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|l. INTRODUCTION

PATTERNS IN THE WORK

It takes only a few grams of paint, yet without means of ordering that paint in a
controlled manner it will never become a Mona Lisa. As superficial and attention
snatching as this statement may sound it does carry an important message: one
cannot utilize a material — may it be old or novel — without a way of processing it. It is
through processing that a raw material is given purpose; wood can become the
foundation of a hut or a beautiful sculpture. Either way it fulfils a very important
objective, but it needed to be converted from its raw state in order to do so.

Envisioning and synthesising new materials is undoubtedly the central facet of
materials science but it is through the understanding of their formation, their
properties and their behaviour that the most crucial point can be addressed: Control.
Mankind has always been very resourceful when it came to shaping the world around
us to our needs. Faced with challenges we invented new materials and techniques to
overcome those obstacles, said techniques soon pervaded our entire society until we
reached the boundaries of their usefulness. Presented with these new problems,
materials were adapted to fulfil new purposes. Just like iron enabled us to perform
new tasks until the tasks became ever more demanding and caused such wear on tools
that the properties of pure iron needed to be adopted which, over the course of
centuries, leaves us now with an enormous variety of steels that are tailored — through
processing — to a myriad of different types for different applications.

What used to be learned over a long and costly period of time through trial-and-
error is nowadays a highly focussed approach performed by scientist working at the
frontier of invention. They then pass on those raw ideas and concepts to engineers
that refine and adapt the novel materials and concepts and establish whether they can
be useful on a large scale.

Consequently a new material becomes truly useful when every aspect of it can
be tailored, from properties, such as particle size, hardness or colour to shaping and
patterning of the final product. Today there is a whole plethora of morphology
controlling techniques that have been refined over the years for their respective
materials and target applications. Some materials need special structuring techniques
due to their unique properties — just like diamonds cannot be cut with the proverbial
butter knife one cannot simply use any technique to work with liquid precursors. Out
of the multitude of approaches ink-jet printing has emerged as one of the most
promising methods for processing liquid materials. It has especially been deemed the
most capable way of manufacturing single unit and on-demand prototypes in the field
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[. Introduction

of future electronics.!™ It is not only highly refined (regular printers can easily dose ink
drops in the 1 pL range, with newly developed printer heads reaching as low as some
ten aL[Z]), but also extremely inexpensive (simple ink-jet printers cost roughly 25 €).
Even more importantly ink-jet printing is a technique that is very easy to use and that
can be controlled finely without any specialised equipment.

Another well documented principle of exerting structural control over a material
is the concept of biotemplating. Through evolution, nature has produced magnificent
structures of unprecedented complexity and perfection. Even with modern
manufacturing techniques man would struggle to produce intricate structures, the
likes of which nature has created, with similar speed and in similar quantities.
Subsequently a whole field revolves around employing them as templates, scaffolds or

structure directing agents in general.m

Abiding by the idea of employing simple, inexpensive concepts to produce highly
functional and advanced materials biotemplating, specifically the renewable resources
cellulose or its predecessor wood, can be used as a means to control the morphology
of desired products. Even though printing and paper intuitively belong together little
has been done to combine the patterning powers of ink-jet printing with the
biotemplating possibilities offered by cellulose. Doing so issues the challenge of
transferring an established, well investigated technique to a new field. This challenge
is, however, also a great opportunity and promises to pool the advantages of two
highly regarded fields. Combining two pattering techniques, which each cover a
different length scale, brings the enormous gain that the resulting structures are
hierarchical. Even more so, since through this every stage of this hierarchy can be
tailored fully independently of the others. The ability to harness all of the described
advantages however hinges heavily on the understanding of every aspect of the
underlying mechanics.

This work will concern itself with precisely this challenge and derive a way of
combining ink-jet printing with biotemplating to produce novel and highly functional
composite materials. Furthermore, the arising issues of grasping the concepts that
govern each of the processes steps and the possibilities of performing this work in an
environmentally sound way will be addressed.

Consequently the current chapter will be followed by a brief introduction into
the fundamentals of nanoparticle and graphite synthesis, as well as shaping and
patterning techniques. After this, chapter Il will deliver a conclusive and well
documented picture of the mechanism governing the graphitisation of carbons with
the help of an iron salt solution. This is followed by a chapter expanding the presented
concepts to ternary transition metal carbides. From this chapter V will present the
synthesis of various well defined elemental metal and metal alloy nanoparticles
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[. Introduction

dispersed in a carbon framework. These synthesis chapters are succeeded by a chapter
covering all the results obtained from the patterning techniques employed — most
notably, but not exclusively, the results obtained from ink-jet printing of the
precursors. The last chapter presents results regarding alternative synthesis methods,
which effectively detach presented synthesis procedure from high-end equipment,
such as inert atmosphere furnaces, and any source of electricity.
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Il. FUNDAMENTALS

NANOPARTICLES

In the widest sense any object, which is at least in one dimension less than 1 um
long can be considered a nanostructure.” However, particles being of 100 nm or less
in at least two dimensions are more commonly referred to as nanoparticles.“’sl

Nanoparticles have, albeit unknowingly, been used by mankind for thousands of
years. The most renowned example for this is the use of dichroic ruby glass by the
romans dating back to the year 300. The effect that a glass has a different colour
depending on whether light is reflected from it or transmitted through it stems from

gold nanoparticles of less than 60nm embedded in the glass.[G]

Nowadays
nanostructures pervade virtually every aspect of our lives from microprocessors to

cosmetics and from paints to medicine.

The reason why nanostructures are of such high interest is that they are the
transition between single atoms or molecules and bulk materials. Where the physical
and chemical properties of a bulk material are considered to be invariant with size,
they are not with nanoparticulate systems. This is called the “size effect” and denotes
the observation that with decreasing dimensions even basic physical properties such as
melting point, magnetic properties and dielectric constant may change. A good
example of this is the melting point depression in gold nanoparticles: bulk material
gold melts at 1336 K and 2.5 nm gold particles at approximately 570 K, a drop of about
750 K. Those changes are due to the increasing fraction of surface atoms. In contrast
to bulk atoms, which are just surrounded by other bulk atoms and hence “see” a
constant environment surfaces atoms are subject to asymmetric interactions as they
are on one side in contact with the surrounding medium. This also means that the
property changes are not abrupt but rather smooth transitions and can thus be
controlled via the particle size. This, along with the emergence of entirely new
properties, is the actual core reason behind the enormous interest in nanostructures.
The multitude of observed effects and the underlying physical concepts have been the
focus of decades of research culminating in tens of thousands of publications, from
peer-reviewed journal articles over books to full encyclopaedias, covering virtually
every aspect of the fundamental concepts.!*> &

Nanostructures are produced by one of two possible approaches, depending on
whether the starting material is larger (i.e. bulk) or smaller (i.e. single atoms or
molecules) than the desired nanoparticles. The first is fittingly termed the top-down
approach, whereas the latter is called bottom-up approach. Typical top-down methods
are volatilisation and re-condensation, milling and several lithography methods.
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[l. Fundamentals

Bottom-up approaches include sol-gel syntheses, pyrolysis, various vapour phase
condensation techniques and solvothermal reactions. Reducing the size of a material
from bulk dimensions down to nanometre sizes is usually possible on the industrial
scale — like the manufacturing of microprocessors, but comes either at very high
monetary cost or lacks severely in size and shape control. The de novo synthesis from
atomic or molecular starting materials is often less expensive and provides significantly
better control over size and size distribution of the obtained nanostructures, but
scaling to industrial quantities is in many cases very difficult or near impossible.

The size distribution of nanostructures is one of crucial factors, due to most of
the properties depending strongly on the size of the particles. This is especially true in
the size regime below 10 nm where the size dependence is most pronounced. For
example the melting points of gold nanoparticles of 5nm and 10 nm differ by
approximately 130 K which means that even well-defined gold nanoparticles with a
size of (6 £ 0.5) nm have a melting region of (1138.5 £18.5) K.”! The class of methods
most commonly used to produce nanoparticles of narrow size distribution are solution
based bottom-up approaches.[g’m Even though they typically lack the scalability, they
are, in terms of particle size and shape control, considered superior to high
temperature synthesis approaches.m] Consequently a method that can connect
scalability with exceptional size control is highly sought after.

Lastly it is noteworthy that, mostly independent of the synthesis approach
employed, nanoparticles follow a log-normal size distribution.™ *3! The reasons for
which have been subject of intense debate and are not fully understood. Kiss et. al.
have derived a physically reasonable model that is based upon drift and diffusion in
and out of a growth zone, but this model can only loosely be applied to syntheses in a

liquid phase.[13]

CARBIDES

Metal carbides are a vast class of materials that are on the border between
regular metals and ceramics. They possess properties of either class of materials, such
as conductivity and catalytic activity commonly found among metals but also
exceptional mechanical properties as well as high resistance to wear and chemical

(141%] This combination of properties

corrosion that are more associated with ceramics.
stems in the structure of the carbides; while they typically still possess the crystal
structure of the pure metal, giving them metallic properties, they also have some or all
of the interstitial voids filled with carbon atoms which results in the metal planes being
fixed in their relative positions. The latter thus causes the compounds to be very stiff

and extremely hard structures.
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[l. Fundamentals

A model example of this is tungsten carbide, which is not only one of the hardest
substances known, but was also the first non-noble metal compound reported to
catalyse the oxygen reduction reaction (ORR), one of the half-cell reaction taking place
in fuel cells.™® Other important examples include titanium carbide and silicon carbide
which possess similar hardness and very high resistance to chemical corrosion.
Examples for good catalysts are iron carbide and iron nitride, the former being
involved in the Fischer-Tropsch syntheses and the latter in the Haber-Bosch process,
both of which are large scale industrial processes.m'ls]

More recently the focus is also shifting towards the catalytic properties of
ternary carbides,™ a field that has for a long time only been under investigation by
the steel industry for the impact that carbide inclusions have on the properties of
steels.?”!

Metal carbides are typically made by one of two general synthesis pathways.
Either a deposition method such as physical vapour deposition (PVD) is used. This
yields typically pure and well defined systems, but is a very costly method and only
applicable to a limited number of systems, furthermore usually just the most stable
polymorph is available via this method. The other path uses chemical synthesis
approaches such as thermal decomposition or ammonolysis that often involve very
high temperatures in excess of 1000 °C. The latter however lacks greatly in terms of
control over morphology. In recent years advances in other chemical methods like sol-
gel processes have allowed for the production of a wide variety of carbides and other
interstitial alloys under more moderate conditions with better morphological

control.*”!

Size distributions are nevertheless not yet comparable to the well-
established liquid phase synthesis techniques employed for the laboratory scale

production of many elemental metal and metal oxides nanoparticles.

GRAPHITISATION

Graphitisation is the process of ordering amorphous carbon materials into mostly
or fully aromatic, high C-content compounds, such as graphite, hence the name.
Graphitisation commonly only refers to top-down processes in such a way that the
graphite is obtained by converting bulk non-graphite carbons or carbon containing
materials into graphitic carbon. The bottom-up approaches that prepare graphite via
condensation of small molecules is not included in the typical meaning. Graphitisation
can either be performed via a pure high temperature treatment or with the help of
other substances. In the former case carbon materials are commonly divided into two
classes: graphitisable and non-graphitisable materials.”"! The graphitisable materials
can be converted into graphitic structures at temperatures below about 3000 °C (i.e.
about the melting/sublimation point of carbon'®?) in some cases as low as 800 °C.
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[l. Fundamentals

These processes usually take very long heating times of up to several days or even

[23] Non-graphitisable materials will gain some degree of order but will not fully

weeks.
convert to graphite until a significant fraction of the inner molecular bonds and cross-
links are broken due to extremely high temperatures.m’ 2324 The reason for this is that
graphitisation happens via a liquid-like phase that contains growing islands of graphite,
which do not possess the necessary freedom of movement in order to grow and align if
the degree of crosslinking in the material is too high. A typical example of such a
material is cellulose, but it is also true for many other highly cross-linked carbon
materials.”?"

Graphitisation processes that involve other substances can again be divided into
two large classes. One is based upon the chemical or physical disintegration of carbon
containing compounds, such as carbides. This process is more commonly used to
produce porous carbons that may well be amorphous,[zs] it can however also be used
to produce high quality graphitic structures.” For this a carbide, often silicon carbide
or titanium silicon carbide, is either thermally or chemically, with reactive gasses such
as chlorine, decomposed to form some volatile species and pure carbon. Due to the
structure of carbides the carbon atoms are often single carbon atoms in interstitial
voids; when they get released they can bind together in the most stable form:
graphite. The so obtained carbon structures, independent of their internal order, are
hence named carbide derived carbons (CDC).

The other large process used to produce graphitic carbons form amorphous
carbon stock is catalytic graphitisation. Some twenty-five metals, foremost the d-block

metals iron, nickel and cobalt, have the ability to catalyse the process of

[27-28

graphitisation. ! This, in close relation to the CDCs, progresses for some of the less

effective metals first via the formation of stable carbides, which then later are

[27

decomposed again to form the graphitic carbons. ' The more effective metals form a

liquid carbon-metal eutectic which then precipitates ordered carbons while dissolving
amorphous carbon.?* 3% Here it is important to note that depending on the feeding

speed and the size ratio of carbon precursor to catalytic metals either graphitic

[27 [29,31 [26]

carbons,””! carbon nanotubes Tor graphene flakes'”™ are formed.

PATTERNING TECHNIQUES

Structuring and patterning techniques are an enormous field, not only in science,
but even more so in industry. Lithography methods for example are undoubtedly the
foundation of modern information technology.

Despite their close relation, the terms structuring and patterning commonly refer
to two slightly different alterations of a material. Patterning most often means that
parts or areas of a formerly uniform substrate are altered in some way, without
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[l. Fundamentals

actually influencing the shape of the material. Common examples of this would be
printing or the dyeing, where the shape of the paper or cloth is not altered and yet the
material is divided into parts with different properties, such as colour or conductivity.
Structuring, in contrast, typically involves noticeable changes to the actual shape of a
material, in some cases without actually altering anything about the composition of a
material. Everyday examples of this would be wood carving or paper folding, but also

32331 or the more recently developed

[34-35]

machine based techniques such as CNC milling
rapid prototyping techniques,[34] both of which can work with (sub-)um accuracy.
After the processing the substrate is still uniform in composition, yet its shape is
changed immensely. Structuring however may also include techniques that alter the
composition of a material such as etching or selective dissolution. The borders
between the two types of alteration are nevertheless somewhat blurry. lon
implantation for example can be regarded as a patterning technique but may well be
accompanied by structural changes as well. There is no fixed definition of the two
terms and often something referred to as structuring will encompass changes that
strictly seen should be regarded as patterning.

The only machine based patterning technique that is of great importance for this
thesis is ink-jet printing, consequently only this technique will receive a more in-depth
review here and in the beginning of the corresponding chapter “VI. Structuring and
Patterning”. Ink-jet printing has been employed, due to its versatility and ease of use,
in many aspects of materials science. Specifically the printing of chemical objects has
spurred key advances in several fields, including works in colloid science and bio-

pharmacy[36'37]

or via intermediate sol-gel chemistry in the construction of micro
structured functional materials,[ss] as well as in the manufacture of functional
coatings.[39] This approach has furthermore already encompassed a wide variety of
materials and properties.[4°’42]

In the work at hand ink-jet printing will, among other things, be used to produce
carbon in carbon conductors. Although some work has been done in the field of

carbon conductors,*®

it relied thus far on dispersing and printing of pre-formed
carbon structures rather than an in-situ process. To date, these processes are often
difficult to scale up and, most importantly, they almost exclusively use thermally
unstable precursors (usually the printing substrate or support). This has hampered
integration of printing techniques with well-established high temperature processing
techniques; a key requirement for future electronics. These challenges are overcome,
without sacrificing simplicity, by using a paper support and catalytic ink as two
reactants to generate functional carbon/ceramic arrays and 3D structures. This simple
‘beyond the lab’ process with off-the-shelf equipment is suitable for large scale and

high temperature production of materials with electrode or catalytic applications.
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I11. CATALYTIC GRAPHITISATION

INTRODUCTION

The understanding of a system is crucial for one’s ability to alter its properties in
a targeted way; consequently, the understanding of the model system iron / cellulose
is the first focus point of this thesis. The knowledge gained here will be the foundation
of all further chapters; it will illuminate the processes that bring about the formation
of iron carbide as well as the mechanism of catalytic graphitisation facilitated by the
presence of iron moieties.

With the emergence of in-situ imaging of nanometre sized systems, foremost in-
situ TEM, a great many studies regarding the catalytic formation of a wide array of
carbon structures, most of them concerning the growth of carbon nanotubes, have

d.?*3Y The vast majority of the studies however rely on very controlled

emerge
systems, e.g. they employ finely metered gaseous carbon sources, very well defined,
prefabricated catalytic nanoparticles, et cetera. This is, when studying contributions of
a singular component to a multicomponent system, absolutely essential, but
applicability to “real-life-systems” may well be limited. Therefore the first concern was
to ensure that different grades of cellulose — including raw wood — underwent the
similar processes when calcined together with iron moieties. This is especially needed
since here the carbon source and the iron precursors are on entirely different length
scales, being several magnitudes apart in size. Initially it was planned to look at the
formation of iron carbide separately from the process of catalytic graphitisation, but it
soon became evident that the two processes are intertwined so closely that one must
consider both at the same time. Therefore this chapter will be divided into the
separate analysis techniques employed to shine light on the underlying chemistry,
rather than the separate processes observed.

SYNTHESIS AND ANALYSIS

The syntheses presented in this chapter are performed with one of two cellulose
precursors, either lab-grade cellulose filter paper (CFP) is used to obtain large
monolithic samples or microcrystalline cellulose (MMC) is used to obtain powdered
samples. Other cellulose and cellulosic biomass precursors have been employed as
well. Since this chapter is to deal with the exploration of the catalytic mechanism, the
use of non-standard cellulose source will be described in a later chapter (see “VII.
Green Synthesis and Applications”). The metal is provided by adding aqueous solutions
of an iron salt. Several iron salts, namely iron(ll) acetate, iron(ll) acetylacetonate and
iron(lll) nitrate nonahydrate, have been probed for the syntheses, all of which proved
to result in the same products. In the case of MCC 2.54 g of the cellulose are mixed
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[1l. CATALYTIC GRAPHITISATION

with 5 mL of 0.57 M iron salt solution. The cellulose to solution ratio was determined
empirically by probing for the amount of cellulose needed to fully soak up 5 mL of
water. For the filter paper based samples the paper is submersed in the same solution
and then laid out twice on dry petri dishes to remove excess liquid. The received
mixture is put directly into lidded crucibles and calcined in a chamber furnace under
inert atmosphere (typically pure nitrogen). The calcination procedure involves purging
the reaction chamber for 30 minutes with nitrogen and subsequent heating to the
reaction temperature (800 °C unless otherwise noted) with a ramp of 10 K-min™.

