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Abstract—Au-Pt alloy nanoparticles that are selectively anchored on TiO, surface of the ellipsoidal zirconium tita-
nium composite oxides were successfully prepared by a facile two-step method: prefabricated binary composite oxides
on the ellipsoidal Fe,O,@SiO, by a versatile cooperative template-directed coating method, and then in situ formation
of Au-Pt alloy NPs with Sn** as the reduction agent. The alloy catalysts were characterized by X-ray diffraction, trans-
mission electron microscopy and X-ray photoelectron spectroscopy. The result suggested that highly dispersive and
ultrafine Au-Pt alloy nanoparticles were deposited onto TiO, surface of the binary oxides solely. The particle size of
nanoalloys was closely related to the ratio of Zr: Ti in the composite oxides shell. Increasing the content of Zr element
led to a growth in the size of alloy nanoparticles. When used as catalysts for the reduction of 4-nitrophenol, the pre-
pared supported alloyed catalysts exhibited high catalytic activity, and the sample could be easily recycled without a sig-

nificant decrease of the catalytic activity.
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INTRODUCTION

The ability to design and prepare hierarchical structure materi-
als with molecular scale accuracy is of significant importance to
gain new materials properties [1,2]. By rationally arranging the
building blocks in hierarchical structures, one can produce novel
materials with properties that are quite different from those expected
from the simple sum of the individual blocks [3]. Actually, the in-
teractions between the constituent parts in nanometer-scale ensem-
bles usually lead to novel electronic, optical, or catalytic properties
not available in the initial building blocks [4]. In particular, noble
metal nanoparticles have emerged as highly beneficial building
blocks for the preparation of various catalysts. For instance, com-
posites containing Au and TiO, have received great attention for
applications in CO oxidation [5], photodegradation [6], and selec-
tive hydrogenation [7]. Hybrids of Pt and porous inorganic mate-
rials are widely used as a high efficient catalyst for the dehydro-
genation of light alkane [8]. The main advantages of using Au or
Pt NPs as active sites of catalysts are their excellent activity and good
selectively at a lower reaction temperature.

Coupling of Au and Pt atoms to construct Au-Pt bimetallic alloy
NPs has been the subject of many studies [9-12]. In this nanostruc-
ture, the composite particles often exhibit distinct properties from
those of their pure monometallic NP components due to the inten-
sive interaction of the two components [13]. This strong interac-
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tion between Au and Pt may give rise to an increased performance
in many heterogeneous catalysis [14]. It has been suggested that
the catalytic activity is closely related to the properties of Au-Pt
alloy NPs. Slight changes in their structure, size and chemical com-
positions can significantly influence their catalytic properties [15,16].
Generally, the tiny NPs with ultrafine size can increase the surface
area, the number of edges and corner atoms, which may greatly
improve their catalytic properties [17-19]. Hence, it is interesting
to prepare the Au-Pt bimetallic alloy NPs as small as possible to
increase the accessible surface atoms. However, the surface energy
of noble metal NPs increases with the reduction of the particle
size, leading to the NPs unstable with promoting particle aggrega-
tion [20]. To avoid the aggregation, various stabilizers such as poly-
mers [21], dendrimers [22], amino or thiol ligands [23,24] have
been used as capping agents to stabilize NPs. However, these organic
stabilizers have obvious disadvantages for the application of the cata-
lysts. On one hand, the presence of these capping agents around
the NPs may limit their contact with reactant. On the other hand,
the pretreatment of catalysts (usually roasting at high temperature)
will severely destroy the organic stabilizers. In that case, the aggre-
gation of NPs should very easily occur and thus lose their activity.
Very recently, tin species have emerged as highly beneficial inor-
ganic ligands that can protect noble metal NPs from aggregation
[25]. As the inorganic ligands possess high thermal stability, link-
age of NPs with tin species may be a promising strategy to increase
the stability of NPs.

Another promising aspect to increase the performance of bime-
tallic nanocatalysts is the use of suitable support. A previous study
of noble metal catalysts suggested that the support may not only
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serve as physical barrier that isolates the formed NPs on their sur-
face [26], but also participates in some catalysis for their strong
synergistic effect with noble metal NPs, especially for some metal
oxides, such as CeO,, TiO, and Fe,O; [27-29]. The supports of the
commercial catalysts, no matter whether natural or synthetic, usu-
ally contain more than one component. The interaction between
each component may endow the support with favorable surround-
ing acid/base and redox sites or desired metal/metal oxide inter-
faces, and thus extend the application and increase the activity of
the supported noble metal NPs. Nonetheless, the interaction be-
tween noble metal NPs and support varies with the oxides. In this
regard, the preparation of Au-Pt alloy NPs that support on binary
or ternary metallic oxides may be more meaningful.

