of bismuth sulfide and 
bismuth sulfate

In another series of friction experiments, the compounds Bi2S3 and Bi2(SO4)3 
were compared. Results of the average CoF for both compounds are displayed 
in Figure 6.4. Both ceramic materials performed above the metal-metal contact for the 
majority of friction tests at different temperatures. Nevertheless, Bi2S3 showed a steady 
decrease of the average CoF from 100 °C. The coefficient of friction dropped abruptly 
above 500 °C, and the lubricant showed values of only half of the CoF of metal-metal 
contact. The spread in the measurement data increased at 500 °C, which may be 
considered as a transition temperature for the lubricant, and reached more reproducible 
values at 580 °C. Bi2(SO4)3 showed more erratic behavior, and no trend could be deduced 
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from the measured values of friction. The ceramic showed friction forces well above 
normal metal-metal contact and the scatter in the measurement data was high. The 
relatively large scatter in the data may be an indication of the lack of deformability of 
these ceramic powders. The particles tend to slide and roll between the asperity contact 
of the metal surfaces. The stiffness of the ceramic particles affects the stability of the 
measured friction force baseline.

 

Figure 6.4. Variation with temperature of the average coefficient of friction of bismuth (III) sulfide (Bi2S3) 

and bismuth (III) sulfate (Bi2(SO4)3). The red bands represent the average CoF for contact between two bare 

metal surfaces, i.e. pin and disc, and the CoF of graphite.

The crystallographic changes of Bi2S3 upon heating were studied by XRD and the 
patterns are displayed in Figure 6.5. The transferred films consisted exclusively of 
Bi2S3 up to 400 °C. At 500 °C and higher, new peaks resulting from a partially oxidized 
species of bismuth and sulfur emerged. On the basis of its crystallographic reflections 
the new compound corresponded to bismuth oxysulfate [Bi28O32(SO4)10], with 65 % 
of Bi2S3 oxidized. The disappearance of some reflections of Bi2S3 and the increase in 
intensity of the peaks of the new phase suggests that its formation was directly linked 
to the partial oxidation of Bi2S3 during the tribological tests. The effect of oxidation was 
especially visible by prolonging the typical experiment from 1 cycle (or 60 s) to 5 cycles 
(or 5 min); these samples are denoted 580 °C (s) and 580 °C (m), respectively. The peaks 
of the oxidized [Bi28O32(SO4)10] phase increased in intensity with prolonged thermal 
treatment, as can be seen in Figure 6.5. None of the growing peaks could be attributed 
to the Bi2S3 phase. It is known in the literature that Bi2S3 undergoes oxidation in both Bi 
and S upon heating, leading to mixed oxides-sulfates at these temperatures.27 The peaks 
of the stainless steel substrate are visible in the patterns, accompanied by ferrite (Fe2O3) 
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and magnetite (Fe3O4) peaks. The oxidation in both Bi and S may have influenced the 
difference in performance between Bi2S3 and its oxidized form [Bi28O32(SO4)10] compared 
with Bi2(SO4)3. Bi2(SO4)3, a typical ionic bonded ceramic, showed more ‘ceramic’ behavior, 
with less plastic films, leading to higher CoFs and more scatter in the measurement 
values. 

 

Figure 6.5. Powder XRD patterns of Bi2S3 transferred films after treatment between 35 to 580 °C. 

The phases are represented as follows: Bismuth (III) sulfide (Bi2S3, ♦, JCPDS 01-084-0279), bismuth oxysulfate 

(Bi28O32(SO4)10, •, JCPDS 01-077-1727), stainless steel (Fe-Cr, o, JCPDS 03-065-7775), iron (III) oxide (Fe2O3, *, 

JCPDS 01-073-0603) and iron oxide magnetite (Fe3O4, *’, JCPDS 01-086-1358).

The transferred films were also studied by means of HR-SEM and EDS. The analysis 
resulted in values of 63 mol% of the bismuth atoms combined with oxygen which is in 
line with the oxygen composition of [Bi28O32(SO4)10], with 65 % percent of Bi2S3 oxidized. 
The HR-SEM image of the surface of the film and the elemental analysis can be found in 
the supplementary information, Figure S6.2. 

The morphology of the Bi films was studied by means of confocal microscopy. The 
transferred Bi2S3 films at high temperature had thicknesses in the range of 15 – 20 mm 
and a roughness of 2.7 mm. Despite being rougher than Bi films, the low thickness of the 



110

6. Tribochemistry of bismuth and bismuth salts for solid lubrication

Bi2S3 films is also related to the plasticity of that lubricant. The topographical profile of a 
Bi2S3 model film at 300 °C can be found in the supplementary information, Figure S6.3.

6.4       Conclusions

The effectiveness of Bi and Bi2S3 as solid free-standing powders for lubrication has 
been demonstrated as compared to non-lubricated friction. The morphological, 
crystallographic and chemical characterization of all Bi compounds helped to 
describe their behavior as lubricants. Bi powders perform better at temperatures 
below 500 °C, with an overall reduction of the CoF by a factor of 3 compared to the 
reference metal-metal contact. In contrast, Bi2S3 performed best as a lubricant 
above 500 °C with a reduction in CoF by a factor of 2. The oxidation of both lubricants 
influenced their tribological behavior in a different way. Despite oxidation of the 
lubricants, no reaction with the substrate was found, which makes the cleaning process 
of the lubricant from the surface easier. This may help to avoid wastage of water and 
other cleaning agents, and thus help the sustainability of high temperature processes. 
This study allowed to choose the best solid lubricant for processes occurring at different 
temperatures.
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6.6      Supporting Information

 

Figure S6.1. Variation with temperature of the average coefficient of friction for graphite and the 

unlubricated surfaces used as reference in this work.

 

Figure S6.2. HR-SEM image with EDS elemental analysis of a Bi2S3 transferred film of a sample treated at 

580 °C. The calculation of the chemical composition lead to an oxidation of bismuth of 63 mol%.
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Figure S6.3. Confocal microscopy image of a transferred Bi2S3 film after experiments at 300 °C. 

