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Pd-based nanostructures with stepped facets possess potential applications in many fields, particularly in
catalysis. Generally, crystal growth often only allows the formation of nanostructures with energetically
non-stepped facets, so it is desirable to develop methods that can be used to prepare Pd-based
nanostructures bounded by stepped facets. Herein, penta-fold twinned (PFT) Au@Pd nanobipyramids
(NBs) with stepped {100} facets were synthesized through growing Pd on Au decahedral nanoparticles
(NPs) in polyol. During the growth of Au@Pd NBs, Br~ was a critical factor, because it has appropriate
affinity for the Pd atom and adjusted the growth rate ratio along (110) and (100), resulting in the
formation of Au@Pd NBs with stepped {100} facets. The product shape and size could be tailored by
controlling the reaction conditions. Transmission electron microscopy (TEM), high resolution
transmission electron microscopy (HRTEM), energy dispersive spectroscopy (EDS), high angle annular
dark field (HAADF) imaging and scanning transmission electron microscopy EDS (STEM-EDS) were used
to investigate the structure and growth of the Au@Pd NBs. A growth mechanism involving two stages
was elucidated. In the first stage, the growth of Pd clearly occurred along both (110) and (100). In the
second stage, the growth along (110) was faster than that along (100). Furthermore, we also
demonstrated that the as-prepared Au@Pd NBs had high catalytic activity, compared with Pd nanocubes
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Introduction

In the past few decades, Pd-based nanostructures have attracted
much attention due to their important applications in catal-
ysis.**® Their catalytic performance is strongly dependent on
the surface atoms, that is, the bounding facets.’*'® Nano-
structures with stepped facets exhibit relatively high activity,
compared with commonly observed nanostructures.*® There-
fore, they could be optimal catalysts. Thus, much effort has
been dedicated to developing new technologies for preparing
Pd-based nanostructures with stepped facets.”?* As is well
known, growth always prefers to occur at positions with high
surface free energy." Therefore, the growth rate on a stepped
facet is always faster than that on a non-stepped one. This
means that a stepped facet often disappears or becomes small
after growth. As a result, nanostructures coated with non-
stepped facets ({111}, {100}, {110}) often form, such as octahe-
drons, decahedrons, icosahedrons, tetrahedrons, truncated
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and Pd—Au-Pd segmental nanorods.

octahedrons and cubes.*?' In order to prepare Pd-based nano-
structures with stepped facets, the reaction environment should be
adjusted to control the growth pattern. Two approaches have been
demonstrated to be successful in the synthesis of nanostructures
with stepped facets: electrochemical and colloidal chemical
routes.”? This type of electrochemical technology was mainly
developed by Sun's group, and they prepared many noble nano-
structures with stepped facets, mainly focusing on Pd and Pt.>**
They also demonstrated that such Pt and Pd nanostructures with
stepped facets have superior catalytic activity. The colloidal
chemical route is widely used, due to its excellent tunability over
product size, composition and morphology.****** Various noble
nanostructures with stepped facets can be synthesized via colloidal
chemical routes. Among the reported nanostructures with stepped
facets, penta-fold twinned (PFT) NBs possess important applica-
tions in catalysis and optics, due to their unique structure.'>*¢
For example, Au NBs can greatly improve the surface enhanced
Raman scattering and allow for the detection of single molecules.*
Wang's group reported that NBs had better optical sensitivity to
the environment than Au nanorods.* So far, most reports on NBs
have been focused on Au and rarely on other metals.*® Since Liu
and co-workers reported the synthesis of Au NBs,* numerous
synthetic technologies of Au NBs have been developed, so it is not
a significant challenge to achieve high-quality Au NBs.???>36:434849
For example, Au NBs can be synthesized in low yield through
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growing Au on small Au decahedral NPs, followed by a shape-
selective precipitation, which allows high quality Au NBs to be
obtained.**%* Very recently, several groups demonstrated that the
optimized synthesis of Au seeds allows for the direct preparation of
high-quality Au NBs without the use of shape-selective precipita-
tion.***** However, for other metals, the syntheses of NBs have
been rarely reported. As described above, Pd-based nanostructures
are potential catalysts for many organic reactions and fuel cells,"**®
and therefore, it is worth developing methods that can be used to
prepare Pd NBs, and explore their catalytic performance.