ZrO,, TiO, and their binary composites have been widely em-
ployed in various fields including catalysis, heavy metal ion waste
sequestration and dye-sensitized solar cells [30,31]. Compared to
the individual ZrO, or TiO,, the ZrO,-TiO, binary oxide shows
improved stability since the presence of -Zr-O-Ti-O-Zr- networks
can retard the crystallization of the individual components, lead-
ing to an amorphous binary metal oxide framework with high
surface area and adjustable porosity [32,33]. Moreover, such ZrO,-
TiO, mixed oxides also exhibit modifiable surface properties, which
could promote the applicability of the binary oxide as a high per-
formance catalyst. As a reducible metallic oxide, TiO, possesses a
much stronger synergistic effect with noble metal NPs than ZrO,
[34]. Therefore, selective anchoring of noble metallic NPs on TiO,
instead of ZrO, may allow the maximum interaction among each
composite and give an improved catalytic activity. Until now; how-
ever, there have been few reported examples of directional incor-
poration of noble metal NPs on the composites support. It remains
a great challenge to develop general and effective strategies for pre-
paring these supported Au-Pt alloy NPs selective anchored on
TiO, surface that existed in the ZrO,-TiO, composited supports.

Additionally, magnetic separation provides a convenient method
for removing and recycling magnetized species by applying an
outside magnetic field. This approach may prevent the agglomera-
tion of the catalyst particles during recovery and can increase the
durability of the catalysts. In this regard, it seems to be more mean-
ingful to incorporate a magnetized core into the catalytic system.

Herein, we report a versatile in situ reduction method to pre-
pare Au-Pt nanocatalyst that selectively supported on ZrO,-TiO,
mixed oxides. In the first step, the ellipsoidal Fe,0;@SiO, NPs were
coated with a uniform layer of ZrO,-TiO, binary oxide via sol-gel
method using HDA as the soft template. Then, the obtained matri-
ces were activated in a SnCl, solution by the inorganic grafting
between Sn’* and hydroxyl group on the support. As the sol-gel
derived binary oxides have abundant hydroxyl group on TiO, sur-
face while little on ZrO, surface [35], it is proposed that the Sn** was
mainly linked on TiO, surface. Then the tiny Au-Pt alloyed NPs
with well-dispersed distribution were assembled on the TiO, surface
via the in situ reduction by Sn**. Lastly, the obtained Fe,0,@ZrO,-
TiO,/Au-Pt suffered from a calcination and subsequent reduction
process, in which process the non-magnetic Fe,O; core could be
transformed to Fe core with high saturation magnetization and
endowed the composites with excellent magnetic separation prop-
erties. It was found that the particles size of nanoalloys was closely
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related to the ratio of Zr : Ti in the composite oxides shell. Increas-
ing the content of Zr element led to a growth in the size of alloy
nanoparticles. The prepared Fe@ZrO,-TiO,/Au-Pt hybrid NPs ex-
hibited a high activity and good reusability as catalysts for the reduc-
tion of 4-nitrophenol to 4-aminophenol.

EXPERIMENT

1. Materials

Gold(III) chloride trihydrate (HAuCl,-3H,0, >299.9%), potas-
sium tetrachoroplatinate (K,PtCl,, >96%), tetrabutyl titanate (TBOT,
95%), zirconium(IV) n-butoxide solution (80wt% in butanol,
Zr(n-Bu), for short), 1-hexadecylamine (HDA) and 4-nitrophe-
nol (299%) were purchased from Aldrich. FeCl;, KH,PO,, tetra-
ethyl orthosilicate (TEOS), isopropanol, ethanol, ammonia (25 wt%)
and SnClL-2H,O were of analytical grade, and all of them were
purchased from Sinopharm Chemical Reagent Co., Ltd. Deion-
ized water was used in all experiment. All chemicals were used as
received without further purification.

2. Synthesis of Fe,0,@Zr0,-TiO,

Monodispersed Fe,0,@SiO, NPs with an ellipsoidal Fe,O; core
and a thin SiO, layer were obtained according to the previous re-
ported method [36]. The purified Fe,O,@SiO, NPs were dispersed
in ethanol to form a colloidal solution with the concentration about
2mg/mL. Then 50 mL of the colloidal solution was added into a
mixture solution containing ethanol (50 mL), HDA (0.25g), and
ammonia (0.5 mL) with mechanical stirring. Then 0.4 mL of mixed
solution of Zr(n-Bu), and TBOT that dissolved in ethanol (25 mL)
was slowly added to the colloidal mixture. After injection, the solution
was kept to stir for 4h, and then aged for 12 h. The Fe,0,@ZrO,-
TiO, matrices were separated from solution by centrifugation and
washed with ethanol. The samples were termed Fe,0,@ZrO,-TiO,
(x:y), where x:y stands for the nominal ratio of ZrO,: TiO, in
the binary oxides shell.

3. Synthesis of Fe,0;@ZrO,-TiO,/Au-Pt Nanocapsules

The in situ formation of Au-Pt bimetallic NPs were prepared
followed by the Sn** reduction method. Typically, 50 mL of the as-
prepared Fe,0,@ZrO,-TiO, solution (0.2 wt% in water) was dis-
persed into a mixture solution containing 100 mg of SnCL-2H,0O
and 60 mL of 10 mM HCL. After stirring for 12 h, the precipitate
was separated by centrifugation, washed with water for four times
and redispersed into 30 mL water, followed by adding 66.7 L of
0.75 wt% K,PtCl, solution at room temperature and stirring for
15 min. Then, 50 puL of 1 wt% HAuCl, solution was added. After
stirring for 30 min, 10 mL of 0.15 M sodium formate solution was
added. After reaction for 12 h, the product was collected by cen-
trifugation, washed with water and dried in a vacaum oven.

