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High-Indexed Pt;Fe Nanocatalysts and Their Enhanced Catalytic
Performance in Dual Organic Reactions
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fAbstract: The synthesis of noble metal nanocrystals termi-
nated with high-index facets has received increasing atten-
tion due to the remarkable improvement in their catalytic
performance. Introducing a transition metal to noble metals
(bimetallic nanocrystals) could result in a reduced cost and
potentially improve properties. Keeping in mind both of
these advantages, we have developed a new synthetic ap-
proach to fabricate size-controlled Pt;Fe concave nanocubes
using a high-temperature organic solution system contain-

ing oleylamine and oleic acid. It further demonstrates that

\_

\

the particle size and concavity could be controlled by
a number of parameters such as the ratio of oleylamine and
oleic acid, the physicochemical properties of the metal car-
bonyl, the metal valence in the precursor, and the ratio of
metal precursors. Catalytic tests show that the high-index-
surface-terminated =12 nm Pt;Fe concave nanocubes exhib-
it superior performance in both the hydrogenation of sty-
rene and reduction of 4-nitrophenol in comparison with
their counterparts.
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Introduction

With the advent of emerging nanotechnology, catalysts have
been developing exponentially in the past decade. Among var-
ious classes of catalysts, noble metal nanocrystals (NCs) are of
tremendous interest primarily due to their fascinating perform-
ances in a series of catalytic transformations including hydro-
genation, coupling, and hydrocracking reactions.”! However,
the preciousness and limited reservoir of noble metals espe-
cially platinum (Pt), an extremely scarce element in the earth’s
crust, severely hinder their commercialization. Extensive efforts
have therefore been exerted to fully exploit their potential for
catalysis. Since a heterogeneous catalytic process is closely as-
sociated with the surface structure of the catalyst, the catalytic
performance could be further improved by altering the atomic
arrangement on the exposed surfaces of the catalyst through
tailoring their particle shape.” As is well known, atoms located
at steps, ledges, and kinks of a crystal could act as catalytically
active sites,” and it is significant to rationally design and pre-
pare shape-controlled nanocatalysts with a high density of
low-coordinated atoms. Accordingly, customization of noble
metal NCs with high-index crystallographic facets (HIFs) has
been explored as an effective mean to achieve this goal. On
the other hand, it has been demonstrated that catalytic per-
formance could be enhanced by alloying a noble metal with
another to form alloy nanocatalysts.”’ Previous studies further
indicate that incorporation of a less expensive transition metal
M (such as Cu, or Co, or Ni, or Fe) into a noble metal NC will
not only reduce the use of scarce noble metal but also im-
prove their electrocatalytic® and organic catalytic® per-
formance, benefiting from the modified surface electronic
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structure.”? However, little work of applying HIF-terminated
noble-transition bimetallic NCs as catalysts to traditional organ-
ic reactions has been reported.

Concave nanostructures, being a prototype of high-index-
faceted NCs, are distinguished by their branched morphologies
and ease of preparation in the solution phase governed by dif-
fusion.® Although Pt-Fe concave nanocubes (CNCbs) were
prepared recently,” their size and concavity are not tunable
and the governing parameters leading to the concave struc-
ture have not been well elucidated. Moreover, their catalytic
behaviors towards a general organic reaction have not been
systematically investigated with a selection of appropriate
model reactions. In this work, we are dedicated to the prepara-
tion of &~ 10 nm Pt;Fe CNCbs using a different synthetic strat-
egy and we demonstrate their enhanced catalytic reactivity in
dual-model organic reactions: hydrogenation of styrene and
reduction of 4-nitrophenol (4-NP).

