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ABSTRACT: We report a novel method for development of
magnetically recoverable catalysts prepared by thermal decom-
position of palladium acetylacetonate in the presence of iron
oxide nanoparticles (NPs). Depending on conditions, the
reaction results either in a dispersed mixture of Pd and iron
oxide NPs or in their aggregates. It was demonstrated that the Pd
loading, reaction temperature, solvent, and iron oxide NP size and
composition are crucial to control the reaction product including
the degree of aggregation of Pd and iron oxide NPs, and the
catalyst properties. The aggregation controlled by polarization
and magnetic forces allows faster magnetic separation, yet the
aggregate sizes do not exceed a few hundred nanometers, making
them suitable for various catalytic applications. These NP
mixtures were studied in a selective hydrogenation of 2-methyl-
3-butyn-2-ol to 2-methyl-3-buten-2-ol, demonstrating clear differences in catalytic behavior depending on the catalyst structure.
In addition, one of the catalysts was also tested in hydrogenation of 3-methyl-1-pentyn-3-ol and 3-methyl-1-nonyn-3-ol,
indicating some specificity of the catalyst toward different alkyne alcohols.
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■ INTRODUCTION

Palladium nanoparticles (NPs) are widely used in the selective
hydrogenation of alkynes due to their high selectivity in such
processes.1−4 Recently, Pd-containing magnetically recoverable
catalysts received considerable attention due to facile catalyst
recovery,2,5−11 environmentally friendly processes, and less
expensive target products.12−18

In this paper we report a novel method for development of
magnetically recoverable catalysts based on palladium and iron
oxide nanoparticles. Previously, our group reported formation
of PtFe NPs by thermal decomposition of Pt acetylacetonate,
Pt(acac)2, in the presence of maghemite NPs.19 It was
demonstrated that the existence of iron oxide NPs in a
catalytic mixture with PtFe NPs improves the catalyst
performance. In the present work Pd(acac)2 is used as a Pd
source, and well-defined iron oxide NPs of different
compositions serve as an iron source. Depending on the
conditions, the reaction results either in a dispersed mixture of
Pd and iron oxide NPs or in their aggregates. The latter allow

faster magnetic separation, yet the aggregate sizes do not
exceed a few hundred nanometers, thus making them suitable
for various catalytic applications including those in micro-
reactors. These NP mixtures were studied in the selective
hydrogenation of 2-methyl-3-butyn-2-ol (MBY) to 2-methyl-3-
buten-2-ol (MBE), demonstrating clear differences in catalytic
behavior depending on the catalyst structure. It is noteworthy
that MBE has also a commercial value as an intermediate for
fragrant substances and vitamins E and K.20 In addition, one of
the catalysts was also tested in the hydrogenation of 3-methyl-
1-pentyn-3-ol (MPY) and 3-methyl-1-nonyn-3-ol (MNY) to
assess specificity of the catalyst toward different alkyne alcohols.
In this paper we demonstrate that the Pd loading, reaction

temperature, solvent, and iron oxide NP size and composition
are key parameters to control the reaction product, the degree
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of aggregation of Pd and iron oxide NPs, and the catalyst
properties. To assess the influence of the catalyst structure and
morphology on its properties, the NP mixtures were
characterized using transmission electron microscopy (TEM),
X-ray powder diffraction (XRD), dynamic light scattering
(DLS), X-ray photoelectron spectroscopy (XPS), and energy-
dispersive X-ray spectroscopy (EDS).

■ EXPERIMENTAL SECTION
Materials. FeCl3·6H2O (98%), decane (≥99%), octadecane (99%),

eicosane (99%), dioctyl ether (99%), toluene (99.8%), diphenyl ether
(≥98%), 1,2-hexadecane diol (90%), oleylamine (OAm, 70%), oleic
acid (OA, 90%), Pd(acac)2 (97%), and MBY (≥98%) were purchased
from Sigma-Aldrich and used as-received. MPY (97%) and MNY
(97%) were purchased from Alfa Aesar and used as-received. Hexanes
(85%), ethanol (95%), and acetone (99.78%) were purchased from
EMD Chemicals and used without purification. Chloroform
(Mallinckrodt, 100%) was also used as received.
Synthetic Procedures. Iron Oxide Nanoparticle Synthesis. Iron

oleate was synthesized according to a published procedure.21 Iron
oxide NPs were synthesized via the thermal decomposition of iron
oleate using procedures published elsewhere.22,23 The NPs were
prepared in octadecane and eicosane as solvents, which were chosen to
control the reaction temperature and achieve the desired NP size. The
resultant NPs were stored as a solid reaction solution (as octadecane
and eicosane are solid at room temperature) and refrigerated until
needed. Oxidation of as-synthesized NPs was carried out according to
the procedure described elsewhere.19,23