(a) Zenithal view of a typical Bi film with a x10 magnification. (b) Topographic representation of the surface of a 

Bi2S3 film with a x10 magnification.
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7 .
Soft organosilica networks for solid lubrication

ABSTRACT

The tribological properties of several organosilica networks were investigated in view of 

their possible application as solid lubricants in a range of temperatures between 25 and 

580 °C. A series of organosilica networks, obtained from monomers with terminating and 

bridging organic groups, was synthesized by sol-gel chemistry. The influence of the carbon 

content of terminating groups on the mechanical properties of the polymer was studied for 

condensed methyltrimethoxysilane, propyltrimethoxysilane, diisopropyldimethoxysilane, 

cyclohexyltrimethoxysilane, phenyltrimethoxysilane and 4-biphenylyltriethoxysilane networks. 

Siloxanes with organic bridging groups between Si centers, i.e. bis(triethoxysilyl)benzene-1,4 and 

4,4’-bis(triethoxysilyl)-1,1’-biphenyl, were included in the investigation in order to correlate the 

structure and rotational freedom of the hydrocarbon group to the mechanical properties of the 

organosilica polymer. The thermal stability of the networks was assessed by thermogravimetric 

analysis and temperature-dependent infrared spectroscopy. Pin-on-disc measurements 

were performed using all selected solid lubricants. It was found that materials obtained 

from phenyltrimethoxysilane and cyclohexyltrimethoxysilane monomers showed softening 

above 120 °C and performed best in terms of friction reduction, reaching friction coefficients as 

low as 0.01.
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7.1       Introduction

Organosilica materials are silicon oxide networks that contain organic groups distributed 
at the molecular level, i.e. part of the Si-O bonds are replaced by Si-R bonds. The mixed 
organic-inorganic nature of these materials provides an interesting combination 
of material properties, i.e. the high thermal and chemical stability of silica and the 
hydrothermal stability and flexibility of the organic groups.1,2 The position of the organic 
groups can be terminating (Si-R) or bridging (Si-R’-Si), which affects their exposure at 
the (internal) surface and influences the connectivity and microporosity of the network.3 
Organosilicas can be prepared by mild and versatile sol-gel routes and applications are, 
for instance, molecular separation membranes,4 catalysts,5 low-k materials6,7 and sensors.8 
Organosilica networks offer the combined advantage of a generally mechanically strong 
yet flexible network. The rigidity and strength of silica networks composed of connected 
silicate SiO4 units is supplemented by the flexibility and elasticity provided by organic 
segments. For example, the introduction of ethylene bridges between silicon atoms 
improves the fracture resistance,6 maintains a high Young’s modulus at high porosities6 
and its flexibility allows fabrication of films with a thickness over 1 µm without crack 
formation during drying.9 The addition of organics also has an influence on the thermal 
properties. There are reports in the literature showing the influence of certain moieties 
on the glass transition (Tg) and the melting temperature (Tm). For example, the use of 
bulky arene-terminating siloxanes, such as phenyltrimethoxysilane (PhTMS) yields a 
material with decreased Tg and Tm compared to silica. The incorporation of the phenyl 
group results in glassy behavior upon heating, allowing re-melting of the polymer. Other 
materials based on smaller monomers, such as methyltrimethoxysilane (MTMS), show 
more rubbery behavior.10 Organosilica and silica have been investigated for their use 
as lubricants, which is due to their chemical and structural behavior upon mechanical 
solicitation. When two silicon oxide surfaces come into contact in the presence of water, 
the formation and rupture of siloxane bonds can lead to wear under high loads.11 At 
low pH, the presence of protons (H+) triggers the formation of a charged hydration layer 
on the surfaces that reduces the formation and rupture of the siloxane bonds and may 
lower the friction force.12 The labile nature of the siloxane-silanol groups at the surface of 
silica seems to affect the overall friction forces generated in the contact. The lubrication 
mechanism of silicon oils used in metal casting is based on the sliding of the organically 
modified siloxane chains enhanced by low molecular attraction.13 Silicon oil wets the 
surfaces and decomposes at high temperatures to silica on the surface of the metal.14 
Polysiloxanes with phenyl substituents have shown a higher load capacity of the oil, 
a parameter related to the ability of the lubricant to prevent or reduce wear.14 Other 
examples of lubricants used in high temperature processes are aqueous suspensions 
of graphite,15 polytetrafluoroethylene16 and molybdenum sulfide.17 Their lubrication 
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mechanism is similar to that of silicon oil, and implies the sliding of molecules or 
platelets when a shear force is applied.18 The use of these lubricants is limited by thermal 
stability, availability or resulting degradation products, which can cause dirty working 
environments or corrosion.19 Organically modified silica can be stable up to 600 °C, before 
the beginning of organic phase decomposition.20 In high temperature processes, their 
main decomposition products are CO2, H2O and SiO2. These decomposition products 
do not participate significantly in corrosion processes and are not considered as toxic 
waste as long as SiO2 is not present in the form of nanoparticles.21 Despite the abundant 
exploration of the use of polysiloxane oils in lubrication, organosilica powders have not 
yet been applied in high temperature solid lubrication processes although they seem 
to have a high potential. In this study we prepared diverse powders from organosilica 
precursors by sol-gel chemistry. The powders were suspended in water and dried on the 
surface of steel, yielding a thin film of loose particles on the surface of the metal. The 
mechanical properties of these dried solid lubricant films, influenced by the nature of 
the sol-gel monomer used to prepare the material, were investigated in friction tests. 
The carbon content and structural characteristics of several organosilica networks were 
compared (1) to identify suitable low-friction solid lubricants for high temperature 
processes, and (2) to explain the friction properties in terms of the structural, mechanical 
and physicochemical properties of the materials.

7.2       Experimental Section

7.2.1     Chemicals

Methyltrimethoxysilane (97 %), n-propyltrimethoxysilane (98 %), 
diisopropyldimethoxysilane (95 %), cyclohexyltrimethoxysilane (97 %), 
phenyltrimethoxysilane (97 %), 4,4’-bis(triethoxysilyl)-1,1’-biphenyl (95 %) 
and 1,4-bis(triethoxysilyl)benzene (95 %) were obtained from ABCR and 
4-biphenylyltriethoxysilane (>95 %) was obtained from Gelest. Nitric acid was purchased 
from Acros (65 wt% aqueous solution) and Sigma Aldrich (70 wt% aqueous solution). 
Ethanol (dehydrated, 99.99 %) was obtained from VWR. All compounds were used as 
received, without further purification. The molecular structure of the precursors and 
their abbreviated names as used in this chapter are shown in Table 7.1.

