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Oxidative Precipitation as a Versatile Method to Obtain
Ferromagnetic Fe;O, Nano- and Mesocrystals Adjustable
in Morphology and Magnetic Properties

Tim Granath, Peer Lébmann, and Karl Mandel*

Oxidative precipitation is a facile synthesis method to obtain ferromagnetic
iron oxide nanoparticles from ferrous salts—with unexplored potential. The
concentration of base and oxidant alone strongly affects the particle’s struc-
ture and thus their magnetic properties despite the same material, magnetite
(Fe30,), is obtained when precipitated with potassium hydroxide (KOH) from
ferrous sulfate (FeSO,4) and treated with potassium nitrate (KNOj3) at appro-
priate temperature. Depending on the potassium hydroxide and potassium
nitrate concentrations, it is possible to obtain a series of different types of
either single crystals or mesocrystals. The time-dependent mesocrystal evolu-
tion can be revealed via electron microscopy and provides insights into the
process of oriented attachment, yielding faceted particles, showing a facet-
dependent reactivity. It is found that it is the nitrate and hydroxide concentra-
tion that influences the ligand exchange process and thus the crystallization
pathways. The presence of sulfate ions contributes to the mesocrystal evolu-
tion as well, as sulfate apparently hinders further crystal fusion, as revealed
via infrared spectroscopy. Finally, it is found that nitrite, as one possible and
ecologically highly relevant reduction product occurring in nature in context

with iron, only evolves if the reaction is quantitative.

1. Introduction

The oxidation of iron—and especially iron(II)—is a process
that takes place under natural conditions and, in this respect, is
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particularly important in water bodies and
on iron-bearing surfaces, where oxygen or
nitrate may act as oxidants. Especially the
latter is in focus since the intensified agri-
cultural use results in an increased release
into natural waters. Reduction of nitrate
can result in various products, depending
on the reaction conditions.*23-8 Thus, for
example, the reduction products nitrite
and ammonia, which are easily soluble in
water, would be of great toxicological con-
cern, especially for aquatic organisms.[7]
Similarly, nitrous gases that may arise can
have likewise negative effects within the
atmosphere.[1*>8]

The iron oxidation usually proceeds
via a preliminary hydroxide stage (green
rust), from which, in the end, more stable
iron (hydr)oxides, such as goethite, lepi-
docrocite, feroxyhyte, ferrihydrite, or
hematite, emerge in an initially nano-
particulate form.[>619-161 However, which
product actually results, depends to a large
extent on concentrations of the reactants,
pH value, temperature, type of oxidant, and ions/molecules
present. 6111318

Due to the many possible influences, the seemingly simple
reaction becomes very complex in detail. Consequently, the
number of scientific disciplines that deal with this topic—and
often focusing on completely different aspects—is correspond-
ingly high. Thus, not only the resulting iron (hydr)oxides but
also the associated processes and last but not least the generated
reduction products play an important role. For example, in the
fields of crystallography and mineralogy, the focus is on the for-
mation processes and the crystalline properties of the resulting
nanoparticulate products, especially with regard to appearance,
purity, and periodicity.”1 With regard to introduced, depleted,
and released reaction components, environmental chemists,
on the other hand, investigate the effects of such concentration
changes on affected areas.[*22!] At this point, also coordination
chemistry comes into play since potential ligands present have
a decisive effect on the reaction processes and thus also on the
resulting products.?Zl In a more comprehensive view, the redox
reaction is also directly related to the iron and nitrogen cycles,
which are the focus of attention of (bio)geochemists.[L5#9:20.23]
Much more application-oriented are the material scientists,
who are not only interested in product properties but who
also always have to consider possible aging processes and thus
resulting durabilities.?! Similar interests are also pursued in

© 2021 The Authors. Particle & Particle Systems Characterization
published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Particle

www.advancedsciencenews.com

the field of colloidal and nanoparticle sciences, in which prop-
erties are studied that predominantly originate from very small
particles and provide access to new materials and fields of
application.[?’]

In order to simulate the processes in the laboratory and at
the same time satisfy the requirements of all fields, a method
reducible to a few parameters and requiring as little effort as
possible would be ideal. A method that fulfills these demands
is the oxidative precipitation of iron (hydr)oxides, which, of
course, has been known for almost 100 years,1?! but received
increased attention only since the very detailed description by
Sugimoto and Matijevi¢.}l Typically, the method involves two
steps. While the first step concerns the generation of a pre-
liminary hydroxide stage, the second step aims to convert the
preliminary stage into more stable iron (hydr)oxides through
an aging process.>?] The simplicity of the method enables
intensive investigations under easily parameterizable condi-
tions, which can even go beyond the limits of nature. For
example, the generation of magnetite can be increased by
increasing the temperature. Since magnetite is a material of
special interest, mainly because of its magnetic properties in
combination with its toxicological harmlessness, the focus of
material science studies is often on the synthesis of this iron
oxide. In this respect, a number of investigations can be found
which, for example, deal intensively with the influence of the
pH value, the type of oxidant, the temperature, or the ions pre-
sent.[36.1112.15-17.28.29.30.31] Unfortunately, information about the
role of nitrate concentration can rarely be found.

