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Abstract
Magnetite is an iron oxide that, due to its ferrimagnetic behavior, can be used in many
applications, like waste water treatment. The magnetic behavior is dependent on the crystal
size, since at room temperature only crystals with sizes between 20 and 100 nm have a stable
single-domain ferrimagnetic behavior. In order to use magnetite for its many applications,
great control over nucleation and growth has to be obtained. There are several approaches
the obtain magnetite crystals synthetically, like co-precipitation, partial oxidation and partial
reduction. In order to obtain monodisperse stable single-domain crystals, often additives or
elevated temperature and pressure are used. The magnetotactic bacteria is known to form
magnetite crystals, while using a partial reduction of a ferrihydrite precursor. During this
process there is great control over nucleation and growth.
In this thesis, we have been inspired by the biomineralization process in the magnetotactic
bacteria. We performed a partial reduction on the in-situ formed 2-line ferrihydrite precursor
phase using ambient and alkaline conditions and using L-ascorbic acid as reducing agent. The
product has been characterized using several different techniques, like TEM, XPS and UV-Vis.
After the reduction nanoparticles of approximately 2 nm in size were obtained, which were,
depending on the L-ascorbic acid concentration, present in aggregates or as single dispersed
particles. The aggregated nanoparticles were stabilized in time, forming single dispersed
nanoparticles. SAED did not show any sign of crystallinity in the nanoparticles, which might
be due to the small size of the nanoparticles. XPS showed the presence of Fe2+ in the product,
proving that L-ascorbic acid can reduce iron both in solid state and in solution. A quick change
in pH and dialysis were performed to destabilize the particles in an attempt to form bigger
magnetite crystals using ambient conditions. However, no change was obtained using these
methods. The use of elevated temperatures did result in destabilization and subsequently in
formation of 4-11 nm sized magnetite crystals, proving that magnetite can be formed out of
these 2 nm sized nanoparticles.

III

1 Introduction
1.1 Iron oxide chemistry
The most well-known example of iron is known as rust on metal surfaces. However, iron
can also be found in nature as a mineral or as part of rocks. The presence of iron usually results
in materials with colors having different shades varying between yellow, red, brown and black.
Another occurrence of iron in nature is the presence inside of living organisms, where it is an
essential element needed for multiple different processes, like production of red blood cells
or oxygen transport inside the body. A diagram showing the occurrences of iron on earth is
given in Figure 1.1.
Iron can be found bonded to oxygen in many different forms as iron oxides, iron
hydroxides or iron oxyhydroxides. In total there are 16 known iron ((oxy)hydr)oxide phases.1
Some important phases are goethite (α-FeOOH), lepidocrocite (γ-FeOOH), ferrihydrite
(Fe5O8H∙4H2O), hematite (α-Fe2O3) and magnetite (Fe3O4).
Depending on the conditions the iron ((oxy)hydr)oxide phases can interconvert. One of
the key phases in iron ((oxy)hydr)oxide transitions is ferrihydrite, that can easily be converted
into other phases, like hematite, maghemite, goethite, and lepidocrocite by thermal
treatment or dissolution and reprecipitation.1 Other examples of transformations are the
transformation of goethite into hematie and maghemite by thermal treatment or the
transformation of magnetite into maghemite and hematite by oxidation.1
As is already shown in the diagram (Figure 1.1), iron is often processed in industry, where
it is used for example in the production of steel. Other applications are pigments in paints,

Figure 1.1. Diagram showing the possible places where iron can be found on earth, varying from presence in nature to
processing industry. This image was copied from reference 1.

1

Figure 1.2. Scheme showing the different types of magnetism with (a) ferromagnetism, (b) antiferromagnetism, (c)
ferrimagnetism and (d) speromagnism. This image was copied from reference 2.

due to their range in colors and their stable character,1 and as precursor phase in the
formation of other iron ((oxy)hydr)oxides.
All iron ((oxy)hydr)oxides exhibit some kind of magnetic behavior, which is mainly caused
by the electrostatic exchange interaction.1,2 Due to this interaction, the spins of the electrons
are aligned parallel or antiparallel.1,2 Depending on the bond length and the bond angle
between Fe and O, which in turn depends on the crystal structure, the iron ((oxy)hydr)oxides
are exhibiting different types of magnetism.2 Ferromagnetic behavior arises when all spins are
aligned parallel resulting in a net magnetic moment2 (Figure 1.2A). This type of magnetism is
often seen in permanent magnets. In case of antiferromagnetic behavior the spins are aligned
antiparallel2 (Figure 1.2B). The electron spins are of equal magnitude, which results in a zero
net magnetic moment. Iron oxides like hematite and goethite are known to have
antiferromagnetic ordering. A combination of ferromagnetic and antiferromagnetic ordering
is referred to as ferrimagnetic2 (Figure 1.2C). In this ordering, there is an unequal number of
parallel and antiparallel sublattices, resulting in spins with an unequal magnitude and therefor
in a net magnetic moment. Due to their crystal structure iron oxides like magnetite and
maghemite are showing ferrimagnetic behavior.1,2 A final type of magnetic ordering is
speromagnetism. This type of ordering is caused when there is no defined crystal structure,
which is often seen in amorphous or poorly crystalline materials.2 In these materials the
electronic spins are aligned in a random way (Figure 1.2D). This type of magnetism is seen in
or example ferrihydrite.
Magnetite is the iron oxide showing the strongest ferrimagnetic behavior, with a
saturation magnetization of 92 emu/g.1 Due to these strong magnetic properties magnetite
suitable for many applications, like drug delivery, contrast agent in magnetic resonance
imaging and waste water treatment.3,4

1.2 Magnetite
Magnetite is an iron oxide with an inverse spinel structure, meaning that the crystals
consist of oxygen bonded to both Fe2+ and Fe3+, in a precise stoichiometry: FeIIFeIII2O4.1,5 The
unit cell has an FCC close-packing for the oxygen ions present in the structure.3,6 The crystal
structure contains sublattices of both octahedral and tetrahedral sites in which the Fe2+ and
Fe3+ are located, having only Fe3+ in the tetrahedral sites and both Fe2+ and Fe3+ in equal
2

Figure 1.3. The crystal structure for magnetite as a polyhedral model (A) and a ball-and-stick model (B), containing both
octahedral and tetrahedral sites in which Fe3+ and Fe3+/Fe2+ is located respectively. Images A and B were copied from
references 6 and 1, respectively.

amounts in the octahedral sites (Figure 1.3).3,6 Due to the differences in pairing of the
electrons within the 3d orbitals, Fe2+ and Fe3+ have different spin magnitudes. This causes a
net magnetic moment. The type of crystal structure forms two interpenetrating magnetic
sublattices, having antiparallel spins. The antiparallel spins, together with the net magnetic
moment result in its strong ferrimagnetic behavior. Maghemite is an iron oxide closely related
to magnetite, with the formula γ-Fe2O3 and similar crystal structure. Due to the presence of
only Fe3+ in the structure and the compensation of cation vacancies instead of Fe2+,1 the net
magnetic moment for maghemite is lower, resulting in a slightly weaker ferrimagnetic
behavior.
Magnetite’s ferrimagnetic behavior is depending on the size of the particles (Figure 1.4).
At room temperature, magnetite will exhibit only exhibit the ferrimagnetic behavior within a
certain range (20-100 nm). At sizes smaller than 20 nm magnetite is showing
superparamagnetic behavior.2 This means that the magnetic moment is spontaneously
fluctuating due to the sufficiently high thermal energy to overcome the barrier between the
different spin states. As a result of this spontaneous fluctuation, the net magnetic moment is
disappeared and thus the magnetic behavior is not present. For sizes bigger than 100 nm
magnetite will form multiple crystalline domains within the crystal due to which the magnetite
will exhibit multi-domain ferrimagnetic behavior. These domains all have another orientation
and size, which results in different dipole moments. As a result the dipole moments will
(partially) compensate each other, leading to a lower net moment.

Figure 1.4. Scheme showing magnetite’s magnetic behavior depending on the particle size at room temperature, exhibiting
the strongest magnetic behavior within the 20-100 nm size. This image was copied from reference 10.
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Figure 1.5. Scheme of the known pathways to form crystalline materials. (I) The formation of a crystalline material via the
formation of an amorphous precursor phase. (II) The formation of a crystalline phase directly form the atoms/molecules. (III)
The formation of a crystalline phase via an initial formation of primary particles/clusteres and the secondary formation of an
amorphous precursor phase. (IV) The formation of a crystalline phase after formation of primary particles/clusters as
precursor phase. This image was copied from reference 8.

In order to obtain magnetite crystals with a strong magnetic behavior for its many
applications, it is necessary to have great control over the nucleation and growth of the
crystals.
1.2.1

Magnetite synthesis
Crystals can be formed according to different mechanisms (Figure 1.5). The classical
mechanism (pathway II) is the nucleation of crystals directly from solution. This mechanism
describes the formation of small nuclei in the solution that might grow depending on the
crystal size. Only crystals, having a radius larger than the critical crystal size, will continue to
grow. A well-known method for magnetite formation in the laboratory using this pathway is
co-precipitation (Figure 1.6.1). In many reactions elevated temperatures and elevated
pressures are used for the formation of magnetite crystals, which is also known as thermal
decomposition.

Another accepted mechanism is the formation of an amorphous (precursor) phase prior
to the formation of crystals (pathway I), like the amorphous calcium carbonate precursor for
calcite.7 By using a thermodynamically unstable precursor phase, stable crystals can be
formed. Methods for magnetite synthesis using this pathway are partial oxidation (Figure
1.6.3) or partial reduction.
In literature8 it has already been known that magnetite can also be formed by the
accretion of so-called primary particles, which have sizes around 2 nm (Figure 1.5). These
particles can be formed from an unstable initial precursor phase (ferrihydrite), which is
formed after addition of Fe2+ to an alkaline solution. The particles will aggregate and dense
areas will start to appear, resulting in nanoparticles that will grow upon accretion of primary
particles. Eventually an amorphous phase (pathway III) or a crystalline phase (pathway IV) will
be formed.

4

Figure 1.6. Scheme of the main synthetic methods for magnetite formation in the lab using ambient conditions, (1) the
formation of magnetite by direct co-precipitation of Fe2+ and Fe3+, (2) the formation of magnetite by the reaction of Fe2+ with
a ferrihydrite precursor phase and (3) the formation of magnetite by the partial oxidation of a white rust precursor phase.
This image was copied from reference 12.