The growth mode often differs depending on the metal, so the
synthetic approach for Au NBs is ineffective for other metals. In the
synthesis of Au NBs, Ag" is central to the growth, because Ag(i)-
based substances can selectively adsorb or deposit on specific
facets of Au nanostructures and modulate their growth.*>**>
However, Ag(1)-based substances have no significant effect on the
growth of Pd nanostructures;* therefore, this strategy is unable to
produce Pd NBs. To synthesize Pd-based NBs, new technologies
must be developed. In practice, previous studies are very helpful
towards designing a reasonable route for synthesizing Pd NBs. As
is well known, NBs are a typical type of PFT nanostructure. Seeded
growth is a very popular method for preparing noble nano-
structures and in most cases, it allows for the formation of prod-
ucts with the same crystalline features as the seed. Furthermore,
PFT nanorods and decahedral NPs are very structurally similar.*>
Therefore, the utilization of PFT decahedral NPs might be
a potential option. Previously, the synthesis of monodispersed Au
decahedral NPs was developed in our laboratory.”” Such Au deca-
hedral NPs can often induce the growth of other metals along
(110), allowing for the preparation of one-dimensional nano-
structures when appropriate capping agents are present.*”>
Another important goal is to find a substance with similar effects
to those of Ag(1)-based substances in the growth of Au NBs. For
a decahedral NP, the direction along its five-fold axis is (110)
and the direction perpendicular to (110) is (100). NB growth
involves the evolution from small sized decahedral NPs to
large-sized NBs, implying that growth along both (110) and
(100) occurs simultaneously.*® Furthermore, the growth rate
along (110) is faster than that of the latter. It is well known
that halide ions (Cl, Br~ and I") have an affinity for Pd and
are highly effective for tuning the growth of Pd nano-
structures.’*** For the above three ions, their affinities for
noble metal atoms or ions follows this order: I > Br >
Cl .°*** I~ can completely block the growth along (100) even
at low levels and facilitate the formation of Pd nanorods.>**
Cl™ it is unable to significantly block the growth along (100)
or promote the selective growth along (110) even at a very
high concentration.®® As a result, non-preferential growth
along (110) and (100) occurs, always resulting in the forma-
tion of spherical NPs. Therefore, Br~ might be an appropriate
growth-modifier.

Herein, Au decahedral NPs served as seeds and sodium tet-
rabromopalladate (Na,PdBr,) as an appropriate precursor.
Polyol was used as a reducing agent that transforms Pd(u) to Pd.
Br ions released from Na,PdBr, acted as a growth-modifier
and facilitated the growth of Au@Pd NBs. Length-tuned
Au@Pd NBs and other shaped Pd-Au nanostructures could be
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prepared through controlling reaction conditions. Because the
prepared Au@Pd NBs are coated with highly active stepped
{100} facets, they are more active than other Pd nanostructures
(nanocubes, octahedra and Pd-Au-Pd segmental nanorods) in
the reduction of p-nitrophenol to p-aminophenol.

Experimental section

Chemicals

Silver nitrate (AgNOj3), chloroauric acid (HAuCly), diethylene
glycol (DEG) and poly(diallyldimethylammonium chloride)
(PDDA, M,, = 400 000-500 000, 20 wt% in H,0) were purchased
from Sigma-Aldrich. Palladium chloride (PdCl,), Na,PdBr,,
sodium iodide (Nal), sodium bromide (NaBr) and sodium
chloride (NaCl) were bought from Aladdin. No further purifi-
cations were needed before use.

Preparation of Au decahedral NPs

A slightly modified method to that reported by our group was
used to synthesize Au decahedral seeds.*””®* In a typical
preparation, 0.5 mL PDDA was added to 20 mL DEG under
magnetic stirring (500 rpm), and then 20 uL HAuCl, (0.48 M)
aqueous solution was introduced. After a yellow homoge-
neous solution had formed, 4 mL DEG solution containing
12 mg AgNO; was added, and then the mixture was stirred for
another 3 min. The resulting solution was placed into an oil
bath at 200 °C to promote the reduction of Au(m) to Au. After
30 min, a red colloid formed and then the heating source was
removed. The solution was then allowed to slowly cool down
to room temperature. In order to remove AgCl, 5 drops of
ammonia water (30 vol%) were added to form soluble
[Ag(NH;),]" and the resulting colloidal solution was sub-
jected to centrifugation (20 000 rpm). The precipitate was
dispersed in DEG again, collected via centrifugation and then
dispersed in 20 mL DEG.