Results and Discussion
Structure and composition analysis

In a typical synthesis, metal precursors Pt(acac), and Fe(acac),
(acac: acetylacetonate) were co-reduced into Pt;Fe CNCbs in
dark-brown colloidal suspensions by tungsten hexacarbonyl
[W(CO)¢] in the presence of oleylamine (OAm) and oleic acid
(OA) at 240°C for 40-50 min. The detailed synthesis procedure
can be found in the Experimental Section. Transmission elec-
tron microscopy (TEM) images of the as-prepared Pt;Fe NCs in-
dicate a selective growth of highly uniform cubic nanostruc-
tures with curved surfaces and good uniformity (Figure 1a).
With a focus on an individual Pt;Fe NC (Figure 1c¢), it appears
that the near-edge parts have lower contrast in comparison
with the central portion, suggesting that the NC surface was
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Figure 1. Images of ~ 10 nm Pt;Fe CNCbs. (a) TEM image of the as-prepared
Pt;Fe CNCbs; (b) 3D perspective illustration model of a concave cube;

(c) HRTEM of a single Pt;Fe CNCb; (d) fast Fourier transform pattern of the
CNCb shown in (c); (e) a stepped surface highlighted from the HRTEM
image; (f) scheme of the stepped surface composed of a mixture of high-
index facets with {100} terraces and {110} steps.
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partially excavated towards the centre to form a concave
nanostructure as illustrated in Figure 1b. On the basis of the
TEM image shown in Figure 1a, the average side length was
determined as 12.1+1.0 nm (hereafter, referred as 10 nm Pt;Fe
CNCbs). A high-resolution TEM (HRTEM) image (Figure 1c) was
taken of a selected Pt;Fe CNCb with a projection direction
along [001]. The projection orientation was confirmed by its
corresponding fast Fourier transform (FFT) pattern (Figure 1d).
From the HRTEM image, the measured average d spacing of
1.94 A is consistent with that for Pt;Fe {200}."” Angles between
each of the actual surface planes and (100) facet of an ideal
cube were measured as 24°, 19°, 22°, and 20° as marked in
Figure 1¢, confirming that the generated concave surfaces are
HIFs. As shown in Figure 1e (a selected region from Figure 1¢),
stepped surface consisting of {100} terraces and {110} steps
can be readily observed. In particular, surfaces of a CNCb are
mixtures of several {hk0} facets (Figure 1f) rather than sub-
facets with a certain group of Miller indices.

The chemical composition of the CNCbs was determined
using inductively coupled plasma-optical emission spectrome-
try (ICP-OES). Analysis indicates that the Pt/Fe molar ratio was
~3:1, which is in a good agreement with the preceding esti-
mation from the lattice spacing. As presented in Figure 23, the
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Figure 2. XRD patterns of Pt;Fe CNCbs: (a) as-prepared Pt;Fe CNCbs ran-
domly deposited on a PANalytical zero-background Si sample holder; (b) the
same sample assembled on a surface-polished 25 mm Si <100 > wafer;

(c) the Pt;Fe CNCbs in size of 20 nm prepared in the presence of Cr(CO)q
and randomly deposited on a PANalytical zero-background Si sample holder.
The patterns shown at the bottom are from standard Pt ICDD PDF cards
(black: Pt 88-2343; White: Pt;Fe 89-2050).

X-ray diffraction (XRD) pattern of the Pt;Fe CNCbs confirms
that the as-synthesized NCs possess a highly crystalline face-
centered cubic (fcc) phase. The slight rightward peak-shift in
such a pattern in comparison with the standard Pt peaks is
due to shrinkage of the lattices, demonstrating the formation
of Pt-Fe alloy NCs. A greatly enhanced (200) peak (Figure 2b)
could be detected when these CNCbs were carefully deposited
on a surface-polished Si wafer, indicating that these Pt;Fe
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CNCbs align perfectly flat on the surface of the substrates with
(100) texture. Apparently, no diffraction signal of a single metal
is detectable from these patterns.

Formation conditions and mechanism

The HIF-containing CNCbs are metastable in a solution phase
and therefore tend to thermodynamically transform into low-
index-faceted analogues."” The first prerequisite for achieving
such a nanostructure is a fast growth rate under a kinetic con-
trol, which is correlated with selective binding of surfactants,
the reaction/diffusion rate, and the solubility of precursors.?”
In view of this, several conditions such as the volume ratio of
OAm/OA, capability of metal carbonyl, and selection of the
metal should be rigorously examined and optimized, aiming to
an understanding of the formation mechanism.