1.2.1.1 Co-precipitation of Fe2+ and Fe3+
Magnetite can easily be formed by co-precipiation of Fe2+ and Fe3+ following the reaction:
2 Fe3+ + Fe2+ + 8 OH- → Fe3 O4 + 4 H2 O

(1.1)

During the synthesis of magnetite the pH of the solution is increased to alkaline pH (≥ 8.5),
where magnetite can easily be formed.6 During this pH increase the solubility of iron is
decreasing1 and when reaching the supersaturation concentration nuclei will be coprecipitated that will grow into magnetite crystals.9 Co-precipitation of magnetite is giving a
poor control over the growth process, since only kinetic factors are controlling the crystal
growth.9 Additionally, during the growth of the crystals new nuclei can be formed that will
also grow into bigger crystals. As a result crystals with a broad particle size distribution are
formed. When using co-precipitation for magnetite formation, often crystals within the
superparamagnetic regime (<20 nm) are obtained. When adding additives, like
(bio)macromolecules during the reaction, the control over size and morphology can be
increased.10 An example of a biomacromolecule is the Mms6 protein, which is a protein that
is found during magnetite formation in nature. This protein contains a negatively charged Cterminal domain that strongly binds iron, which is considered to initiate crystal nucleation. 11
The protein promotes the formation of magnetite particles with a defined shape and size,
whereas without addition of this protein particles with an irregular particle shape were
obtained.11
1.2.1.2 Partial oxidation of a poorly-crystalline precursor phase
An example of an amorphous or poorly crystalline precursor phase in iron oxide chemistry
is Fe(OH)2, which is also known as white rust.10,12 White rust can easily be formed by hydrolysis
of Fe2+, following the reaction:
Fe2+ + 2 OH- → Fe(OH)2

(1.2)

By performing a partial oxidation using an oxidizing agent like nitrate, Fe 2+ is partially
transformed into Fe3+. The Fe3+ is subsequently recrystallized at alkaline pH with white rust
resulting in the formation of magnetite. The partial oxidation of white rust is done following
the reaction:
5

3 Fe(OH)2 + Oxidizing agent → Fe3 O4 + Oxidizing agent + x H2 O

(1.3)

For this method the Fe2+ oxidation rate is influencing the kinetics of magnetite formation.
Stable crystals in either the single-domain or the multi-domain regime can be obtained using
this method, if using optimized conditions.10,12 The growth of magnetite crystals can be
controlled by changing the excess of Fe2+ or base during the reaction. Better control over size
and morphology can be obtained by addition of additives, like the Mms6 protein at elevated
temperatures. Addition of this protein has been reported to result in the formation of
approximately 20 nm particles with a defined cubo-octahedral morphology, whereas the
absence of this protein resulted in the formation of an octahedral morphology. 13 Addition of
poly((α,β)-D,L-aspartic acid) (pAsp) is resulting in approximately 25 nm sized particles with a
rounded morphology, whereas the absence of pAsp is resulting in the formation of slightly
bigger (approximately 35 nm) crystals.14
1.2.1.3 Partial reduction of a poorly-crystalline precursor phase
Another poorly-crystalline precursor phase in iron oxide chemistry is the previously
mentioned iron hydroxide ferrihydrite (Fe(OH)3), which is easily formed by rapid hydrolysis of
Fe3+ solutions,3 following the simplified reaction:
Fe3+ + 3 OH- → Fe(OH)3

(1.4)

By addition of a reducing agent Fe3+ in ferrihydrite can be partially reduced to Fe2+, after
which magnetite can be formed at alkaline pH following the reaction:
3 Fe(OH)3 + Reducing agent → Fe3 O4 + Reducing agent + x H2 O

(1.5)

However, this method has not been extensively explored using reaction conditions at
room temperature.
1.2.1.4 Thermal decomposition
Magnetite synthesis has often been reported using elevated temperatures and
pressures.15–17 Thermal decomposition can be performed using co-precipitation, as well as by
using partial oxidation or partial reduction. Additives, like stabilizing agents, surfactants and
reducing or oxidizing agents, are often used while performing thermal decomposition, in
order to obtain for example stabilized magnetite crystals. The initial temperature increase
causes simultaneous formation of nuclei, which subsequently will grow into bigger magnetite
crystals. Due to the simultaneous nucleation, thermal decomposition is the method giving the
greatest control over the size and the particle size distribution.10 Like with the other methods
additives are found to be influencing the particle size and morphology. Nyirö-Kósa et al.17 have
studied the synthesis of magnetite by a partial oxidation at high temperature. They obtained
octahedral magnetite crystals of approximately 100 nm in size without addition of additives,
while they obtained rounded magnetite particles of approximately 200 nm in size when
adding tetraethylene glycol. However, in all cases of thermal decomposition extreme
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conditions, i.e. elevated temperatures and pressures, are required. These extreme conditions
are cost-expensive, which is not beneficial for large scale industry.
1.2.2

Biological systems
In nature magnetite is found, for example, in chiton teeth,18,19 where it is used to improve
the mechanical properties of the teeth, and in for example birds and fish,19 where it probably
is used as a biological compass to navigate through the earth’s magnetic field. Another wellknown organism that is able to form magnetite in nature is the magnetotactic bacteria.18,19
This bacteria can form either magnetite or greigite (FeIIFeIII2S4) or both inside a small vesicle
called the magnetosome. The magnetosomes are aligned along one or more filaments, which
is resulting in a strong magnetic dipole.
Researchers are still in debate over the exact mechanism for magnetite formation in the
magnetotactic bacteria. Frankel et al.20 have studied the Aquaspirilum Magnetotacticum,
where they found the presence of magnetite inside the magnetosomes and the presence of
of ferrihydrite in all parts of the cell, including the magnetosome. They discuss the formation
of the magnetosome that can occur either before or after the formation of the hydrous iron
oxide precursor. They suggest the formation of magnetite by (1) the take up of iron from Fe
quinate that (2) is released into the cytoplasm by the reduction. (3) Iron is subsequently
reoxidized forming a low density hydrous phase by hydrolysis. (4) This phase is then
transformed via ferrihydrite into magnetite by dehydration.
Fdez-Gubieda,21 Faivre,22 Staniland23 and their coworkers have studied the formation of
magnetite by the Magnetospirillum Gryphiswaldense MSR-1 strain. Fdez-Gubieda et al.21
report the presence of magnetite and ferritin-like material. They claim the ferritin-like
material to be ferrihydrite, which is used as a precursor phase for ferrihydrite. This is in
contrast with the studie by Faivre et al.22, where the ferritin-like material is characterized as
ferritin. Additionally they show that the magnetotactic bacteria is capable of intracellular
reduction and oxidation and they suggest that the magnetosome is likely to be alkaline. In
contrast, Staniland et al.23 report to see an absence of precursor particles and that magnetite
particles are formed directly. In the first stages of magnetite formation they claim to find a
hematite layer on top of the magnetite particles, which could be a result of enhanced surface
oxidation that occurs because of the greater surface area in immature magnetosomes.
However, they say it is more likely that hematite is formed as a precursor phase that remains
on the surface until it is fully transformed into magnetite. Faivre et al. 22 proposed a
mechanism for magnetite formation in the Magnetospirillum Gryphiswaldense MSR-1 strain,
where (1) either Fe2+ or Fe3+ is taken up by the cell. Next, (2) iron is transformed into an Fe 2+
species, which is located in the membrane or in membrane associated ferritins. (3) Magnetite
is then formed by co-precipitation, as is also suggested by Staniland et al.23
The Magnetospirillum Magneticum MS-1 strain was studied by Watanabe et al.24, where
it was found to contain both magnetite and ferrihydrite. The latter was found in the whole
cell, including the magnetosomes, where it was suggested to be the precursor phase in
magnetite formation or is used as a storage for iron. In case of the closely related
Magnetospirillum Magneticum AMB-1 strain, both Arakaki11 and Baumgartner25 and co7

Figure 1.7. Scheme of the magnetite mineralization mechanism in the magnetotactic bacteria. Here iron is taken up by
crossing the membrane and transforming into a phosphate-rich phase (A). When transported to a magnetosome, iron and
phosphate are separated and iron is transferred into the magnetosome, where it forms ferrihydrite (B). The ferrihydrite is
either partially reduced or Fe2+ is added to form magnetite (C). Magnetite will grow until the right size (D). This image was
copied from reference 18.

workers have suggested a mechanism for magnetite formation, where first the magnetosome
is formed. Arakaki et al.11 suggest that Fe3+ is taken up and reduced at the cell surface, after
which a hydrated iron oxide, like white rust or lepidocrocite, is formed. This iron oxide is
transferred to the magnetosome where it is oxidized to form magnetite. Baumgartner suggest
the initial formation of a highly disordered phosphate-rich Fe3+ hydroxide phase (Figure 1.7A),
that is transferred to the magnetosomes. The phosphate is subsequently removed, during
which iron is crossing the magnetosome membrane. In the magnetosome the iron is
transformed into ferrihydrite (Figure 1.7B) that is subsequently reduced to form magnetite
(Figure 1.7C). An alternative transformation to magnetite can be caused by the addition of
Fe2+ to ferrihydrite.18 Analysis of the isotope fractions of iron in the magnetotactic bacteria,26
confirming the partial reduction pathway that was proposed by Baumgartner et al.25 After its
formation will grow until the right size and morphology (Figure 1.7D).
Proteins in the magnetosome membrane are known to influence the formation and
growth of magnetite. However, the exact function of the proteins involved in magnetite
formation is still not fully understood. Proteins like mamM and MamP are believed to control
the magnetite crystallization, whereas MmsF, MamC, MamD and the previously mentioned
Mms6 are believed to control the particle size and shape.18 Other proteins like MamB and
MamJ are believed to influence the magnetosome formation and the chain assembly,
respectively.18
The magnetosomes only contain perfect structured magnetite crystals, which show no
deviation to other iron species. Fischer et al.27 hypothesize that the magnetotactic bacteria is
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Figure 1.8. Cryo-TEM image of ferrihydrite (A) before and (B) after exposure to an increased electron dose. The images are
showing small particles that are aggregating together. This image was copied from reference 8.

able to generate optimal conditions within the magnetosomes for the magnetite crystals to
be perfectly stable and to be protected against oxidation.

1.3 Ferrihydrite
As previously mentioned, ferrihydrite can easily be formed by rapid hydrolysis following
equation 1.4.
For ferrihydrite still no definite formula is accepted, due to its variable water content. A
commonly used formula is Fe5O8H∙4H2O, proposed Towe and Bradley.4 Other examples of
proposed formulas are Fe2O3∙2FeOOH 2.6H2O by Russell28 and Fe4.5(O,OH,H2O)12 by Eggleton
and Fitzpatrick29. For simplicity the abbreviation “Feh” will be used in this thesis.
This material exists in two forms. These are named based on the number of XRD peaks: 2line Feh, which is poorly crystalline, and 6-line Feh, which is “well” crystalline. The difference
between both forms is mainly due to differences in size of the crystal domains. 1 The crystals
domains are typically 1-3 nm for 2-line Feh and 5-6 nm for 6-line Feh.1 Feh is showing a dark
reddish brown color, which is also giving the reddish color to Feh containing soils.1
The poor crystallinity of 2-line Feh makes the structure thermodynamically instable.6
Depending on its environment, the transformation into more stable iron phases occurs via
different pathways.6 At pH values between 5 and 8, dehydration and local rearrangement
occurs, resulting in small hematite particles. When the solubility of Feh is higher, at pH values
below 4 or above 8, dissolution-crystallization can occur. This process results in goethite. Feh
instability is also visible when exposing to higher electron doses (Figure 1.8), which is resulting
in a visible transformation into another phase.

9

Figure 1.9. Proposed mechanism for the oxidation of L-ascorbic acid. Inset: correlation of the L-ascorbic acid species
depending on the pH and the corresponding second-order rate constants. This image was copied from reference 37.

In nature Feh is a widely spread iron hydroxide. It can be found in nearly every living
organisms as part of the protein ferritin.30 This protein regulates the iron present in the body,
mainly by storing iron in its core.1,30 Fe3+ is taken up by the core, where it will be surrounded
by approximately 6 oxygen atoms.30 Feh can also be found in relatively young soils, where it
can gradually transform into goethite or hematite as a result of weathering.

