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ABSTRACT: Bimetallic Au,;sPd,; nanocrystals with shapes of
icosahedron and octahedron were synthesized by adding
different amounts of iodide ions, and were employed as
catalysts for solvent-free aerobic oxidation of cyclohexane.
Although both icosahedrons and octahedrons were bounded
by {111} facets, the turnover frequency number of Au,sPd,;
icosahedrons reached 15 106 h™!, almost three times as high as
that of Au,Pd,s octahedrons. The conversion of cyclohexane
reached 28.1% after 48 h using Au,sPd,s icosahedrons, with
the selectivity of 84.3% to cyclohexanone. Density functional
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theory calculations along with X-ray photoelectron spectroscopy examinations reveal that the excellent catalytic performance of
AuPd icosahedrons could be ascribed to twin-induced strain and highly negative charge density of Au atoms on the surface.
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he aerobic oxidation of cyclohexane is crucial in the

chemical industry, because the products of this reaction,
cyclohexanol and cyclohexanone, play pivotal roles as feedstock
in a variety of reactions."”” For example, serving as the
precursors to nylon-6 and nylon-6,6, millions of tons of
cyclohexanol and cyclohexanone are consumed every year." It is
generally accepted that for this reaction, molecular oxygen is
among the most efficient, economical and environmentally
friendly oxidants. However, considering the high stability of an
O, molecule with a bond length of 121 pm and a bond energy
of 498 kJ/mol, it takes much energy to break the double bond
in the molecule. It still remains as a challenge to fabricate highly
efficient catalysts to activate oxygen molecules. Another
limitation is the difficulty in controlling the selectivity to the
desired products. Au/ZSMS, graphene/g-C;N,, and FeAIPO
have been applied as catalysts for the aerobic oxidation of
cyclohexane, but both the activity and selectivity were limited
(Supporting Information Table S1).* To date, the best catalytic
performance was achieved by using Auyy/HAP, where the
conversion reached 14.9% with selectivity for cyclohexanone of
49%."

Heterogeneous catalysis of metal nanocrystals is dependent
on multiple factors, including particle size,”® exposed facet,” "
defective microstructure,'*™*" and elemental composition.”' ~>°
As a typical case of defective microstructures, twin defect,
induced by a disruptive change of the long-range stacking
sequence over substantial atomic spacing' is especially
determinant to the performance of catalysts. Even enclosed
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by the same crystal facets, nanocrystals with or without twin
defects can exhibit distinctively different catalytic activities.
Recent studies have been paid attention to the effects of twin
defects on catalysis, discovering that twin defects usually endow
metals with higher catalytic activity.'®72%3273% For example, as
well-defined face-centered-cubic (fcc) nanocrystals, tetrahe-
drons, octahedrons, decahedrons, and icosahedrons are all
enclosed by {111} facets. Tetrahedrons and octahedrons are
single crystals, while decahedrons and icosahedrons are
constructed with twin defects, the latter group clearly showing
higher activity. However, the mechanism of this effect has not
been fully elucidated to date. This work, based on the successful
synthesis of highly effective catalysts for aerobic oxidation of
cyclohexane, provides a detailed investigation of the influence
of twinned structures in catalysis.

Herein, Au,sPd,; icosahedrons and octahedrons were
successfully synthesized by adding different amounts of iodide
ions and then were applied in the aerobic oxidation of
cyclohexane. At a reaction time of 12 h, the conversion and
TOF number of Au;sPd,; icosahedrons reached 18.4% and
15 106 h™!, respectively, both of which were almost three times
as high as those of the octahedrons. When the reaction
proceeded to 48 h, the conversion of cyclohexane increased to
28%, while the selectivity for cyclohexanone was maintained as
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84.3%. Additionally, 85% of the initial catalytic activity was
preserved after five rounds of the reaction, indicating a
noticeable stability of Au,sPd,; icosahedrons. Density func-
tional theory (DFT) calculations revealed that the high catalytic
activity of the Au,sPd,s icosahedrons was associated with its
tensile surface structure and highly negative charge density of
surface Au atoms.