With regard to the formation of magnetite, the present study,
therefore, deals in detail with the relationship between nitrate
and hydroxide concentrations. In this respect, the main interest
is the influence on morphological appearances and magnetic
properties. Furthermore, the arising reduction products, as well
as a possibly more important role of the anions present, are
also taken into account in the interpretation of the results.

2. Theoretical Model

In this study, the investigated parameters are the hydroxide
and nitrate concentration, which are related to the amount of
ferrous iron that is used. Both species concentrations and rela-
tions to iron(II) are expected to matter in certain concentration
fields, as outlined in the following theoretical considerations.

2.1. Theoretical Considerations Regarding the Hydroxide
to Iron(ll) Ratio

In order to take the hydroxide concentration into account, fac-
tors that refer to its excess over Fe?* or that simply put the spe-
cies (Fe?*, OH") in relation to each other can be employed (see
Section 1 in the Supporting Information).?121416:29.32 For our
purposes, it is advantageous to combine both approaches, and,
in addition, taking into account any proton concentration pre-
sent. Accordingly, the ratio Roy used herein to consider the
hydroxide concentration is given by the following Equation (1):

[OH ]-[H"]-2-[Fe*]
[Fe™]

Ron = (1)
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Assuming that there may be a relationship between coordina-
tion and conversion of Fe?*, two values of Rqy are of particular
importance. The first one is Roy = 0.0. At this point, the charges
resulting from the concentrations of OH~, Fe?*, and H* are bal-
anced. As described in literature, oxidation takes place via var-
ious hydroxide intermediates originating from Fe(OH),.>10-12
At Roy 2 0.0, this should stoichiometrically be fulfilled quanti-
tatively for all used iron(II) as long as no stronger ligand is avail-
able that would otherwise complex the iron(II) (which is not the
case in the synthesis considered herein).

For values of Roy < 0.0, no quantitative conversion of
iron(II) via oxidation of formed Fe(OH), to iron oxide can be
expected. Consequently, for Roy < —2.0 no precipitation at all
will occur. Thus, Roy = —2.0 marks the second important value
to be considered.

2.2. Theoretical Considerations Regarding the Nitrate
to Iron(ll) Ratio

Although there are sporadic notes in the literature, there is, as
far as we know, no empirical study, investigating the relation-
ship between nitrate and iron concentration with respect to
product evolution of magnetic iron oxide due to oxidative pre-
cipitation. Since no trivial dependencies are known, we intro-
duce a parameter R, and keep it simple (Equation (2)):

_[NO3]
~[Fe¥]

Ro. (2)

It is important to note that this, at first glance quite a simple
relationship, unfortunately, disguises the fact that the reduction
path of nitrate can vary greatly (Scheme 1 and Section 2 in the
Supporting Information).

As shown, depending on the reduction pathway, different
minimum amounts of nitrate—expressed as Rp,min—are
required to stoichiometrically oxidize iron(II) to Fe;0,.

Accordingly, several problems have to be considered: Not
only does the reaction pathway determine the nitrate consump-
tion alone, but also the associated proton release and, last but
not least, the resulting reduction product. Predicting the actual
reaction pathway is almost impossible.

In order to handle this complexity, we focused on the path-
ways where nitrite, or ammonia, arise, respectively, since these
can be determined rather easily. Assuming this, in order to
obtain Fe;O, stoichiometrically from iron(II), the values of
Rox,min = 0.33 (Scheme 1 reduction path (b)) and Ro, i, = 0.08
(Scheme 1 reduction path (f)) result, respectively. Interestingly,
the corresponding nitrate concentrations are therefore much
lower than those, usually reported in literature.[312282931.32]
In order to point out a possible correlation, values with a cer-
tain relationship to reduction paths therefore serve as starting
points for the experiments and receive special attention con-
cerning the interpretation of the results.

3. Results and Discussion

To approach the complex processes during particle evolution
in the precipitation—oxidation synthesis in order to understand
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reduction Nitrate eq. NO,’ eq. H'*2 Rosnii
product reduction path consumption  release

transferred <~ a) NO, 120 240 0.67
electrons b NO, 60 360 033
L c) NO 40 320 0.22
NH; < > NO, d  NO 30 330 017
e) N, 24 336 0.13
f NH, 15 345° 0.08
N O, as oxidant 30 eq. O, 360 -

=
Z
o

Scheme 1. Typical reduction pathways of nitrate, together with the stoichiometric amount of nitrate required, the resulting proton release, and the
corresponding Rp,-value to obtain 60 equivalents of Fe;O,.

how the synthesis conditions influence the resulting particle
morphologies that ultimately control their magnetic properties,
the organization of experiments and description of their results
is as follows:

At first, based on preliminary experiments, syntheses obser-
vations, depending on Rpy and Ry, in general are revealed
and time-dependency of the product evolution is studied
(Section 3.1). Next, a detailed electron microscopy study of
obtainable particle morphologies, based on distinct Roy and Rp,
regions, is described (Section 3.2), followed by a discussion of
the particles’ composition and chemistry (Section 3.3). The find-
ings from these chapters not only made it possible to explain
the evolution of either nano- or mesocrystals but also to define
specific reaction condition regions that clearly correlate with cer-
tain particle morphologies (Section 3.4). Eventually, the different
conditions could be related to the particles’ magnetic properties,
which are determined by the particle morphologies (Section 3.5).