4. Preparation of Fe@SiO,@ZrO,-TiO,/Au-Pt Nanocapsules

To completely transform Fe,0,@ZrO,-TiO,/Au-Pt nanocapsules
into the magnetic Fe@ZrO,-TiO,/Au-Pt nanocapsules, the samples
were first calcined at 550 °C for 4 h. Then, the powder was trans-
ferred to a tube furnace with ultrapure hydrogen (99.99%) flow at
525°Cfor 4 h.

5. Catalytic Reaction of Reduction of 4-NP

The catalytic performance of the catalysts was checked using

the reduction of 4-NP to 4-AP with NaBH, aqueous solution at
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Scheme 1. The synthetic procedure for the multifunctional Fe@SiO,/ZrO,-TiO,/Au-Pt hybrid catalysts.

room temperature. Typically, 0.2 mL of aqueous solution of 4-NP
(0.005M), 2 mL of aqueous solution of a fresh NaBH, (0.2 M) was
added into a quartz cuvette, and then adding 0.25 mL of aqueous
solution of Fe@ZrO,-TiO,/Au-Pt nanocapsules (0.5 mg/mL). The
change of the mixture solution color was monitored using UV-vis
spectroscopy.
6. Characterization

Transmission electron microscopy (TEM) experiments were con-
ducted on a JEM-1230 microscope operated at 100 kV. The sam-
ples for the TEM measurements were suspended in ethanol and
supported onto a Cu grid. Field emission scanning electron micros-
copy (FESEM) images and the distribution of element were car-
ried out on a scanning electron microscope (Zeiss, Ultra Plus) unit
with a high-angle annular dark-field (HAADF) detector (HITA-
CHI S$-5500) operating at 20kV. The powder X-ray diffraction
(XRD) patterns were recorded on a Bruker D8 Advance Diffrac-
tometer (Germany) with Cu Ko radiation (A=1.5406 A). X-ray
photoelectron spectra (XPS) measurements were carried out in a
Thermo ESCALAB 250 instruments (USA) using non-monochro-
matic Al Ka1486.6 radiation. All samples were reduced in situ
under hydrogen at 500 °C for 1h, and the spectra were recorded
at room temperature in a vacuum better than 5x10~° mbar. The
magnetic behavior was investigated using a vibrating sample magne-
tometer (VSM, Lake Shore 7304, Lake Shore, USA) with an applied
field between —15kOe and 15kOe at room temperature. UV-vis
spectra were recorded on a Shimadzu UV 3600 spectrometer.

RESULTS AND DISCUSSION

1. Fabrication of Multifunctional Fe@SiO,/ZrO,-TiO,/Au-Pt
Hybrid Catalysts

The work aims to selectively anchor noble metal NPs on binary
metallic oxides by taking the advantages of different chemical prop-
erty of individual metallic oxides. The essential idea is that sol-gel
derived ZrO,-TiO, binary metallic oxides contain abundant hydroxyl

on TiO, surface while little hydroxyl on ZrO, surface. These hy-
droxyl groups can serve as the active sites for loading of Sn** spe

cies and homogeneously anchoring noble metal NPs on TiO, sur-
face eventually. In considering that the dualistic noble metallic
catalysts may exhibit increased catalytic activity than monometal
counterparts, the Pt-Au bimetal NPs were chosen as the noble metal
NPs to study the selective anchor properties. But similar results
can also be obtained for the monometal NPs. Additionally; to bestow
the catalyst with excellent magnetically recycling, an inner magne-
tite Fe core material was incorporated into the binary metallic
oxides.

The overall synthesis procedure for the hybrid catalysts involves
five steps as depicted in Scheme 1. First, the water dispersible non-
magnetite Fe,O; particles were coated by a thin protecting layer of
the silica, forming core-shell Fe,O,@SiO, ellipsoidal nanocompos-
ite. Second, the resultant Fe,0,@SiO, was further coated by a layer
of ZrO,-TiO, composite via a convenient sol-gel coating process.
Third, the sandwich structure composite was modified with Sn**
species by the inorganic grafting of Sn** with hydroxyl group on
TiO, surface. Then, the Pt-Au alloy NPs with specific distribution
were assembled on the surface of the ellipsoidal NPs by taking
advantage of reduction of Sn** to in situ formation of Au and Pt
atoms. In the last step, the obtained samples suffered from a calcina-
tion and subsequent reduction process to transform the non-mag-
netic Fe,O; core to Fe core with high saturation magnetization.