The remainder of this chapter follows the analysis techniques employed. Firstly
the morphology of the phase pure iron carbide / carbon products obtained under
optimal synthesis conditions is described, which then bridges over to temperature
dependent analyses performed to explore the graphitic graphitisation. The chapter is
concluded by the presentation of the mechanisms governing this system.

The iron carbide - carbon composite produced via the above described
procedure is of black colour and highly magnetic. The general morphology resembiles,

save for the obvious change in colour, that of the employed cellulose template (Figure
1).

Figure 1: A-B: The resulting nano-composite is highly magnetic due to the embedded iron carbide nanoparticles.
C-D: Visual assessment shows that the morphology is retained very well.

Using powdered cellulose results in a black or greyish shiny powder, using a filter
paper results in a more brittle, paper-like product. The latter experiment makes it
evident that the samples do undergo some shrinkage. The reasons for which will be
discussed in the remainder of this chapter.

Scanning electron microscopy (SEM) was foremost employed to study the
micrometre scale morphology of the carbon fibres. The analysis confirmed what visual
assessment of the composite suggested already: the morphology of the employed CFP
or MCC is retained exceptionally well. In fact it is retained so well that virtually no
difference can be made out when comparing uncalcined cellulose fibres with fibres
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I1l. CATALYTIC GRAPHITISATION

that have been calcined in the presence of iron (Figure 2). On the centimetre scale
however shrinkage to approximately 60 % of the initial dimensions and a colour
change from white to black is evident.

Figure 2:  A: SEM of an uncalcined sample. B: SEM of a calcined sample.

A comparison of samples before and after calcination shows clearly that the
morphology of the cellulose fibres is retained very well on the micrometre scale. This
raises the question down to which point this shape retention continues. Higher
magnification SEM images of fractured surfaces depict this point (Figure 3).

P

B

Figure 3: SEM micrographs. A-B: Highlighting the porous nature of the fibres after treatment. C: Cross-sections of
fibres that have been calcined without any iron appear completely different.
These close-up images reveal the porous nature of the surface and the inner
parts of the fibres — a feature that is not present in cellulose calcined without any iron.

However, regular SEM was only able to properly depict the general presence of
porosity, but a limited resolution made further structural evaluation difficult. The
logical choice was then to work with high resolution SEM (HR SEM) which
simultaneously adds the benefit of having a good element contrast which, in brief, is
due to the position of the detectors relative to the sample and the signal processing.

HR SEM clearly reveals the porous nature of the fibres (Figure 4) and in many
micrographs shows a peculiar phenomenon: the iron carbide nanoparticles frequently
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[1l. CATALYTIC GRAPHITISATION

reshape to precisely follow the surface structure of the cellulose template (esp. Figure
4 A) where they remodel even small wrinkles on the fibres surfaces.

¥ TGk
" )

100 200 300 400 500 600 700 800

Distance [nm]

Figure 4: A: Note the iron carbide nano-particles that have reshaped to the surface wrinkles of the fibres. B:
Zoomed out view showing the cross-section of a cellulose fibre, the porosity of the nano-composite and
the fact that the whole fibre consists of graphitised carbon C: This is a SEM micrograph of ripped carbon-
tubes showing that they are hollow and have very thin walls. D: Line EDX (for iron and carbon, along the
turquois line) performed across a single particle.

Lastly this study confirms that the former cellulose fibres become porous
throughout and that the iron carbide nanoparticles are evenly distributed within the

composite.

To quantify the porosity, which is observed to result from the interplay of iron
with cellulose, nitrogen sorption measurements were performed. Furthermore two
reference isotherms were obtained to ensure that any effects found were caused by
the iron moieties and their reactions with the carbon (Figure 5).
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A: Nitrogen sorption isotherms of uncalcined cellulose, cellulose calcined without an iron salt and of the

nano-composite. B: The corresponding pore size distribution (QSDFT model, adsorption branch) for the
nano-composite.

Nitrogen sorption clearly shows that only the combination of cellulose with the
aqueous iron salt solution yields in a highly porous material upon calcination. The
specific surface area and the pore size distribution was evaluated with a quenched
solid density functional theory (QSDFT) model*+4! (Table 1). The QSDFT model was
applied to the adsorption branch of the isotherm, since the pronounced hysteresis,
with the sudden drop in the desorption branch, suggested that desorption happens via
cavitation and consequently made this branch of the isotherm useless for pore size
evaluation.”®*"! The resulting isotherm was a type IV isotherm and the pore size
distribution showed a population of micropores as well as a broad distribution of
mesopores (Figure 5). The specific apparent BET surface area (SAger, o) Was calculated
to be 273 m2g?, which is significantly larger than the value for the uncalcined cellulose
(4 mz-g'l) and also larger than the surface of the amorphous carbon gained from

.. . . 2 -1
carbonising cellulose without any iron (62 m*-g ™).
Table1:  Summary of the nitrogen sorption results.

Cumulative surface area’
2
[m“/g]

Cumulative pore volume®
3
[cm’/g]

SAI;ET, app.:l
[m*/g]

Sample

Raw coffee filter 4 4 0.007
Calcined filter - 62 0.125
Fe3;C composite 273 264 0.255

'BET rmhe QSDFT calculations. *Due to the lack of porosity the BET model gave no reasonable
values

In conclusion there is a significant improvement in both surface area and
porosity. This is promising for possible applicability in catalysis and other fields that
profit by having high surface area materials and thus demands a deeper look into the
underlying mechanism.

X-ray diffractometry was primarily performed in order to address two points.
One was to assess the product formation of cellulose at high temperatures with and
without the iron moiety present (Figure 6 A). The other was to determine the phase-
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changes, in dependence of the temperature, which are caused by the interplay of iron
and cellulose (Figure 6 B). For the latter samples were prepared, calcined and cooled
down from various temperatures in order to obtain a full temperature profile of the
reaction.
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Figure 6: A: Comparison of the nano-composite (red) and cellulose calcined without any metal (black); the grey
dot denotes the peak attributed to graphite (ICDD 04-015-2407) the blue lines represent a FesC
reference pattern (ICDD 00-035-0772). B: XRD patterns of samples quenched at 100 K intervals. The
inserted reference patterns correspond to: Green: Fe;0, (ICDD 01-077-1545), Red: Fe;C (ICDD 00-035-
0772), Blue: Fe° (ICDD 04-007-9453) and the grey circle at 26° 2 theta is attributed to graphitic carbon
(ICDD 04-015-2407). A larger print of B can be found in the appendix.

Comparing samples with and without iron shows that the presence of iron is
needed to graphitise cellulose at 800 °C and above, which was expected since cellulose
is considered to be a non-graphitisable carbon.”!! The temperature dependent XRD
patterns furthermore reveal two interesting results. One is that the only crystalline
phase this system passes through is magnetite, iron(ll,lll) oxide, which starts to
crystallize at about 500 °C. This is then directly converted to iron carbide, forming at
800 °C. Furthermore can be seen that the decomposition of said carbide to elemental

iron sets in between 800 °C and 900 °C and progresses further at 1000 °C.

XRD not only yields characteristic diffractograms which can be used to identify
phases, it can also be employed, to a limited extend, to judge particle sizes as well as
defects in the crystalline lattice.*®! The crystallite size can be derived, in a first
approximation, from the peak position 6 (not the typically used 26) and breadth (full
width at half maximum) B; both in radians, via the Scherrer equation[49]

_ KA
" Bcos#

with
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In2

K=2 ~ 0.94

I8
where A is the wavelength of the X-ray radiation and d is the diameter of the
crystallites in the same units as the wavelength. Further information such as strain and

compositional variations could not reliably be derived from XRD patterns due to large
scattering of the corresponding data.

Deriving crystallite sizes gives rise to the other interesting point, which is that the
crystallinity or the size of the iron oxide nano-particles is noticeably reduced when
going from 600 °C to 700 °C, as can be seen from the severe broadening of the XRD
reflexes. This broadening was observed several times with different specimens, which
ensures that this behaviour not merely an experimental artefact. The observed effect
is due to the onset of carbothermal reduction of the iron oxide, as the upcoming
analyses will show. This makes it likely that the reflex broadening is, at least to a non-
negligible part, caused by compositional — and thus defect — changes rather than just
simple changes in crystallite size. Very small, systematic alterations in the peak
positions further support this. The patterns obtained from samples prepared at 700 °C
are better described by a Fe, 4,004 reference pattern.

Lastly the fact that the only oxide observed is Fes04, despite the use of Fe’" and
Fe®* precursors, deserves some attention. At the temperature where the first
crystalline phases are observed, magnetite is the most stable iron oxide.B% If any other
oxides are formed first (FeO or Fe,03 depending on the valance of the precursor ions)
they are converted quickly to magnetite, since no trace of other oxides was found.
Another possibility is that the Fe?*/Fe* ratio is reached before hand, because even
though the atmosphere is inert, the counter ions and most notably the cellulose locally
provide sufficient oxygen to oxidise Fe?* and also possess the reductive power to
reduce Fe*" to Fe?*. Hence this could be an alternative reaction path to the equilibrium
oxide.

Raman spectroscopy is the standard technique for the analysis of carbonaceous
compounds and a large number of studies have concerned themselves with the Raman

spectra of diverse carbon structures.”
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Figure 7:  Raman spectrum of cellulose calcined with iron (red) and without (black). The D-, G- and D’-bands are
clearly visible in the graphitised specimen.

The Raman spectra (Figure 7) clearly show a large difference in the degree of
order. For the samples calcined with iron the G band is very prominent and more
intense than the D band. The D’ band is only present as a shoulder peak of the G band
and also the full widths at half maxima (FWHM) of the peaks are relatively small. All of
those are strong indicators of graphitic carbon. In contrast samples calcined without
any metal are model examples of disordered carbons with very broad peaks and a
unified G/D’ band that almost has no trace of the former G peak.[51'53]

Regular transmission electron microscopy (TEM) studies were performed on
ultra-microtome (UM) cuts of samples embedded in an epoxy resin. The reason cuts of
the samples were used was that cellulose fibres have a cross-section of several
micrometers, which is far too thick to be investigated in a TEM.

Figure 8: A: TEM (UM cut) of a cellulose sample calcined in the absence of any metal. The diagonal lines are due
to the cutting and are not a feature of the sample. B: Cellulose calcined with added iron salt yields
structures that are vastly different to the amorphous carbon obtained from cellulose alone.

Already the comparison of samples with and without iron shows a stark change
in morphology. Where cellulose alone merely forms homogeneous amorphous carbons
(Figure 8 A), the iron etches micrometre long tubular carbons, which run through the
entire fibre (Figure 8 B), and lace the whole structure with iron carbide nanoparticles.
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Figure 9: TEM micrographs of UM samples, which were quenched at various temperatures.
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Ultramicrotomes of samples prepared at 100 K intervals — analogous to the XRD
analyses — have been examined with the help of TEM to further investigate the
mechanism that brings about these interesting structures (Figure 9). The TEM
investigation of quenched samples depicts what the other analysis techniques have
shown thus far. The reaction starts off at 500 °C with very small (approximately 5 nm)
iron oxide nanoparticles. To this it moreover adds the valuable information that the
initially formed Fe;0,4 particles only reside on the surface of the fibres. It has to be
noted though that, based on the available data, it cannot be ruled out that a small
fraction of the iron fully enters the fibres. Upon close inspection some TEM
micrographs show tiny dark spots within the carbon framework that may well be iron
or iron oxide clusters.

These micrographs also shine light on the actual morphology of the graphitised
carbons and show that the carbonaceous matrix consists of wrapped and wrinkled
sheets, which form very long tubular structures with diameters ranging from 20 to
100 nm and an average wall thickness of 7 nm. The iron carbide nanoparticles
themselves are of similar diameters (20 to 100 nm) and all have a shell of graphitised
carbon which is of the same size or thicker than the observed tubular structures, i.e.
7 nm or thicker. The much larger size of the carbide compared to the iron oxide
particles suggests that particle coalescence precedes the formation of the tubular
carbons. If they were to graphitise the cellulose directly tubes of much smaller
diameters would have to be present as well. Later analyses will show that once the
tubes are formed they are not destroyed again by the catalytic processes. The
presence of extended graphite networks is also underlined by resistivity
measurements. These measurements resulted in an electrical conductivity of the
samples that had undergone graphitisation, which is enhanced by a factor of 30
compared to the otherwise formed amorphous carbon. Furthermore, there are many
cementite particles with peculiar shapes that deviate far from the typical spherical or
facetted character observed for nanoparticles. The reason for the curious shapes
actually lies in the catalytic process responsible for formation of the graphitic as will be
shown in the following sections.

Further assessment of the nano-composite was done with the help of high
resolution TEM (HR TEM) which is used, among other things, to image the lattice
fringes of crystalline regions in a sample (Figure 10). As opposed to regular TEM,
HR TEM relies on phase contrast imaging, rather than variations in exit wave intensity,
the latter directly depicts electron density.
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Figure 10: HRTEM images. A: Micrograph with labelled lattice fringes for iron carbide and graphite. B: free
graphite highlighting the fact that not just carbon in close vicinity of the iron carbide is highly ordered. C:
Sharp bends (here 90°) in the carbon layers confirm that these are in fact graphene layers and not
simple tubular carbons.

HR TEM micrographs of samples prepared at 800 °C confirm the high degree of
crystallinity of the iron carbide (a lattice spacing of 2.02 A is attributed to the (031)
plane according to ICDD 00-035-0772), as well as the carbon (the 3.35 A corresponds
to the (002) plane in graphite). Additionally sharp bends in the carbon lattices (e.g. 90°,
Figure 10 C) confirm that the carbon is not of a tubular nature, but rather stacks of
graphene layers; hence not carbon nanotube growth but, the actual formation of
graphene from catalytic nanoparticles.

Thermo-gravimetric analysis (TGA) is a good technique to compliment the
temperature dependent studies of quenched samples. Hereby the weight — or loss
thereof — of a sample is monitored precisely during calcination. This allows drawing
inferences about decomposition processes, which, for organic substances, typically
happens under loss of volatile agents, such as carbon oxides.
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Figure 11: TGA shows that the cellulose matrix decomposes at about 340 °C and that the carbothermal reduction
happens at about 610 °C.

TGA shows an initial weight loss of 5 wt% attributed to water remaining in the
pre-dried sample, followed by the decomposition of cellulose with the main drop-off at
337 °C. Somewhat surprising is that the carbothermal reduction at 610 °C is visible as a
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pronounced step in the TGA trace. This means that the reduction process is extremely
fast, since it releases most of the CO, within a few degrees Celsius. Taking into account
the heating ramp of the TGA (10 K‘min) the reduction is completed in about 2
minutes. Furthermore, this drop-off hints at the fact, that most of the CO, is released
in the form of CO. The step accounts for a mass loss of 3.32 wt%, which, corrected for
the 5 wt% water content, equals a loss of 3.49 wt%. XRD had already shown that the
iron, at this stage of the reaction, is present in the form of Fe30,. If all of it were to
decompose to form Fe® and CO, this would cause a mass loss of 2.77 wt%, whereas
decomposition to CO would result in a mass loss of 3.53 wt%. This suggests that
virtually all of the reduction happens via the release of carbon monoxide.

The most impressive proof of the mechanism proposed at the end of this chapter
(see “Mechanism” section) is obtained from in-situ TEM between 700 and 800 °C,
which allows the real time observation of the formation of the final product (video[54]
and Figure 12). Here, liquid droplets of an iron-carbon eutectic with a size of 50 —
200 nm can be followed “eating up” the amorphous carbon, leaving a trail of
crystallised graphitic carbon. This process is driven by the lower free energy of the
perfected graphitic structures as compared to amorphous carbon. It is noteworthy that
the melting point of pure iron is T,, = 1538 °C. This means that the melting point of iron
is depressed by 900 K, which has been reported before but is astonishing none the

[30

less.®®! Reasons for this dramatic decrease in melting temperature are still subject to

intense debate.” The most common causes for the melting temperature depression,

71 B35 can be ruled

such as nano-size effects'’”” or local heating due to exothermic reactions
out.l303 Similarly more refined conjectures, such as the catalyst not actually being
liquid, but rather just appearing to be mobile due to solid-solid interactions above the

)[56]

Tammann temperature (approx. 0.3 - 0.5 Tpeit are not plausible causes. All of those

do either not provide enough energy for the reaction or fail to explain the liquid state
of particles with diameters of up to 500 nm. 2930

The video shows the liquid state of the eutectic better, but also stills taken from
the graphitisation process display the high degree of mobility that the particles possess

(Figure 12).
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Figure 12: Stills taken from the in-situ TEM video depicting a particles movement on the carbon grid during
graphitisation. Once the particle is surrounded by graphitised carbon it immediately ceases to move.

The fact that the iron(ll,Ill) oxide phase is followed by a liquid super saturated
iron-carbon solution and that the graphite layers a sequestered by said liquid eutectic
concludes the analyses. The following section will summarize the catalytic
graphitisation mechanism, which was distilled from all of the analyses.

MECHANISM

This whole mechanistic study of the system iron/carbon can be summarised in
the following. First the iron salts are converted to form iron oxide, which then, at
elevated temperatures exceeding 600 °C, is carbothermally reduced to metallic, iron
containing nanoparticles, the exact composition of which is still subject of intense
debate.Y These then dissolve the amorphous carbon from cellulose and recrystallize
it in the form of well-ordered graphene nanostructures. The fact that the reaction
indeed runs via a liquid eutectic metal droplet (approximately 50:50 mixture of iron
and carbon) is morphologically also seen from some of the final FesC nanostructures.
During crystallisation of the iron carbide, which occurs along with the cooling of the
sample, several layers of ordered carbon are formed around the particles. These arise
from the sequestration of surplus carbon from the eutectic in order to get from an iron
to carbon atom ratio of approximately 1 to 1 in the eutectic to a ratio of 3 to 1 in the
cementite. Lastly the aforementioned was compiled into a scheme (Figure 13).
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Figure 13: A: Cross section of the still amorphous carbon fibre. B: Close-up on marked area from panel A. The
surface of the amorphous carbon fibre is covered in Fe;0, nanoparticles. C: Onset of carbothermal
reduction; Fe;0, nanoparticles shrink in size as they are reduced by the carbon. D: An iron / carbon
eutectic is formed that dissolved amorphous carbon and leaves a trail of graphitised carbon behind. E:
The eutectic droplets keep dissolving amorphous carbon and sequestering graphitic carbon until they
are surrounded by graphitic carbon or thermal fluctuation causes them to crystallise.

