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Abstract: Core-shell materials are promising functional materials for fundamental research and
industrial application, as their properties can be adapted for specific applications. In particular,
particles featuring iron or iron oxide as core material are relevant since they combine magnetic and
catalytic properties. The addition of an SiO; shell around the core particles introduces additional
design aspects, such as a pore structure and surface functionalization. Herein, we describe the
synthesis and application of iron-based core-shell nanoparticles for two different fields of research
that is heterogeneous catalysis and water purification. The iron-based core shell materials were
characterized by transmission electron microscopy, as well as N,-physisorption, X-ray diffraction,
and vibrating-sample magnetometer measurements in order to correlate their properties with the
performance in the target applications. Investigations of these materials in CO, hydrogenation
and water purification show their versatility and applicability in different fields of research and
application, after suitable individual functionalization of the core-shell precursor. For design and
application of magnetically separable particles, the SiO; shell is surface-functionalized with an ionic
liquid in order to bind water pollutants selectively. The core requires no functionalization, as it
provides suitable magnetic properties in the as-made state. For catalytic application in synthesis
gas reactions, the SiO,-stabilized core nanoparticles are reductively functionalized to provide the
catalytically active metallic iron sites. Therefore, Fe@SiO; core-shell nanostructures are shown to
provide platform materials for various fields of application, after a specific functionalization.

Keywords: iron; silica; core-shell; nanoparticles; solid catalyst; magnetic support; magnetic properties;
versatile; CO, hydrogenation; water purification

1. Introduction

Over the last decade, core-shell materials have received more attention in various
fields of application [1]. Due to defined synthesis strategies, the core and shell of these
composites can be tailored individually in size, shape, and functionality, which results
in task-specific physico-chemical properties of the core-shell structure. Thus, core-shell
particles have been utilized as a model catalyst in fundamental research, as for bioimaging,
drug delivery, semiconductor processing, and as a coating admixture [1]. In addition,
these materials are investigated for several industrial catalytic applications, e.g., esteri-
fication [2], ammonia decomposition [3], olefin hydrogenation [4], and Fischer-Tropsch
synthesis [5], where the particles showed high structural stability.

Iron is a suitable core material in core-shell structures due to its large-scale availability
and sustainability, as it can replace ecologically harmful or rare metals. In catalytic pro-
cesses, such as the power-to-methane process, it is considered a promising replacement
for nickel and cobalt as active materials, as it provides high selectivity in the methanation
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step [6] and flexibility toward various mixtures of Hy /CO/CO;. The limited reactivity
and the formation of different carbonaceous species under reaction conditions, however,
is still a challenge, which is a matter of ongoing research [7,8]. For this purpose, the well-
defined structure of Fe-based core-shell materials is highly promising in order to derive
structure-activity relationships as the basis for design of stable, active, and selective cata-
lysts. In particular, the core size can be controlled within narrow windows, providing the
basis for fundamental studies using core-shell materials as model catalysts. The encap-
sulation within a S5iO, shell provides stabilization of the active nanoparticles against size
change by sintering under reaction conditions and, thus, conserve the material structure [9].
Besides the catalytic properties, iron-based materials offer a variety of unique and tunable
magnetic properties, such as super-paramagnetism and magnetic susceptibility, tunable by
size and shape of the nanoparticles. The super-paramagnetic properties of nanoscale iron
oxide in particular, makes those materials highly interesting to be applied as transport
vehicles, since the magnetic particles only interact with an external magnetic field. There-
fore, the particles can be moved by the external field, but do not tend to agglomerate and,
thus, blocking of the transport pathway is avoided. To exploit this field of application,
the magnetic cores are encapsulated in SiO; as well, which can easily be functionalized
depending on the application. Such materials are successfully applied in medical research
with emphasis on cancer treatment [10], which is very encouraging. Recently, we report
the application in waste water treatment as well, where we show that various types of
contaminants can be removed upon suitable functionalization of the S5iO, surface [11].

The broad application potential of core-shell materials relies on a synthesis strategy,
which allows precise and independent control of all material properties. The core size,
for instance, plays a crucial role, since the magnetic properties are defined by the size and
shape of the crystallite entities inside the core, whereas the catalytic properties are governed
by the core morphology and, thus, the active sites at the core surface. The pore structure
of the S5iO; shell, on the other hand, provides access of reactants to the catalytically active
core or the surface to be functionalized by surface-active compounds [12]. At the same
time, the shell acts as a steric barrier against core sintering in catalytic applications [13],
if the pores are sufficiently small. Consequently, a step-wise bottom-up synthesis strat-
egy is applied for material design [8,9], starting with the synthesis of well-defined iron
oxide nanoparticles with a controllable size. In the second step, these nanoparticles are
encapsulated within an SiO; shell of a determined pore structure and thickness. Finally,
the materials are functionalized according to the desired application. The first two synthesis
steps are, thus, independent on the final application, while only the third step is performed
according to the desired property formation. This approach also opens the possibility
for scale-up of material synthesis, since the specific treatment steps are the final ones in
the step-wise approach. Therefore, the procedure is rather universal, except for the final
functionalization step.