The ellipsoidal Fe,O; particles were prepared through a well-
established hydrothermal reaction based on high temperature hy-
drolysis of FeCl, in the presence of KH,PO, as a stabilizer [37]. The
obtained Fe,O; particles had a mean length of ~350 nm and aspect
ratio of ~4 (Fig. S1(a)). The particles with high aspect ratio were
suggested to be favorable for obtaining the catalyst with higher
activity towards some heterogeneous catalysis [38]. These ellipsoi-
dal particles were then coated with a thin silica shell via the hydro-
lysis and condensation of TEOS in according to the well-known
Stober approach. The silica coating helps to improve the dispers-

Korean J. Chem. Eng.(Vol. 34, No. 9)
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Fig. 1. (a) A representative TEM image of Fe,0,@ZrO,-TiO, NPs (ZrO, : TiO,=3: 1) showing the uniform binary metallic oxides shell. (b)-
(d) TEM images of as-prepared Fe,0;@ZrO,-TiO,(x : y)/Au-PtNPs. The x:yis (b) 3:1,(c) 1:1,and (d) 1:3.

ibility of the ellipsoidal particles and in hence facilitating the subse-
quent formation of uniform depositing. After that, a thick binary
metallic oxides (ZrO,-TiO,) layer was formed on Fe,0,@SiO, sur-
face through a surfactant-templated sol-gel coating process using
HAD as the template and Zr(n-Bu), and TBOT as the ZrO, and
TiO, precursor, respectively. Fig. 1(a) shows a representative TEM
image of the Fe,0,@ZrO,-TiO, hybrid NPs. The image indicated
that the hybrid NPs exhibited a well-defined sandwich structure
with ZrO,-TiO, composite layers of ~30 nm in thickness. As the
hydroxyl group on composite oxides layers has a significant influ-
ence on the succeeding distribution of Sn** and Au-Pt NPs, it seems
important to study the circumstance of surface hydroxyl group. In
this work, pure metal oxides (ZrO, or TiO,) were prepared and
their surface hydroxyl group was studied by FT-IR test, respec-
tively. As shown in Fig. S1(b), both TiO, and ZrO, samples exhib-
ited a broad peak around 3,430 cm ", which could be attributed to
the stretching vibration band of -OH from the absorbed H,O. It
was expected that the pure TiO, sample had abundant surface hy-
droxyl groups as evidenced by the presence of an additional strong
peaks at ~3,760 cm™". To the contrary, the missing of the peaks of
ZrO, sample indicated that few hydroxyl groups were located on
pure ZrO, surface. Based on the FI-IR date, it seemed to be rea-
sonable to deem that the ZrO,-TiO, composite layers had a dis-
tinct distribution of hydroxyl, with hydroxyl-group-rich on TiO,
while hydroxyl-group-barren on ZrO,.

The aforementioned surface hydroxyl groups then served as the
grafting site for selectively attaching Sn** on the composite oxides
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surface. To verify the unitary linking of Sn** on TiO, surface, the TiO,
and ZrO, samples were first impregnated into SnCl, solution, and
washed with water twice to remove the physically absorbed Sn*.
The EDX analysis of the Sn** treated samples suggested that the
amount of Sn species grafted on TiO, was ~five-fold as compared
to that on ZrO, sample, which indirectly indicated that the Sn**
might be linked on TiO, surface of ZrO,-TiO, composite layers solely
and also confirmed the distinct distribution hydroxyl groups. After-
wards, Au-Pt bimetallic NPs were in situ assembled on the surface
of sandwich hybridized NPs. In this process, K,PtCl, and HAuCl,
were added successively to the aqueous solution of the above Sn**
activated NPs. The linked Sn* species acted as a reducing reagent
to reduce Pt in situ on the surface of Fe,0,@ZrO,-TiO, NPs,
then Au™ could be easily reduced by the replacement between
AuCl; and Pt nanocrystals on supports as described previously
[36,39]. Due to the unique orientation of Sn** species, the obtained
Au-Pt particles were believed to be deposited on TiO, surface rather
than on ZrO, surface solely.

Fig. 1(b) shows representative TEM images of the Fe,0,@ZrO,-
TiO,/Au-Pt composites with the nominal ZrO, : TiO, ratio is 3: 1.
Obviously, the metal NPs were relatively uniform, possibly because
TiO, was evenly distributed in the ZrO,-TiO, composite (see later).
Interestingly, the particle size of the Au-Pt bimetallic NPs varied
with the ratio of Zr and Ti in the support (Fig. 1(b)-1(d)). When
the ratio of ZrO,: TiO, was 3:1 in the binary metallic oxides, the
average size of the formed Au-Pt NPs was ~7.7 nm. Whereas, the
ratio of Zr : Ti was lowered to 1: 1, Au-Pt NPs decreased to ~3 nm,
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suggesting that increasing the content of Ti species in the shell can
decrease the size of Au-Pt NPs significantly. Further increasing TiO,
content in the oxides shell to 75% (Zr:Ti=1:3), the Au-Pt NPs
had the smallest particles size with about 2.7 nm. As described
above, the sol-gel derived TiO, incorporated rich hydroxyl groups
on their surface, while the ZrO, surface contained fewer hydroxyl
groups, thus Sn’* preferred to link on TiO, surface. Increasing the
content of TiO, in the shell would lead to more Sn** species on the
surface, resulting in the growing density of the active sites for
immobilization and reduction, and ultimately giving rise to the
small size of Au-Pt NPs. The energy dispersive X-ray (EDX) spec-
troscopy (Fig. S3) revealed that the atomic ratio of Au and Pt in all
the samples was 1.18:1-1.25:1, which was approximate to the
stoichiometric proportion of initial reactants and matched well
with the analysis of ~1.12: 1 from inductively coupled plasma-mass
spectrometry (ICP-MS). The actual composition of the ZrO,-TiO,
composite oxides shells is also given in Fig. S3, and the result sug-
gests that the ratio of ZrO, : TiO, in the final samples depended on
the samples but was close to the nominal ratio. Additionally, SEM
image of the as-obtained sample (Fig. S2) shows the clearly ellip-
soidal structure, suggesting the deposition of Au-Pt NPs on the
support had little influence on the structure of samples. Moreover,
with the aim to study the elemental distribution of Fe,0,@ZrO,-
TiO,(3:1)/Au-Pt NPs, high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) was performed.
As shown in Fig. $4, the Zr and Ti were evenly covered on the
Fe,O; surface. Comparing the mapping images of the Zr(Zr-K)
and Ti(Ti-K), it may be concluded that ZrO, species were tightly
bound to TiO, species and the shell of the sample consisted of
ZrO,-TiO, composite. Furthermore, the Au and Pt were also highly
dispersed on the composite surface. Considering the similar distri-
bution of Au and Pt species, the Au and Pt might on their alloyed
structure.