7.2.2     Organosilica powder preparation

Sols were synthesized by adding demiwater and aqueous HNO3 (65 wt %) to dry ethanol 
at room temperature, followed by addition of the precursor under stirring. The ratio 
HNO3 : H2O : alkoxy was kept constant at 0.064 : 1.1 : 1.0, but the overall concentration 
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in ethanol was varied. A detailed listing of the quantities is shown in Table 7.2. The 
mixtures were heated to 50 °C for given periods of time (see Table 7.2), cooled to room 
temperature in a water bath and poured in petri dishes to dry overnight in air at room 
temperature. MTMS, BTESBz and BTES2Bz derived materials were dried in polystyrene 
dishes. The other materials were dried in aluminum dishes. The PTMS-derived polymer 
was dried overnight in an oven at 140 °C. All powders were stored under ambient 
conditions.

7.2.3     Characterization

Thermogravimetric analysis (TGA) was performed in Pt cups using a Netzsch STA 449 F3 
at a constant heating rate of 5 °C/min in technical air (N2/O2 = 80/20). 

Temperature-dependent diffuse reflectance infrared spectroscopy (DRIFTS) was carried 
out with a Bruker Tensor 27 equipped with a Harrick Praying Mantis set-up including 
a reaction chamber dome enclosed by ZnSe windows. Organosilica powders were 
placed in the reaction chamber cup with uncompacted and non-dried KBr powder and 
the infrared signal of KBr was subtracted from the recorded spectra. The KBr powder 
was renewed for every organosilica infrared measurement, so that variation in the 
background intensities may misrepresent differences in water content. The chamber 
was vented to the lab atmosphere through two openings. 

The dynamic mechanical analysis (DMA) curves were measured on an ARES G2 of Waters-
TA Instruments. The applied geometry consisted of two parallel plates with a diameter 
of 25 mm, placed at 1 mm separation. The samples were heated from 125 °C to 200 °C 
with a linear heating rate of 2 °C/min. 

The lubricious properties of the organosilica films were assessed by the use of a 
high-temperature pin-on-disc (PoD) tribometer of CSM instruments. The organosilica 
powders were milled on a roller bench using yttria-stabilized zirconium (YSZ) oxide 
beads (f = 1 mm) for 48 h in water at a concentration of 2 wt%. The pins consisted of 
flattened steel bearing balls (10 mm diameter, G10T SKF). The surface of the steel pin 
was 27 mm2, giving a surface concentration of lubricant of 75 mg/mm2 (or 75 g/m2). The 
applied load was 10 N, resulting in an effective contact pressure of 370 kPa. The rotating 
disc was made of EN 10278 steel and was polished, as well as the flattened bearing 
balls, with SiC paper with a maximum mesh of 2000 and diamond paste of 3 mm particle 
size. The calculated arithmetic roughness of the steel surfaces was Ra = 0.90 ± 0.25 mm. 
The friction force was recorded for a maximum of one rotation of the pin over the disc, 
at a velocity of 1 mm/s. Data were collected from the first data points after contact 
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between the pin/lubricant and the disc at a preset temperature varying between 25 
and 580 °C. The coefficient of friction (CoF) was averaged over a minimum 
of 5 repetitions. The typical time scale of one experiment was 30 s since the powder 
films were susceptible to be worn out due to the limited reservoir surface of the pin. 
The friction force of graphite suspensions was used as a reference. The graphite powder 
(Sigma-Aldrich, 99.99 %) was milled on a roller bench with YSZ beads (f = 1 mm) 
for 48 h and applied to the steel pins in an identical way to the organosilica suspensions.

Table 7.1. Precursors of the organosilica networks. 

Aromatic groups Aliphatic groups

Phenyltrimethoxysilane (PhTMS) Cyclohexyltrimethoxysilane (CHTMS)

4-Biphenylyltriethoxysilane (BPhTES) Methyltrimethoxysilane (MTMS)

1.4-Bis(triethoxysilyl)benzene (BTESBz)
Diisopropyldimethoxysilane 

(DPDMS)

4,4’-Bis(triethoxysilyl)-1,1’-biphenyl (BTES2Bz) n-Propyltrimethoxysilane (PTMS)
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Table 7.2. Summary of the quantities and reaction times employed for the synthesis of the organosilica 

powders.

Ethanol 
(cm3)

water 
(cm3)

HNO3 65wt% 
(cm3)

precursor 
(cm3)

reaction time 
(min)

MTMS 35.0 4.11 1.01 10.87 180

PTMS 60.0 2.38 0.585 7.73 50

DPDMS 70.0 1.04 0.255 5.80 180

CHTMS 70.0 1.57 0.387 5.95 50

PhTMS 80.0 1.78 0.439 6.17 50

BPhTES 27.0 0.40 0.098 2.23 110

BTESBz 30.0 1.21 0.298 4.48 50

BTES2Bz 33.0 1.04 0.256 4.41 50

7.3       Results and Discussion

7.3.1     Thermomechanical characterization

The lubricative properties of different organosilica networks with terminating and 
bridging organic functional groups were studied with high-temperature pin-on-disc 
(PoD) experiments. The experiments were performed to relate the composition and 
monomer structure of the organosilica networks to the mechanical properties. 
All powders were applied as solid lubricants onto the surface of a flattened steel bearing 
ball acting as a pin. The recorded friction forces were translated into a coefficient of 
friction (CoF) and these are shown in Figure 7.1. The CoF of the organosilica materials 
were compared with the CoF of the unlubricated metal-metal contact, and a film of the 
state-of-the-art lubricant graphite. For the sake of clarity and simplicity, the data points 
of both reference measurements are presented in the form of a colored band. The actual 
CoF values of the references can be found in Figure S7.1, in the supporting information 
section. Two sets of experiments were performed to relate the mechanical friction 
properties to (1) the structure of the monomer and (2) the carbon content, respectively. 
Figure 7.1a shows the CoFs of terminating arene and bridging arylene organosilica 
networks. All organosilica networks showed behavior typical for ceramics and other 
hard materials at low temperatures. The data at 25 - 100 °C indicate a high CoF and show 
large scatter in the experimental data. The particles triggered a slip-stick motion of the 
pin, typical for loose particles that roll and slide over the contact asperities. 
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The polymers with terminating hydrocarbon-containing groups, based on PhTMS and 
BPhTES monomers, showed a remarkable softening upon heating. The CoF of PhTMS-
derived material fell abruptly from 0.7 at 50 °C to 0.01 at 300 °C with the formation 
of a melt above 100 °C. Low Tg and Tm values of 50 °C and 150 °C, respectively, have 
been reported in literature for the latter composition, and are located in the range of 
temperatures where the CoF drop occured.10,22 The coefficient of friction recorded from 
the first data points was comparable to or even lower than that of the graphite reference 
lubricant. The softening behavior of the PhTMS-derived powder disappeared after a 
certain amount of time and this happened faster when the disc temperature was higher. 
This behavior is thought to originate from the condensation of neighboring silanol 
groups into siloxane bonds and the gradual formation of a more rigid 3D network in the 
glass upon heating. More details can be found in the discussion of the DRIFTS spectra 
below. 