(1) Volume ratio of OAm/OA

In recognition of the capping effect of OAm and OA, the
OAmM/OA volume ratio used for the syntheses was varied from
10:1 to 4:1 and selected resultant morphologies are shown in
Figure 3a and 3b. We have also explored a ratio of higher
than 10:1, attaining NCs in two classes of sizes. With decreas-
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Figure 3. TEM images of Pt-Fe NCs grown for 40 min under the typical syn-
thetic conditions (see Experimental Section), except for the following varia-
tion in each case: (a) typical conditions (the volume ratio of OAmM/OA was
10:1); (b) the volume ratio of OAM/OA was 4:1; (c) W(CO), was replaced
with Cr(CO)g; (d) Fe(acac); was replaced with FeCl,-4H,0 as the precursors;
(e) the amount of Pt(acac), as the precursor was increased; (f) Fe precursors
were absent.
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ing the OAmM/OA volume ratio from 10:1 to 4:1, it can be ob-
served that the concave feature transitions to flat-like surfaces.
It is therefore inferred that a high OAm/OA ratio might favor
the formation of HIFs and restrict the atomic addition to con-
cave sites, thereby preserving the HIFs and concave structure.
To further identify the roles played by the OAm/OA in the for-
mation of NCs, it is necessary to monitor their growth process
at a high OAm/OA ratio (10:1). Figure S1 in the Supporting In-
formation shows the morphologies of NCs that were collected
at different times from the reaction system. As shown in Fig-
ure S1a, minuscule NCs can be identified as nuclei in the fore-
most stage. Then, they rapidly transform to highly branched
and faceted NCs as intermediates of larger size compared to
that of the ultimate Pt;Fe CNCbs (Figure S1b). By taking
a glance at the image of higher magnification (inset of Fig-
ure S1b), these intermediates of Pt;Fe CNCbs were essentially
constituted of interconnected arms, which is fairly similar to
the multioctahedral Pt NCs synthesized in the presence of
a trace amount of Fe>" ions."” These random multipods grad-
ually developed into NCs with more uniform size and well-de-
fined concave cubic profile (Figure S1c and d), indicating that
formation of multipods is an essential pathway between the
nucleating seeds and eventual CNCbs at a high OAm/OA ratio,
and the overall reduction kinetics are pivotal in the shape con-
trol in this case.

Similar evolution intermediates were also observed in the
Pt—Cu system!" although the synthesis approach is not exactly
commensurate with this one. The structure of hydrocarbon
chain was also examined by replacing OAm or OA in 10:1
OAmM-OA with octylamine or lauric acid, respectively. As illus-
trated in Figure S2, the harvested small NCs are neither cubes
nor CNCbs in shape.

(2) Capability of metal carbonyl

As discussed previously,"¥ the involved W(CO), could act with
dual roles: providing both metallic W as a reducing agent and
CO to control the shape of seeds and to help reduce high va-
lence metal(s) added. Since the reaction kinetics could be
strongly associated with the reducing capability, W in the
metal carbonyls was studied by replacing with Cr using the
typical synthesis recipe. The employment of chromium hexa-
carbonyl [Cr(CO)¢] could still generate Pt;Fe CNCbs (Figure 2¢)
but the average size is larger (20 nm, Figure 3¢). In addition,
it was determined that the time to achieve CNCbs was evi-
dently shortened, indicating that both the nucleation process
and successive Ostwald ripening growth are accelerated, most
likely owing to the higher concentration of metal atoms re-
duced by more active Cr (standard reduction potentials: Cr’*
+2e =Cr, Ep=—0913V; CP’" +3e =Cr, Ep=—0.744 V; W*"
+3e =W, Ep=0.1V). It was generally recognized that for a ki-
netic-controlled reaction the growth behavior and final NC
shape are dependent on a competition between the diffusion
rate of atoms to the surface of NCs and the reduction rate of
generating adatoms." In the case of Cr(CO),, a high concen-
tration of adatoms reduced by active Cr may quickly deposit
on CNCb corners where the density of capped ligands is rela-
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tively low."® The addition of atoms on the corners could occur
almost instantly, which would not allow them migrate along
the faces or edges. Consequently, large CNCbs with high
degree of concavity were generated.

