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Abstract

The characteristic structures of softwoods (spruce or pine wood) were replicated on
various levels of hierarchy from the macroscopic to the submicron scale. These positive replicas
were successfully obtained by infiltrating the wood template with an alkaline earth metal

carbonate precursor and subsequent drying and calcination.

Firstly, a calcium di(methylcarbonate) (Ca(OCOOCHSz3)2) precursor solution was used to
produce calcium carbonate (CaCOz) and calcium oxide (CaO) replicas. After infiltrating the
spruce wood templates with the precursor, their cellulose matrix and other organic compounds
were removed by calcination at temperatures varying between 350 and 900 °C. The motivation
to vary calcination temperature and calcination time was to study their effect on the type of
CaCOz polymorph formed, on the CaCOs particle size, the quality of replication, and the
mechanical stability of the replica. Calcination of the pre-treated wood sample at 350 °C over a
period of 48 h with one infiltration step decomposes the wood template very slowly and yields
the meta-stable CaCOs polymorph vaterite. Calcination at higher temperature provides replicas
with the CaCO3z polymorph calcite. A way to improve the mechanical stability of the replica is
multiple infiltration steps. Mechanical stability of the replica is optimized when the specimen is
infiltrated for 5 times and calcined at 900 °C. At this high temperature, CaCOs is transformed
into a more robust CaO replica representing an almost monolithic wood replica with reasonable

mechanical stability.

Secondly, for infiltration a methanolic methoxy magnesium methyl carbonate
(MeOMgOCO2Me) solution was used as a precursor which then hydrolyzed into MgCOs
nanoparticles. Subsequent calcination at temperatures ranging from 500 to 1450 °C yielded
porous monolithic replicas on the levels of hierarchy from the macroscopic to the submicron
scale. They were composed of annealed MgO nanoparticles. Calcination at 1450 °C yields
replicas with improved mechanical stability, but it leads to considerable shrinkage (Aax = 56%).
The combined treatment with Mg and Si precursors (infiltrating the pine template first with
MeOMgOCO:Me, followed by a second infiltration step with ethanolic tetraethyl orthosilicate

(TEOS) solution and subsequent calcination at 1350 °C) results in a replica constituted of an



MgO framework overgrown with Mg.SiO4 (forsterite). This replica exhibits a compression
strength of 31 + 8 MPa.

In the third project, calcium silicate hydrate (C-S-H) phases were formed on the surface
of silica replicas. This silica replica was synthesized by infiltrating a pine wood template with an
ethanolic tetraethyl orthosilicate (TEOS) solution and subsequent calcination at 500 °C. Then the
replica’s surface became negatively charged by partial ionization of the surface Si-OH groups to
SiO™ anionic sites when immersed into a basic solution. Subsequent immersion in Ca(OH) or
CacCl; solution for a long period of time (72 h) leads to the formation a thin layer of foil-like
C-S-H on the silica replica. Extending the immersion time to 24 h and with 3 cycles of
immersion (whereby each time the solution was replaced with a fresh solution in each cycle)
leads to C-S-H of fibrillar morphology and a high Ca/Si ratio.
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1 Introduction

Porous materials are useful in many applications such as supporters for catalysts or drugs,
building materials, etc. [1]. A hierarchically structured material offers even more special
advantages such as higher chance to trap particles with different diameters e.g. in fibrous
membranes for air filtration [2]. Another example is batteries such as lithium-ion types, in which
the nanostructured morphology accelerates lithium ion intercalation/deintercalation and electron
diffusion, and enlarges the electrode-electrolyte interphase area, while the micron-sized

assemblies provide high volumetric density, easy processability, and electrode integrity [3].

It is impossible to synthesize hierarchical structures via the normal synthesises. The pores
obtained by cross-linking of polymer chains, aggregation or agglomeration of small particles, or
selective removal of elements of a solid (e.g. by etching or pyrolysis) usually exhibit an irregular
pore structure [4]. Therefore, in many studies different templates such as wood or bones are used
to introduce hierarchical porous structures which can be transformed into materials of controlled

properties.

Wood is a highly porous material because it has to bring water and nutrient from the root
to the top of the tree. The wood structure constitutes several levels of hierarchy. At the
macroscopic level, soft wood such as spruce and pine wood consist of hollow parallel tube-like
wood cells called tracheid fibers which exhibit a diameter in the range of 10 to 40 microns, as is
shown in Figure 1 (left). These fibers arrange parallel to each other and form a honeycomb
structure. Inside the wood cell walls, cellulose fibrils are embedded in polyoses which again are
embedded in a lignin matrix. The cellulose fibrils are partly crystalline and exhibit a diameter of
around 2.5 nm. They spiral the lumen at the characteristic microfibril angle [5-7]. The pit-hole
structure is characteristic for wood, as is shown in Figure 1 (right). Retaining this structure is

considered as the indicator of whether the replication of the wood structure has been successful.



Figure 1. SEM images of delignified pine wood showing the honeycomb structure of hollow

parallel tube-like wood cells (tracheids) (left) and pit-holes which are on the tracheid fibers
(right).

The synthesis of hierarchically structured materials of alkaline earth compounds has
inspired many previous works. The main method so far is the replication of cellulose fibrils using
TEQOS solution [8]. Replication by infiltrating the template with a precursor solution that can
form covalent bonds within the template provides a particularly strong and stable replica,
however it is a big challenge to obtain replicas exhibiting only via ionic or Van der Waals bonds

between the primary particles.

In construction applications, oxides of alkaline earth metals are interesting because of

their compatibility with the cement matrix.

In this doctoral study, firstly hierarchically structured CaCO3z was synthesized by using
calcium di(methylcarbonate) as calcium precursor and subsequent hydrolysis into a CaCOs sol.
After infiltrating spruce wood templates with the precursor, their cellulose matrix was removed
by calcination at temperatures varying between 350 and 900 °C. Calcination temperature and
duration was varied in order to study their effect on the type of CaCOs polymorph formed, on the

CaCOs particle size, the quality of replication, and the mechanical stability of the replica.

Due to the poor mechanical stability of CaCOgz replicas which limits their use, e.g. for
construction applications, the next part was devoted to fabricating hierarchically structured MgO

replicas. It was hoped that the MgO replicas would exhibit higher mechanical stability. The



wood template was infiltrated with MeOMgOCO;Me as a magnesium precursor and
subsequently hydrolysed into a MgCOzs sol inside the wood cell walls. After infiltration, the
cellulose matrix was removed by calcination at temperatures ranging from 500 to 1450 °C,
yielding porous monoliths composed of MgO nanoparticles. The calcination temperature was
varied in order to study its effect on the MgO particle size, the quality of replication and the
mechanical stability of the replicas. Additionally, magnesium silicate replicas exhibiting high
compressive strength were synthesized by infiltrating the MgO replica with an alkoxysilane
precursor and subsequent calcination at 1350 °C. For this system, the temperature dependent

formation of different magnesium silicates was studied.

Finally, calcium silicate hydrate replicas were synthesized in order to produce wood
replicas with high mechanical stability. Calcium silicate hydrates are interesting materials
because they are the main binding phases in hydrated Portland cement. Firstly, the silica replica
was produced by infiltrating the wood template with TEOS solution and subsequent calcination
at 500 °C. The surface Si-OH groups of the silica replica were partially ionized in basic solution
to generate negatively charged of SiO™ anionic sites. Subsequently, immersion in a calcium
hydroxide or calcium chloride solution under various conditions was performed in order to form

calcium silicate hydrate on the surface of the silica replica.



2  Scope of the work

Within the framework of the DFG funded priority program SPP 1420 on materials
produced by biomimetic processes the group of Prof. Zollfrank had successfully replicated the
soft wood structure by using silica. It was our challenge to extend their general process to
produce replicas by using alkaline earth metal-based precursors. More essentially, the main goals

of this work were as follow:

- Use suitable earth alkali metal precursors such as methyl carbonate, calcium

di(methylcarbonate) and methoxy magnesium methyl carbonate
- Replicate the wood structure precisely

- Study the infiltration mechanism of the organometallic precursor into the wood cell

walls

- Investigate the morphology and structure of the replicas obtained from different
preparation conditions such as different precursors, solid content of precursor solution,

infiltration steps and calcination temperatures

- Improve the mechanical stability of the replicas, for example by infiltrating the wood
template with low solid content precursor solution by applying several infiltration steps,
increasing calcination temperature or adding a silicate layer onto the surface, and

synthesize mechanically stable forsterite replicas.

At first, a facile synthesis process for alkaline earth metal carbonates such as CaCOs via
hydrolysis from calcium di(methylcarbonate) (Ca(OCOOCHs3).) was developed. This precursor
was synthesized by directly bubbling gaseous CO> through calcium dimethylate (Ca(OCHsa)2)
solution, which again was prepared by reacting calcium metal with methanol. These reactions are

presented in Equations (1) — (3).

The CaCOs sol obtained in the final reaction spontaneously (within an hour after the
reaction) transforms into a gel. This synthesis route which was developed in previous works of
our group demonstrated that alkaline earth metal carbonate nanoparticles, sols, gels and aerogels

can be synthesized through simple one-pot processes from inexpensive and abundant starting



materials which makes for a very cost- and time-effective process. Moreover, because of the
generally small molecules of the organometal precursors, the use of these precursors for the

infiltration process approved to be most promising.

Synthesis of calcium dimethylate
Ca + 2CHsOH — Ca(OCHs), + H01 Equation (1)

Synthesis of calcium di(methylcarbonate)
Ca(OCHz)2 + 2CO2 — Ca(OCOOCHs3):. Equation (2)

Formation of a calcium carbonate sol/gel
Ca(OCOOCH3); + H,O — CaCOs + 2CH3OH + CO21 Equation (3)

These reaction steps were expected to lead to an understanding which precursors and
synthesis conditions provide the most precise replicas with high mechanical stability at the same
time. Apart from CaCOs replicas, the other promising target compounds were magnesium
carbonate (MgCOs) replicas. MgCOs can be synthesized following the same synthesis steps as in
CaCOs preparation. Moreover, metal silicates such as magnesium silicate were also studied as
replica materials, especially because of their high toughness. The forsterite replica was obtained
by firstly infiltrating the wood template with methoxy magnesium methyl carbonate
(Mg(OCOOCHz3)(OCHg)) and subsequent immersion in tetraethyl orthosilicate (TEOS) solution.
Lastly, it was attempted to synthesize a replica consisting of calcium silicate hydrate which
constitutes the main phase in hardened cement. The silica replica was synthesized following the
synthesis steps from the group of Prof. Zollfrank. After the surface OH groups of the silica
replica had been partially ionized in basic solution, they were subsequently immersed in calcium

hydroxide or calcium chloride solution to yield C-S-H.



3  Theoretical background and state of the art

Terms such as “bionics”, “biomimetic” and “biomineralization” are used to describe the
approach of using natural structures and processes as inspiration for developing new materials. It
is one of the main driving forces in studying biological materials from the viewpoint of Materials
Science [9]. One possibility to combine the hierarchical structure of natural materials with a
broad range of available materials is biotemplating. For example, biological materials are used as
scaffolds or casting molds in order to synthesize ceramics, semiconductors, metals, polymers or
composites of these materials [10]. Moreover, anisotropic ceramic materials with a hierarchical
pore structure ranging from the nanometer to the millimeter scale are interesting for applications

as filter, catalyst support or micro reactor device structures [11].

A number of hierarchically structured inorganic materials have been synthesized recently
by using biological templates originating from plants (e.g. wood, seed, reed, bamboo) or animals
(e.g. shell, nacre, tooth, bone) [9]. Some of them are mineralized by forming organic/inorganic
nanocomposites typically constituting a fibrous matrix reinforced with crystalline or amorphous
nanoparticles, for example bone, teeth and antler which consist of a fibrous protein matrix
(mainly collagen) reinforced with crystalline calcium phosphate nanoparticles [9, 12-14]. In
contrast, wood cell walls usually do not contain substantial amounts of minerals, being
polymer/polymer composites of crystalline cellulose nanofibrils in an amorphous matrix of
hemicelluloses and lignin [5, 9]. The structures of these templates were replicated by infiltrating
the biotemplates with inorganic precursors and subsequent removal of the organic matrix via
chemical or thermal treatment [7]. Recently, the design of novel ceramic materials with specific
functional properties and structures by mimicking the hierarchical cellular structure of wood has

attained particular interest [15-17].

3.1 Wood

3.1.1 Structure and Ultrastructure

Wood exhibits a perfect combination of high strength, stiffness and toughness at
low density. These properties derive from its cellular anatomy and the complex composite

structure of the cell wall which is reinforced by cellulose fibers [18]. The reason that wood



provides both low density and high stiffness is owed to the main function of the tree trunk that
has to serve as a conduit for water and nutrients, and at the same time to support the weight of

the branches and leaves [7].

Different kinds of woods exist and can be observed without optical instruments.
There are softwoods and hardwoods this with differences between various species, and even
within the same sample, such as sapwood and heartwood, growth rings, earlywood and latewood,
etc. exist. The ratio of cell-wall thickness to the cell diameter is directly related to the apparent
density of the wood which is an important parameter for the performance of light weight

structures [9].

Softwoods such as coniferous trees possess a simple structure. The softwood
contains 90 — 95% of tracheids which appear as square or slightly rectangular cells [19]. These
cells pile up in radial axes. The cross-section of these cells shows a honeycomb structure, as is
presented in Figure. 2. In the earlywood, the tracheid cells exhibit large diameters with thin
walls. Opposite to this, in latewood the tracheid cells possess small diameters and thick walls
(Figure. 3). Generally, the stiffness and strength of wood is much higher along the direction of

the long axis of the cells than in the perpendicular direction to the axis [9].

In wood, pores occur at very different scales; in the millimeter scale for the
growth ring and vessel pores; in the micrometer scale for the longitudinal tracheid, fiber and
transverse ray parenchyma; and in the nanometer scale for e.g. cellulose fibrils in the cell wall
[18].



.

| earlywood NI latewood

Figure 3. SEM images of earlywood and latewood sections in a pine wood sample.



3.1.2 Cell walls

The inner part of a cell wall consists of three main regions: the middle lamella
(ML), the primary wall (P), and the secondary wall (S). Each region contains three major
components: cellulose microfibrils, polyoses (or hemicelluloses), and a matrix or encrusting
material, typically pectin in primary walls and lignin in secondary walls [5, 19]. The cell wall

structure is illustrated in Figure 4.

Wood cells are adjacent to many other plant cells (Figure 5) [20] which hold
aggregates of more than thousand cells to form an organ. Each individual cell adheres to another
via the middle lamella [19]. Next to the middle lamella is the primary wall (S1) which is a thin
wall and generally indistinguishable from the middle lamella. The thickest layer is by far the

secondary cell wall (Sz). Inside the S» layer is the relatively thin Sz layer [19].

Pit chamber

Pit membrane

Figure 4. Schematic drawing of the cell wall illustrating the structural details of a pit and the
various layers of the cell wall; middle lamella (ML), primary wall (P), and the secondary wall
exhibiting the three layers S1, S2, and S3 (from [19]).
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Figure 5. Schematic of cell wall layers within the cellular structure of wood. The concept of

concentric lamellae in the S2 layer is schematically shown for one cell (from [20]).

The cell wall constitutes a fiber composite made of cellulose microfibrils
embedded into a matrix of hemicelluloses and lignin [5, 19]. These cellulose microfibrils wind
around the tracheids (tube-like wood cells) at an angle (right-handed helix) called the microfibril
angle [7, 19], as is illustrated in Figure 6. Consequently, this structure is hierarchical at the
nanometer level as was proven by small-angle X-ray scattering analysis (SAXS) [12, 21]. The
cellulose microfibrils run at almost 90 ° to the cell axis in the Sy layer and at around 0 - 45 ° in
the Sy layer [9]. The cellulose microfibrils are partly crystalline (Figure 7) and in spruce wood
have a thickness of about 2.5 nm [6]. There are ionizable groups on cellulosic fibers including
carboxylic acid groups, sulfonic acid groups, catecholic acid groups, and hydroxyl groups [22].
The general structure of cellulose is shown in Figure 8. Hemicelluloses are closely associated
with cellulose and usually consist of more than one type of sugar unit, for example
galactoglucomanan, arabinoglucuronoxylan, arabinogalactan, glucuronoxylan, glucomannan,
etc., while lignins constitute highly complex and mainly aromatic polymers holding

phenylpropane units [19].
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Figure 6. Schematic drawing of a wood cell (tracheid) illustrating the microfibril angle between

the spiraling cellulose fibrils and the tracheid axis (adapted from [9]).

Figure 7. Model of the average crystalline regions occurring in an elementary cellulose fibril, as
derived from SAXS and WAXS measurements [6].
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Figure 8. General structure of cellulose [19].

3.2 Wood template treatment
Extraction and delignification:

Before the infiltration process, the wood templates should be washed in order to
remove any inorganic impurities [23]. Washing with a mixture of 2:1 by weight of toluene and
ethanol is a promising method [8, 18]. An additional useful template treatment is delignification
by using a mixture of sodium chlorite and acetic acid in water at 70 °C in order to partially
remove lignin from the cell walls to open up the pores, to remove inorganic impurities and to
increase the accessibility during the infiltration process [8, 23-25]. Wood maceration
(delignification) prior to nanoparticle impregnation and the use of never-dried tissue present the
key steps in the synthesis process, because they allow the replacement of the
hemicellulose/lignin  matrix by a nanoparticle sol and eventually make high-precision
nanocasting with slow tissue drying and calcination possible [26].