Synthesis of Pd/Iron Oxide NPs. In a typical procedure, chloroform
was evaporated in vacuum from a solution containing 15 mg of iron
oxide NPs. Then the NPs were dispersed in 7 mL of dioctyl ether and
sonicated for 20 min. A three-neck round-bottom flask was charged
with 0.05 g of 1,2-hexadecane diol, 10 μL of OAm, 10 μL of OA (both
OAm and OA used as surfactants), and the NP solution. The flask was
equipped with a reflux condenser, temperature probe, argon inlet, and
a stir bar. Argon was bubbled into the solution via a needle for 15 min.
The solution was then heated at 10 °C/min to 285 °C. Once the
solution reached 285 °C, a suspension of 0.025 g of Pd(acac)2 in 0.25
mL of dioctyl ether was injected into the reaction solution and the
latter was maintained at 285 °C for 45 min. The solution was then
cooled and transferred to a vial. The sample was stored in a
refrigerator. The reaction conditions and the characteristics of the
samples are presented in Table 1.
Characterization. Electron-transparent NP specimens for TEM

were prepared by placing a drop of a diluted solution onto a carbon-

coated Cu grid. Images were acquired at an accelerating voltage of 80
kV on a JEOL JEM1010 transmission electron microscope. Images
were analyzed with the National Institute of Health developed image-
processing package ImageJ to estimate NP diameters. Between 150
and 300 NPs were used for this analysis. High-resolution TEM
(HRTEM) images and scanning TEM (STEM) EDS were acquired at
an accelerating voltage of 300 kV on a JEOL 3200FS transmission
electron microscope equipped with an Oxford Instruments INCA EDS
system. The same TEM grids were used for all analyses.

XRD patterns were collected on an Empyrean from PANalytical. X-
rays were generated from a copper target with a scattering wavelength
of 1.54 Å. The step size of the experiment was 0.02.

DLS measurements were performed using a Malvern Zetasizer
Nano ZS. Measurement duration was set to be determined
automatically, and data were averaged from at least three runs.
Intensity distributions of the particle sizes were recorded.

XPS experiments were performed using PHI Versa Probe II
instrument equipped with a monochromatic Al Kα source. The X-ray
power of 25 W at 15 kV was used for a 100 μm beam size. The
instrument work function was calibrated to give a binding energy (BE)
of 84.0 eV for the Au 4f7/2 line for metallic gold and the spectrometer
dispersion was adjusted to give BEs of 284.8, 932.7, and 368.3 eV for
the C 1s line of adventitious (aliphatic) carbon present on the
nonsputtered samples, and Cu 2p3/2 and Ag 3d5/2 photoemission lines,
respectively. The PHI double-charge compensation system was used
on all samples. The ultimate Versa Probe II instrumental resolution
was determined to be better than 0.125 eV using the Fermi edge of the
valence band for metallic silver. XPS spectra with the energy step of
0.1 eV were recorded using SmartSoft-XPS v2.0 and processed with
PHI MultiPack v9.0 and/or CasaXPS v.2.3.14 at pass energies of 23.5
and 11.75 eV for Fe 2p and Pd 3d (both C 1s) and O 1s regions,
respectively. Peaks were fitted using GL line shapes and/or asymmetric
shapes, that is, a combination of Gaussians and Lorentzians with 10−
50% of Lorentzian contents. Shirley background was used for curve
fitting. NP samples for XPS were prepared by drop casting from
solution onto the native surface of a Si(111) wafer.