1.4 Towards designing a bio-inspired synthesis
The aim of this master thesis is to design a bio-inspired synthesis for magnetite providing
great control over both nucleation and growth of the magnetite crystals. The inspiration is
taken from the biomineralization mechanism of magnetite in magnetotactic bacteria. In this
research a partial reduction of a Feh precursor phase by using L-ascorbic acid (AA) as reducing
agent is performed to form magnetite. This synthesis will be performed in an alkaline and
oxygen-free environment under ambient conditions.
L-ascorbic acid, synthetic vitamin C, is an important antioxidant in living organisms.31 The
ability of L-ascorbic acid to reduce iron is already extensively studied in literature. 32–36 Lascorbic acid is a two-electron reducing agent, with pKa values at 4.25 and 11.79.37,38
Depending on the pH of the environment, L-ascorbic acid will be deprotonated, after which it
is able to donate its electrons resulting in the formation of L-ascorbic acid’s oxidation product,
dehydroascorbic acid (Figure 1.9). Dehydroascorbic acid can irreversibly oxidize via a SN2 ringopening reaction into 2,3-diketogulonic acid31,37,39–41 or to a hydrolyzed product of
dehydroascorbic acid (DHAA).42 L-ascorbic acid is able to bind iron via the deprotonated
alcohol groups in the ring. The iron, either dissolved in solution or attached to the surface of
an iron (hydr)oxide, is reduced by taking up the electrons from L-ascorbic acid. After the
reduction iron is dissolved in solution, where it can react with Fe3+ in solution of on the iron
(hydr)oxide surface (Figure 1.10).33,35
From the pKa values, it can be expected that the reduction by L-ascorbic acid is most
efficient in alkaline conditions. Studies on the redox process involving L-ascorbic acid show a
10

Figure 1.10. Proposed mechanism for the reduction of Fe3+ by L-ascorbic acid. This image was copied from reference 35.

contradictory image. Research on the reduction of iron shows that the reduction rate of iron
is higher at acidic pH, where an increase form pH 5 to pH 6 is resulting in a reduction rate that
is decreasing by one order of magnitude.32 Reduction of chromium by L-ascorbic acid is
occurring both at acidic and alkaline conditions, with a faster reduction rate at acidic
conditions.43 Research on the reductive dechlorination of carbon tetrachloride showed a
higher reductive capacity for a pH higher than pKa = 11.79 and showed the impact of the
environment on the products forming after reductive dechlorination.37,38
Although the efficiency of reduction of iron is proved to be higher at lower pH values,
research has also shown that the reduction at high pH is working.15 During the experiments in
this thesis, reduction was done at both acidic and alkaline conditions. Fe 3+ should be reduced
partially to form a stoichiometric ratio of 33% Fe2+ and 67% Fe3+, in order to form magnetite
following the next equations:
Fe3+ + 3 OH- → Fe(OH)3

(1.4)

6 Fe(OH)3 + AA → 2 Fe2+ Fe3+
2 O4 + DHAA

(1.6)

Different concentrations of L-ascorbic acid were tried to achieve magnetite formation. In
order to obtain the 33% Fe2+, reactions have been performed using 0.17 equivalent L-ascorbic
acid, which is theoretically resulting in the 33% Fe2+. Due to a lower iron reduction rate at
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higher pH-values,32 reactions with 0.5 and 2 equivalent of L-ascorbic acid have also been
performed. In these cases, a theoretical composition of 100% Fe2+ can be expected.
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2 Materials and methods
2.1 Materials
All solutions were prepared using fresh ultrapure water with a resistivity of 18.2 MΩcm at
20 °C and were degassed for at least 1 hour using argon or nitrogen gas to remove oxygen
inside. During the experiments ratios of 0.17, 0.5 or 2 equivalent of L-ascorbic acid were used.
The NaOH, L-ascorbic acid and Fe3+ solutions (Table 2.1) were prepared by dissolving
respectively NaOH pellets (≥ 97%, Merck 106462), L-ascorbic acid (Fisher Chemical, A/8882)
and FeCl3∙6H2O (≥ 99.7%, VWR Chemicals, 24208) into the degassed water.
Table 2.1. Overview of the concentrations used for the experiments

Ratio AA/Fe3+
0.17 equivalent
0.5 equivalent
2 equivalent

Fe3+ (mM)
30
30
30

NaOH (mM)
400
400 or 750
750

L-ascorbic acid (mM)
30
100
400

2.2 Experimental procedures
2.2.1

Nanoparticle synthesis
All experiments were done using Metrohm® Titrando systems. Early experiments were
done on a system controlled by a computer running Tiamo 2.2 and equipped with two 809
titration units, 2 mL Dosino dosing units and a magnetic stirrer plate. Later experiments were
performed on a system controlled by a computer running Tiamo 2.3 and equipped with one
905 titration unit, 20 mL Dosino dosing units and a magnetic stirrer plate. A double junction
micro pH glass electrode (6.0234.100) was connected to the titration unit to measure pH. The
pH electrode was calibrated prior to the experiments using Metrohm buffer standards at pH
4 (6.2307.100), at pH 7 (6.2307.110) and at pH 9 (6.2307.120). The experiments were
performed under continuous argon/nitrogen flow in 50 mL reaction vessel inside a glove bag,
filled with an argon or nitrogen atmosphere. The concentration of oxygen inside the glovebag
was measured using a ProSens PSt3 oxygen sensor connected to a Fibox 3 transmitter that
was controlled by a computer running OxyView PST3 software.
During this thesis, experiments were designed in three different ways (Figure 2.1). In the
main experiment Feh was formed by addition of the base (0.5 mL/min) to pH 9 and reduced
at pH 9 by addition of L-ascorbic acid solution (0.5 mL/min), while maintaining the pH at 9 by
addition of the base (maximum 0.3 mL/min) (Figure 2.1A). In the other experiments the
program was altered to have the reduction at pH 4 and an increase in pH to 9 by addition of
the base (0.15 mL/min) (Figure 2.1B) or to have a reduction of the Fe3+ directly from solution
and an increase in pH to 9 by addition of the base (0.5 mL/min) (Figure 2.1C). In all
experiments the pH was increased to 9 after the reduction in order to have an alkaline pH to
form magnetite. In two programs a few waiting steps were used to let the remaining Fe 3+ react
13

Figure 2.1. A schematic illustration of the programs used for the different experiments, with (A) the reduction of the precursor
phase at pH 9, (B) the reduction of the precursor phase at pH 4 and (C) the reduction of Fe3+ in solution.

with either the base or L-ascorbic acid or to let the reduction continue before increasing the
pH.
2.2.2 Post-synthesis treatment
Dialysis was performed on 10 mL of product using approximately 1 L of dialysis buffer.
MilliQ water or a solution of NaCl (≥ 99.5%, Merck 106404) having a Cl - concentration equal
to the product having pH 9-10 were used as dialysis buffer. The dialysis was performed inside
a glovebag with nitrogen atmosphere, while using degassed solutions. The dialysis was
performed during 24 hours and the dialysis solution was replaced at least once.
Heating experiments were performed using two different approaches. A first experiment
was done by heating the sample in a round-bottom flask connected to the Schlenk line using
argon gas. The product was heated to approximately 115 °C using an oil bath and refluxed for
approximately 18 hours. In the other approach the product was heated inside an autoclave at
180 °C for 4 hours.
Samples have been freeze-dried using an Alpha 2-4 LSCplus equipped with a manifold for
the placement of 8 round-bottom flasks or wide-neck filter bottles. During drying the system
was set at -83 °C and approximately 0.03 mbar.

2.3 Analysis
2.3.1 Transmission Electron Microscopy
Transmission Electron Microscopy (TEM) was performed in both cryogenic-conditions
(Cryo-TEM) and at room temperature (dry-TEM). Prior to the sample preparation, all TEM grid
surfaces were treated with a plasma beam during 40 seconds using a Cressington 208 carbon
14

Figure 2.2. Scheme showing the principle for the particle size distribution analysis scripts, showing (1) the manual analysis
where the lengths of the axis is measured and (2) where a threshold is set and only particles bigger than a certain size are
measured.

coater. In order to enhance contrast in several samples, a graphene oxide layer was applied
to the grid, by dropping 20 μL onto the grid and allowing it to dry for at least an hour.
2.3.1.1 Electron Cryogenic microscopy
Sample preparation for Cryo-TEM involves vitrification of the sample using an automated
vitrification robot (FEI Vitrobot Mark III). Preparation was done by applying the sample onto
the grid and removing the surplus solution by blotting, after which the grid was dropped in a
liquid ethane bath. For this 200 mesh copper grids with Quantifoil R2/2 holey carbon films
(Quantifoil Micro Tools GmbH) or 200 mesh copper grids with a Lacey carbon film (EMS) were
used. The vitrification was done in (wet) argon atmosphere, where 100% humidity was
obtained using water for normal vitrification or a mixture of 20% IPA/water for grapheme
oxide grids. For normal vitrification 3 seconds blotting time was used, whereas 4-5 seconds
blotting time and 2 seconds drain time were used for vitrification of grapheme oxide samples.
Imaging was done on the TU/e cryoTITAN (FEI), which is operated at 300 kV and is
equipped with a field emission gun (FEG), a Gatan Energy Filter (GIF) connected to a 2k x 2k
Gatan CCD camera.
2.3.1.2 Transmission Electron Microscopy at room temperature
Sample preparation for TEM analysis at room temperature involved dropping 20 μL of the
sample onto a 200 mesh copper grid with a continuous carbon film (EMS) and allowing it to
dry to the air.
Imaging was done on the TU/e FEI Tecnai 20 (type Sphera) TEM that is operated using a
LaB6 filament and a 1k x 1k Gatan CCD camera or at the previously mentioned TU/e cryoTITAN
at room temperature for higher resolution.
2.3.2 Particle size measurements
Particle sizes were measured by manually measuring the long and the small axis of
individual particles (Figure 2.2.1). For this a special written program in MATLAB was used. The
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average of the long and the short axis was taken as the particle size, according to which the
particle size distributions were determined. Additionally, another MATLAB script was made
for the analysis of particle sizes by applying a minimum size threshold, to determine the
particle size distributions (Figure 2.2.2). Using this script, only particles with a size bigger than
the threshold are measured.
2.3.3

X-Ray Photoelectron Spectroscopy
Samples have been prepared by applying a piece of carbon tape on a metal plate
(approximately 0.6 x 0.6 cm), onto which a few mg of freeze–dried sample was applied. X-Ray
Photoelectron Spectroscopy (XPS) measurements were carried out with a Thermo Scientific
K-Alpha, equipped with a monochromatic small-spot X-ray source and a 180° double focusing
hemispherical analyzer with a 128-channel detector. An aluminum anode (Al Kα = 1486.6 eV)
was operated at 72W and a spot size of 400 μm to obtain the spectra. Survey scans and region
scans were measured at a constant pass energy of 200 eV and 50 eV, respectively. The
background pressure was 2x10-9 mbar Argon. During the measurements the background
pressure was 3x10-9 mbar Argon due to the charge compensation dual beam source.

2.3.4

Powder X-Ray diffraction
The samples were prepared by using a thin Vaseline film on top of a glass slide, on which
the freeze-dried sample was placed. Powder X-Ray diffraction (XRD) measurements were
performed on a Rigaku Powder diffractometer using copper radiation at 40 kV and 30 mA,
with a wavelength of 1.54056Å. The measurements were done using a 0.04° step size and 30
seconds dwell time.

2.3.5

UV-Vis Spectroscopy
For UV-Vis measurements a 10 mm Quartz cuvette (Hellma Analytics, 110-QS) was used.
Blanco measurements were performed using MilliQ water.
Test reduction experiments were analyzed using an Ocean Optics® spectrometer in
transmission mode. The spectrometer was equipped with deuterium and halogen light
sources and a detector for the range 400-1000 nm.
For other measurements a Hewlett Packerd 8453 spectrophotometer is used. This device
is operated at approximately 21.9 °C and is equipped deuterium and tungsten light sources
and a detector measuring in the range 190-1100 nm.