In a typical synthesis of Au,sPd, icosahedrons, HAuCl, (20
mM, 0.75 mL), Pd(acac), (2 mM, 2.5 mL), polyvinylpyrroli-
done (PVP) (150 mg), and KI (10 mM, 0.05 mL) were mixed
with 10 mL of N,N-dimethylformamide (DMF) in a 20 mL
glass vial. After the vial had been capped, the mixture was
ultrasonicated for about 2 min. The resulting homogeneous
mixture was transferred into an oven and heated at 140 °C for 4
h. After cooling down to room temperature, the mixture was
centrifugated for 15 min and washed four times with ethanol in
order to collect the products. Figure 1a,b shows a transmission
electron microscopy (TEM) image and a high-angle annular
dark-field scanning TEM (HAADF-STEM) image of the AuPd
nanocrystals, respectively, implying that the nanocrystal had an
icosahedral shape with a narrow size distribution. From the
TEM image, an average edge length of 7.5 nm was derived for
the AuPd icosahedrons (Supporting Information Figure S1).

Figure 1. (a) TEM and (b) HAADF-STEM images of AuPd
icosahedrons. (c) STEM image of an individual AuPd icosahedron.
(d) Atomic-resolution STEM image taken from the edge of a single
AuPd icosahedron, showing twin boundary. (e) STEM image and
STEM-EDX elemental mapping images of an individual nanocrystal.
Red corresponds to Au, where green corresponds to Pd. (f)
Compositional line-scanning profile of the AuPd alloy icosahedron.
The inset image in panel a is a schematic illustration of the icosahedral
structure.
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The inset in Figure la shows a schematic illustration of an
individual icosahedral structure. The icosahedron, enclosed by
20 {111} facets, was made of 20 tetrahedral subunits with 30
twin boundaries. Figurelc,d shows STEM images of an
individual AuPd icosahedron, through which twinned structures
could be clearly observed. As shown by the STEM image and
STEM-energy dispersive X-ray (STEM-EDX) elemental
mapping of an individual AuPd icosahedron (Figure le),
both Au and Pd were homogeneously distributed, indicating
the formation of AuPd alloy. The compositional line-scanning
profile of the icosahedron in Figure 1f indicates that it was
indeed AuPd alloy without significant segregation for each
component.

The procedure for the preparation of AuPd octahedrons is
similar to what was used for AuPd icosahedrons except for the
amount of KI (0.2 mL of 10 mM KI for octahedrons). As
revealed by the TEM and HAADF-STEM images (Figure 2a,b),
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Figure 2. (a) TEM and (b) HAADF-STEM images of AuPd
octahedrons. (c) STEM image of an individual AuPd octahedron.
(d) Atomic-resolution STEM image taken from the edge of a single
AuPd octahedron. (e) STEM image and STEM-EDX elemental
mapping images of an individual nanocrystal. Red corresponds to Au
while green corresponds to Pd. (f) Compositional line-scanning profile
of the AuPd alloy octahedron.

the octahedrons were uniform in size, with an average edge
length of about 15.4 nm (Supporting Information Figure S1).
We also employed a series of tools to analyze the structures and
characterize the chemical composition of AuPd octahedrons.
The STEM images (Figure 2c,d) show an individual AuPd
octahedron enclosed by {111} facets without twin defects. As
shown by the STEM image and STEM-EDX elemental
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Figure 3. Comparison of the catalytic activity of Au;sPd,; alloy icosahedrons and octahedrons for cyclohexane oxidation. (a) Conversion and TOF
for cyclohexane for Au,sPd,; alloy icosahedrons and octahedrons. Time course of the oxidation of cyclohexane with 10 atm O, catalyzed by Au,sPd,
(b) icosahedrons and (c) octahedrons at 125 °C, respectively. (d) Relative activity of Au,sPd, icosahedrons over the course of five rounds of

successive reaction.

mapping of an individual octahedron (Figure 2e), both Au and
Pd were distributed evenly in the octahedron. The composi-
tional line-scanning profile of the octahedron (Figure 2f)
further indicates the formation of an alloyed AuPd octahedron.
Despite the differences in morphology, the atomic contents of
both products were determined to be Au,Pd,s by inductively
coupled plasma atomic emission spectroscopy (ICP-AES), well
consistent with the molar ratio of two precursors supplied.
Nearly all of the metal precursors (>97%) were reduced within
2 h based on the ICP-AES data of Au and Pd remaining in the
reaction solution (Supporting Information Figure S2).