In this contribution, we emphasize the potential of nanostructured Fe@SiO, core-
shell materials for application in both catalysis and waste water treatment. The aim is to
demonstrate the versatility of such materials for a very broad spectrum of applications
and the respective correlation between application and material properties. We focus on
Fe@SiO, materials synthesized via a simple and scalable procedure, whose properties
can be easily tuned and can be functionalized, according to the targeted application.
In particular, the iron core size is varied in order to use the materials as model catalysts
for fundamental studies on particle size effects in CO, methanation. In addition to that,
the magnetic properties also depend on the core size, which is of high importance for
the design of a process for magnetic separation. The SiO, shell is modified regarding the
thickness, pore structure, and surface functionalization. Since it acts as steric stabilization
of the active core, a certain minimum thickness is required for the structural stabilization
effect. On the contrary, diffusion is hindered for thick shells, which can be overcome by
designing an appropriate pore structure. For surface functionalization, the pore structure
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and the size of the core-shell particles define the available specific surface required for
immobilization of the desired compounds, such as ionic liquids (IL).

We present the synthesis procedure and options for tuning the properties of function-
alized Fe@SiO, core-shell materials. Comprehensive characterization by X-ray diffraction
(XRD), transmission electron microscopy (TEM), N>-physisorption, vibrating sample mag-
netometer (VSM) measurements, and temperature-programmed reduction (TPR) provides
insights into the material properties. We explore the material performance for both the cat-
alytic CO, hydrogenation and water purification, which demonstrates that the particles can
act both as a solid catalyst and magnetic support, respectively, after suitable modification
and functionalization. For catalytic applications, the core material is modified by applying
a thermochemical treatment under H, atmosphere to achieve a metallic state of the Fe core,
while the SiO; shell stays unaffected. For water purification, the core remains unchanged,
while we modify the SiO, shell by immobilization of polyoxometalate-based ionic liquids
(POM-IL), which are effective in waste water purification [11]. Thus, we demonstrate the
universal applicability of such Fe@SiO; core-shell materials for catalysis and waste water
treatment, after suitable functionalization of either core or shell.

2. Results and Discussion

In the following, the terms ‘iron” or ‘Fe” are related to the active component, which can
mainly be described by FexOy after synthesis. During a process dependent activation
procedure for applications in catalysis, the active iron species will be either converted to
elemental iron or iron carbides. The synonymous use of the superordinate terms ‘iron’
or ‘Fe’ simplify the following comments. Sample codes are used for differentiation of the
materials reported in this paper. The notation xFe(y)@SiO, describes iron-based core@shell
materials with an Fe mass fraction of x wt.% and an average core size of y nm. For example,
15Fe(6)@SiO; represents materials with an Fe mass fraction of 15 wt.%, and an average
core size of 6 nm.

2.1. Characterization of Core and Shell Morphology

In Figure 1A, the adsorption and desorption isotherms of the N,-physisorption ex-
periments are shown, which reveal a uniform and defined pore size distribution in the
core-shell materials, irrespective of differences in core size and shell thickness of the
Fe@SiO, materials studied. The isotherms can be described by a combination of Type
1 and 4 of the classification by Brunauer et al. [14]. The steep slope in the adsorption
isotherms at p/p” < 0.02 (Figure 1A, inset) indicates Type 1 behaviour by adsorption in the
micropores within the SiO, shell. The slopes of the adsorption isotherms for p/p" > 0.5
and the hysteresis between adsorption and desorption indicate Type 4 isotherms and,
thus, multilayer adsorption and capillary condensation, most likely due to large pores
between the SiO; particles. The volumetric pore width distribution shown in Figure 1B
indicate a maximum pore size of ca. 6.0 A and a broad distribution toward larger pores,
which underlines the amorphous structure of the SiO; shell. Hence, the porosity of the
silica shell and, thus, accessibility of the core for catalytic applications is given for synthesis
gas, as the kinetic diameter of H,, H,O, CO,, CO, and CH, varies between 2.3 and 3.8 A,
which is smaller than the pore size [15,16]. The analysis of the mesopore region (p/ p°>0.5),
shown in Figure S5 (see Supplementary Materials), reveals a broad pore size distribution,
which points toward the interparticle spaces being responsible for providing a mesopore
surface, rather than mesopores within the SiO; shell. This is underlined by the obtained
surface area of ca. 200 m?/ g, evaluated via the Brunauer-Emmet-Teller (BET) method,
which corresponds to the specific surface area of solid, non-porous SiO, particles of about
11.5 nm in diameter (density amorphous SiO; ps = 2200 kg m3). Note that interparticle
spaces measure 12 nm on average, while the overall average size of the core-shell particles
range from 13 to 20 nm, which can be observed in TEM micrographs, as well (see Figure 3).
In addition, the pore volume given through the micropore structure, calculated via the
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Horvath-Kawazoe (HK) method, is approximately 10% compared to the mesopore volume
calculated from the Barrett-Joyner-Halenda (BJH) method, both shown in Table 1.
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Figure 1. Results of Np-physisorption experiments. (A) Adsorption (filled symbols) and desorption (open symbols)
isotherms of as-made Fe@SiO, core-shell particles: (a) 13Fe(8)@SiO,, (b) 15Fe(6)@SiO,, (c) 15Fe(4)@SiO,, and (B) pore width
distribution for the corresponding micropore regime (insert left) using the Harvardt-Kawazoe (HK) method.

Table 1. Results of Np-physisorption experiments. The average micropore width dpk and micropore volume Vg calculated

via the Harvardt-Kawazoe (HK) method, interparticle pore width dinter, and pore volume Vg calculated via Barrett-
Joyner-Halenda (BJH) method, and a specific surface area Aggr calculated via the Brunauer-Emmet-Teller (BET) method for
different core-shell materials.