The CoF of the BPhTES-derived material decreased gradually between 200 
and 400 °C, reaching minimum values of 0.15, which is half the CoF of the non-
lubricated metal-metal contact. The comparatively higher CoF than found for 
PhTMS-derived material may be caused by the different number of phenyl 
rings in the organic group. The aromatic organic groups tend to interact via the 
delocalized electron charge in the aromatic groups which allows them to interact 
through p-p stacking.23 BPhTES-derived materials may have enhanced stabilization 
of the polymeric network through the ring stacking of the biphenyl group of the 
constituent monomers, compared to PhTMS-derived materials with only one phenyl 
ring per monomer. As a result of these interactions, the PhTMS oligomers may have a 
higher mobility in the melt compared to their biphenyl counterparts, possibly leading 
to the lower CoF of the PhTMS-derived material. 

In contrast to the softening observed in materials derived from monomers with 
terminating organic groups, the materials with incorporated bridging organic groups, 
i.e. BTESBz and BTES2Bz, did not show signs of softening leading to lower CoF values. In 
addition, both organosilica networks with bridging organic groups showed comparable 
trends and CoF values above the non-lubricated metal-metal contact.  Thus, no clear 
correlation was found between the gross carbon content and the mechanical friction 
properties of BTESBz and BTES2Bz derived powders, as was found for the materials 
obtained from monomers with terminating organic groups. The materials with bridging 
arylene groups do not reach the degree of plastic deformability of the organosilicas with 
terminating arene groups. The differences in the mechanical behavior of organosilica 
with bridging and terminating organic groups can be explained in terms of network 
connectivity differences. Monomers with terminating organic groups can form a 



124

7. Soft organosilica networks for solid lubrication

maximum of three connections, while the ones with bridging organic groups can form 
up to six connections. Therefore, the increased connectivity in the network probably 
yields denser and stiffer polymers that do not show softening upon heating. 

In general, the presence of bulky organic terminating moieties in the organosilica 
monomers decreased the CoF of the condensed materials, as can be seen in Figure 7.1b. 
The figure displays a comparison of organosilica networks with varying carbon content 
or structure. Materials obtained from monomers with low carbon content, i.e. MTMS 
and PTMS, show more rigid behavior, with high CoF values at all temperatures and large 
scatter in the experimental data, compared to the more deformable networks with higher 
carbon contents. The overall trend, from low to high carbon content, is an apparent 
softening of the network with an enhanced plastic deformability under mechanical 
loads. DPDMS yielded low friction coefficients from room temperature upwards. The 
polymer seems to be composed of a network prone to plastic deformation, because the 
presence of only two alkoxide groups in the monomer yields linear polymers instead 
of 3D connected networks after polymerization. This network seems to be in particular 
capable of absorbing the shear forces at low temperatures in a manner comparable to 
silicon oils. Polymers from monomers with terminating organic groups and high carbon 
contents yielded lower CoF. Polymers based on PhTMS and CHTMS show very similar 
behavior, with the formation of a soft melt upon heating. Both structures, with bulky 
carbon rings as functional groups, showed a low friction coefficient, down to values of 
0.01-0.03. The improved mechanical behavior of the lubricants is closely related to the 
connectivity of the polymer networks.
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Figure 7.1. Friction coefficients of the organosilica networks. The figure displays the coefficients of friction 

(CoF) obtained by high temperature pin-on-disc measurements on films of organosilica powders prepared from 

suspensions. (a) Comparison between polymers obtained with terminating and bridging monomers. 

(b) Comparison of polymers obtained with different terminating monomers. Reference CoF of the unlubricated 

metal-metal contact and a graphite film have been included. The blue band represent the range of values of the 

two references recorded at different temperatures.
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Dynamic mechanical analysis performed beyond the melting temperature of the best 
performing organosilicas, i.e. PhTMS and CHTMS-derived powders, is shown in Figure 
7.2. The measurements were performed at a temperature above the formation of the 
polymer melt (105 °C for PhTMS and 125 °C for CHMTS) and display the change in 
dynamic viscosity upon heating up to 200 °C. The viscosity decreases with increasing 
temperature as the result of reduced friction between molecules, arising from reduced 
intermolecular interactions with increasing molecular free volume. It can be seen that 
the dynamic viscosity decreased by at least two orders of magnitude for both melting 
networks. The lowest recorded values of viscosity were 0.7 Pa∙s (CHTMS) and 1.0 Pa∙s 
(PhTMS) at 200 °C. The temperature dependence of the viscosity was fitted with the 
Masuko-Magill model,24 see equation 7.1. The fit to the model follows the trend of a 
typical polymer that undergoes melting above the glass transition temperature. This 
behavior may correspond to the formation of oligomers upon hydrolysis of the network 
in the melt.25

                                                                                  
(eq. 7.1)

where η and ηg are the viscosities at a given temperature and at the Tg, respectively. Both 
A and B are constants related to individual polymers. For the analytical fit the assumption 
was made that the Tg coincides with the starting temperature of the experiment 
(125 °C). The best fits of equation 7.1 to the experimental data yielded A = 7.71, 
B = 8.1 (CHTMS) and A = 6.74, B = 11.22 (PhTMS). The best fit to the model is 
consistent with the formation of a melt from the organosilica networks upon 
heating and this phenomenon can be associated with the improved lubricious 
performance. The lower viscosity of the CHTMS-derived material corresponds to 
its lower CoF in this temperature range, as compared to PhTMS-derived material.
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Figure 7.2. Dynamic mechanical analysis (DMA) curves of CHTMS and PhTMS. The curves were recorded 

after the formation of a melt. Fits of the two experimental curves using the Masuko-Magill model are plotted as 

green lines.