It is known that oxidative etching has a crucial impact on the
morphology of resultant nanocrystals. One function of
oxidative etching is to selectively remove twinned seeds. The
defects inherently existing in twinned seeds serve as active sites
for oxidative dissolution, leading to preferential etching and
dissolution of twinned seeds in an oxidative environment.>> In
addition, through removing new nuclei in the growth stage of
nanocrystals, oxidative etching is expected to increase the size
uniformity of the product.>® In this work, we believed that the
O,/I” pair was responsible for the oxidative etching. In the
absence of KI, the product was dominated by AuPd
icosahedrons with a broad size distribution (Supporting
Information Figure S3a). When a small volume of KI (0.05
mL, 10 mM) was added, AuPd icosahedrons in high size
uniformity were observed where the O,/I” pair effectively
inhibited new nucleation in the growth stage. By comparison,
more addition of KI (0.2 mL, 10 mM) would enhance the
capability of oxidative etching, leading to selective etching away
of twinned seeds. In this case, single-crystal AuPd octahedrons
formed. Besides, when the synthesis was performed under
nitrogen atmosphere instead of air, oxidative etching in this
reaction was blocked, resulting in the formation of a product
dominated by twinned nanocrystals in different shapes
(Supporting Information Figure S3b).
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The aerobic oxidation of cyclohexane was chosen as a sample
reaction to evaluate the catalytic performance of the as-
prepared AuPd icosahedrons and octahedrons. The blank test
was performed with only active carbon added, during which no
product was observed (Supporting Information Table S2,
Entries 1 and 2). Parallel trials with temperature as a variable
were conducted (Supporting Information Table S2, Entries 3
and 5—7). No reaction was observed at 75 °C. At 100 °C the
reaction proceeded with a relatively low conversion. By
contrast, the reaction was accelerated with the highest
selectivity at 125 °C and a lower selectivity at 150 °C. The
conversion showed an upward trend, whereas the selectivity
exhibited a downward trend with the increase of temperature.
To this end, at 125 °C—under which relatively high conversion
and satisfactory selectivity were reached—was selected as the
optimal temperature to conduct the following experiments.
Figure 3a shows the catalytic performance of Au,sPd,
icosahedrons and octahedrons. Under the same reaction
condition (125 °C, 12 h), the conversion reached 18.4% for
the reaction involving icosahedrons, being 2.97 times as high as
that of octahedrons. In addition, a TOF of 15106 h™! was
observed for icosahedrons, which was 2.68 times as high as that
of octahedrons. The reaction profile of product converting over
time using Au,sPd,s icosahedrons is illustrated in Figure 3b.
The conversion for cyclohexane was increased to almost 28.1%
after 48 h of reaction, during which the products contained only
cyclohexane and cyclohexanol without other byproducts. In
addition, the content of cyclohexanone increased and that of
cyclohexanol dropped, because more cyclohexanol was oxidized
to cyclohexanone when the reaction proceeded. After 48 h of
reaction, the percentage of cyclohexanone in the products
reached 84.3%. By comparison, when Au,sPd,; octahedrons
were utilized instead, the conversion only reached 9.5% after 48
h, with selectivity for cyclohexanone standing at 84.0% (Figure
3c). Carbon balance and ICP-AES analysis showed that most of
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the metals (>98%) were reserved for both AuPd icosahedrons
and octahedrons after the reaction (Supporting Information
Table S3). The stability of Au,sPd, icosahedrons was also
studied by performing successive rounds of reaction, as shown
in Figure 3d. After five rounds, almost 85% of the original
reaction activity was preserved, showing high stability of
Au,Pd,; icosahedrons. TEM images (Supporting Information
Figure S4) indicated that the morphology of Au,Pd,
icosahedrons was barely changed, whereas ICP-AES data and
carbon balance implied that more than 95% of the noble metals
were preserved in the reuse test (Supporting Information Table
S3).

DFT calculations were performed to investigate the differ-
ence in activity between Au,Pd,s icosahedrons and octahe-
drons. The models of pure Au icosahedrons and octahedrons
are shown in Supporting Information Figure SS, and the
models of Au,sPd,; icosahedrons and octahedrons are shown in
Supporting Information Figure S6. First-principles simulations
were performed to calculate the strain fields on the surface of
icosahedrons and octahedrons. For single-crystal nanocrystals,
surface stress is the consequence of spontaneous bond
contraction.*® As shown in Supporting Information Figure S7
and Supporting Information Table S4, the surface strain on a
pure Au icosahedron is tensile (averaging +0.51%), whereas
that on a pure Au octahedron is compressive (average —3.26%).
The difference in surface strain (3%—4%) is also observed for
the cases of Au,sPd,s icosahedrons and octahedrons shown in
Figure 4a,b. Surface strain influences the electronic structure of
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Figure 4. Surface strain of Au,Pd,s (a) icosahedrons and (b)
octahedrons. Color indicates strain labeled in the color map, where a
blue value means that there is compressive strain on the facets. Bader
charge of Au,Pd,s (c) icosahedrons and (d) octahedrons. Color
indicates Bader charge labeled in the color map, where a blue value
means that the atom receives electrons.