Material Micropore Width  Interparticle Pore  Pore Volume from Micropore Surface Area
from HK Width from BJH BJH Desorption Volume from HK from BET
dpx /A dinger/ A Ve /cm3g ! Viik /em3g ™! Aggr/m?g~!
15Fe(4)@SiO, 7.8 13.1 0.39 0.046 200
15Fe(6)@Si0O, 8.4 11.9 0.43 0.053 220
13Fe(8)@SiO, 7.9 134 0.40 0.046 180

Figure 2 shows patterns from powder X-ray diffraction (PXRD) of selected Fe core-
shell samples. The overall signal intensity is rather low due to absorption of the X-ray
beam by the silica shell and the small crystallite size. Nevertheless, the signals relating
to v-Fe;O3, a-Fe;O3, and SiO, can be identified and marked in Figure 2, according to
the literature [17]. The intensity of «-Fe,Oj; reflexes is low compared to y-Fe,O3 and
overlapping with y-Fe;Oj3 is observed. Therefore, x-Fe,O3 reflexes are not considered
for further evaluation and discussion. The major phase in the core-shell materials is
represented by nanoscale y-Fe,O3; with the most pronounced reflexes at the lattice planes
defining Miller indices (hkl) of hkl = (022), (311), and (511), according to the literature [7,18].
All respective PXRD patterns show a broad reflex at ca. 26° 20 identified as amorphous
SiO, from the particle shell. Though Fe3Oy4 has similar crystalline structures and lattice
parameters, this phase is excluded by previous > Fe Mossbauer experiments for similar
synthesized core-shell material [7].
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Figure 2. Powder X-ray diffraction (PXRD) patterns with reflexes assigned to y-Fe,O; (filled dia-
mond), a-Fe;O3 (open triangle), and SiO, (open square) of selected as-prepared core-shell catalysts:
(a) 42Fe(6)@SiO;, (b) 13Fe(8)@SiO,, (c) 15Fe(6)@SiO5,, (d) 15Fe(4)@Si0,, (hkl) indices refer to y-Fe;Os3.

The crystallite sizes (Table 2) for the selected catalyst samples were estimated using the
Scherrer Equation (Equation (1)) with the mean size of crystalline domains L, the Scherrer
shape factor K, X-ray wavelength A, line broadening at half of the maximum intensity
(FWHM) in radians A(26), and the Bragg angle 6.

KA
L= A(20) cos(6p) @

Table 2. Fe crystallite phase derived from PXRD and average crystallite size Hcryst of y-Fe, O3 at
(hkl) = 311 estimated via Scherrer Equation.

Crystallite Size
Material Crystallite Phase -
dcryst/nm
(a) 42Fe(6)@SiO; v-Fep, O3 5.3
(b) 13Fe(8)@SiO, v-Fe, O3 4.6
(c) 15Fe(6)@SiO, v-Fe, O3 5.1
(d) 15Fe(4)@SiO, v-Fep, O3 45

For estimation of the crystallite sizes of y-Fe;O3 via Scherrer Equation, the most
pronounced reflex at 42° 26, related to hkl = (311), was used. Hence, the crystallite sizes
calculate to 4.5, 5.1, and 4.6 nm for core-shell materials of 15Fe(4)@SiO,, 15Fe(6)@SiO,,
and 13Fe(8)@SiO,, respectively. This value describes roughly the size of the regularly
ordered crystal structures inside of the Fe;O3 core nanoparticles and is highly dependent
on the Bragg angle as well as the FWHM value. Reflex broadening, due to small Fe;O3
nanoparticulate cores, and low signal intensity, due to partial X-ray absorption by the
SiO; shell, causes the FWHM value to only be roughly estimated. Additionally, one has
to mention that the Scherrer Equation is only valid for spherically shaped crystals with
sizes <100 nm and cubic unit cells. Best results are achieved for small reflective angles,
as Bragg angle dependent broadening of reflexes, which is the basis for the Scherrer
Equation, was never observed experimentally [19]. The deviation between the crystallite
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size derived from the Scherrer equation and the core size from TEM analysis can be
explained by the fact that the core represents an aggregate of smaller crystallites, which,
in particular, holds for a core size of 8 nm. Additionally, it can be affected by strain within
the particle and non-ideal crystallinity. For materials (b) to (d), the slight deviation in
crystallite sizes from expected core sizes, is mainly due to the uncertainties mentioned
above. It also has to be mentioned that PXRD is a bulk analysis method covering the whole
ensemble, while TEM is restricted to a limited sample size.

2.2. Design of Core-Shell Morphology

Typical TEM micrographs shown in Figure 3, Figures S1-S3 (see Supplementary Mate-
rials) depict individual encapsulated iron core-shell particles of a uniform, spherical shape.
The dark dots indicate Fe-oxide nanoparticles and the dark grey area around relates to SiOy,
indicated by arrows in Figure 3a, respectively. Hence, the synthesis provides core-shell
particles in a defined shape and shell thickness. By variation of readily accessible synthesis
parameters, one can adjust the three most important properties for the core-shell struc-
tures, nominal core size, shell thickness, and, thus, metal loading. In conclusion, a narrow
particle size distribution for the iron-oxide cores can be achieved, which is illustrated by
box-plots in Figure 3b and summarized in Table 3 and Table S1 (see Supplementary Materi-
als). The core-shell materials are characterized by two morphological degrees of freedom,
namely the core size d. and the overall particle size ds, which can be obtained from TEM
micrographs. One important design parameter, the Fe mass fraction wge, can be either
calculated gravimetrically from the yield in the synthesis procedure or via Equation (2) if
the molar mass of iron Mg, and iron oxide Mre,0,, the density of the core p., and of SiO,
ps, as well as the shell porosity €5 is known. Both morphological degrees of freedom can be
tailored by respective adjustment of synthesis parameters, which is offered by the unique
bottom-up synthesis approach. In particular, the average core size can be controlled in a
range between 3.5 to 8 nm, while the shell thickness can be varied between ca. 3 and 6 nm,
which are both accessible by TEM experiments. Therefore, the Fe mass fraction ranges
between 6 and 46 wt.%.