3.1. Synthesis Observations and Product Evolution with Time

Since, according to literature, magnetite can only be obtained as
an oxidation product from a ferrous species above a certain tem-
perature, all syntheses were performed at elevated temperature
and this parameter was not investigated further.>>33 The ideal
basic synthesis procedure was identified as to dissolve ferrous
sulfate in deionized water and heat it up to boiling under reflux
in a nitrogen atmosphere before adding the alkaline oxidation
solution, that is, an aqueous solution containing both, the base
KOH and the oxidant KNOj; in a premixed aqueous solution.

Despite the reaction is simple and involves only three chem-
icals, the addition order, and timing matters, as it was found
in preliminary experiments (see Section 3 in the Supporting
Information). This indicates that it is crucial to understand the
details in order to be influenced to control the reaction.

To study the influence of hydroxide and nitrate in detail,
that is, to understand how Ry and Ry, influence the reac-
tion product, respectively how Rpy and Ry, can be used
to group or classify the synthesis result, KOH and KNO;
were systematically varied in concentration, while the iron
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! to obtain 60 equivalents Fe,O, from 180 eq. Fe**
2 reaction in H;O, assuming Fe?" as the reactive species
3330, if NH," as reduction product is the basis of calculation

concentration was fixed at 20 mM. At the end of each reaction,
the precipitate was separated and the pH value was measured
in the supernatant. Furthermore, also the amount of dissolved
iron and dissolved nitrite was determined quantitatively, respec-
tively semi-quantitatively.

3.1.1. The Role of Roy

While no dissolved iron was found at Roy = 0.0, the amount
of iron found for Roy < 0.0 increased steadily with decreasing
Roy. The determined values are plotted in Figure Sla, Sup-
porting Information. The findings fit quite well with the hypo-
thetical assumption that the precipitation of iron (hydr)oxides is
strongly associated to the presence of an equivalent amount of
hydroxide in the order of [OHJ:[Fe?] = 2:1. Furthermore, this
relationship appears to be independent of the nitrate concentra-
tion, since a change in this regard did not result in significantly
different levels of residual iron in solution.

This nitrate-independency seems to apply equally to the
pH value evolution, as the measured values of corresponding
experiments are nearly identical, respectively indistinguishable,
within the measurement error (Figure S1b, Supporting Infor-
mation). Therefore, it can be assumed that the reaction does
not exclusively follow one path, since then, more significant dif-
ferences would be expected due to the unequal proton release.
Rather, it seems more likely that the reaction proceeds through
different stages, which in turn may be accompanied by dif-
ferent reduction processes.

The validity regarding the predicted transition points at
Rop = —2.0 and Ry = 0.0 is very well supported by the results
of the iron residue determination. However, this is not easy to
comprehend on the basis of the data from the pH measure-
ments, as they indicate a value around Roy = —0.2 with respect
to the quantity point, which is slightly below the predicted value
of Roy = 0.0. An explanation for the shift could be that the pH
value decreases due to a possible hydrolysis of the remaining
dissolved iron.

However, from our point of view, it is reasonable to state that
in principle two clear transition points exist: this is on one hand
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the point Roy = —2.0: Below this point no reaction takes place.
On the other hand, it is the point Rpy = 0.0: While above this
point the precipitation is quantitative, it terminates by itself due
to an equivalent consumption of OH™ for values of Roy < 0,
which is clearly indicated throughout a drop of the pH value.

3.1.2. The Role of Ro,

In order to make a statement regarding possible correlations
concerning the nitrate concentration, the following must be
considered: The Ry, dependency in the “non-quantitative
region”, that is, where Roy < 0.0, is difficult to assess. It is
necessary to distinguish between the Ry, that is based on the
actually used [Fe?"] and the R, associated to the maximum
of convertible Fe?* related to the initial [OH]. In the “non-
quantitative region” the used [NO;7] is in any case higher than
the necessary concentration predicted due to the stoichiometry-
calculation. Since there is no clarity about the reaction path
finally taken, it is inappropriate to assume the values of the
simple ratio Ry, as a basis for deriving possible relations. This
is especially valid for very small Royy and/or large R, values.
In the “quantitative region”, that is, where Roy 2 0.0, clear
correlations can be made—it was found that the nitrate con-
centration has an effect on the resulting product. At the lowest
tested value of Ry, = 0.15, besides magnetite as the synthesis
product and presumably ammonia or nitrogen as possible
reduction products, a by-product is generated. Its presence can
be related to the existence of a band at about 800 cm™ in the
corresponding infrared spectrum (Figure S2a, Supporting Infor-
mation). The by-product, which appears as hexagonal platelets
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in the scanning electron microscopy (SEM) (Figure S2b, Sup-
porting Information), was identified as feroxyhyte based on
X-ray diffraction (XRD) analysis (Figure S3al, Supporting
Information). However, already slightly above this concentra-
tion, at R, = 0.25, the band no longer appears in the infrared
spectrum (Figure S2a, Supporting Information). Also, no by-
product could be identified in the SEM images (Figure S2b,
Supporting Information). At this nitrate concentration, it is
stoichiometrically also conceivable that nitroxides are formed
as reduction products. Surprisingly, besides the also detected
gaseous ammonia, a small amount of nitrite was found in the
supernatant. This can be taken as a clear hint that the forma-
tion of magnetite under these conditions is not necessarily
related to only one reduction process.

