crystals MBPY

Article
Controlled Synthesis of Magnetic Iron Oxide
Nanoparticles: Magnetite or Maghemite?

Sebastian P. Schwaminger *(*/, Christopher Syhr and Sonja Berensmeier *

Bioseparation Engineering Group, Department of Mechanical Engineering, Technical University of Munich,
85748 Garching, Germany; chris.syhr@hotmail.com
* Correspondence: s.schwaminger@tum.de (S.P.S.); s.berensmeier@tum.de; (5.B.);

Tel.: +49-89-2891-5747 (S.P.S.); +49-89-2891-5750 (S.B.)

check for
Received: 2 March 2020; Accepted: 13 March 2020; Published: 19 March 2020 updates

Abstract: Today, magnetic nanoparticles are present in multiple medical and industrial applications.
We take a closer look at the synthesis of magnetic iron oxide nanoparticles through the co-precipitation
of iron salts in an alkaline environment. The variation of the synthesis parameters (ion concentration,
temperature, stirring rate, reaction time and dosing rate) change the structure and diameter of the
nanoparticles. Magnetic iron oxide nanoparticles are characterized by X-ray diffraction (XRD), Raman
spectroscopy and transmission electron microscopy (TEM). Magnetic nanoparticles ranging from 5 to
16 nm in diameter were synthesized and their chemical structure was identified. Due to the evaluation of
Raman spectra, TEM and XRD, the magnetite and maghemite nanoparticles can be observed and the
proportion of phases and the particle size can be related to the synthesis conditions. We want to highlight
the use of Raman active modes A1 of spinel structured iron oxides to determine the content of magnetite
and maghemite in our samples. Magnetite nanoparticles can be derived from highly alkaline conditions
even without establishing an inert atmosphere during the synthesis. The correlation between the particle
properties and the various parameters of the synthesis was modelled with linear mixture models. The two
models can predict the particle size and the oxidation state of the synthesized nanoparticles, respectively.
The modeling of synthesis parameters not only helps to improve synthesis conditions for iron oxide
nanoparticles but to understand crystallization of nanomaterials.

Keywords: iron oxide nanoparticles; co-precipitation; synthesis; magnetic nanoparticles; X-ray
diffraction; raman spectroscopy; transmission electron microscopy; design of experiments

1. Introduction

Nanotechnology is of great interest to multiple research fields due to the change of physical and
chemical properties when reducing the dimension of a material to 1-100 nm. There are multiple
fields of applications for these fascinating little particles ranging from packing and textile industry to
catalysis and semiconductor industry [1].

While often the surface to volume ratio, the reactivity, optical or electrical properties when using
nanomaterials can be employed in applications, iron oxides possess superparamagnetic properties at the
nanoscale [2—4]. The magnetic properties are temperature dependent since the Brownian motion and the
Neé€l relaxation, which lead to a fluctuation of magnetic fields on single nanoparticles are temperature
dependent [4]. For iron oxides (magnetite and maghemite), the critical particle diameter leading to no
remanence is below 20-30 nm at room temperature (300 K) [3]. With these magnetic properties, iron oxide
nanoparticles are the basis for multiple applications such as magnetic imaging, magnetic targeting and
hyperthermia [4,5]. Aside from medical applications, iron oxide nanoparticles can be used in protein
purification [6,7], enzyme and catalyst immobilization [8-10], sensing [11] and energy storage [12,13].
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For these applications, an understanding and development of effective and low-cost synthesis routes
are necessary. The size, stability and composition of magnetic nanoparticles need to be controlled in order
to affect magnetic, optic and surface properties [5,14]. Since these physical and chemical properties are
often related to the dimension of nanomaterials, the most simple approach is to investigate the size of
nanoparticles for distinct synthesis conditions [2,15-17]. Forge et al. and Roth et al. investigated the
influence of several parameters on the particle size of iron oxide nanoparticles based on the alkaline
co-precipitation synthesis [17-19]. Other studies focus on the formation pathways of iron oxide nanoparticles
depending on the synthesis conditions and especially on the reaction time [20]. Such studies include the
formation, which can be quite versatile for multiple synthesis routes [2,14,20-26]. Although some works
approach parameter studies by design of experiments, multiple questions concerning the co-precipitation
are not understood [17,18]. For these nanoscale particles, it is quite challenging to characterize and predict
their structure, especially at the surface [14,27]. Multiple approaches exist on classifying magnetic iron
oxide nanoparticles and describing them according to their properties, which are strongly dependent on
their environment, synthesis conditions, stabilizers, and their age [4,28]. A further issue is the oxidation
and phase transformations occurring during synthesis as well as during storage and use of iron oxide
nanoparticles [28]. The oxidation mechanism and the transition of ions within the nanoparticles and
lattice distortion are not completely understood due to the complexity and size-dependence of nanoscale
systems [28-30]. Thus, multiple questions arise: In what phase are those nanoparticles really ordered?
How strongly dependent is this structure on the particle size? How can results obtained by different
techniques such as Raman spectroscopy, Mossbauer spectroscopy, magnetic measurements or XRD be
interpreted, since size, surface and phase effects overlay?