Catalytic Studies. Catalytic testing was carried out in a 60 mL
isothermal glass batch reactor installed in a shaker and connected to a
gasometric buret (for hydrogen consumption control). The volume of
the hydrogen consumed was in the range of 535−810 mL (depending
on the amount of the alkyne alcohol used) that was close to the
stoichiometric amount for each experiment. Toluene was chosen as a
solvent because of the highest affinity toward the catalyst (close to that
of chloroform), allowing a good catalyst dispersion. The total volume
of the liquid phase (including toluene and an alkyne alcohol) was 30
mL. In each experiment the amount of MBY was varied from 2 g (23.8

Table 1. Reaction Conditions for the Formation of Pd−Iron Oxide NP Containing Samples

sample
notation

iron oxide NP
type

iron oxide NP
size, nm

standard
deviation, %

Pd(acac)2
amount, mg solvent

reaction tempera-
ture, °C yield, %

Pd NP size,
nm

standard
deviation, %

Pd-1 Fe3O4/γ-
Fe2O3

8.3 7.6 0.025 dioctyl
ether

285 75.1 6.7 22.0

Pd-2 Fe3O4/γ-
Fe2O3

8.3 7.6 0.0125 dioctyl
ether

285 71.9 5.9 17.7

Pd-3 Fe3O4/γ-
Fe2O3

8.3 7.6 0.00625 dioctyl
ether

285 72.4 6.2 22.3

Pd-4 Fe3O4/γ-
Fe2O3

8.3 7.6 0.025 diphenyl
ether

250 68.3 5.9 17.6

Pd-5 Fe3O4/γ-
Fe2O3

8.3 7.6 0.025 diphenyl
ether

200 62.2 5.9 18.7

Pd-6 Fe3O4/γ-
Fe2O3

8.3 7.6 0.025 dioctyl
ether

200 79.1 5.6 22.8

Pd-7 none 0.025 dioctyl
ether

285 81.2 6.4 58.0

Pd-8 Fe3O4/γ-
Fe2O3

22.8 12.3 0.025 diphenyl
ether

250 67.8 6.2 37.1

Pd-9 Fe3O4/γ-
Fe2O3

22.8 12.3 0.025 dioctyl
ether

285 77.3 4.3 41.1

Pd-10 FeO−Fe3O4 22.6 11.7 0.025 diphenyl
ether

250 72.3 6.0 20.3
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mmol) up to 3 g (35.7 mmol), while the catalyst amount was in the
range of 0.3−2 mg (depending on the Pd content in the catalyst) to
provide the MBY-to-Pd molar ratio of about 10 000. In the case of
MPY and MNY, the same substrate-to-Pd molar ratios have been used.
Reaction conditions were ambient hydrogen pressure, stirring rate of
850 shakings per minute, and temperature of 90 °C.
Samples were periodically taken and analyzed via gas chromatog-

raphy-mass spectrometry (Shimadzu GCMS-QP2010S) equipped with
a capillary column HP-1MS (30 m × 0.25 mm i.d., 0.25 μm film
thickness). Helium was used as a carrier gas at a flow rate of 1 mL/
min. Analysis conditions: oven temperature 60 °C (isothermal),
injector and interface temperature 280 °C, ion source temperature 260
°C, range from 10 up to 200 m/z. Decane was used as an internal
standard with a concentration of 0.005 mol/L in the toluene solution.
Retention times were the following: 1.53 min for MBY, 1.57 min for
MBE, 1.70 min for MBA, 2.16 min for MPY, 2.25 min for MPE, 2.56
min for MPA, 4.57 for MNY, 4.86 for MNE, 5.62 for MNA, and 11.07
min for decane. The concentrations of the reaction mixture
components Yi were calculated from the corresponding calibration
curves. Conversion was defined as

= − ×X Y Y Y( )/ 100%S0 S S0

where YS0 is the initial substrate concentration and YS is the substrate
concentration in the analyzed sample of the reaction mixture.
Selectivity to target product (P) was defined as

= − ×S Y Y Y/( ) 100%P P S0 S

For catalyst recycling, the catalyst was separated using a rare earth
magnet, washed with toluene and chloroform, and dried at 70 °C for 3
h. Before reuse in the hydrogenation reaction, the catalyst was
sonicated for 10 min in 2 mL of toluene. The brief sonication was a
precaution to make sure that the aggregation due to magnetic
separation did not change the catalyst properties.

