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ABSTRACT: In this study, a kind of unique Fe,O;/Pt hybrid consisting of
uniform platinum nanoparticles deposited on a nanoflake-shaped Fe,O;
support was prepared by using a solvothermal reaction followed by a heat-
induced reduction process. The prepared Fe,O; sample displays well-defined
nanoflake-like morphology; remarkably, there are many specific cavities on its
surface. In addition, uniform Pt nanoparticles with narrow size distribution
were deposited onto the surface of the preformed flake-like Fe,O; support to
form the Fe,0;/Pt hybrid via a facile heat-induced reduction reaction. Thus, ‘
the prepared Fe,0;/Pt hybrid can serve as heterogeneous catalyst over the (Y
hydrogenation reaction. Results demonstrated that the specific Fe,O;/Pt e
heterogeneous catalyst exhibits good catalytic performances, including high [ Rran  1st 2nd 3 4m st 6h 7t sb 9% 10m
conversion, specific selectivity, and excellent recycling durability, over |vieldes) 99 99 99 99 99 99 9 99 99 99
hydrogenation reactions for different substrates. Furthermore, the prepared
Fe,0;/Pt heterogeneous catalyst could be easily separated from the product mixture by using a magnet and could be recycled for
10 cycles without catalytic activity loss. In a word, the present synthetic approach is facile, scalable, and reproducible, which can
be easily facilitated to prepare other types of noble metals/metal oxide composite systems.

S 1 mol% Pt/ Fe,0; catalyst s~
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B INTRODUCTION It should be noted that magnetically separable composites as
highly durable catalysts have attracted increasing attention due
to their scientific and technological importance.*** Magnetic
substrate supported catalysts can be quickly recovered with an
external magnet due to the paramagnetic character of the

Developing nanoparticle (NPs) catalysts with controlled size
and surface textures is critical to achieving desirable catalytic
performances.'* Of numerous NP catalyst systems, platinum

Pt) NPs have attracted particular interest due to thei i . . :
(Pt) NPs have attracted particular interest due to their sup erlog support, resulting in remarkable catalyst recovery without using

complicated filtration/separation processes.”>*® This could
greatly enhance the catalytic efficiency and therefore effectively
decrease operation costs, which is essential for practical
applications. As a result, developing a kind of magnetically
recovery Pt based composite catalyst would highlight their great
advantages in future industry applications. Consequently,
regarding the study of magnetically separate Pt based

. . . . 5—
catalytic performances in many chemical reactions,

especially in hydrogen oxidation'®™"*

and oxygen reduction
in catalytic applications.l“_17 However, the need to limit Pt
usage has greatly promoted the search for Pt-based
heterogeneous catalysts with high activity or for non-Pt
composite catalysts with comparable catalytic properties.

As we all know, Pt NPs always serve as excellent and versatile

catalysts in various important reactions but occur at very low composite catalysts has triggered great interest and made
levels of abundance in nature."®'” Therefore, further enhance- some progress recently. Especially, Liang et al. prepared
ment of their utilization efficiency, catalytic activity, and recycle partially reduced Pt/y-Fe,O; magnetic composite catalysts
durability has long been of fundamental importance. According that exhibit good catalytic properties in the selective hydro-
to previous study results, it was found that utilizing controlled

solution synthetic approaches can give rise to metal oxides/Pt Received: November 4, 2013

composite catalysts and exhibit improved catalytic perform- Accepted: December 26, 2013
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Figure 1. Morphology, structure, and component analysis for the prepared iron oxide based samples. (a—c) SEM and TEM images of the Fe,O,
nanoplate; (d—f) TEM images of the nanoflake-like Fe,O,/Pt hybrid; (g) XRD pattern for the Fe,05/Pt sample; (h) EDS pattern of the Fe,0,/Pt

hybrid; (i) size distribution curve of Pt NPs.

genation of 2,4-dinitrochlorobenzene and iodonitrobenzenes.?’

Previous literature reported that the Pd/Fe;O, composite
catalyst can be prepared via the one-pot template-free synthetic
route and displays high catalytic activity over the hydrogenation
reaction.”® More interestingly, a kind of novel magnetic Pt/
SiO,/Fe;0, composite catalyst was prepared via the simple
solution approach, which exhibits better catalytic performances
over the enantioselective hydrogenation of various activated
ketones.”” However, to the best of our knowledge, the synthesis
of unique nanoflake-like iron oxide supported Pt based
heterogeneous catalysts has rarely been reported. Hence, the
construction of or exploring the catalytic performances of the
magnetically separable heterogeneous catalyst would be highly
expected for the development of this field.