3.1.3. Product Formation Evolution with Time in Dependence
of Row

Having identified the conditions for the two most distinct syn-
thesis parameter regions, namely the “non-quantitative region”
at Roy < 0.0 and the “quantitative region” at Roy 2 0.0, the
factor time was studied for reactions in these two regimes and a
time-dependent evolution of the product formation was discov-
ered by studying the product with SEM (Figure 1).

For Roy 2 0.0 (in Figure 1 exemplarily shown for Roy = 1.1),
that is, in the “quantitative region”, once magnetite formed from
the precipitation—oxidation reaction, no more time-dependent
change was observed. The magnetite formation itself from
the initial precipitation—oxidation reaction occurred in general
comparably fast within the first two hours, depending on the

Formation of surface
layers on the facets

Oriented aggregation
of the nuclei to larger
structures, already
having a certain
order

Nucleation and
growth at the
preliminary

hydroxide stage

“quantitative
region”

Fusing of the cover
layers to a uniform
"coating", giving the
particles a crystal-
like appearance

Facet
dependent
etching takes
place

“non-quantitative &
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region”

No change with prolonged
reaction time

Figure 1. Time-dependent evolution of magnetite nanoparticles in the “quantitative” and “non-quantitative region” exemplary for the syntheses at
Ron = 1.1 and Roy = —0.7, respectively. Rp, is set to 1.4. Scale bars are 200 nm.
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amount of nitrate used (the more nitrate provided, the faster
the formation was).

For Roy < 0.0 (in Figure 1 exemplarily shown for Roy =—0.7),
that is, in the “non-quantitative region”, however, the reac-
tion time is crucial. Based on the impressions from the SEM
images, it may be assumed that after nucleation, some kind
of aggregation takes place, yielding large mesocrystal-like
particles, however without clearly pronounced facets. As the
reaction time proceeds, the surface of the particles gradually
changes. The previously rough appearance undergoes some
kind of smoothing and facets get more pronounced. As the
process continues, the entire particle surface is finally straight-
ened and all facets become clearly visible. After about 240 min,
this transformation yields a polyhedral structure with relatively
sharp and easily recognizable facets.

From the described observations and drawn conclusions up
to this point, it cannot be stated which particular process actu-
ally causes this, but there seems to be a connection between
the nitrate concentration and the resulting facet number, which
will be discussed later. It is also unclear whether this process is
only limited to the surface or also takes place within the cluster.

The finding that certain reaction conditions cause particle
morphologies to evolve only if sufficient time is provided, was
considered in all further experiments: In all cases, the time was
set to 240 min in order to allow the systems to reach their pre-
sumable thermodynamically most favorable shape.

It is worth noting that if the reaction time was significantly
further prolonged, the growth process partly reverts, as seem-
ingly, etching takes place; yet affecting specific facets, only (see
Section 4 in the Supporting Information for a more detailed
discussion).

3.2. Appearance/Morphology

The following in-depth studies regarding achievable particle
morphologies with varying Roy and Ro, conditions were made,
based on the above-described findings, in thermodynamic equi-
librium, that is, all reactions were given a time of 240 min to
ensure that the most stable particle morphology could evolve.

Depending on the Ry value, as described, basically two
regions can be distinguished, namely the “non-quantitative
region” and the “quantitative region” which are clearly separated
by the quantity point at Roy = 0.0. Both regions can in turn be
divided into two further regions if the amount of nitrate used,
expressed by the parameter Ry,, differs significantly (Figure 2).

Thus, for Roy < 0.0, the “non-quantitative region”, relatively
large polyhedral particles are obtained. While the particles are
pentacontahedral (50 facets) when a small amount of nitrate
is used (Figure 2a2,el), which corresponds to a low Ry, they
become dodecahedral (12 facets; Figure 2(b2,f1) when Ry, is
high. If in both cases Rpy is quite low (<—1.0), the resulting
particles appear more clustered (Figure 2al,bl). However, they
seem to retain their respective facet numbers.

For Roy 2 0.0, the “quantitative region”, there is no major
similarity. Again, if the Ry, value is low, the particles obtained
are quite large (Figure 2cl,c2,e4). However, they are much
less well-defined, which makes it more difficult to distinguish
any facets that may exist. The recognizable ones range from
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dodecahedral- to octahedral-like. If Rqy is increased in the low
Ro,region, feroxyhyte, in the shape of hexagonal platelets, is
precipitated as well (Figure 2c3). Furthermore, it becomes the
dominant product at very high Roy or when Ry, is set even
lower. In contrast, if Rp, is high, presumably single octahedral
crystals are obtained (Figure 2d1-d3), whereby the choice of
Rop seems to have little influence in this respect.