■ RESULTS AND DISCUSSION
Initial Iron Oxide NPs. The majority of iron oxide NPs

used in this work were additionally oxidized by heating a
reaction solution of as-synthesized iron oxide NPs (prepared by
thermal decomposition of iron oleate22) for 2 h at 200 °C in
air.19,23 Figure 1 shows a typical NP sample before and after

oxidation, indicating that additional oxidation has nearly no
influence on the NP size and morphology. In our preceding
papers, it was determined that the NPs before oxidation consist
of two phases, FeO and Fe3O4, with the former phase
prevailing, while after oxidation the NPs consists of either
Fe3O4 or γ-Fe2O3.

22,23 Recent XPS studies of oxidized NPs
demonstrated that they have the Fe3O4/γ-Fe2O3 structure with

approximately 15% of Fe2+ species, that is, with a Fe2+/Fe3+

ratio of 0.18.24 This matches 54% of the Fe3O4 phase.
To assess the electronic structure of these NPs (i.e., the

surface versus bulk morphology), we have performed angular-
dependent high-resolution XPS [Figure S1, Supporting
Information (SI)]. No significant differences were observed in
the spectra obtained at different experimental geometries,
suggesting a high level of uniformity across the NPs and most
probably the absence of a core−shell structure. Sputtering
experiments have been also performed using 2 min cycles of 0.5
kV Ar ion beam. No significant changes were observed up to
two sputtering cycles ( Figure S2, SI), suggesting stability of the
iron oxide NP structure. Further sputtering (3−4 cycles, not
shown here) resulted in the reduction of iron species.

Structure of the Mixed NP Sample. For the Pd NP
syntheses in the presence of iron oxide NPs, dioctyl ether was
chosen because it is a good solvent for iron oxide NPs coated
with OA and the resultant Pd (or PdFe) NPs stabilized with
OA and OAm. In addition, it allows for a high reaction
temperature (285 °C), which is beneficial for fast decom-
position of Pd(acac)2. Figure 2a shows the TEM image of Pd

NPs prepared in the presence of the 8.3 nm Fe3O4/γ-Fe2O3
NPs. The sample consists of two types of particles whose sizes
and appearance differ. To evaluate the composition of both
kinds of NPs, the Pd-1 sample (Table 1) was examined using
HRTEM (Figure 2b) and EDS (Figure 3). Figure 2b shows
that a spacing between lattice fringes in slightly larger particles
is 2.46 Å which corresponds to the distance between the (311)
planes in Fe3O4 (or spinel).

25,26 The lattice fringe spacing in
smaller NPs is 2.22 Å which is close to the lattice spacing of the
(111) planes of the fcc palladium (0.223 nm).27 Figure 3
presents a STEM dark-field image and STEM EDS Fe and Pd
maps of Pd-1. Two types of NPs are clearly seen in both the
dark-field image (NPs with different electron densities) and the
corresponding maps. Pd NPs do not contain iron, while iron
oxide NPs are not coated by Pd.
A survey XPS spectrum of Pd-1 displayed in Figure S3 (SI)

shows the presence of Pd, Fe, C, O, and Si. Si comes from the
silicon wafer. The high-resolution XPS spectra of Pd-1 in the Fe
2p, O 1s, and the Pd 3d regions are presented in Figure 4. This
figure also shows the XPS spectra of the initial iron oxide NPs
(for Fe 2p and O 1s) used in the reaction. Only negligible
differences were observed in the Fe 2p region (Figure 4a),
mostly seen at the high binding energy part of the spectra.
Binding energies for the iron species in both samples are about
710.8 eV, which is consistent with previous reports.24,28−30

Similarly, the oxygen 1s region shows almost identical spectra

Figure 1. Iron oxide NPs before (a) and after (b) oxidation. The
diameter of as-synthesized FeO−Fe3O4 NPs (a) is 8.1 nm with the
8.0% standard deviation. For oxidized Fe3O4/γ-Fe2O3 NPs (b), the
diameter is 8.3 nm with the 7.6% standard deviation.

