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ABSTRACT: The magnetic susceptibility of synthesized magnetite (Fe3O4)
microspheres was found to decline after the growth of a metal−organic
framework (MOF) shell on the magnetite core. Detailed structural analysis
of the core−shell particles using scanning electron microscopy, transmission
electron microscopy, atom probe tomography, and57Fe−Mössbauer spec-
troscopy suggests that the distribution of MOF precursors inside the
magnetic core resulted in the oxidation of the iron oxide core.
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Engineered magnetic nanoparticles (MNPs) have emerged
as promising materials for technological applications

including separations,1 catalysis,2 medicine,3−7 and environ-
mental remediation.8 In combination with well-established
synthetic routes to precisely control the size and morphology of
MNPs, surface functionalization offers a way to expand
functionality beyond that of the individual particles.9−11

In this context, metal−organic frameworks (MOFs), a class
of highly porous, crystalline, solid-state materials, are
considered a viable candidate “shell” due to inherent synthetic
and chemical stability.12−17 The introduction of a MOF shell
over a magnetic core is a promising and intriguing approach for
developing a magnetic core−shell composite that can easily be
isolated and recovered by the application of an external
magnetic field.18,19 Indeed, MOF−MNP composites have
obvious advantages in adsorption and separation and afford a
facile strategy to make MOFs highly recyclable by prohibiting
significant material loss.20−34 Therefore, we need to understand
how the magnetic properties of the MNPs are affected by the
growth of a MOF shell.
Herein, we report a reduction in magnetic susceptibility of

magnetite (Fe3O4) cores as a result of the oxidative growth of a
MOF shell. Well-defined Fe3O4 microspheres were synthesized
and functionalized with a MIL-101-SO3 shell (MIL: Materials
Institute Lavoisier).35,36 The shape and morphology of the

novel core−shell Fe3O4@MOF composite (herein, Fe3O4@
MIL-101-SO3) were characterized by scanning and trans-
mission electron microscopy (SEM and TEM, respectively).
Atom probe tomography (APT) was conducted to determine
the nanoscale distribution of MIL-101-SO3 within the core−
shell particles. Following detailed structural analysis, magnetic
saturation experiments demonstrated that the magnetic proper-
ties of the Fe3O4 cores were affected by surface functionaliza-
tion.
To generate a core−shell Fe3O4@MOF composite, we set

out to coat magnetite particles with a water-stable and porous
MOF. MIL-101-SO3 possesses negatively charged sulfonic acid
(SO3

−) groups uniformly distributed on the pore surface.
Charge-balanced by Na+ or H+ cations,35 these cations are
readily exchangeable, making the material suitable for
applications in aqueous separations.37 Our goal here was to
not only probe the magnetic properties of Fe3O4@MOF
composites but also produce a potentially functional and novel
core−shell material.
The core−shell particles were prepared by synthesizing

Fe3O4 microspheres and functionalizing them with a known
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binding agent, poly(sodium 4-styrenesulfonate) (PSS) for a
better adherence of the MOF to the surface of the Fe3O4 core
(Figure 1).38 In situ solvothermal synthesis techniques were

used to coat MIL-101-SO3 on Fe3O4−PSS microspheres (see
the Methods section and the Supporting Information). The
phase purity, stability, and porosity of the MOF, as-synthesized
Fe3O4, PSS-functionalized Fe3O4, and Fe3O4@MIL-101-SO3
were assessed by powder X-ray diffraction (XRD), thermal
gravimetric analysis (TGA), and Brunauer−Emmett−Teller
(BET) surface area measurements (see the Methods section
and Figure S1−S5). The core−shell particles (376 m2/g) show
significant porosity upon MOF growth compared to the
pristine core (6 m2/g). The improved porosity of the core−
shell particles was reflected in the thermogravimetric analysis
(TGA), which suggested growth of MOF (∼10 wt %) shells
around the core particles. The Fe3O4@MIL-101-SO3 can be
easily and efficiently removed by the application of an external
magnetic field, as shown in Figure 1.
Furthermore, the particle size of the magnetic core and the

thickness of the MOF “shell” on its surface were measured and
characterized using SEM and TEM techniques (Figure 2).
Electron microscopic imaging suggests the pristine Fe3O4
microspheres were spherical with an approximate diameter of
300−500 nm. The diameter of the microspheres increases to
∼800−900 nm after MOF coating without any change in shape

and morphology (Figures 2a−c and S6−S8). TEM and energy
dispersive X-ray spectroscopy (EDX) analyses suggest MIL-101
SO3 has a thickness of 300 nm over the surface of the entire
core particle, with a ratio of Cr to Fe of 1:4 by percentage
(Figure 2d−g).
To evaluate the extent of nanoscale distribution of MIL-101-