A more detailed analysis around the transition point
Ron = 0.0 reveals an additional “third” region where the par-
ticle morphology seems to be very sensitive towards changes
in concentration and gives rise to new particle types. Thus,
the particles obtained within the low Ry,-region, are still large
but now octadecahedral (18 facets; Figure 2e2,e3). Right at the
transition point and slightly above, small dodecahedral crystals
(Figure 2f3,f4) were obtained when the precipitation was carried
out within the high Ry,-region. Under the same conditions, but
slightly below the transition point, also rod-like crystals were
obtained (Figure 2f2), which were identified as goethite based
on XRD analysis (Figure S3a2 in the Supporting Information).
The amount of goethite obtained seems to correlate with the
amount of nitrate used, in the sense that with increasing Ro,
also the quantity of goethite increases and vice versa.

3.3. Detailed Material Analysis Based on XRD and FTIR

Figure 3 shows a dedicated selection of powder diffractograms
(XRD) and Fourier transformed infrared spectra (FTIR) of the
particles obtained for the different regions (as discussed in
Section 3.2).

According to the diffractograms, in almost all cases, mag-
netite is the only product identifiable. Throughout the entire
Ron—Ro, range tested, only two additional precipitates were
obtained. One was goethite, which was found only in a very
small region slightly below the transition point (Roy = 0.0), as
long as Ro, was sufficiently high. The other one was feroxyhyte,
for Roy being relatively high while R, being rather low. Fer-
oxyhyte is difficult to identify using XRD due to its amorphous
character. However, if it is present in sufficient quantity, it can
be well distinguished, particularly by two broad bands that
appear around 260 =40.5° and 26 = 54.1°.

The calculation of the crystallite sizes using the Scherrer equa-
tion resulted in diameters in the size range of about 20 to 50 nm
(Figure S4, Supporting Information). This fits quite well with the
impressions from the SEM images (see Figure 2) of the presum-
ably single-crystalline products obtained when Rqy is above the
transition point and also Ry, being relatively high. But, basically,
it does not fit for all other particles, as they were found to be in
the size range from 100 to 400 nm. This discrepancy supports the
hypothesis that these larger particles are potentially mesocrystals.

Feroxyhyte, goethite, and magnetite can also be distinguished
quite effectively using infrared spectroscopy (Figure S3cl-c3,
Supporting Information). Thus, feroxyhyte, obtained in the high-
Rop-low-Ro,-region, shows a broad OH band around 800 cm™!
and an Fe—O band around 425 cm™LB4 Goethite, obtained as
a by-product at Roy = —0.1 and at R, = 3.5, exhibits, besides
an Fe—O band around 625 cm™, a very characteristic intense
and sharp double band at 900 and 795 cm™.* Pure magnetite,
instead, should basically show only one Fe—O band at about
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Figure 2. SEM images depicting the particle morphology obtained for different Roy and Ro, conditions.

570 cm™! in the 4000-400 cm™! region.’>3¢ Additional bands
may appear, indicating residual water. Typically, these can be
found around 1630 and 3400 cm™.% Yet, in fact, only the spectra
of the products obtained between Roy = 0.0 and Roy = 1.0 at
high Ry, correspond to this. In every other case, there are signif-
icant differences, which can be associated with two main causes:

The first occurs almost exclusively only with magnetite,
which, regardless of the chosen Ry,, was obtained within the
“non-quantitative region” (Roy < 0.0). In the infrared spectrum,

Part. Part. Syst. Charact. 2021, 38, 2000307 2000307 (6 of 12)

it appears as a triplet with maxima at about 1120, 1040, and
975 cm™\. This triplet can be very well associated with the
presence of a sulfate group and is, in this way, also typical for
sulfate-containing iron oxides such as schwertmannite.””] This
finding would fit well with the assumption that the products
could be mesocrystals, since a sulfate group would be capable
enough to act as a spacer between the crystallites, thus pre-
venting their fusion. It may also explain why the obtained
products appear more clustered when the Roy decreases
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Figure 3. XRD (top) and FTIR (bottom) spectra of the obtained products as a function of Roy at low (left-hand side) and high (right-hand side) Ro,.
In the XRD, the most intense magnetite bands are labeled. In the FTIR spectra, characteristic bands of attached molecules are labeled.

further. Thus, ligand exchange processes could be significantly
slowed down and consequently, possible fusion processes more
strongly impeded.