surface atoms through shifting their d-band center, which
results in the variations of adsorption strength.'®*” DFT
calculations show a large difference in the d-band center (0.11
eV) between Au,Pd,; icosahedrons and octahedrons (Support-
ing Information Figure S8). Similar discrepancy was also
observed for the cases of pure Au icosahedrons and
octahedrons (Supporting Information Figure S9 and Table
SS). A tensile strain can shift up d-band center and, thus,
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increase the adsorption strengths, which would help promote
the adsorption of cyclohexane onto the catalyst.>”*® To this
end, the activation of C—H bonds in alkanes could be much
facilitated.’”*® These tendencies are consistent with our
experimental results, in which the activity and strain changes
on AuysPd,s icosahedrons and octahedrons. Although nano-
crystals used in the calculations are smaller than those in the
experiments, conclusions could be still applied in the latter case
because the trend of strain is preserved in the range of 1-20
m, 363940

In addition of the surface strain, the surface electronic
property is also believed to be influential to catalytic activity.
DFT simulations were conducted to calculate the charge
transfer between atoms in Au,Pd,s alloy nanocrystals. The
average charge per surface atom in pure Au icosahedrons and
octahedrons were —0.027 e and —0.023 e, respectively
(Supporting Information Figure S10 and Table S6). After
introducing Pd atoms, the composition effect was obviously
observed, and the negative charge densities increased to —0.060
e and —0.051 e per surface Au atom in Au,sPd,s icosahedron
and octahedron, respectively (Figure 4c,d). Obviously, the
surface negative charge for icosahedrons is denser than that of
octahedrons for both pure Au and Au,;Pd,s nanocrystals. These
calculations reveal that the Pd atoms donate electrons to the Au
atoms. To further confirm this electron donation, we examined
the electronic properties of Au,sPd,s icosahedrons and
octahedrons using X-ray photoelectron spectroscopy (XPS).
As shown in Figure S, the binding energy of Au 4f,/, in the
Au,Pd,; octahedrons equaled to that of bulk Au (84.0 eV),
which suggests few electron transfers between Pd atoms and Au
atoms. In contrast, the binding energies of Au 4f (including
4f,, and 4f;/,) and Au 3ds, in AuygPd,; icosahedron were 0.8
and 0.6 eV lower compared with the case of Au,Pd,
octahedron, respectively. Meanwhile, the binding energy of
Pd 3d (including 3ds/, and 3d;,) in Au,sPd,; icosahedrons was
0.4 eV higher than that of Au,sPd,s octahedrons. The negative
shift of Au 4f and the positive shift of Pd 3d suggest that a
negative charge was deposited on the Au atoms of Au,sPd,
icosahedrons, which is consistent with calculated results.
Considering that hydroperoxo-like molecular oxygen species,
an important intermediate in the aerobic oxidation reaction,
was favorably generated on negative charged surface, anionic
charges on surface Au atoms contributed largely to the catalytic
performance in the aerobic oxidation reactions.”>*' Taking
surface strain and surface charge transfer into account, we can
conclude that the high catalytic activity of Au,sPd,;
icosahedrons was attributed to the tensile surface structure
and highly negative charge density of surface Au atoms.

In conclusion, we synthesized Au,sPd,s icosahedrons and
octahedrons, and utilized them as the catalysts for the aerobic
oxidation of cyclohexane. Although both icosahedrons and
octahedrons were bounded by {111} facets, the TOF of
Au,sPd,; icosahedrons was almost three times as high as that of
Au,Pd,s octahedrons, reaching the value of 15106 h™.
Moreover, the conversion of cyclohexane reached 28.1% after
48 h using Au,sPd,s icosahedrons as the catalyst, with
selectivity for cyclohexanone of 84.3%. Further theoretical
analysis confirms that twins in Au,sPd,s icosahedrons
predominately generated tensile surface structure and highly
negative charge density surface, which could enhance the
catalytic activity. This research concerning twinned structure is
anticipated to raise widespread interests about potential use of
twins in more aerobic oxidation reactions.
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