3.3 Infiltration methods

3.3.1 Infiltration using concentration gradients

Inspired by our previous publication (paper #1 of this thesis), V. Merk et. al. [27]
used dimethyl carbonate precursors to produce hybrid wood materials with improved fire
retardance. The liquid phase holding the dissolved precursors enters the cell lumen and is
imbibed by the nano- and submicron pores via capillary forces. Amorphous calcium carbonate

forms by alkaline hydrolysis of dimethyl carbonate precursors in the presence of calcium ions
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inside the cell wall structure. Concentration gradients across the bulk sample as well as rapid
mineral precipitation in the wood lumina are induced by a pH shift causing in situ development

of CO2gas. The process is illustrated in Figure 9.

cell wall CaCl, + DMC :
in H,0 o
- Cl
lumen Ca?* "
H,CO OCH,
+ NaOH
- MeOH
- NaCl Co,
Nanoparticles CaCO,
(o] o)
T PP D 0%, o ~°
bC & 0 n @)
o OO COS'_ O
& R o
0
Q,O cr HCO;s
o 0
o o)
05 6° 00O

o
0° o o &F

Figure 9. Schematic drawing of the mineralization of wood by alkaline hydrolysis of initially

formed dimethyl carbonate in the presence of calcium ions in the wood matrix (adapted from

[27]).

3.3.2 Sol-gel process

The sol-gel method presents an effective bottom-up approach to produce the
desired material. In this process, firstly a sol which is a stable suspension of colloidal particles
(nanoparticles) in a liquid is formed. Generally, the sol particles can be amorphous or crystalline,
and may have a dense, porous or polymeric substructure. Moreover, subcolloidal chemical units

can aggregate [4].
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A gel constitutes a porous, continuous three-dimensional solid network of
chemically bond (mostly covalent bonds) particles in a liquid phase. The amorphous network
structures in sol-gel materials are formed based on kinetically controlled reactions (fast and
(nearly) irreversible reactions) from molecular precursors which constitute the building blocks
for the latter materials. In the gel, the sol particles agglomerate or aggregate through attractive
van de Waals forces and/or minimization of the total surface or interfacial energy of the system.
The aggregation can be prevented by repulsive forces from electrical charges or adsorbed
polymers providing steric hindrance [4].

Rapid evaporation can induce gelation of the sol. During the drying process of
wet gels by evaporation of the pore solution, capillary forces cause shrinkage of the gel network
resulting in shrunken dry gels which are called xerogels [4]. Through capillary condensation, the
pores contract abruptly as a result of attractive fluid-wall interactions whereas at larger pressures
they expand again [28]. Because of this drying stress, monolithic gel bodies are often destroyed
during the drying and granulate powders are formed. To prevent this stress, wet gels can be dried
in a way that the pore and network structure of the gel is retained, resulting in a dried gel called
an aerogel. One of the key steps in the fabrication of aerogels is the formation of a highly porous,
three-dimensional network which means that the chemical parameters, especially the kind of
precursors and the reaction conditions, influence the resulting microstructure. Aerogels can be
achieved for inorganic, inorganic-organic and purely organic materials under controlled

conditions and exhibit a typical solid content of only 1 — 5 vol % [4].

A common material produced via sol-gel processing is a silica sol or gel. The
transformation of Si-OR- and Si-OH-containing species to siloxane units via condensation
reactions is the basic chemical principle behind this sol-gel process. SiO4 tetrahedra (or RSiO3
tetrahedra in hybrid materials) connect to other units by sharing oxygen atoms in corners. A
stable gel is obtained when the number of siloxane bonds (Si-O-Si) is maximized [29]. To
achieve this, the number of silanol (Si-OH) and alkoxy (Si-OR) groups has to be minimized. The
most common precursors are silicon alkoxides, mostly tetramethoxysilane (TMQOS) or
tetraethoxysilane (TEOS), and aqueous solutions of sodium silicate known as water glass [4, 29,
30]. Multicomponent inorganic gels can be produced via this method based on the
polymerization reaction (i.e. hydrolysis and condensation) of the silanolate with other metal
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alcoholates or suitable metal salts in the presence of a limited amount of water [4]. Furthermore,
the sol-gel method is also used to synthesize layered calcium organosilicate hybrids containing
covalently linked organic functionalities. Their synthesis involves the reaction of calcium salts
and organo trialkoxysilanes with alkyl and phenyl functionalities in an alkaline
aqueous/ethanolic solution [31], to synthsize clear and transparent CaO-SiO; glasses from TEOS
and calcium nitrate [32] or monolithic transparent glasses of Ca0-9SiO; and Ca0O-4SiO, from
Si(OEt)s and Ca(OEt), [33], and to synthesize covalently bonded polymer-calcium silicate
hydrate composites [34].

The chemical reactions occurring in the sol—gel process can be described as follows:

=Si-OR + H20 — =Si-OH + ROH Hydrolysis Equation (4)
=Si-OH + =Si-OR — =Si-0-Si= + ROH Condensation Equation (5)
=Si-OH + =Si-OH — =Si-O-Si= + H0 Condensation Equation (6)

In aqueous silicate systems, the gelation process is most often initiated by pH
changes and in alkoxide precursor systems by addition of water to generate Si-OH groups via

hydrolysis reactions [29].

The pH value presents an essential parameter to control the texture of gels formed
from water glass solutions. Using acid or base catalysis involves completely different reaction
mechanisms. The reaction mechanisms are the same for both silicate and alkoxysilane
precursors. Under basic conditions, the reactions are based on a nucleophilic attack (Sn2)
mechanism [29]. While in acid conditions e.g. at pH < 5, hydrolysis is favored, and condensation
is the rate-determining step, therefore a large number of monomers or small oligomers with
reactive Si-OH groups are formed simultaneously. On the contrary, at pH > 5, the condensation
presents the faster step, therefore the hydrolyzed species are consumed immediately, because

here hydrolysis is the rate-determining step [29].

For the sol-gel transition (gelation process), the structural development of silica
gels from molecular precursors is shown in Figure 10. The initially formed primary nano
particles can either aggregate once they have reached a certain size (at the descending branches

in the left part of Figure 10) or continue to grow (at the descending branches in the right part of
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Figure 10), depending on the experimental conditions, especially the pH value. Aggregation and

condensation of the sol particles increases the viscosity of the sol gradually [29].

Monomer

Dimer

|

Cyclic

|

Particle
Acidic J’ Basi
Conditions asic

e I nm Conditions

d
q" o 5nm pH 7-10
L/ \ without salt

O 10 nm

gﬁg 5 N\

pH <7 or
pH 7-10 + salt

100 nm

Sols

Three-dimensional
Gel networks

Figure 10. Principle of the structural development of silica gels (adapted from [29]).

Figure 11 illustrates the bond formation between silica particles with minor or no charge
repulsion. Collision of the silica particles results in the formation of interparticle siloxane bonds

which are base-catalyzed. Through this bonding, the particles grow together [35].
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When TEOS is infiltrated into wood, additional condensation reactions might take

place, as is shown below (Me = methyl, CH3) [8]:
Wood-Me-OH + Si(OEt)s-x(OH)x — Wood-Me-0-Si(OEt)4x(OH)x1 + H.O  Equation (7)

Wood-Me-OH + Si(OEt)s-x(OH)x — Wood-Me-O-Si(OEt);-«(OH)x + EtOH  Equation (8)

Figure 11. Principle of the bond formation between silica particles with minor or no charge
repulsion (adapted from [35]).
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3.4 Template removal

Under thermal treatment, polyoses (hemicelluloses) present in beech (hard wood)
have been shown to degrade at 270 °C, followed by cellulose pyrolysis around 350 °C [27]. This
degradation cascade is similar to that of soft wood such as spruce wood (Picea abies).
Disintegration of the TEOS infiltrated hemicelluloses takes place between 250 and 300 °C,
leaving the cellulose elementary fibrils embedded in a silica matrix. The silica network now
presents a stable network in the form of long fibrils of about 10 nm. The next step is the
disintegration of the cellulose elementary fibrils at temperatures between 350 and 450 °C,
leaving empty pores of about 2 nm in diameter within the silica fibrils, as is describes by
Zollfrank et al. [36].

In another study on the ultrastructural development of the soft wood (Scots pine,
Pinus sylvestris L.) cell wall during pyrolysis, Zollfrank et al. found that at first the polyoses are
degraded, while the cellulose microfibril orientation is still in place up to 225 °C, as was
observed by transmission electron microscopic (TEM) imaging together with elemental analysis.
At temperatures higher than 250 °C, the cellulose microfibrils were no longer observed, while
the lignin containing middle lamella (CML) was still visible. The CML decreases gradually
when temperature is raised up to 275 °C. Beginning at 300 °C, the cell wall became entirely
isotropic [37]. The model proposed by the authors for the ultrastructural development of the

softwood cell during the pyrolytic conversion is illustrated in Figure 12.
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Figure 12. Proposed model for the ultrastructural development of the softwood cell during

pyrolytic conversion. [37]
3.5 Replicas in other previous studies

There are several successful works on the replication of the hierarchical structure
of wood from the micrometer to the nanometer scale. For example, a hierarchically ordered
ceramic silica material was obtained by in situ mineralization of the ordered cellular structure in
wood tissues (poplar and pine) by infiltrating the wood template with tetraethylorthosilicate as a
silicate precursor together with cetyltrimethylammonium chloride as a surfactant [38]. The
process of replication takes place via a modified sol-gel process in order to be able to adjust the
hydrolysis rate easily by changing the solvent ratio and the acidity of the solution to avoid bulk
precipitation or gelation of the silicate species during the entire process. The bulk precipitation
has to be prevented in order to let the silicate species penetrate the cell wall structures and
hydrolyze and condensate around the cellular tissues. Incorporation of the surfactant micelles in
the silica network provides pathways for the organic decomposition products to leave during
calcination without destroying the whole structure and also produces organized nanoporous
channels [38].
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Hierarchical iron oxide with a controllable porous structure was obtained by using
wood templates (Paulownia, Lauan, pine and fir) infiltrated with ferric nitrate in a solvent
mixture of ethanol and deionized water. Different wood templates and calcination temperatures
lead to different pores in size, shape and distribution. High temperature leads to the increase in
the size of the Fe>Os particles and causes larger pore sizes, but decreased pore volume. Iron
oxides prepared according to this wood template method have been proven to exhibit a
hierarchical structure and show pore sizes at different scales ranging from about 20 nm to 50 um
[39].

A highly crystalline porous oxide of CeosZrosO2 was synthesized by using
nanoprecision casting of pine wood tissue with nonfunctionalized, crystalline nanoparticles [26].
The native wood samples were macerated (delignified) in a solution of acetic acid and hydrogen
peroxide and kept moist in order to avoid collapse and warping of the structure due to drying.
Acidic sols of CeosZros02 were impregnated into the specimens to obtain cellulose/nanoparticle
composites by using [(NH4)2Ce(NOz3)2], ZrOCl,-8H20, HCI, CH3COOH and H20.. Calcination
of the impregnated samples at 500 °C for 24 h led to a material exhibiting the replicated
hierarchical structure of wood in nanometer precision, including the orientation and long-range

ordering of the cellulose microfibrillar structure [26].

Hierarchically structured phosphor materials based on soft wood could be
fabricated using tailor-made precursor sols and salt solutions. Stoichiometric amounts of the
precursor nitrate solutions of AI(NO3)3-9H20, Sr(NO3)2 and Eu(NO3)3-5H20 were dissolved in a
solvent composed of distilled water and ethanol and infiltrated into pine wood. After temperature
treatment of the infiltrated pine wood above 1100 °C, the biomorphous SrAl,04:Eu?*
(Sro.97Al204:Euo.03) with a structure mimicking the cellular anatomy of pine wood was obtained
[18]. X-ray storage phosphor BaFBr:Eu?* is manufactured by applying vacuum assisted repeated
infiltration of wood tissue (Pinus sylvestris) and precipitation from the chemical reaction of
NH4F, BaBr2:2H>0 and EuCl3z-6H.0 in methanol [40]. A micron-scale replica of single-phase
Y203:Eu®* ((Yo.95EU005)203) possessing a nanoscale crystallite structure was prepared by
infiltrating pine wood with a precursor sol of yttrium oxide (Y203) and europium oxide (Eu203)
dissolved in 10 vol% nitric acid and adding citric acid as the chelating agent. After calcination at
750 °C, the original wood cell walls were completely transformed into phosphor struts with pore
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sizes between 5 and 20 um. This preparation method is convenient to prepare highly porous and
nanocrystalline phosphor materials. Furthermore, highly uniform Eu®" lattice sites were obtained.
The increased lattice constant of the materials reduces radiative transitions, and the emission
quenching due to defects or functional groups existing on the surface of these highly porous

materials is low [41].

Furthermore, the structure of wood has been reported to be replicated successfully
on all levels of hierarchy from the macroscopic to the nanoscopic level of the cellulose
elementary fibrils in the form of silica replicas. The delignified spruce wood which optionally
can be further functionalized with maleic anhydride was infiltrated with tetraethyl orthosilicate
(TEOS) in ethanol. The aim to functionalize the wood template with maleic anhydride was to
reduce the shrinkage of the samples and to increase the uptake of material during the infiltration
process. During calcination at 500 °C, the rest of the organic template was removed by oxidation,
thus leaving a positive silica replica. The fibrillar structures parallel to the original cellulose
fibrils at length scales in the order of 10 nm were evidenced by using small angle X-ray
scattering. It was found that one infiltration cycle was insufficient to completely replicate the
structure on the nanometer scale. Several cycles of infiltration with lower amounts of TEOS was
the most effective way in their study [8].

3.6 Replicas in this study

3.6.1 SiO:

In applications such as catalysis, sensoring, pharmaceuticals, building materials,
etc., hierarchically structured inorganic materials have been recognized as attractive compounds
[42]. Nano- and mesoporous materials are utilized for such purposes as well. For example,
mesoporous silica materials (e.g. MCM-41) are prepared with quaternary ammonium surfactants
(“quats™) as templating agents [43, 44], and nanoporous silica aerogels are fabricated via sol-gel
processes utilizing alkoxysilane precursors [45, 46]. Among those materials, aerogels are the
most interesting materials because of their unsurpassed heat insulating properties deriving from
their nanoporosity and the Knudsen effect [47]. It should be noted that generally pores are
classified as micropores (width, w < 2 nm), mesopores (2 nm < w < 50 nm) and macropores (w >

50 nm), according to a IUPAC recommendation [4, 48, 49]. In the silica replicated wood, there
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are: 1) macropores (the largest pores) which derive from the lumina of the tracheids, 2)
mesopores at the interstices of the microfibrils, and 3) pores which correspond to the space

originally occupied by the cellulose elementary fibrils [50].

Since Kistler had first synthesized a silica-based aerogel via a wet chemical sol-
gel process and subsequent supercritical solvent extraction in the 1930s, various types of
aerogels based on carbon, alumina, transition metal oxides or main-group metal oxides were
introduced [51]. Aerogels are a great example to demonstrate that the profound knowledge and
understanding of the chemistry of precursors and of the formation of the solid are necessary for
the targeted optimization and tailoring of materials properties [4]. Furthermore, such porous
materials are also interesting as functionalized supports for other applications, for example the
adsorption of heavy-metal ions from aqueous solutions using mercapto-modified silica particles
[52].

3.6.2 CaCOs

Calcium carbonate has been used because of its compatibility with cement. It is
known for long time that the Romans used mortar prepared from sand and lime obtained by
heating limestone, CaCOz3 [53, 54]. This burnt limestone, CaO, hardens under CO> absorption
from the air which will turn to limestone again [55, 56]. Ca is the fifth abundant element in the

earth’s crust with a percentage of around 3.63% [55].

There are several routes to synthesize a CaCOs3 aerogel. A facile way resulting
from the condensation of vaterite nanoparticles was reported in a communication from our group
in 2009 [51]. In this synthesis, the hydrolysis of calcium di(methylcarbonate) which was
obtained by the reaction of CO, with CaO in abosolute methanol is controlled. The CaCOz3
alcogel was then dried under supercritical conditions with CO> to produce the CaCOz aerogel.

The sequence of reactions is as below:

CaO + 2 CHs3OH —— Ca(OCHgz)2 + H20 Equation (9)

CaO + 2 H20 —— Ca(OH); Equation (10)

Ca(OH), + 2 CH30OH —— Ca(OCH3)2 + 2H20 Equation (11)
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Ca(OCHs)2 + 2 CO2 ——— Ca(OCOOCH:j3), Equation (12)
Ca(OCOOCHz3), + H,LO —— CaCOs(sol/gel) + 2 CH3:OH + CO2 Equation (13)

The calcium carbonate aerogel formation occurs in a three-step process which is

presented in Figure 13 [51].

Owing to their nanoporosity, recently calcium carbonate aerogels have been
considered as a potential replacement for polystyrene foam contained in heat insulating renders

and panels used extensively by the construction industry [51, 57].
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Figure 13. Schematic drawing of the three-step reaction process involved in the formation of the

CaCOs gel (from [51]).

3.6.3 MgCOs

Magnesium (Mg) is an alkaline-earth metal like calcium (Ca) [55]. Magnesium
carbonate, MgCOs, is found in two forms in the nature: dolomite, MgCa(CQs). (pearl spar,
brown spar) and magnesite, MgCOs (talc spar, bitter spar) [58]. The usual way how this mineral
was formed is strip mining deposition. In the lab it can be prepared in aqueous solution by

combining Mg?* and carbonate ions (a sufficient excess of free carbon dioxide). Magnesium



24

oxide (Magnesia), MgO is produced industrially by roasting MgCO3z or MgCa(COs),, as is
shown in Equations 14-15. Calcination of MgCOz or magnesium hydroxide, Mg(OH). at 600 —
1000 °C vyields a loose, white MgO powder. This material binds water, therefore it is used as
binder in mortar (caustic magnesia) for construction [58]. Sintered magnesia is used to produce
highly heat-resistant bricks called magnesia bricks, which are used for the cladding of electric
furnaces in steel production, etc. It is also used for laboratory equipment, such as tubes,
crucibles, watch glasses, etc. For insulation purposes, melted magnesia is used in electrical
heaters [58]. In addition, MgO is widely used as a substrate in the fabrication of the high-T.
superconducting thin film [59].