2.3.6

Raman Spectroscopy
Samples were prepared inside a glovebag with nitrogen atmosphere. For the samples,
special containers were made in order to keep out oxygen. The containers were prepared with
a depression in the middle to fill with sample. A layer of epoxy is applied around the
depression and then a glass cover slide is added to close the container.
Raman spectroscopy was done using a Jobin-Yvon Labram spectrometer. The device was
equipped with a HeNe laser with its excitation wavelength at 632.81 nm, a 600 groves/mm or
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1800 groves/mm holographic grating, an ultra-long working distance objective (Olympus,
magnification 100x and numerical aperature 0.8) and a CCD camera.
2.3.7

Thermogravimetric Analysis
Thermogravimetric Analysis (TGA) using a Mettler Toledo TGA/DSC 1 device was done to
obtain weight-loss curves. Approximately 2.7 mg of sample was heated in uncovered alumina
crucibles at a rate of 5°C/min to 750°C in a 2/1 (v/v) He/O2 or a N2 flow.

2.3.8

Fourier Transform Infrared Spectroscopy
Liquid samples were measured with Fourier Transform Infrared Spectroscopy that was
performed on a Shimadzu IRAffinity-1 equipped with a MIRacle 10 ATR unit using a ZnSe
crystal.
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3 Results and discussion
In this thesis two main approaches to perform a partial reduction are used (Figure 3.1).
The goal is to find a synthesis of magnetite using a partial reduction of a Feh precursor at
different pH-values (approach 1). In some experiments another approach (approach 2) was
used, in which reduction was performed directly on the Fe3+ in solution. Experiments
performed following approach 2 were mainly done as a comparison for the product formed
in experiments following approach 1. During the performed experiments the change in pH
upon addition of the base and reducing agent was monitored.

Figure 3.1. Overview of the two approaches used in this thesis. The main approach (1) is a reduction of an in-situ formed Feh
precursor phase. The second approach (2) is the reduction of Fe3+ directly from solution.

3.1 Precursor phase
Fe3+ was transformed into the precursor phase
by immediate hydrolysis upon addition of a sodium
hydroxide solution (base). When starting the
addition of base, the Fe3+ directly started to
hydrolyze. In this stage, little bits of material started
to form at the place where the base was added. The
pH measurements show a plateau around pH 2.5
(Figure 3.3 and 3.4), while using a constant base
addition rate, indicating that most base was
consumed for the nucleation and growth of the Figure 3.2. Images of the (A) the precursor phase
dispersed in solution and (B) precursor phase
precursor phase. During the rapid hydrolysis big exposed to an external magnetic field in the top
reddish-brown flakes of material were formed back.
(Figure 3.2), resulting in a color change to light
reddish and subsequently into reddish-brown (Figure A.1.1). While leaving the solution
untchanged for 5 minutes a bit of base was used, resulting in a small decrease in pH (Figure
3.3). This was done to let the remaining Fe3+ in solution hydrolyze. A further increase to pH 9
showed a small transition point at pH 5 towards a faster pH increase rate. This shows that
there was still some base consumed for the hydrolysis of remaining Fe3+ in solution or further
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Figure 3.3. Typical pH, volume measurements for a reaction with the formation of the precursor phase in-situ and the
reduction by 0.17 equivalent L-ascorbic acid at pH 9. (A) pH during the experiment. (B) Zoom-in for the pH and NaOH volume
during the precursor phase synthesis, showing a linear addition and a plateau around pH 2.5, where the precursor phase is
forming. (C) Zoom-in for the pH and NaOH volume during the pH increase to pH 9, showing a transition around pH 5.5, where
all the remaining Fe3+ is bonded. (D) Zoom-in pH, NaOH and L-ascorbic acid volume during the reduction at pH 9, showing
the acidic influence of L-ascorbic acid that is stabilized by addition of NaOH.

growth of the precursor phase. The program started adjusting the base addition rate in order
to avoid a massive shoot over in pH. When leaving the product for a while, the material was
starting to sediment under influence of gravity, as a result of the size and weight of the flakes.
Application of an external magnetic field resulted in the response of a fraction of the particles
that was moving towards the external magnetic field, showing some magnetic ordering inside
the precursor phase.
TEM imaging of the precursor phase in cryogenic conditions turned out to be difficult.
While blotting the samples prior to the sample vitrification, the majority of material was left
behind on the blotting paper. This resulted in grids showing mostly ice crystals and
contaminations without precursor material. In a small number of samples, Feh-like material
was found on the carbon layer (Figure A.3.1A), similar to what was found by Baumgartner et
al.8 for 6-line Feh in the presence of Fe2+. In case of the precursor phase, there was no Fe2+
present to interact with. The material was exposed to the electron beam to test its stability
and showed no visible changes to the structure and shape, revealing a stable character for
this compound. Whenever finding a structure that resembled the one of Feh and that was
located inside the holes of the carbon layer, the structure was highly sensitive to the electron
beam (Figure A.3.1C). These structures were transformed almost directly when imaging,
which made it difficult to define the identity of the material by for example Selected Area
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Figure 3.4. Typical pH, volume measurements for a reaction with the formation of the precursor phase in-situ and the
reduction by 0.17 equivalent L-ascorbic acid at pH 4. (A) pH during the experiment. (B) Zoom-in for the pH and NaOH volume
during the precursor phase synthesis, showing a linear-like addition and a plateau around pH 2.6, where the precursor phase
is forming. (C) Zoom-in for the pH, NaOH and L-ascorbic acid volume during the reduction at pH 4, showing the initial acidic
influence of L-ascorbic acid that is stabilized by addition of NaOH and a secondary increase in pH caused by de oxidation of
L-ascorbic acid. (D) Zoom-in for the pH and NaOH volume during the pH increase to pH 9, showing a slight transition around
pH 6.

Electron Diffraction (SAED). As a result we could not conclude whether these structures were
the precursor phase or whether it was contamination by for example ethane.
When using dry TEM to image the precursor phase, less difficulties were encountered.
Prior to sample preparation the material had to be washed thoroughly with water to prevent
the formation of salt crystals during the drying process. The washed precursor was imaged,
which revealed big aggregates of material, without specific shape and size, showed in Figures
3.5 and A.4.1. These big aggregates looked like they were build up by small particles which
were also lacking a specific shape and size. High resolution TEM did not show a crystalline
structure or a clear view on the crystal size and morphology. Further analysis was done by
performing SAED on the big aggregates. The SAED patterns showed diffuse rings, suggesting
the polycrystalline nature of the material (Figure 3.5). Analysis showed reflections
corresponding to 1.57 and 2.7 Å, which are match the (151) and the (130) spacing of goethite,
respectively. The peak corresponding to 2.7 Å could also be assigned to hematite’s (104)
crystal plane.
SAED on other positions showed a contribution of sodium hydroxide crystals, which
indicated some remaining salt in between the precursor material. In all these cases, no
crystals, other than the big flakes of material were present that could indicate the presence
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Figure 3.5. Dry-TEM images and SAED patterns of the precursor phase, showing (A) an aggregated area with (inset) the SAED
pattern corresponding to (A) and (B) a high magnification image showing the small particles forming the aggregates.

of any of these structures. As mentioned before Feh can easily be transformed into goethite
by dissolution and re-crystallization at a pH above 8 or to hematite by dehydration and local
rearrangement. In this case the pH of the reaction is increasing to pH 9, crossing the pH ranges
for goethite and hematite formation. The partial transformation to both structures could have
occurred during the reaction or while washing the sample thoroughly with water.
Even though the precursor phase was more stable while imaging using dry TEM, it did not
give a clear conclusion about the identity of the phase. When comparing the TEM images to
those found for Feh in literature,3,8 a comparable structure and behavior are found for these

Figure 3.6. XRD spectrum of the precursor phase measured at pH 7.5. The spectrum is showing the characteristic 2 peak
spectrum for 2-line Feh.

21

samples. In order to be able to define the precursor phase, X-ray powder diffraction (XRD)
was performed.
The sample was washed thoroughly with water and freeze dried before sample
preparation. XRD measurements were showing a spectrum in which two broad peaks were
clearly visible (Figure 3.6). This is indicating that a poor crystallinity was present in the formed
precursor phase, which is meaning that there was crystalline ordering present, but that the
crystal domains were very small. This diffractogram is known to be characteristic for 2-line
Feh (Figure A.7.1),3,44 whereas 6-line Feh is having a characteristic diffractogram with 6-8
broad peaks.3 The combination of an iron sample with a copper X-ray tube during the
measurements resulted in a high background signal.

3.2 Reduction of Fe3+ by L-ascorbic acid
The iron-reduction rate of L-ascorbic acid (AA) was examined by means of UV-Vis
spectroscopy (additional information can be found in Appendix A.2). In order to follow the
reduction of Fe3+, an Fe2+ specific ligand was used: 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-triazinep,p′-disulfonic acid monosodium salt hydrate (FerroZineTM, Figure A.2.1A). FerroZine is a
bidentate ligand that binds Fe2+ via its nitrogen atoms.45 (Figure A.2.1B). Fe2+ is able to bind a
total of three FerroZine molecules per ion,45–47 forming a purple Fe2+-FerroZine complex, with
a maximum absorption at 562 nm.45

Figure 3.7. UV-Vis measurements of the reduction of Fe3+ to Fe2+ by L-ascorbic acid at (A) pH 3, (B) pH 5 and (C) pH 10. The
pH was increased by addition of NaOH.
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Reduction experiments were followed in time, showing an increasing intensity in the
absorption peak at 562 nm (Figure 3.7). At pH 3 a high iron reduction rate was observed, which
was decreasing with an increasing pH. This is consistent with the study by Hsieh and Hsieh,32
where a pH increase from 5 to 6 resulted in an iron reduction rate that is decreasing with 1
order of magnitude. At alkaline pH the iron reduction rate was expected to be reduced
significantly. Iron reduction at pH 10 (Figure 3.7C) showed no absorption for the Fe2+FerroZine complex, meaning that iron reduction was too slow to be measurable in the time
scale (approximately 10 minutes) we performed the measurements.
A different explanation for the absence of a signal at 562 nm is also given in literature,45,48
which states that the Fe2+-FerroZine complex is only able to form at pH values ranging from 4
to 9. Some studies47,48 mention the formation of an Fe3+-FerroZine complex. By the formation
of this complex FerroZine is occupied as a ligand, which results in less formation of the Fe 2+FerroZine complex. The Fe3+-FerroZine complex makes no contribution to the absorption at
562 nm, reducing the measured intensity at this wavelength.47,48 Anastácio et al.47
hypothesized an overestimation of the Fe2+ content by the formation of the Fe3+-FerroZine
complex, which in turn be photochemically reduced to Fe2+-FerroZine. As a result of the
photochemical reduction, a bigger Fe2+ content will be measured than is formed by the
reduction using AA. Another important factor, which was already extensively reviewed by
García-Torres et al.,40 is the oxidation reaction of AA with dissolved oxygen. The reaction with
dissolved oxygen is interfering with the iron reduction reaction, resulting in a smaller iron
reduction rate. However, since the iron reduction rate is higher than the AA oxidation rate by
a reaction with dissolved oxygen49 and all solutions were degassed to remove dissolved
oxygen, the influence of this factor is minor. All experiments showed an increasing intensity
at 562 nm in time and a trend which is comparable to the work by Hsieh and Hsieh,32 indicating
that AA is indeed reducing Fe3+ to Fe2+.