In this study, we present the synthesis of a class of novel
magnetically recoverable nanoflake-like iron oxide/Pt hybrids
via two-step solution reaction processes. The iron oxide/Pt
hybrid materials serve as catalysts in hydrogenation reactions,
and we systematically explore their catalytic performances,
including conversion, selectivity, and recycling durability.
Herein, it was believed that the specific synthetic approach
could provide a promising avenue for the preparation of other
noble metal-based heterogeneous catalysts with unique
morphologies and surface textures.

B EXPERIMENTAL SECTION

Preparation of Nanoflake-Like Fe,0;. All chemicals are
commercially available and were used without further purification.
Iron(II) acetylacetonat (99.95% purity) and potassium platinochloride
(99.9% purity) were purchased from Sigma-Aldrich Company.
Polyvinylpyrrolidone (PVP) (M, ~10000) was purchased from
Sinopharm Chemical Reagent Company.

In a typical synthesis, first, 0.15 g of iron(Il) acetylacetonat
(Fe(acac),) was added into a solution containing S mL of deionized
water (DIW) and 25 mL of N,N-dimethylformamide (DMF), and the
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mixture solution was magnetically stirred for 0.5 h. Next, the resultant
homogeneous solution was transferred into a 50 mL Teflon-lined
autoclave and then maintained at 120 °C in an oven for 18 h. After
that, the prepared products were collected and washed with DIW and
absolute ethanol several times and finally dried in a 60 °C oven for 8 h.

Synthesis of the Fe,0;/Pt Heterogeneous Catalyst. For the
synthesis of the Fe,0;/Pt sample, first the potassium platinochloride
(K,PtCl,) precursor solution was prepared by dissolving 0.02 g of
K,PtCl, in 2 mL of ethylene glycol (EG) in a glass vial. Meanwhile,
polyvinylpyrrolidone (PVP) (M, ~10000) was dissolved in 2 mL of
EG solvent. Consequently, 50 mg of Fe,O; solution including 15 mL
of EG was placed into a 50 mL round-bottomed glass flask and then
ultrasonication performed for 10 min. Next, the resulting homoge-
neous solution was heated in a 100 °C oil bath under magnetic stirring
interaction. After stirring for 1 h, the above two prepared solutions
were simultaneously injected into the round-bottomed glass flask drop
by drop. The resulting solution was further processed at 100 °C for an
additional 22 h. Afterward, the resultant sample can be retrieved via
centrifugation and washing with absolute ethanol. Finally, the product
was obtained via drying in a 60 °C oven for 8 h.

Characterization. The powder X-ray diffraction (XRD) measure-
ment was performed using a Rigaku D/Max-3C diffractometer (CuKa
radiation, A = 0.15418 nm). Fourier transform infrared spectroscopy
(FTIR) was recorded via a Bruker EQUINOX-SS infrared
spectrophotometer on a KBr pellet. Sample images were recorded
via field emission scanning electron microscopy (FESEM) (JEOL,
JSM-6701, Japan) with an operating voltage of 20 kV. Transmission
electron microscopy (TEM) images were obtained on a microscope
(Philips Tecnai G2 F20) at 200 kV. The sample for TEM
measurement was suspended in ethanol and thus supported onto a
copper grid including a holey carbon film. The X-ray photoelectron
spectroscopy (XPS) experiments were performed in an ultrahigh
vacuum (UHV) multipurpose surface analysis system (SIGMA
PROBE, Thermo, UK) operating at base pressures <10™'° mbar.

Catalytic Performance Measurement. In a typical catalytic
testing, 0.5 mmol of the prepared Fe,O;/Pt sample was dissolved in 4
mL of ethanol with 1 mol % of catalyst under 1 atm H, atmosphere.
The reaction process was monitored by flash column chromatography.

dx.doi.org/10.1021/am404904p | ACS Appl. Mater. Interfaces 2014, 6, 1887—1892
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Figure 2. Isothermal N, adsorption—desorption curves and pore size-distribution curves (insets) for the prepared samples. (A) Pure nanoflake-like

Fe,0; and (B) Fe,0,/Pt.
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Figure 3. XPS spectrum for the prepared Fe,O;/Pt hybrid sample. (A) O1S; (B) Fe2P; (C) Pt4f.