MgCO3 — MgO + CO2; Equation (14)
MgCa(C0Os3). — MgO + CaO + 2 CO2 Equation (15)

Magnesium carbonate xerogels and aerogels which consist of networks of
magnesium carbonate nanoparticles were synthesized earlier by our group via controlled
hydrolysis of methoxy magnesium methyl carbonate, Mg(OCOOCHS3)(OCHz3) as is shown in
Equations 16-18 [60]. This facile synthesis is based on the reaction between magnesium metal
and methanol to form magnesium methanolate which was dispersed in methanol [61, 62]. After
CO2 had been bubbled through the suspension, it turned into a clear solution of methoxy
magnesium methyl carbonate, as was confirmed by infrared spectroscopy and quantification of
the mass of dried product obtained [60, 63]. A hydrolysis reaction occurred after addition of
water to the methoxy magnesium methyl carbonate solution leading to magnesium carbonate.

These aerogels composed of alkaline earth metal compounds are of special
interest for construction applications because of their high compatibility and inertness towards
cement [60].

Mg + 2 CH3OH —  Mg(OCHz)2 + H21 Equation (16)
Mg(OCHzs)2 + (1+x) CO2 —  Mg(OCOOCHS3)(OCHg) - xCO2 Equation (17)

Mg(OCOOCH3)(OCHg) - xCO2 + H2O0 — MgCOs3 + 2 CH3OH + xCO2 1 Equation (18)
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Magnesium oxide (MgO) is obtained when MgCOs is burned at temperatures >
500 °C, as is shown in Equation 19 [56].

MgCOs - MgO + CO2 1t Equation (19)
3.6.4 MgSi04/MgSiO3

Forsterite (Mg2SiOs) is named after the German scientist Johann Forster [64, 65].
Mg2SiO4 ceramics are of particular interest because of their low-cost, easily processable and
light-weight characteristics [66]. This material is promising as a potential alternative to calcium
phosphate bioceramics, because it shows exceptionally high toughness, close to that of cortical
bones [67]. Forsterite-rich olivine is used to make fire-proof bricks and highly fire-resistant
mortars, as an additive to ores in blast furnace processes, and for heat storage media in night
storage radiators [58]. Olivine is known as the most abundant mineral in the Earth’s upper

mantle and transition zone [68].

Through a sol-gel process using Mg(NOz3).-6H20 and colloidal SiO2 with an
initial molar ratio of MgO to SiO> of 2 and subsequent calcination at 1450 °C, pure forsterite
ceramics with exceptionally high bending strength and fracture toughness, even higher than that
of currently known hydroxyapatite ceramics, were obtained [69]. The mechanical strength
decreased rapidly when the sintering temperature was increased to 1550 °C, because at this high
sintering temperature, the pores were trapped in the grains as a result of grain growth. This result
agrees well with a study of the sinterability of forsterite powder produced by a solid-state
reaction, using magnesium oxide and talc (MgsSisO10(OH)2) [70]. It was found that the
mechanical properties were improved when the calcination temperature was increased from 1200
to 1400 °C, but further increase of the sintering temperature above 1400 °C deteriorated the
hardness and fracture toughness of the forsterite sample. The critical grain size in their study was
found to be 21.74 pm and a fracture toughness 4.88 MPam?[70] which is within the range of
that of human bone (2-12 MPam'?) [71].

This forsterite material showed good biocompatibility in an in vitro study [69,
72]. Forsterite nanopowder synthesized in a sol-gel process involving Mg(NO3)2-6H-0, colloidal

silica, polyvinyl alcohol polymer, sucrose and nitric acid possessed higher dissolution rates
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during immersion in simulated body fluids than conventional forsterite powders and also

possessed the ability to form apatite [72, 73].

Nonstoichiometric forsterite ceramics were prepared by a conventional solid-state
ceramic preparation route using high-purity MgO and SiO> [74]. The powders were mixed and
milled for 12 h in a polyethylene bottle charged with zirconia balls using ethanol as a medium,
subsequent drying and calcination at 1200 — 1350 °C in air for 3 h. They found that a single-
phase forsterite Mg>SiO4 could be obtained by calcining at 1350 °C. At this temperature, MgO is
consumed and single-phase Mg»SiO4 is formed. The adequate amount of MgO could provide
enough MgO to react with MgSiOs further to form Mg.SiOa. It could also provide enough MgO
to react with amorphous SiO. to directly form Mg.SiOs. The results indicate that adequate
addition of MgO can suppress the formation of the secondary phase MgSiOs as a by-product,

however excessive addition of MgO leads to residual MgO as a secondary phase [74].

3.6.5 Calcium Silicate Hydrate (C-S-H)

The poorly crystalline or amorphous calcium silicate hydrates (so called “C-S-H”)
are the main binding phases in all Portland cement-based systems possessing various
compositions [75-78]. The C-S-H formed by the hydration of tricalcium silicate (alite, CsS) or -
dicalcium silicate (belite, B-C2S) which both are the main constituents in Portland cement,
usually is called “C-S-H gel” while the C-S-H made via “synthetic” preparation routes such as
the hydrothermal reaction of CaO and SiO: in aqueous solution is called “C-S-H phase” [79].
The formation of the “C-S-H gel” from CsS and CsS is illustrated in Equations 20-23 [80].

Alite (CaS):
2(3Ca0 - Si0y) + 6H,0 — 3 Ca0-2Si02- 3 H20 + 3 Ca(OH). Equation (20)
T T
C-S-H Portlandite

This equation can be written in a short form as:
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2C3S + 6H — C3S;Hs + 3CH Equation (21)
Belite (C,S):
2(2Ca0 - Si0y) + 4H,O0 — 3 Ca0-2SiO2- 3 H20 + Ca(OH)2 Equation (22)
T 7
C-S-H Portlandite

This equation can be written in a short form as:
2CS +4H — CsSoHz + CH Equation (23)

Various structures of C-S-H are formed depending on the variation of the Ca/Si
ration, the silicate content, and the contents of Si—OH and Ca—OH [79]. As models for
crystalline calcium silicate hydrates, 1.4-nm tobermorite and jennite are used [78, 79, 81]. The
structure of 1.4-nm tobermorite, CasSisO16(OH)2-8H20 is based on a composite layer composed
of a distorted central Ca—O sheet connected to single dreierketten on both sides [79]. A
dreierkette consists of silicate tetrahedra which coordinate to Ca?* by connecting in a repeated
kinked pattern after every three tetrahedra. Two of the three tetrahedra (paired tetrahedra) share
O—O edges with the central Ca—O part of the layer, while the third tetrahedron (bridging
tetrahedron) shares an O atom at the pyramidal apex of a Ca polyhedron and connects the two
paired tetrahedra [79, 81, 82]. This structure is illustrated in Figure 14. Defects such as the
omission of bridging tetrahedra, or variations in the contents of interlayer Ca and protons
attached to Si—O" allow variations in the Ca/Si ratio [79].



Figure 14. Schematic diagram showing chains of dreierketten present in tobermorite (in theory

they are of infinite length) (P = paired tetrahedra, B = bridging tetrahedron); after [81].
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4  Experimental Section

4.1 Preparation of the templates

The preparation followed the method established in 1971 by Ahlgren et al. [23]. It

is commonly practiced in C. Zollfrank’s group from where all templates were received.

Sections (either cubes with side lengths of 1 cm or radial thin discs of 1 cm
(tangential and radial) in diameter and 0.3 mm (axial) in thickness) were cut from the sapwood
of spruce (Picea abies) or pine trees (Pinus sylvestris), weighed and subjected to a series of
chemical treatments. The sample axes are shown in Figure 15.

In the first step, 150 g of wood were washed by extraction for 6 h in a Soxhlet
apparatus using 500 mL of a 2:1 by weight mixture of toluene and ethanol. This was followed by
another extraction over 6 hrs with the same amount of pure ethanol. Between the processing
steps, all samples were stored in ethanol to prevent drying.

For preparation of the templates, 1 g of this wood was placed in an oxidizing
solution containing 1.4 g of sodium chlorite (NaClO.) and 0.5 g of acetic acid in 23.1 g of
deionized water. Delignification was carried out twice at 70 °C for 3 h each whereby the
delignification solution was renewed after the initial 3 h. Afterwards, a mild vacuum from a
waterjet pump was applied for half an hour. Following the delignification treatment, the
templates were immediately extracted with ethanol to remove any residual solutions of reagents

[23]. A photo of a delignified spruce wood template is presented in Figure 16.

tangential
eﬂ radial
M :
~ ~—axial

Figure 15. Schematic of a wood template showing the tangential, radial and axial axes.
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Figure 16. Photograph of a delignified spruce wood template.

4.2 Infiltration process
4.2.1 Calcium carbonate and calcium oxide replicas

Calcium metal in the amount of 1.5 g (0.0374 mol) was suspended in 250 mL of
absolute methanol (dried and stored over a molecular sieve, 3 nm) and heated to 65 °C to
produce a solution of Ca(OCHj3)2. After 90 min of stirring at room temperature, carbon dioxide
gas was bubbled through the Ca(OCHz)2 solution. After 90 min of reaction time, a turbid
solution of Ca(OCOOCH?3)2 had formed which was centrifuged. The clear solution (containing ~
13 g of the salt) was rinsed into a vial which contained the spruce wood template. Infiltration of
the wood cells occurred during the drying process on a hotplate performed at 70 °C as is shown

in Figure 17. The infiltrated wood template was then kept in an oven at 80 °C for 7 h.
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Figure 17. Photographs of a delignified spruce wood template placed in the clear solution of

Ca(OCOOCH:3), during the drying process on a hotplate.
4.2.2 Magnesium oxide and magnesium silicate replicas
Magnesium oxide replicas

Magnesium metal in the amount of 2.5 g (0.1029 mol) for high solid
content, or 0.5 g (0.0206 mol) for low solid content, was dissolved in 250 mL of absolute
methanol (dried and stored over a molecular sieve, 3 nm) and heated to 65 °C to produce a turbid
solution of Mg(OCHz)2. After 90 min of stirring at room temperature, carbon dioxide gas was
bubbled through the Mg(OCHzs)2 solution. A turbid solution of MeOMgOCO2Me had formed
which was then centrifuged. The clear solution (~13 g of either 4.9 or 0.9 mass% solid content)
was rinsed into a vial containing the pine wood template. Infiltration of the wood cells occurred
in the same way as for the CaCOs replica during the drying process on a hotplate performed at 70
°C, as was shown in Figure 17. The infiltrated wood template was then kept in an oven at 80 °C
for 7 h.
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Magnesium silicate replicas

Magnesium silicate replicas were obtained using the methoxy magnesium
methyl carbonate infiltrated templates which were further soaked once with a TEOS solution (1 g
TEQOS in 8 g EtOH). The infiltrated wood template was then kept in an oven at 80 °C for 7 h.

4.3  Calcination of infiltrated templates
4.3.1 Calcium carbonate and calcium oxide replicas

The infiltrated samples were dried and subsequently calcined at various
temperatures (e. g. at 500 °C) for 2 h at a heating rate of 1 K - min*t. Additional calcination
experiments were performed at 200, 330 and 470 °C with 0.5 h of exposure time. Immediately
after infiltration, hydrolysis of Ca(OCOOCHS3). caused by residual moisture from the wood
template occurred and a CaCOs sol was formed in situ. For calcination, the sample was

transferred to a platinum crucible and placed in an oven, as is shown in Figure 18.

Figure 18. Photograph showing the platinum crucible holding the infiltrated template after

placement in the oven for calcination.
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4.3.2 Magnesium oxide and magnesium silicate replicas
Magnesium oxide replicas

To achieve MgO replicas, calcination was performed at various
conditions, namely at 500 °C for 2 h and at 1450 °C for 5 h at a heating rate of 1 K - min~! with
holding steps of 0.5 h each at 200, 330 and 470 °C, respectively. Immediately after infiltration,
hydrolysis of MeOMgOCO:Me caused by residual moisture from the wood template occurred
and an MgCOgs sol formed. A final magnesium oxide replica in a platinum crucible after

calcination is shown in Figure 19.

Figure 19. Photograph of a magnesium oxide replica sample in a platinum crucible obtained
after calcination.
Magnesium silicate replicas

The magnesium silicate replicas were synthesized at a calcination
temperature of 1350 °C for 5 h at a heating rate of 1 K - min~l. Additional calcination
experiments were performed at 200, 330 and 470 °C for 0.5 h each and at 600°C for 3 h.

The preparation process is summarized in Figure 20.
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Figure 20. Steps taken in the preparation of the magnesium silicate replicas.
4.4  Analysis

4.4.1 Dynamic light scattering (DLS)

The absence of premature nanoparticle formation in the methoxy
magnesium methylcarbonate precursor solution was tracked via dynamic light scattering (DLS)
using a Zetasizer Nano ZS apparatus (Malvern Instruments, Workestershire, UK). The
measurements were performed at 25 °C using methanol as solvent. The sample solution was
transferred into a cuvette. All measurements were repeated three times whereby each time three

values were recorded. Therefore, for each sample 9 values are reported.
4.4.2 Thermogravimetric analysis (TGA)

In order to find the appropriate calcination temperature where all cellulose
was completely removed (complete combustion) from the replica, TGA was conducted using a
NETZSCH STA409PC Luxx instrument equipped with a mass spectrometer. The measurement
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was performed in air by using an AlOs pan as a sample holder. The samples were heated up to
1200 °C at a heating rate of 10 K - min2.

4.4.3 X-ray diffraction (XRD)

The calcium carbonate polymorph and the magnesium oxide contained in
the replica were identified via X-ray diffraction analysis (D8 advance instrument, Bruker AXS,
Bruker, Karlsruhe, Germany). XRD patterns were collected in the range of 5-70° 26 on an

instrument with a Bragg-Brentano geometry and a Cu Ka source (30 kV, 35 mA).

4.4.4 Scanning electron microscopy (SEM)

SEM images of the products obtained from calcination were captured
(without sputtering) using an XL30 ESEM FEG instrument (Philips/FEI Company, Eindhoven,
The Netherlands). All measurements were performed under high vacuum with a secondary
electron detector. The acceleration voltage varied in the range of 5-15 kV.

4.4.5 Energy dispersive X-ray (EDX) spectroscopy

EDX was performed on an XL30 ESEM FEG instrument (Philips/FEI
Company, Eindhoven, The Netherlands) equipped with an energy-dispersive X-ray detector
(EDX) for elemental analysis (New XL30, EDAX Inc., Mahwah, NJ, USA). The detector is a
lithium-doped silicon (Si(Li)) crystal (EDAX instrument DETECTING UNIT PV7760/77-ME;
Model: New XL-30 132-2.5 Port: EDS Active Area: 10 mm?+ (Serial No. 9036-60770-ME),
Amplifier Model: 194 (Serial No.: n/fa SUTW 3.3)).

446 2°Si MAS NMR spectroscopy

Solid state 2°Si MAS NMR measurements were conducted on a Bruker
Advance 300 MHz (7.0455 T) instrument. The sample was siffed into a 7 mm ZrO> rotor at a
spinning frequency of 5 kHz, a magic angle of 54°44' (MAS), resonance frequency 59.63 MHz
for 2°Si and pulse 6 millisec., single pulse measurement with repetition time D1 - 45 s, 1200 -
1800 scans. Tetrakis(trimethylsiloxy)silane (TMS) was used as external standard.
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4.4.7 Specific surface area (BET)

The specific surface area (BET method, N2) was measured on a Nova
4000e instrument from Quantachrome (Boynton Beach, FL, USA) utilizing a replica sample
degassed for 2 h at 200 ° C.

4.4.8 Infrared spectroscopy (IR)

Infrared spectra were recorded on a Vertex 70 FT-IR spectrometer (Bruker

Optik GmbH, Ettlingen, Germany) equipped with a diamond ATR cell.

4.4.9 Compressive strength tests

Mechanical testing was carried out in plate-plate compression geometry
adapted from DIN/EN/ISO-844 on a smarTens010 universal testing machine (Karg
Industrietechnik, Krailing, Germany). The plate size was reduced to 4 cm? to account for the
small sample sizes of the templates. Each measurement was repeated three times and the values

reported for the compressive strength represent the average.
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5 Methods

5.1 Dynamic light scattering (DLS)

Dynamic light scattering (DLS) is a spectroscopic method used to determine the
size distribution of particles such as polymers, proteins, colloids, etc. which are in solution or
suspension. This method is also known as photon correlation spectroscopy (PCS) or quasi-elastic
light scattering (QLS) [83]. The principle of light scattering involves that light from a laser
passes through a polarizer which defines the polarization of the incedent beam and then impinges
on the scattering medium. Then the scattered light passes through an analyzer which selects a
given polarization and enters a detector, as is illustrated in Figure 21 [84]. The scattering angle 6
is the angle between the incident beam and the detector.

A

LU SCATTERING
‘ ‘ VOLUME
LASER  ——
/ Kl - E-Ln
POLARIZER ~ A
q = Ki-Kf
|a| = 222 sin (8/2) Ay
L )|.|

ANALYZER

Figure 21. Schematic representation of the set-up in a light-scattering instrument (after [84]).
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The diffusion coefficient D depends on the particle diameter d as is shown in

Equation 24.

kT .
D = pw— Equation (24)

where
T is the temperature,
kg is Boltzmann’s constant,

n is the viscosity of the background fluid [83].

In the experiment, the incident light will be scattered by the small particles
present in the solution. According to Brownian motion, these fine particles in the solution are in
constant random movement and will diffuse at a speed related to their size; smaller particles
diffuse faster than larger ones [83, 84]. The size distribution can be acquired via the software
program of the DLS instrument [85]. In our experiments, the DLS measurements confirmed that
no sol particles were present in the MeOMgOCO:Me precursor solution prior to infiltration
(Figure 22). However, when a small amount of water was added to the MeOMgOCO:Me

solution, immediately small particles in the range of 0.6 — 11 nm were found (Figure 23).



39

Number (Percent)
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Record 10: Mg1_1 1
Record 13: Mg1_2 1
—— Record 16: Mg1_3 1

Record 11: Mg1_12
Record 14: Mg1_22
——— Record 17: Mg1_32

Record 12: Mg1_1 3
—— Record 15: Mg1_2 3
—— Record 18: Mg1_3 3

Figure 22. Particle size measurement for the Mg(OCOOCH3)(OCHz) solution after 1 h of

storage on air, measured on the Zetasizer instrument. The measurement was repeated three times

whereby each measurement provided three values.

