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adjusting the amount of addition of seeds, we obtained Au–
Pd alloy octapods with uniform spanning size in the range 
of 25–120 nm. The formation mechanism of octapods was 
explored by manipulating the concentration of H +  and reac-
tion temperature. In general, unduly high or low concentra-
tions of H +  and elevated reaction temperature were found to be 
injurious to the formation of Au–Pd octapods, which could be 
ascribed to kinetic or thermodynamic reasons. The as-prepared 
Au–Pd alloy octapods manifested superior catalytic activity 
in electro-oxidation of formic acid (HCOOH). It was further 
revealed by fi rst-principles calculations that the substitution 
of Au by Pd on Au {722} facet gives rise to higher adsorption 
energy of molecular HCOOH and HCOO − , and thus higher 
activity for the reaction. 

 In the fi rst step, Au seeds about 2–3 nm in size were pre-
pared by reducing HAuCl 4  with NaBH 4  in an aqueous solu-
tion in the presence of cetyltrimethylammonium bromide 
(CTAB) as a capping agent at room temperature (ca. 25 °C). 
The solution was diluted 500 fold with ultrapure water prior to 
be used as seeds. The growth solution was then prepared by 
consecutively adding 0.1 mL of 10 × 10 −3   M  HAuCl 4 , 0.1 mL of 
10 × 10 −3   M  Na 2 PdCl 4 , 100 µL of 1  M  HCl, and then 200 µL of 
100 × 10 −3   M  L-ascorbic acid (AA) to a 10 mL aqueous solution of 
100 × 10 −3   M  cetyltrimethylammonium chloride (CTAC). 100 µL 
of Au seeds was then introduced to initiate the reaction, after 
which the solution was swirled immediately. The reaction was 
allowed to proceed undisturbed at 25 °C for 30 min.  Figure    1  A 
shows a representative scanning electron microscopy (SEM) 
image of the as-synthesized nanocrysals, indicating these uni-
form eight-armed star-like nanocrystals with spanning size (see 
the defi nition in Figure S1, Supporting Information) of 55 ± 
4 nm are in high purity. Figure  1 B and C show transmission 
electron microscopy (TEM) and scanning transmission elec-
tron microscopy (STEM) images of the products, respectively, 
which ensures better visualization of their 3D structure. The 
brighter four arms and darker center part reveal the concave 
feature of the structure. The morphological characteristics 
of the nanocrystals were fully examined by TEM tilted along 
three different zone axis (i.e., [100], [111], and [110]), aided by 
selected-area electron diffraction (SAED) to guarantee the accu-
rate orientation. Figure  1 D–L presents TEM images, the cor-
responding SAED patterns, and oriented geometric models of 
the Au–Pd alloy octapods viewed along the three directions. 
As shown in Figure  1 D and G, the apex angles of the trigonal-
pyramidal arms oriented along [100] and [111] were measured 
to be 47° and 53°, respectively. When projected along [110], the 
alloy octapods appeared in the shape of elongated six-armed 
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  The synergy created by different metals, which can be essentially 
accredited to lattice effects and heteroatom bonding, is usually 
diffi cult to know a prior about. [ 1–6 ]  According to the remark-
able contributions by many research groups, Au–Pd bimetallic 
nanocrystals displayed enhanced catalytic performances than 
their monometallic counterparts in diverse situations. [ 7–10 ]  
From a simplifi ed perspective, these synergistic effects can be 
accredited to intrinsically high catalytic activity of both Au and 
Pd towards various reactions and the notably excellent cata-
lytic stability of Au against poisoning. [ 11–14 ]  In an attempt to 
optimize the bimetallic synergy between Au and Pd, however, 
it is inevitable to pay regard to other determining parameters 
including structure, size, and shape, among which shape is 
mostly studied. Controlling the shape is one of the key strategies 
to manipulating the exposed facets and spatial distribution of 
atoms and therefore critical to physicochemical properties. [ 15–39 ]  
For example, the multipods shape attracts special research 
interest due to comparatively large specifi c surface area and a 
rough surface on branches. Since the rough surface is often 
correlated with high density of atomic steps, kinks, and other 
defects, or equivalently, high-index feature, multipods are gener-
ally expected to show higher catalytic or electrocatalytic activity 
than most of the other shapes with a similar size. [ 40–43 ]  Never-
theless, primarily because the multipod shape is thermodynami-
cally unfavorable in solution-phase synthesis and the growth 
process of bimetallic nanocrystals involves complicated coupling 
of kinetic factors, controlled preparation of Au-Pd nanocrystals 
in a multipod shape has been rarely reported in literature. 