3.3 The formation of nanoparticles
Upon addition of AA, the color changed from reddish-brown to dark blackish-brown
(Figures A.1.2 and A.1.3). During the addition of AA to the solution, the pH was measured. For
an experiment with a reduction at pH 9, the contribution of the AA solution was clearly visible
as the pH was decreasing at high rate. Base was added to maintain the pH at 9, which was
resulting in an oscillating pH (Figure 3.3), that started increasing slightly after finishing the
addition of AA. For a reduction at pH 4, the pH was initially dropping due to the acidic
character of AA. After addition of approximately 20-25% of the solution, the pH started slowly
increasing (Figure 3.4). This pH increase was unexpected, since the oxidation of AA is resulting
in the formation of free protons, which in turn should be resulting in a decreasing pH.
However, during the reduction of Fe3+ in Feh, OH--groups were released. These groups were
able to catch the proton that was released during the oxidation of AA, resulting in an overall
smaller acidity and an increasing pH. Purification of the final product turned out to be difficult,
since it was only able to partially sediment, while a bit of product remained dispersed in the
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Figure 3.8. Cryo-TEM images showing the product obtained after an experiment using 2 equivalent AA for a reduction at pH
9, showing (A) an aggregated area with (inset) a high resolution image of bigger particles showing crystalline planes and (B)
a high magnification image showing single dispersed particles.

solution. Furthermore, when using higher concentrations of AA, purification by sedimentation
was not possible as the final product remained dispersed in solution. Introduction of an
external magnetic field to the final product resulted in little to no response, indicating a barely
present or completely absent magnetic ordered phase.
TEM analysis on the product showed the formation of aggregates, consisting of particles
with approximately 2 nm sizes (Figure 3.8-3.10). At higher magnification, several products
only showed the presence of similar single dispersed nanoparticles (Figure 3.8B). In case of a
higher ratio AA (0.5-2 equivalent AA) more often the presence of these single dispersed
nanoparticles was seen (Figures 3.8 and 3.9) whereas the experiments using a smaller ratio of
AA (0.17-0.5 equivalent AA) more often showed the presence of the big aggregates (Figure
3.9 and 3.10).
Especially when there was a presence of single dispersed nanoparticles, the purification
by centrifugation or sedimentation was difficult. Due to their small size and small weight, the
gravitational and diffusion forces were almost equal at the centifugational speed used, which
was resulting in almost no sedimentation of the nanoparticles. Purification of products having
only aggregates was easier, although small aggregates or single particles did remain in
solution, resulting in a less representative purified product.
3.3.1

Particle size distributions
In order to determine the particle size distributions (PSD) in the TEM images, two different
scripts were used. One script used a manual determination of the particles size of every
particles, while the other script was using a threshold for the particle size determination.
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Figure 3.9. Cryo-TEM images showing the product obtained after an experiment using 0.5 equivalent AA for a reduction at
pH 9, showing (A) an aggregated area with (inset) the particle size distribution corresponding to (A), showing the particle
sizes determined by the manual script in red and the particle sizes determined by the threshold script in yellow, and (B) a high
magnification image showing the aggregated particles.

Figure 3.10. Cryo-TEM images showing the product obtained after an experiment using 0.17 equivalent AA for a reduction at
pH 4, showing (A) a densely aggregated area after ending the experiment with (inset) the SAED pattern that corresponds to
(A), showing the particle sizes determined by the manual script in red and the particle sizes determined by the threshold script
in yellow, and (B) a high magnification image showing the aggregated particles with (inset) the PSD corresponding to (B).

Since the particles were only a few pixels in size, a precise manual determination of the
particle sizes was difficult. In several cases nanoparticles having an elongated or a slightly
bigger size were seen. It was difficult to determine whether these particles were single
particles or if these particles were consisting of multiple particles that were densely
aggregated. TEM images are 2D-projections of a 3D system, which also gives the possibility of
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“stacked” particles that look like one big or elongated particle. Another difficulty was caused
by the low contrast of some particles which gave problems in the distinction between noise
and real particles. The final factor, influencing the PSD when using manual determination, is
the fact that humans are more inclined to choose the clearly visible particles, which is resulting
in a less representative PSD.
Threshold determination of the PSD was also giving difficulties in determining the PSD.
The script was made in such a way that noise was filtered out by using a high frequency and a
low frequency filter. The threshold that is used for the particle determination was based on
the number of pixels that a particle contains. The PSD was supposed to have a Gaussian
distribution. However, it was difficult to obtain a Gaussian distribution for particles of a few
nanometers in size, since the script was able to find particles having any nanometer size. The
script was able to look at the shape of the particles and it was looking at shapes having a 0.8
eccentricity threshold, which resulted in an exclusion of particles which were too elliptical. A
problem that occurred with the program was found in the case of multiple particles, that were
densely aggregated in for example a rounded shape, were seen as being one bigger single
particle according to the script. Also in case of the threshold script a less representative PSD
can be found due to filtering using the threshold. There might be particles present with a
smaller size that are not seen as particles by the threshold or there might be some noise seen
as a particle by the threshold.
These problems made a precise determination of the PSD difficult. A comparison between
the results in both scripts showed a slightly bigger size for the analysis by using the manual
script. Using the manual PSD, in most cases a narrow crystal size distribution PSD was found.
The analysis using the threshold gave a similar narrow PSD, where some bigger particles were
visualized due to the aggregation or stacking of particles in a spherical shape. The PSDs
determined by the threshold, were generally not Gaussian distributed, due to the small
transition between particles and noise. In one case the manually determined PSD (Figure 3.11)

Figure 3.11. Particle size distribution corresponding to an experiment where Feh is directly dissolved in a 2 equivalent AA,
solution showing the difference in particle sizes for the manual analysis (red) and the analysis using the threshold (yellow).
The manual analysis is giving a higher average particle size compared to the analysis using the threshold.

26

Figure 3.12. (A) Pictures of droplets on filtration paper showing a first impression for the stabilization of the primary particles
in time for experiments using 2, 0.5 and 0.17 equivalent AA. (B) Schematic impression of the aggregate size in time for
experiments using 2, 0.5 and 0.17 equivalent AA. Inset: scheme showing the droplet application on the filtration paper.

was showing a broad distribution compared to the threshold determined PSD. The values
were ranging from 1-5 nm, which is caused by some bigger shapes present that could be
interpreted as big particles, while the threshold did not recognize these as particles. Generally,
particle sizes ranging between 0.5 and 4 nm were seen, depending on the experiment and the
time that had passed before analysis.
3.3.2 Stabilization of primary particles
When considering experiments using 0.17-0.5 equivalent AA, a clear trend was seen upon
aging of the product. Both ratios showed an initial sedimentation of the product, which
indicates the formation of large structures. After aging for some time, the solution became
more colored until there was nothing visible anymore and the whole product was dispersed
through the solution, which suggested a stabilization of the single particles. The product of a
reaction using 2 equivalent AA was not showing this trend, since this product was already
dispersed in solution when ending the reaction. A first impression about the changes in the
dispersion was obtained by placing a single droplet of product on a piece of filter paper (Figure
3.12). In early stages a droplet containing big flakes of material was obtained on the filter
paper, whereas after letting the product age for some time the droplets became more diffuse.
When analyzing the material with TEM, a similar trend was seen (Figure 3.13A-C). In early
stages, big aggregates were forming, whereas the aggregates became smaller over time to
eventually form single dispersed particles. A schematic drawing for this process is shown in
Figure 3.13D.
Stabilization of iron oxide particles was already reported in literature. Li et al.50,51 have
reported the synthesis of stable magnetite nanoparticles with sizes of 5-10 nm, where they
show that stable iron oxide particles can be formed by interaction between the carbonyl
group in 2-pyrrolidone50 or in monocarboxyl-terminated poly(ethylene glycol).51 Oxidized AA,
dehydroascorbic acid (DHAA), is a three carbonyl containing compound, that has previously
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Figure 3.13. Images showing the stabilization of the aggregates into single dispersed particles for an experiment using 0.5
equivalent AA with the reduction at pH 9. (A) Cryo-TEM image taken after finishing the addition of AA, showing a big
aggregate that is formed. (B) Cryo-TEM image taken after 1 day, showing a smaller aggregate. (C) Cryo-TEM image taken
after 1 week, showing the formation of small particles and single dispersed particles. (D) Schematic impression of the
stabilization process visualized in A-C.

been reported as stabilizing capping agent.15 DHAA is believed to be the stabilizing agent in
these experiments.
Interestingly, the stabilization of the product seemed to take longer for lower ratios of AA
and in an oxygen free environment. This showed the influence of the concentration of AA and
DHAA on the stabilization process, whereas a higher concentration DHAA resulted in a higher
stabilization rate. Possibly AA was oxidized by oxygen, due to which DHAA was formed and as
a result more particles were stabilized.
3.3.3 Nature of the primary particles
Primary particles of 1-2 nm in size were previously reported in the work of Baumgartner et
al.8 and Dey et al.52 Both of these studies showed the presence of these primary particles as a
precursor phase to magnetite. However, the nature of the primary particles is still unknown.
Baumgartner et al.8 have tried to analyze the primary particles and they concluded that the
primary particles were formed out of the interaction of Fe 2+ with their 6-line Feh precursor
phase and they suggested the formation of iron (hydr)oxide particles with a specific Fe 2+/Fe3+
ratio. Dey et al.52 also discuss the presence of Fe2+-stabilized Feh primary particles.
Additionally, they discuss the appearance of the primary particles on top of green rust crystals.
The coverage of green rust crystals with primary particles indicate a possible green rust
precursor phase for the primary particles, which shows the Feh precursor is having
interactions with both Fe2+ and chloride ions. In both cases, the primary particles are
suggested to have a specified composition and they are showing a well-defined size
distribution. Since the product synthesized in this thesis showed big similarities to the primary
particles reported in literature,8,52 the product will be further referred to as primary particles.
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Figure 3.14. Schematic drawing of the magnetization in crystals, with (A) the magnetization in a small crystal and (B) the
magnetization in a bulk crystal. This image was copied from reference 2.