We want to correlate the synthesis parameters of a cost-effective co-precipitation synthesis route with
the properties of the magnetic nanoparticles. Therefore, the systematic parameter variation is analyzed with
design of experiments (DoE) and the parameters of educt concentrations (iron salts and sodium hydroxide),
reaction time and temperature as well as dosing and stirring rate are evaluated towards their influence
on particle size and composition. The particle size is analyzed with transmission electron microscopy
(TEM) and X-ray diffraction (XRD) where the lattice disorder can be correlated to the particle size via the
Scherrer equation. The lattice constant, obtained from the Bragg equation from the position of reflections
in XRD, is correlated to the content of magnetite and maghemite in the synthesized nanoparticles [31].
The magnetite content is further investigated with Raman spectroscopy as a better measure for the ratio of
Fe304 to y-Fep O3, due to different vibration modes corresponding to different distances between Fe-O
for the spinel and distorted spinel structure. We are the first to use Raman spectroscopy to statistically
evaluate the structure of iron oxide nanoparticles synthesized with co-precipitation over a wide parameter
range. With these data, we are able to correlate the synthesis parameters to the iron oxide phase of obtained
nanoparticles, which can be very useful for multiple applications.

2. Materials and Methods

2.1. Design of Experiments

Design of experiments was planned with the software “Design Expert”. The defined parameters and
their range is illustrated in Table 1. All conditions for each experiment are summarized in Tables S1 and S2.

Table 1. Parameter range for design of experiments. For the substrates, the parameter range is between

Ound 1.
Parameter -1 0 1
Aj: Iron(I)chloride in g 35 7
Ajy: Iron(Ill)chloride in g 8.64 17.28
B: Sodium hydroxide in g 7.2 144
C: Temperature T in °C 30 55 80
D: Stirring speed in rpm 0 500 1000
E: Titration time in minutes 0 30 60
F: Reaction time in minutes 0 60 120
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2.2. Synthesis

Ferrous and ferric chloride were used as received from Sigma-Aldrich as Fe(III)Cl3x(H,O)4 and
Fe(IT)Clyx(H20O)4, respectively. In accordance with Table 1, the salts were weighed and dissolved
in 20 mL of deionized and degassed water. Sodium hydroxide (Fluka) was dissolved in 100 mL of
deionized and degassed water, leading to a total reaction volume of 140 mL for each experiment.
The sodium hydroxide solution was stirred with a magnetic stirrer in a glass beaker and the reaction
temperature was adjusted before adding the iron chloride solutions with the respective dosing speeds.
For long reaction times at high temperatures, the reaction volume was kept constant by adding
deionized and degassed water. The co-precipitated product was magnetically decanted and washed
with deionized and degassed water until a neutral pH (7-8) and a low ionic strength (<200 uS/cm) was
reached. For XRD and Raman spectroscopy analysis, the samples were freeze-dried.