Before the samples were observed using TEM, excess DEG,
PDDA and other impurities needed to be removed. Water (9 mL)
was mixed with 1 mL of the above colloid precipitate, and then
Au decahedral NPs were collected via centrifugation (12 000
rpm). The mixture was then dispersed in 9 mL water and
precipitated again through centrifugation. After the purification
procedure was repeated three times, the precipitate was dis-
solved in 0.5 mL water.

Preparation of Au@Pd NBs

Briefly, Na,PdBr, was introduced into 5 mL Au decahedral
colloid (the molar ratio of Pd and Au was 8), and then it was
stirred for 2 min to form a homogenous solution. N, was
bubbled for at least 30 min to remove O,, and then the solution
was heated in an oil bath at 180 °C. During the entire reaction,
an atmosphere of N, was needed. The solution gradually
changed from red to gray, indicating that Au@Pd NBs formed.
After 5 h, the heating source was removed and the solution was
cooled down to room temperature. The purification of Au@Pd
NBs was similar to that of Au decahedra, except for the centri-
fugation speed (6000 rpm).

This journal is © The Royal Society of Chemistry 2017
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The catalytic reaction of p-nitrophenol to p-aminophenol

An ice-cold NaBH, solution (2 mL, 60 mM) was mixed with 2 mL
p-nitrophenol solution (0.34 mM) and then the mixture was
stirred for 15 min. In order to promote the reduction of p-
nitrophenol to p-aminophenol, 0.5 mL purified colloid con-
taining NPs (0.002 mg metal) was introduced as a catalyst.
Inductively coupled plasma mass spectrometry (OPTIMAS000)
was used to precisely determine the used metal catalyst
concentration. Before measurement, aqua regia was used to
oxidize the metal to soluble ions (be careful: Aqua regia is highly
corrosive). A mixture of 3 mL of the above solution containing
NaBH,, p-nitrophenol and metal catalyst was quickly trans-
ferred to a quartz cuvette and analyzed using a UV-vis spec-
trometer at regular intervals at room temperature.

Characterization

For TEM, HRTEM, energy dispersive spectroscopy (EDS),
HAADF and STEM-EDS characterizations, 10 pL of purified
aqueous colloid was deposited on a copper grid with a thin
carbon film, and was then dried at 50 °C for 20 min. The dried
sample was observed using a 300 kV F30 TEM with an attached
EDS and STEM detector. All UV-vis spectra were recorded with
a Shimadzu 2450 UV-vis spectrophotometer at room
temperature.

Results and discussion
Structural characterization of Au@Pd NBs

Monodispersed Au decahedral NPs acted as seeds for growing
Pd (Fig. S1}). Appropriate conditions allowed for the synthesis
of Au@Pd NBs with high yield. The HAADF image at low
magnification demonstrates this (Fig. 1A). Compared with Au
decahedral NPs, although the length change along (100) is
clear, it is significantly smaller than that along (110), implying
that the growth rate along (110) was faster than that along
(100). As is well known, the bounding facets of NBs are

Au

0 50 100 130 200
Length(nm)

Fig. 1 (A, B) Typical HAADF images of Au@Pd NBs; (C—F) elemental
mapping results of one Au@Pd NB; (G) compositional line profiles of
one Au@Pd NB.
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stepped.”” For a common Au NB, 10 stepped {100} facets are
often equivalent and this gives a very regular bipyramid-like
shape. However, for the prepared Au@Pd NBs here, the TEM
and HAADF images show that the bounding facets are different,
and therefore, they have no regular bipyramid-like shape. Their
structure can be clearly observed using HAADF. It is known that
the contrast of a HAADF image is sensitive to the atomic
number of the metal. The atomic number of Pd (46) is smaller
than that of Au (79), so the HAADF image can give a clear
structure because Au decahedral cores are lighter than Pd shells
(Fig. 1A and B). The structure and composition were further
confirmed using STEM-EDS technology (Fig. 1C-G). The
composition line profile also gave the same structure and
elemental distribution (Fig. 1G).