The second cause for a deviation in the FTIR spectra from
the expected ones according to literature is indicated by a
doublet at about 880 and 820 cm™ and occurs mainly with
magnetite obtained within the “quantitative region” (Roy = 0.0)
within which sulfate as a ligand should presumably no longer

Part. Part. Syst. Charact. 2021, 38, 2000307 2000307 (7 of 12)

be involved. This doublet can be associated with ion-coordi-
nated OH and is, for instance in this way, often observed for
clay minerals such as smectites.?® In contrast to the spectra
associated with sulfate, the spectra of low and high R, differ
significantly. Thus, in the first case, the bands appear with a
much higher intensity than in the second, where they are hardly
visible. This difference can be correlated with the size and struc-
ture of the resulting particles. Since the products, which are
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Figure 4. Assignment of the obtained particle morphologies to regions that can be delimited by integer Roy-values.

obtained by using only a small amount of nitrate, appear as
some kind of a mesocrystal, they have to be imagined as rela-
tively large aggregates containing something that hinders further
fusion. This obstacle, in this case, could now be the coordinated
OH. At Ry, > 70 instead, the obtained particles are very small
(see Figure 2d1-d3,f3,f4) and, according to the XRD evaluation,
almost single crystals. Consequently, OH is not trapped and thus
also more easily exchangeable. With increasing Ry, however,
the OH exchange becomes more difficult, thus, causing the
intensity of the corresponding bands to increase.

Since it can be assumed in principle that both, sulfate and
hydroxide, have an influence on the surface charge, the zeta
potential was measured as a function of the pH value to deter-
mine the isoelectric point (IEP). According to literature, the IEP
of magnetite typically ranges from pH 6.4 to 8.5 In case of sul-
fate or hydroxy groups dominating the surface, a shift of the IEP
towards lower pH values would be expected in both cases. How-
ever, no strong shift could be observed (Figure S5, Supporting
Information). The values determined range from about pH 5.5 to
6.5, which is slightly below the values found in literature. Despite
the fact that the shift is relatively small, it is basically in accord-
ance with the expectations, so that it is reasonable to assume that
the particles that are obtained do not possess a “perfectly pure
iron oxide character” at their surface. However, with respect to
the examined parameters, no distinct trend could be observed,
since the values are too close together. Merely, the consistent
drop at the transition point Roy = 0.0 to the “quantitative region”
is conspicuous. However, this drop fits well with the previous
results, as from that point on, clearly different products result.

3.4. Multiples and Reduction Products

The results so far indicate that there seem to be some rela-
tively sharp demarcation points that coincide remarkably well
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with integer multiples of the Rpy-values and could therefore
possibly be associated, for example, with ligand coordination
(Figure 4).

The most obvious ones are, of course, both transition points
at Roy = —2.0 and Roy = 0.0. While the former is the point
at which precipitation is initiated in the first place, the latter
marks the quantitative threshold. Between these two points, the
reaction is not quantitative. It stops due to the self-consumption
of the necessary hydroxide. That means the reaction terminates
itself. Accordingly, this is generally accompanied by a significant
drop in pH value, which, in the “non-quantitative region”, usu-
ally ends in the acidic pH region. Also, there is another, more
subjective point in this region, which is around Roy = -1.0.
Below this point, the particles are much more strongly clus-
tered, whereas above it they appear relatively homogeneous.
Furthermore, regardless of the amount of nitrate used, basi-
cally, no nitrite could be determined in the “non-quantitative
region” after the reaction had finished (Figure 5).

In this respect, the only exception was the range between
Roy = —0.2 and Rpy = 0.0. While the determined nitrite con-
centration at Roy = —0.2 reached a maximum between Ry, = 0.7
and Ry, = 3.5, it rose at Rgyy = —0.1 as the amount of nitrate that
was used was increased. In the first case, this was accompanied
by a change in morphology. Thus, the particles obtained were
pentacontahedral (50 facets) in the lower Ro,-region and dodec-
ahedral (12 facets) in the higher Ry, -region.

In the second case, when nitrite correlates with the amount
of nitrate that was used, goethite was also precipitated if the
Ro, value was above a certain level. Thus, no goethite was iden-
tified until Ry, = 1.4. However, from the next test point, which
was at Rp, = 3.5, the amount of goethite seems to correlate with
the amount of nitrate that was employed.

Almost exactly at the transition point Roy = 0.0, no indication
of goethite was found anymore, even at very high R, values.
The amount of nitrite determined in the supernatant, however,
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Figure 5. Amount of nitrite, which is determined in the supernatant after completion of the reaction, depending on Ry and Ro,.

still correlates with the amount of nitrate used. This applies in
general also to the entire “quantitative region” (Roy = 0.0). While
within this “quantitative region”, in the upper Rp,-region, no
further distinctive points become apparent, some observations
in the lower Rp,-region could be related to possible transitions:
between 0.0 < Roy < 1.0, the appearance of the obtained particles
changes. While they are still octadecahedral at Roy = 0.0, they
already deform slightly above this point. At first, they are rather
dodecahedral-like, later more and more octahedral-like. Since,
within this subregion and under otherwise identical conditions,
the determined nitrite content increases with increasing Roy, it
seems possible that there is a relationship in this respect. In the
subsequent subregion, between 1.0 < Roy < 2.0, almost exclu-
sively relatively large octahedral products dominate. Further-
more, the amount of nitrite determined is almost independent
of Roy. This may explain the morphological stability in this
subregion. In the next subregion, between 2.0 < Roy < 3.0, Roy-
dependent deformations occur again. Apart from the deformed
octahedron-like ones, no other types are clearly recognizable.
Lowering Ry, in this sub-region down to Ry, = 0.25 now also
gives rise to feroxyhyte. Similarly, as before, there seems to be
a relation between the amount of nitrite found and the quantity
of the precipitated feroxyhyte. The more feroxyhyte was pre-
cipitated, the less nitrite was found. In addition, the amount of
nitrite generated in the subregion seems also to correlate with
the hydroxide that was provided. Thus, under otherwise identical
conditions, the determined nitrite concentration decreased with
increasing Roy. Consequently, above Roy = 3.0, feroxyhyte was
the main precipitate within the low Ro,-region, while in the high
Ro,-region magnetite was still the exclusive product.