7.3.2     Thermochemical characterization

The chemical structure change of PhTMS, BPhTES, BTESBz, BTES2Bz and CHTMS derived 
powders was monitored with temperature-dependent infrared spectroscopy (DRIFTS) 
during heating from room temperature to 600 °C. The powders were not dried prior 
to analysis, causing significant loss of adsorbed water and synthesis residues (ethanol, 
methanol) at temperatures up to approximately 150 °C. Distinguishing spectral features 
is hindered by the intrinsically strong absorbance of silica moieties and the disordered 
nature of the network. Absorption spectra are shown in Figure 7.3 and contain 
among others the isolated silanol O-H stretching vibrations (~3690 cm-1),26 hydrogen-
bonded O-H stretching vibrations (3600-3200 cm-1), siloxane Si-O-Si stretching 
vibrations (1150-1000 cm-1),26,27 and silanol Si-O stretching vibrations (~900 cm-1).26  
The aromatic species, phenyl(ene) and biphenyl(ene), show well-defined 
bands for aromatic C-H stretching vibrations (3080-3010 cm-1), aromatic 
overtones and combination bands (2000-1650 cm-1), aromatic C=C stretching 
vibrations (1625-1430 cm-1), aromatic out-of-plane C-H deformations and out-of-plane 
ring vibrations (900-650 cm-1).27 The bands at 2000-1650 cm-1 and 900-650 cm-1 indicate 
the number of substituents on aromatic rings and thus also indicate the integrity of the 
Si-C bonds.28 The spectra of PhTMS derived material seem to indicate intrinsically lower 
amounts of water compared to other networks. The intrinsic absorption peak of water 
at 1630 cm-1 was not present in the spectra and although the hydroxyl absorption bands 
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from water overlap with the free and hydrogen-bonded silanol vibration bands in the 
2500-3500 cm-1 region, no molecular water seemed to be present in the network. 
The insignificant mass loss in TGA up to 200 °C supports this observation, see Figure 
7.4. The most remarkable change seen in the spectra of PhTMS derived material (Figure 
7.3a) is the sudden intensity loss for all absorption peaks, around the temperature 
region where softening was recorded by PoD. The intensity decay started at 105 °C 
until partial recovery at 145 °C and was attributed to the formation of a less infrared 
active state upon melting of the network. The absorbance changes indicated the 
formation of a metastable state involving the flow of the material without chemical 
changes, i.e. without formation or destruction of siloxane bonds. Solid-state silicon 
nuclear magnetic resonance studies in literature showed that PhTMS derived material 
has relatively high concentrations of silanol groups, but that the network underwent 
ongoing condensation with increasing temperature.10 This is interpreted in terms 
of the evolution of a three-dimensional network upon condensation of the silanol 
groups in the molten glass while heating. The DRIFTS spectra in Figure 7.3a also 
indicated ongoing condensation, by the decay of hydroxyl vibrations at 3600-3200 
cm-1 and silanol vibrations around 900 cm-1. The progressive condensation of silanol 
groups into siloxane bonds is found to be an irreversible process. Figure S7.2, in the 
supporting information, shows a DRIFTS measurements with heating-cooling cycles 
between 25–200 °C. The degree of condensation is directly coupled to the disappearance 
of viscous flow properties in PhTMS-derived powders. Overall, PhTMS networks were 
found to be stable against oxidation up to 600 °C in air under the measurement 
conditions. 

The spectra of BPhTES-derived material (Figure 7.3b) showed similar behavior 
in terms of thermal stability, with unchanging peaks in the aromatic regions 
(3080-3010 cm-1, 2000-1430 cm-1) and slowly decreasing signals in the hydroxyl regions 
(3600-3200 cm-1, 900 cm-1), indicating ongoing condensation of the network without 
thermal degradation of the organic segments. 

The spectra of BTESBz-derived material (Figure 7.3c) showed no significant changes 
in the aromatic vibrations above 150 °C, again indicating that its organic segments 
remained intact throughout the experiment. The spectra of BTES2Bz-derived 
material (Figure 7.3d) showed an upcoming peak at the location of CO2 vibrations 
(2350-2335 cm-1) above 300 °C, accompanied by weakening peaks in the non-aromatic 
3000-2800 cm-1 region. Furthermore, the peaks in the aromatic 2000-1650 cm-1 region 
weakened and the shape of the peaks in the aromatic 1625-1430 cm-1 region changed. 
This suggests some degradation of organic segments and changes in the aromatic 
structures (i.e. changing degree of substitution). 
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The spectra of CHTMS derived material (Figure 7.3e) showed behavior similar to 
that of PhTMS-derived material, with a sudden absorbance decrease between 
125 and 155 °C. This is the same temperature range as where the CoF drop occurred. The 
spectra show non-aromatic C-H stretching vibrations (3000-2800 cm-1), with a significant 
intensity loss above 300 °C, accompanied by upcoming vibrations in the CO2 region 
(2350-35 cm-1). The CHTMS network polymer shows a temporary peak in the C=C 
stretching region (1680-1630 cm-1)27 during temperature increase, indicating 
the formation of intermediate degradation products that degrade upon further 
heating. This thermal degradation of CHTMS-derived material at lower temperatures 
than the corresponding networks with aromatic terminating groups seems to 
have affected its lubricative properties. The CoF underwent a slight increase 
above 300 °C, at the onset of thermal degradation, as can be seen in Figure 7.1. 
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Figure 7.3. Temperature-dependent diffuse reflectance FTIR spectroscopy (DRIFTS) of several organosilica 

networks studied for application in solid lubrication. Condensed material derived from (a) PhTMS (b) BPhTES 

(c) BTESBz (d) BTES2Bz (e) CHTMS.
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The lubricative properties may also be correlated to the overall thermal stability of 
the organosilica networks. Figure 7.4 shows thermogravimetric analyses of several 
organosilica networks that have also been tested in PoD experiments. In agreement 
with the DRIFTS spectra, PhTMS, BTESBz and BTES2Bz-derived materials are thermally 
stable up to 600 °C in a stagnant air environment, and just 20 to 50 °C lower under a 
flow of air in the TGA analysis. In general, the mass losses under 150 °C correspond to 
physisorbed water and ethanol in the pores of the network. The trapped solvents did 
not influence the mechanical properties, as seen in Figure 7.1. The polymers derived 
from monomers containing bridging arylene groups, i.e. BTESBz and BTES2Bz, did not 
show further mass loss until the beginning of organic degradation at 550 °C. 
PhTMS-derived powders did not show a significant mass loss below 200 °C, which is 
related to the absence of adsorbed solvents in the powder. The mass loss starting from 
208 °C can be linked to the process of silanol condensation into siloxane bonds with a 
consequent water release. 
The slight CoF increase for CHTMS-derived material, recorded at temperatures above 
300°C, can be coupled to the first stages of organic decomposition, as witnessed by the 
decay of C-H vibrations (DRIFTS) in Figure 7.3 and the progressive mass loss (TGA). 
The compound experienced almost total degradation from 295 °C onwards. The DPDMS-
derived network did not show any mass loss related to adsorbed water or synthesis 
residues. However, a mass loss of over 90 % took place right above 178 °C, indicating the 
evaporation of DPDMS. The short-timed measurements in the PoD allowed, however, 
to record friction coefficients during the first contact between the two metal surfaces.
 