In this thesis, the composition and nature of the obtained primary particles was explored.
SAED patterns were obtained for big aggregates (Figures 3.10, 3.17, A.3.2 and A.3.4), showing
no sign of crystallinity. The hexagonal spaced spots (Figures A.3.2 and A.3.4), that were visible
in certain SAED patterns, were caused by the diffraction of one or more graphene oxide layers.
Other than these spots diffuse rings were present, which were a sign for amorphous material.
Some SAED patterns that were taken during dry TEM, showed a minor sign of crystallinity,
which in all cases was caused by remaining sodium hydroxide crystals that were remaining in
the sample. High resolution imaging on both aggregated primary particles and single primary
particles, did not reveal crystalline planes in the particles. The cause for the absence of
crystalline planes might be found in the size of the primary particles. It is known that the
outside layer of small particles has a less defined crystal structure, meaning that there also is
a less aligned magnetic structure (Figure 3.14A) compared to bigger sized particles (Figure
3.14B).2 In small particles the energy needed to maintain crystallinity is higher. For particles
with the size of big molecules it is energetically more favorable to be amorphous than to use

Figure 3.15. The Raman spectrum for an experiment using 0.17 equivalent AA for a reduction at pH 4 and a background
signal, showing that the peaks are corresponding to the sample.
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Figure 3.16. Typical pH, volume measurements for a reaction with the reduction performed in solution. (A) pH during the
experiment. (B) Zoom-in for the pH and L-ascorbic acid volume during the reduction in solution, showing an initial acidic
influence of L-ascorbic acid and a secondary slow increase in pH caused by the oxidation of L-ascorbic acid. (C) Zoom-in for
the pH and NaOH volume during the pH increase to pH 9, showing a plateau around pH 7.1, caused by the formation of the
product.

more energy in order to maintain its crystallinity. Thus, the smaller the particles, the smaller
is the well-defined crystal structure in the core of the particle. Due to the small size of the
observed nanoparticles, there was only a small or no crystalline area present, resulting in the
absence of magnetic ordering.
Raman spectroscopy was showing a signal for the product in solution (Figure 3.15). There
was no spectrum found in literature, corresponding to the signals that were visualized. A
background spectrum was taken from an area without particles as reference, which was
proving that the sample was causing the signals.
3.3.4 Alternative approaches
When performing the reduction directly on the dissolved Fe3+ in solution using a high AA
concentration (2 equivalent), the solution first became colorless (Figure A.1.4). This was
showing the disappearance of Fe3+ which was reduced to Fe2+ or the complexation of Fe3+ by
AA. During the addition of the AA solution, the pH was initially dropping to lower pH and after
addition of approximately 20-25% AA solution, the pH was starting to increase slightly (Figure
3.16). As explained before, this observation was unexpected. In this case no OH- was released
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Figure 3.17. Cryo-TEM images showing the product obtained after an experiment using 2 equivalent AA for a reduction of
Fe3+ in solution, showing (A) a high magnification image of a thick area in a thin carbon layer showing the particles after 2
weeks of aging, with a d-spacing in and around the particles and (B) a high magnification image of single dispersed particles
after 4 weeks of aging with (insets) the PSD and the SAED pattern that corresponds to (B) showing the presence of a grapheme
oxide layer.

to react with the protons that are released during oxidation of AA. However, an explanation
for the small increase in pH could be the reduction of the acidic Fe3+ to the less acidic Fe2+, as
an Fe2+ solution has a lower pH than an Fe3+ solution. Upon increasing the pH, the pH
measurements showed a smaller increase in pH up to pH 5, which was caused to the
complexation of Fe2+ with the base. However, no color change or nucleation was observed
until pH 7 (Figure 3.16), which could perhaps be caused by a stronger complexation between
Fe2+ and (DH)AA at lower pH. At pH 7 the solution started becoming reddish and resulted in
blackish at pH 7.5. At this point, the base started to be consumed again, resulting in the
nucleation of an iron (hydr)oxide product. The formed product for this reaction was showing
the same type of features, with a blackish color (Figure A.1.4) and single nanoparticles of
about 1-2 nm in size and without sign of crystallinity when looking at the SAED pattern (Figure
3.17).
In another attempt, where Feh was tried to be dissolved directly in a 2 equivalent AA
solution by applying Feh on a crucible gooch before adding an AA solution, the product of this

Figure 3.18. Schematic showing the dissolution of (1) Feh placed in a crucible gooch that was dissolved in a 2 equivalent AA
solution, (2) forming the product in the glass placed under the crucible gooch.
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reaction was formed in the glass under the crucible gooch (Figure 3.18) This was showing that
the Fe2+ was dissolved in solution after reduction by AA. This observation was in agreement
with the mechanism proposed by Suter et al.35 During this experiment, again, the same kind
of particles were formed (Figure A.3.3C-D). The single nanoparticles that were formed in this
case are about 1 nm in size according to the threshold determined PSD. In both cases a 2
equivalent stoichiometry for AA was used, which resulted in other experiments in almost
direct stabilization of the particles. As a result, the stabilization process was accelerated,
leading to single particles being observed during the analysis. The formation of the
nanoparticles using different approaches showed the reproducibility of the experiments.

3.4 Determining the iron composition
3.4.1

X-Ray Photoelectron spectroscopy
XPS was used to analyze the Fe2+/Fe3+ ratio present in several different products. Both Fe2+
and Fe3+ peaks were obtained for all iron, i.e. bonded and free iron, by deconvolution of the
iron peaks in the spectrum and the Fe2+/Fe3+ ratio was determined by the ratio between the
areas of the respective peaks.
Figure 3.19 shows the typical iron peaks obtained for reactions with a reduction of Feh at
pH 4. For both reaction methods the deconvolution resulted in a signal for Fe2+ in the end
products, with 13% and 16% for 0.17 and 0.5 equivalent AA, respectively. The theoretical
compositions of 33% and 100% Fe2+ respectively, were not obtained. When looking at XPS
measurements on the end product for a
Fe3+ reduction directly in solution for a
higher the amount of L-ascorbic acid (2
equivalent) resulted in 62% Fe2+, which is
also lower than the theoretical value. In all
cases a lower iron reduction efficiency was
observed disregarding the pH during the
reduction, showing the difficulties in
controlling the exact composition of the
product.

During the reaction as well as after
dialysis, which will be discussed in
paragraph 3.5.2, some more samples were
taken to analyze with XPS. For these
samples a purely Fe3+ signal was obtained,
while Fe2+, indicating an absence of Fe2+ in
the product, while Fe2+ should have been
present (Figure A.5.1). This absence is most
likely due to oxidation to Fe3+ by oxygen.
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Figure 3.19. XPS spectra for the product of experiments with a
reduction at pH 4, using (A) 0.17 equivalent AA, showing a peak
corresponding to 13 % Fe2+, and (B) 0.5 equivalent AA, showing a
peak corresponding to 16% Fe2+.

During sample preparation it was difficult to prevent exposure to oxygen, since the sample
was freeze-dried in order to stop the reaction and to obtain a dry, solid material. When taking
the solid material out of the freeze-dryer, the sample was exposed to air before closing off
the sample vial. The iron ratio’s obtained by XPS analysis were therefor not reliable in all the
experiments. However, in some samples Fe2+ signals were present, which show that Fe3+
reduction is occurring. Possibly, the remaining AA and the DHAA were partially protecting the
Fe2+ from oxidizing by oxidizing themselfs
3.4.2 UV-Vis Spectroscopy
AA and DHAA, absorb in UV range on slightly different wavelengths, which gave the
possibility to follow the oxidation of AA.53 The exact position of the AA peak is depending on
the pH, with the maximum for pH 5 at 262 nm and the maximum for pH 9 at 276 nm, whereas
the peak for DHAA is located at 295-300 nm.53 For the analysis samples were taken during the
reaction to be analyzed using UV-Vis spectroscopy. These samples were centrifuged for 2
minutes at 10000 rpm in a MiniSpin centrifuge. The supernatant was taken for the
measurement in order to avoid interference of turbid particles during the measurements.
An AA solution and a DHAA solution were measured as reference spectra, showing a clear
peak at 260 nm and a less clear peak at 290 nm, respectively (Figure 3.20). The position for
the DHAA absorption peak was shifted slightly with 5-10 nm difference into the UV-range,
when comparing to literature.53 DHAA is having a lower solubility in water, which resulted in
the presence of some scattering events in the lower wavelengths. Although the concentration

Figure 3.20. UV-Vis absorption spectra of an experiment using 0.17 equivalent AA for a reduction at pH 4 and reference
spectra for AA (λmax = 260 nm) and DHAA (λmax = 290 nm). Feh is showing an absorption and scattering between 200-500 nm.
All samples taken after addition of AA show two absorption peaks (λmax,1 = 270 nm and λmax,2 = 360 nm) and a broadening of
the main peak, indicating a change of AA. Inset: picture showing the supernatant of the ferrihydrite sample,the sample taken
after addition of AA and the sample after 30 minutes at pH 9.
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of DHAA in the solution theoretically should have been higher than for AA, a lower absorption
was obtained for DHAA.
Feh was showing an absorbance at wavelengths smaller than 500 nm. A lower absorbance
is visible between 250 and 280 nm, which showed that the iron species does not contribute
to the absorption as seen for AA. However, the sample contained a lot of dispersed particles,
which were causing scattering events during the measurements. The effect of these scattering
events were visible in the lower wavelengths, making it difficult to take conclusions about the
absorbance of Feh. After addition of AA to the reaction the supernatant became clear (Figure
3.20), resulting in a clearer spectrum and less scattering. The main peak for this sample was
covering the range between 235 and 305 nm and its maximum was located around 270 nm.
The broadened peak was showing the partial oxidation of AA into DHAA. An additional peak
at 360 nm was visible compared to the reference spectra. The Feh sample was also showing
an absorption at this wavelength, indicating that the signal is most likely caused by the iron
(hydr)oxide particles. The samples that were taken after increasing the pH to 9, showed an
increasing intensity in time for both absorption peaks. This increasing intensity was resulting
the increasing intensity of the orange color in the supernatant (Figure 3.20), which was either
caused by the stabilization of the particles after reacting some time or by the lower solubility
of iron at alkaline pH. The supernatant of all samples was absorbing at wavelengths smaller
than 500 nm, resulting in an orange color. The positions of the peaks in the samples taken at
alkaline pH, did not change compared to the sample taken after ending the addition of AA.
The effects of pH were considered to be minor, as the samples were diluted approximately
40 times, meaning that in all measured samples, the pH should have been around neutral pH.
The samples taken during the experiments all showed the same peak positions compared to
each, even though the pH at which the sample was taken has been different. Shifts in peak
positions were therefor considered to be caused by changes in the chemistry during the
reaction. However, since the peaks were located around 270 nm instead of close to 290, it
was difficult to determine if DHAA was forming. It is known that DHAA can further oxidize into
for example 2,3-diketogulonic, which also absorbs in the same range.54

3.5 Destabilization
As described previously, Baumgartner et al.8 have obtained magnetite by forming primary
particles, which in turn accrete together to form a big crystal. The primary particles formed in
this research might poses the potential to accrete together to form bigger magnetite crystals.
In order to actuate the accretion of the primary particles, the process of stabilization has to
be reversed, resulting in attracting interactions between the primary particles. Several
attempts on destabilization of primary particles were done by having a quick change in pH,
using dialysis or heating the product.
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Figure 3.21. (A-C) Dry-TEM images for the product obtained after an experiment using 0.17 equivalent AA for a reduction at
pH 9 after increasing the pH to 12, showing (A) an aggregated area with (inset) the SAED pattern corresponding to (A), (B)
high magnification image showing the particles forming the aggregates and (C) both big and small aggregates with (inset)
the PSD corresponding to (C). (D) Picture of the product after reaching pH 12, showing a reddish color.