3.5. Magnetic Properties

The saturation magnetization Mg of the magnetic prod-
ucts obtained are all within a range of about 80-90 emu g
(Figure S6, Supporting Information), which is close to the value
of 92-100 emu g! reported for bulk magnetite.*?) Variations
from this can mostly be associated due to a change in the crys-
tallite size and thus also a change in the magnetic domain size.
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For example, the crystallite size in the series Roy = 0.1
decreases slightly (starting from a maximum at Ry, = 0.7),
which implies a reduction in the size of the magnetic domain,
thus reducing the saturation magnetization (Figure 6a,b).

However, in the same series, it becomes obvious that there is
additionally a strong relationship between the nitrate concentra-
tion and the coercivity H¢ (Figure 6b). Thus, the coercivity, with
a determined value of up to H¢ = 415 Oe, is quite high within the
“stoichiometric region” (0.4 < Rp, < 1), but then drops rapidly to
a value below H¢ = 100 as Ry, increases. This cannot be easily
related to the crystallite sizes calculated from the XRD, since
the values are relatively constant between 40 and 50 nm over
the entire Ro,-range (Figure 6a). However, there may be a cor-
relation with the actual particle size that can be observed using
SEM (Figure 6a,c). Thus, the particles obtained in the stoichio-
metric Ry, -region are significantly larger than would be expected
from the corresponding XRD values. With increasing Rp,, how-
ever, they slowly approach similar values. This fits the assump-
tion that above a certain nitrate concentration, single crystals are
obtained. Below this concentration, however, it is more likely that
particles will evolve that can be considered as some kind of ori-
ented aggregates with distinct magnetic properties.

Considering the whole parameter range (Figure 6d with
respect to the XRD size depicted in Figure S4, Supporting Infor-
mation), it can be concluded that there are no significant differ-
ences below Roy = 0.0, although the morphologies differ. Thus,
the coercivity in this region is quite low and seems to correlate
with the calculated crystallite sizes and the associated expec-
tations. On the other hand, the particles obtained are actually
very large (see Figure 2), which at first seems to contradict this.
Considering the results so far, two simple explanations may
seem reasonable at first glance. On the one hand, the assump-
tion of multi-domains would be quite suitable. However, on the
other hand, also aggregated but not strongly interacting, that is,
predominantly isolated crystallites could show similar behavior.
Both assumptions consider the actual particle size. While the
former assumes a more strongly fused matrix and therefore
some kind of soft magnetic material, the latter, in contrast,
assumes a mesocrystalline-like structure. Taking all data into
account, a mesocrystalline structure seems more probable:
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Figure 6. a) Particle sizes determined from corresponding Ro,-related SEM images (c) and the crystallite sizes calculated from the X-ray diffractograms
for the “Roy = 0.1” series as a function of Rg,. b) Corresponding magnetic properties: coercivity Hc and saturation magnetization Ms. d) Magnetic
properties as a function of Roy for several Ro,-series (the red line highlights Roy = 0.1, which corresponds to the data shown in detail in (b)).

In comparison, the products obtained above Ry = 0.0 show
much clearer differences depending on the amount of nitrate
used. In general, what has already been discussed for Ry = 0.1
can be observed over the entire region. The use of high nitrate
concentrations (high Rp,) causes predominantly the genera-
tion of single crystals whose size correlates with the size of the
magnetic domain and thus also with the coercivity. However,
if the amount of nitrate used is low (low Ry,), the magnetic
products possess an unexpectedly high coercivity, although
the corresponding calculated crystallite sizes do not indicate
a correlation. In this region, again, the generated particles are
relatively large, although the crystallite size barely changes and
retains a comparable size to the other regions. Taking this into
account, the product appears to be some kind of hard magnetic
material. On the one hand, this could be due to a multi-domain
product in which, for example, impurities or defects strongly
impede the magnetic domain wall movement. On the other
hand, it is also conceivable that the product is an aggregate of
smaller crystallites that cannot fuse due to attached molecules
but are coupled in such a way that magnetic reorientation
requires a simultaneous reorientation of all crystallites. Thus,
in a sense, the entire particle appears as a superordinate quasi-
single domain, whose magnetic reorientation requires a certain
effort, which results in a correspondingly high coercivity. This,
again, supports the assumption that these particles are some
kind of mesocrystalline products, which fits best to the pre-
vious results.