CONCLUSIONS

This chapter has provided an analysis of the iron carbide — graphitic carbon nano-
composites utilising various techniques. Furthermore the processes governing the
formation of the composite and the related catalytic graphitisation reactions have
been investigated in depth.

Upon calcination under inert atmosphere the molecular iron precursors
decompose and coalesce to 5 nm Fe304 nanoparticles, which then are carbothermally
reduced to carbon monoxide and a liquid iron-carbon eutectic, which consumes the
former cellulose. This consumption results in large porous networks of tubular carbons
while the micrometre and larger morphology of the cellulose precursor is fully
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retained. All of the observed reactions bear great similarities with studies in the
literature that focussed only on a well-defined, small part of this.

Lastly this chapter has shown that even though the carbon source is provided in
a less defined, bulk form and the iron moieties are formed in-situ rather than being
well-defined preformed species, the reactions take similar paths as to what was
described with highly defined systems in the literature. With this it laid a foundation
for the understanding of processes shown in the following chapters.
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IV. TERNARY CARBIDES

INTRODUCTION

(51 3nd it has

[57-58]

The synthesis of iron carbide has been studied in great depth before
proven to be a versatile catalyst, most notably for the Fischer-Tropsch-process.
Similarly tungsten carbide was reported to be the first non-noble metal catalyst to
catalyse the oxygen reduction reaction (ORR).“B’ 59 Interestingly, even though the
single metal carbides are materials of high significance, iron-containing ternary
carbides (M,Fe,C) have received little to no attention outside the steel/metallurgy

691 The reason why ternary carbides containing iron have not spurred more

community.
interest can only be speculated upon. This is more so the case when one considers that
their combination could potentially lead to synergistic effects between the materials,
causing unprecedented catalytic performance or even new catalytic properties. This
chapter will demonstrate a very easy synthesis pathway to defined iron based ternary
carbides, namely FesWsC, W,Fe;1Cs and Fe;sMng7sC. Here for the first time these
materials are produced in the form of nanoparticles, thereby broadening their
prospected applicability. Previous work dealing with iron-tungsten-carbides looked
into phase formation when alloying industrial steels and thus covered only the high
temperature regime and it dealt with bulk metals — as is common in the steel industry
— and not with the de novo formation of particles.[zo’ 1 As with tungsten, previous
work encompassing iron, manganese and carbon was solely conducted by the steel
and metallurgy community. Consequently this work as well had different objectives

than the formation of phase-pure nanoparticles.

In this chapter the temperature dependent phase transitions undergone by the
two systems tungsten-iron-carbon and manganese-iron-carbon will be investigated,
similarly to the initial study of the pure Fe/C system.

SYNTHESIS

All synthesis performed in this and the next chapter follow the same synthesis
parameters that were derived from the previous chapter. Each multi-metal study
probes three molar ratios, namely iron to metal ratios of 0:1, 1:1 and 3:1 in the
temperature regime from 500 °C to 1000 °C. The heat treatment for the syntheses is in
every case performed under inert atmosphere (nitrogen unless otherwise noted) with
a 10 K-min™ heating ramp to the denoted temperature, followed by the immediate
shut-off of the chamber furnace. One of two cellulose precursors is used, either lab-
grade cellulose filter paper (CFP) is used to obtain large monolithic samples or
microcrystalline cellulose (MMC) is used to perform gram-scale syntheses and vyields
powdered samples. The iron precursor utilized in all of the experiments is iron(lll)
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nitrate unless otherwise noted. Ammonium metatungstate is the tungsten source, as
the polyoxometalates of tungsten are the only salts that are soluble in pure water, and
manganese(ll) nitrate serves as manganese precursor.

The metal to cellulose ratio was taken from the syntheses described in the
previous chapter. In brief 2.54 g of MCC are mixed with 5 mL of 0.57 M metal salt
solution, where the molarity corresponds to the sum of the metal ions. For example a
Fe:Mn 3:1 precursor is prepared by dissolving 869.6 mg of Fe(NOs); - 9 H,O
(2.15 mmol) together with 180.1 mg of Mn(NOs), - 4 H,O (0.72 mmol) in 5mL of
deionised H,0 to form a 0.57 M solution. Similarly a Fe:W 0:1 precursor is prepared by
dissolving 2.87 mmol of ammonium metatungstate in 5 mL of deionised water.

TUNGSTEN-IRON-SYSTEM

The system investigated in the work at hand yields a variety of phases and —
within the conditions probed — usually several at the same time. For tungsten and
cellulose alone XRD analysis can be used to follow the gradual reduction of the initially
formed tungsten oxide, from tungsten(VI), via tungsten(lV) to elemental tungsten.
With increasing temperature (Figure 14) each of the oxides is present in different
crystal structures. The fact that this can be seen in XRD patterns of quenched samples
shows well that the carbon matrix is even able to stabilise and maintain these
intermediate stages when cooling the samples down to room temperature.
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Figure 14: Summarised XRD patterns of the temperature and ratio dependent analysis of the tungsten-iron system.
The reference patterns marked are: Green: W;30,9 (ICDD 00-005-0392), Red: WO, triclinic (ICDD 01-
073-6498), Grey: WO;, hexagonal (ICDD 04-007-2322), Blue: WO,, orthorhombic (ICDD 04-007-0872),
Cyan: WO,, monoclinic (ICDD 04-005-5105), Magenta: w (ICDD 00-004-0806), Yellow: WC (ICDD 01-
077-4389), Dark Yellow: W,C (ICDD 04-014-5679), Navy: W,(C,0) (ICDD 00-022-0959), Purple: FeWO,
(ICDD 04-007-5882), Wine: Fe’ (ICDD 04-014-0360), Olive: Fe;WsC (ICDD 01-078-1990), Dark Cyan:
Fep9aWo 0 (ICDD 04-003-5513), Royal Blue: W,Fe,;Cs (ICDD 04-010-7445) and the grey circle at 26° 2
theta is attributed to graphitic carbon (ICDD 04-015-2407). Larger prints of the patterns can be found in
the appendix.
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When calcining the tungsten precursor and cellulose alone, initially
polyoxotungstates (W13049) are still present, but they gradually decompose to WO;
and W03 (present up to 900 °C). At lower temperatures the various known oxygen
deficient (1 > 6 2 0) tungsten oxides could not be distinguished from the XRD patterns

(62641 7o maintain clarity and comprehensibility,

due to their insufficient crystallinity.
only selected tungsten oxide patterns have been depicted in summary figure above. It
illustrates that the tungsten(VI) oxides are subsequently reduced to different
tungsten(IV) oxides in between 800 and 900 °C. Those are then further reduced to W°.
At the last stage elemental tungsten is present along with several tungsten carbides
and tungsten oxycarbide. Tungsten does not catalyse graphitisation in the probed
temperature region.m] Consequently there is no trace of ordered carbon structures

visible in the corresponding XRD patterns.

The addition of iron has a substantial impact on the phase development, as the
presence of iron causes phase coalescence at 700 °C. Here only Ferberite, FeWQ,, an
also naturally occurring mineral, is formed. FeWOQ, is itself a very interesting
compound as it has successfully been applied as a photocatalyst.[65] When
stoichiometric amounts of Fe and W are used Feberite is formed phase pure; in the
case of 3:1 ratio samples the excess iron is present in the form of Fe’. The
decomposing Ferberite is transformed to several tungsten and iron-tungsten carbides
above 700 °C, but, in contrast to tungsten alone, no traces of any tungsten oxides are
visible. Furthermore, with 3:1 ratio samples the excess iron causes graphitisation from
this temperature on, for the 1:1 ratio samples graphitisation does not set in until
1000 °C, where iron is released from the decomposing ternary carbides.

SEM micrographs show little to no porosity present in the resulting products,
which is confirmed by nitrogen sorption measurements that yield a moderate

apparent BET surface area of 260 m*g™ for a Fe:W ratio 1:1 sample prepared at
1000 °C (Figure 15).

Figure 15: SEM images comparing samples of different tungsten-iron ratio prepared at 1000 °C.

The processes observed in XRD are clearly represented in the SEM micrographs.
On the one hand the increasing iron content, due to irons graphitising nature, gives
rise to larger degrees of porosity. On the other the samples prepared without any iron
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are the only to display any remnants of tungsten oxide needles on the surface of the
fibres.

It comes as little surprise that the remarkable shape retention is also observed
with the tungsten-iron system, since tungsten does not graphitise the matrix in any
way within the probed temperature range, and the previous chapter already showed
that the graphitisation processes do not alter the micrometre and larger shape of the
samples.

Fe:W 0:1

Fe:W 1:1

700 °C

¥ b B

900 °C

1000 °C

Figure 16: TEM study of the tungsten and tungsten-iron samples.
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To conduct a more thorough investigation of the developing structures, TEM
images of microtomed samples were taken. The study covers samples prepared from
700 to 1000 °C at all three ratios (Figure 16). The purely tungsten based samples show
two intriguing features. One feature is tungsten oxide rods with average diameters of
10 — 50 nm that are up to 1 um in length (Figure 17). The diagonal fractures seen here
are again a result of the microtoming and not a feature of sample. Despite their well-
defined shape they appear to be rich in defects since they cause striped selected area
electron diffraction (SAED) patterns.

Figure 17: A: TEM of rod shaped tungsten oxides and B: the resulting striped SAED patterns of them found in
samples prepared at 800 °C.

The other characteristic feature is that the cellulose fibres themselves seem
structured, which is likely due to tungsten oxides forming within the carbon
framework. The matrix imposes special limits on their growth and, due to compression
of the surrounding carbon by the growing crystals, causes some short range order
between the different crystals, which then causes the intricate patterns observed in
TEM. Increasing the temperature visibly lowers the observed short range order within
the fibres as well as the amount of tungsten oxide rods. The latter is to be expected,
since XRD already showed the decomposition of the polyoxotungstates that are
typically associated with rod shaped crystals.!®® Lastly at the highest temperature
investigated the entire cellulose matrix is filled with nano crystallites, the largest ones
reaching 3 nm in diameter.

Regardless of the entirely different phases that are formed upon addition of iron,
the samples prepared at 700 °C with iron and tungsten appear very similar to the
aforementioned samples prepared with tungsten alone. The only difference is that the
iron containing samples completely lack the tungsten oxide rods and instead display a
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higher concentration of particles towards the surface of the fibres, much like the dense
shell of iron oxide particles observed in the previous chapter (see page 19).

8"

Figure 18: TEM micrographs studying the gradual etching during graphitisation. All samples prepared with tungsten
to iron ratios of 1:1 at various temperatures. A: 800 °C. B: 900 °C. C: 1000 °C.

Increasing the reaction temperature further causes graphitisation to set in, which
is accompanied by a curious effect (Figure 18). XRD patterns only indicate the presence
of a single crystalline phase and TEM shows that at 700 °C particles are present
throughout the carbon framework. Despite this, the graphitisation does appear to
progress from the outside towards the centre of the fibres with increasing
temperature. There are two possible explanations for this behaviour. One explanation
is that the particles observed on the surface of the fibres are an amorphous iron oxide
species that is not visible in XRD and graphitises the carbon according to the
mechanism discussed in the previous chapter. The other reason could be that the
Ferberite decomposes differently on the surface of the fibres. The latter could be
caused by locally different FeWQ, to carbon ratios. Within the fibres copious amounts
carbon might quickly and fully reduce the Ferberite. On the surface instead higher
mobility and concentration of FeWQ, crystallites might cause intermediate reduction
products (such as elemental iron or iron oxides) to be present long enough to form a
eutectic with the carbon matrix and hence begin to graphitise the cellulose matrix. This
effect is also observed with other metals and will be discussed in more depth in the
section “Nickel-Iron-System” (see page 50).

Summary

The combination of water soluble iron and tungsten salts with cellulose and
subsequent heat treatment under inert atmosphere will — within the reaction
parameters that were probed in the work at hand — only yield Ferberite (FeWOQ,) as a
pure phase. Various mixed phase iron-tungsten-carbides have however successfully
been synthesised by this route. Other work by our group, utilising alginate and gelatine
as biopolymers and otherwise the same precursors, has shown that this system is
somewhat difficult to control, but, with the right temperature treatment, pure FesWsC
and nitride phases can be obtained from biopolymer precursors.[67] This strongly
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indicates that it would only be a matter of finding the correct reaction conditions to
yield pure phases with cellulose.

In contrast to previously mentioned work by our group employing cellulose,
rather than dissolved biopolymer precursors, causes considerable porosity to be
formed with overall surface areas exceeding 250 m*-g™. Neither alginate nor gelatine
yielded graphitised and hence porous products. The presumable reason for this is the
interplay between cellulose and the iron. It allows for the formation of small iron oxide
nanoparticles on the fibres surface, rather than the binding of singular ions to
chelating moieties of the matrix. This seems to be essential for the graphitisation to
happen and thus the porosity to be formed. This is supported by the observed
consumption of the fibres from the outside inwards when comparing the samples
prepared at different temperatures with iron present.

Even though the phase purity leaves room for improvement the presented
synthesis is a general easy one-pot route to ternary oxides and carbides and it is only a
matter of varying the reaction conditions to achieve the desired single phase systems.
Optimisation of the reaction parameters is a very time consuming process and at the
point of the writing of this work the corresponding experiments were still in progress.

MANGANESE-IRON-SYSTEM

In order to assess the transferability of the knowledge gained in the previous
section a second system was probed for its ability to form ternary carbides containing
iron. Manganese, a metal that is structurally closer to iron, was chosen since tungsten
proved to be a somewhat difficult partner for iron in terms of phase purity and size
homogeneity of the resulting product. Nevertheless, the combination with manganese
promises to yield equally interesting ternary compounds, since manganese is also
known to be a versatile catalyst.[68'7°]

The formation of phase-pure ternary carbides turned out to be a lesser
challenge, and the synthesis of pure MngssFe;,sC was achieved with the samples
containing corresponding iron to manganese precursor ratio. The syntheses were
accompanied by the formation of considerable surface areas (Table 2) with
micrometre sized pores and a hierarchical pore system, which is essential for the

applicability of a material in catalysis.m]
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Table 2:  Summary of the apparent BET surface areas (SAger, app.) Obtained from the Mn-Fe system.

Temperature

800 °C
Mn:Fe Ratio SABET, app. [mzlg]

In addition to the large micrometre pores, fractions of macro and micro-pores
are also formed. Having such hierarchical systems at ones disposal is very interesting in
itself. However, since the aim of this section is assessing the temperature dependent
formation of the various phases achievable with the ternary system probed, only some
initial discussion of the micrometre sized pores formed by this system will be made.
The bulk of the discussion is found in the next chapter in the section “Cobalt-lron-
System”. There the passage “Controlling the Porosity” will deal with the prospect of
tuning the ratio of the different pore-size fractions.

Akin to the investigation in the previous section the phase evolution was
monitored with the help of XRD spectroscopy (Figure 19). A reference study using only
manganese and cellulose was conducted to enable better judgment of the effects
observed and to make it possible to attribute them to the contribution of one metal or
the other, or to identify them as possibly synergistic effects.
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Figure 19: XRD summary of the phase developments in the manganese-iron-system. The reference patterns
marked are: Blue: MngssFe;,5C (ICDD 04-002-8999), Red: MnO (ICDD 04-005-4310), Magenta:
MngsFeosO (ICDD 04-005-9719), Grey: Mn,C; (ICDD 04-007-1048), Wine: MnsC, (ICDD 04-007-1125),
Green: Fe;0, (ICDD 04-015-3102), Dark Yellow: FeNggsgo (ICDD 01-075-2130), Cyan: Fe® (ICDD 04-014-
0360) and the grey circle at 26° 2 theta is attributed to graphitic carbon (ICDD 04-015-2407). Larger
prints of the patterns can be found in the appendix.
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Manganese could hardly be reduced by carbon alone, as was expected. Only at
1000 °C were first reduction products visible, namely traces of two manganese
carbides MnsC, and Mn;Cs, along with substantial amounts of graphitic carbon.
Manganese and cellulose solely forms manganese(ll) oxide, however, the formed
nanoparticles are very small (< 4 nm). The first crystalline MnO nanoparticles emerge
already at 600 °C. Also, according to XRD, the manganese oxide nanoparticles formed
at 600 °C do not grow significantly up to 900 °C. The first major change in the phase
composition takes place at 1000 °C. A steep increase in the MnO particle size from
5nm to 21 nm (both values obtained from the Scherrer equation) can be observed
there. This is accompanied by the emergence of a pronounced peak stemming from
graphitised carbon and traces of crystalline Mn,C; and Mn° as minor phases. As
opposed to tungsten, manganese catalyses the graphitisation of cellulose in the
absence of iron. The fact that graphitised carbon appears along with manganese
carbides hints at a similar graphitisation mechanism as observed with iron.

The addition of iron causes a significant drop in graphitisation temperature from
1000 °C to 800 °C and gives rise to a multitude of Fe/Mn phases. At 600 °C, only Fe30,
and FegsMngsO can be found in the XRD patterns. So in this case the formation of iron
oxide and the mixed metal oxide FegsMngsO precedes the formation of crystalline
manganese(ll) oxide. At 800 °C and above MnO becomes visible along with an increase
in Fe® and MngssFe, »sC as additional phases. From 900 °C on there are traces of a
nitrogen depleted iron nitride phase (FeNggsss). The formation of this phase is likely
due to the use of nitrate precursors. By replacing them with the corresponding
acetates Fe(CH3CO,), and Mn(CH3CO,),, the formation of the nitride is suppressed
without any other change to composition. This was confirmed for several selected
temperatures and compositions; an example of this will be shown in the following
analyses. Nonetheless this work will present the nitrates to give a more comparable
picture among all investigated systems, since all other metal precursors employed
were nitrates.