(3) Effect of metallic valence in precursor

It was reported that the valence states of metallic precursor
could affect the shape control especially for bimetallic alloys,"”
exemplified by CuCl and CuCl, in the synthesis of Pt—Cu nano-
ctahedra.®? Likewise, it was observed in this work that the con-
cavity of the generated Pt—Fe CNCbs was apparently weak-
ened when Fe(acac); was replaced with divalent FeCl,-4H,0
while keeping other conditions identical (Figure 3d). To further
elucidate valence effect, a similar synthesis was carried out at
OAmM/OA=4:1. Unlike the trivalence Fe-precursors for which
the products still retains some concavity, the obtained NCs
were conventional cubes with flat surfaces under this condi-
tion as shown in Figure S3a. Analogously, the role of Pt"' pre-
cursor was investigated by replacing the original Pt(acac), with
PtCl, as the Pt source. As indicated in Figure S3b, the resultant
NCs are shallowly concave, just resembling those generated by
FeCl,-4H,0 (Figure S3a). We therefore propose that presence
of Fe'" intermediates and one-step reduction of Pt" favorably
tailor the Pt—Fe NCs to a CNCb profile.

(4) Effect on binary input ratio

It was observed that the quality of Pt—Fe CNCbs is also depen-
dent on the input ratio of metallic precursors. Increase of the
Pt-precursor dosage resulted in flower-like nanostructures (Fig-
ure 3e), whereas an absence of the Fe-precursor generates
conventional nanocubes as the dominant products (Figure 3 f).
On the other hand, a decrease of the Pt-precursor dosage
brought little influence on the concave shape (Figure S3¢), im-
plying a significant role of the Fe-precursor in the formation
CNCbs. Notably, the OAm/OA ratio, reducing agent, and metal
precursors are the paramount factors synergistically controlling
the shape evolution of Pt—Fe CNCbs, as illustrated in
Scheme 1.

Catalytic performance

Catalytic hydrogenation of olefinic compounds is a popular re-
action for their diverse applications in petroleum and food in-
dustries.”® The catalytic ability of the as-synthesized PtsFe
CNCbs and their unique surface-dependent performance were
probed within the context of a model reaction: hydrogenation
of styrene. Their size, morphology and composition were con-
firmed by STEM (Figure S4) and ICP-OES (Table S1) results. In
order to investigate the size-, structure- and composition-de-
pendent activity, large Pt;Fe CNCbs (/20 nm), conventional
10 nm Pt;Fe nanocubes, and 10 nm Pt nanocubes were also
prepared and tested as references. Their TEM images observed
after the catalytic tests are shown in Figure S5. The catalytic
performances of these NCs were evaluated by the liquid-phase
hydrogenation of styrene to ethylbenzene carried out under
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Scheme 1. An illustration of Pt-Fe NCs in different shapes synthesized under
different conditions.

the same conditions (room temperature and 1 atm hydrogen
atmosphere). To monitor the reaction progress, the reaction so-
lution was sampled using an interval of every 20 min and
quantitatively analyzed using a nuclear magnetic resonance
spectroscope (NMR). A plot with a linear relationship observed
from the conversion versus time implies a (pseudo-) zero-order
kinetic dependence of styrene (Figure 4), which was common
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TOF =30.38
= 10 nm Pt:Fe nanocubes
804 ¥ TOF=25.00
20 nm PtsFe CNCbs
TOF =19.33
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Figure 4. Conversion percentage of styrene hydrogenation as a function of
reaction time. Catalysts: 10 nm Pt;Fe CNCbs (square), 10 nm Pt;Fe nano-
cubes (triangle); 20 nm Pt;Fe CNCbs (dot) and 10 nm Pt nanocubes (dia-
mond). Inset: TOFs of catalysts in unit of mol (products)-mol (catalysts) ' h™".