Size Distribution by Number
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Size (d.nm)

— Record 19: MgOw_1 1
Record 22: MgOw_2 1
Record 25: MgOw_3 1

Record 20: Mgow_1 2
— Record 23: MgOw_2 2
Record 26: MgOw_3 2

Record 21: Mgow_1 3
— Record 24: MgOw_2 3
Record 27: MgOw_3 3

Figure 23. Particle size distribution of the Mg(OCOOCH3)(OCHpg) solution after water had been

added, as measured on the Zetasizer instrument. The measurement was repeated three times

yielding three values for each measurement.
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5.2 Thermogravimetric analysis (TGA)

Thermal analysis is a method based on the physical properties of materials such as
decomposition and melting points or desorption of substances and their reaction products which
is temperature-dependent. The sample will be processed following a temperature program. Pure
substances as well as mixtures of substances can be measured. The thermograms obtained are
useful not only in quality control, but also in the study of diverse materials including metals,
alloys, polymers and minerals and natural products [86].

The thermogravimetric analysis (TGA) measures the change of mass as a function
of temperature. The exact weight of the sample is determined before and during the entire
measurement. A high precision balance and a furnace for heating are needed for this analysis.

Inside the sample chamber inert gas or a reactive atmosphere can be applied [86].

This technique was utilized in this study in order to identify the appropriate
calcination temperature where all cellulose is completely removed (complete combustion) from

the replica.

In a typical experiment, a sample of Mg(OCO.CH?3)(OCHz3)-infiltrated pine wood
was measured on a TGA instrument equipped with a mass spectrometer (TGA-MS), as is shown
in Figure 24. The mass loss owed to the combustion shows that the removal is complete at a
temperature around 540 °C. The residual mass 18 which is H>O decomposed at 100 °C which
presents the boiling point of water and at 310 °C which is assigned to water from inside the wood
template. All three residual masses at 12 (C), 18 (H20) and 44 (CO.) are completely decomposed
at 540 °C (Figure 25). The residual mass 28 which is CO is decomposed at 320 °C (Figure 26).

The mass loss from combustion shown in the TGA curve confirms that the
combustion of the delignified, non-infiltrated pine wood is complete at a temperature around
530 °C (Figure 27). This temperature varies for different samples infiltrated with different
inorganic precursors. The combustion temperatures studied here were 500, 540 and 550 °C for
Ca(OCOOCH:z3)2-, Mg(OCOOCHS3)(OCHs3)- and Si(OC2Hs)s-infiltrated pine wood, respectively
(Figure 27).
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Figure 24. TGA curve of a pine wood sample infiltrated once with a Mg(OCOOCHS3)(OCH?3)
solution (solid content = 0.9 wt.%).

6.00E-10

5.00E-10 |l
- Mass 18 (H,0)
S 4.00E-10 e
>
—
=
S 300E-10 |
e
o)
"
=
R U B e i T
= Mass 44 (CO,)

1.00E-10 O —

Mass 12 (C)
0.00E+00

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Temperature (°C)

Figure 25. Mass spectra from TGA-MS measurements of the pine wood sample infiltrated once
with a Mg(OCOOCH3)(OCHa) solution (solid content = 0.9 wt.%) at m/z = 12 (green line), 18
(blue line) and 44 (red line) corresponding to C, H20 and CO> respectively.
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Figure 26. Mass spectrum from TGA-MS measurement of the pine wood sample infiltrated once

with a Mg(OCOOCHS3)(OCHBg) solution (solid content = 0.9 wt.%) at m/z = 28 corresponding to

CO.
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Figure 27. TGA curves of a delignified pine wood sample infiltrated with Ca(OCOOCH:3).-,
Mg(OCOOCHS3)(OCHpa)- and Si(OC2Hs)s-precursors.

5.3 X-ray diffraction (XRD)

XRD is a method which is widely used to identify bulk phases. Due to the low
wavelengths of X-rays which are in the Angstrom range (0.2 — 20 A) [86], it has sufficient

energy to penetrate solids, so it is suitable to analyse the solids’ internal structures [87].

X-ray is produced from bombarding a metal target with high energy electrons. In
an x-ray tube, a cathode and an anode are present, as is illustrated in Figure 28. At the cathode,

heavy elements such as tungsten (W) are heated to generate electrons called primary electrons.



44

These electrons are accelerated by the high voltage (60-80 kV) between cathode and anode, and
then hit the metal target (usually Cu) and the anode [86]. The emitted X-rays originate from two
processes; 1) primary electrons slowed down by the target emit a continuous background
spectrum of braking radiation or deceleration radiation (Bremsstrahlung), 2) a primary electron
hits a shell electron in the metal target, for example the primary electron hits the K shell electron
of Cu and creates a core hole in the K shell (Figure 29) which is then filled by an electron from
the L shell and emits an X-ray quantum with an enery of 8.04 keV (AE = Ex — ELm = (8.973 —
0.933) keV) called K,. When the electron-hole in the K shell is filled with an electron from the
M shell, the radiation is called Kg. This process is called X-ray fluorescence [87]. The radiation

leaves the X-ray tube through a Be window which is transparent to X-ray [86] (Figure 28).

hv
Wingow
L >~
c *\ N
Anode
Cathode J; ) _ﬂ/
High voltage

Figure 28. Schematic illustration of the set-up of an X-ray tube (from [86]).

X-ray diffraction involves the elastic scattering of X-ray photons by atoms
arranged in a periodic lattice. This analysis is useful to indentify crystal structures depending on
the interference principle [86]. When X-ray waves interact with atoms in crystals, X-ray
interference will occur. Crystal structures contain planes of atoms and each plane will reflect the
incident X-ray beam differently. In Figure 30, two rays are reflected from two planes. Beam 1
reflects already at the top atomic plane, while beam 2 penetrates deeper into the structure and
reflects from the second atomic plane. Therefore beam 2 travels farther than beam 1, at a
different distance of 2d-sin©. When this path differential 2d-sin© is equal to any integer n of the

wavelength of the two beams, the reflection of these two waves which emerge from the crystal



45

will be in phase interference and cause constructive interference, thus yielding a higher
amplitude wave [86, 87].
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e Photoelectron
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Subsequent process:
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X-ray emission

Figure 29. Excitation mechanism as occuring in X-ray spectroscopy (® = electron, © = hole)
(from [86]).



46

P PS PS PY P

Figure 30. Wave interference occurring from reflection of beams at different planes existing in

the analyzed crystal (from [86]).

From Figure 30, the lattice spacing can be derived based on the diffraction of the

X-rays by the crystal planes, as expressed in the Bragg equation [87]:

n-A = 2d-sin© ; n=1,2,... Equation (25)
where
A is the wavelength of the X-rays
is the distance between two lattice planes
O is the angle between the incoming X-rays and the normal to the reflecting lattice
plane
n is the integer called order of the reflection.

During measurement, the X-ray source stays stationary while the detector is
moving. The XRD pattern of a powdered sample is measured by scanning the intensity of the
diffracted radiation as a function of the angle 26 between the incoming and the diffracted beams
(Figure 31). As A is constant for the same X-ray source, therefore, from the Bragg’s equation,
only the proper angle which relates to the incoming beam will give constructive interference.
Then this equation can be solved to obtain the lattice spacing which is characteristic for a

specific compound [86].
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S Detector

Figure 31. Schematic of the detector of an X-ray diffractometer (from [86]).

Figure 32. X-ray scattered by atoms contained in powder particles and arranged in an ordered

lattice interfere constructively in the directions given by Bragg’s law (from [87]).

When working with powdered samples, the diffraction pattern is formed by the
small fraction caused by the particles, because the powder particles are oriented randomly, and

only a small fraction of these powder particles are oriented by chance at a certain crystal plane
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which is at the right angle © with the incident beam for constructive interference (Figure 32).
For this reason, rotation of the sample during measurement is the solution to enhance the number

of particles that contribute to the diffraction [87].

5.4  Scanning electron microscopy (SEM)

When the primary electron beam interacts with the sample in an electron
microscope, it leads to a number of detectable signals as is shown in Figure 33. Scanning
electron microscopic images are accomplished by scanning a narrow electron beam over the
surface of the sample and detecting either secondary or backscattered electrons. Their yield is a
function of the position of the primary electron beam. Using SEM provides information about
particle sizes and the form and arrangement of the particles (morphology) [4]. Since electrons
have characteristic wavelengths of less than an Angstrom, they come close to identifying atomic
details [87].

Secondary electrons are emitted from the sample surface due to inelastic
collisions between primary electrons and the sample. They mostly have low energies in the range
of around 5 — 50 eV. In SEM instruments using a secondary electron detector, the contrast on the
SEM image is caused by the orientation: parts of the surface facing the detector appear brighter
than parts of the surface which are away from the detector. SEM instruments with a
backscattered electron detector can provide information on the composition of the sample
because heavy elements scatter more efficiently, yielding brighter images [87]. Since an SEM
equipped with a secondary electron detector recognizes the contrast due to the topology of a

surface, it presented a suitable technique to investigate the quality of the replicas in this study.
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Figure 33. Interaction between the primary electron beam and the sample in a scanning electron

microscope (from [87]).

5.5 Energy dispersive X-ray (EDX) spectroscopy

X-rays are one of the byproducts in an electron microscope as is illustrated in
Figure 33. They are emitted from the material, which is bombarded with electrons. This
phenomenon can be explained by quantum mechanics. The interaction between an electron and
an atom leads to two types of X-ray: 1) Characteristic emission lines and 2) Braking radiation
[87].

X-rays characteristic for elements are emitted when an electron from a higher
shell fills an initial hole generated by ejection of a bound electron from an atomic orbital by the
incident electron. For example, a K, X-ray photon is emitted when the K shell hole is filled with
an electron form the Ly or Ly shell (Figure 34). The energy of an X-ray photon is characteristic

for each emitting atom [87].
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Figure 34. X-ray fluorescence: A core hole is filled up by an electron from a higher shell, the

energy gained is used to emit an X-ray photon (from [87]).

Figure 35. X-ray fluorescence: Braking radiation is emitted when an electron is accelerated in

the attractive force field of the positively charged nucleus (from [87]).
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Braking radiation which gives a structureless continuum background in the X-ray
spectrum is emitted during the acceleration of an electron in the attractive force field of the
positively charged nucleus. The distance between the electron and the nucleus effects the
hyperbolic curvature path which the electron follws (Figure 35) [87].

Based on X-ray fluorescence produced in an SEM, the elemental composition of a
sample can be dertemined when the SEM is equipped with an energy dispersive X-ray detector.
A most common type of this detector is a liquid-nitrogen cooled solid-state device which
constitutes a lithium-doped silicon semiconductor [86, 87]. This Si(Li) detector consists of p-
type silicon compensated by lithium in order to increase its electrical resistivity. When incident
X-ray photons pass through this detector, they will interact to produce a specific number of
electron hole pairs [88]. The bias voltage is used to sweep the charge produced from the diode to
a charge-sensitive pre-amplifier. After that, a charge loop intergrates the charge on a capacitor to
produce a voltage pulse which is proportional to the incident X-ray photon energy. The arriving
pulses are sorted by a multichannel analyzer and the spectrum will be in the form of the X-ray

energy spectrum [88]. As an example, an EDX spectrum of a magnesium silicate replica is

presented in Figure 36.
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Figure 36. EDX spectrum of a magnesium silicate replica, measured at a spot near a pit-hole

structure of the replica which is shown on the left side.
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5.6 2°Si MAS NMR spectroscopy

Solid state NMR spectroscopy is useful to gain insight into the structure of many
materials. Most nuclei possess a nuclear or intrinsic angular momentum, P. The atomic nucleus

is assumed to be spherically rotating about an axis. This angular momentum is quantified [89].
P=II+Dh Equation (26)

Where
h =h/2x, h is Planck’s constant (= 6.6256 x 1034 ] s), and

| is the angular momentum quantum number, usually called the nuclear spin [89].

The angular momentum, P, is proportional to a magnetic moment, p. Both are

vectorial parameters.

p=vyP Equation (27)

where, v is called the magnetogyric ratio which is a constant for each nuclide (e.g. each isotope
of each element). The detection sensitivity of a nuclide in an NMR experiment depends on this vy.
The larger the value of vy is, the more sensitive is the nuclide (easier to observe) [89].

By combining Equations (26) and (27), the magnetic moment, p can be

calculated as:

= y/I(I+ Dh Equation (28)

Therefore, nuclides with a spin I = 0 have no nuclear magnetic moment [89].

When a nucleus with angular momentum, P, and magnetic moment, p is placed in
a static magnetic field Bo, the angular momentum takes up an orientation such that its component

P, along the direction of the field is:

P, = mh Equation (29)
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where m is the magnetic or directional quantum number; m =1, I-1,...-1. For the isotope with | =

1/2, this results in two m values (+ 1/2 and -1/2), see Figure 37.

P,='h/| m=+1/2

P,=-%h) m=-1/2

Figure 37. Directional quantification of the angular momentum P in the magnetic field for
nuclei with I = % (from [89]).

From Equations (27) and (29), the magnetic moment along the field direction Z

Mz = myh Equation (30)

In classical presentation, the precession nuclear dipoles around the z axis (which
is the direction of the magnetic field) is similar to that of a spinning top (Figure 38). The

precession frequency, or Larmor frequency v, is proportional to the magnetic flux density Bo:
oL = |y/2m|Bo Equation (31)
Because of the directional quantization (in contrast to the classical spinning top),

only certain angles are allowed for a precessing nuclear dipole such as at 54°44’ for the proton

with I = 1/2 [89].
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m=+1/2 (a)

m = +1/2 (B)

Figure 38. Precession of nuclear dipoles with spin | = 1/2 around a double cone; the half-angle
of the cone is 54°44’ (from [89]).

The NMR technique depends on the principle that when a sample placed in an
applied magnetic field, Bo, then the energy level of the nuclear spin is split into different energy
levels called degeneracy resulting from Zeeman interaction. A nucleus of spin quantum number |
will have 21 + 1 possible orientations in a magnetic field, so there are 21 + 1 energy levels which
are designated by the magnetic quantum number, m, such that m; = I, I-1,..., -I. The spaces
between each energy level are equal, therefore there are 2l transitions with the same energy

corresponding to a frequency, vo in Hz (or o in rad s), termed the Larmor frequency [90].

29Sj is the only NMR-active isotope of silicon with | = 1/2, therefore its nuclear
spin splits into 2 degeneracies with magnetic quantum numbers m; = 1/2 and -1/2 [89], as is

shown in Figure 39.



55

m=-1/2

AE, AE,

Figure 39. The energy difference AE between two adjacent energy levels in an atom as a
function of the magnetic flux density, Bo (from [89]).

The presence of a local magnetic field generated by surrounding electrons causes
a chemical shielding interaction which changes the total magnetic field experienced by the
nucleus. This small change in the magnetic field slightly perturbs the resonant frequency of the
nucleus from the basic Larmor frequency. This perturbation provides the basis of NMR as an
analytical method, because nuclei in different chemical environments lead to different degrees of
perturbation from the Larmor frequency, thus enable their discrimination in an NMR spectrum
[90].

Forsterite, a-M@2SiOs, is an analogue of olivine (Mg1.sFeo2SiO4). The crystal
structure of forsterite (space group Pnma) composes of SiOs* units that are linked through Mg?*
ions in octahedral coordination with oxygen as is shown in Figure 40. The structure contains a
single Si site, two crystallographically distinct magnesium sites and three crystallographically

distinct oxygen sites [90].

The isotropic chemical shift of forsterite which has been evaluated using magic

angle spinning (MAS) yields a value of -62 ppm which is typical for Q° Si species [90-92]. The
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superscript refers to the number of bridging oxygens coordinated to the Si atom, so the

superscript “0” reflects an isolated SiO4 tetrahedra (mono silicate) in the structure [90].
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Figure 40. (Left) Crystal structure and (right) oxygen coordination environments for forsterite,

a-Mg2SiO4-SiOn. Polyhedra are shown in blue, Mg atoms in green and O in red (from [90]).

5.7 Specific surface area (BET)

The BET method mostly uses N2 adsorption and desorption to investigate the

specific surface area and distributions of pore radii in a material.

In a Langmuir isotherm it is assumed that adsorption is restricted to a monolayer
coverage, and that adsorption is localized. However, due to the van der Waals forces, physical
adsorption can also lead to multiple adsorbed layers (Figure 41). Therefore the assumption of a
single monolayer is unrealistic in many cases. Brunauer, Emmet and Teller (BET) modified the
Langmuir approach by balancing the rates of adsorption and desorption for the various molecular
layers. In the BET model, it is assumed that adsorption in the first monolayer produces a

characteristic heat of adsorption AHa, while the subsequent layers are controlled by the heat of
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condensation of the vapor, AHL [93]. The most common linearized form of the final BET

equation is:

P 1 (c-Dp .
= + Equation (32
V(po—p) Ve Vimcpo d (32)

Where

V is the volume of adsorbed vapor at standard temperature and pressure (STP): at 273.15
K, 1 atm,

Vm is the monolayer capacity at STP,

p is the partial pressure of the adsorbate,

po is the saturation vapor pressure of the adsorbate, and

AHu- AH .
cC = exp% Equation (33)

Multiple adsorbed layers

Second adsorbed layer — physical
( Adsorption only

e First adsorbed layer — physically
adsorbed or chemisorbed

Figure 41. In multilayer sorption on a solid surface, the first layer may be physically adsorbed or

chemisorbed. Subsequent layers will always be physically adsorbed (from [93]).

The BET isotherm is commonly used to determine the surface area of finely

divided solids by physical adsorption. This technique produces useful results when the pressure,
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p, is between 0.05 po and 0.35 po [93]. However, for porous solids which show an adsorption

hysteresis, Vm cannot be accurately dertermined. From Equation (32), a plot of V(pp ) Versus
o
: : _ -1
pﬂ should be linear over the pressure region of 0.05 - 0.35 po, the slope of the line, S = (‘C/ C), and
0 m

. 1 . : . -
the intercept, | = e Therefore the monolayer capacity, Vm of the solid and its specific area, As
m

can be calculated as follows [93]:

Vm =57 Equation (34)
Vink :
AS = T Equation (35)
sample weight
NgA .
k = =2 Equation (36)
My

where
Na is Avogadro’s number,
A is the area per molecule of the adsorbed gas, and
My is the gram molecular volume of gas (22.400 L at STP).