MMFe
Fe2O3
w = 2
Fe (MFe _i_(ﬁ_l)pj(l_g)) ()
MF8203 dg POc S
1
MFe Oc I 6
ape = (2 — 3)
Mc OFe dc OFe
b) 12}
9.
E
° 6
2
£
8
3F
0
15Fe(4)@SIO, 13Fe(8)@SIO,

Figure 3. (a) TEM micrograph of 13Fe(8)@SiO, core-shell particles (as-made), (b) box-plots of particle size distribution of

selected core-shell particles calculated from TEM micrographs.
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Table 3. Average core size dcore of as-made Fe@SiO, core-shell particles and the respective SiO, shell
thickness dgp,) measured from TEM micrographs: iron wg. content and specific surface area ar,
calculated from measured values via Equations (2) and (3).

Material Fe-Ox1.d € Shell Thickness Iron Content Specific Fe
Core Size Surface Area
deore /MM Agherr /NM Wre /Wt . % age/ ng_l

6Fe(4)@SiO, 42+1.1 48 +£04 6 351
15Fe(6)@SiO, 5.8 +0.9 38+04 15 254
13Fe(8)@SiO, 78 +1.1 6.1+0.6 13 189
20Fe(8)@SiO, 77 +15 51403 20 191

For catalytic application in syngas reactions, the iron cores change in size during
reduction and carbidization under reaction conditions, due to removal of oxygen from or
the incorporation of carbon into the lattice. Furthermore, the core entities are supposed
to change shape upon thermochemical treatment, in order to form thermodynamically
stable, and most likely almost spherical aggregates. In particular, the specific active surface
area of the core is the most relevant parameter for catalysis, which can either directly
be measured by chemisorption experiments or derived from the core size by assuming
the particle shape. Since chemisorption is not capable of providing reliable data on the
active surface area of nanostructured core-shell materials, we determine the average core
diameter via TEM for a sufficiently large number of particles counted. The specific surface
area of the iron core after H, reduction ap. can be estimated from the average core size
d. obtained from TEM prior to reduction and the density of iron pr. via Equation (3).
For derivation of Equation (3), see Table S3 in Supplementary Materials. Note that the core
size change is accounted for by volume reduction during the reduction process from Fe,O3
to metallic Fe’. The specific active surface areas obtained are listed in Table 3 and Table S1
(see Supplementary Materials). The values are directly correlated to the catalytic activity,
as the availability of active sites is proportional to the surface area when assuming constant
active site density.

The magnetization versus external magnetic field curves (M-H curves) of selected
samples measured by the vibrating sample magnetometer (VSM) technique are shown
in Figure 4A and in Figure S6 (see Supplementary Materials). The M-H curves show no
hysteresis effects, which confirms the superparamagnetic behavior of the y-Fe,O3 cores.
M-H curves of superparamagnetic particles can be well described by Langevin functions
(see Equation (4)). Here, M is the magnetization, Ms is the saturation magnetization, H is
the external magnetic field, yg is the vacuum permeability, kg is the Boltzmann constant, T
is the absolute temperature, and . is the total magnetic moment of the y-Fe;O3 core.

M_coth<”0mcH>— kp T @)
po me H

Since the core magnetic moment 1. is proportional to the volume of the core, the M-H
curve is dependent on the core size d.. By fitting the measured M-H curves to a superposi-
tion of individual Langevin functions (see Equation (4)), each corresponding to a specific
me(d.), the core size distribution for each sample can be determined, which is shown for
two selected samples in Figure 4B. The comparison of the fitted and measured M-H curves
exhibits good agreement, as shown in Figure S6 (see Supplementary Materials), which vali-
dates the significance of the fitted average core sizes listed in Table 4. From the fitted M-H
curves, the corresponding susceptibilities, which define the reaction of the cores to external
magnetic fields, are estimated and shown in Figure S7 (see Supplementary Materials).
It can be observed that the values depend on both the external magnetic field and the core
size. The initial magnetic susceptibilities, which are defined as the susceptibilities near the
zero field, correlate with the core size as well (see Table 4).
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Figure 4. (A) Example for the M-H curve of as-made 13Fe(8)@SiO, core-shell particles measured by VSM (open diamonds)
together with fitted curve (red line) calculated via superposition of Langevin functions. (B) Core size distributions of two

selected as-made Fe@SiO,

core-shell particles (black: 15Fe(4)@SiO;, red: 13Fe(8)@SiO,) fitted from corresponding M-H

curves with a superposition of Langevin functions.

Table 4. Average core size and initial magnetic susceptibility fitted from the M-H curve with a
superposition of Langevin functions.