Figure 7.4. Thermal evolution of different organosilica materials. Thermogravimetric analysis (TGA) of 

materials derived from PhTMS, BPhTES, CHTMS, BTESBz, BTES2Bz and DPDMS. Heating rate of 5 °C/min.
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7.4       Conclusions

A wide range of organosilica powders with arene/arylene, cyclohexyl and alkyl groups 
was synthesized by sol-gel chemistry and the lubricative properties of these materials 
as a form of solid lubricant were investigated. The thermomechanical characterization 
indicated that the introduction of different organic functional groups significantly 
affected the mechanical friction properties of the lubricants. The mechanical friction 
properties were influenced directly by the polymer network structure and network 
connectivity. In addition, the thermal stability is enhanced by the introduction of 
aromatic functional groups in the organosilica. Polymers obtained from monomers 
with terminating organic groups showed lower CoF over a wide range of temperatures. 
Polymers obtained from monomers with bridging organic groups yielded more rigid 
networks, and higher recorded CoF. The latter networks have higher connectivity of 
their monomers (six connection points), compared to monomers with terminating 
organic groups (only three). Easily deformable DPDMS-derived materials, with just two 
possible connection points yielded low friction forces at all temperatures. Monomers 
with terminating moieties such as PhTMS, CHTMS and DPDMS render polymers that 
undergo melting upon temperature increase. PhTMS and CHTMS-derived networks 
seemed to perform the best as solid lubricants above the melting point, reaching 
minimum CoF values of 0.01-0.03.
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7.6       Supporting information
 

Figure S7.1. Variation of the average coefficient of friction with temperature of graphite and the 

unlubricated surfaces used as reference values in this work.

 

Figure S7.2. Temperature-dependent infrared spectroscopy (DRIFTS) of PhTMS derived material with 

three successive temperature cycles 25 °C – 200 °C – 25 °C. The absorbance (vertical axis) has been scaled in 

order to better visualize the cycling effect on the spectra. The formation of a less active infrared network at 105 

°C upon melting was a single irreversible event and the same absorbance was not recovered upon successive 

cooling. 

 
 





8 .
General Conclusions and Outlook

ABSTRACT

In this chapter, general conclusions and remarks regarding the conducted research are presented. 

In addition, various experimental ideas for possible future research are discussed, with particular 

focus on the influence of the network morphology on the lubricative properties of soft structured 

networks and the improvement of the thermochemical stability in soft amorphous networks for 

solid lubrication.
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8.1       General conclusions

The work described in this thesis concerns various soft ceramic materials that possibly 
can be applied as powder solid lubricants for high temperature applications. The main 
focus lies on the relationship between the thermal and chemical stability of the ceramic 
lubricants and the lubrication capabilities. 
Three different kinds of ‘soft’ ceramics have been investigated in this research. 
At first glance, a common lubrication mechanism can be inferred from the mechanical 
behavior of the different networks. The plastic deformability of the networks seems to 
be connected to the ease of dislocation propagation in the network. The ‘soft structured 
networks’ investigated in Chapters 2 to 5 showed that chemical modification of layered 
networks allows a decrease in interlayer interaction and therefore an enhanced sliding of 
the layers with shear. Pristine layered ceramics rendered rigid solid particles that became 
softer with the intercalation of several (in)organic species. The lubricative properties 
of a layered titanate (HTO) were improved by both the formation of a nanocomposite 
with nylon-11 and by intercalation of long n-alkylamine molecules. Layered Double 
Hydroxides with intercalated iodide also showed lower recorded friction forces in PoD 
experiments than the parent compounds. The study of the tribochemical properties of 
bismuth, as an example of a ‘soft atomic network’ in Chapter 6, helped to understand 
that the network, despite not having an intrinsically layered structure, can absorb the 
shear force by deforming in a preferential direction. The best lubricative properties 
were found below the melting temperature, where the oxidation of the metal was 
accelerated. The formation of a rigid oxide phase destroyed the lubricative properties 
of the soft metal phase. The lubricious properties of ‘soft amorphous networks’ were 
explored in Chapter 7, with a comparison of several organosilica polymers obtained 
from monomers with aryl/arylene, cyclohexyl and alkyl moieties. It was clear that the 
network connectivity plays a very important role in determining the thermomechanical 
properties of the polymers. The monomers with terminating organic groups rendered 
polymers that are easily plastically deformable under shear force and in a wide range of 
temperatures. Network reorganization upon melting and mechanical solicitation was 
more easy in polymers obtained from monomers with fewer connection points. 
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8.2       Outlook

This section presents various experimental ideas for possible future research, in which 
the influence of the morphology of soft ceramics on their mechanical deformation 
behavior is the main focus of investigation. In particular, a better understanding of 
the lubricants’ network change upon mechanical solicitation in order to improve and 
extend the application of the material is desired. The work described in this thesis can 
be used for the development of a new generation of high-performant lubricants for a 
wide range of applications.