SO3 within the core−shell particle, APT was conducted. APT is
an advanced microscopy method capable of providing
subnanometer-scale, spatially resolved three-dimensional com-
positional mapping of materials with sensitivity up to a few
parts per million.39 A single Fe3O4@MIL-101-SO3 particle was
chosen and attached to a silicon microtip array holder using
electron beam assisted Pt welding (Figure 3a,b).40 The image

Figure 1. Schematic representation of the Fe3O4@MIL-101-SO3 core
formation.

Figure 2. SEM, TEM, and EDX studies of the magnetic core−shell microsphere. (a−c) SEM images of Fe3O4, Fe3O4−PSS, and Fe3O4@MIL-101-
SO3. (d−f) TEM images of Fe3O4, Fe3O4−PSS, and Fe3O4@MIL-101-SO3. (g) TEM and corresponding EDX data showing elemental composition
of Fe3O4@MIL-101-SO3.

Figure 3. (a) SEM image of one MIL-101-SO3@Fe3O4 microsphere.
(b) Cross-section of the same MIL-101-SO3@Fe3O4 microsphere. (c)
SEM image of the needle shaped specimen of MIL-101-SO3@Fe3O4.
(d) Magnified view of the MIL-101-SO3@Fe3O4 needle apex, where
the region analyzed by APT is highlighted by white dashed lines. (e)
3D atom distribution of Fe (red), Cr (blue), and Pt (yellow) in the
MIL-101-SO3H@Fe3O4 obtained by APT analysis. 2D compositional
maps of an axial slice of the 3D APT data showing elemental
distribution of (f) Fe, (g) Cr, and (h) Pt showing their mutually
exclusive locations within the MOF particle. The scale bars of all three
3D maps in panels f and g are 20 nm.
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of the final Fe3O4@MIL-101-SO3 needle specimen is given in
Figure 3c. Figure 3d is a magnified image of the specimen apex,
with the region analyzed by APT marked with dashed lines. A
40.2 nm × 38.7 nm × 90.2 nm volume from within the particle
was analyzed. A three-dimensional (3D) elemental map of the
distribution of Fe and Cr is shown in Figure 3e. The pores were
identified based on the presence of a high concentration of Pt,
which was used to backfill the pores during annular milling. In
Figure 3e (Supplementary Video 1), the Fe (red dots)
represents the magnetic core, Cr (blue dots) (Supplementary
Video 2) corresponds to the MIL-101-SO3 coating, and Pt
(yellow dots) corresponds to pores in the core−shell
microsphere (Supplementary Video 3). To view the elemental
distribution more clearly, two-dimensional (2D) elemental
compositional maps were plotted using a 1 nm slice of the 3D
atom probe data; these are shown in Figure 3f−h. The color
scale of each 2D elemental map is normalized, with red
representing the highest concentration and blue representing
the lowest concentration of each element. Figure 3f shows the
Fe map, where the presence of Fe is indicated in all regions
shown in red. The center region with low Fe corresponds to
pores. Figure 3g is the 2D distribution of Cr, situated along the
walls of the pores or inside the porous regions. Figure 3h shows
the Pt distribution, confirming the presence of pores in those
locations. The Cr penetration into the mesoporous Fe3O4
microsphere indicates that MOF formed and either partially
or entirely filled some pores within the Fe3O4 particle or that
Cr was trapped during initial MOF synthesis (Supplementary
Video 4).
The Fe3O4@MIL-101-SO3 was further characterized by

magnetic saturation experiments to investigate their intrinsic
magnetic properties. The saturation magnetization (Ms) of
pristine Fe3O4 and PSS-loaded Fe3O4 was found to be 91 emu/
g, consistent with literature values.41 The coercive field (Hc)
value was found to be consistent with magnetic particles of >75
nm diameter. The saturation magnetization, Ms, and coercive
field of Fe3O4@MIL-101-SO3 were reduced by ∼72% (25
emu/g) as compared to pristine Fe3O4 microspheres (Figures
4a and S9). The reduction in Ms has been observed in other
Fe3O4@MOF composites, but the root cause of the reduction
inMs has not been identified.