Material Fe-Oxide Core Size Initial Magnetic Susceptibility
dcore,VSM /nm -/1
6 Fe(4)@SiO, 55+21 21
15 Fe(4)@SiO, 54+19 1.9
15 Fe(6)@SiO, 6.0£23 2.7
42 Fe(6)@SiO, 6.0 £2.0 2.5
13 Fe(8)@SiO, 72+22 41

In this work, core sizes are determined with three different methods: estimation from
PXRD reflexes via Scherrer equation, direct evaluation of TEM image data, and fitting of
experimental M-H curves by superposition of Langevin functions. Although the general
agreement is reasonable, one should keep in mind both strengths and limitations of the
individual techniques. In the Scherrer equation-based evaluation, it is assumed that the
peak broadening is solely due to the crystallite size, thereby neglecting real effects as
discussed above. In addition, possible superposition of reflexes from different phases
within one sample may lead to deviations. For TEM evaluations, on the other hand, only a
limited number of particles from the individual TEM images contributes to the result,
while the other two methods provide average information for a much larger number of
particles. Furthermore, for small encapsulated particles, precise determination of the core
size is limited by contrast and resolution in TEM evaluations. In the fitting procedure of the
experimental M-H curves, the saturation magnetization value of bulk y-Fe;O3 has been
used as an approximation, since full saturation of magnetization is not reached at room
temperature in our measurements. This may potentially lead to a small deviation from the
actual core size distribution in case of the existence of magnetically inactive surface layers
or other imperfections, leading to a reduction of the magnetization to lower values than the
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bulk one. Considering the mentioned uncertainties, the results of all three methods agree
well with each other regarding the observed trends in core size for the different samples.
Therefore, the sophisticated step-wise synthesis strategy provides the opportunity
to tailor the properties of the core and shell independently of each other by adjusting
the synthesis parameters (see Table S2). In particular, the core size can be controlled
in a range between 3.5 to 8 nm on average and determines the magnetic and catalytic
properties. The thickness and pore structure of the SiO; shell can by controlled as well,
which allows us to tailor the metal loading and specific pore volume and surface area of
the composite core-shell materials. These properties are important for accessibility of the
catalytically active cores, but also provide the basis for functionalization of the SiO, surface.
Therefore, the presented core-shell materials can be designed individually in order to fulfill
the application specific requirements on structure, morphology, and functionalization.

2.3. Application in Catalysis
2.3.1. Temperature-Programmed Reduction (TPR)

Figure 5 shows the profiles for the reduction of Fe,O5 to Fe for samples with different
Fe core sizes. The reduction temperatures for the transition of Fe;O3 to Fe3O4 (~300 °C) and
for FeOOH to FeO (~450 °C) are identified according to the literature [20]. The multi-step
transition above 500 °C associated with the reduction sequence Fe304 — FeO — Fe? devi-
ates from literature, though. Depending on the reduction pathway and the achieved degree
of reduction below 500 °C, either the reduction of Fe304 to FeO (560-590 °C) or the reduc-
tion of FeO to Fe? (625-655 °C) is more pronounced. This corresponds to the observations
in Figure 5, which indicates a correlation between the hydrogen consumption below 500 °C
with the consumption pattern above this temperature, being qualitative. Zielinski et al.
observed the variation in intensity as well as a shift toward lower temperatures of different
reduction regimes as they added a small amount of water to the inlet gas stream [21].
Since we have proven our gas supply to be water-free by mass spectrometry measurements,
we assume that the SiO, shell leads to a confinement effect. In other words, the water
formed during reduction might accumulate in proximity of the core due to restricted diffu-
sion through the shell toward the bulk flow. This causes equivalent effects compared to
moisture fed to the sample. A confinement effect in selectivity was previously reported by
IIsemann et al. for methanation on cobalt-based core-shell particles [22], and, thus, is also
likely for the structural similar materials presented here. Additionally, the reduction of the
core-shell particles starts at lower temperatures (~300 °C) in contrast to literature (~400 °C).
Experiments from Zielinski et al. show a three-step reduction of Fe,O3 via FeOOH and
FeO to Fe® at high HO/Hj, ratios and corresponding low H,/ Ar ratios in the feed gas
stream. Additionally, Zielinski et al. found that there is a shift to lower temperatures and
better resolution of the reduction steps for lower mass of iron oxide together with a low
heating rate [21]. In comparison with those findings, the observed slight deviations in our
experiments to literature reports can, thus, be explained by a combination of the relatively
low metal loading of ca. 15 wt.% Fe (corresponding to a total amount of ca. 8 mg iron oxide
in the experiment), the low Hy/Ar ratio of 0.1 in the inlet gas stream, and the presence of
H,O due to the potential confinement effect.
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Figure 5. TPR patterns of selected as-made Fe@SiO, core-shell particles after initial drying at 200 °C
in Ar flow (heating rate 2 K/min, 50 mLgyp/min Ar) for 2 h: (a) 13Fe(8)@SiO;, (b) 15Fe(6)@SiO,,
and (c) 15Fe(4)@Si0O,.