3.5.1 Quick changes in pH
It is known that particles can be destabilized by a fast change in pH, which is causing
changes in particle-particle and particle-environment interactions and changes in solubility. A
first try to destabilize the primary particles was done by a quick change in pH. By this attempt,
the interactions of DHAA with both the solvent and the primary particles are tried to be
changed. Here, the interaction of DHAA with the primary particles was sought to become
weakened, resulting in the release of the primary particles which in turn accrete together. The
experiments were performed using different procedures, where one is increasing the pH
quickly to 12 after a reduction at pH 9, while the other is increasing the pH quickly to 9 after
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a reduction at pH4. In both cases the settings for the pH increase rate were chosen in order
to avoid a big overshoot to pH-values were magnetite is not forming, namely higher than pH
12,6 since the pH was easily changeable in certain ranges. As a result, the pH increase to 12
was slower than would be ideal for a rapid change in pH (Figure A.4.2B).
For the reaction with a reduction at pH 9, the product changed its color from blackishbrown to reddish while increasing the pH to 12 (Figure 3.21D). This color change indicated a
transition of the product was happening, where the reddish color of the product might have
indicated that an oxidized product was forming. A cause could have been the low iron
reduction efficiency for a reduction at pH 9, resulting in a majority of Fe3+ product forming.
Exposure to an external magnetic field did not show a sign of magnetic ordering. The product
was analyzed using dry TEM imaging after approximately 13 weeks. Similar to the product
formed in regular experiments using 0.17 equivalent AA, the product was showing big flakes
of material (Figure 3.21A), build up by small particles (Figure 3.21B-C). At higher magnification
smaller aggregates started to become visible. As discussed previously, a stabilization of the
aggregates was occurring in time. The presence of these small aggregates was presumably
caused by this stabilization process. However, since the sample was only analyzed after 13
weeks, there is no proof to confirm this assumption. SAED analysis was showing some
polycrystallinity for the big aggregates, however, the precise position of the ring is difficult to
determine. The signal ring corresponds to approximately 1.5 Å, which is weakly present in 2line Feh and NaOH crystals. Primary particles were formed having sizes of about 4 nm.
A quick pH increase after a reduction at pH 4 didn’t show any differences compared to a
reaction where the pH was increased at a slower rate. The color of the product was the same
as in other experiments. The product was settling on the bottom, but did not show magnetic
behavior when exposing to an external magnetic field.
In both experiments no evidence of destabilization was found, which could have been due
to the slower increase in pH then necessary for destabilization. A different explanation can be
found in the interactions between DHAA and the primary particles, which might have been
too strong, which would result in no change upon a quick pH change.
3.5.2

Dialysis
In another attempt to destabilize the primary particles, dialysis was performed. In theory
AA and DHAA can diffuse from the solution through the membrane into the dialysis buffer
where a lower concentration of AA and DHAA is present. A test with an AA solution showed
that the concentration AA in the membrane was decreased during dialysis, which proved the
principle of dialysis (Figure A.2.2). By performing dialysis on the product AA and DHAA should
diffuse out of the solution. Because of the force to diffuse towards a lower concentration
possibly the AA and the DHAA on the surface of the primary particles are also able to be
removed from the surface of the primary particles and to diffuse towards the dialysis buffer,
resulting in destabilization of the primary particles and the formation of crystals by accretion.
Dialysis was performed by using different types of dialysis buffer, namely a solution with the
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Figure 3.22. (A) Cryo-TEM image for a dialyzed product of an experiment using 0.5 equivalent AA for a reduction at pH 4,
showing small aggregates and single dispersed particles with (inset) PSD corresponding to the respective images. (B) FT-IR
spectrum of a dialyzed and a non-dialyzed product of an experiment using 0.17 equivalent AA for a reduction at pH 4, showing
no change in transmission peaks.

same concentration of chloride or water, both at alkaline pH. When using demineralized
water, additionally other ions will be removed from the product, resulting in a purified
product.
Dialysis on both 0.17 equivalent and 0.5 equivalent AA experiments did not show any
visible changes compared to the product that wasn’t dialyzed. TEM analysis was performed
on the dialyzed product (Figures 3.20 and A.3.6 ), which clearly indicated the presence of
primary particles having sizes of 2-4 nm or 1-3 nm for the manual PSD or 1-3.5 nm or 0.5-1.5
nm for the threshold analysis. No bigger aggregates have been visualized other than small
aggregates build up by a few primary particles or single dispersed particles. These
observations were similar to the product before dialysis, which means that no destabilization
of the particles has occurred. Analysis using FT-IR (Figure 3.20B) showed a similar spectrum
for the product after dialysis as compared to the product before dialysis, meaning that not all
AA or DHAA diffused out of the product solution. Possibly all the AA and DHAA in solution
diffused out of the product solution, while the DHAA, which was bonded to the primary
particles, remained bonded to the particles. Analysis using XPS showed a removal of chloride
and sodium ions from the product solution, which proved the principle of purification (Figure
A.5.2).
3.5.3

Heating
One well known parameter to initiate phase transformations or destabilization of
particles, is using an elevated temperature. Although higher temperatures are not bioinspired, it can show the potential of the primary particles to form a specific phase, for
example magnetite. A heating experiment was performed by heating to 115°C in an argon
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Figure 3.23. (A-C) Dry-TEM images after heating the product of the quick pH increase to 12 experiment to 115°C, showing (A)
an aggregated area with (inset) the SAED pattern corresponding to (A), (B) high magnification image showing the particles
forming the aggregates with (inset) the PSD corresponding to (B) and (C) both big and small aggregates with (inset) the PSD
corresponding to (C). (D) Picture of the product before and after heating.

environment using a Schlenk line. For this experiment, the product of the quick pH increase
to pH 12 (Figure 3.21) was used as a test and to see changes in color if present.
After heating the sample to 115°C, the color became slightly darker (Figure 3.23D),
indicating that some kind of transformation occurred. The product was analyzed using dry
TEM and showed again the presence of big flakes of material (Figure 3.23A-C). The material
showed a higher contrast than its original product (Figure 3.21), indicating a denser material
by presumably the loss of crystal water, and a slightly bigger particle size of approximately 5
nm. No presence of big salt crystals was seen, indicating that heating events resulted in a
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Figure 3.24. Weight-loss (TGA) curves for a dry-sample that is heated to 750°C under oxygen and nitrogen atmosphere,
showing weight-losses between 180-210°C, 290-350/400°C, 500-530°C and above 700°C.

change in salt concentration. Either the salt was removed or the particles have reacted with
the hydroxide while forming slightly bigger particles. SAED patterns showed some crystallinity
present in the product, where the diffuse ring corresponded to approximately 1.4 Å. 1.48 Å is
a common d-spacing present multiple iron (hydr)oxides, making it difficult to determine the
nature of the material.
Weight loss measurements (TGA) were done on an oxidized sample upon heating to 750
°C under exposure to an oxygen or nitrogen atmosphere (Figure 3.24). An oxygen atmosphere
was used to see at what temperature some compounds were burned away, while nitrogen is
used as an inert atmosphere, which would be the case for heating of an unoxidized sample.
Both measurements show weight losses around the same temperatures, with different
amounts lost at some temperatures. While increasing the temperature, weight losses were
already observed from the start. At temperatures around 100 °C (blue area) remaining water
in the sample was removed.55 Around 190 °C about 5 weight% was lost (red area) by
decomposition of L-ascorbic acid56 and possibly also dehydroascorbic acid. During the
degradation of AA and DHAA the 5-membered rings are opened,57 after which
decarboxylation and dehydration could occur. This process is independent of the atmosphere,
as is also observed during the measurements. At higher temperatures, between 300-400 °C
(green area) weight losses of about 15% and 8 % were observed in an oxygen and nitrogen
atmosphere, respectively. At these temperatures the NaOH crystals in the material started
melting,58 although this should not have given such a high contribution to the weight loss. Feh
containing compounds lost the crystal water inside the structure at temperatures higher
300°C and subsequently transformed into another iron oxide phase such as hematite.59 This
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showed the Feh-like character of the material. Previous reports by Baumgartner et al.8 and
Dey et al.52 on the character of the primary particles suggested Fe2+-stabilized Feh. If the
weight loss indeed is similar to the transition of Feh to another phase, a Feh-like character,
proved the possibility of Fe2+-stabilized Feh primary particles. Dehydration of the primary
particles is done more easily done in an oxygen environment, due to the fact that oxygen can
easily take the place of the water that is chemisorbed in the crystal structure.59 Further weight
losses were seen at temperatures up to 550 °C (yellow area), which could be caused by
transitions of maghemite into hematite.60,61 This would be meaning that the Feh-like material
was transforming into maghemite, in case of an oxidized product. Weight losses that were
seen for temperatures higher than 700 °C (purple area) could be caused by the formation of
protohematite, a non-stoichiometric hematite that might have been formed out of
maghemite, which was transforming into hematite.62
Weight loss measurements indicated the decomposition of AA and possibly of DHAA
around 190 °C. In order to be able to come close to this decomposition temperature,
autoclaving experiments, which were already reported in literature15,63 were performed by
heating to 180 °C for 4 hours. This was done for experiments with a reduction at pH 4 using
0.17 equivalent AA or 0.5 equivalent AA. In case of the experiment using 0.17 equivalent AA
the product was sedimenting, leaving a clear solution behind, while the product of the
experiment using 0.5 equivalent showed a slightly colored solution after sedimentation
(Figure 3.25C). When applying an external magnetic field to both products, the material
showed a magnetic ordering (inset Figure 3.25C). This showed that if magnetite is formed, the
reaction to form bigger crystals was more efficient for a reaction using a stoichiometric ratio
of 0.17 AA/Fe3+ than for a reaction using 0.5 AA/Fe3+.
TEM analysis was showing a small area with crystalline particles ranging from
approximately 4-12 nm in size (Figure 3.25A). Particles bigger than 12 nm in size were also
visible, but the determination whether it was a single particle or multiple particles was
difficult. The PSD was determined using the manual script. Since multiple unclear particles,
most likely contamination, were present PSD determination using the threshold script was
not useful. The crystalline particles were smaller than 20 nm, meaning that they were
exhibiting superparamagnetic behavior at room temperature. SAED analysis was showing a
multicrystalline pattern with reflections that were corresponding to magnetite and some
additional reflections corresponding to ice (Figure 3.25B). Since the SAED patterns for
magnetite and maghemite were almost identical, it was difficult to determine the exact phase
of the crystals.
Raman analysis of the magnetic sample was showing a pronounced peak around 667 cm1 (Figure 3.25D), which was approximately the position for the strongest band in
magnetite.1,64. In the range between 1270 and 1680 cm-1 there was a less-intense broad band
visible, which could be assigned to hematite,65 indicating the presence of contaminations in
the material. However, other bonds for hematite ware not present, which could be due to the
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Figure 3.25. (A) Cryo-TEM images after autoclaving the product of an experiment using 0.17 equivalent AA for a reduction at
pH 4 at 180°C, showing the presence of small aggregated crystals with (inset) the PSD corresponding to (A). (B) The SAED
pattern corresponding to (A) showing the spectrum for magnetite. (C) Picture of the product for a reaction using 0.17
equivalent AA (left) and 0.5 equivalent AA (right) showing a black precipitate for both and a slightly colored solution for the
0.5 equivalent product with (inset) the response of the material to application of an external magnetic field. (D) Raman
spectrum after autoclaving the product of an experiment using 0.17 equivalent AA for a reduction at pH 4 at 180 °C, showing
the presence of the pronounced peak at 667 cm=1.

small concentration inside the material. A more reasonable assignment for the broad peak
between 1270 and 1680 cm-1 was maghemite.64 Other pronounced peaks for maghemite were
located around 665 and 730 cm-1,64 which were contributing to the magnetite peak around
667 cm-1. The peak for maghemite at 730 cm-1, should have resulted in a shoulder on the
magnetite peak, as was also slightly visible in the spectrum. However, due to the small size of
the peak, it was difficult to conclude whether the shoulder was indeed caused by maghemite
or whether it was an artifact of noise.
41