HRTEM was used to further investigate the product structure
(Fig. 2). Compared with the HAADF image, the contrast change
of a normal TEM image follows an inverse law with atomic
number. Metals with a high atomic number are dark because
more transmitted electrons are scattered. Therefore, the Au
decahedral core is a little darker than the Pd shell in the TEM
image (Fig. 2A). The TEM image also shows that the shell
thickness of Pd along (100) is smaller than that along (110),
confirming that the growth occurred preferentially along (110).
The HRTEM images show that the Au@Pd NBs possess typical
PFT features and the fast Fourier transform (FFT) pattern also

; -

Twinned boundary {110}

Fig.2 (A—F) Typical TEM and HRTEM images of one Au@Pd NB (E and
F are the enlarged images of areas marked by box 1 and box 2 in D,
respectively); (G) schematic sketch of Au@Pd NB.

RSC Aadv., 2017, 7, 36867-36875 | 36869
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demonstrates that they are PFT structurally (Fig. 2C-G).*” The
HRTEM images show a 0.225 nm interplanar spacing, which is
attributed to the Pd(111) plane (Fig. 2D-F). Moreover, the
HRTEM images also demonstrate that the products have good
crystalline features. We also used HRTEM to observe the step-
ped {100} facet and the results are shown in Fig. S2.} Stepped
{100} facets were clearly observed.

Generally, the pattern of seeded growth is always determined
by system energy minimization. When Pd(u) is reduced to Pd, its
deposition on Au decahedral seeds can follow two patterns. One
is the deposition of Pd atoms onto the seeds and another is the
self-nucleation of Pd atoms to form pure Pd NPs. Self-
nucleation implies the formation of new particles, which can
increase the total metal/solvent interface area, and thus, the
system will have higher energy. Therefore, the selective depo-
sition of Pd atoms on the seed surface is favored energetically
when growth kinetics is appropriate. In this case, the final
products always possess the same crystalline structure as the
seeds. Here, the growth of Pd on Au decahedra follows this rule.
When PFT Au decahedra were not introduced, the products
were mostly single crystalline Pd NPs and very few were PFT Pd
NRs (Fig. S37), confirming that the crystalline structure of the
seed was the determinant, that is, Au decahedral seeds induced
the growth of Pd atoms.

Effect of reaction time

In order to investigate the structure evolution with time, the
products at different stages were taken out and observed using
TEM. Before growth, the seeds were Au decahedra with uniform
shapes (Fig. 3A1-A3) and their edges were close to 45 nm. After
a 1.5 h reaction, the growth of Pd on the Au decahedral seeds
was observed and Au@Pd NPs were formed (Fig. 3B3). Clearly,
compared with Au decahedral seeds, the product has a large
transverse length (Fig. 3B2), implying that the growth of Pd
along (100) occurred. More fringes were clearly observed along
(110) because of the large lattice mismatch (4.61%) between the
Pd-shell and Au-core.”® This also provides evidence that the
growth of Pd along (110) occurred. Therefore, Pd was deposited
on the Au decahedra simultaneously along (100) and (110)
during this stage. Upon increasing the reaction time to 3 h,
some short bipyramid-like products formed, indicating that the
growth rate along (110) was faster than that along (100)
(Fig. 3C1-C3). After the reaction time was further prolonged to
5 h, almost all products were Au@Pd NBs (Fig. 3D1-D3). When
the reaction time was more than 5 h, no significant changes in
the shape and size were observed. This clearly demonstrates
that the growth of Pd was completed within 5 h.

Effect of halide ions

In the preparation of Au@Pd NBs, Na,PdBr, was used as a Pd
precursor. As described above, halide ions have an affinity for
noble metals, and for this reason, they are always used as
growth-modifiers in the preparation of noble nanostructures,
especially those containing Au or Pd.*7° It is commonly
believed that they can selectively adsorb on given facets, block
growth from occurring there, and promote growth on other

36870 | RSC Adv., 2017, 7, 36867-36875
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Fig. 3 TEM images and schematic sketches of products at different
times: (A1-A3) 0; (B1-B3) 1.5 h; (C1-C3) 3 h; (D1-D3) 5 h.