2.3.2. CO, Hydrogenation

Figure 6 shows formation rates for the main (a and c) and by-products (b and d) for
CO, hydrogenation with two different core sizes after 12 h of time-on-stream (TOS), respec-
tively. The main reaction can be determined as a reverse water-gas-shift (RWGS) reaction,
as CO is the main product in the measured temperature range. The 8-nm core-shell material
(13Fe(8)@SiO,) with CO formation rates of 1.2, 3, and 5.5 umolco /g, s as well as the 4-nm
core-shell material (15Fe(4)@SiO,) with CO formation rates of 0.9, 2.8, and 7 umolco / gg, s
are both comparable at temperatures at 350, 370, and 390 °C, respectively, in terms of
RGWS activity. The 15Fe(4)@SiO, material on the contrary provides a three times higher
amount of methane as a side product at 350 °C, compared to 13Fe(8)SiO,. Additionally,
one has to mention that the amount of ethylene stays unaffected from temperature over the
temperature range for 15Fe(4)@SiO,, while it increases for 13Fe(8)@SiO;. Both core-shell
materials have the side products methane, ethylene, and higher (Cz,) by-products in com-
mon, which are formed to a lesser extent and show no distinct temperature dependence,
contradicting expectations from the Arrhenius Equation. The CO formation rate, on the
other hand, shows distinct temperature dependency, which allows us to roughly estimate
the apparent activation energy Ex rwgs. The obtained results of 45 and 60 kJ /mol fit well
with literature values in the order of 50 k] /mol [23] for both catalysts tested, respectively.
The selectivity toward CO increases significantly from 75% to 98% for 15Fe(4)@SiO, and
from 91% to 98% for 13Fe(8)@SiO, between 350 and 390 °C. It has to be mentioned, though,
that no stable catalyst activity is achieved after 12 h TOS, due to dynamic restructuring
and Fe carbide formation (see Supplementary Materials, Figure S4). This issue is stated
to be highly dependent on particle size and, thus, is still a matter of current research [7].
Though the value of the activation energy might be affected by the dynamic change of the
catalyst under reaction conditions, the order of magnitude indicates the absence of severe
mass transport limitations through the SiO, shell. In summary, the selected core-shell
material shows applicability as a RWGS catalyst for hydrogenation reactions with a very
high selectivity toward CO at temperatures above 370 °C.
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Figure 6. Product formation after 12 h for CO, hydrogenation at temperatures between 350 and 390 °C with two different
core-shell materials: 13Fe(8)@SiO, (a and b), 15Fe(4)@SiO, (c and d); left (a and c¢): formation rate of CO via RWGS reaction,
right (b and d): formation rate of methane and Cy, compounds, conditions: Hy /CO, = 4.5, p = 1 bar, Va1 = 100 mLgp /min.

The defined core-shell architecture leads to new material features with respect to
reduction characteristics and catalytic properties. The confinement effect introduced by
the amorphous SiO; shell, which can be observed from catalyst reduction behavior, cer-
tainly plays an important role regarding catalyst performance and will be exploited in
future research. Furthermore, the defined material structure of the core encapsulation by
an SiO; shell introduces new possibilities toward material characterization, in particular
the tracking of individual cores during transformation upon catalytic reactions [9]. Be-
yond these applications as model catalysts for derivation of fundamental understanding of
structure-activity relationships in catalytic processes, the tailoring of those structures for
optimization of activity, selectivity, and stability provides high potential for intensification
of catalytic applications.

2.4. Application as Magnetic Support in Water Purification

Patent Blue V (PBV) dye removal was quantified by UV-Vis spectroscopy (Figure 7) and it
was observed that the magnetic polyoxometalate-supported ionic liquid phase (magPOM-
SILP) composites 2 and 4 removes more than 99% of the dye, while the non-modified
reference composites 1 and 3 show only a negligible (~6%) removal after stirring for 24 h.
Note that no leaching of any components into the aqueous phase was observed after the
treatment by using inductively coupled plasma atomic emission spectroscopy (ICP-AES)
and carbon, hydrogen, and nitrogen (CHN) elemental analysis.



Catalysts 2021, 11,72

12 of 16

0.6 } —=— PBV solution
—e— composite 1
—4A— composite 2
—v— composite 3
composite 4

0.4

absorbance / 1

0.2

0.0 acava A araiaia Al A Al

A rdeph oA A A

525 575 625 675
wavelength / nm
Figure 7. Water purification with magPOM-SILP composites: UV-Vis absorption spectra of Patent
Blue V (PBV) (black) with reference composites 1 and 3 (red and blue) and magPOM-SILP composites

2 and 4 (green and orange), which show total removement of PBV from solution, through 0.0 adsorp-
tion of irradiated light.

The high affinity of the POM-IL to interact with the organic compounds of the dye is
attributed to the large, hydrophobic Q7 cations of the POM-IL, whereas the anionic coun-
terpart binds strongly to the SiO; surface, resulting in IL immobilization [11]. The magnetic
core adds a further functionality to the composite material reported herein, which is,
thereby, capable of removal by a magnetic field and, therefore, pressure-driven filtration
is not required as a separation principle. We assume that a well-designed process allows
us to reduce the energy input required for separation, which needs further research effort,
though. In addition to that, the magnetic core renders the composite material being a trans-
port vehicle for transportation of the dye by means of the magnetic field. This principle is
also applicable to other organic compounds and may, thus, allow us to control transport
trajectories of molecules.

Furthermore, no effect of the core size on purification efficiency was observed for
the magPOM-SILP composites 2 and 4. This agrees well with the results from magnetic
measurements, where similar properties are observed for nominal core sizes of 4 and 6 nm.
The optimization of the core size with respect to its magnetic properties is a matter of
ongoing research, though, since a dependency between core size and magnetic properties is
expected for more significant size differences. In particular, the separation rate needs to be
increased in order to apply these materials in realistic scenarios, where magnetic separation
competes with conventional filtration. Therefore, the use of electromagnets is most likely,
rather than permanent magnets, since they offer tunable and switchable field strength
and gradient for task-specific design. For this purpose, the core size-dependent magnetic
susceptibility, due to ferrimagnetism of the core, is of particular importance. Furthermore,
those materials are also capable of removing a broad variety of further pollutants from
waste water, e.g., micro plastics, as we reported recently [11].