Increasing the iron content from 1:1 to 3:1 only gives rise changes in the relative
amounts of the phases observed before. Most notable is that this causes the complete
disappearance of MnO at 1000 °C leaving only the ternary carbide Mng7sF,,5C and
again traces of a nitrogen depleted iron nitride phase (FeNggsgg). In this case the use of
the corresponding acetate precursor prevents the formation of the iron nitride phase
and leaves pure Mng 7sF,.,5C along with graphitic carbon (Figure 20).
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Figure 20: Comparison of the XRD patterns resulting from nitrate and acetate precursors reacted with cellulose at
1000 °C. The reference patterns marked are: Blue: MngssFe, ,5C (ICDD 04-002-8999), Green FeNg gsso
(ICDD 01-075-2130) and the grey circle at 26° 2 theta is attributed to graphitic carbon (ICDD 04-015-
2407).
The morphological developments of the system were followed with the help of
SEM imaging (Figure 21). The SEM micrographs show that the cellulose matrix is again

intact and the initial shape is retained well.

Fe:Mn 0:1jiFe:Mn 1:1]Fe:Mn 3:1

Figure 21: SEM study covering all Fe:Mn ratios probed at temperatures from 800 to 1000 °C.

With increasing amount of iron present it becomes more difficult to distinguish
the samples prepared with iron and manganese from the iron/carbon system
discussed in the previous chapter. Manganese by itself however can cause significant
damage to the morphology. The observed changes reach up to the point of full-fledged
alteration on the um scale (Figure 22).
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Figure 22: Example of a strongly altered region (A) and a non-altered region (B) in a Fe:Mn 0:1 sample prepared at
1000 °C.

The alterations on the micrometre scale are of a localised nature, meaning that
only some parts of the samples undergo these stark changes. For applications, such as
catalysis, not only high surface areas are of importance, but also the accessibility of
these surfaces. This accessibility needs to be facilitated by large pores suitable for mass
transport, such as the ones observed here.”

Not all fibres lose their morphology, some remain — at least from the outside —
unchanged (Figure 21). A conclusive reason for this eluded analysis and is still open for
speculation. Inhomogeneity in the starting material can be ruled out due to the way
that the precursors are prepared. One of the two most likely reasons is that the parts
of the sample that are in direct contact with the crucible or the top layer of the sample
that interfaces with the atmosphere — even though the crucibles are lidded — behave
somewhat differently. One compelling argument against this is the fact that the ratio
of unaltered to changed fibres should be constant with temperature, since the amount
of sample at the interfaces remains constant. Also, the fraction of fibres with small
pores should greatly outnumber the other, since a much larger fraction of the material
is “within” the sample, but neither is the case. The other argument that speaks against
this hypothesis is that exactly this test has been performed with the Fe-C samples to
ensure homogeneity and absolutely no difference between samples taken from the
surface, the edge, the walls, and the bottom of the crucible or the centre of the
powder was found. The other reason causing the observed inhomogeneity could be
that the fibres which bear significant changes in appearance may simply have lost their
outer shell. The material appears highly porous but it is also brittle. Due to the large
pores it could lose significant parts of the outer most carbon layer, which resembles
the cellulose morphology and remain otherwise intact. Against this speaks that a few
samples seem to only possess very small pores akin to the ones formed by iron. Since
theses fibres always have retained the morphology of the cellulose, this could mean
that their outer shell simply did not break off, but that raises the question why these
fibres did not form micrometre porosity in the first place. This general effect will be
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observed with other metal combinations as well and hence receive a more thorough
analysis in the upcoming chapters (see page 61).

Lastly, in agreement with the small crystallite sizes derived from XRD patterns,
manganese oxides only become visible on the surface and cleaving edges of broken
cellulose fibres at very high temperatures, after their size has increased significantly.

To gain a closer look at the nm changes that take place during the heat
treatment of the samples all experimental conditions probed in the SEM study above
were also investigated with the help of TEM (Figure 23).

Figure 23: TEM images of all Mn-Fe metal ratios probed at temperatures from 800 to 1000 °C.

As suggested by peak broadening observed in XRD patterns TEM micrographs of
manganese-only samples reveal very small (< 1.5 nm) manganese oxide nano particles,
which are finely and homogeneously dispersed in the carbon matrix. Despite their
small size they remain morphologically unchanged even at 900 °C.
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The observed drastic change in phase composition, when increasing the reaction
temperature to 1000 °C, comes about with similarly drastic changes in morphology.
TEM shows now many types of nanoparticles that differ greatly in size and shape, from
small spherical particles with diameters of 5 to 10 nm, to a larger 25 nm fraction of
mostly spherical particles, to facetted particles of up to more than 100 nm. Moreover,
TEM shows that parts of the samples completely lose their structural integrity, which is
the same result that was already observed in SEM micrographs (Figure 24).

Figure 24: TEM image depicting the loss of structural integrity when heating cellulose in the presence of
manganese to 1000 °C.

As could be expected from SEM and XRD, the addition of iron governs the
morphological appearance of the composite causing them to strongly resemble the
samples prepared with an iron precursor alone. In fact the only striking difference is
that there are two fractions of nanoparticles observed in the manganese-iron system.
Aside from the larger nanoparticles (about 50 nm in diameter), all of which have a
carbon shell, there is a second type with diameters of 5 to 10 nm that seem to be bare
of any carbon. Due to their small size and the phase development observed in XRD,
they can be identified to be remnants of the oxide phases that are formed initially.
Additionally the carbon appears to be highly ordered and comprises tubular structures
and ordered bands that span several hundred nanometres. Interestingly, the amount
of added iron has little bearing on the observed changes making the 1:1 and 3:1
samples virtually indistinguishable. Only actual particle counting shows that the
amount of large, shelled particles increases in the 3:1 samples. An increased reaction
temperature of 900 °C results in practically no change in morphology with either of the
metal ratios. The only observable difference between the two is slight coalescence of
the smaller nanoparticle fraction resulting in average diameters of 20 to 25 nm. Where
the 100 K temperature increase caused little change in morphology upon heating from
800 °C to 900 °C, the temperature increase to 1000 °C results in distinct changes in the
structures and is clearly visible in TEM micrographs. While in both cases the carbon
framework has experienced structural damages due to the formation of the larger
nanoparticle fraction growing even further, with some particles reaching almost
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500 nm in diameter. The smaller particle fraction has grown slightly and, more
importantly in the 3:1 case, all the smaller spherical particles now possess a
carbonaceous shell suggesting they also have undergone a phase change to
manganese-iron-carbide (Figure 25).

Figure 25: TEM image of a Fe:Mn 3:1 sample prepared at 1000 °C showing that all particles possess a carbon shell.

In the case of a metal ratio of 1:1 not all particles possess a shell, and additionally
an entirely new type of particles appears: cubic or rod shaped particles (Figure 26).

Figure 26: A: TEM image and B: SEM image of a Fe:Mn 1:1 sample prepared at 1000 °C showing the rod-shaped
particles that have emerged.

Rods of various manganese oxides have been reported in the literature,”>7®!

among those the synthesis of manganese(ll) oxide is extremely rare and a high
temperature synthesis has not been described at all. In fact the cubes and rods are so
prominent that, upon closer inspection, they can even be seen in SEM micrographs
where the fibres have fractured.

Summary

A study of the phase transitions undergone by reacting aqueous solutions of iron
and manganese salts with cellulose in the high temperature regime from 500 °C to
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1000 °C has been conducted. The reactions always progress via the corresponding
oxides and yield mixed phases while transitioning from one state to the other.
However, by carefully tuning the reaction conditions, several interesting products can
be obtained in pure form.

Manganese and cellulose alone yield homogenous ultra-small MnO nanoparticles
dispersed in carbon at temperatures as low as 600 °C. This is significant, since all other
manganese oxides should be easily available via controlled further oxidation of these
manganese(ll) oxides.

Furthermore the synthesis of Mng 75Fe, >5C nanoparticles is demonstrated for the
first time in a nanoparticulate form. This is achieved simply by combining agueous
solutions of manganese and iron acetate, in a ratio of one to three, with cellulose and
calcining the resulting slurry under inert atmosphere at 1000 °C. The possibility to
produce the ternary carbide in an easy and large scale one-pot synthesis allows for the
material to now be tested for its catalytic properties. Future work will also encompass
a search for applications outside the field of catalysis.
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INTRODUCTION

The synthesis of metal(0) nanoparticles is arguably one of the most studied
phenomena in the realm of materials science. Tens of thousands of publications have

77} The reason for this enormous attention is the diverse

been devoted to said matter.
applicability of these structures. The most important of which is catalysis,[78] but also
applications ranging from medicine to spectroscopy and sensors and many more have
been implemented.m] In addition to metal(0) nanoparticles bimetallic alloy
nanoparticles have lately received much attention due to their enhanced properties
and additional tunability.[80'81]

The main concern with the preparation of metal(0) nanoparticles that a materials
scientist is faced with is the stabilisation of these nanoparticles. This typically
addresses a twofold issue: one is the stabilisation of the particles against aggregation
or coalescence, the other is their stabilisation against chemical changes, most notably
oxidation. A common solution to both problems is the use of stabilising agents such as
surfactants.®

In the previous chapter, samples containing homogenously distributed, very
small MnO nanoparticles dispersed in the carbon framework have been presented.
Since manganese(ll) oxide, in the form of nanoparticles, is prone to further oxidation,
this suggested that the carbon matrix is a potent stabilising agent. Also, no coalescence
of particles was observed in a wide temperature regime suggesting that the carbon

structure is a good separating agent as well.

Non-noble metal(0) particles are especially prone to undergo chemical changes
along with the usual ripening processes, and consequently are harder to stabilise, yet

82 From the findings of the last chapter cellulose

they are very important catalysts.
appeared to be an ideal choice for dispersing and stabilising them and several metals
of recent interest such as cobalt, nickel, palladium and copper, were selected as

examples.

This chapter presents a very general synthesis path to well defined, stable
nanoparticles. The synthesis will be exemplified by the preparation of metal(0) and
metal alloy particles composed of Cu, Ni, NiFe, Nig3,Feqgs, NiPd, CoFe and CosFe;. All
syntheses described in this chapter will be based on CFP and MCC as the cellulose
precursors and bivalent nitrates of the respective metals as the metal source, all other
reaction parameters (including the probed metal ratios) are the same as in the
syntheses in the previous chapters (see page 27).
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COPPER-IRON-SYSTEM

The combination of iron and copper produced foremost well dispersed stable cu®
nanoparticles. During the course of the analyses it turned out that, despite their small
size of approximately 9 nm, the particles are in fact found to be aggregates of very
small, crystalline copper clusters of only a few atoms. The next discovery was that
copper is able to direct the graphitising power of iron. This is a twofold property, on
the one hand copper seems to direct the formed tubular carbons to align themselves
and to grow in straight lines. On the other hand the fcc structure of copper appears to
promote the formation of diamond-like carbons (that have a fcc structure themselves)
at very low temperatures. None of the ratios or temperatures probed did however
yield any sort of combination of the metals, neither ternary oxides nor ternary carbides
nor was any form of alloying observed. A summary of the observed crystalline phases,
as determined by XRD spectroscopy, can be seen in Figure 27.
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Figure 27: Summarised XRD patterns of the temperature and ratio dependent analysis of the copper-iron system.
The reference patterns marked are: Grey: Cu,0 (ICDD 04-007-9767), Red: Cu® (ICDD 00-004-0836),
Green: Fe;0, (ICDD 04-015-3102), Blue: Fe® (ICDD 04-014-0360), Magenta: Fe;C (ICDD 00-035-0772),
Cyan: Diamond-Like Carbon (ICDD 00-060-0053) and the grey circle at 26° 2 theta is attributed to

graphitic carbon (ICDD 04-015-2407). Larger prints of the patterns can be found in the appendix.
Copper alone will even form crystalline copper nanoparticles at temperatures as
low as 500 °C. At low temperatures those particles are still accompanied by copper(l)
oxide particles, which disappear above 600 °C. The crystallinity of the copper particles
appears virtually invariant with temperature; the Scherrer equation yields a crystallite

size of 20 nm.

The addition of iron to the system initially does not show any unexpected
alterations. Upon heating Fes0,4 is observed as an additional phase and moderate
amounts of iron will transform directly into Fe°, larger will additionally produce small
amounts of FesC. No form of combination of the two metals is observed. One puzzling
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change that can be seen though is an additional set of peaks corresponding to an fcc
lattice that is smaller than the one of copper (Figure 28).
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Figure 28: XRD pattern of a ratio 3:1 Fe:Cu sample prepared at 1000 °C. Red: cu (ICDD 00-004-0836), Blue: Fe°
(ICDD 04-014-0360), Magenta: Fe;C (ICDD 00-035-0772), Cyan: Diamond-Like Carbon (ICDD 00-060-
0053)

This phase has with reasonable certainty been identified as a diamond-like
carbon (DLC) phase that is produced as a result of the presence of the fcc copper
during the graphitisation process. The fact that DLC can be obtained from the catalytic
conversion of carbon black with iron has been reported previously.[83] Infrared Raman
spectroscopy supported these findings wel] b1 8488l
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Figure 29: Raman spectrum of a ratio 3:1 Fe:Cu sample prepared at 1000 °C. Black: measured spectrum, Green:
fitted peaks, Blue: fitted baseline and Red: cumulative fitted curve.

When interpreting infrared Raman spectra, much care has to be taken to judge
the different dispersion effects properly. Ferrari and co-workers have done extensive
work in this area and delivered several good reviews of the matter discussing critical as

[51, 86

well as disputed points. 'n summary, considering the employed laser wavelength
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of 785 nm, the peak positions of 1307 cm™ and 1591 cm™, shape and relative intensity
as well as relative signal areas suggest the presence of diamond-like carbons.

The structural developments on the micrometer scale were followed via SEM
measurements. At every stage of the reaction nanoparticles could be seen to grow on
the surface of the carbon fibres. They were of several ten up to a few hundred
nanometres in diameter and preferentially accumulated between ridges of the surface
texture of the fibres (Figure 30).

Fe:Cu 0:1 Fe:Cu1:1 | Fe:Cu 3:1
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Figure 30: SEM micrographs of all metal ratios probed at temperatures from 700 to 1000 °C.

The SEM micrographs strongly suggest that there is, at least size wise, a large
fraction of copper nanoparticles present. The addition of iron had apparently little
impact on the size and density of the nanoparticles, but this was expected as there was
no change in dependence of the iron content observed in XRD patterns. In TEM images
however the combination of the two metals did prove to have an impact on the overall
morphology of the product. Copper alone yielded well controlled nanoparticles of an
apparent average diameter of 9 nm as determined from TEM micrographs (Figure 31).
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Figure 31: Particle diameter histogram of Cu nanoparticles prepared at 800 °C as determined from TEM images.

Initially the samples appear to be mere physical mixtures of the two reactions
and their respective products, since it has been found that iron develops separately
from the copper phase. Large amounts of iron and temperatures above 800 °C,
however, show that the addition of copper alters the graphitisation process in such a
way that the tubular carbons preferentially grow in bundles and within common
planes. This causes the bundles to appear as straight lines of several um length in the
UM cuts. Those common planes however appear to be randomly tilted throughout the
material (Figure 33). Since, aside from this, the two reactions happen separately, the
reader is referred to the third chapter for a discussion of the phase developments of
pure iron. Intriguing about the behaviour of copper is that it appears to coalesce
primarily on the surface of the fibres or in cavities where the iron has opened up the
structure through graphitisation. This gives rise to two structural effects. One is that
the surface of the fibres is populated with large copper nanoparticles. The other is that
this coalescence causes a depletion zone, which appears void of any particles, close to
the surface of the fibres. This feature is observable with and without the presence of
iron in both SEM and TEM (Figure 32).

l1pm = 500 nm

-

Figure 32: Surface depletion effect. A-B: TEM and SEM of a pure copper sample prepared at 1000 °C. C-D: TEM of
Fe:Cu 3:1 samples prepared at 900 °C.
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Fe:Cu 0:1 Fe:Cu 1:1 Fe:Cu 3:1
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Figure 33: TEM images of all metal ratios probed at temperatures from 700 to 1000 °C.

A closer look at the copper nanoparticles reveals another surprising feature: they
actually consist of few-atom copper clusters, rather than being comprised of larger
crystallites or even single crystals as XRD initially suggested (Figure 34).
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Figure 34: A TEM image of the copper nanoparticles. B: HR TEM of a crystalline copper cluster within the particles.
C: corresponding EDX spectrum.

The fact that the lattice fringes observed in high resolution images do not to
coincide with the copper lattice is an effect that has been reported previously. There
copper clusters of high quality also showed fringes corresponding to double reflections
within the cluster.®”! The fact that XRD shows comparably sharp peaks is most likely
due to the fact that the particles on the fibre surface are in fact comprised of larger
crystallites. The signal caused by the larger fraction would be much stronger and
superimposed on the broad peaks caused by the copper clusters.

Attempts to release the copper clusters from the carbon framework and obtain
dispersed nanoparticles have been made despite their small size. Releasing the
nanoparticles from the carbon framework was achieved through prolonged ultrasonic
treatment in toluene in the presence of oleic acid. Even though releasing the particles
was possible, they could not be held in solution, since they were simply too instable
due to their small size and dissolved quickly. A full study of possible dispersing agents
has, however, not be conducted and would be a very interesting point for further
research. Also, a study involving UV Raman spectroscopy to directly evaluate the sp3
fraction within the DLC would be of high significance.

Summary

Copper nanoparticles have been produced and stabilised in a carbon framework.
The particles were actually copper clusters of sizes below one nanometre with an
approximate atom count of less than 200 atoms per copper cluster. The combination
of copper and iron enabled the formation of a diamond-like carbon phase that was
catalytically produced by the iron and stabilised by the fcc lattice of the copper.

The presented approach makes it possible to produce stabilised copper
nanoparticles and DLCs in very large amounts — preliminary tests yielding several
grams have been made.
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NICKEL-IRON-SYSTEM

Nickel yielded, much like copper, well dispersed and highly stable metal(0)
nanoparticles. They were of well controlled size with diameters of (5.5 = 0.5) nm as
determined from TEM and crystallised at temperatures as low as 600 °C. Increased
temperature treatment, at and above 900 °C, caused catalytic graphitisation to occur,
similar to the processes observed with iron. However, the graphitised structures were
of somewhat different morphology as will be discussed in the course of this section.
The use of nickel precursors furthermore gave rise to micrometre sized pores in
addition to the pores caused by graphitisation.

As opposed to copper, nickel will form various alloys in the presence of iron due
to their similar size and chemical nature. In particular the alloys NiFe and Nig3,Feggs
were obtained. A peculiar behaviour observed with this was that iron and nickel
formed at different locations within the cellulose framework and only upon
graphitisation and the thus caused omnipresence of iron throughout the carbon matrix
were pure alloys obtained.