 Here, we report a facile route to the synthesis of Au–Pd 
alloy octapods with the exposure of high-index {722} facets 
employing a seed-meditated growth protocol. Through simply 
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stars, with four longer arms on two sides and two shorter ones 
in the middle, the apex angles of which were surveyed to be 39° 
and 94°, respectively. Geometric models (Figure  1 F, I, and L) 
was proposed to accord with the contour of alloy octapods pro-
jected along the three different directions in Figure  1  D, G, and 
J, respectively. The Miller indices of symmetrical exposed facets 
can be determined by analyzing the apex angle of the trigonal-
pyramidal arms to be {722}. In addition, they can also be deter-
mined from straight observation of atomic steps. Figure  1 M 
shows high-resolution transmission electronic microscopy 
(HRTEM) image of the atomic arrangement of an octapod. 
Because of the close proximity of the radius of Au and Pd atoms, 
the relationship between lattice spacing and Miller indices can 
be found out with ease. When the kite-shaped face of an arm 
of octapods were directed perpendicular to the electron beam, 
two sets of fringes with lattice spacing of 2.3 Å and 2.0 Å were 

observed, relating to the {111} and {200} planes, respectively. 
Figure  1 N represents atomic model of Figure  1 M. The atomic 
arrangement periodically consisted of a series of {111} terraces 
and {200} terraces. By counting the atomic widths, the overall 
profi le were indexed as the {722} plane, which matches with 
the projection angles.  

 The composition of the as-synthesized nanocrystals was 
examined by X-ray diffraction (XRD) and elemental mapping 
analysis using scanning transmission electron microscopy–
energy-dispersive X-ray spectrometry (STEM–EDX). As shown 
in  Figure    2  A and Figure S2 (Supporting Information), the 
XRD peaks of the as-synthesized Au–Pd alloy octapods, pure 
Au and Pd nanocrystals can be indexed as face-centered cubic 
(fcc) structure. Notably every diffraction peak of the octapods 
lies amongst the peak positions of pure fcc Au (JCPDS no. 
04-0784) and Pd (JCPDS no. 05-0681), proposing the successful 
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 Figure 1.    Synthesis of Au–Pd octapods through seed-mediated overgrowth. A) SEM, B) TEM, and C) HAADF-STEM images of Au-Pd octapods. D,G,J) 
TEM images, E,H,K) SAED patterns, and F,I,L) geometric models of individual octapods oriented along the D-F) [100], G-I) [111], and J–L) [110]  direc-
tions. M) HRTEM image and N) atomic model of the region indicated by the box in (J). The inset image in panel A is a model of octapod. The scale 
bars in panel B and C correspond to 20 nm.
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preparation of Au–Pd alloy octapods. Using the least-squares 
method, the lattice parameter of the octapods was calculated to 
be 4.06 Å. According to Vegard’s law, which claims the linear 
relation between the lattice parameter of an alloy and its com-
position, the Pd content in Au–Pd octapods was estimated to 
be 15%. [ 44 ]  The Pd content was further determined by induc-
tive coupled plasma–atomic emission spectroscopy (ICP-AES) 
to be 16.2%. Figure  2 B is a magnifi ed STEM image of a typical 
Au–Pd alloy octapod, on which elemental mapping analysis 
was induced. The results (Figure  2 C–E) clearly demonstrate 
the ubiquitous distribution of both Au (Figure  2 C) and Pd 
(Figure  2 D). The merged image (Figure  2 E) associated with the 
cross-sectional compositional line-scanning profi le (Figure S3, 
Supporting Information) further confi rmed the almost com-
pletely overlapping of distribution range of the two metal com-
ponents. That the two metals distribute in accordance with 
each other excludes core–shell or hybrid structures. The above 
analysis confi rms the successful preparation of Au–Pd alloy 
octapods.  

 Au seeds of other different amounts were also employed to 
grow Au–Pd alloy octapods to achieve valid size control. Figure S4 
(Supporting Information) displays Au–Pd alloy octapods syn-
thesized via the method mentioned beforehand, differing only 
in the amount of seed included in the nucleation stage of the 
reaction. From Figure S4A to S4D (Supporting Information), 
1000, 250, 70, and 35 µL of diluted seeds were supplied, respec-
tively. Correspondingly, Au–Pd alloy octapods with the average 

spanning size of 25 ± 5, 45 ± 10, 70 ± 12, and 120 ± 20 nm 
were successfully prepared. The results suggest that fewer 
seeds lead to larger structures, which could be accredited to 
fewer nucleation sites and more plentiful precursors. Although 
these particles vary in spanning size, they remain the concave 
feature and high-index facets. Moreover, a high yield above 85% 
was observed for the synthesized octapods in all sizes. This 
suggests that the size of the Au–Pd alloy octapods could be con-
trolled over a broad range by briefl y using different amount of 
seeds. 