3. Materials and Methods
3.1. Synthesis of Iron-Based Core-Shell Materials

Spherical silica encapsulated iron oxide nanoparticles were prepared using an adapted
reverse water-in-oil microemulsion method. For the oil phase, 100 mL cyclohexane (VWR
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Chemicals, AnalaR NORMAPUR®) was put into a round-bottom flask and heated to 50 °C.
Depending on the desired iron nanoparticle size, a defined amount of polyoxyethylene
(10) cetyl ether (Brij® C10, Sigma Aldrich/Merck, Germany) or polyoxyethylene (20) cetyl
ether (Brij® 58, Sigma Aldrich/Merck) was added to the organic phase. Subsequently,
5 mL of an aqueous FeCl3 solution (ACROS Organics, Germany, p.a.) were added to
the mixture under continuous stirring. The required amount of surfactant and the corre-
sponding concentration of the FeCl; solution are listed in Table S2 (see Supplementary
Materials). After 30 min of homogenization, 3 mL of hydrazine hydrate (aqueous solution,
35 wt.%, Sigma Aldrich/Merck, Germany) was added dropwise and slowly to the solution,
which was followed by continuously stirring for 1 h. The color of the solution changed from
bright yellow to dark brown, which indicates the formation of iron nanoparticles. To en-
capsulate the obtained iron oxide nanoparticles in silica, a defined amount of tetraethyl
orthosilicate (TEOS, Merck, Germany, p.a.) was added to the suspension, which was
followed by 3 mL of a 5 M aqueous ammonia solution (Carl Roth, 30 wt.%, ROTIPURAN®,
Germany). The added volumetric amount of TEOS directly affects the metal loading of
the catalysts, which is listed in Table S2. The mixture was stirred continuously for 2 h.
Afterward, the microemulsion was destabilized with the addition of 2-propanol (VWR
Chemicals, technical, Germany) and centrifuged at 8000 rpm for 15 min. The obtained
particles were washed several times in 2-propanol, dried over night at 80 °C, and calcined
at 420 °C for 4 h (ramp 2 K/min).

3.2. Preparation of magPOM-SILP

4.01 g of as-prepared 15Fe(6)@SiO, (composite 1) or 15Fe(4)@SiO, (composite 3) core
shell particles were dispersed in 50 mL of a primarily synthesized 3.36 mM POM-IL solution
((Q”)s[-SiW11039] dissolved in acetone) and gently shaken for 5 min. After removal of
the solvent under reduced pressure, acetone (50 mL) was added, and the shaking/solvent
removal procedure was repeated three to five times. A solid, free-flowing brown pow-
der of magPOM-SILP was obtained after vacuum drying for each composite, respectively.
The POM-IL loading corresponds to 20 wt.% with a quantitative yield of 5.00 g [11]. The cor-
responding magPOM-SILP materials are named as composite 2 (composite 1 + POM-IL)
and composite 4 (composite 3 + POM-IL) in this contribution.

3.3. Material Characterization

Bright field TEM micrographs were taken by a Zeiss TEM 109 equipped with a CCD
camera. For sample preparation, a droplet of ethanol (VWR, 96% Ph. Eur.) solution
containing the sample powder (ca. 0.5 mg/mL) was deposited on a carbonized Cu grid,
followed by evaporation of ethanol. For each material, a size distribution of the iron core
and SiO; shell was derived from at least 300 particles. PXRD was performed on an X'Pert
Pro-MPD (PANalytical) with Cu-Ka radiation (45 kV, 40 mA). The diffractograms were
recorded in 26 mode from 5 to 80° with a step width of 0.033° and a time of 10 s per step.

Temperature programmed reduction (TPR) and Nj-physisorption experiments of
the as-prepared catalysts were performed on a Micromeritics 3Flex device. For Nj-
physisorption experiments, adsorption isotherms including the micropore regime and
desorption isotherms were recorded. Micropore analysis was done using the inbuilt
Horvath-Kawazoe method. Catalyst preparation for Np-physisorption was performed
using a Micromeritics SmartVacPrep for degassing the samples at 1 mbar and 240 °C for 2 h.
Before the TPR measurements, the samples were pretreated by drying under an Ar stream
from RT to 200 °C at a rate of 5 K/min and a hold time of 2 h. For TPR measurements,
the temperature was increased from 50 to 900 °C at a constant ramp of 5 K/min under a
constant stream of 10% Hy / Ar at 40 mLgyp/min. The H; consumption was measured with
a thermal conductivity detector (TCD).

The VSM measurements were performed by a LakeShore 7300 Series VSM. The M-
H curves of the Fe-based materials were measured at 295 K. The maximum applied
magnetic field was 1.035 x 10° A/m (1.3 x 10* Oe). The fitting with a superposition of
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Langevin functions was done by a self-developed MATLAB program based on the least
squares method.