This section will present the synthesis of nanoparticles of extraordinary quality
consisting of nickel and binary alloys of nickel and iron as well as nickel and palladium.
It will moreover cover promising results regarding the dispersability of said nickel
nanoparticles.

The crystalline phases observed in XRD patterns at the various temperatures and
ratios are summarised in Figure 35.

Fe:Ni 0:1 | Fe:Ni 1:1 | Fe:Ni 3:1

‘L 1000 °C l 1000 °C 1000°C
N O Y | A l | )
e e ot L >t e
‘L 900 °C , M 900 °C i 900 °C
[¢
- T DN Pt . -l ——t—h—
- - -
3 800°C 3 800°C 3 ° 800°C
59, 59, S5, "
> e > et | e sy > .
= = =
2 2 2
S 700°C S 700°C S 700°C
-t -t -t
= ] ‘ Sy £ e o = -
\,_,\‘\“‘ 600 °C \" 600 °C 600 °C
- [ AN R,
\\'\\ 0 NN* e M s00re
0 30 40 S50 60 70 80 S0 20 30 40 S50 60 70 80 90 20 30 40 S50 60 70 80 90

2 theta [] 2 theta [] 2 theta [°]

Figure 35: Summary of the temperature and ratio dependent XRD patterns for the nickel-iron system. The
reference patterns marked are: Grey: Ni° (ICDD 04-010-6148), Red: NiysFeqs (ICDD 04-003-3531), Green:
Fe3;0,4: (ICDD 04-015-3102), Blue: Fe° (ICDD 04-014-0360), Cyan: Nig3,Feqes (ICDD 04-002-1863) and the
grey circle at 26° 2 theta is attributed to graphitic carbon (ICDD 04-015-2407). Larger prints of the
patterns can be found in the appendix.
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From the point of crystallisation at 700 °C and up to the onset of graphitisation at
900 °C the size of the Ni° nanoparticles is virtually invariant with temperature. For
samples prepared at 800 °C the Scherrer equation yields particle sizes of (4.7 £ 0.3) nm.
Upon graphitisation however the particle sizes increase dramatically; the cause of this
are mechanisms similar to the ones that were observed with iron, as will be shown in
the course this section.

The addition of moderate amounts of iron first causes the formation of a Fe;0,
phase at temperatures of 500 and 600 °C additionally from 600 °C on the alloy NiFe is
formed alongside Ni°. The alloy particles have a size of (4.4 + 0.5) nm according to the
Scherrer equation. With the onset of graphitisation at 900 °C the Ni° phase disappears
completely and only graphitic carbon and the alloy remain. Adding a threefold excess
of iron causes a similar reaction path, just that now Fe’ is the excess phase and the
alloy is the 3:1 alloy Nig 3;Feg gs.

Interestingly nickel causes the formation of micrometre pores akin to the ones
seen with manganese in the previous chapter. The addition of iron however
immediately suppresses those larger pores, as was observed with manganese. The
overall structural evolution was monitored using SEM and is summarised from 800 °C

on in Figure 36.

Figure 36: SEM summary figure covering all Fe:Ni ratios probed at temperatures from 800 to 1000 °C.

The large pores caused by nickel are observed over the full temperature range.
With the onset of graphitisation the walls of the large pores become porous
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themselves thereby effectively creating well-defined hierarchical pore structures ideal
for applications in catalysis.m] Samples prepared with iron and nickel do not show
porosity until graphitisation sets in; the then formed pores are very similar to the
structures presented in chapter three. The presence of iron does however cause the
formation of a layer of nanoparticles on the surface of the fibres.

Table3:  Comparison of the apparent BET surface areas of samples prepared with different metal ratios at 800 °C.

Temperature 800 °C
Ni:Fe Ratio SAGger, app. [M*/8]

At the early stages of the reaction, this even appears to outweigh the
micrometre pores in the formation of overall surface area as was determined by
nitrogen sorption measurements (Table 3).

Fe:Ni 0:1 Fe:Ni 1:1 | Fe:Ni 3:1 |

800 °C

24

900 °C

1000 °C

Figure 37: TEM micrographs covering the temperature range of 800 to 1000 °C for all three iron nickel ratios.
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To further investigate the composites on the nm scale TEM micrographs of
ultramicrotomed samples were taken. They depicted nickel and iron-nickel alloy
nanoparticles of extraordinary quality (Figure 37 and Figure 38). From the TEM images
at 800 °C histograms of the Ni® and FeNi nanoparticles were derived and yielded
particle sizes of (5.5 £ 0.5) nm and (5.3 £ 0.5) nm respectively (Figure 38).
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Figure 38: Histograms derived from TEM micrographs from samples prepared at 800 °C. Black curves represent
lognormal fits to the histograms. A: Fe:Ni 0:1. B: Fe:Ni 1:1.
Either of the results goes well with the crystallite sizes determined via the
Scherrer equation suggesting that they are in fact single crystalline particles.

Also at 1000 °C it becomes apparent that the graphitised carbon structures
derived from nickel are of a more layered nature, meaning that they form flat aligned
bundles as opposed to the rather tubular structures derived from iron. The transition
from one structure to the other can be followed with increasing iron to nickel ratio.

TEM images depicted another process that lends a hand in explaining the phase
behaviour observed in XRD patterns. Micrographs of samples prepared at 800 °C with
an iron to nickel ratio of 3 to 1 show that the iron still forms on the surface of the
fibres and only upon etching into the fibres does it come in contact with the nickel
(Figure 39).

Figure 39: TEM image depicting the iron etching into the nickel containing carbon framework. The sample was
prepared at 800 °C.
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This explains why the alloy does not become phase pure until the graphitisation
has fully set in. Iron behaves differently from all the other metals, in that regard that it
forms oxides solely on the fibres surface and does not enter into the carbon matrix,
until it forms the iron-carbon eutectic. An explanation for this observation could not be
found. The most probable reason for this behaviour is a coordination effect where iron
does not bind strongly enough to the cellulose matrix; there is, however, no prove for
this. This effect appears to be similar to what was found with tungsten (see page 28).

Since the nickel nanoparticles are of very high quality preliminary tests were
performed to answer the question whether or not they could easily be removed from
the stabilising matrix and be obtained in the form of a stable dispersion. For this the
as-prepared samples were put into glass vials containing a solution of oleic acid in
toluene and submersed in an ultrasonic bath for 24 h (Figure 40).

Figure 40: Nickel nanoparticles prepared at 700 °C and dispersed in toluene with the help of oleic acid.

Dispersing the nanoparticles by this method worked and is a promising starting
point for further optimisation of the procedure. Even though this first attempt
produced dispersed Ni° particles in substantial amounts, it has a few shortcomings. For
one, still not all of the particles are dispersed as TEM also shows carbon fragments of a
few um full of nanoparticles. There furthermore appears to be some coalescence
during the process, likely due to the harsh conditions in a 24 h ultrasonic treatment.
Further improvements, namely in the form of more suitable solvents and dispersing
agents, will likely enable the use of shorter dispersing times and thus help keeping
coalescence to a minimum if not suppress it fully.

Spurred by these encouraging results first test to prepare another high value
catalyst was performed and showed that the system can well be expanded beyond
iron and its alloys to more noble metals. For this NiPd particles have successfully been
prepared (Figure 41).
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Figure 41: Temperature dependent XRD patterns of Ni Pd 1:1 prepared at temperatures form 600 to 900 °C. The
reference patterns marked are: Black: Ni° (ICDD 04-010-6148), Green: pd° (ICDD 00-005-0681) and Red:
NigsPdq s (ICDD 04-001-3174).

The resulting alloy nanoparticles are, within the reaction parameters probed,
practically unaffected by temperature (Table 4).

Table 4:  Crystallite sizes derived from Scherrer equation for NiPd alloy particles.

Crystallite Size from

Temperature

Scherrer equation [nm]

600 °C (2.0£0.2) nm
700 °C (3.2+0.5) nm
800°C (3.3+£0.2) nm
900 °C (2.0+0.2) nm

There is furthermore no trace of graphitisation visible, which is likely due to the
apparently very stable nature of the alloy.

Summary

Pure nickel and alloyed iron-nickel and palladium-nickel nanoparticles of high
quality have been produced. The cellulose matrix stabilised well separated
monodisperse 5 nm nanoparticles of each metal or alloy, thereby again proving to be a
very versatile stabilisation matrix. The particle size is virtually invariant to temperature
below the graphitisation threshold, increasing the temperature above it (slightly above
800 °C) caused the particles to coalesce and graphitise the carbon matrix.

This investigation furthermore gave the intriguing result that nickel and iron
seem to interact differently with cellulose. While iron forms particles on the surface of
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the fibres, nickel does so directly within the fibres. In TEM this was especially observed
when an excess of iron was employed. Also, XRD supports this, as at temperatures of
700 °C and 800 °C two crystalline fractions are visible, that merge to one when heating
further. Interestingly samples prepared with a 1:1 metal ratio produced Ni as the
excess phase and samples prepared with a 3:1 ratio produced Fe.

Lastly, attempts to separate the nickel nanoparticles from the carbon matrix and
stabilise them in solution through ultra-sonic treatment have been made; the first
results of this are promising.

COBALT-IRON-SYSTEM

This section will cover the last multi-metal system investigated in the work at
hand and provide a synthetic strategy to the production of small Co® and CoFe
nanoparticles with a narrow size distribution and high stability against oxidation.
Further increase in iron content will yield equally stable larger nanoparticles comprised
of the alloy CosFe;. Lastly, the formation mechanism of the previously observed um
pores will be discussed and moderate means of pore size control will be established.

Cobalt and iron presented a unique opportunity insofar that — as opposed to the
previously investigated systems — here the alloy is formed immediately and no phase
changes are observed with any of the systems as soon as the preceding oxide phases
are reduced to elemental metals. The lack of phase changes allows for the
investigation of different aspects of the product formation while ruling out phase
transitions as a cause for them. This enabled for example to study the origins of the
pum pores observed when a cobalt precursor salt was used. Furthermore was this the
only system were the um pores did not cease to form upon the addition of iron.

Firstly the observed phases a summarised again in a collective XRD patterns plot
(Figure 42).
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Figure 42: XRD patterns summary for the cobalt-iron system. The reference patterns marked are: Grey: co® (lIcbb
00-015-0806), Green: CoO (ICDD 01-071-1178), Red: CoFe (ICDD 04-014-0310), Magenta: Fe;0, (ICDD
04-015-3102), Blue: CosFe; (ICDD 00-048-1817) and the grey circle at 26° 2 theta is attributed to
graphitic carbon (ICDD 04-015-2407). Larger prints of the patterns can be found in the appendix.

Each metal is first present in the form of its respective oxide until reductive
processes set in at 600 °C. Cobalt appears to be reduced to elemental metal at slightly
lower temperatures than iron as Co® and FeCo are seen at 600 °C, but at this
temperature for the sample with a 3:1 ratio there are mere hints to an elemental alloy
phase. Additionally for this ratio traces of the oxide phase persist up to 700 °C. Cobalt
will cause graphitisation of the carbon matrix at 900 °C. In combination with iron, it
does, however, not appear to greatly hinder the formation of graphitic carbon as it
now is produced at 800 °C — the same temperature that was observed with purely iron
based samples.

Morphologically, the cobalt-iron system is very similar to the nickel based
system, since cobalt alone also gives rise to large amounts of um sized pores. The
porous matrix also becomes a hierarchical structure at high temperatures when
graphitisation processes add a second mesopore fraction effectively yielding pores
whose walls are porous. Nevertheless it also does present an important novelty as
here the presence of the large pores is impeded but not fully supressed by the addition
of iron; a detail that will be of importance towards the end of this section where
mechanisms governing the porosity are discussed (page 61). The structural changes
that the composites undergo can be followed via SEM imagery (Figure 43).
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Figure 43: Structural developments of the cobalt-iron systems monitored with SEM.

The mixed metal samples present mesopores, caused by the graphitisation of the
cellulose, from 800 °C onward. The surface of the carbon becomes covered with cobalt
nanoparticles that are detectable in SEM once graphitisation and hence coalescence of
the particles sets in. In the binary systems, particles are visible throughout the full
temperature range, a result of the surface coalescence already discussed in the copper
section (page 44). This observation is supported by XRD patterns, which suggest larger
crystallites from 700 °C on. To image the smaller crystallites that form at lower
temperatures, TEM micrographs of the co® nanoparticles produced at 700 °C were
taken (Figure 44) and a full TEM investigation for all samples at higher temperatures
was performed as well (Figure 46).
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Figure 44: TEM micrograph of co® nanoparticles produced at 700 °C.

The Co° clusters obtained from samples heated to 700 °C are very small, as XRD
already suggested. They are in fact so small that a size evaluation from TEM with
reasonable accuracy is not possible. They are however well separated, dispersed
throughout the carbon framework and appear to be of sizes smaller than 2 nm. This
would be in full agreement with the 2 nm crystallite sizes derived from the Scherrer
equation. Heating the cobalt samples further causes some degree of coalescence, so
that the particle sizes can properly be evaluated from TEM micrographs (Figure 45).
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Figure 45: Histogram derived from TEM micrographs of co° particles prepared at 800 °C. The black curve
represents a lognormal fit to the histogram.

This evaluation yielded a mean size of (4.5 £ 0.6) nm and coincides well with the
value that results from the Scherrer equation (4.4 nm), which indicates that the
particles are mostly single crystalline and have little to no defects.
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Figure 46: TEM study of the cobalt and cobalt-iron samples.

Once graphitisation sets in, the resulting composites become, on first glance,
indistinguishable from products obtained with iron. There is however one noticeable
difference: where iron carbide nanoparticles always possess a thick carbon shell it is
never seen with cobalt and remains a rare exception with the 3:1 mixed metal
samples. This suggests that with cobalt the intermediate state is not a liquid eutectic,
but graphitisation happens rather via surface catalysis on the cobalt or cobalt-iron
alloy nanoparticles. In the literature this effect has, at least for pure cobalt, been
attributed to the initially larger crystallites of cobalt and its oxides, which do not fully
transform into a liquid state.®” This is however not supported by the observations in
the work at hand where the cobalt oxides are of the same size if not smaller than the
iron oxides. The lager crystal size can hence not be the cause for this, but the
conclusion of a purely surface driven catalysis step is still a valid assumption. This also
explains well why elemental cobalt and its alloys are formed rather than the
corresponding carbides.
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Controlling the Porosity

Nanohybrids resulting from the high temperature treatment of cellulose and
cobalt possessed very large mass transport pores, not unlike the ones already seen
with manganese or the ones that will be shown to result from nickel treated samples
later in this chapter. Initially the stark variation in pore sizes between different metals
was attributed to different —possibly multistep — graphitisation mechanisms. This was
based on the fact that with increasing temperature the porosity shifted to smaller
pores and the surface area decreased (see Table 5 for an overview).

Table5:  Summary of the apparent BET surface areas (SAger, »pp.) Obtained from the various Co/Fe systems.

Temperature 700 °C 800 °C
Co:Fe Ratio SABET, app. [mzlg] SABET, app. [mzlg]

900 °C 1000 °C
SABET, app. [mZ/ 8l SAser, app. [mZ/ gl
1:0 - 359 225 180
1:1 459 369 205 172
1:3 -- 228 224 212

However, when attempts to control the porosity via mixing of different metals
failed, the search for the cause of this revealed that drying the samples prior to
carbonisation will fully suppress the formation of large pores. Then only the meso- and
small macropores stemming from the graphitisation and subsequent formation of

tubular pores are observed (Figure 47).

Figure 47: A: When the samples are calcined while still wet it produces large um pores. B: If the samples are dried
before calcination only small pores due to the tubular carbons that form upon graphitisation are visible.
Due to this observation the attempts to control the large porosity were shifted to
pre-drying the samples for various durations to yield different porosities. The first
question to be answered was whether the transition from the large to the small
porosity happens via shrinkage of the large pores or if the number of pores decreases
while their size stays the same.
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Pre-drying of the samples at 50 °C in air showed that the larger pores do not
shrink significantly; they merely become less and less common within the samples until

no trace of them can be found anymore (Figure 48).

Figure 48: A: Drying time 0 min. B: Drying time 15 min. C: Drying time 30 min. D: Drying time 45 min

Repeating this experiment several times showed, nevertheless, that this mean of
control is very sensitive to any type of perturbation and careful control of
environmental parameters, especially of the humidity, has to be exerted. In some
cases the samples would show no micrometre pores after 45 min of drying and other
times they would. Similarly the micrometre porosity was not homogeneously
distributed within the samples, there were areas trenched densely with large pores
while others would have none at all.

This raises of course the question as to what is causing this behaviour. With iron,
copper and tungsten — alone or in combination — micrometre pores were never
observed, no matter if they were calcined with all the water still in the samples of fully
dried. For iron alone this was even confirmed with several different counter ions and
oxidation states of the iron. In contrast manganese, cobalt and nickel are very prone to
form them when not pre-dried. The most probable reason is that the pores are formed
as the result of a gas expansion reaction that takes place at higher temperatures
where the carbon framework already starts to fixate so that the pores do not simply
collapse again. In order to illuminate this question further TGA/MS was conducted on a
pre-dried and a fresh (still wet) sample of cobalt nitrate with cellulose.
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Figure 49: TGA MS Measurements of micro crystalline cellulose soaked with an aqueous Co(NOs), solution. The
pre-dried sample is represented by solid lines and the fresh on by dashed lines. Top: TGA traces for both
samples. Bottom: MS traces for both samples. The masses m/z 14 and 28 have been ommitted since the
carrier gas is nitrogen.

The TGA/MS spectra were normalized to account for the great difference in
measured sample mass and water content (60 wt%). The main thermal decomposition
of cellulose is apparently not effected by the pre-drying of the samples. Aside from this
the two samples behave astonishingly different. The dry sample shows 4 distinct
signals (excluding a small initial loss of water) in TGA that are all well mirrored in the
MS spectra. The first is an overlapped signal with a very sharp one at 146 °C and a
broader one between 133 and 187 °C. Here the broad one is attributed to a loss of
water bound more strongly in the cellulose framework and the sharp signal is
attributed to the first decomposition of the cobalt nitrate. The large drop at 334 °C is
the decomposition of the cellulose. The last signal at 465 °C is caused by the reduction
of the cobalt to form the cobalt nanoparticles — this matter will be discussed in the
remainder of this chapter. After this signal the sample does not seem to change
anymore. In contrast to this the sample still containing the water shows quite a
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different picture. The broad peaks at approximately 160 °C and 334 °C - both
attributed to cellulose — are present and are of similar intensity, whereas the sharp
peak at 146 °C is lacking completely. Instead there is a constant mass loss after the
initial cellulose decomposition that lasts until about 650 °C at around which the release
of gaseous components is even increased according to the MS spectra. The reason for
this is very likely the tendency of nitrates to form hydrate melts that behave quite
unpredictable.[gg'ggl Research into this has been conducted by several groups, none of
which have succeeded in explaining the behaviour observed with metal nitrate

(88,901 The explanation as to why this is not observed when iron precursors are

hydrates.
used is likely due to the fact that iron — as opposed to the other metal precursors —
does not seem to enter the cellulose and thus, even if it behaves differently, it would

not affect the morphology of the cellulose.