The most common adsorbate used to determine the BET surface area is nitrogen,
N2, which has an effective area per molecule, A, of 0.162 nm? at the temperature of liquid
nitrogen (77K) [93]. The specific surface area and pore size distributions are investigated by
using N2 adsorption and desorption. Using this technique, only pores which are accessible for N>
are detected. Falsification of the values for the pore radii may be found when structural changes

are induced by the N2 pressure during the measurement [4].

5.8 Infrared spectroscopy (IR)

Infrared spectroscopy presents a vibration spectroscopy. The vibration in
molecules or in solid lattices is excited by the absorption of photons. Infrared radiation is

classified into three categories: far, mid and near infrared. Mid infrared is the most interesting
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one [87]. The wavelengths in this mid IR region is between 2.5 x 10* cm and 25 x 10* cm which
correspond to energies of about 4.6 to 46 kJ/mol (1.1 to 11 kcal/mol) [94]. Infrared photons do
not have enough energy to cause electronic transition, but they cause groups of atoms to vibrate
depending on the bonds that connect them. Similar to electronic transitions, these vibrational
transitions correspond to distinct energies, and molecules absorb infrared radiation only at

certain wavelenths and frequencies [94].

Every molecule possesses discrete levels of vibrational energy. Absorption of
photons with frequencies v in the mid-infrared range leads to transitions between vibrational

levels [87]. The corresponding vibrational energy levels are as shown in Equation 38:

1 :
n=(n +E)hD Equation (37)
1 |k :
V= " Equation (38)
t_ 1, 1 L UL :
M + - or g = —— Equation (39)
where
En is the energy of the n'" vibrational level
n IS an integer
h is Planck’s constant
v is the frequency of the vibration
k is the force constant of the bond
VI is the reduced mass
mi is the mass of the vibrating atoms.

Therefore, vibrational frequencies increase with increasing bond strength, and

with decreasing mass of the vibrating atoms [87].

According to the vibrational selection rule, transitions are allowed when the
vibrational quantum number changes by one unit, and the dipole moment of the molecule must

change during the vibration [87].
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The attenuated total reflection (ATR) technique is an alternative sampling
technique that is based on reflection of the light source off the surface of the sample. With this
technique, solids including powders and plastic films etc. and liquids can be determined directly
without the need for further preparation. As is illustrated in Figure 42, the sample is placed on a
crystal with direct contact. The crystal used in ATR has a high reflective index such as diamond
(often used), zinc selenide or germanium [95]. The measurement principle is that the beam of
infrared light is passed through the crystal in such a way that it is reflected at least once off the
internal surface in contact with the sample. The beam will penetrate into the sample which has a
lower reflective index than the crystal. The radiation penetrates the sample to a depth of about 20
pm and may be absorbed by it [96]. The material that is in close contact with the reflecting
surface will absorb radiation selectively, leaving the beam with lower energy at the wavelength
where the material absorbs [95, 97]. The absorption spectra which are characteristic of the
sample will be obtained by measuring and plotting the resultant attenuated radiation as a function

of wavelength [97].

The number of reflections into the sample can be controlled by varying the angle
of incidence, @. A high quality spectrum is obtained when the number of reflections is high. A
detector is used to collect the exciting beam [95].

<«——— Sample

o o~ ~ < ATR crystal

Infrared beam

To detector

Figure 42. Schematic diagram of an infrared ATR cell set-up (from [95]).

5.9 Compressive Strength Tests

For the use of replicas in different applications it is necessary to determine their
mechanical properties. Important mechanical properties include strength, hardness, ductility and

stiffness [98, 99]. In this study, the compressive strength was measured.
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The mechanical behavior may be assessed via a simple stress-strain test, whereby
a load is static or changes relatively slowly with time and is applied uniformly over a cross
section or surface of a sample. The cross section is normally circular, but rectangular specimens
are also used. The load is applied uniaxially along the long axis of a specimen, causing
deformation of the specimen. Usually the load is applied until the specimen fractures. Since the
load-deformation characteristics are dependent on the specimen size, the respective parameters

of stress and strain are used to minimize these geometrical factors, load and elongation [98].

Stress (o) is defined by:

c = — Equation (40)
Ao

where

F is the instantaneous load applied perpendicularly to the specimen cross

section, in Newton (N) or pounds force (Ibf) unit

Ao is the original crosssectional area before any load is applied (m? or in.?)

The units of stress are mega pascals, MPa (SI), where 1 MPa is equal to 10% N/m?
[98].

Strain () is defined as:

11 Al :
e = L = = Equation (41)
ly ly
where
lo is the original length before any load is applied

li is the instantaneous length

Strain is unitless, but meters per meter or inches per inch are also often used.

Sometimes strain is presented as a percentage (the strain value is multiplied by 100).

The stress-strain curves for three different materials at room temperature are
shown in Figure 43 [100-102]:
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- Material | represents the characteristic behavior of many ceramics including hardened
cement. This material has a high Young’s modulus, high failure stress, low ductility, low
toughness, and fractures without any significant plastic deformation.

- Material 1l represents the characteristic behavior of many metals. This material has
moderate strength, moderate ductility, deforms plastically prior to failure and is the
toughest of the three.

- Material 111 represents the characteristic behavior of many elastomers. This material has a
low Young’s modulus, is very ductile and has low ultimate tensile strength and limited

toughness.

A compressive load produces contraction and negative linear strain as is shown in
Figure 44. The force is compressive and the specimen contracts along the direction of the stress
[98]. Compressive tests are used for materials which are brittle under tension such as e.g.
concrete [98].

c Material I

Material II

)

Material 111

Y

Figure 43. Idealized stress-strain curves for three classes of different materials (from [100]).



Figure 44. A compressive load produces contraction and a negative linear strain (from [98]).
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6 Results and discussion

This chapter includes a summary of each publication attached to this thesis and briefly
states the novelty of the work. Furthermore, additional results which were not yet published are

presented at the end of the chapter.
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6.1 Preparation of CaCOs and CaO Replicas Retaining the Hierarchical

Structure of Spruce Wood

Paper #1

The first study which was published as paper #1 was conducted to produce positive
replicas of spruce wood by infiltrating pretreated softwood templates with a Ca(OCOOCH?3)
precursor solution which was synthesized according to Equations (1) and (2). Through
hydrolysis of the calcium precursor caused by residual moisture present in the wood cells,

CaCO:s is eventually formed (Equation (3)).

It was found that this method allows successful replication of the hierarchical structure of
the wood from the macroscopic to the submicron scale. Different materials were obtained,
depending on the number of infiltration steps and the calcination conditions.

Synthesis of calcium dimethylate
Ca + 2CH3OH — Ca(OCHs), + H20 1 Equation (1)

Synthesis of calcium di(methylcarbonate)
Ca(OCHs3), + 2C0O2 — Ca(OCOOCHz3)2 Equation (2)

Formation of a calcium carbonate sol/gel
Ca(OCOOCHs)2 + H20 — CaCOsz + 2CH3OH + CO2 1 Equation (3)

One infiltration and calcination at 500 C° for 2 h led to a calcite replica which constitutes
of individual submicron CaCOs particles, as was evidenced by SEM imaging (Figure 45), with
low mechanical stability. In order to improve the mechanical stability of the replica, two
parameters were considered: the amount of precursor infiltrated and the calcination conditions

(temperature and duration).
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10 pm
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Figure 45. SEM image of a CaCOs replica containing the polymorph calcite, obtained from one
infiltration and calcination at 500 °C for 2 h; it is obvious that the replica consists of spherical

CaCOs nanoparticles.

The results show that neither only several infiltration steps and calcination at low
temperature (500 °C) nor higher calcination temperatures (750 and 900 °C) and only one
infiltration lead to replicas possessing sufficient mechanical stability. However, a combination of
multiple infiltration steps and high calcination temperature proved to be the solution. The
product from five infiltrations and subsequent calcination at 900 °C constituted an almost
monolithic wood replica with reasonable mechanical stability.

The spruce wood template infiltrated 5 times by the calcium di(methylcarbonate)
precursor solution (solid content 0.4 wt.%) before and after calcination at 900 °C for 2 h are
shown in Figures 46 (a) and 46 (b), respectively. At this temperature, CaCO3s decomposes into
Ca0 and CO; and the CaO (as evidenced by XRD, diagram not shown here) was more annealed,
as observed by SEM (Figure 47).

This research shows that the ionic character of CaCO3 prevents it from sintering into
mechanically more stable monoliths such as in SiO> replicas where covalent bonds are formed

between the primary particles.
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Figure 46. Spruce wood infiltrated 5 times with calcium di(methycarbonate) precursor solution

(solid content 0.4 wt.%) before calcination (a) and after calcination at 900 °C for 2 h (b).

Figure 47. SEM images of the CaO replica obtained from 5 times infiltration and calcination at

900 C¢ for 2 h showing pit-hole structure (left) and honeycomb structure (right)
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The principal structural characteristics of softwood (spruce) were replicated in CaCO3; and CaO
on various levels of hierarchy from the macroscopic to the submicron scale. Positive replicas were
obtained by infiltrating pretreated softwood templates with a Ca(OCOOCH3), precursor solution
which hydrolyzed into CaCO3 nanoparticles. They reproduce the hierarchical porous structure of the
wood template. Calcination at temperatures from 350 to 900 °C yields calcite as the main polymorph.
Mechanical stability of the replica is optimized when the specimen is calcined at 900 °C.
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Introduction

Hierarchically structured inorganic materials have
been recognized as attractive compounds and materials
in applications such as catalysis, sensoring, pharma-
ceuticals, building materials, efc. [1]. For similar pur-
poses, nano- and mesoporous materials are utilized as
well. Some well documented examples include meso-
porous silica (e. g. MCM-41), prepared with quater-
nary ammonium surfactants (“‘quats”) as templating
agents [2, 3], or nanoporous silica aerogels which are
fabricated via sol-gel processess utilizing alkoxysi-
lane precursors [4, 5]. Among those materials, aero-
gels stand out because of their unsurpassed heat insu-
lating properties which derive from their nanoporos-
ity and the Knudsen effect [6]. In spite of their many
advantages, these porous materials exhibit a homoge-
neous porosity across the matrix which in many cases
is undesirable. In specific applications, those materi-
als require a three-dimensional hierarchy in addition
to an anisotropic porosity. More recently, a number
of hierarchically structured inorganic materials have
been synthesized by using biological templates origi-
nating from plants (e. g. wood, seed, reed, bamboo) or

animals (e. g. shell, nacre, tooth, bone) [7]. Replica-
tion of these structures was achieved by infiltrating the
biotemplates with inorganic precursors and subsequent
removal of the organic matrix via chemical or ther-
mal treatment [8]. Wood has been identified as a ver-
satile template. Contrary to e. g. aerogels, it combines
an uniaxial porosity with high stiffness [7]. For exam-
ple, spruce wood consists of parallel tube-like wood
cells, the tracheid fibers, with a diameter in the range
of 20 microns. In the cell wall of the tracheid fibers,
cellulose fibrils are embedded in a hemicellulose and
lignin matrix [9]. The cellulose fibrils are partly crys-
talline and they spiral the lumen at the characteristic
microfibril angle [10]. Consequently, this structure is
hierarchical at the nanometer level which was proven
by SAXS analysis [11, 12]. Wood templates useful for
the synthesis of porous materials can be prepared ac-
cording to different methods. One process includes
acid extraction followed by partial delignification with
sodium chlorite [13]. This approach not only removes
inorganic impurities, but also opens up the pore struc-
ture in order to create accessibility for the precursor
molecules [14]. Furthermore, functionalization of the
template with maleic acid anhydride was found to be

© 2013 Verlag der Zeitschrift fiir Naturforschung, Tiibingen - http://znaturforsch.com
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advantageous to stabilize the fibrillar structure and to
reduce the shrinkage of the template [15 — 17]. Several
attempts to replicate the hierarchical structure of wood
from the micrometer to the nanometer scale were suc-
cessful. For example, a hierarchically porous ceramic
silica material was obtained by in sifu mineralization
of wood cellular structures infiltrated with a surfactant-
templated sol-gel solution [18]. A hierarchically struc-
tured iron oxide possessing a tunable porous structure
was synthesized from different wood templates [19].
Also, a highly crystalline porous oxide material was
produced by infiltrating a Ceg 5Zry 50, sol into the tis-
sue of wood [20]. Furthermore, a nanoscopic replica-
tion of the cellulose fibril was successfully fabricated
by infiltrating TEOS into delignified and functional-
ized spruce wood templates [15]. Using tailor-made
precursor sols and salt solutions, hierarchically struc-
tured phosphor materials based on softwood could be
fabricated [21—-23]. Very recently calcium carbonate
aerogels have been considered as a potential replace-
ment for polystyrene foam contained in heat insulat-
ing renders and panels used by the construction indus-
try [24]. The preparation of CaCOs3 aerogels utilizes
calcium di(methylcarbonate) as precursor and subse-
quent hydrolysis to calcium carbonate particles [25].
However, their poor mechanical strength currently re-
stricts their use as insulating material in cement mix-
tures. Further, their purely nanometer-scale porosity
does not allow reaction with microcrystalline cement
hydrates and influences bonding to the cementitious
matrix.

In this study, we investigated the fabrication of
hierarchically structured CaCOs3; by using calcium
di(methylcarbonate) as calcium precursor [25] and
subsequent hydrolysis into a CaCOj3 sol. After infil-
trating spruce wood templates with the precursor, their
cellulose matrix was removed by calcination at tem-
peratures varying between 350 and 900 °C. Calcination
temperature and duration was varied in order to study
their effect on the type of CaCO3 polymorph formed,
on the CaCOs particle size, the quality of replication,
and the mechanical stability of the replica.

Results and Discussion

Calcium carbonate precursor

The concept of wood replication with CaCOs3 is
based on the hydrolysis of calcium di(methylcar-
bonate) as precursor [25]. First, calcium dimethylate

is prepared by reacting calcium metal with methanol
(Eq. 1). Subsequent bubbling of gaseous CO, through
this solution results in calcium di(methylcarbonate)
(Eq. 2) which partly precipitates from the solution as
several um long needles which are removed by cen-
trifugation. The clear solution (solid content 0.4 wt.-%)
is used in the following infiltration process. Through
hydrolysis of the calcium precursor with residual mois-
ture present in the wood cells, CaCOj3 is eventually
formed (Eq. 3) and successfully replicates the hierar-
chical structure of the wood. However, depending on
the number of infiltration steps and the calcination con-
ditions, different materials are obtained.

Ca+2CH;3;0H — Ca(OCH3), + Hy | 1)
Ca(OCHj3), +2C0O, — Ca(OCOOCH3),  (2)
Ca(OCOOCHj3); + H,0 —

CaCOj3; +2CH30H+ CO; | (3)

Low-temperature treatment

Here, the pre-treated wood samples were infiltrated
only once and treated thermally at 350 °C over a period
of 48 h to decompose the wood template very slowly.
This method produced large specimens which excep-
tionally precisely replicated the hierarchical structure
as is shown in Fig. 1. Functional elements of the origi-
nal wood samples such as pit holes were exactly repli-
cated (Fig. 1a). Additionally, the tracheids of the wood
are clearly reproduced in detail (Fig. 1b). Surprisingly,
this product was found to consist of the meta-stable
CaCOs3 polymorph vaterite as evidenced by XRD anal-
ysis (Fig. 2). Even a sample stored for 4 months still
contained only vaterite, according to the XRD pattern
(Fig. 2b). This demonstrates the exceptional stability
of this polymorph under the given conditions.

Preparation of calcined replicas

A replica of the wood sample was produced by in-
filtrating a pretreated spruce wood template once with
Ca(OCOOCH3); solution, followed by calcination at
500 °C for 2 h to completely remove the cellulose and
other biopolymers. The resulting product consisted of
a quite fragile positive CaCOs replica of the original
wood template whereby the hierarchical structure was
precisely reproduced by individual submicron CaCOs
particles, as was evidenced by SEM imaging (Fig. lc,
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(a)

i . el 5%

20 um

Fig. 1. SEM images of the CaCOj3-replicated wood samples: a, b) one infiltration and calcination at 350 °C for 48 h, resulting
in a structure made of vaterite polymorph; ¢, d) one infiltration and calcination at 500 °C for 2 h leading to calcite and e, f)

five infiltrations and calcination at 900 °C, producing CaO.

d). Spherical CaCOs particles with diameters of be-
tween 200 and 500 nm are visible which are assem-
bled such as to replicate the structural features of the
original wood, particularly the pit holes and tracheid
fibers. This appearance differs significantly from pre-
vious silica replicas of wood where initially formed
Si0; nanoparticles coalesced into an annealed mono-
lith. As a result of the particulate structure, the CaCO3
replica forms a fragile body with an extremely poor
mechanical stability. XRD analysis revealed that the

CaCOs-replicated wood sample consisted only of the
polymorph calcite (Fig. 2¢).

Effect of multiple infiltration steps

In order to improve the mechanical stability of the
replica, two parameters were considered: The amount
of precursor infiltrated and the calcination conditions.
At first, repeated infiltration steps were probed with the
aim to obtain a more dense assembly of the CaCO3
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Fig. 2. XRD patterns of the CaCO3-replicated wood samples:
a, b) after thermal treatment at 350 °C (vaterite: JCPDS 25-
127), ¢) after calcination at 500 °C for 2 h (calcite: JCPDS
05-586) and d) formation of CaO (JCPDS 37-1497) after
calcination at 900 °C; <) = vaterite, [J = calcite, () = CaO.

nanoparticles. These new samples were prepared by
infiltrating them for 2 or 5 times and subsequent cal-
cination at 500 °C for 2 h. After the first infiltration
step, these samples were kept at 80 °C for 5 h before
the second infiltration was conducted and subsequent
calcination was performed. The twice infiltrated prod-
uct was still fragile, but its stability had improved com-
pared to the sample from one infiltration only. This
effect can be attributed to larger and more compactly
arranged submicron CaCOj3 particles (d =200 nm to
1 um). The number of infiltration steps was subse-
quently increased to 5. However, the stability of the
replicas improved only slightly, and the material was
still very brittle, thus limiting its applicability. SEM
micrographs revealed that in spite of this multiple in-
filtration, a similar size and arrangement of the calcite
particles like after two infiltrations was observed. From
these results it was concluded that several infiltration
steps do not lead to replicas possessing sufficient me-
chanical stability.