in the heterogeneous hydrogenation of olefins in a solution
phase under constant hydrogen pressure.®*' The activity of
catalysts can be generally described using a term of “turnover
frequency (TOF)” and derived from the slope of the plot. The
calculation details are provided under “Characterization” in the
Experimental Section and Figure S6. As presented in the inset
of Figure 4, Pt;Fe CNCbs exhibited catalytic activity with
a 21.5% enhancement of TOF relative of the cubic counter-
parts, indicating that the high-index facets are ideal crystal
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planes for this surface-sensitive reaction. For liquid-phase hy-
drogenation, the turnover rate is closely associated with the
dissociative adsorption of H, and activation of unsaturated
bond. Compared to {100} facets, high-indexed planes on the
Pt;Fe CNCbs possess a higher portion of low-coordinated
atoms with a unique reactivity which has been demonstrated
to cleave H-H and activate C=C bonds more readily.”” The
10 nm nanocube TOF comparison between the Pt;Fe and Pt
indicates that the hydrogenation of styrene is also sensitive to
the composition of catalysts, and
incorporation of Fe to Pt NCs
leads to an improved catalytic
activity. It is well-known that the
electronic structure of bimetallic
surfaces is distinct from that of
the parent metals, resulting in
the alteration of surface d-band
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CNCbs, 10 nm Pt;Fe nanocubes, and 10 nm Pt nanocubes as
the counterparts. Considering the color changes involved in
this process, Ultraviolet/visible (UV/Vis) spectroscopy was used
to monitor the reaction progress, and a kinetic analysis was
performed as well. The specific procedures are explicitly de-
scribed in the Experimental Section. Upon addition of NaBH,,
an absorption maximum at 400 nm was detected in the UV/Vis
spectrum owing to the formation of 4-nitrophenolate ions in
alkaline solution, as shown in Figure 5. The absorbance main-

0s

20s

center and binding strength of
adsorbates™” This modified sur-
face electronic property has
been demonstrated to be bene-
ficial to facilitating the hydroge-
nation of olefins, especially for
the Pt-based bimetallic cata-
lysts.”” In addition, an obvious
size effect on the catalytic effi-
ciency of Pt;Fe CNCbs was re-
vealed. For example, the 10 nm
CNCbs were more active than
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the 20 nm ones. As expected,
the decreased size will give rise
to a higher surface to volume
ratio and percentage of surface
atoms, which contributes more
to promoting the catalysis. The
reusability test was also conduct-
ed by using the same Pt;Fe
CNCbs separated from previous reaction system. After consec-
utively catalyzing this hydrogenation for 24 h, the Pt;Fe CNCbs
were still able to achieve 88% conversion of substrate. No ap-
parent shape difference was observed from the TEM characteri-
zation (Figure S5d) when comparing with freshly prepared
Pt;Fe CNCbs, showing high sustainability and recyclability of
these Pt;Fe nanocatalysts in the hydrogenation of styrene.

In addition to the excellent performance in organic hydroge-
nation, the 10 nm Pt;Fe CNCbs also exhibit superior catalytic
activity toward aqueous-phase reduction of 4-NP by NaBH, at
room temperature. Not merely being a benchmark for testing
catalytic activities, it is also a meaningful way to convert more
toxic 4-NP to less harmful 4-aminophenol (4-AP) that is
a useful intermediate in many drug manufacture.” It was re-
ported that the reduction of aromatic nitro compounds by
NaBH, is sensitive to the surface area, structure and composi-
tion of the NCs applied as the catalysts.?” To this end, the ef-
fects from the size, shape and introduction of the second
metal on the kinetics of this catalytic reaction were assessed
by employing 10 nm Pt;Fe CNCbs as well as 20 nm Pts;Fe
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Figure 5. Time-resolved UV/Vis absorption spectra of the reduction of 4-NP by NaBH, in the presence of 10 nm
Pt;Fe CNCbs. The inset shows a linear relationship between the logarithm of the peak absorbance at 400 nm and
reduction time with rate constant obtained from the slope.

tained unchanged at 400 nm in the blank test, revealing that
the presence of catalysts was essential for promoting this reac-
tion. After the as-prepared Pt;Fe CNCb suspensions in ethanol
were injected, time-resolved UV/Vis spectra indicate a succes-
sive decrease in the absorption band at 400 nm and concomi-
tant emergence of a new peak at 300 nm corresponding to
the formation of the product (4-AP). The negligible absorbance
at 400 nm indicated a nearly complete conversion of 4-NP
after 2700s, suggesting a high effectiveness of the Pt;Fe
CNCbs as a new class of catalysts.