In conclusion the porosity can be controlled by pre-drying the samples for some
time. This is however a very tricky task and would likely work better in an environment
with a fully controlled atmosphere — especially the humidity — to ensure reproducible
drying behaviour every time. This would however defy the purpose of having an easy
way of controlling the porosity.

It was already suggested at the beginning of this section that there is also a way

of controlling the porosity via the mixing of two metals, namely iron and cobalt (Figure
50).

Figure 50: Porosity control via the addition of iron. All samples were prepared at 900 °C. A: pure Co. B: Co:Fe 1:1.
C: Co:Fe 1:3.

By using fresh, wet samples the ratio of cobalt to iron will alter the ratio of large
to small pores, as iron will always only form mesopores. This approach may prove to
be an easier way of controlling the porosity, but this remains open to further
investigation.

Summary

In conclusion the use of cobalt salts and cellulose can yield cobalt nanoparticles
of <2 to 5 nm dispersed in amorphous carbon. Increasing the reaction temperature
above 900 °C brings about larger cobalt nanoparticles and broadens the size
distribution but also graphitises the matrix and thus embedding them in a fully
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conductive, self-standing framework. The addition of iron results in particles of the
same morphology, but, depending on the metal ratio CoFe or CosFe; alloys are
obtained. Each of the probed reactions resulted in phase pure, stable materials. Lastly
some preliminary tests to control the porosity obtained with these systems have been
made. Control via a pre-drying step as well via the alloying ratio appears to be possible
with reasonable accuracy. But especially the reasons and mechanisms for the
formation of large mass transport pores in the carbon scaffold are not yet fully
understood and should be investigated further to enable prediction of the porosities
obtained.

In general an easy and fast one-pot synthesis for obtaining cobalt and cobalt-iron
alloy nanoparticles has been presented allowing for the tailoring of the alloy ratio as
well as control of the substrate — conductive graphitised carbon or amorphous carbon
as a separating agent.
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INTRODUCTION

The ability to exert control over the structure of a product is in many cases most
crucial to making a compound applicable at all. A good example for this is that some
materials, such as gold, will only show catalytic activity when present in the form of
nanoparticles. Structuring is in itself a very broad term, that can mean anything from
full 3D shape determination on the centimetre scale to ordering on a nanoparticle
level.

Analogous to the bottom-up and top-down approaches that are known from
nanotechnology, structuring methods are either additive, meaning that components
are added together until the desired structure is attained, or subtractive, in the sense
that parts are taken away until the desired shaped is reached. Aside from those two
shape-determining purports, structuring is also often associated with any form of
patterning. Meaning that not the actual shape of a product is altered but rather parts —
or all of it —are altered on a compositional level, much like a paper does not change its
shape when it is printed upon but rather it is patterned in a desired fashion.

One of the outstanding features of cellulose is that it is well suited for several
ways of structuring. From ancient casting and pressing methods such as the ones used
to make paper, to folding techniques such as the traditional Japanese paper folding art
Origami, to the only recently developed rapid prototyping methods employed to
create virtually any 3D shape. Lastly starting out from solid pieces of wood rather than
pure cellulose fibres computer numerical control (CNC) milling is a well-established
technique for structuring work-pieces with high precision. Aside from these shaping
techniques there is of course also any form of printing or writing that enables
patterning of cellulose based structures.

In this chapter structuring and straight forward patterning methods will be
shown to yield very promising results and highly functional products. To exemplify the
three dimensional shape retention capabilities of iron cellulose composites the art of
Origami has been chosen as it is not just aesthetically pleasing, but arguably also
comprises some of the most complex structures obtainable from flat paper.
Furthermore ink-jet printing has been chosen as a patterning technique because it is
very precise, well established, and cheap and it simply presented a logical choice for
processing liquid precursors in combination with paper.

In addition to patterning the functional nature of the nano-composites will be
underlined by the use of cellulose paper as free standing electrodes — patterned and
un-patterned — and the subsequent selective electro-deposition of a copper coating
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onto the printed areas of a specimen as well as the presentation of the synthesis of

electrodes that are not only patterned but also remain fully flexible after high
temperature treatment.

FREESTANDING ORIGAMI ELECTRODES

That the composites exhibit a very high degree of shape retention on the
micrometer (and larger) scale has already been shown in the previous chapters. To
establish whether this is also true for more complex shapes Origami figures, such as
the well-known crane, were prepared. The risk here was that folding the paper prior to
the high temperature treatment may result in breakage of the samples due to the
shrinkage of the specimens. For this the folded cranes were submersed in the iron

precursor solution and calcined under inert atmosphere (Figure 51).

Figure 51: Steps leading to the magnetic cranes: folding (A), soaking with the precursor solution (B) and after
calcination (C).
The resulting cranes were not only very well preserved in shape they were also
highly magnetic and stable enough to be picked up by the wings or the beak (Figure
52).

Figure 52: The magnetic cranes are easily lifted up and kept afloat by a permanent magnet.

Once the remarkable shape retention was confirmed the applicability as an
electrode needed to be confirmed. Hence, in a first proof of principle study, it was
shown that the nano-composite of iron carbide resulting from the infusion of paper
with an aqueous iron precursor solution and subsequent calcination could be used as a
free-standing electrode. To show this, a piece of the composite was cut out, connected
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to a 1.5V battery and dipped into an aqueous 1 M copper(ll) sulfate solution with a
solid copper counter electrode (Figure 53).

Figure 53: A: Photograph of the coating procedure. B: Fully copper coated electrode.

Combining those two ideas resulted in the successful attempt to coat more
complex structures with copper (Figure 54).

Figure 54: Copper coated Origami crane.

This exemplifies that by this technique virtually any three dimensional shape can
be turned into an electrode and even be post-processed to yield a further variety of
highly functional materials.

All the aforementioned results have in common that they always functionalise
the whole specimen, whether that be a flat piece of filter paper or an intricate Origami
structure. The next logical step was to attempt to selectively functionalise the
materials. Subsequently, experiments showing that the aqueous precursor solution
could be filled into the cartridge of a fountain pen with the help of a syringe and that
the cellulose could then be patterned by drawing onto it were successfully conducted
(Figure 55).
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Figure 55: Filter paper that was patterned with a fountain pen before (A) and after calcination (B).

This, together with the finding that quartz plates can be employed to prevent
wrinkling of the filter paper upon calcination, enabled the final step of the patterning
experiments: the use of a commercial ink-jet printer to produce structured substrates.

INK-JET PRINTING

To keep the simplistic nature that is inherent to all the synthesis procedures
presented in this work the only option for a printing device was a low-cost commercial
printer that needed very little or preferably no modification in order to work with the
aqueous precursor solutions. Initially several commercial printer models were tested,
but since all of them worked well the least expensive and least complicated printer
was picked for all the patterning experiments. This printer was an Epson™ Stylus S22,
costing only 25 € (Figure 56).

Figure 56: The employed Epson™ Stylus S22with a refillable cartridge.

Initial tests were performed with the original cartridges that were delivered with
the printers. For this they were emptied and cleaned thoroughly before being refilled
with the metal salt solution. Once a printer was picked though a set of special refill-
cartridges was used, the reason for this was ease of use; these cartridges have well
lidded openings to quickly refill and empty them.
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Synthesis

No alteration of the before used aqueous precursor solutions was needed to use
them with the printers. However for faster visual assessment the concentration of the
iron nitrate was increased fourfold to make it clearly visible directly after printing.
Since the carbon is always present in large surplus the change in concentration had no
impact on the overall product. A pattern was printed onto lab filter paper (the same
that was used previously), which was mounted onto an A4 sheet with adhesive tape.
The likeness of the roman goddess of wisdom Minerva was used as an example, since
it fulfils several important prerequisites. Most importantly it is made from completely
connected lines; secondly it features different line-thicknesses and straight as well as
curved lines. Also, since it is a face, changes that might occur during calcination, such
as uneven size changes, are easier perceived by the human eye and lastly it is of course
the insignia of the Max Planck Society. After printing the paper was calcined under
nitrogen atmosphere. During this it was placed between two quartz plates to keep it
from wrinkling (Figure 57).

Figure 57: A: The design made with a computer program. B: The result of the printing. C: The resulting calcined
structure.
Depending on the employed metal this usually yields graphitised carbon with
embedded nano-particles in the printed areas surrounded by the non-printed areas
consisting of amorphous carbon.

Synthesis in Confined Spaces

An experiment to verify that the use of quartz plates, which were employed to
prevent wrinkling of the cellulose paper, did not change the products formed during
calcination yielded the interesting result, that, by merely placing a quartz plate on top
of the fibre mat, the degree of graphitisation is improved (Figure 58).
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Figure 58: X-ray diffractograms comparing a sample that was calcined between quartz plates and one that was
calcined without quartz plates.
The most reasonable explanation of this is that the confined space between the
quartz plates virtually creates a mini-reactor, which reduces the local nitrogen flow

and thereby hinders the removal of volatile products which are released during
calcination.

Printing Quality

Due to the liquid intermediate state of the iron carbon eutectic the quality of the
edges of the printed structures needed to be assessed. For this a typical reference
pattern used to evaluate lens qualities in photography was printed out. As a first step
the quality of the actual printed lines was evaluated via optical inspection
(photography) and optical microscopy (Figure 59).

Figure 59: Visual assessment of the printing quality (A-C) and with the help of an optical microscope (D-F). The
initial print was printed to the width of an A4 sheet. The blue boxes mark the areas enhanced in the next
panel.
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Despite the fact that no optimizations of ink or printing system were made the
ink separate lines with thicknesses and spacing in the 100 um range can readily be
printed. Once calcined the quality does not change at all as can be seen from line EDX
and elemental mapping of a printed line (Figure 60).

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50
Distance [mm]

Figure 60: Line EDX for iron (white graph, taken along orange line) and elemental mapping for iron (orange).

Since EDX showed well defined edges of the printed lines UM was performed on
a printed and calcined line in order to obtain TEM micrographs. Despite the high
mobility of the iron-carbon eutectic droplets that was found in the in-situ TEM
investigation the edges are also defined quite well in TEM. Outlying single particles
have not been found further than a few hundred nanometres away from the edge of
the printed pattern (Figure 61).

Figure 61: Ultramicrotomed sample of the edge of a printed and calcined line.
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After the in-plane spread of the printed patterns was assessed the printing depth
needed to be investigated as well. For this a printed area was cut in half and set up
right onto a SEM sample holder. This showed that the ink actually does only enter the
top most layers of the cellulose, usually no deeper than approximately 30 um,
equalling three layers of fibres (Figure 62).

Figure 62: Cross-section of a printed filter paper after calcination. The left edge is the printed side. It is visible, that
the graphitisation due to the presence of the iron ink only took place in the few upper layers of the
paper (coloured in red), leaving the backside of the paper amorphous (coloured in blue) and none-
conductive.

Patterned Electrodes

Once the printing was understood, it could be combined with the idea of
applying a copper coating to further functionalize the products. To combine the two
ideas the fact that the areas printed on with iron ink will graphitise, whereas the
surrounding carbon stays mostly amorphous was exploited. The difference in carbon
morphology causes a significant difference in conductivity between the two areas. This
was used to selectively coat copper onto the more conductive (printed) areas. Since
electro-deposition is a delicate art in itself, the copper deposition was performed at
well controlled conditions using a potentiostat with a constant voltage of 0.3V and a
glass slide to provide a flat support for the printed electrode to ensure a fix distance
between the two electrodes. The resulting coated electrodes (Figure 63) clearly show
that copper deposition first and foremost happens where the iron ink was printed.
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There is no stray deposition visible, only outgrowth from already deposited copper.
This leaves other areas with only very thin lines of copper, since the copper then
preferentially deposits where some copper is already present.

Figure 63: Photo of deposited copper on the printed Minerva structure. The resulting deposition is not flawless but
can none the less serve as a proof-of-concept.

The issue of a somewhat uneven deposition can likely be overcome by finely
tuning the deposition conditions as it is practiced in industrial applications. This
process however is very time consuming and should be performed by specialists in the
field of electro deposition.

Multi-Metal Printing

Utilizing the inherent capability of printers to print more than one ink — typically
a printer is equipped with four cartridges, one for each shade of the CMYK colour
system. This immediately brings about the idea to use the mixing possibilities that this
system possess. Depending on make and model a commercial ink-jet printer can easily
deliver several thousand different colours via high precision mixing of the four inks.
Consequently this can be used to produce extremely fine metal gradients or very well
defined fixed metal-metal ratios simply by picking a colour. As a preliminary test iron
and cobalt inks have been deployed in a gradient covering the full phase diagram (on
the ratio axis) of the two components (Figure 64).
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Figure 64: A: Printed gradients from a cobalt nitrate solution (pink) to an iron nitrate solution (yellow). B: The
structure after calcination at 800 °C.

Repeating the experiment shown above at various temperatures could easily
yield an actual phase diagram of the two components. But since these results thus far
are only of a preliminary nature, the vast possibilities of this approach will be discussed
at the end of this section.

Ultra-Thin Flexible Electrodes

By employing a different cellulose precursor, namely ultra-thin paper from single
tissue layers, the resulting composite retained the very good flexibility of paper after
the calcination step yet it could still be patterned with the help of an ink-jet printer
(Figure 65).

Figure 65: Example of the flexible electrodes. A: After printing — note that the quality of the print is not reduced by
using the ultra-thin cloth. B: After calcination, the Minerva is again flawless. Due to the thin nature of
the cloth the material is translucent. C: The flexibility of the calcined cloth is high enough to grab it and
fold it without breaking.

This makes it possible, through simple choice of paper, to fabricate two types of

self-sustaining electrodes: either sturdy, but more brittle electrodes or highly flexible
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cloth-like electrodes that in turn are a more prone to ripping. It has to be stressed that
retaining such a high degree of flexibility through a high temperature treatment is by
no means trivial. Processing temperatures of 800 °C and more usually yield crystalline
materials or simply burn any present organic matter that could facilitate flexibility.

Printing of Prefabricated Nanoparticles

In cooperation with Dr. Xiaofeng Liu experiments to explore the limits of the
presented ink-jet printing approach were performed. For this a different ink,
containing prefabricated silicon carbide nano-particles dispersed in water with the
help of poly(ionic liquids) (PILs), was used. The ink and all parts of it are courtesy of Dr.
Liu’s work and were only used to probe the possibilities of this technique.

The procedure remained the same: a dispersion of the nano-particles was filled
into an ink-cartridge and the cartridge was directly installed into the printer. After a
single print no structures were visible on the paper, however printing several times

onto the same paper showed that indeed the silicon carbide particles could be printed
(Figure 66).

Figure 66: Result of the printed PILs@SiC nano-particles. A: The MPI Cl logo. B: Closeup of the “C” visualising the
lining in the print.

The quality of the print is not as high as with the aqueous solutions presented
before, but it most certainly works and thus proves that even pre-fabricated and
dispersed materials can be processed by this approach. Ohlund and co-workers have
discussed the quality issue and concluded that for the printing of silver nanoparticles
the roughness and porosity of the paper substrate are the most crucial factors for the
morphology of the resulting structure.® In the here presented case, the lack in quality
may also be due to the fact that the paper was printed on repeatedly in order to make
agglomerates of the dispersed particles visible to the human eye.

CONCLUSION AND PROSPECT

Cellulose has been shown to be an exceptional substrate for many structuring
and patterning techniques from origami folding to ink-jet printing. It has furthermore
been shown that by choosing an appropriate paper, products ranging from stiff, fully
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self-sustaining monoliths to ultra-thin and highly flexible cloths can be obtained after
high temperature treatment.

The resulting products have been employed as electrodes, which was
exemplified by electrodepositing copper onto them. Via ink-jet printing they have
furthermore been patterned and the resulting electrodes have also been post
functionalised by electro-deposition of copper onto the graphitised (printed) parts of
the samples. Lastly in a preliminary test the possibility of printing several metals
simultaneously and thereby producing finely tuneable gradients from one metal to
another have successfully been made.

This concept could easily be utilised to obtain full phase diagrams of any
printable metal (and combinations thereof), and it might also have large implications in
the field of catalysis.

Another potential use of the printing approach is the finding that the printed ink
actually only travels approximately 30 um deep into the filter paper. This leaves the
backside of the paper amorphous and none-conductive. This means that by printing
something on the other side of the paper one automatically has access to lateral
structuring and could e.g. produce a simple fuel cell via this approach by printing
catalysts for ORR and OER on either side along with a graphitising agent to make the
paper conductive on the surface.
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INTRODUCTION

Societal concerns about the impact that everyone’s actions have on our planet
have grown immensely. This has, for example, lead to the twelve principles of green
chemistry as formulated by Anastas and Warner, which are widely recognised as the
cornerstone and standard for any chemical processes that wish to be considered
environmentally benign today.[gz]

With this in mind a scientist nowadays cannot and should not ignore her/his
moral obligations to consider the impact of his/her work on the environment. Indeed,
all resources that were employed in this work are highly abundant and either come
from renewable resources (namely cellulose) or are already part of well-established
recycling procedures (namely metals). In this spirit the only synthesis step in the
reactions presented here that could be considered questionable is the heating
procedure under inert atmosphere. Even though it seems to be the more obvious
problem, the high temperature is not necessarily an issue. The reason for this is that in
the chemical industry high temperature processes are often highly integrated with
other reactions. For example the hot atmosphere coming from one reaction fuels the
next reaction that needs slightly lower temperatures; through couplings of this kind
every single reaction in a larger set becomes energy and resource efficient. This comes
of course with the drawback that this efficiency can only be reached in specialised
chemical plants; once a reaction is detached from such a cycle the high temperature
immediately becomes an issue again. The other problem is the inert atmosphere; any
kind of inert gas is only obtained at great energetic cost, let alone storage and
transport of it.