facets. This preferential growth causes the formation of nano-
structures with specific morphologies. For example, I ions
often adsorb on Pd(100) and facilitate the growth of {100}
faceted Pd nanostructures (nanocube, nanocuboid, PFT nano-
rod).’®® In our system, two types of halide ions might play
important roles: Cl~ ions in PDDA and Br~ ions. Although no
Br~ ions were added, the metal precursor (Na,PdBr,) can
release Br~ ions in the reduction of Pd(u) to Pd. Previously, it
has been demonstrated that C1I™ has no decisive effects on the
growth of Pd nanostructures.®® Therefore, Br is possibly crucial
to the growth of Au@Pd NBs.

In order to clarify this, we carried out a synthesis in which
Na,PdCl, was used as precursor to replace Na,PdBr,. No Au@Pd
NBs were observed and decahedral Au-core@Pd-shell NPs were
formed (Fig. 4B). Compared to when Au decahedral seeds were
used, the product size was clearly increased. This indicates that
no preferential growth along (110) happened when Na,PdCl,
was used, that is, the growth along both (100) and (110)
occurred simultaneously. Therefore, it is easy to confirm that
Br~ is critical to promoting growth along (110) and to blocking
growth along (100). To further confirm this, NaBr was intro-
duced into the above system (the molar ratio of NaBr/Na,PdCl,
was 4). In this case, the products showed almost no distinctive
differences to those prepared with Na,PdBr, (Fig. 4A and C).
This further confirms that Br™ ions play an important role in the
growth of Au@Pd NBs.

We also carried out growth in the presence of Nal. When Nal
was added (the molar ratio of Nal/Na,PdCl, was 4), the TEM
images show that Pd-Au-Pd segmental nanorods formed
(Fig. 4D). I has a very strong affinity for Pd(100). In this case,

This journal is © The Royal Society of Chemistry 2017
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Fig.4 Typical TEM images, HRTEM images and schematic sketches of
the products prepared using different precursors and halide ions: (A1—
A3) NayPdBry; (B1-B3) Na,PdCl,; (C1-C3) NayPdCl, and NaBr; (D1-
D3) PdCl, and Nal.

the growth along (100) became slow and was blocked almost
completely. This is similar to the results reported by our group
previously.”® We also carried out a free-halide-ion synthesis in
which polyvinylpyrrolidone and Pd(NOs), were used as
a capping agent and metal precursor, respectively (Fig. S3 and
S47). No preferential growth on Au decahedra was observed and
dendritic Au@Pd NPs formed, indicating that halide ions are
important to the growth pattern. It is worth noting that solvent
also has important impacts on the growth pattern. Previously, it
was reported that Br~ ions are unable to block the growth of Pd
along (100) in water when I~ ions are absent.”® Herein, the
results show that Br~ ions in DEG can significantly reduce the
growth of Pd along (110) and facilitate the formation of Au@Pd
NBs. The difference in the environment possibly changes the
affinity between Pd and halide ions.

Aside from the growth pattern on the Au decahedral seeds,
halide ions also affected the reduction rate of Pd(u) to Pd(0),
that is, the growth kinetics.”” When Na,PdCl, was used as
a precursor, many round Pd nanoplates were observed (Fig. 4B1
and B2), implying that self-nucleation occurred significantly.
This self-nucleation is attributed to the oxidation-reduction
potential (ORP) differences between various PdX,” /Pd (X =
Cl7, Br~,17) complexes. Compared with the ORP of PdCl,> /Pd,
the ORP of PdBr,*”/Pd is low because Br~ can form more stable
complexes with Pd(u) (Table S1t). As a result, the Br~ ion-free
reduction of Pd(u) to Pd(0) was very fast and consequently,
self-nucleation occurred, causing the formation of pure Pd
nanoplates (Fig. 4B).** Once NaBr was introduced, Br~ could

This journal is © The Royal Society of Chemistry 2017
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replace Cl™ to form Na,PdBr,. This can be demonstrated by the
color and UV-vis spectral changes (Fig. S61). The Na,PdCl,
solution is light yellow and exhibits an absorption peak at
220 nm (Curve 1 in Fig. S6A and B1f). For the Na,PdBr, solu-
tion, it is brownish red and exhibits a double-peak absorption
(Curve 2 in Fig. S6A and B27). In the case of the solution con-
taining Na,PdCl, and NaBr (NaBr/Na,PdCl, = 4), the solution
has a similar color and UV-vis spectrum to the Na,PdBr, solu-
tion (Curve 3 in Fig. S6A and B3t). This indicates that Br~
replaced C1~ to form Na,PdBr,. Because the ORP of PdBr,> /Pd
is lower than that of PdCl,>/Pd, the growth rate decreased and
self-nucleation was not observed.