8.3       Material improvements of novel soft ceramics

8.3.1     Improved performance of ‘soft structured networks’

The use of the layered titanate HTO as a model compound for intercalation/
exfoliation studies and the synthesis of the nanocomposite for high temperature 
lubrication can be extended to other layered systems. Various nanosheet structures 
have been reported, e.g. flat nanosheets (e.g. MnO2

0.4-),1 corrugated nanosheets 
(e.g. Nb3O8

-)2 and step-type nanosheet structures (e.g. Ti4O9
2-)3 as schematically depicted 

in Figure 8.1a-c. Some nanosheets have a completely dense structure in the in-
plane direction, e.g. MnO2

0.4- shown in Figure 8.1d, while others have holes, e.g. TaO3
- 

shown in Figure 8.1e.4 Depending on their atomic configuration, the crystallographic 
thicknesses of nanosheets can differ considerably, e.g. 0.45 nm for MnO2

0.4- nanosheets 
and 2.2 nm for Cs4W11O36

2- nanosheets.5 The dimensions of the two dimensional 
materials may affect the mechanical properties. A smaller lateral size allows the particles 
to fill the asperity contacts of two sliding surfaces;6 their thickness has an influence on the 
flexibility of the nanosheets7 and the surface structure can affect the sliding or exfoliation 
capabilities.8 The chemical composition of the nanosheets also has an influence, related 
to the partial charge and layer-layer interaction, as discussed in Chapter 5. The lower the 
partial charge, the easier the layers can slide over each other. The sliding of uncharged 
covalent layered systems, e.g. graphite or metal dichalcogenides, is favorable even 
without chemical modification. The basic HTO framework is assembled from a structure 
unit of four TiO6 octahedra arranged in a line by means of edge sharing. This disposition 
generates corrugated nanosheets that could result in higher inner friction between 
the layers of the two dimensional ceramic. Other layered systems, such as layered 
double hydroxides, manganates and some clays have an arrangement of octahedra 
and tetrahedra leading to a flat surface. The inner friction can potentially get reduced, 
enhancing the lubricating properties. 
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Figure 8.1. Representative structures of selected metal oxide nanosheets. Side views of (a) MnO2
0.4-, (b) 

Nb3O8
- and (c) Ti4O9

2-, and top views of (d) MnO2
0.4- and (e) TaO3

- . Figure courtesy of H. Yuan.

In order to test this hypothesis, a montmorillonite sample was modified with 
11-aminoundecanoic acid and examined at different temperatures in the PoD. 
Montmorillonite (MNT) is a clay from the family of phyllosilicates and chemically a 
hydrated aluminium magnesium silicate hydroxide (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O. 
The layered system is susceptible to water intercalation and cation exchange. 
The MNT layers have a flat surface configuration and are held together by weak 
electrostatic forces resulting from their low partial charge. Montmorillonite powder was 
suspended in an aqueous solution of 11-aminoundecanoic acid adjusted with HCl(aq) to 
a pH of 6. The modified clay was transferred to steel pins for PoD experiments. 
The friction coefficients at several temperatures in the range of 25 to 580 °C are shown 
in figure 8.2. The coefficient of friction values (CoF) resulting from the friction tests 
are compared to values for the unlubricated metal-metal contact of pin and disk and 
also to a reference film of graphite. Although some data points are missing at different 
temperatures a clear trend can be discerned from the CoF values. The values of the 
unmodified clay were similar to the ones of HTO (see Chapter 3). Modification of the 
clay with 11-aminoundecanoic acid decreased the CoFs after the melting of the amino 
acid and formation of the polymer. Besides this, the average values of CoF were lower 
than for the AUATO nanocomposite. This fact supports the idea that flatter/less charged 
nanosheet systems can lead to better sliding of the layers and, thus, to a decrease in 
friction coefficient.
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Figure 8.2. Friction coefficients of montmorillonite (MNT) and the modified MNt with aminoundecanoic 

acid (MNT-AUA). The figure displays the coefficient of friction (CoF) obtained by high temperature Pin-on-Disc 

measurements on films of the clay and the modified species. The performance of unmodified HTO is also shown. 

Note that the reference CoF for the unlubricated contact is 0.32 ± 0.02,  and the CoF of graphite 0.050 ± 0.005 .

8.3.2     Improved performance of ‘soft amorphous networks’

Organosilicas are thermally more stable than organic-based polymers, and they 
have shown outstanding lubrication properties for high temperature applications 
(Chapter 7). Nevertheless, further research is needed on this new material class, on which 
the literature is scarce. The mechanisms of network deformation during the absorption 
of energy generated by mechanical solicitation of the lubricant need investigation in 
more detail. The lability of the silicon-oxygen bonds confers these polymers a versatile 
range of configurations and the restructuring of the bonds in the network could be 
the reason behind the enhanced lubricant behavior in a wide range of temperatures, 
allowing the plastic deformation of the network. The connectivity of the network can 
play an important role as seen in Chapter 7, where, in general, polymers with terminal 
carbon moieties outperformed the bridged ones. 
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8.4       Method development for exploration of novel solid lubricants

8.4.1     Time resolved small-angle X-ray scattering

This technique has helped to realize that the intercalation and exfoliation processes of 
two dimensional ceramics is much faster than thought. The intercalation of n-alkylamine 
molecules and 11-aminoundecanoic acid was driven by an acid-base reaction, which is 
an intrinsically fast process. Other species, including metal ions, can participate in the 
intercalation process but the intercalation kinetics are still unknown for many layered 
systems and counter ions. A limitation in the production of exfoliated 2D materials lies 
in the long ion exchange procedure prior to obtaining the final nanosheet suspension.9 

Time resolved SAXS may help to answer the question which intercalation mechanism 
is predominant for each two dimensional network and how stable the intercalates are 
in the presence of other species. Knowledge of the synthesis mechanism and kinetics 
may help to upscale the synthesis of these modified ceramics to industrial applications.

8.4.2     Microwave induced hydrogen peroxide decomposition

A new method for the production of porous layered ceramics was developed during 
this research. The method consisted of the intercalation of hydrogen peroxide (H2O2) 
in the interlayer gallery of a layered ceramic and the ulterior decomposition of the 
peroxide triggered by microwave radiation. A magnesium-aluminum layered double 
hydroxide (LDH) was used as model compound for the development of the method. 
The facile method to generate new porosity could be expanded to any layered ceramic 
that allows the intercalation of H2O2. In this research we considered that any layered 
structure that contains intercalated water, or allows its intercalation, can be suitable 
for the intercalation of H2O2 because of the molecular similarities of both compounds. 
This method can be interesting for the production of functional porous ceramics that 
need an enhanced surface area or porosity for their applications, e.g. catalysts in organic 
synthesis,10,11 water splitting12 or environmental applications.13,14

8.5       Final remarks

The work described in this thesis shows that there are alternatives to graphite lubrication 
for high temperature applications. In addition, it was demonstrated that ceramics can 
also be ‘soft’, widening the range of applications of this family of materials. A proper 
understanding of the deformation behavior of the lubricants explained in this research 
may result in the development of products that can help the improvement of future 
greener technologies. 
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The synthesis and mechanical friction behavior of layered ceramics as solid lubricant 
are extensively studied in this thesis. An introduction to the concepts of tribology, solid 
lubricants and soft ceramics is given in Chapter 1. 