In this chapter preliminary results will be presented that address some of the
above issues. The synthesis will be done fully detached from any form of high-end
equipment only performed in a home-built apparatus, with a low quality vacuum, with
waste and unprocessed raw materials as reactants and only fuelled by direct sunlight.
This makes the production of high surface area carbons with embedded iron carbide
nanoparticles possible virtually anywhere on earth where the sun shines. This chapter
will furthermore show that this nano-composite is a potent wastewater filtration
agent, resulting in an ideal combination. It will be possible to produce a high
performance filter for wastewater — something that is dearly needed in places where
the most important resources for the chemical industry are usually not present: energy
and top-notch equipment.
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SUNLIGHT DRIVEN SYNTHESIS

The term solar energy is often associated with “solar cells” and, in fewer cases,
with the concept of “solar heating”. Combining this with the task of performing high
temperature syntheses solar cells are by no means a direct method of fuelling theses
syntheses, since there are at least two energy conversion steps involved (light to
electrical energy and then electrical energy to thermal energy). While this is a very
general way of harnessing solar energy, it is not very efficient for the task at hand. In
the spirit of easy and inexpensive processes another way is needed. Depending on the
distance from the sun, the incident angle and atmospheric disturbances the sun sends
an energy stream of approximately 1370 W -m™ to earth. The second concept
mentioned, solar heating, is a more direct approach, where sunlight used directly to
heat a carrier substance. This carrier substance is typically oil or water for small scale,
i.e. single house, applications or a salt mixture in so called solar thermal power plants.
There are several more approaches to using thermal energy from sunlight directly.[gs]
Where small scale applications employ the sunlight “as is”, which strongly limits the
achievable temperatures, large scale approaches rely on some way of focussing the
sunlight to reach higher temperatures. This can be done by either using mirrors or
lenses.

Transferring this idea to the syntheses presented in this thesis, solar energy,
instead of being used to produce electricity, can of course also be used to directly heat
the reaction mixture. To achieve temperatures of 800 °C, however, is by no means
trivial. While mirrors are the conceptually easier method, they are more difficult to set-
up. Lenses of sufficient size and thickness, on the other hand, if made from glass, are
unwieldy to the point of uselessness.

As with many other examples the solution to this comes from an old concept; in
this case one that is about to celebrate its 200" birthday: the Fresnel lens. The French
physicist Augustin-Jean Fresnel, who is the eponym, but not the actual inventor of the
concept, refined the build of this type of lens and made it applicable in light houses.
Essentially the idea is that refraction only happens at the interface of lens and air,
making all the glass inside “obsolete” (Figure 67). Reducing a lens to its curvature, of
course, greatly reduces the weight and thickness of it and more importantly it
drastically increases the transmittance of the lens.
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Figure 67: Scheme of a Fresnel lens. A: Original lens with surplus material in blue. B: Original lens without surplus
material, arrows indicate repositioning of the remaining lens fragments. C: Fresnel lens derived from
original lens.

Since they are typically made from plastics such as acrylates or polycarbonate
they possess a high stress and wear resistance. The lens employed for the experiments
in this chapter has a diameter of approximately 46 cm, a thickness of 3 mm and weighs
only a few hundred grams.

Results

In a proof-of-principle approach an old desiccator — equipped with a valve
connector on the side — was chosen as the reaction vessel. A crucible was mounted
with metal wire on the ceramic plate that used to elevate the samples over the drying
agent. The lid was replaced with a flat piece of glass; here deliberately a low quality
regular window glass was chosen to ensure that no high-end optical parts are needed.
The exact same reaction mixture as prepared in chapter Ill was pre-dried in air and
then put into the crucible. The desiccator was sealed with the flat glass lid and a
vacuum pump connected to the valve was used to produce a vacuum within the
desiccator. Here the at best decent vacuum quality became apparent as immediately
upon applying the vacuum the formation of bubbles at the interface of the flat glass
with the desiccator body could be observed. Lastly the ready reaction vessel was
placed in parallel to the Fresnel lens and pointed towards the sun (Figure 68).
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Figure 68: Full reaction setup with Fresnel lens and the modified desiccator.

Here a warning is in order, even though the experiments were conducted under
absolutely non-optimal sun light conditions the temperature at the focal point reached
several hundred degrees Celsius within a matter of seconds, setting paper and wood
afire immediately. Hence it is imperative that such large lenses are always be handled
with caution and that extra care is taken not to get in contact with the concentrated
beam in the vicinity of the focal point — even ten centimetres of-focus paper will burn
quickly.

As was just pointed out the lighting conditions were less than optimal. The
experiments were conducted during winter in Germany (around the beginning of
December). Note the low incident angle of the sunlight in the picture above — it was
taken at quarter past noon. Despite this to product formation was a matter of few
minutes and most of this time was needed to move the focal point gradually over the
sample, since the focal point was only about 2 mm in diameter and the sample area
was approximately 1 cm across. This is necessary due to the poor heat conductivity of
cellulose. This however suggests that the selective heating of parts of a cellulose cloth
should be possible; no attempts to try this were made though. In Figure 69 the
reaction can be seen directly — something that would absolutely not be possible with
conventional chamber ovens.
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Figure 69: Example of the reaction within the desiccator. The focal point has been moved to the side to make it
possible to take a picture.

The resulting product was still not phase pure, but already the first attempts
brought about iron carbide as the main phase (Figure 70) along with some unreacted
cellulose and iron oxide (Fe304) as well as some traces of elemental iron.
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Figure 70: XRD pattern of the product obtained from the synthesis with the Fresnel lens. The main phase is iron
carbide (red, ICDD 00-035-0772), but Fe;0, (green, ICDD 01-077-1545) and Fe° (blue, ICDD 04-007-9453)
are visible along with unreacted cellulose (marked with a grey square, ICDD 00-056-1719).

The reason for this somewhat inhomogeneous product is the ratio of sample size
to focal point. It causes, in the present set-up, an uneven temperature distribution
within the sample. This is however easy to overcome when the reaction is performed
at better lighting conditions. Then the reaction can also be performed out of focus
allowing for the irradiation spot to encircle the entire sample.
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Summary

Despite the use of sub-optimal conditions, such as low quality glass (relatively
high absorption) as the reaction vessel lid and non-optimal lighting conditions, the
synthesis was still successful and yielded without any optimisation of the reaction
conditions iron carbide as the main product.

Also the focused light setup appears to be usable similar to laser scribing
techniques. By taking advantage of the bad thermal conductivity of cellulose it
becomes possible to pattern the samples by “writing” on them with the beam of
concentrated light.

Most importantly this proof-of-principle shows that even though all the
syntheses presented in this work are done at moderately high temperatures they —in
principle — could be performed away from any specialised equipment and energy
source.

SCRAP METAL, COFFEE FILTERS AND SOME WOOD

The precursors employed thus far are already based on renewable resources, but
both, iron salts and cellulose, still undergo some degree of processing before they are
used in the syntheses presented here. Consequently there is still room for further
simplification. The lab-grade filter paper was firstly replaced by coffee filter paper
(Figure 71), which is quality wise the first step after wood pulp. It is composed of
unbleached and additive free cellulose. The material resulting from this is absolutely
indistinguishable from the one obtained with lab-grade cellulose.

Figure 71: Example of a piece of coffee filter that was used.

The next step was to go down another processing step —and thereby add a novel
way of patterning. Using unprocessed dry wood worked just as well. The wood had to
be soaked for several hours, as opposed to the direct uptake observed with cellulose,
but the product was again iron carbide embedded in graphitized carbons Figure 72.
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Figure 72: Wood samples A: before (not soaked) and B: after calcination.

XRD spectroscopy could be performed directly on the monolithic specimens and

showed that iron carbide was obtained along with a significant degree of graphitisation
(Figure 73).
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Figure 73: XRD pattern obtained from a piece of wood calcined after soaking with an iron salt solution. Reference

pattern: Fe;C (red, ICDD 00-035-0772) and the peak at 26° 2 theta marked with a grey circle is attributed
to graphite (ICDD 04-015-2407).

As with cellulose the conversation to the nano-composite takes place under full

retention of the wood morphology. Even small features like cell walls and membranes
are still visible (Figure 74).

Figure 74: SEM micrographs of pure, untreated wood (A) and of the final product (B) showing the well retained
wood morphology down to the cellular level.

Page | 85



VII. GREEN SYNTHESIS AND APPLICATIONS

Ultra-microtome cuts of the calcined wood samples show the shape retention
down to the cellular level even more impressively. They furthermore show that wood

is an ideal candidate to produce hierarchical structures (Figure 75).

Figure 75: TEM micrographs of UM cuts of wood specimens after high temperature treatment with increasing
magnification (A-C).

This technique can be used to replace processed cellulose by unprocessed wood.
The outstanding shape retention can now exploit the different porosities inherent to
every type of wood. The um pore sized can simply be determined by the choice of
wood that is used as a starting material. Furthermore, this means that the established
shaping techniques available for wooden objects are accessible for product
manufacture — most notably modern high precision CNC milling machines that can
shape wooden objects with high accuracy.

As the cellulose precursors was tested in an as raw as possible condition the iron
sources deserves some attention as well. Now mining raw iron ore would be over-
doing it, but using un-cleaned scrap metal appeared to be a reasonable choice. For this
at least partially bare specimens of metal were picked from a scrapyard, cut down to a
size usable in a round bottom flask and otherwise used as they were (Figure 76).

Figure 76: Example of a scrap metal specimen after cutting.

The scrap metal pieces were dissolved in acetic acid, it only takes a few hours before
the solution darkens notably, complete dissolution can take up to several weeks,
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depending on the size and shape of the metal piece. The solution is however usable
after a few hours, to reach a sufficient iron concentration in the samples the
immersion has to be repeated several times (soaking, dying, soaking, etc.), but the
quality of the final product is not attenuated by this.

DYE-FILTRATION

The previous sections demonstrated crude, but effective and, more importantly,
independent of any sophisticated equipment, ways to synthesise porous iron carbide
hybrids. Since high surface area carbons are known to be versatile filtration agents,[94]
and the magnetic nature of the products is a helpful addition the obtained composited
were tested for their ability to cleanse waste water. For this methylene blue (MB) was
chosen as a common organic dye that gives good optical contrast. A stock solution of
1g methylene blue per litre of water was prepared and via serial dilution
concentrations of 1000 mg/L down to 15.625 mg/L were obtained. To 1 mL of each of
the solutions 5 mg of the nano hybrid were added and the components were mixed via
shaking. The cleaning effect was instantaneous and did not change over time. UV-Vis
spectrometry monitoring the main absorption peak at 670 nm was used to evaluate

the adsorption efficiency (Figure 77).
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Figure 77: A — D Pairs of methylene blue stock solutions (left cuvette) and the corresponding solution that was
filtered with 5 mg of the iron carbide @ carbon composite (right cuvette). Stock solution concentrations
from left to right: 1000 mg/L, 500 mg/L, 250 mg/L, 125 mg/L methylene blue. E: Photo-spectrometric
analysis of the same samples.

From this curve, an absorption capacity of approximately 40 mg methylene blue
per g nano-composite was derived. Once cleaned the powder binds the methylene

blue effectively. Solutions that were mixed with the powder have been stored now for
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more than half a year without any observable change. By adding ethanol however the
filter readily releases the methylene blue again (Figure 78).

Figure 78: Left: original 125 mg/L methylene blue solution. Right: powder with the first ethanol washing solution.

This means that in principle the adsorbent can be recycled; several washing steps
with ethanol are however needed to fully recover the filtering capacity. One well
known property of iron compounds becomes very important here: they are highly
magnetic. The filtrating agent can easily and fully be removed simply by holding a
magnet up to the vessel and decanting the solution, the powder can even be
separated from a flowing solution — a magnet was held below the nozzle of a beaker
filled with the cleaned solution and the powder and then the contend was rapidly
poured into another vessel. All of the powder was held back by doing this. In fact all
the solutions for the UV-Vis spectrometry were prepared this way.

CONCLUSION

This chapter has shown just how robust the synthesis of porous carbons with
embedded iron carbide nanoparticles is by performing the synthesis with partly
dissolved scrap metal and pieces of raw, dry wood. This in turn brings about several
advantages for further use of the general synthesis technique. For example by using
wood instead of processed cellulose all the established shaping techniques available
for wooden objects, such as CNC milling or 3D prototyping, become accessible for this
synthesis path. By using wood, also two of its highly refined intrinsic properties can be
exploited. Through choosing a task specific type of wood its inherent micrometre
porosity can be converted to be the larger fraction of a hierarchical pore structure.
Secondly the large monoliths, which can be pre-shaped with high precision, are
obtained by this. Those two advantages enable precise tailoring of the structure and its
porosity from the centimetre to the nanometre scale and thereby help expanding the
prospect of using the composite as a facile catalyst in many applications.
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Furthermore the fact that the reaction was performed in a crude, self-made glass
vessel, fuelled — with the help of a Fresnel lens — by direct concentrated sunlight
irradiation makes the leap from the reaction being a common laboratory synthesis to
real world applicability. After all it was also demonstrated in this chapter that the
resulting material can be applied waste water filtration and is even recyclable.
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Cellulose is the most abundant biopolymer on earth.® In this work it has been
used, in various forms ranging from wood to fully processed laboratory grade
microcrystalline cellulose, to synthesise a variety of metal and metal carbide
nanoparticles and to establish structuring and patterning methodologies that produce
highly functional nano-hybrids.

To achieve this, the mechanisms governing the catalytic processes that bring
about graphitised carbons in the presence of iron have been investigated. It was found
that, when infusing cellulose with an aqueous iron salt solution and heating this
mixture under inert atmosphere to 640 °C and above, a liquid eutectic mixture of iron
and carbon with an atom ratio of approximately 1:1 forms. The eutectic droplets were
monitored with in-situ TEM at the reaction temperature where they could be seen
dissolving amorphous carbon and leaving behind a trail of graphitised carbon sheets
and subsequently iron carbide nanoparticles. These transformations turned ordinary
cellulose into a conductive and porous matrix that is well suited for catalytic
applications. Despite these significant changes on the nanometre scale the shape of
the matrix as a whole was retained with remarkable precision. This was exemplified by
folding a sheet of cellulose paper into origami cranes and converting them via the
temperature treatment in to magnetic facsimiles of those cranes. The study showed
that the catalytic mechanisms derived from controlled systems and described in the
literature can be transferred to synthetic concepts beyond the lab without loss of
generality.

Once the processes determining the transformation of cellulose into functional
materials were understood, the concept could be extended to other metals and metal-
combinations. Firstly, the procedure was utilised to produce different ternary iron
carbides in the form of M,Fe,C (M = W, Mn). Iron in combination with tungsten
brought about Fe,;;W,Cs and FesWsC during the course of this work neither of those
could be obtained in a phase pure form, but work within our group utilising other
biopolymers showed that this is in principle possible by simply probing for the correct
temperature treatment. An advantage though is that the combination of cellulose and
the metal precursors yields porous products; a feat that other biopolymers, such as
agar or gelatine cannot reproduce.

In a follow up synthesis to produce phase pure ternary carbides and to probe
whether lessons learned from the tungsten-iron system could be conveyed to other
ternary systems, manganese, a metal that is structurally closer to iron, was
investigated. With this combination the phase pure ternary carbide Mngs5Fe; »sC was
obtained. None of those ternary carbides have thus far been produced in a
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nanoparticle form. All work regarding them was up until now performed by the steel
industry whose interest was the assessment of the influence of metal additions and
impurities on the properties of bulk materials, namely industrial high performance
steels.

The next part of this work encompassed combinations of iron with cobalt, nickel,
palladium and copper. All of those metals were also probed alone in combination with
cellulose. This produced elemental metal and metal alloy particles of low
polydispersity and high stability. Both features are something that is typically not
associated with high temperature syntheses and enables to connect the good size
control with a scalable process. In the case of copper, no alloying with iron was
observed, but copper nanoparticles of 9 nm size embedded in the carbon matrix were
obtained. Furthermore several effects of interest were found. One is that the copper
nanoparticles actually consisted of minute copper clusters, with each being made from
only approximately 100 copper atoms. Moreover the presence of the copper fcc
lattice, during the catalytic conversion of the cellulose matrix by the iron eutectic,
promoted the formation of diamond-like carbons, that themselves possess a fcc
lattice. Lastly these experiments gave insight into the formation of the nanoparticles.
They indicated that, in the case of copper, larger particles can be formed on the
surface of the fibres due to the higher mobility of the reactants there. This was shown
by the discovery of a depletion zone close to the surface of the carbon fibres, which
was void of any particles. The formation of the diamond-like carbons deserves more
attention, as production under such simple reaction conditions is exceptional.

Nickel generated well dispersed single crystalline nanoparticles of 5.5 nm
diameter. Also nickel is a metal which is particularly prone to alloying. This, in the end,
made it possible to synthesise not only Ni° nanoparticles of such quality, but also
several alloys, namely FeNi, Fegg7Nip32, and NiPd were successfully obtained. Due to
their well-defined structure and applicability in catalysis attempts were made to
release the nanoparticles from the stabilising matrix and disperse them in a solvent.
This was achieved by submersing the crude product in toluene and ultrasonic
treatment in the presence of oleic acid as a dispersing agent. The resulting dispersion
was fully stable, but some coalescence of the nickel nanoparticles was observed and
not all particles were released from the matrix. However, the nickel based system is
now a good starting point to derive a reliable way of releasing the metal(0)
nanoparticles from the carbon matrix and stabilising them in solution.

The last metal probed was cobalt, here the use of cobalt salts and cellulose can
yield cobalt nanoparticles dispersed in amorphous carbon and a small degree of size
control between 700 °C, which yielded particles of 1.5 nm size, and 800 °C, which gave
diameters of about 5 nm, can be exerted. Increasing the reaction temperature above
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900 °C brings about larger cobalt nanoparticles and broadens the size distribution but
also graphitises the matrix, thus embedding the particles in a conductive, self-standing
framework. The addition of iron to the cobalt precursor results in particles of the same
morphology, but, depending on the metal ratio CoFe or CosFe; alloys are obtained.
Each of the probed reactions resulted in phase pure, single crystalline, stable materials.
Lastly, some preliminary tests to control the porosity obtained with the cobalt-iron
system have been performed. Control via a pre-drying step as well via the alloying
ratio appears to be possible with reasonable accuracy, but especially the reasons and
mechanisms for the formation of large micrometre pores in the carbon scaffold are not
yet fully understood and should be investigated further to enable prediction of the
porosities obtained.