Effect of calcination temperature

Next, samples infiltrated once were calcined at 750
and 900 °C. The product obtained at 750 °C was sim-
ilarly fragile as the sample calcined at 500 °C. How-
ever, calcination at 900 °C led to replicas consisting of

CaO (as evidenced by XRD, see Fig. 2d) with again
only slightly annealed particles, and thus with limited
mechanical stability. Apparently, increasing the cal-
cination temperature did not improve the mechanical
stability of the replicas. It should be noted that when
stored in air the CaO replica is hygroscopic and will be
carbonated slowly over time.

Combination of multiple infiltrations and high
calcination temperature

Furthermore, various combinations of multiple infil-
tration and high calcination temperature were probed.
Samples infiltrated five times were calcined at 750 or
900 °C for 2 h. The product obtained at 750 °C exhib-
ited higher stability compared to the product calcined
at 500 °C only, but it still was much inferior to silica
replicas [3]. However, the product calcined at 900 °C
constituted an almost monolithic wood replica with
reasonable stability. At this temperature, CaCO3 de-
composes into CaO and CO,, the CaO (as evidence by
XRD, diagram not shown here) being more annealed
as observed by SEM (Fig. le, f). There, the well repli-
cated honey comb structures of the cell wall as well as
strongly annealed CaO particles are visible. From these
experiments it was concluded that the ionic character
of CaCO3 prevents it from sintering into mechanically
stable monoliths such as in SiO; replicas where cova-
lent bonds are formed between the primary particles.

Specific surface area

Using the BET method, a specific surface area of
8.0m?>g~! was found for the sample obtained from
five infiltrations and calcination at 500 °C. This value
is significantly lower than that reported for aerogels
which lie between 45 and 200 m? g_1 [3, 24]. The re-
sult suggests that the CaCO; replicas produced here
might be useful as carriers for drugs, catalysts or sen-
sors. However, with respect to their thermal insulation
properties they appear to be inferior to aerogels.

Conclusion

Our experiments have demonstrated that a CaCOs
replica of hierarchically structured spruce wood can
be obtained by infiltrating pretreated wood speci-
mens with a solution of calcium di(methylcarbonate)
in methanol which hydrolyses with residual mois-
ture from the wood into a CaCOj3 sol. Upon calci-
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nation, the sol produces CaCOs nanoparticles which
precisely reproduce the mesoporous structure of the
wood template. Heating to 900 °C transforms the
CaCO3 into a more robust CaO replica. The CaCOs3
replicas exhibit relatively poor mechanical stability
and normally consist of the CaCO3 polymorph cal-
cite. Under mild, but extended calcination conditions
(350 °C 48 h), the meta-stable CaCO3 polymorph va-
terite is formed. The specific surface area of the
replicas is similar to that of mesoporous silica. In
further experiments, the results obtained with other
earth alkaline di(methylcarbonates), particularly of
Mg(OCOOCHj3),, will be studied whereby a focus
lies on the preparation of mechanically more stable
replicas.

Experimental Section
Preparation of the template

The spruce wood samples (either cubes with side lengths
of 1 cm or radial thin sections of 300 um in thickness) were
cut from the sapwood of spruce trees, weighed and subjected
to a series of chemical treatments. In a first step, 150 g of
wood was washed by extraction with 500 mL of a 2 : 1 by
weight mixture of toluene and ethanol and then with the same
volume of pure ethanol for 6 h each using a Soxhlet appara-
tus. All samples were stored in ethanol between the process
steps to prevent drying. For preparation of the templates, 1 g
of this wood was placed in an oxidizing solution containing
1.4 g of sodium chlorite (NaClO;) and 0.5 g of acetic acid
in 23.1 g of deionized water. Delignification was carried out
twice at 70 °C for 3 h, the delignification solution being re-
newed after the initial 3 h. Afterwards, a mild vacuum from
a water-jet pump was applied for half an hour. Following

the delignification treatment, the templates were immediately
extracted with ethanol to remove any residual solution [13].

Infiltration and calcination

Calcium metal in the amount of 1.5 g (0.0374 mol) was
suspended in 250 mL absolute methanol (dried and stored
over molecular sieve, 3 nm) and heated to 65 °C to produce
a solution of Ca(OCH3),. After 90 min of stirring at room
temperature, carbon dioxide gas was bubbled through the
Ca(OCHj3); solution. After 90 min of reaction time, a tur-
bid solution of Ca(OCOOCH3); had formed which was cen-
trifuged. The clear solution (containing ~ 13 g of the salt)
was rinsed into a vial which contained the spruce wood tem-
plate. Infiltration of the wood cells occurred during the dry-
ing process at 70 °C. The infiltrated wood template was then
kept in an oven at 80 °C for 7 h and subsequently calcined
e.g. at 500°C for 2 h at a heating rate of 1 Kmin—!. Addi-
tional calcination experiments were performed at 200, 330
and 470 °C for 0.5 h. Immediately after infiltration, hydroly-
sis of Ca(OCOOCH3 ), with residual moisture from the wood
template occurred and a CaCOj3 sol was formed. SEM im-
ages of the product obtained from calcination were taken us-
ing an XL30 ESEM FEG instrument (FEI Company, Eind-
hoven/The Netherlands). The calcium carbonate polymorph
contained in the replicas was indentified via X-ray diffrac-
tion (D8 advance, Bruker AXS instrument, Bruker, Karls-
ruhe/Germany). The specific surface area (BET method, N»)
was measured on a Nova 4000e, Quantachrome instruments
(Boynton Beach, FL/USA) utilizing a sample degassed for
2hat 200 °C.
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6.2 Preparation of Magnesium Oxide and Magnesium Silicate Replicas

Retaining the Hierarchical Structure of Pine Wood

Paper #2

In paper #1 it was demonstrated that the hierarchical structure of wood can be replicated
by an alkaline earth metal carbonate like calcium carbonate. However, the CaCOs and CaO
replicas exhibited low mechanical stability due to the ionic character of CaCOz which prevents it
from sintering into mechanically stable monoliths. This makes them not suitable for actual

application in construction application.

For this reason, methoxy magnesium methyl carbonate (MeOMgOCO;Me) was used as a
precursor in this paper #2 in order to synthesize MgO replicas, according to the reactions
presented in Equations (42) — (44).

Mg + 2 CH3:OH —  Mg(OCHs), + H21 Equation (42)
Mg(OCHg)2 + (1+x) CO2 —  Mg(OCOOCHS3)(OCHj3) - xCO2 Equation (43)

Mg(OCOOCH3)(OCHg3) - xCO2 + H:O —  MgCOs + 2 CH3OH + xCO2 1
Equation (44)

Elemental mapping of magnesium in a cross section of the sample embedded in paraffin,
performed after one infiltration, evidenced that magnesium was present only in the wood cell
walls, indicating that the magnesium precursor had penetrated them and therein had formed
hydrated MgCOs (nesquehonite) (XRD not shown here) (Figure 48).

Two infiltrations with MeOMgOCO:Me solution of low solid content (0.9 mass%) and
calcination at 500 °C for 2 h provides a more precise replica (Figure 49). It replicates the
characteristic structure of wood such as pit hole more precisely than the replicas infiltrated by a
high solid content precursor solution (4.9 mass%). Calcination at 1450 °C leads to a replica
consisting of larger annealed MgO particles exhibiting improved mechanical stability compared
to the sample calcined at 500 °C, however this condition has the disadvantage that the pit holes

were no longer clearly visible and high shrinkage had occurred.



75

Figure 48. (a) SEM image of a cross section of a pine wood sample embedded in paraffin after

one infiltration with the methanolic methoxy magnesium methylcarbonate precursor solution (p
= paraffin, ¢ = wood cell walls, v = void between wood cell walls), and (b) elemental mapping

showing the accumulation of magnesium in the wood cell walls.

Infiltrating the pine wood template five times with 0.9 mass% MeOMgOCO:Me solution
and subsequent immersion in TEOS solution and calcination at 1350 °C led to a forsterite replica
as a dominant product. It exhibited a compressive strength of 31 + 8 MPa which was three times

higher than that of a silica replica prepared according to the literature [8].

The results suggest that when the amount of magnesium precursor is high enough, then
forsterite formation takes place through a reaction between MgO and the hydrolysed

alkoxysilane, as is presented in Equations (45) and (46).
MgO + SiO (amorphous) — MgSiOs (enstatite, metastable) Equation (45)

MgO + MgSiOs — Mg2SiOq (forsterite) Equation (46)
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Figure 49. Replica from two infiltrations with 0.9 mass% MeOMgOCO;Me solution and
calcination at 500 °C for 2 h.
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Abstract: Replicas retaining the structural characteristics
of softwood (Pinus sylvestris) were obtained by infiltrating
pretreated templates with a methanolic methoxymagne-
sium methyl carbonate (MeOMgOCO,Me) solution as a pre-
cursor which then hydrolyzed into MgCO, nanoparticles.
Subsequent calcination at temperatures ranging from 500
to 1450°C yielded annealed MgO replicas on levels of hier-
archy from the macroscopic to the submicron scale. The
mechanical stability of the replicas could be improved
through calcination at 1450°C. However, this treatment
leads to considerable shrinkage (A  =56%). Even more
stable MgO replicas were obtained by infiltrating the pine
template first with MeOMgOCO,Me, followed by a second
infiltration step with an ethanolic tetraethyl orthosilicate
(TEOS) solution and subsequent calcination at 1350°C.
The resulting replicas constitute an MgO framework over-
grown with Mg SiO, (forsterite) and exhibit compression
strengths of 31+8 MPa, as well as hierarchical structures
combined with an anisotropic porosity.

Keywords: biotemplating; hierarchical structure; magne-
sium oxide; magnesium silicate; wood template.

1 Introduction

Silica aerogels are highly attractive materials because
of their exceptional thermal insulating property result-
ing from the Knudsen effect [1]. They can be fabricated,
e.g. via a sol-gel process utilizing an alkoxysilane as
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precursor [2, 3]. Aerogels possess a non-hierarchical
porosity across the matrix which in some applications
is undesirable. However, for certain purposes a three-
dimensional hierarchy associated with anisotropic poros-
ity is advantageous. For example, hierarchical structures
provide higher chances to trap particles with different
diameters in fibrous membranes applied for air filtration
[4]. Another example where hierarchically porous mor-
phologies are desirable are, e.g. lithium-ion batteries. A
nanoporous structure accelerates lithium ion intercala-
tion/deintercalation and electron transport, and enlarges
the electrode—electrolyte interphase area, while micron-
sized assemblies provide high volumetric density, easy
processability and electrode integrity [5].

Wood has been identified as a versatile template
exhibiting a hierarchical structure [6]. Spruce wood is a
soft-wood consisting of parallel tube-like wood cells, the
tracheid fibers, with diameters in the range of 10-40 pm.
In the cell walls of the tracheid fibers, cellulose fibrils are
accompanied by polyoses which are embedded altogether
in a lignin matrix [7]. The cellulose elementary fibrils
are partly crystalline and exhibit a thickness of around
2.5 nm. The fibrils spiral the lumen at the characteristic
microfibril angle [8].

The advantage of using wood as a template is an easy
access to hierarchically porous materials [6]. To achieve a
good replication, the wood template needs to be extracted
with organic solvents in order to remove inorganic impuri-
ties, followed by partial delignification with sodium chlo-
rite to open up the pore structure for accessibility of the
precursor molecules [9, 10]. In this manner, a successful
nanoscopic replication of cellulose fibrils was fabricated
by infiltrating tetraethyl orthosilicate (TEOS) into delig-
nified spruce wood followed by calcination [11]. During
the calcination step, polyoses decompose between 250
and 300°C, resulting in a silica network in the form of
long fibrils exhibiting a diameter of about 10 nm, embed-
ded in the partly intact cellulose microfibrils. The cellu-
lose elementary fibrils are further degraded between 350
and 450°C. In their place, corresponding nanopores with
diameters of 2 nm are formed. These pores are stable up to
625°C, beyond which sintering occurs [12]. Furthermore,
other groups have prepared tailor-made precursor sols
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and salt solutions and used them to fabricate hierarchi-
cally Eu-doped Y,0, from softwood [13-15].

Owing to their nanoporosity, calcium carbonate aero-
gels have recently been proposed as potential replace-
ments for polystyrene foams contained in heat insulating
renders and panels used by the construction industry
[16, 17]. Also, magnesium carbonate xerogels and aero-
gels which consist of networks of magnesium carbonate
nanoparticles were produced by controlled hydrolysis of
methoxymagnesium methyl carbonate, Mg(OCOOCH,)
(OCH,) (MeOMgOCO,Me) [18]. These aerogels composed of
alkaline earth metal compounds are of special interest for
construction applications because of their high compat-
ibility and inertness towards cement [18]. Furthermore,
such porous materials are also interesting as function-
alized supports for other applications, for example the
adsorption of heavy-metal ions from aqueous solution
using mercapto-modified silica particles [19].

Magnesium silicate (forsterite), Mg,SiO,, constitutes
the most abundant mineral in the Earth’s upper mantle
and transition zone [20]. Because of the exceptionally
high fracture toughness of forsterite, this material has
been proposed as a potential alternative to calcium phos-
phate bioceramics [21]. Through calcination of the wet
gel obtained from Mg(NO,),- 6H,0 and colloidal SiO, in a
sol-gel process at 1450°C, forsterite ceramics with excep-
tionally high bending strength and fracture toughness,
even superior to those of currently known hydroxyapa-
tite ceramics, were obtained [22]. Furthermore, forster-
ite nanopowder was produced via a sol-gel process [23,
24]. In a study of the sinterability of forsterite powder
synthesized via solid-state reaction using MgO and talc
(Mg_Si,0,,(OH),) it was found that the mechanical proper-
ties were improved when the calcination temperature was
increased from 1200 to 1400°C. However, higher sintering
temperatures led to grains larger than ~22 um, resulting
in lower values of hardness and fracture toughness [25].
The product formed was phase-pure forsterite, and no
decomposition into phases such as MgO or enstatite was
observed. Furthermore, nanostructured forsterite biocer-
amics were shown to possess excellent mechanical prop-
erties and thus can be used as a bioactive bone tissue
engineering material [24].

In previous research, we have synthesized a CaCO,
replica of hierarchically structured spruce wood by infil-
trating pretreated wood specimens with a solution of
calcium di(methylcarbonate) in methanol. This precursor
hydrolyses into a CaCO, sol [26, 27]. However, the disad-
vantage of these CaCO, replicas is their poor mechanical
stability which limits their use, e.g. for construction appli-
cations. In the present work we investigate the fabrication
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of hierarchically structured MgO replicas. It was hoped
that the MgO replicas would exhibit higher mechanical
stability than the previously synthesized porous MgCO,
monoliths [18] by using MeOMgOCO,Me as a magnesium
precursor and subsequent hydrolysis into a MgCO, sol
inside the wood cell walls. After infiltration, the cellu-
lose matrix was removed by calcination at temperatures
ranging from 500 to 1450°C yielding porous monoliths
composed of MgO nanoparticles. The calcination temper-
ature was varied in order to study its effect on the MgO
particle size, the quality of replication and the mechanical
stability of the replicas. Additionally, magnesium silicate
replicas exhibiting high compressive strength were syn-
thesized by infiltrating the MgO replica with an alkoxysi-
lane precursor and subsequent calcination at 1350°C. For
this system, the temperature-dependent formation of dif-
ferent magnesium silicates was studied.

2 Results and discussion

2.1 Magnesium carbonate precursor

The concept of wood replication with MgO was based on
the hydrolysis of methoxymagnesium methylcarbonate as
a precursor, as was reported earlier [18]. For this purpose,
magnesium methanolate was prepared by reacting mag-
nesium metal with methanol (eq. 1) [28, 29]. Subsequent
bubbling of gaseous CO, through this solution results in
methoxymagnesium methylcarbonate which physically
binds an additional amount of CO, (eq. 2) [18, 30]. The
structure of this compound has been confirmed in an
earlier work [18]. Using IR and elemental analysis it has
been shown that CO, inserts into one methylate group
resulting in Mg(OCO,Me)(OMe). The clear solution (solid
content 4.9 mass%) thus obtained was used in the follow-
ing infiltration process. Dynamic light scattering showed
that no sol particles were present in the MeOMgOCO Me
solution prior to infiltration. It revealed that sol particles
in the range of 0.6 to 11.0 nm were formed only after addi-
tional water was added to the MeOMgOCO,Me solution.
However, such sol particles would be unable to diffuse
into polyoses [12, 27]. Therefore, it can be hypothesized
that the MeOMgOCO Me solution reacts with the moisture
inside the wood cell wall to form a sol and, most likely,
later a gel. Consequently, MgCO, was obtained from the
magnesium precursor (eq. 3). After calcination in air, the
macroscopic and submicron scale structure of the wood
was replicated. However, depending on the number of
infiltration steps and the calcination conditions, materials
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with different structures were obtained, as discussed in
the following.

The infiltration process was assessed by elemental
mapping of magnesium in a cross section of the sample
embedded in paraffin, performed after one infiltration. It
revealed that magnesium was present only in the wood
cell walls, indicating that the magnesium precursor had
penetrated them and therein had formed hydrated MgCO,
(nesquehonite) [X-ray diffraction (XRD) not shown here]
(Fig. 1). The voids between the cell walls originated from
the delignification process.