Figure 2. TEM (a) and HRTEM (b) images of Pd-1 prepared with
0.025 g of Pd(acac)2.
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(Figure 4b) with the same binding energies. These data indicate
that the iron oxide NPs do not change in the reaction
conditions. The deconvolution of the XPS spectrum of Pd-1 in
the Pd 3d region (Figure 4c) shows a Pd 3d5/2 binding energy
of 335.2 eV, which is consistent with the Pd species in a
metallic form (Pd0).31−33 Sputtering experiments showed no
significant changes in the Pd 3d, Fe 2p, and O 1s regions
(Figure S4, SI), which suggests a robust structure of the Pd/
iron oxide NP mixture upon argon ion bombardment.
The XRD pattern of Pd-1 presented in Figure 5 also confirms

the mixed character of the sample. Three reflections in the
XRD pattern at 2θ = 40°, 46°, and 68° are attributed to the
(111), (200), and (220) planes of a face-centered cubic (fcc)
crystal structure of palladium.27 The reflections at 2θ = 30.3°,
35.6°, 43.3°, 54.0°, 57.2°, and 62.9° correspond to the (220),
(311), (400), (422), (511), and (440) crystallographic planes
of a spinel phase (magnetite or maghemite), respectively.34,35

Influence of the Pd Precursor Amount, Reaction
Temperature, Size, and Type of Iron Oxide NPs. A
decrease of the Pd(acac)2 loading from 0.025 to 0.0125 g and
then to 0.0063 g (Table 1) leads to similar samples (Figure S5,
SI) but with fewer Pd NPs. To assess the influence of iron
oxide NPs on the Pd NP formation, a reference sample was
prepared with 0.025 g of Pd(acac)2 in the absence of Fe3O4/γ-

Fe2O3 NPs but otherwise identical conditions (Figure S5c, SI).
In the reference sample Pd NPs are not stabilized and fully
aggregated, revealing a stabilizing influence of iron oxide NPs. A
similar stabilizing influence was reported earlier in the case of
Pt-containing samples.19

Because our goal was a controlled formation of the
aggregates of Pd and iron oxide NPs for easier magnetic
separation, we also used diphenyl ether as solvent because it has
lower affinity toward the above NPs, thus, possibly promoting
aggregation. The use of diphenyl ether results in a lower
reaction temperature (250 °C) because its boiling point is 259
°C. Indeed, the reaction product obtained in such conditions
(Pd-4, Table 1) contained some aggregates of Fe3O4/γ-Fe2O3
NPs that trapped small Pd NPs (Figure 6a) as was confirmed
by DLS data (Figure S6a, SI). It is noteworthy that a decrease
of the reaction temperature to 200 °C resulted in much larger
and denser aggregates (Figure 6b and Figure S6a, SI).
Attachment of Pd NPs to the iron oxide NPs suggests that at
200 °C in diphenyl ether a Pd NP formation might occur

Figure 3. STEM dark-field image (a) and Fe (b) and Pd (c) EDS maps of Pd-1.

Figure 4. High-resolution XPS spectra of Pd-1 (red) and initial iron
oxide NPs (blue) in the Fe 2p (a) and O 1s (b) regions. (c) High-
resolution Pd 3d XPS spectrum of Pd-1; the black line represents
experimental data, while the red line shows a generated fit (see Table
S1, SI, for fitting parameters).

Figure 5. XRD pattern of Pd-1.

Figure 6. TEM images of Pd-4 (a) prepared at 250 °C and Pd-5 (b)
prepared at 200 °C in diphenyl ether.
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heterogeneously on the iron oxide NP surface, while in boiling
dioctyl ether rather homogeneous nucleation takes place. It is
noteworthy that the Pd-6 sample (Table 1) prepared at 200 °C
in dioctyl ether was equally aggregated (not shown), indicating
that the reaction temperature has a stronger influence on
aggregation than the type of solvent.
The use of larger iron oxide NPs, 22.8 nm, instead of 8.3 or