HRTEM analysis was used to explore the possible structure of
Au-Pt NPs. Fig. 2(b) shows a representative HRTEM image of the
Au-Pt NPs supported on Fe,0,@ZrO,-TiO,(3 : 1), clearly display-
ing the abundant distribution of Au-Pt on the composite oxides.
The estimated lattice spacing of 0.23 nm could be assigned to the
(111) planes of Au-Pt bimetallic nanocrystals, which was slightly
lower than that for the (111) lattice spacing of pure Au (0.235 nm),
but larger than that expected for pure Pt (0.227 nm), suggesting the
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Fig. 3. XRD patterns of (a) as-prepared Fe,0,@SiO,@ZrO,-TiO,/
Au-Pt(1:1) NPs, and the samples after sequentially roasting
at 550 °C under air and 525°C under H, atmosphere: (b)
SiO,/Au-Pt NPs, (c) Fe,0,@Si0,@Zr0O,-TiO,/Au-Pt(1: 1) NPs,
and (d) Fe,0;@ZrO,/Au-Pt NPs.

possible formation of Au-Pt alloy composition on the surface of
support.

The crystal structure and composition of the samples were char-
acterized by powder X-ray diffraction (XRD). Fig. 3(a) presents the
XRD pattern of Fe,O; @ZrO,-TiO,(1 : 1)/Au-Pt NPs samples. Only
the characteristic diffraction peaks corresponding to o~Fe,O; could
be observed. No obvious peaks of ZrO,-TiO, and Au&Pt in the
pattern indicated amorphous characteristic of the sol-gel derived
composite oxides and the relatively low amounts and high disper-
sion of noble metal on the support, respectively.

The thermal stability of the supported Au-Pt bimetallic NPs
was tested in this study. Unlike the conventional calcination treat-
ment, the samples suffered from sequential roasting under air and
H, atmosphere, which may be much closer to the pretreatment and
practical application of catalyst, especially for some reduction reac-
tion. Fig. 4 displays the TEM images of the obtained samples. After
the roasting treatment, the particle size of Au-Pt alloy NPs increased
to about 8.4 nm, which was smaller as compared to that of Au-Pt
NPs supported on SiO, in our previous work [36], strongly de-

Fig. 2. (a) HRTEM image of Fe,0,@ZrO, : TiO,(1 : 1)/Au-Pt NPs, (b) lattice fringe of Au-Pt nanoalloys is the magnified image of the inter-

face enclosed by the black rectangular area in a.
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Fig. 4. The representative TEM images of (a) Fe@SiO,@ZrO,-TiO,(1 :1 )/Au-Pt NPs and (b) Fe@SiO,/Au-Pt NPs.

monstrating the good thermal stability of Au-Pt NPs when incor-
porated with the ZrO,-TiO, composite oxides. Additionally, the
TEM images of the samples with ZrO, : TiO,=1: 3 were also stud-
ied and the result also indicated that the good thermal stability of
Au-Pt NPs as the evidenced by the Au-Pt alloy NPs only grew to
about 7.8 nm (seen in Fig. S5). Interestingly, the ellipsoidal Fe,O;
core was transformed into irregular core after roasting treatment,
accompanied with a cavity between core and shell. Note that roast-
ing the sample under H, could effectively transform the Fe,O; core
to magnetism Fe core, as confirmed by the disappearance of the
characteristic diffraction peaks corresponding to o-Fe,O; and the
appearance of the Fe peaks in Fig. 3(c), which may improve the
recycling performance of the catalyst used in liquid-phase reactions.
Additionally, the composite oxides shell maintained their amor-
phous nature even after calcination and reduction, suggesting a
relatively high thermal stability of the resulting amorphous sphere.