Mg +2 CH,0H — Mg(OCH,), +H, T (1)
Mg(OCH,), +(1+x) CO, — Mg(OCOOCH, )(OCH,)-xCO, (2)

Mg(OCOOCH, )(OCH,)-xCO, +H,0 — MgCO,
+2 CH,0H+xCO, T 3)

2.2 Preparation of MgO replicas

A replica of the delignified pine wood sample was pro-
duced by infiltrating the pretreated template one time
with MeOMgOCO_Me solution, followed by calcination at
500°C for 2 h to completely remove all organic matter. The
resulting product constituted a positive, yet very fragile
MgO replica of the original wood template, whereby the
hierarchical structure was reproduced by annealed sub-
micron-sized MgO particles possessing diameters of 200—
500 nm (Fig. 2a). As a result of this particulate structure,
the MgO replica presented a fragile body exhibiting poor
mechanical stability and high shrinkage (A _,=26% and
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A, =25%; determination of A was not feasible). XRD
analysis revealed that the sample consisted of the poly-
morph periclase of MgO (Fig. 3a).

2.3 Effect of multiple infiltration

In order to improve the mechanical stability of the replica,
three parameters were considered: The amount of pre-
cursor infiltrated, the calcination temperature and addi-
tional infiltration with an alkoxysilane precursor. At first,
repeated infiltration steps were performed with the aim
to obtain a more dense assembly of the MgO submicron
particles. Such samples were prepared by immersing the
pine template twice in the Mg precursor solution and sub-
sequent calcination at 500°C for 2 h. After the first infil-
tration, the samples were kept at 80°C for 5 h before the
second immersion step was conducted and calcination
was performed. The resulting product was still fragile,
but its mechanical stability had improved noticeably
compared to the sample obtained after one infiltration
only, providing a compressive strength of 1.0+0.2 MPa
(Fig. 4a). This effect can be attributed to the formation of
larger and more densely arranged submicron MgO parti-
cles (d=200-600 nm), as observed by scanning electron
microscopy (SEM) and lower shrinkage (A_,=18% and
A,,,=17%; determination of A_ was not possible).
Interestingly, the stress-strain curves does not show
a linear increase due to elastic deformation, followed by
a sharp drop in stress due to final catastrophic failure, as
expected in a ceramic material. Instead, the curve shows
a linear increase whose inclination drops close to the
maximum compressive strength. The material failure is

-\

« P

20 pm
—

Fig. 1: (a) SEM image of a cross section of a pine wood sample embedded in paraffin after one infiltration with the methanolic magnesium
precursor solution (p=paraffin, c=wood cell walls, v=void between wood cell walls), and (b) elemental mapping showing the accumulation

of magnesium in the wood cell walls.
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Fig. 2: SEMimages of the MgO replicated wood samples: (a) one infiltration with 4.9 mass% MeOMgOCO,Me solution and calcination

at 500°C for 2 h; (b) two infiltrations with 0.9 mass% MeOMgOCO,Me solution and calcination at 500°C for 2 h; (c) two infiltrations with

0.9 mass% MeOMgOCO,Me solution and calcination at 1450°C for 5 h; (d) and (e) forsterite/enstatite-replicated wood sample obtained after
five infiltrations with 0.9 mass% MeOMgOCO,Me solution, subsequent soaking with TEOS and calcination at 1350°C for 5 h; and (f) forsterite/
MgO replica from one infiltration with 4.9 mass% MeOMgOCO,Me solution, subsequent soaking with TEOS and calcination at 1350°C for 5 h.

defined by a gradual drop in recorded stress over a com-
pression strain range of more than 20%. We interpret this
as a successive fracture of connecting struts or sintering
necks, leading to a gradual compaction of the material.
We observed that after a compression strain of 30%, the
recorded stresses again increased, due to the powdered

sample being compacted. This shows that the retention
of the hierarchical wood structure increases the resilience
of the material to catastrophic fracture, and allows for a
large degree of plastic deformation.

Additional tests involving multiple infiltration
steps and calcination at 500°C did not lead to samples
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Fig. 3: XRD patterns of the MgO and forsterite replicated wood
samples: (a) after thermal treatment at 500°C for 2 h (periclase,
MgO: JCPDS 45-0946); (b) after one infiltration with 0.9 mass%
MeOMgOCO Me solution, subsequent soaking with TEOS and cal-
cination at 1350°C for 5 h (silicon dioxide, Si0,: JCPDS 14-0260 and
enstatite, MgSi0,: JCPDS 07-0216); (c) forsterite/enstatite obtained
from five infiltrations with 0.9 mass% MeOMgOCO,Me solution,
subsequent soaking with TEOS and calcination at 1350°C for 5 h
(forsterite, Mg,SiO,: JCPDS 89-5130); and (d) formation of forsterite,
Mg,SiO, and periclase, MgO after one infiltration with 4.9 mass%
MeOMgOCO,Me solution, subsequent soaking with TEOS and calci-
nation at 1350°C for 5 h.

possessing further enhanced mechanical stability. Thus it
was concluded that two infiltration steps represented the
optimum with respect to the compressive strength of the
sample.

2.4 Effect of low precursor concentration

The most likely infiltration mechanism starts with the
methyl carbonate precursors entering the lumen via con-
vection, followed by diffusion into the cell walls driven
by concentration gradients [27]. After the infiltration, the
liquid phase was evaporated, leading to further conden-
sation of the precursor by loss of alcohol. Since the cell
walls provide limited space, a large fraction of the high
solid content of the MeOMgOCO_Me is deposited in the cell
lumen, as observed via SEM (Fig. 2a).

In the literature, to achieve SiO, replicas that are accu-
rate on the nanometer scale, repeated infiltration with low
concentration precursors was found to be suitable [11].
Correspondingly, the solid content of the MeOMgOCO,Me
precursor solution was reduced from 4.9 to 0.9 mass%.
Again, calcination was performed at 500°C over 2 h. This
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approach led to a more precise replica (the characteris-
tic pit hole structure was better replicated) composed of
annealed submicron MgO particles exhibiting diameters
of 200-500 nm. Furthermore, the template was infiltrated
twice to achieve the desired higher mechanical stability,
as presented before. The replica now precisely revealed
the characteristic pit holes structure of wood (Fig. 2b). The
downside was an even increased shrinkage of A_,=37%
and A =33%.

2.5 Effect of calcination temperature

The samples infiltrated twice with a precursor solution of
low solid content (0.9 mass%) were calcined for 5 h at con-
siderably higher temperatures as before, namely at 1000
and 1450°C, respectively. The product obtained at 1000°C
was as fragile as the sample calcined at 500°C. However,
calcination at 1450°C led to a replica now consisting of
larger annealed MgO particles (periclase polymorph, as
determined by XRD) with sizes ranging from 600 nm to
5 um (Fig. 2c). At this temperature, highly annealed MgO
particles exhibiting improved mechanical stability com-
pared to the sample calcined at 500°C are formed owed to
high particle compaction. Consequently, at this calcination
temperature, shrinkage values of A =56%, A_,=65% and
A,,,=62% had occurred. In addition, this product had lost
the characteristic microstructure of wood. For example,
the pit holes were no longer clearly visible (Fig. 2c).

2.6 Combined treatment with Mg and Si
precursors

In another series of experiments, the wood templates
were infiltrated once with the magnesium precursor and
then additionally immersed in an ethanolic TEOS solu-
tion. Alternatively, the imbibition with TEOS was also
carried out after calcination of the magnesium infiltrated
samples. The consideration behind this consecutive treat-
ment was to coat the initially formed MgO replica with a
layer of Si0, or magnesium silicate which was expected to
further improve the compressive strength of the replica.
Calcination was carried out at 1350°C for 5 h. According to
literature, this condition produces single-phase forsterite
[25, 31]. The sample resulting from one Mg infiltration and
TEOS treatment before calcination constituted a mono-
lithic piece containing annealed particles in the range
of 500 nm to 3 um, but it did not show the characteristic
structures of wood (pit holes, etc.). XRD patterns revealed
that this material consisted of a mixture of silicon dioxide,
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Fig. 4: Compression stress/strain curves of MgO, forsterite and silica replicated wood samples: (a) after 2 infiltrations with 4.9 mass%
MeOMgOCO,Me solution, subsequent calcination at 500°C 2 h; (b) after 5 infiltrations with 0.9 mass% MeOMgOCO,Me solution, subse-
quent immersion in TEOS solution and calcination at 1350°C 5 h; (c) after 1 infiltration with 4.9 mass% MeOMgOCO,Me solution, subsequent
immersion in TEOS solution and calcination at 1350°C 5 h; and (d) silica replica prepared after [11]. The three curves shown for each sample

represent three independent measurements.

Si0, and enstatite, MgSiO,, a metastable phase (Fig. 3b).
Apparently, under those conditions there is not enough
magnesium precursor present to form the thermodynami-
cally stable forsterite, Mg,SiO B

2.7 Preparation of forsterite replica

In order to increase the amount of magnesium in the
sample that is subsequently treated with the alkoxysilane,
it was infiltrated five times with MeOMgOCO,Me solution
(solid content 0.9 mass%) before adding the TEOS solution
and subsequent calcination at 1350°C for 5 h. This process
led to a mixture of forsterite (Mg,SiO,) as the dominant
product, and residual amounts of clinoenstatite, as con-
firmed by XRD (Fig. 3c) and #Si MAS nuclear magnetic res-
onance (NMR) spectroscopy (Fig. 5). In these spectra, the
signal at —61.79 ppm can be attributed to Si in Q° coordina-
tion mode. This chemical shift has been reported before

61.79 «— QY

|

ppm

Fig.5: 2Si MAS NMR spectrum of the sample obtained after five
infiltrations with 0.9 mass% MeOMgOCO,Me solution, subsequent
immersion in TEOS solution and calcination at 1350°C for 5 h.
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for forsterite [32-34]. Furthermore, three resonances are
present at —80.55, —83.28, and —84.81 ppm which can be
assigned to ortho or clinoenstatite [32]. Integration of the
peak areas indicates a ratio of 78% for Q° (forsterite) and
22% for Q2 (ortho or clinoenstatite). These results suggest
that when the amount of magnesium is sufficient and the
calcination temperature is high enough, then forsterite is
formed through a reaction between MgO and the hydro-
lysed alkoxysilane, as presented in egs. 4 and 5.

MgO +Si0, (amorphous) — MgSiO, (enstatite, metastable)
(4)
MgO+MgSiO, — Mg, SiO, (forsterite) (5)

The replica consists of annealed particles in the range
of 500 nm to a few micrometers (Fig. 2d, e). However,
shrinkage of the porous monolith was still at A, =31%,
A _,=50% and A =48%. This sample showed a com-
pressive strength of 31+ 8 MPa (Fig. 4b). The stress—strain
curves show the same progression, atypical for ceramic
materials, as already observed for the samples calcined at
500°C (Fig. 4a). This confirms that the progression of the
curve is due to the samples’ micro-, and not their crystal
structures.

Samples calcined at 1350°C and containing high Mg
contents were obtained by infiltrating MeOMgOCO,Me at
a solid content of 4.9 mass%, instead of 0.9 mass%o, fol-
lowed by a TEOS treatment. The replica obtained from this
process contained a mixture of forsterite and periclase, as
shown in the XRD pattern (Fig. 3d). Apparently, under
those conditions the initial MgO framework had partly
reacted with the silicon precursor resulting in a layer of
magnesium silicate. Apparently, only the surface of the
magnesium oxide framework which had contact with the
silicon precursor had reacted, thus leaving the inner MgO
framework intact and yielding a mixture of forsterite and
MgO as was evidenced in the XRD pattern. This sample
exhibited a compressive strength of 17 + 3 MPa (Fig. 4c) and
reproduced the wood structure such as pit holes precisely.
It contained annealed particles in the range of 500 nm to
a few micrometers, but exhibited decreased porosity as
seen in the SEM image (Fig. 2f). Again, shrinkage was sub-
stantial, with A =43%, A_,=49% and A_ =49%.

Furthermore, it was attempted to achieve phase-pure
forsterite by varying the solid content of the MeOMgO-
CO_Me precursor from 1.5 to 3.1 mass%. However, the rep-
licas obtained from this series only contained mixtures of
Si0,, MgSiO, and Mg SiO, when the solid content of meth-
oxymagnesium methyl carbonate was between 1.5 and
2.2 mass%, and mixtures of MgSiO,, Mg SiO, and MgO for
the higher solid contents.
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2.8 Compressive strength in comparison

The Mg SiO,/MgSiO, replica obtained from five times infil-
tration with MeOMgOCO,Me (solid content 0.9 mass%),
subsequent immersion in TEOS solution and calcination
at 1350°C for 5 h (see Section 2.7) exhibited a compressive
strength (31+8 MPa) which was three times higher than
that of a silica replica prepared according to the literature
[11] (Fig. 4d).

2.9 BET surface area of forsterite replica

Using nitrogen sorption and evaluation via the BET
method, a specific surface area of 0.4 m?- g was deter-
mined for the Mg,SiO,/MgSiO, replica obtained from
five infiltrations with MeOMgOCO,Me (solid content
0.9 mass%), subsequent immersion in TEOS solution and
calcination at 1350°C for 5 h (see Section 2.7). This replica
was selected because it presented the highest compres-
sive strength. It is expected that the thermal conductiv-
ity of this material would be larger than that of aerogels,
since its specific surface area is significantly lower. Its
average pore size is therefore higher than those reported
for aerogels, whose specific surface areas lie between 45
and 200 m?- g [16, 17, 35]. Nevertheless, the result sug-
gests that the replicas produced here possess sufficient
porosity to be useful as carriers for drugs or sensors, and
to a minor extent as insulating material in construction
applications.

3 Conclusion

Our study has demonstrated that Mg(OCOOCH,)(OCH,)
presents a suitable precursor which can penetrate wood
cell walls and spread through the cell walls as confirmed
by EDS mapping. The macroscopic and submicron scale
structures of the wood template are replicated. When
more infiltration steps are applied, then a higher amount
of magnesium is found in the cell walls and less shrink-
age of the replicas occurs. All MgO replicas exhibit poor
mechanical stability.

Figure 6 presents the different magnesium-based
porous replicas obtained and their properties with respect
to the quality of replication and mechanical stability as a
function of the specific treatment conditions.

The mechanical stability of the replicas can be
improved by subsequent treatment with TEOS solution
which results in the formation of a coating comprised of
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MgO
poor quality replica
poor mechanical stability

1 infiltration
high Mg concentration
500°C for 2h

Mg(OCOOCH,)(OCH,)

3

=/ \

medium quality replica
medium mechanical stability

MgO
high quality replica
slightly improved mechanical stability

2 or more infiltrations
low Mg concentration
500°C for 2h

2 infiltrations
low Mg concentration
1450 °C for Sh

2 infiltrations

low Mg concentration
1000 °C for 5 h

MgO
medium quality replica
high mechanical stability

Fig. 6: Overview of different MgO replicas of wood achieved under
various treatment conditions with methoxymagnesium methyl car-
bonate precursor solution.

Mg(OCOOCH;)}(OCH;) + Si(OC,H;),
caleined at 1350 °C for 5 h

1 infiltration
high Mg concentration

5 infiltrations
low Mg concentration

1 infiltration
low Mg concentration

Mg, Si0, forsterite +
MgSi0, enstatite
(by-product)

Mg, Si0, forsterite +
MgO
(by-product)

MgSi0, enstatite
(by-product)

Si0, silicon dioxide + ‘

Fig. 7: Summary of the mechanically more stable replicas contain-
ing different magnesium silicates.

magnesium silicates (forsterite or enstatite). Depending
on the amount of magnesium precursor and TEOS solu-
tion applied, different mixtures of magnesium silicates,
SiO, or MgO are obtained, as presented in Fig. 7. All these
products show high compressive strength.

In further experiments, deposition of calcium sili-
cate hydrates, so-called C-S—H (the main constituent of
hydrated Portland cement) on the MgO framework should
be studied with the aim to achieve exceptional mechani-
cal stability of the replicas.

4 Experimental section

4.1 Preparation of the template

Sections (either cubes with side lengths of 1 cm or radial
thin discs of 1 cm (tangential and radial) in diameter and
0.3 mm (axial) in thickness) were cut from the sapwood
of pine trees (Pinus sylvestris), weighed and subjected to
a series of chemical treatments. In a first step, 150 g of
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wood was washed by extraction first for 6 h each in a
Soxhlet apparatus using 500 mL of a 2:1 by weight mixture
of toluene and ethanol and then the same amount of pure
ethanol. All samples were stored in ethanol between the
processing steps to prevent drying. For preparation of
the templates, 1 g of this wood was placed in an oxidiz-
ing solution containing 1.4 g of sodium chlorite (NaClO,)
and 0.5 g of acetic acid in 23.1 g of deionized water. Del-
ignification was carried out twice at 70°C for 3 h each
whereby the delignification solution was renewed after
the initial 3 h. Afterwards, a mild vacuum from a water-
jet pump was applied for half an hour. Following the del-
ignification treatment, the templates were immediately
extracted with ethanol to remove any residual solutions
of reagents [9].

4.2 Infiltration

Magnesium metal in the amount of 2.5 g (0.1029 mol) for
high solid content, or 0.5 g (0.0206 mol) for low solid
content, was dissolved in 250 mL absolute methanol
(dried and stored over molecular sieve, 3 nm) and heated
to 65°C to produce a clear solution of Mg(OCH,),. After
90 min of stirring at room temperature, carbon dioxide
gas was bubbled through the Mg(OCH,), solution. A turbid
solution of MeOMgOCO,Me had formed which was then
centrifuged. The clear solution (~13 g of either 4.9 or
0.9 mass% solid content) was rinsed into a vial contain-
ing the pine wood template. Infiltration of the wood cells
occurred during the drying process at 70°C. The infiltrated
wood template was then kept in an oven at 80°C for 7 h.

4.3 Calcination

To achieve MgO replicas, calcination was performed at
various conditions, namely at 500°C for 2 h and at 1450°C
for 5 h at a heating rate of 1 K- min™ with holding steps of
0.5 h each at 200, 330 and 470°C. Immediately after infil-
tration, hydrolysis of MeOMgOCO,Me with residual mois-
ture from the wood template occurred and an MgCO, sol
formed.