The reaction mixture was stirred at room temperature for several
hours. After the reaction, the catalyst was separated by a small magnet
placed at the bottom of the reaction vessel, and the conversion was
estimated by gas chromatography (P.E. AutoSystem XL). After that,
the catalyst was washed with absolute ethanol three times, and then
dried at room temperature for the next cycle. The catalytic reactions
were then repeated, and even after 5 cycles, there was no deterioration
in the catalytic efficiency. The extracted residue was directly analyzed
with gas chromatography or purified by flash column chromatography
to yield the desired product.

B RESULTS AND DISCUSSION

Herein, a kind of unique flake-shape sample with uniform size
was prepared via a simple hydrothermal process, as shown in
Figure la—c. It can be found that the prepared sample exhibits
irregular flake-like structure with a mean length of 50 nm.
Remarkably, it was seen that there are many cavities on its
surface, as clearly indicated by white arrows in Figure 1lc. The
obtained sample was indexed to be cubic-phase Fe,Oj; structure
according to JCPDS card no. 39-1346 (Figure 1g). In addition,
further TEM images reveal that the prepared Fe,O; sample
displays a well-defined crystal lattice stripe with a spacing of
~2.50 A, corresponding to the (110) plane (Figure Ic).
Moreover, a kind of iron oxide-based hybrid structure was
observed. As shown in Figure 1d, the smaller NPs deposited on
the surface of the iron oxide support can be assigned to be face-
centered cubic Pt according to the standard JPCDS card no. 87-
0642. No impurity peaks were detected in the XRD pattern
(Figure 1g). Clearly, Fe,O5/Pt hybrids actually do consist of
flake-shaped Fe,O; and numerous Pt NPs with an average size
that ranged from 3 to 6 nm; in addition, the HRTEM image
finds that the Pt NPs display a well-resolved crystal lattice
stripe. The spacing was measured to be 2.25 A, corresponding
to the (111) plane, as shown in Figure 1f. It was observed that
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Pt NPs are well-dispersed on the surface of flake-like Fe,O; and
found to be narrow in size distribution (Figure 1i). This
demonstrated that Pt NPs were successfully immobilized onto
the surface of the flake-like iron oxide support. Moreover, the
energy disperse spectroscopy (EDS) pattern can further
identify the presence of Fe, O, and Pt elements of the prepared
sample (Figure 1h).

The isothermal N, adsorption—desorption analysis was
performed to further evaluate the porous features for the
prepared samples; the results are shown in Figure 2. The data
show that the isothermal nitrogen adsorption curves are typical
IV-type curves. The loop nature of the nitrogen adsorption
isotherm suggests a uniform mesoporous feature. Additionally,
the specific BET surface areas for the prepared nanoflake-like
Fe,0; and Fe,0;/Pt samples are measured to be 34.195 and
45.573 m* g7', respectively. In addition, according to the
corresponding Barrett—Joyner—Halenda (BJH) pore size
distribution curve, their pore sizes are measured to be 29.3
and 26.6 nm, respectively (insets in Figure 2).

In order to investigate the element complex state of the
samples, X-ray photoelectron spectroscopy (XPS) was
performed on the samples, as shown in Figure 3. The XPS
spectrum in Figure 3A indicates the characteristic peak of Ols
centered at approximately 531 eV. XPS spectrum of Fe2P
(Figure 3B) shows two characteristic peaks that centered at
approximately 724.4 and 709.7 eV, which can be attributed to
Fe2P,,, and Fe2P;),, respectively,”*! indicating the presence
of Fe®* species . A representative high-resolution Pt 4f spectrum
is shown in Figure 3C. Two well-resolved Pt 4f;,, and Pt 4f;,,
peaks are observed at approximately 73.1 and 76.3 eV
respectively, in particular, the two binding energies of Pt 4f,,
and 4f;), correspond well to zero valent state Pt species.”> "
More interestingly, it was found from XPS spectra of Pt 4f7 that
the binding energy of the Pt 4f,, in Fe,O;3/Pt has a high value
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of 73.1 eV, 1.6 eV higher than that of most previously reported
Pt NPs (ca. 71.5 €V).> This provides evidence of an electron
transfer from the Pt NPs to iron cation or the iron oxide
component, hence producing the specific Pt—O coordination
complex form in the present Fe,O;/Pt system.