2.3. Characterization

For TEM analysis, the samples were diluted and precipitated on carbon-coated copper grids.
A JEOL JEM-1400 Plus (JEOL (Germany), Freising, Germany) was used for the microscopic
characterization of nanoparticles. For each sample at least five pictures were taken and analyzed with
Image]. Thereby, a minimum of 30 particles were counted for each picture.

XRD experiments were carried out in transmission geometry of powder samples with a STOE
Stadi P diffractometer (STOE & Cie GmbH, Darmstadt, Germany) using a molybdenum K« source
(A =0.709 A). The range of 2-48° was analyzed with a Dectris detector (DECTRIS Ltd., Baden-Daettwil,
Switzerland). Particle size was estimated from reflex broadening according to the Scherrer equation
with a K factor of 0.89. The 440 reflection was fitted with a Voigt function with the software Origin
in order to analyze the content of magnetite and maghemite based on the areas (A) of the respective
reflections considering the following Equation (1).

A(Magn440)

M tite (%) = 100
agnetite (%) (A (Magnaa0) + A(Maghia0)

) )

The Raman spectroscopy of powder samples was performed with a Raman SENTERRA from
Bruker (Bruker Optics, Ettlingen, Germany). A 488 nm laser was used at 0.1 mW power for 30 seconds.
Two co-additions were used to correct cosmical spikes. All measurements were performed in triplicates.
The spectra were further processed with a concave rubber band correction in the software OPUS.
The bands at 660 cm™! and 710 cm~! were fitted with Voigt functions in Origin and used for magnetite
content analysis (OriginLab Corporation, Wellesley, Massachusetts, US). The deconvolution was
processed with Equation (2) in order to obtain the magnetite share [28].

Magnetite (%) = 100(1 —

) @

3. Results

The analysis of TEM and XRD results yield the average sizes of synthesized iron oxide nanoparticles,
which range between 5 and 16 nm. Generally, the TEM results indicate a slightly larger diameter than
the XRD diameters of around 0.3 nm, which is consistent with literature. The results of all experiments
are shown in Figure la and Table S3. A typical diffractogram of magnetic iron oxide nanoparticles
is shown in Figure 1b. The full width at half maximum of the 311 reflection was used for the size
analysis with the Scherrer equation, while the 440 reflection was evaluated towards phase analysis and
discrimination between magnetite and maghemite [31].
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Figure 1. The diameters obtained from TEM and XRD analysis are compared for each experiment (a).
Diffractogram of sample 21, which illustrates the reflexes which can be found for spinel structures such
as Fe3Oy4 and y-Fe,O3 and a reflection broadening corresponding to 9.3 nm (b). The reflections are

indicated with Miller indices.

While the XRD data represents a statistical representation of lattice errors and crystal deformations
due to the nanoscale confinement of particles, the TEM analysis allows a shape analysis and a
rudimentary analysis of the particle distribution. In Figure 2, two different experiments, which yield a
similar particle size from TEM and XRD analysis are compared. While the mean diameter is between
9 and 10 nm, for both experiments, the standard deviation is completely different, which indicates a

different dispersity.
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Figure 2. TEM picture of sample 21 (a) and particle size distribution obtained from picture analysis (b).
TEM picture of sample 2 (c) and particle size distribution obtained from picture analysis (d).
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While the mean diameter is between 9 and 10 nm, for both experiments, the standard deviation
is completely different, which indicates a different dispersity. Thus, the synthesis parameters also
influence the particle size distribution and not only the primary particle size. Parameters of experiment
21 lead to a small size distribution (o = 0.891), while experiment 2 yields a broad size distribution
(0 =2.572). In the case of those two experiments shown here, the longer titration time of iron chlorides
to the base (experiment 2) leads to a broader size distribution. In order to facilitate a near to statistical
size distribution, at least 100 particles are counted per synthesis. Even though this approach does not
yield completely statistical data on the particle size distribution, we use it as an indicator.