11.0 nm, results in more pronounced NP aggregation in the
reaction product obtained at 250 °C in diphenyl ether as is seen
from the comparison of Figures 6a and 7a displaying TEM
images of Pd-4 and Pd-8, respectively (Table 1). The larger
aggregation in the Pd-8 sample is also confirmed by DLS data
(Figure S6, SI). Moreover, for 22.8 nm iron oxide NPs, even
the reaction at 285 °C in dioctyl ether results in partial
aggregation, indicating stronger magnetic attraction of larger
iron oxide NPs (Figure 7b). The replacement of oxidized
Fe3O4/γ-Fe2O3 NPs with as-synthesized FeO-Fe3O4 NPs of the
same size (Pd-10, Figure 7c) leads to decreased aggregation,
which could be assigned to weaker magnetic interactions of as-
synthesized FeO-Fe3O4 NPs as was observed during magnetic
separation. The HRTEM and dark-field STEM images of Pd-10
are shown in Figure 8. The Pd NPs are represented by nearly

spherical particles and also fused particles consisting of two or
three single particles. It is worth noting that, for all the samples,
the Pd NP diameters are about 6 nm and hardly depend on the
reactions conditions.
The HRTEM image and the FFT patterns of Pd-10 (Figure

8a) indicate, however, that the iron oxide NPs are single
crystals with similar spacing as those found for the Pd-1 sample
(Figure 2). Since the initial iron oxide NPs in this case were

FeO−Fe3O4, additional oxidation may occur with OA and/or
acetylacetone during Pd NP formation.
High-resolution XPS spectra of Pd-10 in the Fe 2p, O 1s, and

Pd 3d regions are presented in Figure 9. The satellite structure

at about 719.5 eV BE in the Fe 2p3/2 region is nearly absent.
The lack of this feature along with a Fe2+/Fe3+ ratio of 0.47
(obtained from the Fe 3p region, Figure S7, SI) are consistent
with bulk Fe3O4 (Fe2+/Fe3+ = 0.5). Similar to Pd-1, the
deconvolution of the XPS spectrum of Pd-10 in the Pd 3d
region (Figure 9c and Table S2, SI) gives a Pd 3d5/2 binding
energy of 335.12 eV, which matches that of Pd0.31−33

Aggregation Mechanism of Pd and Fe3O4/γ-Fe2O3
NPs. To better understand the aggregation mechanism of
iron oxide and Pd NPs, we carried out a synthesis at 200 °C in
diphenyl ether (Pd-5, Table 1), taking specimens of the
reaction solution 5, 15, and 25 min after the injection of the
Pd(acac)2 solution. Already 5 min after the Pd(acac)2 injection
some aggregation occurs although Pd NPs exist both on the
surface of iron oxide NPs and in solution, while Pd(acac)2 is
not fully decomposed (gray matter in the background indicated
by a red arrow) (Figure S8a, SI). In the specimen taken out
after 15 min, all iron oxide and Pd NPs are aggregated and no
precursor is visible in the background (Figure S8b, SI). No
changes were observed in the reaction product isolated after 25
min (Figure S8c, SI). Thus, the following scenario seems to be
the most probable. At 200 °C the decomposition of Pd(acac)2
occurs quite rapidly, and nucleation may occur both
heterogeneously and homogeneously as unsupported Pd NPs
are observed 5 min after the Pd(acac)2 injection. Upon

Figure 7. TEM images of Pd-8 (a), Pd-9 (b), and Pd-10 (c).

Figure 8. HRTEM (a) and dark-field STEM image (b) of Pd-10.
Insets in (a) show fast Fourier transform (FFT) patterns (dark) and a
higher magnification image of small particles (lower right). Brighter,
smaller NPs in (b) are Pd NPs, while larger and darker NPs consist of
iron oxide.

Figure 9. High-resolution (a) Fe 2p, (b) O 1s, and (c) Pd 3d XPS
spectra of Pd-10. See Table S2 (SI) for Pd 3d deconvolution
parameters.
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formation, the Pd NPs are not fully stabilized and tend to
become attached to iron oxide NPs. This is also confirmed by
the complete aggregation of Pd NPs in the absence of iron
oxide NPs. However, unlike the sample prepared in the absence
of iron oxide NPs, where huge aggregates are formed, in the Pd-
5 sample the aggregation is finite and the aggregate size does
not exceed 200 nm as is indicated by DLS (Figure S6, SI). But
the question arises, why aggregation takes place in these
conditions?
NP interactions in solution can be controlled by several,

sometimes competing, forces such as van der Waals, electro-
static, magnetic, molecular surface, and depletion effects.36,37