In sharp contrast, the sample obtained by treating the Fe,0,@ZrO,/
Au-Pt NPs in the same process gave rise to more intensive charac-
teristic peaks of the metal oxides, indicating that the binary oxides
can retard the crystallization of the individual components. The
low crystallinity may suppress the possible structural reforming
when crystallization, therefore increasing the thermal stability of
Au-Pt NPs. Additionally, the reserved amorphous binary oxides
further confirmed that the Zr and Ti species were well distributed
within the shells and that prevented the formation of sufficient size
domains of Zr species and crystallization during calcination. To
further ascertain the alloy structure of Au-Pt NPs, a twice dosage
of AuCl; and PtCl;” was used as the prosperous and the Au-Pt
alloy NPs was deposited to the SiO, beads directly. The XRD pat-
terns of the obtained sample showed a prominent(111) peak at
38.8°, which was also located in between the Au(111) peak at
38.19° and Pt(111) peak at 39.81°, demonstrating the alloy struc-
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Fig. 5. XPS spectra of the (a) Fe@TiO,/Au-Pt NPs and (b) Fe@ZrO,-TiO,(1: 1)/ Au-Pt NPs.
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ture of Au-Pt supported on the composite oxides.

The surface chemical environment of the Fe@ZrO,-TiO,(1:1)/
Au-Pt was obtained by XPS in comparison with Fe@TiO,@Au-Pt
sample (Fig. 5). The fully scanned spectra of the two samples in
the range of 0-900 eV revealed the presence of Au, Pt, Zr, Tj, O, Sn
and C elements in the Fe@ZrO,-TiO,(1 : 1)/Au-Pt sample and the
Au, Pt, Ti, O, Sn and C in the Fe@TiO,@Au-Pt sample. These C
elements should be ascribed to the adventitious carbon contami-
nant, and the binding energy for Cls peak at 284.6 eV was used as the
reference for calibration [40]. Two Pt 4f signals of the Fe,0,@ZrO,-
TiO,(1 : 1)/Au-Pt nanocomposite were found at ~71.5eV and ~74.6
eV, corresponding to the Pt 4f7/2 and Pt 4f5/2, respectively, imply-
ing the complete reduction of Pt*" ions to Pt by the linked Sn**
species [41]. These signals were relatively higher than those for
metallic Pt in Fe@TiO,@Au-Pt sample, suggesting the presence a
strong interaction between Pt and composite oxides. Similar result
could be found in Sn 3d signals in the Fe@ZrO,-TiO,@Au-Pt(1: 1)
nanocomposite, which shifted toward a higher binding energy as
compared with the Fe@TiO,@Au-Pt(1 : 1) samples, suggesting incor-
poration of ZrO, in TiO, shell may promote the interaction among
Sn** species, TiO, and Au-Pt NPs in consequence. As mentioned
in the XRD test, the presence of the binary oxides in the shell may
retard the crystallization of the individual oxides (including TiO,),
resulting in composite oxides with small TiO, crystallites, which
was believed to bestow the catalysts with larger amount of active
interface. Thus the electron transformation among metal oxides
shell, Sn species and noble metal NPs increased to a certain extent.
Meanwhile, the XPS spectrum of the Au 4f peaks of Fe@ZrO,-
TiO,(1: 1)@Au-Pt nanocomposites displayed a slight moving to
the position with lower binding energy, suggesting the increased
electron density on Au surface. The result also demonstrated that
the incorporation of ZrO, in the composite oxides shell leads to a
modification of electron environment of alloy NPs. The high-reso-
lution Ti 2p spectrum in Fe@ZrO,-TiO,/Au-Pt exhibited peaks
located at 464.3 and 458.6 eV corresponding to Ti 2p,,, and Ti 2p,),,
respectively, which indicated the normal state of Ti** in the binary
oxide shells. Additionally; the corresponding Zr 3d spectrum showed
that the binding energy for Zr 3d 5/2 and Zr 3d 3/2 was located at
182.4 and 184.7 eV;, respectively, which were also identified as Zr*
in the composite oxides [42].

The magnetic response of the Fe@ZrO,-TiO,(1 : 3)/Au-Pt NCs
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to an external field as a representative was studied using a VSM
instrument at room temperature. As shown in Fig. S6, the sample
displayed a quite narrow hysteresis loop with a low coercivity and
remanence, suggesting excellent paramagnetic behavior. The satu-
ration magnetization of the as-prepared sample was measured to
be 91.9 emu/g, which is a large value for the sample to be manipu-
lated conveniently by an external magnetic field [43,44]. As a result,
on placing a magnet beside the vial, the sample was quickly attracted
to the side of the vial and the solution became transparent. This
characteristic provides an easy and efficient way to separate the
Fe@ZrO,-TiO,/Au-Pt NPs from the reaction mixture for reuse
under an external magnetic field.