19,42,43 The reduction inMs can be
attributed to reductive dissolution of the magnetic core, but as
discussed previously, electron microscopic results do not
support a reduction in particle size upon MOF coating. An
alternative possibility is the partial oxidation of the Fe2+ of the
Fe3O4 core to Fe3+ during in situ MOF coating.
To test this possibility, Mössbauer spectroscopy was

performed at room temperature on freshly synthesized samples
of Fe3O4, PSS-grafted Fe3O4, and MIL-101-Fe3O4@MIL-101-
SO3 (Figure 4b). The Mössbauer spectra clearly indicate the as-
synthesized magnetite microsphere has a charge distribution
similar to that of [(Fe3+)tet(Fe

3+, Fe2+)oct]O4 based on relative
intensities of the sextet peaks. As expected, functionalization
with PSS did not result in any change in the oxidation state of
the as-synthesized magnetite. However, the Mössbauer
spectrum of the Fe3O4@MIL-101-SO3 clearly indicates
oxidation of Fe2+ to Fe3+; as a result, the magnetite core was
converted to maghemite (Fe2O3) upon MOF coating. The
oxidation is facilitated by high-temperature hydro(solvo)
thermal synthesis under aerobic conditions. Complementary
synchrotron based X-ray absorption near-edge spectroscopy
(XANES) reveals that Fe3O4 microspheres and PSS-function-
alized Fe3O4 and Fe3O4 coated with PSS have significant

Figure 4. Magnetic saturation and Mössbauer and X-ray absorption
spectra. (a) Magnetic saturation of Fe3O4−PSS (red) and Fe3O4@
MIL-101-SO3 (blue) at room temperature (notice the bulk magnetite
(Fe3O4) and maghemite (Fe2O3) saturation magnetization in light
green and orange, respectively). (b) Mössbauer spectral data of Fe3O4
(top), Fe3O4−PSS (middle), and Fe3O4@MIL-101-SO3 (bottom),
indicating the conversion of Fe2+ to Fe3+ in the magnetic core upon
MOF coating.
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contributions of the Fe2+ oxidation state, whereas in Fe3O4@
MIL-101-SO3, the Fe oxidation state is dominated by the Fe3+

component (Figures 4 and S10).44

In summary, important new chemistry in the growth of MOF
shell sorbents on magnetite cores has been discovered. We have
designed and synthesized novel core−shell Fe3O4@MOF
microspheres. APT shows that under the given synthesis
conditions, deposition of Cr or MOF occurs within the pores of
the magnetic core in conjunction with a redox reaction that
oxidizes a significant fraction of the Fe2+ in the magnetite and
reduces its magnetic properties. Here, we have provided
fundamental insights into the change MOF growth has on the
magnetic properties of Fe3O4 cores.
Methods. General Synthetic Method for Functionalized

Magnetic Core. The Fe3O4 core was synthesized by stirring
FeCl3·9H2O and ethylene glycol for 30 min.45 Sodium acetate
in appropriate quantity was added to the dark-yellow solution,
and the solution was stirred for another 1 h. The brown
solution was then transferred to Teflon-lined Parr autoclaves
and heated for 18 h at 200 °C. The black, solid product was
separated from the medium using an external magnet and
subsequently washed with water (three times) and methanol
(three times) and dried in air. After the Fe3O4 was synthesized,
it was coated with PSS by adding the Fe3O4 to a 0.3% aqueous
PSS solution, followed by sonication for 1 h.38 The product was
then washed with water and collected using a permanent
magnet and characterized by powder XRD (see the Supporting
Information).
General Synthesis Procedure of MOF and Core−Shell

Magnetic Microspheres. Unbound MIL-101-SO3 was prepared
using a published procedure.35 MIL-101-SO3 was grown on the
Fe3O4−PSS core by mixing CrO3 with Fe3O4−PSS in water,
followed by sonication for 1 h. Thereafter the organic linker,
monosodium 2-sulfoterephthalic acid, and concentrated HCl
were added to the solution, followed by sonication for another
30 min. The resultant solution was then transferred to a Teflon-
lined Parr autoclave and heated for 6 days at 180 °C. The
magnetic, brown solid of Fe3O4@MIL-101-SO3 was separated
using a permanent magnet and washed with water and
methanol (3 × 50 mL). The products were characterized by
powder XRD, BET surface area, and SEM and TEM
measurements (see the Supporting Information for a detailed
synthetic scheme).
Microstructural Characterization. The Fe3O4@MIL-101-