As shown in the conversion—time plot (Figure S7a), the reac-
tion rate was fast and steady at the beginning stage and grad-
ually slowed down when most of the reactants were con-
sumed at the end of reduction process. Since the concentra-
tion of NaBH, greatly exceeded that of 4-NP, it can be assumed
as a constant during the initial reduction of 4-NP. Therefore,
the reaction was considered to follow a (pseudo-) first-order ki-
netics with respect to 4-NP and the apparent rate constant (k)
can be obtained from the first several points in Figure S7a
with a plot of InAy, (A, represents the absorbance at
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400 nm) versus time. In this way, the 10 nm Pt;Fe CNCbs exhib-
it the highest catalytic activity with an enhanced reaction rate
of k=1.42x107" min~" (Figure 5), in comparison with those of
10 nm Pt;Fe nanocubes and 20 nm Pt;Fe CNCbs by factors of
2.05 and 2.56, respectively (Figure S7b and c). The 10 nm Pt
nanocubes displayed the slowest reduction rate, and the con-
version is still far from completion at the 2700 s (Figure S7d).
This outstanding catalytic reactivity on 10 nm Pt;Fe CNCbs
could be ascribed to the common effect of largely accessible
active interface sites, higher number of NCs per unit volume,
and synergy with heteroatoms on the surface. It is well recog-
nized that the reduction of nitrophenols by NaBH, involves se-
quential adsorption steps of nitrophenolate and BH,™ species
to the surface of metallic catalysts and interfacial electron
transfer from BH, ™ to nitrophenolate.?*? The concave regions
and loosely stacked HIFs on the Pt;Fe CNCbs provided more
available open surfaces for accommodating molecular adsor-
bates. Meanwhile, an abundance of coordinatively unsaturated
atoms were present on the HIFs, acting as suitable catalytic
sites with higher reactivity compared to the low-index surface
atoms prevalent on nanocubes. The decrease in particle size
merited NCs with higher total surface area per unit volume
and higher chances of molecular collisions, which is beneficial
for the electron transferring process. Moreover, the Fe heteroa-
toms on the outer layers of Pt;Fe NCs would function as a cat-
alysis-enhancing agent accounted from the surface electronic
property and segregation of the materials on the alloy.

Conclusions

In summary, Pt;Fe CNCbs terminated with HIFs and a combina-
tion of sub-facets {hkO} have been developed using a wet-
chemical approach. The volume ratio between OAm and OA,
capability of the reducing agent, and categories of metal pre-
cursors were shown to be key factors to control the particle
quality and were subsequently surveyed and optimized. In
order to evaluate the surface features, two typical reactions
(hydrogenation of styrene and reduction of 4-NP by NaBH,)
were studied on this class of HIF nanocatalysts as well as their
counterparts in terms of the variations on size, shape, and
composition. Results reveal that the 10 nm Pt;Fe CNCbs exhib-
ited the highest TOF for the hydrogenation of styrene and
a promoted reaction rate for 4-NP reduction in comparison
with their counterparts. This study provides a new direction for
the development of HIF NCs and the exploration of their novel
applications serving as enhanced catalysts for useful organic
reactions.

Experimental Section
Chemicals

Iron(lll) acetylacetonate (99 %) was received from STREM Chemicals.
Tungsten hexacarbonyl (W(CO),, 97 %), platinum(lV) chloride (98 %),
sodium borohydride powder (98%), oleic acid (90%), oleylamine
(70%) and styrene (99 %) were obtained from Sigma-Aldrich. Plati-
num(ll) acetylacetonate (>48% Pt), iron(ll) chloride tetrahydrate
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(98%) and chromium hexacarbonyl (Cr(CO)s, 98%) were purchased
from Alfa Aesar. Anhydrous ethanol (200 proof) and anhydrous
hexane (98.5%) were produced by AAPER and Fisher Scientific, re-
spectively. Chloroform and d-chloroform (for 'H NMR) were provid-
ed by J.T. Baker and Cambridge Isotope Laboratories, respectively.
4-Nitrophenol (98 %, 4-NP) was purchased from ACROS. All chemi-
cals were used without further purification.