Furthermore, FTIR testing was performed to explore the
structural features for the prepared samples; results are shown
in Figure 4. Figure 4a shows the FTIR spectrum of pure flake-

S
[}
Q
c
]
£
E
[}
c
©
1

= \ | |

> ~ ’/ oy

—Fe0 X = R

—FeO/Pt = g 33

v T T 1 T 1 T T T T T T T T

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4. FTIR spectrum of the iron oxide-based samples. (a) Flake-
like Fe,O;; (b) Fe,O5/Pt hybrids.

like Fe,O;. It was observed that the peak at approximately 3121
cm™" corresponds to the ©(O—H) stretching vibration mode.
The well-resolved band at approximately 2361 cm™ was
assigned to the asymmetric stretching mode of the C—H group.
Additionally, the peaks centered at approximately 1649, 1400,
and 1045 cm™ can be assigned to C=0, C=C, and C-C
stretching vibration modes of the acetylacetonate molecule,
respectively.’® The strong peaks at 545 and 468 cm™!
correspond to Fe—O bond vibration modes.”” The FTIR
spectrum of the Fe,O3/Pt hybrid sample is almost identical to
the case of the pure Fe,O; system, even the immobilization of
Pt NPs on the surface of the flake-like iron oxide support. The
result is shown in Figure 4b.

Recently, various kinds of Pt-based composites have been
tested as catalysts toward the reduction of nitrobenzene in the
presence of hydrazine. We tested the catalytic activity of the
prepared Fe,O;/Pt over the hydrogenation reaction. It was
found that the whole reduction reaction was almost finished
within 3 h and exclusively yielding aniline. Remarkably, the
Fe,0;/Pt hybrid catalyst exhibits a high conversion of ~95%
after one cycle reaction. In addition, it still has high reuse
capability after 10 cycles over the dehydrogenation catalytic
reaction (Table 1 and Figure 5). Meanwhile, for comparison,
different types of catalysts were used for the reduction reaction
of nitrobenzene. Results are shown in Table 1. It was clearly
seen that the prepared Fe,O;/Pt catalyst exhibits superior
catalytic activity compared to that of other three catalysts.
Similarly, further decreasing the loading amount of Pt species to
60% (weight percentage relative to the prepared Fe,0;/Pt) to
prepare the Fe,O;/Pt catalyst, we observed that the specific
catalyst can maintain high conversion of ~95% after 8 cycles in
nitrobenzene hydrogenation reaction, indicating excellent
recycling durability (Figure S1, Supporting Information). As a
result, it was speculated that this case is probably due to the
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Table 1. Catalytic Activity Comparison of Different Catalysts
over Nitrobenzene Hydrogenation Reaction”

NO, NH,
1 mol% catalyst
1 atm H,, EtOH, rt, 3h
entry catalysts time (h) yield (%)
1 Fe,0,/Pt 3 95
2 bt 3 90
3 Pd/C 3 92
4 Fe,O, 3 0

“All catalytic reactions were performed at room temperature.
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Figure 5. Recycling catalytic curves when using Fe,O;/Pt as the
catalyst over the hydrogenation reaction for the nitrobenzene
substrate.

high accessible surface area and specific surface defects from
iron oxide, as well as the smaller size of active Pt species.
Furthermore, to examine the scope of the reduction reaction
using the Fe,0;/Pt heterogeneous catalyst, the catalytic activity
of the prepared Fe,O;/Pt catalyst was tested over hydro-
genation for a variety of nitro and unsaturated compounds to
their corresponding products. Detailed results for all the
catalytic reactions are given in Table 2. It was found that most
of the hydrogenation reaction was completed within 3 h.
Results demonstrated that the Fe,O;/Pt catalyst displays high
catalytic activity for the aromatic nitro and unsaturated
compound substrates, in which the nitro groups of nitroarenes
with different functional groups was selectively reduced to the
amino moiety. In particular, a satisfactory yield (99%) still
remained after processing several cycles. The recyclability of the
catalyst could be attributed to the efficient stabilization of the
active Pt species by the amine groups on the iron oxide
surface.” In contrast, entry 7 was used as the catalytic
substrate; it requires at least S h to complete the reaction under
similar catalytic conditions, which is probably due to the
relatively large steric hindrance of the reaction substrate.”®
Furthermore, the catalytic performance of Fe,O;/Pt for
phenylacetylene was performed. The hydrogenation reaction
was completed within 2 h, and the alkynyl group was selectively
reduced to the alkyl group with a conversion of 100% (Table
3). The catalyst exhibits high chemoselectivity in the reduction
of the triple bond, especially for cinnamaldehyde and 1,5-

dx.doi.org/10.1021/am404904p | ACS Appl. Mater. Interfaces 2014, 6, 1887—1892
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Table 2. Catalytic Feature Summary of the Hydrogenation
Reaction for Various Substituted Nitrobenzenes®