Possibly the product was mainly composed of magnetite and little traces of maghemite,
which was present as a result of a partial oxidation or as a result of the elevated temperature.
The transformation of the primary particles into magnetite upon heating to an elevated
temperature showed that the primary particles can be transformed into magnetite under the
right conditions, which in this case was the use of an elevated temperature.
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4 Conclusion and outlook
The objective of this thesis was to design a bio-inspired synthesis for magnetite providing
great control over both nucleation and growth of the magnetite crystals, by using a partial
reduction of a Feh precursor phase.
The analysis of the precursor phase revealed a poorly crystalline structure that was
identified as 2-line Feh. During the reduction of Feh using L-ascorbic acid as reducing agent
small primary particles were formed, which initially formed big aggregates, but in time were
stabilizing to form single dispersed particles. The stabilization of these particles was caused
by interaction of dehydroascorbic acid with the surface of the primary particles. Analysis
proved that the reduction of Fe3+ by AA occurred both in solution and in solid state. However
the final product showed no sign of crystallinity. Additional analysis on the nature of the
primary particles might be done by performing FT-IR to follow the changes in the chemistry
of the reducing agent. The Fe2+/Fe3+ ratio could be determined by dissolving the primary
particles in (6 M) HCl and then analyzing the Fe2+ concentration by addition of 1,10phenanthroline and NaAc buffer and the total iron concentration by addition of
hydroxylamine hydrochloride, which both are giving an absorption at 510 nm in the visible
light range.66 This approach requires a full removal of dissolved iron. However, due to the
difficulty of the purification, this approach has not been done yet. If exposure to oxygen is
prevented, analysis by XPS will show the ratio of Fe2+/Fe3+ forming. Additionally, Mössbauer
spectroscopy can provide more information of the phase of the particles.
In literature8,52 primary particles have been reported, which are a possible precursor for
magnetite formation. The particles obtained in this thesis show great similarities to these
primary particles. When using the primary particles for magnetite synthesis, great control
over nucleation and growth can be achieved. Since the primary particles can be seen as small
nuclei, the nucleation event already took place. When allowing the particles to slowly accrete,
there will be a great control over the growth of magnetite. There is no prove that the particles
obtained in this thesis are equal to the particles reported before, but if the particles have the
potential to form magnetite, an easy synthesis for preparing stable primary particles is found.
When finding an approach to destabilize the particles, they are able to slowly accrete. When
having a slow accretion, there is a great control over growth process.
The particles were tried to be destabilized to form magnetite. Attempts to destabilize the
primary particles by using ambient and alkaline conditions in an aqueous environment have
not yet succeeded. A quick increase in pH to pH 12 resulted the formation of a reddish
product, which shows either an oxidized product or the formation of a bigger and a crystalline
structure. Dialysis of the product resulted in a purified product by removal of ions, but no
destabilization occurred. Heating of the product to 115 °C showed a small increase in particle
size, but no formation of magnetite crystals. Autoclaving the product at 180 °C resulted in a
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magnetic product, which is characterized as magnetite with a possible trace of maghemite,
showing the potential to form magnetite from the primary particles.
New experiments can be done by using a ratio of 0.17 equivalent of AA and a reduction of
Feh at pH 4, which showed the most efficient magnetite formation in the autoclaving
experiments. Possible bio-inspired destabilization of the primary particles might be done by
changing the ionic strength of the solution by addition of a salt or by changing solvent-DHAA
interactions by switching to another solvent. Additionally, it can be attempted to break the
interaction between DHAA and the iron oxide particles by performing a reaction with carbonyl
groups.
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Appendix
A.1 Color changes and measurements

Figure A.1.1. Pictures showing the change in color during the formation of the precursor phase, with (A) the color of the
solution when starting the reaction, (B) the color at pH 2.4, (C) the color at pH 4 and (D) the color at pH 9.

Figure A.1.2. Pictures showing the change in color during the reduction of the precursor phase at pH 4, with (A) the color of
the solution when starting the reaction, (B) the color at pH 4, (C) the color after addition of 1.5 mL AA solution, (D) the color
of the product at pH 9. The haze on the pictures is caused by photographing through the wall of the glovebag.

Figure A.1.3. Pictures showing the change in color during the reduction of the precursor phase at pH 9, with (A) the color
before addition of the AA solution at pH 9, (B) the color after addition 0.2 mL AA, (C) the color after addition of 1 mL AA
solution, (D) the color of the product after finishing the program.
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Figure A.1.4. Pictures showing the change in color during the reduction of Fe3+ in solution, with (A) the color of the solution
when starting the reaction, (B) the color after addition 1 mL AA, (C) the color after addition of 1.5 mL AA solution, (D) the
color after addition of 1.7 mL AA solution, (E) the color at pH 7, (F) the color at pH 7.17, (G) the color at pH 7.3, (H) the color
at pH 7.5) and (I) the color after finishing the program.

Figure A.1.5 shows the oxygen measurements during 2 different experiments, where in A
samples were taken for vitrification, causing a leakage for oxygen to come in. Whenever
toughing the glovebag, some oxygen was coming in. Figure A.1.5B is showing reaction with
completely closed glovebag. Since in all experiments the reaction vessel was degassed as well,
there was no oxygen inside the reaction vessel.

Figure A.1.5. Measurements for the oxygen concentration inside the glovebag, where 100% oxygen is the concentration in a
normal air environment. During the experiments, the oxygen concentration was attempted to be as low as possible, but at
least below 5%. Measurement A is showing a reaction, where the oxygen concentration was raising when doing something
inside the glovebag, while in measurement B the oxygen concentration remained slowly decreasing until a certain moment.
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Figure A.1.6. pH measurements for several products after finishing the program. (A) A pH measurement after an experiment
with a reduction using 0.17 equivalent AA at pH 4 and a quick increase to pH 9, showing a decreasing pH during the following
23 hours. (B) A pH measurement after an experiment with a reduction using 0.5 equivalent AA at pH 9, showing a stable pH
during the following 22 hours. (C) A pH measurement after an experiment with a reduction using 0.5 equivalent AA at pH 9,
showing a decreasing pH during the following 44 hours. (D) A pH measurement after an experiment with a reduction using
0.17 equivalent AA at pH 9, showing a slightly increasing pH during the following 27 hours.
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A.2 UV-Vis spectroscopy
A Fe3+ solution (0.1 mM) was made to which an equimolar amount of FerroZine (SigmaAldrich, 160601) was added. By addition of NaOH solution the pH was increase to the right
range and L-ascorbic acid was added to reduce the Fe3+. The change in color was monitored
by measuring the absorption in UV-Vis.

Figure A.2.1. (A) Molecular structure of the Fe2+ selective compound FerroZine. (B) FerroZine can be complexed with Fe2+ via
FerroZine’s N-atoms, forming an iron complex with three FerroZine ligands.

Figure A.2.2. The UV-Vis spectra for a dialysis test using an AA solution, showing that the intensity is decreasing.
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A.3 Cryo-TEM imaging

Figure A.3.1. Cryo-TEM image of the precursor phase. The material in A is a beam-stable Feh-like material that is only seen
on the carbon layer. Image B is showing ice crystals and cracks in the layers. Figure C shows the magnification of the material
inside the framework in image B. This material looks like Feh that is damaged by the electron beam. However, this material
could also be some contamination (e.g. ethane) that has emerged somewhere during the process.

Figure A.3.2. Cryo-TEM images showing the product obtained after an experiment using 0.17 equivalent AA for a reduction
at pH 4, showing (A) an aggregated area after ending the experiment with (inset) the SAED pattern that corresponds to (A)
and (B) a high magnification image showing the aggregated particles.
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Figure A.3.3. (A-B) Cryo-TEM images showing the product obtained after an experiment using 2 equivalent AA for a reduction
at pH 9, showing (A) a big particle with crystalline planes and (B) a few big crystalline particles image showing single dispersed
particles. (C-D) Cryo-TEM images of an experiment where Feh is directly dissolved in a 2 equivalent AA solution, showing
single dispersed particles with (inset) particle size distributions.
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Figure A.3.4. Cryo-TEM images showing the product obtained after an experiment using 0.5 equivalent AA for a reduction at
pH 9, showing (A) an aggregated area on multiple layers of grapheme oxide after the experiment, (B) an aggregated area
after 1 day of aging with (inset) the SAED corresponding to (B), (C) a high magnification image showing single dispersed
particles after 1 week of aging with (inset) the SAED corresponding to (C) showing the presence of graphene oxide and (D) a
high magnification image showing single dispersed particles after 2.5 weeks of aging.
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Figure A.3.5. Cryo-TEM images showing the product obtained after an experiment using 2 equivalent AA for a reduction of
Fe3+ in solution, showing (A) a high magnification image of single dispersed particles after 1 week of aging with (inset) the
PSD (A) and (B) a high magnification image on a thin carbon layer showing the particles after 2 weeks of aging.

Figure A.3.6. Cryo-TEM images for a dialyzed product of an experiment using 0.5 equivalent AA for a reduction at pH 4,
showing small aggregates and single dispersed particles with (inset) PSD corresponding to the respective images. (B) The top
right corner is showing the carbon layer of the Lacey grid.
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A.4 Dry-TEM imaging

Figure A.4.1. Dry-TEM image and SAED pattern of the precursor phase, showing (A) a densely aggregated area with (inset)
the SAED pattern corresponding to (A) and (B) an area with a few small aggregates.

For the experiment with a quick pH increase to 12, also some big salt crystals were found
(Figure A.4.2A), showing a monocrystalline SAED pattern.

Figure A.4.2. (A) Dry-TEM image for the product obtained after an experiment using 0.17 equivalent AA for a reduction at pH
9 after increasing the pH to 12, showing an aggregated area and big salt crystals with (inset) the SAED pattern corresponding
to the salt crystals in (A). (B) pH and volume measurement for the pH increase to 12.
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A.5 XPS measurements

Figure A.5.1. XPS spectra for the product of experiments using 0.5 equivalent AA for a reduction at pH 4, with (A) the product
and (B) the dialyzed product, both showing an absence of the peak corresponding to Fe2+.

Figure A.5.2. XPS spectra for the product of experiments using 0.5 equivalent for a reduction at pH 4, showing (A) the whole
spectrum for the product and (B) the whole spectrum for the dialyzed product, where several intense peaks are missing.
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A.6 Raman analysis
Raman measurements on the main magnetite peak (667 cm-1) and for the maghemite
peak (~1500 cm-1) (Figure A.6.1) have been performed as a function of time and position. The
product was attracted to the top surface by using a magnet, where is remained during the
measurement. Figure A.6.2 and A.6.3 show the intensity maps for the magnetite and the
maghemite peak, respectively.
It can be observed that when measuring deeper into the sample (horizontal direction) the
intensities became lower. The same was observed when measuring in time (vertical direction).
Probably the product was released into the solution in time, resulting in the decreasing
intensity. This was showing the importance of a dense sample to measure a spectrum. As the
particles were most likely released into the solution during the measurements, the sample
preparation could still be improved.

Figure A.6.1. Raman spectrum after autoclaving the product of an experiment using 0.17 equivalent AA for a reduction at pH
4 at 180 °C, showing the presence of a pronounced magnetite peak at 667 cm-1 (green) and a less pronounced maghemite
peak around 1500 cm-1 (blue).
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Figure A.6.2. Variation in distributions of magnetite (green peak in Figure A.6.1) shown in intensity maps of the main Raman
peak for magnetite, both temporal (vertical direction in the picture; after 1, 1250, 2500, 3750 and 5000 s) and spatial
(horizontal direction in the picture, for varying z-positions in um with respect to the cover slide / magnetite dispersion
interface). Each intensity map for coordinates “length Y” versus “length X” reflects 7x7 measurements 1 μm apart in both the
x and the y direction).

Figure A.6.3. Variation in distributions of maghemite (blue peak in Figure A.6.1) shown in intensity maps of the main Raman
peak for magnetite, both temporal (vertical direction in the picture; after 1, 1250, 2500, 3750 and 5000 s) and spatial
horizontal direction in the picture, for varying z-positions in um with respect to the cover slide / magnetite dispersion
interface). Each intensity map for coordinates “length Y” versus “length X” reflects 7x7 measurements 1 μm apart in both the
x and the y direction).
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A.7 References from literature
The XRD spectrum from literature is taken using a cobalt tube, which is resulting in a slight
difference in reflection position. However, when recalculating the positions, the reflections
are located at the same position.

Figure A.7.1. Reference spectra for 2-line Feh (bottom) and 6-line Feh (top) obtained from measurements using a cobalt tube.
This image was copied from reference 3.
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