4, Conclusion

Magnetite nanoparticles from iron(II) sulfate were synthe-
sized via oxidative precipitation and the influence of nitrate
concentration as a function of hydroxide concentration was
investigated. The nitrate concentration plays a decisive role in

Part. Part. Syst. Charact. 2021, 38, 2000307 2000307 (10 of 12)

particle formation and evolution of their magnetic properties.
Based on the findings, it is recommendable to distinguish
between a “quantitative region” and a “non-quantitative region”,
since the products in these (relatively sharply separated)
regions differ considerably in their characteristics. In the “non-
quantitative region”, predominantly mesocrystalline structures
arise, which can be associated with remaining and probably
coordinated sulfate, which presumably prevents further fusion
processes. In addition, the mesocrystalline structures differ in
their number of facets, depending on how much nitrate was
used. In the “quantitative region”, there was no evidence of
residual sulfate. Nevertheless, a clear dependence on the nitrate
concentration could be determined also in this region: high
amounts of nitrate caused the generation of single crystals,
whereas low nitrate amounts again caused the generation of
mesocrystal-like particles, in which OH groups now seem to
act as spacers. All of these morphological differences were also
reflected in the magnetic properties: although the saturation
magnetizations hardly differed, there were clear differences in
coercivity. In the case of the OH-bearing mesocrystals, coop-
erative effects seem to occur that strongly increase coercivity.
Similar indications could not be found in the sulfate-bearing
mesocrystals. Although the particles were much larger, their
coercivity corresponded in the broadest sense to the crystallite
size calculated and could therefore not be magnetically distin-
guished from those of the single crystals.

5. Experimental Section

Materials: Iron(ll) sulfate heptahydrate (FeSO,-7H,0, 99.5%) and
potassium nitrate (KNOs, 99+%) were obtained from Acros Organics.
Potassium hydroxide (KOH, 90%, flakes) was obtained from VWR
International. All reagents were used without further purification.

Synthesis: The synthesis was based, slightly modified, on the method
of oxidative precipitation described by Sugimoto and Matijevi¢.Pl
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To minimize effects induced by magnetic fields, for example, chain
formation, the synthesis was performed using an overhead stirrer
and a heating mantle.?”#!l Typically, FeSO, (20 mM) was dissolved in
deionized (135 mL) water and allowed to boil while introducing nitrogen.
In parallel, KOH and KNO;, according to the desired ratios Roy and R,
were dissolved together in deionized water (15 mL) at 60 °C, also with
the introduction of nitrogen. After about 20 min of conditioning (=time
given to reach boiling), the basic oxidation solution was added to the
ferrous salt solution. A typical reaction was then allowed to proceed
240 min under reflux, still with nitrogen introduction. After finishing,
the reaction mixture was cooled down, sedimented, and washed several
times with deionized water for purification.

Qualitative methods: In order to detect ammonia, gases escaping from
the reaction were directed over a pH test strip (Dosatest pH test strips,
pH 4.5-10.0, VWR International), which changed its color accordingly if a
basic gas occurred. In order to estimate how much nitrite was generated
due to the nitrate reduction, a semi-quantitative determination was
made from the supernatant after the reaction using suitable test strips
(QUANTOFIX Nitrate / Nitrite, MACHEREY-NAGEL). Non-converted
iron, which was still dissolved in the supernatant after the reaction, was
quantified colorimetrically using 2,2"-bipyridine as chelator.

Scanning electron microscopy (SEM): To obtain detailed information
on particle morphologies, electron micrographs were taken with a
Zeiss Supra 25 SEM at 2 kV (field emission) and 2.7 mm working
distance, usually using the in-lens detector. Samples were prepared from
suspensions on a thin gold plate, which was placed on an SEM sample
holder after drying.

FTIR spectroscopy: To obtain information about the composition
and surface of the products, infrared spectroscopic measurements of
corresponding KBr pellets were performed using a Nicolet MagnalR 760
from Thermo Fisher Scientific. The spectra were recorded via 64 scans
from 4000 to 400 cm™' at a resolution of 1 cm™. As background, the
spectrum of a pure KBr pellet was used.

Powder XRD: The composition of the obtained products was analyzed
by XRD on a PANalytical Empyrean Series 2 with automatic divergence
slit using Cu Ko radiation. Crystallite size was determined based on the
Scherrer equation, taking the average of the sum of the peaks (220) at
26 =30.1°, (311) at 26 = 35.5° and (222) at 26 = 37.1°. The wavelength
used for calculation was A =1.540598 A (Cu Kor), the shape factor K was
set to 0.94.

Zeta Potential Measurements: To determine the IEPs, zeta potential
measurements were performed with a Zetasizer Nano ZS from Malvern
Instruments. Therefore the respective particles were dispersed in a 1 mM
NaCl solution. HCl respectively NaOH was used to adjust different pH
values.

Magnetic Measurements: Magnetic properties of purified and vacuum
dried (70 °C, 20 mbar) magnetic particles were studied with a vibrating-
sample magnetometer (VSM, VersaLabTM 3T cryogen-free VSM), cycling
the applied field from —30 to +30 kOe with a step rate of 50 Oe s7.
Detailed analyses were carried out by cycling the applied field from -3
to +3 kOe with 5 Oe s™'. The temperature was set to 300 K. It should be
noted that magnetization values within this work were given in emu g
(cgs units) which can be set equal to A m? kg™ (S units).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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