The magnesium silicate replicas were synthesized
using the magnesium infiltrated templates which were
further soaked once with a TEOS solution (1 g TEOSin 8 g
EtOH). The infiltrated wood template was then kept in an
oven at 80°C for 7 h and subsequently calcined at 1350°C
for 5 h at a heating rate of 1 K- min. Additional calcina-
tion experiments were performed at 200, 330 and 470°C
for 0.5 h each and at 600°C for 3 h.
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4.4 Analysis

The methoxymagnesium methylcarbonate precursor
solution was assessed via dynamic light scattering (DLS)
using a Zetasizer Nano ZS apparatus (Malvern Instru-
ments, Workestershire, UK). SEM images of the products
obtained from calcination were captured using an XL30
ESEM FEG instrument (Philips/FEI Company, Eindhoven,
The Netherlands) equipped with an energy-dispersive
X-ray detector (EDX) for elemental analysis (New XL30,
EDAX Inc., Mahwah, NJ, USA). The magnesium oxide con-
tained in the replica was identified via X-ray diffraction
(D8 advance instrument, Bruker AXS, Bruker, Karlsruhe,
Germany). The specific surface area (BET method, N)
was measured on a Nova 4000e instrument from Quan-
tachrome (Boynton Beach, FL, USA) utilizing a sample
degassed for 2 h at 200°C. Additionally, the forsterite
polymorph contained in the replicas was identified by ¥Si
solid state MAS NMR spectroscopy (Bruker).

Mechanical testing was carried out in plate-plate
compression geometry adapted from DIN/EN/ISO-844 on
a smarTens010 universal testing machine (Karg Industri-
etechnik, Krailing, Germany). The plate size was reduced
to 4 cm? to account for our small sample sizes. Each
measurement was repeated three times and the values
reported for the compressive strength samples represent
the average.
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6.3 Further results: Calcium silicate hydrate replicas

Calcium silicate hydrates are the main binding phases in hydrated Portland cement [75-
77]. In order to produce wood replicas with high mechanical stability, this material was
considered. Since the reaction between calcium di(methylcarbonate) and the TEOS precursor
must take place inside the wood cell walls, the precursors which react immediately and
precipitate outside the cell walls cannot be used. For this reason, the common precipitation
reaction between a sodium silicate (Na2SiOs3-5H20) solution and a calcium nitrate
(Ca(NO3)2-4H20) solution [77] cannot infiltrate into the wood cell walls. However, a viable

method includes to synthesize the calcium silicate hydrate on the surface of the silica replica.

6.3.1 lonization of the surface of the silica replica

Firstly, the surface OH groups of silica replica need to be partially ionized in basic
solution to generate negatively charged SiO™ anionic sites (Equations (47), (48)) [35, 103].
Subsequent immersion in the calcium hydroxide or calcium chloride precursor solution was

hoped to yield calcium silicate hydrate on the silica replica surface, according to Equation (49).

Si(OH)s + OH" — (HO)sSIO" + H20 Equation (47)
(HO)sSIO™ + OH  —  (HO),:Si0* Equation (48)
Ca?* + HaSi04> +2H,0  —  CaHSiOs4 - 2 H20 Equation (49)

According to the Pozzolanic reaction, it is possible to synthesize calcium silicate hydrate
from silicic acid by using Ca(OH). as a precursor [104, 105], as is presented in Equation (50).

Ca(OH)2 + HiSi0s — CaHaSiOs + 2H20 —  CaH,SiOs-2H,0  Equation (50)

6.3.2 Effect of ionization time

The silica replicas prepared after [8] were immersed in a basic solution (NHs+OH solution

at pH ~11.3) for 10 min or 1 h. After that, the activated replicas were washed with deionized



87

water and immersed in a CaCl» solution (0.07 molar) for 1 or 66 h for the samples immersed 10
min in basic solution, and 1 or 18 h for the samples immersed 1 h in the basic solution,
respectively. The replicas were later washed with deionized water and immersed in acetone to

stop the hydration reaction and kept in an oven at 50 °C for 24 h.

All samples show a rough surface like in the original silica replicas (Figure 50), except
that the sample with 10 min soaking in the basic solution and 66 h immersion in the CaCl;
solution exhibits a foil-like structure on some areas of the surface, as is shown in an SEM image
(Figure 51). It was concluded that 10 min immersion time in the basic solution is enough to

ionize the silica surface.

Figure 50. SEM image of the silica replica prepared by one infiltration with TEOS in ethanol

and subsequent calcination at 500 °C for 2 h.

6.3.3 Effect of Precursor, Immersion Time and pH

Silica replicas with ionized surface (10 min immersion in NaOH solution at pH 13) were

immersed in 3 different precursor conditions:
1) saturated Ca(OH)2 solution

2) 0.68 molar CaCl; solution (pH = 5.2)
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3) 0.68 molar CaCl> solution (pH = 13)

The immersion times of all pretreated silica replicas were varied between 2, 24 and 72 h
(Table 1 (a)-(1)). The replicas were later washed with deionized water and immersed in acetone

to stop the hydration reaction, and kept in an oven at 50 °C for 24 h.

Figure 51. SEM images of a Si-Ca replica (10 min in basic solution and 66 h in CaCl. solution);

(@), (b): cross section shows foil-like structure on the surface of honeycombs; (c), (d) on the a
surface of tracheid.

SEM images of the samples with 2 h immersion time in all three precursor solutions do

not show the characteristic foil-like structure of C-S-H (Figure 52). XRD patterns of all samples
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(Figure 53 (a)-(c)) show an amorphous silica replica with undefined peaks for the sample with 2
h immersion time in CaCl solution at pH 5.2 (Figure 53 (b)) and with the characteristic peaks of

NaCl in the sample with 2 h immersion time in CaCl solution at pH 13 (Figure 53 (c)).

All samples with 24 h immersion time in both precursor solutions provide similar results
as the samples with 2 h immersion time. There is no foil-like structure of C-S-H on their surface
detectable, as is demonstrated by SEM in Figure 54. XRD patterns of all samples (Figure 53
(d)-(f)) show only amorphous silica except for the sample with 24 h immersion time in CaCl,

solution at pH 13 which shows amorphous silica and the characteristic peaks of NaCl (Figure 53

().

Table 1. Silica replicas obtained from 3 precursor solutions at various immersion times.

Sample | *In Ca(OH), **In CaCl, ***In CaCl,
pH=5.2 pH=13

(@) 2h
(b) 2h
(c) 2h
(d) 24 h
(e) 24 h
)] 24 h
(9) 72h
(h) 72h
(i) 72 h
() 24hx3
(k) 24hx3
() 24hx3

* Saturated solution (very low solubility),
** [CaClz] = 0.68 molar
*** The colorless solution of CaCl, turns turbid and white when the pH was adjusted to

basic solution (pH around 11), indicating precipitation of Ca(OH)a.



90

Figure 52. Surface-treated silica replicas immersed for 2 h (a), (b) in Ca(OH)2 solution; (c), (d)
in CaCl; solution at pH = 5.2; and (e), (f) in CaCl; solution at pH = 13.
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Figure 53. XRD patterns of surface-treated silica replicas obtained from 3 different precursor
solutions at various immersion times according to Table 1. o = NaCl (JCPDS 5-0628), o = C-S-
H phase at high Ca/Si ratio (Ca/Si = 3) according to [79].

The immersion time in saturated Ca(OH). solution, 0.68 molar CaCl. solution (pH = 5.2)
and 0.68 molar CaCl; solution (pH = 13) were then increased up to 72 h. At this long immersion
time, the foil-like structure of C-S-H is successfully formed on the surfaces of all three samples
from various precursor solutions, as is shown on the SEM images in Figure 55. Moreover, the

XRD patterns of all samples show amorphous silica which is characteristic for C-S-H (Figure 53

(9)-(1)).
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Figure 54. Surface-treated silica replicas immersed for 24 h (g), (h) in Ca(OH)2 solution; (i), (j)
in CaCl; solution at pH = 5.2; and (k), (I) in CaCl; solution at pH = 13.
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Figure 55. Surface-treated silica replicas immersed for 72 h (a), (b) in Ca(OH)2 solution; (c), (d)
in CaCl; solution at pH = 5.2; and (e), (f) in CaCl; solution at pH 13.



94

6.3.4 Effect of the amount of calcium ions present in calcium precursors

During the immersion process of the surface-treated silica replica in the calcium
precursor, calcium ions from in the calcium precursor solution interact with the negatively
charged sites on the activated surface of the silica replica to form C-S-H phase. Even longer
immersion times may not be sufficient to form a thick layer of C-S-H, because there are no more
free calcium ions available in the calcium precursor solution for further reaction. To prove this
assumption, immersion in various calcium precursor solutions was performed for 24 h with 3

cycles by using fresh solutions in each cycle.

SEM images of all samples show the characteristic foil-like structured C-S-H (Figure
56). However the XRD pattern of the sample immersed in Ca(OH). solution show only
amorphous silica, as is evidenced in Figure 53 (j). At some areas on the surfaces of the samples
prepared by immersion in CaCl. solution at both pH = 5.2 and 13, the fibrillar morphology of
C-S-H which is characteristic for high Ca/Si ratios was observed [82]. These results are
supported by the XRD patterns which show the characteristic peaks of C-S-H at high Ca/Si ratio
(Ca/Si = 3) [80].
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Figure 56. Surface-treated silica replicas immersed over 24 h for 3 cycles (g), (h) in Ca(OH)2
solution; (i), (j) in CaCl; solution at pH = 5.2; (k), (I) and in CaCl; solution at pH = 13.
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6.3.5 FTIR spectra

From IR spectra of all samples (Figure 57), only the specimens with 24 h immersion
time and for 3 cycles in CaCl; solution at both pH = 5.2 and 13 show an absorption band at wave
number of ~ 660-670 cm™* corresponding to a characteristic absorption band of C-S-H stemming
from Si-O-Si bending (Figure 57 (k) and 57 (1)) [106]. This absorption band is stronger in the
sample with 24 h immersion time and 3 cycles in CaCl. solution at pH = 13 (Figure 57 (1)). The

other absorption bands correspond to amorphous silica [107].

() —
(b) .
© e
(d) e
© - Vf\\/
= e
‘g’ 4] e m/
L) e
g L0 ——
§ 1) e
= | ®
) e
4000 35.00 30.00 25.00 20.00 15.00 10.00 5(.]0 0

Wavenumber (¢cm)

Figure 57. IR spectra of surface-treated silica replicas immersed in 3 different precursor

solutions with various immersion times according to Table 1.



97

6.3.6 EDX analysis

Energy dispersive X-ray spectroscopy was performed in order to investigate the calcium
and silicon content on the surface of the replica prepared by 24 h immersion time and 3 cycles in

CaClz solution at pH = 13. This sample showed most abundant foil-like structure.

The results from many detection spots show that this material is heterogeneous, since
there are different contents of Ca and Si on each area (Figure 58). There is a low content of Ca

on the thin layer of the foil-like C-S-H, while there is higher Ca content on the thick layer.

In NaOH | In CaCl,
pH~13 pH~13
_ 10 min 24hx3 MAESEMiprotectediDeei20141127\CSH1 2spotl .spc

Label A:

thin layer
of foil-like
C-S-H
» w " o _.f.:i...
= 0.30 II.K 090 120 150 180 10 240 270 3.00 330 |3.60
MAESEMiprotectediDeet20141127CSH12spot10.spc
Si (wt.%) Ca (Wt.%) Ca/Si Label &
64,94 413 0,06 thick layer 1
of foil-like
32,21 9,38 0,29 i C-S-H
Si
47,96 4,84 0,10
774 2364 3,05 SR Y W .

030 060 090 120 15 180 210 240 270 300 330 | 360

Heterogeneous material: on the thin layer of foil-like structure -2 low Ca wt.-%
on the thick layer of foil-like structure = high Ca wt.-%

Figure 58. EDX spectra from different spots on the surface of the replica prepared by 24 h

immersion for 3 cycles in CaCl> solution at pH = 13.
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7 Conclusions and outlook

7.1 Conclusions

This research work focused on the replication of soft wood by using alkaline earth metal

carbonate and silicate as precursors for the final replicas.

CaCO:g replicas were successfully synthesized by using a solution of Ca(OCOOCHs3)> as
precursor. Different qualities of replication and material properties were obtained depending on
the conditions of the infiltration and calcination. More infiltration steps allow more calcium
precursor to penetrate into the wood cell walls, thus leading to a more dense assembly of CaCOs3
after calcination. However, by increasing the number of infiltrations, the mechanical stability of
the replicas improved only slightly. The calcination temperature also affects the type of
polymorph and morphology of the replica. Calcination at low temperature (350 °C/ 48 h) leads to
the meta-stable CaCOz polymorph vaterite while a higher calcination temperature (500 °C/ 2 h)
results in the polymorph calcite. A mechanically more robust CaO replica can be obtained when
the calcination temperature is at ~ 900 °C. An almost monolithic replica can be obtained from
repeated infiltration (5 times) in combination with high temperature calcination (900 °C). All
replicas obtained from this process involving calcium di(methylcarbonate) exhibit a relatively

low specific surface area and are therefore inferior to aerogels with respect to thermal insulation.

The second type of replicas were successfully synthesized by using
Mg(OCOOCHS3)(OCHs) precursor solution. Compared to the calcium precursor, this precursor
can penetrate wood cell walls more effectively and spread through the entire cell walls as
confirmed by EDX mapping. After high temperature treatment, the macroscopic and submicron
scale structures of the wood template were replicated in high quality as MgO. Repeated
infiltration at low precursor concentrations was found to be best suitable to achieve precise
replicas. The specific treatment conditions play an important role relative to the quality of the
replication and the mechanical stability of the replicas. Calcination at 1450 °C produced highly
annealed MgO particles with high particle compaction and superior mechanical stability
compared to the sample calcined at 500 °C. Unfortunately, at this calcination temperature an

extremely high shrinkage value of Aax = 56% was observed.
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The mechanical stability of the MgO replicas can be improved substantially by
subsequent treatment of the magnesium infiltrated templates with TEOS solution. This method
results in the formation of a coating comprised of magnesium silicates (forsterite or enstatite) on
the MgO replica. Different mixtures from magnesium silicates, SiO2 or MgO are obtained
depending on the amount of magnesium precursor and TEOS solution applied. The magnesium
precursor which had penetrated into the wood cell wall reacts with silicate to form magnesium
silicate. When there is enough magnesium available, it will react with silicate to form the
thermodynamically stable silicate forsterite, Mg2SiOs. When the amount of magnesium was
understoichiometric, then the product constituted of a mixture of SiO, and metastable MgSiOs
(enstatite) as by product. When excess magnesium precursor was present, then only the surface
of the magnesium oxide framework which had contact with the silicon precursor TEOS formed
Mg2SiOg, thus leaving the inside as MgO. All these replicas show high compressive strength.

The last study demonstrated that calcium silicate hydrate (C-S-H) can be deposited on the
surface of silica replicas by immersing the silica replicas which were surface activated by
treatment with NaOH into a calcium precursor solution (e.g. CaCl> or Ca(NOg)2). In this
synthesis, the silica surface must first be ionized to generate negatively charged sites which can
react with the calcium ions present in the calcium precursor solution. CaCl; is a suitable calcium
precursor for these synthesises, and there must be enough calcium ions available from the
solution in order to forming sufficient amounts of C-S-H on the surface of the silica replicas.

This doctoral study attempted to obtain hierarchically structured wood replicas from
materials which are held together only through ionic or Van de Waals bonds between particles
instead of covalent bonds as in SiO», for example by submicron-sized CaCO3 particles in CaCOs
replicas and annealed submicron-sized MgO particles in MgO replicas. Moreover, this work
shows that using a combination of different precursors such as in the Mg2SiO4/MgSiOs replicas
obtained from infiltration of the wood template with Mg(OCOOCHz3)(OCHs) solution followed
by immersion in TEOS solution leads to an even higher compressive strength than that of silica
replicas obtained from infiltrating the wood template with TEOS only.

Another advantage of this two-step synthesis process is that it is possible to prepare
mixed replicas as, for example, in Mg>SiO4/MgSiOs replicas or C-S-H grown on a SiO; replica,

through various combinations of different precursors and different conditions.
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7.2 Outlook

Hierarchical porous materials are highly interesting for many applications such as in
carriers for drugs, sensors, air filtration, battery, and the most interesting application targeted in
this study was as thermal insulating material in construction. The CaCO3z, CaO and MgO replicas
which were successfully obtained replicate the hierarchical structure of wood from the
macroscopic to the submicron scale. However, their poor mechanical strength currently prohibits
their use as insulating material in cementitious mixtures. However, high calcination temperature
leads to higher mechanical stability, but also to extremely high shrinkage. Therefore, the
preparation conditions should be further optimized in order to synthesize replicas with both

exceptional mechanical stability and low shrinkage.

The attempt to synthesize a pure phase, thermodynamically stable forsterite, Mg>SiO4
replica was not successful. Further experiments should be performed to get a pure phase of this
material. More work should be performed to confirm that these magnesium silicates, forsterite
and enstatite, form a layer on the MgO framework and to study the mechanism how these phases
actually form. It would also be interesting to study the solid structure of the mixed phase material

which contains forsterite, enstatite, MgO and SiO; at the same time.

Thin layers of C-S-H were formed on the surface of the silica replicas, as evidenced by
SEM imaging. Other techniques with high enough resolution or surface techniques such as X-ray
photo electron (XPS) spectroscopy should be performed to determine e.g. the thickness of the
C-S-H layer. In further experiments, formation of a thick layer of C-S-H on the silica replicas
should be attempted in order to improve the mechanical stability of the product. Moreover, the
Ca/Si ratio of this layer should be determined by EDX.

Nevertheless, the result of this study suggests that the replicas produced here possess
sufficient porosity to be useful as carriers for drugs or sensors, and to a minor extent as thermal
insulation material in construction applications. Future studies can provide more insight into the

actual usefulness of the hierarchically structured and porous replicas produced here.
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