3.4. Catalytic Performance Test

Prior to the catalytic experiments, as-made core-shell particles were pressed at 200 MPa
and granulated by crushing and sieving. Furthermore, 150 mg of as-prepared core-shell
samples was used for catalytic experiments by taking a grain size of 125 to 200 pm. The cat-
alytic tests are performed in a 0.25 in. stainless-steel tubular reactor equipped with two
K-type thermocouples for monitoring the temperature of the catalyst bed and reactor wall.
In-situ reduction and activation of the as-prepared core-shell samples were performed
directly before the experiments. For reduction, a continuous flow of 100% H; was ap-

plied to the sample at 400 °C (p = 1 bar, VH2 = 180 mLgrp/min) for 12 h. Subsequently,
the reduced catalyst was conditioned under CO hydrogenation at 350 °C (molar ratio
H,/CO=4.5,p=1Dbar, Viotal = 100 mLgrp/min) for 24 h and, afterward, under CO/CO,
hydrogenation at 350 °C (CO:CO, = 1:1, Hy/C = 4.5, p =1 bar, Vtotal =100 mLgtp/min)
for 12 h to achieve a defined and reproducible catalyst state. This is necessary, due to the

well-known dynamic changes of iron phases during synthesis gas reactions [6]. In the fol-
lowing, CO, hydrogenation was performed at 350, 370, and 390 °C (H,/CO, = 4.5, p = 1 bar,

Viotal = 100 mLgrp/min) for 12 h. Between each CO, hydrogenation test, the catalyst was
treated in CO and CO/CO, hydrogenation at 350, 370, or 390 °C, as described before,
to maintain a defined and reproducible catalyst state. The reaction products were analyzed
using an on-line gas chromatograph (Thermo Fischer, sample volume 20 ul, volume flow
5 mLgrp/min, flame ionization detector (FID) for hydrocarbons, thermal conductivity
detector (TCD) for COx compounds).

3.5. Application as Magnetic Support Material for Water Purification

Water purification tests were performed using the magPOM-SILPs (composites 2 and 4)
for removal of organic pollutants often found in water samples. As reference materials,
composites 1 and 3 were used and were treated identically to composites 2 and 4 to
compare purification capacity with and without IL functionalization of the SiO, surface.
Aqueous samples (5 mL) of the pollutant at health-relevant concentrations were prepared,
and the magPOM-SILP 2/4 or the reference composites 1/3 (50 mg) were dispersed in the
polluted sample and magnetically stirred. Here, triphenylmethane (trityl) dye Patent Blue V
(PBV) was used as a model for textile dye pollutants. Aqueous solutions of PBV were stirred
with magPOM-SILP composites 2/4 and reference composites 1/3, respectively, using the
standard experimental procedure described above. After stirring for 24 h, the magnetic
particles were removed by using a permanent magnet and the solution was analyzed by
UV-Vis spectroscopy, sensitive for quantification of the dye concentration.

4. Conclusions

In summary, we demonstrate a convenient synthesis strategy for iron-based core-shell
nanoparticles and their utilization in two different applications, namely heterogeneous
catalysis and waste water treatment. By adjustment of synthesis parameters, e.g., Fe and
SiO, precursor amount, the control of the Fe core size, and Fe loading is possible, while the
encapsulation process does not affect the properties of the iron-oxide core. In contrast,
the pore structure of the silica shell is rather independent on the material synthesis param-
eters. The accessibility of the catalytic active core for synthesis gas is still given for use
in catalytic hydrogenation, and was proven in this contribution. However, the control of
the pore geometry and volume is important for surface functionalization, as the proper
uptake of the functionalization agent into the pores and to the surface is strictly required
for the specific application, e.g., water treatment. Together with the magnetic properties of
the core, e.g., magnetic susceptibility, the core-shell material can be utilized as a magnetic
separable support of cleaning agents (ionic liquids) for use in water purification, as shown
in this and other contributions [11].
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Importantly, we demonstrate the versatility of the bottom-up synthesis strategy of
Fe@SiO, materials, using application in heterogeneous catalysis and waste water treatment
as examples. In particular, the first two synthesis steps, namely the core synthesis and
the SiO; encapsulation, are independent of the desired application and, thus, universal.
Therefore, cheap production as bulk material becomes realistic, if continuous particle
formation is applied [24]. The functionalization of the Fe@SiO, precursor materials in
step three is specific to the application and requires individual approaches. The chosen
examples in this contribution, though, prove that even very different requirements from
application on material properties can be fulfilled by suitable functionalization procedures.

Supplementary Materials: The following are available online at https://www.mdpi.com /2073
-4344/11/1/72/s1. Table S1: Average core size of as-made Fe@SiO, core-shell particles and the
respective SiO; shell thickness measured from TEM micrographs: iron content and specific surface
area calculated from measured values. Table S2: Mass of surfactants, concentration of FeCl3 solution,
and volume of TEOS for defined synthesis of Fe based core-shell particles. Table S3: Derivation
Equation (3): specific surface area of Fe cores ap, derived from Fe,O3 core diameter d. (measured via
TEM). Figure S1: TEM micrographs of as-made core-shell particles with an average core diameter of
4 nm. Figure S2: TEM micrographs of as-made core-shell particles with an average core diameter of
6 nm. Figure S3: TEM micrographs of as-made core-shell particles with an average core diameter
of 8 nm. Figure S4: Time resolved product formation rates during CO, hydrogenation. Figure S5:
Pore width distribution for corresponding mesopore regime (p/p° > 0.5) calculated from desorption
isotherm using the Barrett-Joyner-Halenda (BJH) method. Figure S6: M-H curves of as-made Fe@SiO,
core-shell particles measured by VSM together with fitted curves with a superposition of Langevin
functions. Figure S7: Core magnetic susceptibility vs external magnetic fields of as-made Fe@SiO,
core-shell particles fitted from the corresponding M-H curve with a superposition of Langevin
functions.
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