Entry Substrate Product Time (h) Yield (%)
NO; NH;
AN S
F F
NO; NH;
. IJ oy 3 o
cl c
NOz NHz
NS S e u
I
02N HzN
4 O/CH o 3 99
NO; NH;z
5 C[ ﬁ:[ 3 99
NO; NHz
NO; NHz
NGNS | .
HO HO
NO, NH;
DL LT s e
BnO BnO

“Herein, Fe,O;/Pt serves as the catalyst at room temperature.
Experimental conditions: substrate = 0.5 mmol, H, = 1 atm, the
catalyst = 1 mol %, and solvent = 4 mL of EtOH at RT.

Table 3. Catalytic Activity Summary of the Hydrogenation
Reaction for Phenylacetylene and Substituted Compounds®

Entry Substrate Product Time (h) Yield (%)
1 ©/§ ©/\ 2 100
0 o -
3 \/\/\/ P a ™ o 4 2 99

0 OH
4 @/\)‘\H ©/\) 24 93
5

O O S

“Herein, Fe,0/Pt serves as the catalyst, and the catalytic reaction was
performed at room temperature. Experimental conditions: substrate =
0.5 mmol, H, = 1 atm, the catalyst = 1 mol %, and solvent = 4 mL of
EtOH at RT.

cyclooctadiene (Table 3, entries 4—5). Their conversions are 93
and 63%, respectively. Herein, it was inferred that the weakened
electronic back-donation feedback from Pt NPs to the aromatic
ring would indeed weaken the electrophilic attack of the
cleaved hydrogen atoms on the absorbed aromatic ring,
therefore lowering the conversion of the reaction substrate;
the case was well demonstrated in previously reported
results.>>3%%°

Meanwhile, the catalytic durability of the Fe,O;/Pt catalyst
was investigated for the phenylacetylene substrate. The result
indicates that the conversion of phenylacetylene still remains at
99% even after 10 cycles (Table 4), implying outstanding
durability of the Fe,O;/Pt catalyst. When the recycling catalytic
reaction was completed, the Fe,O;/Pt heterogeneous catalyst
could be easily separated from the reaction mixture using a
magnet (Figure 6a), and the morphology and structure of the

Figure 6. Photographs of the magnetically separable Fe,0/Pt catalyst
(a); TEM image (b); and the HRTEM image of the Fe,03/Pt catalyst
after undergoing 10 catalytic cycles (c).

Fe,0;/Pt catalyst do not occur change, as shown in Figures 6b
and c. Additionally, the recycled catalyst can still maintain the
same crystal structure with the Fe,O;/Pt before catalytic
reaction, as shown in Figure S2, Supporting Information,
implying their high structural stability. Also, it was found that
the Pt NPs were well dispersed on the surface of the Fe,O,
support. After washing with ethanol to remove the adsorbed
purities, the recovered catalyst was reused in the next cycle
catalytic reaction. The recovered Fe,O;/Pt catalyst does not
undergo catalytic activity loss over 10 cycles; this clearly
indicated that Pt species leaching was negligible.

Table 4. Recycling Catalytic Summary of the Hydrogenation Reaction for the Phenylacetylene Substrate®

X+ 1 mol% Pt/ Fe,0; catalyst
1 atm Hy, EtOH, rt, 2h

run st 2nd 3rd 4th
yield (%) 99 99 99 929

Sth 6th 7th 8th 9th 10th
99 99 99 99 99 99

“Herein, Fe,0,/Pt serves as the catalyst, and the catalytic reaction was performed at room temperature.
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B CONCLUSIONS

In summary, we have demonstrated a simple synthetic route for
the synthesis of magnetically recoverable flake-like Fe,O;/Pt
heterogeneous catalysts. Catalytic results demonstrated that the
resultant Fe,O;/Pt heterogeneous catalyst displays high
catalytic activity, low cost, long-term stability, and easy
recovery. More interestingly, these encouraging findings could
be expanded to other reaction systems and could open up a
new direction in catalysis and energy-related fields.

B ASSOCIATED CONTENT

© Supporting Information

Recycling catalytic summary of the hydrogenation reaction for
the nitrobenzene substrate and the XRD pattern of the
prepared Fe,O;/Pt hybrid catalyst after the dehydrogenation
catalysis reaction. This material is available free of charge via the
Internet at http://pubs.acs.org.
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