We observe an influence of synthesis parameters on the particle size and visualized our findings
in Figure 3. The ratio of iron salts to sodium hydroxide is the most significant parameter here
and a stoichiometric ratio yields larger particles than either an excess of iron chlorides or an excess
of sodium hydroxide. This was expected and is in good agreement with previous studies [17,18].
Furthermore, we were able to observe an influence of reaction time and temperature as well as stirring
rate and dosing rate. Reaction time and dosing rate only moderately affect the particle size.
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Figure 3. The predicted particle diameter (size) depending on temperature and iron salt/sodium
hydroxide concentration while stirring rate and reaction time is maximal and dosing rate is minimal
(a). The predicted particle diameter (size) depending on stirring rate and iron salt/sodium hydroxide
concentration while temperature and reaction time is maximal and dosing rate is minimal (b).
The predicted particle diameter (size) depending on dosing rate and iron salt/sodium hydroxide
concentration while temperature, stirring rate and reaction time is maximal (c). The predicted particle
diameter (size) depending on reaction time and iron salt/sodium hydroxide concentration while stirring
rate and temperature is maximal and dosing rate is minimal (d).
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Powder XRD yields the crystal structure and with analysis of crystal defects, even the diameter of
nanoparticles can be estimated. Furthermore, it is possible to differentiate between the phases magnetite
and maghemite even though they have a very similar spinel and distorted spinal structure, respectively.
A differentiation between magnetite and maghemite on the nanoscale is quite challenging, due to the
crystal defects. A method proposed by Kim et al. can be used, where the 440 and the 511 reflection
is compared due to the slightly greater lattice constant of maghemite [31]. Another possibility to
distinguish between magnetite and maghemite is Raman spectroscopy [29,32]. With this technique,
the distance between Fe-O and thus a different vibration constant leading to two distinct bands in
the spectrum can be analyzed. This means that the distortion of the spinel structure during the
oxidation process leads to two Fe-O distances which can be observed around 660 and 710 cm~! in a
Raman spectrum. Schwaminger et al. have demonstrated an analysis of these bands and their ratios,
which help to identify the amount of magnetite and maghemite in an iron oxide nanoparticle [28].
However, multiple effects due to distortion and surface effects cannot be identified with this method.
Furthermore, a change of the Fe-O distance does not always correlate to a change in the crystal structure,
differences between XRD and Raman spectrum of the same particles are expected [28]. A comparison
of our phase analysis is shown in Figure 4 and the full data set is presented in Table S4. We were not
able to detect any other iron oxide or oxyhydroxide phases with XRD or Raman spectroscopy.
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Figure 4. Raman spectra of sample 25 and 26 which illustrate the deconvolution fitting (a). Correlation of
magnetite ratios obtained from Raman spectroscopy (Ratio between 660 and 710 cm~! band) and XRD
(440 reflection) for all samples according to their number in the design of experiments (b).

While Kim et al. have demonstrated that XRD is a useful tool to distinguish between maghemite
and magnetite [31], we want to emphasize the interpretation of Raman spectra for iron oxide phase
analysis. A great advantage of the analysis of Raman spectra is that non-crystalline and extremely
small particles can be investigated. We investigated the influence of the ratio between educts sodium
hydroxide and iron chlorides on the phase composition as well as the influence of temperature,
stirring rate, dosing rate and reaction time (Figure 5). A higher magnetite content can be observed
for high sodium hydroxide and low iron chloride concentrations. The temperature and the stirring
rate only slightly affect the magnetite content in the iron oxide nanoparticles. Lower temperatures
and lower stirring rates lead to a higher magnetite content than higher temperatures and higher
stirring rates. The dosing rate does not significantly influence the magnetite content of the synthesized
nanoparticles. The reaction time influences the content of magnetite. Higher reaction times lead to a
higher magnetite content.
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Figure 5. The predicted magnetite share in the iron oxide nanoparticles obtained from Raman
spectroscopy depending on temperature and iron salt/sodium hydroxide concentration while stirring
rate and reaction time is maximal and dosing rate is minimal (a). The predicted magnetite share
depending on stirring rate and iron salt/sodium hydroxide concentration while temperature and
reaction time is maximal and dosing rate is minimal (b). The predicted magnetite share depending on
dosing rate and iron salt/sodium hydroxide concentration while temperature, stirring rate and reaction
time is maximal (c). The predicted magnetite share and iron salt/sodium hydroxide concentration while
stirring rate and temperature is maximal and dosing rate is minimal (d).