SO3 was characterized using SEM backscattered electron
imaging in an FEI Quanta dual beam, focused ion beam
(FIB) system. The TEM samples and APT samples were
prepared using the FEI Quanta dual beam FIB. The APT
specimen preparation method, by site specific FIB lift-out and
annular milling, aided in selecting specific regions within the
sample.46 A CAMECA LEAP 4000XHR system equipped with
a pulsed UV laser (355 nm wavelength) was used to perform
APT experiments using 20 pJ laser pulse energy and 0.005
atoms per pulse evaporation rate at a specimen temperature of
60 K. The APT results were reconstructed and analyzed using
Interactive Visualization and Analysis Software (IVAS) 3.6.8
using a standard reconstruction procedure.47 The reconstruc-
tion and composition measurement of all APT data was done
using x−y−z voxels of 1 nm × 1 nm × 1 nm size with a
delocalization of 3 × 3 × 1.5 nm, respectively. The error bars
for composition measurements were estimated based on
statistical error for measured atom count as per the equation
below, where Ci corresponds to measured atomic concentration

fraction of the element and N is the total atom counts in the
bin:

σ = * −C C
N

(1 )i i

X-ray Absorption Near-Edge Spectroscopy. All of the
samples in the form of powders were pressed into In foil and
affixed onto a Cu sample puck using carbon tape. The Fe L-
edge, Cr L-edge, and O K-edge X-ray absorption spectra were
collected at beamline 6.3.1.2 of the advanced light source
(ALS) in total electron yield mode while maintaining the
analysis chamber pressure below 1 × 10−9 Torr vacuum.
Calibration standards were provided by ALS and mounted
within the XAS instrument chamber for accurately calibrating
the energy positions.

Electron Microscopy Analysis. Scanning transmission
electron microscopy (STEM) measurements were performed
with an FEI Titan 80−300 operated at 300 kV. The FEI Titan
is equipped with a CEOS GmbH double-hexapole aberration
corrector for the probe-forming lens. The STEM images were
acquired in high-angle annular dark-field mode with an inner
collection angle of 52 mrad. Conventional TEM images were
acquired with a Gatan UltraScan 1000 camera. Sample
preparation for TEM observations involved mounting powder
samples on copper grids covered with lacey carbon support
films and then immediately loading them into the STEM
airlock. To further confirm the composition of the Fe3O4@
MIL-101-SO3 particles, energy dispersive X-ray spectroscopy
was performed on several particles, which suggested the
distribution of MOF over entire particles; the ratio of Cr to
Fe was found to be 20/80.

Magnetometry Measurements. Vibrating sample magneto-
metry (VSM) measurements were carried out on a Lakeshore
7404 magnetometer at room temperature. Core−shell micro-
spheres were allowed to dry at room temperature to a powder
form and then loaded into a powder sample holder. Any small
residual ferromagnetic signal from the bare sample holder was
subtracted from the total signal. Residual ferromagnetic
response was typically <0.1% of the total signal of the samples.
MS values were determined and reported after subtracting the
paramagnetic contribution from the signal. A nickel sphere was
used to calibrate the magnetometer. Uncertainty in the
calibration standard is estimated at ±1.5%. Mössbauer
spectroscopy data of the powder samples were collected
using a WissEl Elektronik instrument (Germany). A 57Co/Rh
source (50-mCi to 75-mCi, initial strength) was used as the γ
energy source. The transmitted counts were stored in a
multichannel scaler as a function of the energy (transducer
velocity) using a 1024-channel analyzer. The raw data were
folded to 512 channels to provide a flat background and a zero-
velocity position corresponding to the center shift of a metal Fe
foil at room temperature. Calibration spectra were obtained
with a 20 μm thick Fe foil placed in the same position as the
samples to minimize any geometry errors. The Mössbauer
spectroscopy data were modeled with Recoil software
(University of Ottawa, Canada) using a Voigt-based structural
fitting routine.
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