2. Catalytic Properties of the Supported Au-Pt Nanoalloys

The catalytic properties of the Fe@ZrO,-TiO,/Au-Pt nanocata-
lysts were quantitatively evaluated with the reduction of 4-NP into
4-AP by NaBH, as a model system [9,45,46]. The reduction reac-
tion could be monitored using the UV-Vis spectrum because 4-
NP and 4-AP had different absorbance in the UV-Vis range (4,,,,,=
400 nm and 300 nm, respectively) [47-49]. The reduction reaction
does not occur without the presence of Au or Pt particles as cata-
lyst, as evidenced by little change in the absorption peak after
standing for 2 h. After addition of a trace amount of catalysts into
the solution, the adsorption peak significantly decreased, suggest-
ing the reaction proceeded. Fig. 6(i) shows plots of C/C,, where
C, and C, are the concentrations of the 4-NP at t=0s and time t,
respectively. Considering the concentration of NaBH, is much
higher than 4-NB, the reaction rate can be assumed to be indepen-
dent of the concentration of NaBH,. Hence, pseudo-first-order rate
kinetics with regard to the concentration of 4-NP can be used to
evaluate the catalytic rate. The linear relationships between In(C/C,)
and reaction time in the reduction reaction using the samples are
shown in Fig. 6, and the plots well match the first-order reaction
kinetics. The rate constant k could be calculated from the slope of
the straight lines.

The calculated k was 0.06 min " and 0.77 min™" for Fe@ZrO,/
Au-Pt and Fe@ZrO,-TiO,(3 : 1)/Au-Pt samples, respectively. The
result indicated that incorporating the TiO, component into the
metal oxides shells gave rise to significantly improved catalytic
activity. It is suggested that the pure ZrO, shell has little deposited
sites for loading Au-Pt NPs, which might lead to less content and
larger particles size of noble metal. Instead, the TiO,-ZrO, com-
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Fig. 6. (i) Variation of C/C, with time and (jii) In(C,/C,) for the catalysts: (a) Fe@ZrO,/Au-Pt, (b) Fe@ZrO,-TiO,(3 : 1)/Au-Pt, (c) Fe@ZrO,-
TiO,(1:1)/Au-Pt, (d) Fe@ZrO,-TiO,(1 : 3)/Au-Pt and (e) Fe@TiO,/Au-Pt.
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posite oxides contained abundant sites for linking of Au-Pt NPs,
and therefore Au-Pt component on ZrO,-TiO, shells had a quite
high content with small particle size. Thus, the Fe@ZrO,-TiO,(3: 1)/
Au-Pt samples exhibited an enhanced catalytic activity than that of
Fe@ZrO,/Au-Pt. Additionally, the catalytic activity of the Fe@ZrO,-
TiO,/Au-Pt samples could be tuned easily by changing the ratio of
ZrO, to TiO,, as evidenced by the k values of Fe@ZrO,-TiO,(1 : 1)/
Au-Pt and Fe@ZrO,-TiO,(1: 3)/Au-Pt samples which were 1.78
min~" and 2.67 min "', respectively. The result also suggested that
increasing the percentage of TiO, in the binary oxides shell led to
the improving in the performance of the Fe@ZrO,-TiO,/Au-Pt sam-
ples. The enhanced catalytic performance might be ascribed to the
smaller particle size of Au-Pt NPs with the increase in the content
of TiO,. Interestingly, the Fe@ZrO,-TiO,(1 : 3)/Au-Pt samples even
had a higher catalytic activity towards the reduction of 4-NP as
compared with the pure TiO, counterpart (2.43 for Fe@TiO,/Au-
Pt samples). As discussed, the doping ZrO, into the oxides shell
restricted the phase transformation of TiO, during the process of
thermal treatment and gave rise to small crystalline particles of
TiO,, which may increase the synergistic effect among noble metal
NPs, Sn species and support. Therefore, higher catalytic activity
can be obtained than that for Fe@TiO,/Au-Pt samples. Further-
more, we compared the normalized rate constant (the molar of
noble metals specific activity) with that of Au-based and Pt-based
nanocatalysts reported previously as listed in Table S1 in the Sup-
porting Information. It can be found that the normalized k values
of the Fe@ZrO,-TiO,(1 : 3)/Au-Pt samples are much higher than
those of most reports for the catalytic reduction of 4-NP by NaBH,.
On the basis of the above experimental results and theory anal-
ysis, a possible catalytic mechanism is illustrated in Fig. 7. Accord-
ing to the traditional theory on the reduction of 4-NP by noble
metal NPs, the reaction was by electron transfer from BH; to 4-
NP on the metal NPs surface [50]. In our work, the formation of
Au-Pt alloy structure could alter the electronic structure of the
involved metal atoms. As reported, electronic transformation from
Pt to Au was intense and easy, which may give rise to an electron-
enriched region around Au surface and a positive charge-enriched
region around Pt NPs simultaneously [51]. The Pt NPs surrounded
with positive charge can adsorb BH; easily through the electro-
static interactions, and then the absorbed BH, is dissociated on Pt
surface to [H™]. These [H ] can be then transferred to Au surface
and trigger the reduction of 4-NP. The support may also have a

Fig.7. A possible reaction mechanism for reduction of 4-NP on
Fe@ZrO,-TiO,/Au-Pt.