After showing that cellulose is a good stabilising and separating agent for all the
investigated types of nanoparticles, the focus of the work at hand is shifted towards
probing the limits of the structuring and pattering capabilities of cellulose. Moreover
possible post-processing techniques to further broaden the applicability of the
materials are evaluated.

This showed that, by choosing an appropriate paper, products ranging from stiff,
self-sustaining monoliths to ultra-thin and very flexible cloths can be obtained after
high temperature treatment. Furthermore cellulose has been demonstrated to be a
very good substrate for many structuring and patterning techniques from origami
folding to ink-jet printing. The thereby resulting products have been employed as
electrodes, which was exemplified by electrodepositing copper onto them. Via ink-jet
printing they have additionally been patterned and the resulting electrodes have also
been post functionalised by electro-deposition of copper onto the graphitised (printed)
parts of the samples. Lastly in a preliminary test the possibility of printing several
metals simultaneously and thereby producing finely tuneable gradients from one
metal to another have successfully been made. Starting from these concepts future
experiments were outlined.

The last chapter of this thesis concerned itself with alternative synthesis
methods of the iron-carbon composite, thereby testing the robustness of the devolved
reactions. By performing the synthesis with partly dissolved scrap metal and pieces of
raw, dry wood, some progress for further use of the general synthesis technique were
made. For example by using wood instead of processed cellulose all the established
shaping techniques available for wooden objects, such as CNC milling or 3D
prototyping, become accessible for the synthesis path. Also by using wood its intrinsic
well defined porosity and the fact that large monoliths are obtained help expanding
the prospect of using the composite. It was also demonstrated in this chapter that the
resulting material can be applied for the environmentally important issue of waste
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water cleansing. Additionally to being made from renewable resources and by a cheap
and easy one-pot synthesis, the material is recyclable, since the pollutants can be
recovered by washing with ethanol. Most importantly this chapter covered
experiments where the reaction was performed in a crude, home-built glass vessel,
fuelled — with the help of a Fresnel lens — only by direct concentrated sunlight
irradiation. This concept carries the thus far presented synthetic procedures from
being common laboratory syntheses to a real world application.

Based on cellulose, transition metals and simple equipment, this work enabled
the easy one-pot synthesis of nano-ceramic and metal nanoparticle composites
otherwise not readily accessible. Furthermore were structuring and patterning
techniques and synthesis routes involving only renewable resources and
environmentally benign procedures established here. Thereby it has laid the
foundation for a multitude of applications and pointed towards several future projects
reaching from fundamental research, to application focussed research and even and
industry relevant engineering project was envisioned.

OUTLOOK

Even though the mechanism of the catalytic graphitisation derived from the
results is conclusive a last experiment employing some form of in-situ XRD technique
(e.g. an experiment at a synchrotron facility) would be interesting. The study
presented suggests, but does not definitely prove, that the iron carbide is not formed
until the sample is cooled back down.

Studies probing the catalytic performance of both of the synthesised tungsten-
iron carbides would also be of interest, since this is the first time that Fe;;W,Cg has
been produced in nanoparticulate form. Now a comparison of the low tungsten
content ternary carbide (Fe;;W,C¢) with other iron tungsten carbides and the
respective single metal carbides is possible. This could eventually shine light on the
existence of synergistic effects in catalysis and also illuminate which part either metal
plays these effects.

The syntheses involving copper offers two points that could be followed up on.
One is the production of DLCs. Here the separation from the other products (CuO, Fe°
and graphitic carbon) is a crucial issue that needs to be addressed first. The other is the
formation of few-atom, stable copper clusters. They could be the focus of further
studies, especially in the field of catalysis, should it be possible to stabilise them in
solution as well. Hence this challenge should be tackled first.

Similarly, dispersing the well-defined Co® nanoparticles, which can now be easily
obtained in quantities, is worthwhile. This demands that the results regarding the
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dispersability of the particles that were obtained with nickel must be transferred to the
cobalt system as well. Testing of the thus obtained particles for catalytic performance
and comparison with the cobalt-carbon composite might also be a fascinating study.
Lastly, since the cobalt system in particular possesses a good stability against
temperature changes it could be well suited to serve as a model system to further the
understanding of synergistic substrate-catalyst effects.

The dispersability of all presented metal and alloy nanoparticles is interesting in
general. The presented syntheses can be used to produce the particles on the gram
scale and obtain them in an inert matrix, namely the former cellulose, for long term
storage and transport purposes. If a way to disperse them is found, they later could be
released from the carbon framework and stabilised in solution on demand in the
desired quantities. This would produce good quality nanoparticles with a long shelve
life. Once such a procedure is established it could easily be transferred to other
systems than the ones presented in this work and subsequently offer a way of
producing large quantities of well-defined nanoparticles. Thereby solving the initially
stated problem that a way of pooling the advantages of solution based syntheses (high
particle quality) with top-down approaches (scalability of the synthesis) is still sought
after.

Regarding the sunlight driven synthesis, implementing the reaction without
sophisticated equipment and without electricity opens it up to additional fields.
Independent of the reaction performed, the prospect of generalising this concept is
potentially important to any high temperature synthesis. Functional oxides, such as
high temperature superconductors, would for example also be an interesting class of
materials for this. The synthesis of iron carbide, which was used as a model system for
the sunlight driven synthesis, is however very robust. In order to broaden the
applicability of this concept it would be necessary to devise an apparatus that offers
control over the amount of gathered sunlight, e.g. by adding an aperture to the Fresnel
lens, since other syntheses demand much more controlled reaction conditions. The
prospect of the generalisations proposed in chapter Vil holding true would make
further research into this concept very interesting.
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X. APPENDIX

LIST OF ABBREVIATIONS

BET
CDC
CFP
DLC
CMYK
CNC
DFT
EDX
FWHM
HRSEM
HRTEM
MCC
NCC
SAGBET, app.
SEM
TGA
TEM
UM

XRD

Brunauer-Emmett-Teller

carbide derived carbons

cellulose filter paper

diamond-like carbon

cyan, magenta, yellow, key (colour system)
computer numerical control

density functional theory

energy-dispersive X-ray spectroscopy

full width at half maximum

high resolution scanning electron microscopy
high resolution transmission electron microscopy
micro-crystalline cellulose

nano-crystalline cellulose

apparent BET surface area

scanning electron microscopy
thermo-gravimetric analysis

transmission electron microscopy
ultra-microtome(d)

(wide angle) X-ray diffraction
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CHEMICALS AND ANALYSIS TECHNIQUES

Chemicals

Microcrystalline cellulose, iron(lll) nitrate nonahydrate, copper(ll) nitrate
hemipentahydrate (98%), manganese(ll) acetate tetrahydrate (= 99 %) and Nickel(ll)
nitrate hexahydrate (= 99 %) were purchased from Sigma Aldrich. Iron(ll) acetate (97%)
and ammonium metatungstate hydrate (=299 %) were bought from ABCR.
Manganese(ll) nitrate tetrahydrate (98%) was acquired from Alfa Aesar. Copper.
Cobalt(ll) nitrate hexahydrate (99 %) as obtained from Strem Chemicals. The
laboratory grade filter paper was made by Macherey-Nagel. All chemicals were used
without further purification.

HR SEM

The high resolution SEM micrographs were taken on a JEOL JSM-7001F field
emission scanning electron microscope with an Oxford energy dispersive detector.

HRTEM

High resolution TEM images were taken on a JEOL JEM-2100F 200kV Field
Emission Transmission Electron Microscope equipped with STEM (dark field imaging)
and STEM-EDS and on a Philips CM200 FEG (Field Emission Gun), operated at an
acceleration voltage of 200 kV.

in-situ TEM

The in-situ TEM videos were taken on a JEOL JEM-2000FXIl with heating holder
and video camera.

Ink-Jet Printing

Initial printing experiments were conducted with three different commercial
printers: HP Desklet 710C™, HP Deskjet 5900C™ and an Epson™ Stylus S22. All three
printers gave satisfactory printing results. Since this was the case the least expensive
printer (Epson™ Stylus S22, costs approximately 25 €) was employed to conduct the
experiments.

Nitrogen Sorption

Nitrogen sorption experiments were done with a Quantachrome Quadrasorb at
liquid nitrogen temperature, and data analysis was performed by Quantachrome
QuadraWin software (version 5.05). All the samples were degassed at 150 °C for 20
hours before measurements.
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Optical Microscopy

Optical microscope images were taken with a Keyence VHX-100K digital
microscope equipped with a VH-Z100 and a VH-Z500 lens.

Photographs
Photographs were taken with a Sony SLT-A55 equipped with a SAL-1855 lens.

Raman

For Raman spectroscopy, a 532 nm Nd:YAG laser (WITec, Ulm, Germany) beam
was focused down to a micrometer size spot on the sample through a confocal Raman
microscope (CRM300, WITec, Ulm, Germany) equipped with piezo-scanner (P-500,
Physik Instrumente, Karlsruhe, Germany). The spectra were acquired using an air-
cooled CCD detector (DU401-BV, Andor, Belfast, UK) behind a grating (600 g - mm™)
spectrograph (UHTS 300, WITec, Ulm, Germany). The ScanCtrISpectroscopyPlus
(version 2.02, Witec) was used for measurement setup and data processing.

Infrared Raman microspectroscopy, was performed by focussing a continuous
laser beam down to a micrometer size spot on the sample through a confocal Raman
microscope (CRM200, WITec, Ulm, Germany) equipped with piezo-scanner (P-500,
Physik Instrumente, Karlsruhe, Germany). The diode pumped linearly-polarized 785 nm
near infra-red (NIR) laser excitation (Toptica Photonics AG, Graefelfing, Germany) was
used in combination with x 20 (Nikon, NA = 0.4) microscope objective. The spectra
were acquired using an air-cooled CCD (PI-MAX, Princeton Instruments Inc., Trenton,
NJ, USA) behind a grating (300 g - mm™) spectrograph (Acton, Princeton Instruments
Inc., Trenton, NJ, USA) with a spectral resolution of 6 cm™.  The
ScanCtrISpectroscopyPlus (version 1.38, Witec) was used for measurement setup and
spectra processing.

SEM

SEM was performed on a LEO 1550 Gemini instrument. The samples were loaded
on carbon coated aluminium stubs and measured without any coating since they were
conductive. The reference fibres were coated by sputtering an Au/Pd alloy prior to
imaging.

TEM

TEM images were taken using a Zeiss EM 912Q operated at an acceleration
voltage of 120 kV. Samples were Embedded in LR White Resin (Medium Grade, Agar
Scientific) and cut with a Leica Ultracut UTC to yield ultramicrotomes of the samples.
An ultramicrotome cut was put on a 400 mesh carbon-coated copper grid.
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TGA-MS

Thermo gravimetric analysis was performed with a Netzsch TG-209 F1 Libra and a
connected Pfeiffer ThermoStar GSD301-T2 mass spectrometer.

XRD

XRD measurements were performed on a Bruker D8 diffractometer using Cu-Ka
radiation (A = 0.154 nm) and a scintillation counter (KeveX Detector). All reference
patterns depicted were taken from the ICDD PDF-4+ database (2011 edition).
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ADDITIONAL FIGURES

1000 °C

Intensity [a.u.]

20 30 40 50 60 70 80 90

2 theta [°]

Appendix Figure 1:  Enlarged version of Figure 6 B. The inserted reference patterns correspond to: Green: Fe;0,
(ICDD 01-077-1545), Red: Fe;C (ICDD 00-035-0772), Blue: Fe’ (ICDD 04-007-9453) and the grey
circle at 26° 2 theta is attributed to graphitic carbon (ICDD 04-015-2407).
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1000 °C

800 °C

Intensity [a.u.]

600 °C

f”‘\\‘\ 500 °C

20 30 40 50 60 70 80 90
2 theta [°]

Appendix Figure 2:  Enlarged version of Figure 14 A. The reference patterns marked are: Green: W;30,4 (ICDD 00-
005-0392), Red: WOj, triclinic (ICDD 01-073-6498), Grey: WO;, hexagonal (ICDD 04-007-2322),
Blue: WO,, orthorhombic (ICDD 04-007-0872), Cyan: WO,, monoclinic (ICDD 04-005-5105),
Magenta: w° (ICDD 00-004-0806), Yellow: WC (ICDD 01-077-4389), Dark Yellow: W,C (ICDD 04-
014-5679) and Navy: W,(C,0) (ICDD 00-022-0959).
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1000 °C

Intensity [a.u.]

700 °C

Appendix Figure 3:

2 theta [°]

Enlarged version of Figure 14 B. The reference patterns marked are: Purple: FeWOQ, (ICDD 04-
007-5882), Wine: Fe’ (ICDD 04-014-0360), Olive: Fe;W5C (ICDD 01-078-1990), Yellow: WC
(ICDD 01-077-4389) and the grey circle at 26° 2 theta is attributed to graphitic carbon (ICDD
04-015-2407).
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1000 °C

900 °C

800 °C

Intensity [a.u.]

700 °C

20

Appendix Figure 4:

VIl|Page

30 40 50 60 70 80 90

2 theta [°]

Enlarged version of Figure 14 C. The reference patterns marked are: Dark Yellow: W,C (ICDD
04-014-5679), Royal Blue: W,Fe,;Cs (ICDD 04-010-7445), Olive: FesW;C (ICDD 01-078-1990),
Yellow: WC (ICDD 01-077-4389), Wine: Fe° (ICDD 04-014-0360), Purple: FeWO, (ICDD 04-007-
5882), and the grey circle at 26° 2 theta is attributed to graphitic carbon (ICDD 04-015-2407).
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1000 °C

Intensity [a.u.]

20 30 40 50 60 70 80 90
2 theta [°]

Appendix Figure 5: Enlarged version of Figure 19 A. The reference patterns marked are: Red: MnO (ICDD 04-005-
4310), Grey: Mn,C; (ICDD 04-007-1048), Wine: MnsC, (ICDD 04-007-1125) and the grey circle
at 26° 2 theta is attributed to graphitic carbon (ICDD 04-015-2407).

Page | IX



X. APPENDIX

1000 °C

Intensity [a.u.]

800 °C

700 °C

600 °C

Appendix Figure 6:

X|Page

2 theta [°]

Enlarged version of Figure 19 B. The reference patterns marked are: Blue: MngssFe, 55C (ICDD
04-002-8999), Red: MnO (ICDD 04-005-4310), Magenta: MnysFey,sO (ICDD 04-005-9719),
Green: Fe;0, (ICDD 04-015-3102), Dark Yellow: FeNg gsgo (ICDD 01-075-2130), Cyan: Fe® (ICDD
04-014-0360) and the grey circle at 26° 2 theta is attributed to graphitic carbon (ICDD 04-015-
2407).
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1000 °C

Intensity [a.u.]

700 °C

600 °C

Appendix Figure 7:

2 theta [°]

Enlarged version of Figure 19 A. The reference patterns marked are: Blue: Mng ssFe, 55C (ICDD
04-002-8999), Red: MnO (ICDD 04-005-4310), Green: Fe;0, (ICDD 04-015-3102), Dark Yellow:
FeNg gsgo (ICDD 01-075-2130), Cyan: Fe° (ICDD 04-014-0360) and the grey circle at 26° 2 theta is
attributed to graphitic carbon (ICDD 04-015-2407).
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Appendix Figure 8: Enlarged version of Figure 27 A. The reference patterns marked are: Grey: Cu,O (ICDD 04-007-
9767) and Red: Cu° (ICDD 00-004-0836.
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1000 °C

Intensity [a.u.]

M 600 °C

2 theta [°]

Appendix Figure 9: Enlarged version of Figure 27 B. The reference patterns marked are: Grey: Cu,O (ICDD 04-007-
9767), Red: Cu® (ICDD 00-004-0836), Green: Fe;0, (ICDD 04-015-3102), Blue: Fe’ (ICDD 04-014-
0360) and the grey circle at 26° 2 theta is attributed to graphitic carbon (ICDD 04-015-2407).
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1000 °C

O 900 °C

Intensity [a.u.]
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Appendix Figure 10: Enlarged version of Figure 27 C. The reference patterns marked are: Grey: Cu,O (ICDD 04-007-
9767), Red: Cu® (ICDD 00-004-0836), Green: Fe;0, (ICDD 04-015-3102), Blue: Fe’ (ICDD 04-014-
0360), Magenta: Fe;C (ICDD 00-035-0772), Cyan: Diamond-Like Carbon (ICDD 00-060-0053)
and the grey circle at 26° 2 theta is attributed to graphitic carbon (ICDD 04-015-2407).
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Appendix Figure 11: Enlarged version of Figure 35 A. The reference patterns marked are: Grey: Ni° (ICDD 04-010-
6148) and the grey circle at 26° 2 theta is attributed to graphitic carbon (ICDD 04-015-2407).
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J’ 1000 °C

Intensity [a.u.]

2 theta [°]

Appendix Figure 12: Enlarged version of Figure 35 B. The reference patterns marked are: Grey: Ni° (IcbD 04-010-
6148), Red: NigsFeys (ICDD 04-003-3531), Green: Fe;0,: (ICDD 04-015-3102) and the grey
circle at 26° 2 theta is attributed to graphitic carbon (ICDD 04-015-2407).
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Appendix Figure 13: Enlarged version of Figure 35 C. The reference patterns marked are: Green: Fe;0,: (ICDD 04-
015-3102), Blue: Fe’ (ICDD 04-014-0360), Cyan: Nij 3,Fepgs (ICDD 04-002-1863) and the grey
circle at 26° 2 theta is attributed to graphitic carbon (ICDD 04-015-2407).

Page | XVl



X. APPENDIX

1000 °C

Intensity [a.u.]

20 30 40 50 60 70 80 90
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Appendix Figure 14: Enlarged version of Figure 42 A. The reference patterns marked are: Grey: co° (ICDD 00-015-
0806), Green: CoO (ICDD 01-071-1178) and the grey circle at 26° 2 theta is attributed to
graphitic carbon (ICDD 04-015-2407).
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Appendix Figure 15: Enlarged version of Figure 42 B. The reference patterns marked are: Green: CoO (ICDD 01-071-
1178), Red: CoFe (ICDD 04-014-0310), Magenta: Fe;0, (ICDD 04-015-3102) and the grey circle
at 26° 2 theta is attributed to graphitic carbon (ICDD 04-015-2407).
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Appendix Figure 16: Enlarged version of Figure 42 C. The reference patterns marked are: Magenta: Fe;0, (ICDD 04-
015-3102), Blue: CosFe; (ICDD 00-048-1817) and the grey circle at 26° 2 theta is attributed to
graphitic carbon (ICDD 04-015-2407).
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