While electrostatic repulsion/attraction seems to be hardly
significant for NPs coated with OA and OAm in a hydrophobic
medium, polarization forces might be dominant in solution at
the initial stage of aggregation, causing segregation of species of
different polarity.38,39 The Pd dielectric constant was not found
in the literature, but for Pt, it is 58 ± 10.40 The dielectric
constant of ferric oxide is 13.1,41 while for diphenyl ether it is
only 3.9.41 The data for dioctyl ether are not published, but
dioctyl phthalate has a dielectric constant of 5.1.41 Thus, a
significant difference in dielectric constants between NPs and
the solvent drives polarization forces to cause aggregation of
both types of particles, especially at lower reaction temperatures
and in a less favorable solvent (diphenyl ether). This scenario is
shown in Scheme 1. The other type of forces that should be

taken into account are magnetic. At the beginning of the iron
oxide NP aggregation caused by polarization forces, dipole−
dipole interactions change, thus making magnetic forces more
important, despite the individual iron oxide NPs being
superparamagnetic.36 In the case of the reaction in dioctyl
ether at 285 °C, intensive Brownian motion may prevent
aggregation while easier stripping off of surfactant molecules

from the iron oxide NP surface at higher temperatures allows
for better stabilization of Pd NPs.

Catalytic Behavior. To test the catalytic activity of the
mixtures of Pd and iron oxide NPs and the NP aggregates, the
selective hydrogenation of MBY to MBE was studied (Scheme
2).
The data of catalytic testing for representative samples are

given in Table 2 and Figure 10. The Pd-1, Pd-2, and Pd-3

samples (Table 1) were not considered for catalysis because the
NPs are well-dispersed and do not provide efficient magnetic
separation. Pd-6 is very similar to Pd-4 and Pd-5. Pd-8 formed
too large aggregates and was excluded from consideration.

Scheme 1. Schematic Representation of Pd and Iron Oxide
NP Aggregation Due to Polarization Forcesa

aPink arrows indicate exclusion of the solvent from the interparticle
space.

Scheme 2. Selective Hydrogenation of MBY to MBEa

a2-Methylbutan-2-ol (MBA) is a side product.

Table 2. Results of MBY, MPY, and MNY Hydrogenation
Using Pd-Containing Magnetically Separable Catalysts

catalyst
notation

Pd,
wt % substrate selectivity,b % conversion,c %

TOF,d

s−1

Pd-7 87.6 MBY 100 6.2
Pd-5 24.9 MBY 95.0 95.2 1.9
Pd-4a (1st
use)

12.6 MBY 96.2 94.9 2.0

Pd-4a (2nd
use)

12.6 MBY 96.7 95.0 1.8

Pd-4a (3rd
use)

12.6 MBY 96.6 95.2 1.8

Pd-9 41.6 MBY 96.6 95.0 2.2
Pd-10 28.1 MBY 95.2 93.7 12.3
Pd-7 87.6 MBY 100 6.2 0.1
Pd-4 12.6 MPY 97.9 95.1 2.7
Pd-4 12.6 MNY 96.3 95.2 1.4
aAfter magnetic separation. bSelectivity was determined at the
conversion indicated in the column to the right. cWhen possible, for
a fair comparison of selectivities, the conversion was chosen ∼95%.
dExperimental error in determining TOF is about 10%.

Figure 10. Kinetic curves of MBE accumulation with Pd-4 (black), Pd-
5 (green), Pd-9 (blue), and Pd-10 (red).
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The Pd-4 and Pd-5 samples based on 8.3 nm Fe3O4/γ-Fe2O3
NPs demonstrate very similar activities expressed as turnover
frequency (TOF), despite Pd-5 forming much larger aggregates
than those in the Pd-4 sample (Figure 3). This indicates that
the catalytic centers in both catalysts are available for reacting
molecules. On the other hand, Pd-4 demonstrates slightly
higher selectivity, which even increased upon repeated use
(Table 2), while TOF remained nearly unchanged (within an
experimental error of ∼10%). It is worth noting that, for the
repeated use, the catalyst was magnetically separated within 5
min with a negligible catalyst loss. The Pd NPs synthesized
without iron oxide NPs (Pd-7) showed only minor activity
(Table 2) despite similar Pd NP sizes, which we assign to
uncontrolled aggregation in this sample. Thus, the magnetic
nanoparticles serve a role beyond simply catalyst separation,
following reaction.
The Pd-9 sample based on 22.8 nm Fe3O4/γ-Fe2O3 NPs