Syntheses of Pt;Fe and Pt NCs

In a typical synthesis of ~10 nm Pt;Fe CNCbs, 10.0 mg of iron(lll)
acetylacetonate (Fe(acac);), 30.0 mg of platinum(ll) acetylacetonate
(Pt(acac),), 10.0 mL of OAm, and 1.0 mL of OA were loaded into
a three-neck flask equipped with a condenser and attached to
a Schlenk line. The mixture was heated to 140 °C with vigorous stir-
ring under an argon stream. Afterwards, 50 mg of tungsten hexa-
carbonyl was added into the system, and the temperature was
subsequently increased to 240 °C and kept for 40 min with a contin-
uous agitation. The resultant products were isolated by centrifuga-
tion, washed with anhydrous ethanol and re-dispersed in hexane
for several cycles, and eventually stored in hexane as colloidal sus-
pensions (Figure 1a). For 20 nm Pt;Fe CNCb synthesis, the condi-
tions are identical but W(CO); was replaced by Cr(CO),. The condi-
tions for 10 nm Pt;Fe nanocube synthesis are similar except for re-
placing Fe(acac); with FeCl,»4H,0 and a modification of OAmM/OA
volume ratio to 8 mL/2 mL. 10 nm Pt nanocubes were synthesized
by following the same recipe of Pt;Fe nanocubes but in the ab-
sence of Fe source.

Characterization
Nanocrystal characterization

XRD patterns were collected using a PANalytical X'Pert X-ray
powder diffractometer equipped with a Cuy,, radiation source (1=
1.5406 A). ICP-OES analysis was carried out on an Optima 7000 DV
ICP-OES spectrometer (PerkinElmer). An FEI Tecnai Spirit TEM and
2010F FaStem operated at 120 kV was used for TEM imaging. The
HRTEM image was taken from a JEOL TEM 3011. STEM-EDS was
performed on Cs-corrected Hitachi2700C with an accelerating volt-
age of 200 keV. '"H NMR spectra were recorded on a Bruker AC
300 MHz Proton NMR. UV/Vis spectra were collected at room tem-
perature on a Varian Cary 50 Bio spectrophotometer equipped
with a quartz cell.

Catalytic activity evaluation

Hydrogenation of styrene: The synthesized nanocatalysts were
cleaned using anhydrous ethanol for several times to remove the
capped surfactants. ~ 15 mg of each treated NCs were dispersed in
5mL chloroform with ultrasonication and the suspensions were
subsequently transferred into a 10 mL glass reaction vessel. After
0.12 mL of styrene (~1.00 mmol) was added, an H, flow was intro-
duced to blow away the existing air for several minutes. The mix-
ture was kept at room temperature and under 1 atmosphere of H,
with a high-speed stirring. The collected reaction aliquots were an-
alyzed using 'H NMR. As shown in Figure S5, feature peaks a, b,
¢ belong to three different olefinic hydrogen atoms in the starting
material, whereas the peak d is attributed to the hydrogen atoms
on the ethyl group from the product. The conversion of styrene at
each specific time is calculated by integrating the area of corre-
sponding peaks. As the ratio between catalysts (mol)/substrate
(mol) is 0.023, TOF =[slope x 60(minh~")1/(0.023 x 100 %), where the
slopes are obtained from conversion-time linear relationship in

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. After the catalysts were cleaned twice using the men-
tioned procedure, the recycled Pt;Fe CNCbs (& 15.0 mg) were ap-
plied to a reusability test with 1.8 mL of styrene (15 times of the
original dosage) and continuous H, flow for 24 h, a conversion as
high as 88% can still be achieved, implying the desirable stability
as catalysts.

Reduction of 4-NP: To investigate the catalytic reduction of 4-NP
at room temperature, 14.2 mg (0.1 mmol) of 4-NP was dissolved in
100 mL of de-ionized water through ultrasonication and then 5 mL
of ethanol solution containing =~ 15 mg nanocatalysts was added
under a constant stirring. The original color in dark yellow color
quickly turned bright yellow in the mixture, indicating an immedi-
ate formation of 4-nitrophenolate (4-NP). Subsequently, 10 mL
fresh-made NaBH, aqueous solution was rapidly injected and the
yellowish solution started to fade, indicating the occurrence of re-
duction. The progress of the conversion of 4-NP to 4-AP was then
monitored by recording the time-dependent UV/Vis absorption
spectra of the solution in a quartz cuvette sampled from the reac-
tion system. According to lambert-beer’s law, the conversion of 4-
NP can be calculated as A/A, where A, and A, represent the ab-
sorbance at 400 nm at a specific time and initial time respectively.
The rate constants for the pseudo first order reaction under differ-
ent catalysts can be obtained from the “slope” of the InA,q-t plots

in the unit of s7'; k= (—slope) x60 secmin".
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