Possible mechanism

We carefully measured the transverse and longitudinal length
changes of the products at different stages according to the
TEM images (Fig. 5). The longitudinal length of the Au deca-
hedra can be calculated geometrically because they are regular
polyhedra. The longitudinal length of the products with a reac-
tion time of 1.5 h is difficult to measure based on the TEM
images because their five-fold axis (i.e., longitudinal direction)
is always parallel to the electron beam. Therefore, we did not
measure the longitudinal length of the products with a reaction
time of 1.5 h. However, the evolution of the longitudinal length
throughout the growth process can still be observed clearly. The
transverse length increased from 65 nm to 110 nm in 1.5 h
(Fig. 5A and S77). This indicates that the growth along (100) was
very fast during the initial 1.5 h. For the products with reaction
times longer than 1.5 h (Fig. 5, S7 and S8%), their transverse
lengths showed no significant changes (from 110 nm to 119 nm
within 3.5 h). However, the longitudinal length increased
greatly (from 137 nm to 230 nm within 2 h), indicating that the
growth rate along (100) was very slow, compared with that along
(110). The above results clearly demonstrate that the growth of
Pd on Au decahedral seeds can be divided into two stages
(Scheme 1). In the first stage, the growth of Pd on Au decahedral
seeds occurs along both (110) and (100), and thus, the growth
preference along (110) is not significant. It is easy to understand
how this growth mode happens through analyzing the change
of Br~ ions with reaction time. Initially, there are not enough
Br~ ions in the system because they are bound in Na,PdBr,. For
this reason, {100} and {111} are active because no Br~ ions
adsorb; therefore, growth occurs along both directions. With
increasing reaction time (Scheme 1), more Br~ ions are released
during the second stage because Na,PdBr, is consumed. There
are enough Br™ ions that adsorb on {100} densely and decrease
the activity there. Therefore, the growth along (100) becomes
slow and the growth rate along (110) increases relatively.

The above results show that the formation of Au@Pd NBs is
due to the preferential growth along (110) during the second
stage. It is difficult to figure out exactly how Br~ ions cause the
preferential growth of Au@Pd NBs during this stage, because
there are no appropriate in situ technologies for observing the
adsorption of Br . Here, it is believed that Br~ ions during the
growth of NBs might have a similar effect to that of Ag(1)-based
substances during the growth of Au NBs (Scheme 1).*” During

RSC Aadv., 2017, 7, 36867-36875 | 36871
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Scheme 1 Schematic illustration showing the growth of Au@Pd NBs.

growth, Br~ ions selectively adsorb onto Pd{100}, and therefore,
the growth rate along (100) becomes reduced. The growth along
(110) then becomes relatively accelerated. In fact, the atoms on
the {110} surface have a different environment. The atoms on
the edge marked by the red balls (stage 2 in Scheme 1) have the
lowest coordination number, so their surface energy is the
highest. Theoretically, the growth rate should be fast in this
case. However, they can adsorb more Br~ ions because of the
high surface free energy. For this reason, Pd{110} is less active,
so the growth on this surface is blocked or slower than that on
{110} surfaces containing other atoms. This causes the forma-
tion of stepped {100} facets and consequently, Au@Pd NBs

36872 | RSC Adv., 2017, 7, 36867-36875

Stage 2: Mainly grow along <110>

form. To obtain a clearer mechanism, further studies are
underway in our group.