An evaluation of the model is important in order to compare and understand the prediction
models for iron oxide nanoparticle synthesis. The correlation between the parameters and the obtained
values can be described with the DoE model. Size and magnetite content prediction models are based
on linear mixture models. The predicted particle size values by the model are compared to the actual
values obtained from TEM analysis (Figure 6a) The model predicts the particle size significantly with a
p value of 0.0011. The higher p value compared to the study of Roth et al. (p < 0.0001) can be explained
by more parameters and a larger parameter range [17]. The model describing the magnetite content is
significant as well with a p value of 0.0062 (Figure 6b). However, the distribution of the correlation
between actual and predicted values is broader than the correlation of the size prediction model.
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Figure 6. Predicted particle sizes in comparison to the actual particle sizes (a). Predicted magnetite
content in comparison to the actual magnetite content (b).

4. Discussion

The study focusses on two aspects of the co-precipitation of magnetic iron oxide nanoparticles.
On the one hand, how can we control and influence the size of iron oxide nanoparticles? On the other
hand, how is the iron oxide phase influenced by the synthesis conditions?

The particle size is significantly affected by the ratio of iron chloride to sodium hydroxide. If the
ratio between iron ions and sodium hydroxide is in the range of a 3:10 molar ratio of iron ions
to sodium hydroxide (corresponding to parameters of A = B = 0.5), the co-precipitated particles
will be larger than for other conditions. This behavior is expected and has been demonstrated by
Roth et al. and Forge et al. [17,18]. A higher amount of sodium hydroxide will lead to more seeds
since the co-precipitation starts in a supercritical regime which will then lead to smaller crystals.
If the amount of sodium hydroxide is too low, seeding will take longer, but the crystal growth will
stop at a point where the pH drops below the needed conditions for iron oxide co-precipitation.
The temperature plays an important role for seeding and crystal growth [16,33]. Especially the Ostwald
ripening process is strongly dependent on the temperature. Thus, a higher temperature leads to larger
particles, which is in accordance with the study of Forge et al. and consistent with the nucleation
model of LaMer and Dinegar [18,34]. The temperature affects the solubility of iron salts and the
pH value. On the other hand, a higher temperature would lead to a higher nucleation rate than a
lower temperature [33]. Thus, a higher temperature leads to more seeds followed by a shorter growth
phase and therefore smaller nanoparticles. Roth et al. observed the same controversial behavior with
increasing temperatures [17]. Aside from the temperature, the stirring rate has a significant effect
on particle size. We observe the smallest nanoparticles with the highest (1000 rpm) and the largest
nanoparticles with the smallest stirring speed (100 rpm) investigated. A higher stirring speed is related
to a higher energy dissipation in the system, which is related to a faster seeding and thus more seeds
compared to slower stirring rates. The number of seeds is usually reciprocally related to the size
of nanoparticles. The same effect was observed by Forge et al., who also proposed the largest iron
oxide nanoparticles by using a slow stirring speed and a high temperature [18]. Therefore, our studies
concerning the parameters affecting the particle size of a co-precipitation process to synthesize iron
oxide nanoparticles agrees very well with literature and considers more parameters than previous
studies [17,18]. Concerning the magnetite content of iron oxide nanoparticles, multiple studies discuss
a dependence of particle size and magnetite content and a dependence of oxidative conditions on the
iron oxide phase [14,29]. We used the same parameter range and the same experiments to obtain a
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model predicting the oxidation state of iron oxide nanoparticles, which was evaluated with Raman
spectroscopy and XRD. The magnetite content derived from XRD and Raman spectroscopy show
similarities but there are also multiple deviations, which can be explained by the orthogonal analytical
measurement methods. Which method gives us the more accurate result for the phase content? Here it
is quite challenging to answer this question. We want to show with our, that there is no black and
white, no magnetite or maghemite but multiple phase mixtures and transition states. The phase was
not dependent on the size of the synthesized nanoparticles nor on the environment, but the most
important parameter is the sodium hydroxide content. We tested the co-precipitation under oxidative
environment (air/open vessel) and still found conditions which allow the synthesis of “pure” magnetite
nanoparticles. Therefore, the oxidative environment does not influence the phase to same amount
as the concentration of the base. The higher the ratio of base to iron salts, the higher the probability
of obtaining pure magnetite nanoparticles. This finding can be explained due to the thermodynamic
stability of the magnetite phase in alkaline environments. The parameters temperature and stirring
rate, which are most relevant for seeding and crystal growth due to energy input to the reactor only
slightly influence the phase of the generated nanoparticles. Interestingly, the reaction time is the most
decisive factor aside from the stoichiometric ratio of educts. This is unexpected since the reaction was
not performed in an inert atmosphere or in a closed vessel. However, this behavior can be explained by
the high stability of the magnetite phase in alkaline environments. This means a phase transformation
from maghemite to magnetite can take place during the nanoparticle formation in a co-precipitation
synthesis [20]. Both DoE models are significant due to their low p values. On the other hand, even
well-fitting models should be tested and verified. We identified the important parameters and use
a large parameter range for this investigation. However, due to the higher amount of parameters
compared to Forge et al. and Roth et al., our model predicting the particle size shows a higher p value,
a higher lack of fit and a lower confidence level [17,18]. The model is in good agreement with literature
data on iron oxide synthesis conditions and now spans a large range of parameters for the prediction
of size and phase of iron oxide nanoparticles.