shows results (Table 2) analogous to those for Pd-4 and Pd-5,
indicating that iron oxide NP size does not influence the
catalytic properties. On the other hand, for the Pd-10 sample
based on the similar size (22.6 nm) FeO−Fe3O4 NPs, the TOF
value increases by a factor of 5.6, while selectivity is only slightly
lower. This remarkable increase of activity should be assigned
to the influence of the iron oxide NP surface. Indeed, the
influence of iron oxide NPs on catalytic hydrogenation was
demonstrated by us19 and others42 for Pt and Au NPs. Even
when Pd NPs are not attached to the iron oxide NPs, their
close proximity can result in collisions, leading to interactions
and electron transfer from the iron oxide NP surface to the Pd
surface due to partial reduction, facilitating hydrogenation.42

Apparently, this influence can be very different depending on
the iron oxide structure.
In as-synthesized iron oxide NPs (see Figure 1) prepared by

thermal decomposition of iron oleate22 the major component is
FeO, which is combined with Fe3O4.

22,23 According to the XPS
data, in the Pd-10 sample the iron oxide NPs are additionally
oxidized, becoming Fe3O4. Preoxidized iron oxide NPs contain
Fe3O4 and γ-Fe2O3 phases and stay unaffected after the Pd NP
formation. Thus, our data indicate that lower oxidation state
iron species are more efficient in the electron transfer and
facilitation of hydrogenation.
With Pd-4 as a catalyst, we also studied the influence of the

reacting molecule structure on the selective hydrogenation of
different alkyne alcohols. In all of them, the hydroxyl group is
adjacent to the triple bond, but the hydrocarbon tail is different.
MPY differs from MBY by one CH2 group, while MNY
contains five additional methylene groups. The catalytic tests
show that hydrogenation of MPY occurs with a noticeably
higher selectivity of almost 98% and slightly faster with TOF =
2.7 s−1. For MNY, both selectivity and activity are the same as
those for MBY. These data suggest that there is only a minor
dependence of catalytic properties on the alkyne structure,
although an improved catalytic performance for MPY is
demonstrated. This phenomenon could be explained by a
combination of the electron-donating and steric effects. Indeed,

the electron-donating effect of an alkyl chain (the longer the
alkyl chain, the stronger the effect) increases the electron
density of the alkyne moiety. This would facilitate interaction of
the alkyne group with the Pd metal surface, thus facilitating
hydrogenation for MPY. However, the longer alkyl chain (the
MNY case), would create steric hindrance for the hydro-
genation progress, thus offsetting the electron-donating effect.

■ CONCLUSION
We developed a new method for syntheses of magnetically
recoverable catalysts containing both Pd and iron oxide NPs. It
is proposed that the controlled aggregation facilitating magnetic
recovery is governed by polarization forces combined with
magnetic attractions. Such aggregation can be stimulated by
lowering the reaction temperature and worsening the solvent
affinity toward NPs, but the reaction result also depends on the
iron oxide NP size. For 8.3 nm NPs, the aggregation is efficient
only in diphenyl ether at both 250 and 200 °C and in dioctyl
ether at 200 °C. For much larger (22.8 nm) iron oxide NPs, the
aggregation takes place even in dioctyl ether at 285 °C. The
catalytic studies of hydrogenation of alkyne alcohols show that
all these catalysts are much more active than aggregated Pd
NPs prepared under similar reaction conditions but without
iron oxide NPs. On the other hand, the major structural
parameter influencing the catalytic properties is the composi-
tion of iron oxide NPs. The catalyst whose iron oxide NPs
contain iron species in a lower oxidation state demonstrate a
5.6-fold increase in TOF, indicating that these species facilitate
electron transfer from the iron oxide NP surface to the Pd NP
surface.
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