Shape-dependent catalytic performance

As mentioned before, Pd-based nanostructures are good cata-
lysts in many reactions.”™® Their catalytic performance is highly
dependent on composition, structure and shape.’ Compared
with commonly observed nanostructures, {100}-stepped nano-
structures often exhibit good catalytic activity due to the low
coordination number of the surface atoms.'**>”>7° Here, the
reduction of p-nitrophenol to p-aminophenol was chosen as
a model reaction to investigate the catalytic properties of NBs.”*

This journal is © The Royal Society of Chemistry 2017
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Furthermore, PFT Pd-Au-Pd segmental nanorods and single
crystalline Pd nanocubes and octahedra were also used as
catalysts for comparison (Fig. S13, S14 and S16+). Fig. 6A shows
the time-dependent UV-vis absorption of the reaction solution
when Au@Pd NBs were present as a catalyst. Clearly, the
absorption intensity at 397 nm gradually decreased with time,
indicating that p-nitrophenol was consumed. However, the
absorption at about 297 nm became significant with time
because the concentration of p-aminophenol increased. The
catalytic performances of various catalysts are shown in Fig. 6B.
When no catalyst was used, the reaction rate was very slow. After
30 min, only 8% p-nitrophenol was reduced to p-aminophenol
(Curve 1). When {111}-faceted Pd octahedra with edges of 53 nm
served as the catalyst (Fig. S167), p-nitrophenol was still clearly
detected (7%) after 30 min (Curve 2). When {100}-faceted Pd
nanocubes with edges of 45 nm acted as the catalyst, the
reduction of p-nitrophenol to p-aminophenol was completed in
30 min (Curve 3). In the case of Pd-Au-Pd nanorods, 18 min was
needed to finish the reduction (Curve 4). When Au@Pd NBs
acted as the catalyst, the reduction rate was the fastest and no p-
nitrophenol was detected after 9 min (Curve 5). The above
results distinctively demonstrate that Au@Pd NBs have the
highest catalytic activity, while Pd nanocubes have the lowest.
The total surface catalytic sites can be roughly evaluated. When
the mass of the metal is constant in four cases, it is easy to know
the sequence of their total surface area through analyzing their
sizes (Au@Pd-NB < Pd-Au-Pd-nanorod < Pd-octahedron < Pd-
cube) (Fig. S171). However, the catalytic performance follows
the reverse order, confirming that both the bounding facet and
twinned interface play important roles. It is believed that the
high catalytic performance of the Au@Pd NBs is due to the
presence of stepped {100} facets on their surfaces. Furthermore,
twinned planes are demonstrated to exhibit high activity and
possibly make a contribution to the catalytic activity.®® The low
activity of the Pd nanocubes and octahedra also supports this
conclusion. The Au@Pd NBs and Pd-Au-Pd nanorods used here

This journal is © The Royal Society of Chemistry 2017

are PFT structures. However, the Pd nanocubes and octahedral
NPs are typical single crystalline nanostructures.*** Therefore,
the Pd nanocubes and octahedral NPs have low activity because
no twinned interfaces are present on their surfaces. The {100}
faceted Pd nanocubes and {111}-faceted octahedra have similar
surface areas, but {100} is more active than {111}. Therefore, the
Pd nanocubes have a higher activity than the octahedra.

Conclusion

We have demonstrated that PFT Au@Pd NBs can be synthesized
through growing Pd on Au decahedral NPs in a polyol system.
Br ions play important roles in the growth of Au@Pd NBs
because they have appropriate affinity for Pd(100), which facil-
itates the formation of stepped {100} facets and preferential
growth along (110). When the affinity is too strong (I"), the
growth along (100) is completely blocked and the formation of
Pd-Au-Pd segmental nanorods is preferred. When the affinity is
too weak (Cl), the growth along both (100) and (110) is
significant and consequently, Au-core@Pd-shell NPs form. It is
believed that the growth of Au@Pd NBs mainly involves two
stages. In the first stage, Pd atoms grow on Au decahedral NPs
along both (110) and (100) directions because not enough Br—
ions adsorb on Pd(100). In the next stage, more Na,PdBr, is
consumed and, meanwhile, many Br~ ions are released.
Subsequently, Br~ ions adsorb densely onto Pd(100), block the
growth along (100) and, consequently, facilitate the growth of
Au@Pd NBs. Compared with single crystalline Pd nanocubes,
Pd octahedra and PFT Pd-Au-Pd segmental nanorods, the
prepared Au@Pd NBs have high catalytic activity in the reduc-
tion of p-nitrophenol to p-aminophenol due to the bounding
stepped {100} facets.
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