5. Conclusions

Iron oxide nanoparticles have been synthesized and their synthesis parameters have been
systematically investigated with design of experiments. The particle size was investigated with TEM
and XRD, while the composition was analyzed with XRD and Raman spectroscopy. The focus of this
work is on the influence of synthesis parameters towards the chemical composition and the particle
size for a co-precipitation reaction of iron salts in alkaline environment. The nanoparticles synthesized
with this method can be varied in the range of 5-16 nm within the used parameter range. The size of
iron oxide nanoparticles can be influenced significantly by the stirring speed and reaction temperature.
Furthermore, the stoichiometric ratio between iron salts and sodium hydroxide influence both size
and chemical composition of the materials. We were not able to observe the formation of any other
iron oxide or hydroxide species other than magnetite or maghemite with these synthesis parameters.
Raman spectroscopy allows for a fast and simple distinction between iron oxide phases. Here, Raman
spectroscopy has proven to be a well-suited technique to evaluate the magnetite content of iron oxide
samples, which allows to dispense complex analysis techniques such as Mdssbauer spectroscopy.
The goal of this work was to investigate how iron oxide nanoparticles can be tailored towards their
size and composition with a simple and low-cost co-precipitation method without using an inert
atmosphere. The understanding of parameters helps to tailor and design magnetic nanoparticles for
multiple uses and to better understand the crystallization, particle growth and oxidation of iron oxides
at the nanoscale. Thus, these models are a useful tool for all people who want to synthesize iron oxide
nanoparticles cost-effectively and in a way that is tailored to their application.



Crystals 2020, 10, 214 10 of 12

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/3/214/s1,
Table S1. The parameter range according to the design of experiments with 6 parameters. Table S2. Absolute values
of parameters implemented in the DoE model for all experiments. Table S3. XRD results for all samples obtained
from 311 reflections and TEM diameters. Table S4. Ratio of deconvoluted Alg bands and magnetite share obtained
from Raman and XRD (440) reflections.
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