In Chapter 2, the intercalation of 11-aminoundecanoic acid in the structure of the 
layered oxide to form a nanocomposite is described. Time-resolved small angle X-ray 
scattering (SAXS) was used to understand the chemical modification of a layered 
titanate of lepidocrocite structure, H1.07Ti1.73O4 (HTO). The intercalation and exfoliation 
times are not as lengthy as believed in the scientific community. An acid-base reaction 
is the main driving force of the intercalation and posterior exfoliation processes which 
drive the layered material into nanosheets within a few minutes. 

The crystallographic characterization was the input to study the mechanical properties 
of the nanocomposite in Chapter 3. It was found that the lubricative properties of the 
hybrid ceramic were originated by the melting of the amino acid and following in-situ 
formation of nylon-11 polymer between the titania layers. The sliding of the charged 
ceramic layers was facilitated by the presence of a viscous polymeric body in between. 

In-situ SAXS was also used in Chapter 4 to characterize the intercalation of different 
n-alkylamines into HTO. Higher amine : HTO ratios led to more expanded structures 
after intercalation. Lubrication characterization by high temperature pin-on-disc (PoD) 
revealed that the longer the carbon chain of the amine the better the lubricity of the 
soft ceramic. 

A method to obtain porous layered ceramics is described in Chapter 5. The porosity was 
produced by the generation of oxygen gas from hydrogen peroxide (H2O2) intercalated 
in the gallery region of a layered double hydroxide (LDH). The treatment of the LDH with 
H2O2 and iodide ions, used as catalyst for the decomposition of the peroxide, influenced 
the mechanical properties of the layered network. 

A model system of a soft atomic network was studied in Chapter 6. The tribochemistry 
of bismuth metal and several bismuth salts is described. The chemical changes during 
the tribological experiments were followed by the crystallographic changes with X-ray 
diffractometry (XRD). The lubricious properties of the metal were affected by melting 
and oxidation at high temperatures. 

Chapter 7 explores the lubricative properties of several soft amorphous networks, 
namely a series of organically modified silica polymers (organosilica). Different aromatic 
and aliphatic organosilica monomers were used to obtain soft networks that were 
characterized at high temperatures. The use of polymers with terminal moieties resulted 
in low friction forces recorded by PoD. The connectivity of the network and the carbon 
content influenced the mechanical properties of the polymers. 



Samenvatting
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De synthese en het mechanische wrijvingsgedrag van gelaagde keramische materialen, 
als vaste smeermiddelen, zijn uitvoerig beschreven in dit proefschrift. De concepten van 
tribologie, vaste smeermiddelen en zacht keramische materialen worden geïntroduceerd 
in Hoofdstuk 1. 

In Hoofdstuk 2 is de intercalatie van 11-aminoundecaanzuur in de structur van 
een gelaagde oxide beschreven, om zo een nanocomposiet materiaal te vormen. 
Tijdsafhankelijke kleine-hoek verstrooiing (SAXS) is gebruikt om de chemische modificatie 
van het gelaagde titanaat van de lepidocrocite structuur H1.07Ti1.73O4 (HTO) te begrijpen. 
De intercalatie- en exfoliatie-tijden zijn echter niet zo langdurig als de wetenschappelijke 
gemeenschap momenteel denkt. Een zuur-base reactie is de belangrijkste drijvende 
kracht achter de intercalatie en daaropvolgende exfoliatie processen, die in een kweste 
van minuten de gelaagde materialen verandert in nanosheets. 

De kristallografische karakterisatie was de invoer om de mechanische eigenschappen van 
de nanocomposieten te bestuderen in Hoofdstuk 3. Het bleek dat de goede lubricatie 
eigenschappen van de hybride keramische materialen ontstaan door het smelten van 
het aminozuur en de daaropvolgende in-situ formatie van het Nylon-11 polymeer tussen 
de titanium oxide lagen. Het glijden van de electrisch geladen keramische lagen werd 
vergemakkelijkt door de aanwezigheid van een viskeus (stroperig) polymeer lichaam 
tussen de lagen. 

In-situ kleine-hoek verstrooiing is ook in Hoofdstuk 4 gebruikt om de intercalatie van 
verschillende n-alkylamines in het gelaagde HTO kristal te onderzoeken. Hogere amine:HTO 
ratio’s resulteerden in meer uitgezette structuren na intercalatie. Door middel van hoge-
temperatuur pin-op-disk (PoD) zijn de lubricatie eigenschappen gekarakteriseerd. Deze 
experimenten onthulden dat een langere koolstofketen van het amine resulteerde in een 
hogere gladheid (i.e. beter lubricatie) van het zachte keramiek. 

Een methode om poreuze gelaagde keramische materialen te synthetiseren, is 
beschreven in Hoofdstuk 5. De porositeit is verkregen door zuurstofgas ontwikkeling van 
geïntercaleerd waterstofperoxide (H2O2) in de gallerij van de gelaagde dubbele hydroxide 
structuur (LDH). De behandeling van de LDH met H2O2 en jodide ionen, gebruikt als 
katalysator voor de decompositie van het peroxide, beïnvloedde de mechanische 
eigenschappen van het gelaagde netwerk. 

Een modelsyteem van een zacht atomair netwerk is bestudeerd in Hoofdstuk 6. De 
tribologische chemie (tribochemie) van bismuth metaal en andere bismuth zouten 
is beschreven. De chemische veranderingen tijdens de tribologische experimenten 
werden gevolgd door middel van kristallografische veranderingen met röntgendiffractie 
(XRD). De lubricatie eigenschappen van het metaal werden beïnvloed door het smelten 
en 
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oxideren bij hoge temperaturen. Hoofdstuk 7 onderzoekt de glijdingseigenschappen 
van verschillende amorfe netwerken, namelijk een serie van organisch gemodificeerde 
silica polymeren (organosilica). Verschillende aromatische en alifatische organosilica 
monomeren zijn gebruikt om zachte netwerken te verkrijgen, om vervolgens bij hoge 
temperaturen de eigenschappen te bepalen. Het gebruik van polymeren met een 
chemische eind-functionaliteit resulteerden in lage frictie tijdens PoD. De connectiviteit van 
het netwerk, en het hoge koolstofgehalte beïnvloedden de mechanische eigenschappen 
van de polymeren.
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