September, 2017

strong influence on the catalytic performance, especially for TiO,,
which exhibits strong “support-metal” interaction. For the reduc-
tion of 4-NP, TiO, is also suggested to take part in the reaction. As
Au (5.1 eV) has a higher work function than that of TiO, (3.2 eV),
electrons may also tend to leave TiO, to the Au NPs until arriving
at a comparable Fermi level [52]. The process leaves behind posi-
tively charged regions on TiO, surface and serves as the addi-
tional dissociative adsorption sites for oxidizing of BH, to BO;
and releasing [H '] to Au surface, which inevitably accelerates the
reduction of 4-NP. In our catalysts, the anchoring noble metal NPs
on TiO, surface solely may increase the interface of Au and TiO,,
which will enhance the electron transfer rate between TiO, and
Au. Additionally, the incorporation of ZrO, into TiO, restricts the
grain growth of TiO,, resulting in quite a small grain size of TiO,,
which also bestows an increased interface of Au and TiO,. Based
on the above analysis, the Fe@ZrO,-TiO,/Au-Pt sample exhibited
enhanced catalytic activity.

Reusability is the main advantage for heterogeneous catalysts in
industrial applications. In this work, magnetic Fe core was incor-
porated in the composite materials, which can be easily separated
from the reaction media. Hence, the outflow of catalyst during the
recycle process can be limited greatly. As a representative, we have
investigated the reusability of the Fe@ZrO,-TiO,(1: 3)/Au-Pt. As
shown in Fig. S7, only a slight decrease (~18%) in the catalytic activ-
ity was observed after five successive cycles, demonstrating the
remarkable stability and reusability of the Fe@ZrO,-TiO,(1 : 3)/Au-
Pt sample.

CONCLUSIONS

We have demonstrated a facile route to selectively anchor Au-Pt
alloyed NPs on the TiO, surface of binary ZrO,-TiO, shells. The
route contains the deposition of ZrO,-TiO, composite oxides on
ellipsoidal Fe,O; NPs, modification of the composite oxides sur-
face by Sn™, in situ reduction of Pt and Au, and thermal treat-
ment to transform the Fe,O; NPs to magnetic Fe NPs. Due to the
unique orientation of Sn** species, the obtained Au-Pt particles
were believed to be deposited on TiO, surface rather than on ZrO,
surface solely. The prepared Fe@ZrO,-TiO,/Au-Pt catalysts showed
good catalytic activity and reusability for the reduction of 4-NP.
Especially, the sample that incorporation of binary oxides layer with
Zr0O,: TiO,=1:3 exhibited the preferred catalytic activity and the
conversion yield of 4-NP to 4-AP was still maintained at 82% even
after five successive cycles. Future work will involve the varying of
the binary metal oxides layers, such as TiO,-CeO, or TiO,-SiO,, to
extend the application of the strategies for selectively anchoring
noble metal NPs and achieving an enhanced reactivity.
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Fig. S1. (a) TEM images of the as-prepared ellipsoidal Fe,O; nanoparticles, and (b) the FT-IR spectra of pure ZrO, or TiO, samples.

Fig. S2. The SEM image shows the ellipsoidal structure of the as-
obtained Fe,0,/Zr0,-TiO,(1 : 1)/Au-Pt NPs.
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Fig. S3. The EDX spectra of the as-obtained Fe,05/ZrO,-TiO,(x: y)/Au-Pt and the corresponding element content (inset). x:y=3:1 (a), 1:1
(b),and 1:3 (c).

Fig. S4. HAADF-STEM image of the as-obtained Fe,0,/ZrO,-TiO,(3 : 1)/Au-Pt, Fe mapping image (Fe-K), O mapping image (O-K), Ti map-
ping image (Ti-K), Zr mapping image (Zr-K), Sn mapping image (Sn-L), Au mapping image (Au-L) and Pt mapping image (Pt-L)
(The Si mapping image was not shown).



Table S1. Comparison of rate constant for the catalytic reduction of 4-NP by NaBH, using catalysts containing Au and (or) Pt nanoparticles

Catalvst Size of noble Initial concentration ~ Amount of noble k,,, per noble NPs
Y metal NPs (nm) of 4-NP (mM) NPs (nmol) content (107 s " pmol ™)
Au@Sio, [1] 40 0.1 135.9 1.40
Fe;0,@Si0,-Au@m-SiO, [2] 12 0.24 335 1.74
Au-CeO, [3] 4 0.068 4.55 281
Fe;O,/C/Pt-Pd [4] 10-20 0.05 1.68 1202
Au-Pt-Ag [5] 22 0.083 2.5 1470
Fe@SiO,/Au-Pt [6] 10 037 1.989 1392
Fe@ZrO,-TiO,(1 : 3)/Au-Pt (This work) 7.8 0.37 1.989 2237
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Fig. S5. The representative TEM images of Fe@ZrO,-TiO,(1 : 3)/Au- Fig. S7. Conversion of 4-NP in 5 successive cycles of reduction using
Pt NPs. Fe@ZrO,-TiO,(1 : 3)/Au-Pt NPs as catalyst.
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Fig. S6. Magnetization curves of the Fe@ZrO,-TiO,/Au-Pt NCs. The
inset pattern is a photograph of the magnetic separation.
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