 In elucidating the mechanism involved in the preparation of 
Au–Pd alloy octapods, we devised a set of experiments using 
the standard procedure except for a modulation of the H +  con-
centration or reaction temperature. As illustrated in Figure S5 
(Supporting Information), the products were highly sensitive 
to the amount of HCl, which is correlated to pH and thus the 
reducing capacity of AA. Generally, when less HCl is put into 
the reaction system, the pH will become higher, and then the 
reduction capacity of AA will be stronger. Figure S5A and B 
(Supporting Information) show nanocrystals obtained with 0 
and 20 µL of HCl, respectively, both amounts of which were 
much less than standard (100 µL). The products turned to be 
coarse particles about 50 nm in size with complex prods. These 
prods were 5–10 nm in length around the particle. However, for 
samples with more HCl relative to those used in the standard 
synthesis, smooth structures with blunt ends on the arms 
evolved (Figure S5D, Supporting Information). As shown in 
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 Figure 2.    Compositional analysis of the as-prepared Au-Pd octapods. A) XRD pattern, B) STEM image, C,D) STEM–EDX elemental mapping of C) Au, 
and D) Pd, and E) merged image of an individual Au-Pd alloy octapod. The Au atoms are shown in red and Pd atoms are shown in green.
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also discovered to have essential infl uence on the shape of the 
product. When synthesis was performed at 80 °C, the products 
appeared as fl at polyhedrons (Figure S6, Supporting Informa-
tion) including octahedrons and truncated bipyramids mainly 
enclosed by {111} facets on the surface. 

 These results are kinetically or thermodynamically compre-
hensible. When AA was introduced into the aqueous solution, it 
immediately reduced the salt precursors, namely Au 3+  and Pd 2+ , 
to Au +  and Pd atoms. Au +  ions subsequently undergo dispro-
portionation reaction catalyzed by the surface of metallic gold 
(seeds or growing nanocrystals). On condition that a smaller 
amount of HCl or no HCl is added, the concentration of H +  of 
the solution is expected to be lower, and so reduction capacity of 
AA will be higher. Due to fast reduction, more nucleation sites 
on a seed can be generated, ultimately forming coarse struc-
tured nanocrystals with more prods. Instead, larger amount of 
HCl depresses reduction rate, preventing formation of multiple 
nucleation sites as a consequence. Therefore, growth of a seed 
tended to preferentially occurs in specifi c regions with higher 
activity, evolving into less irregular structures with a smooth 
surface. The phenomenon that polyhedrons survived when 
reaction temperature was adjusted to be 80 °C can be attributed 
to the fact that they are enclosed by {111} facets with lower sur-
face energy and thus thermodynamically favored. 

 The Au–Pd alloy octapods 55 nm in average spanning size 
with {722} high-index facets were evaluated as a catalyst for 
electro-oxidation of formic acid. As a benchmark, the electro-
catalytic ability of Au–Pd polyhedrons (Figure S6, Supporting 
Information) obtained at 80 °C, commercial catalyst Pd/C 
(Figure S7, Supporting Information), and Pd black were tested 
under the same circumstances. To normalize current densities 
and then enable direct comparison of catalytic activities, the 
electrochemically active surface areas (ECSAs) of the samples 
were fi rstly surveyed through hydrogen adsorption (Figure S8, 
Supporting Information).  Figure    3  A and Figure S9 (Supporting 
Information) shows normalized cyclic voltammetry (CV) curves 
measured on glassy carbon electrodes loaded with Au–Pd alloy 
octapods, Au–Pd polyhedrons, Pd/C, or Pd black at room tem-
perature in a solution containing 0.50  M  H 2 SO 4  and 0.25  M  
HCOOH. The electro-catalytic activity of Au–Pd alloy octapods 

was far superior to those of the other catalysts, with peak cur-
rent density 2.6 times, 5.1 times, and 5.9 times higher than Au–
Pd polyhedrons, Pd/C, and Pd black, respectively. The {722} 
high-index facets of octapods should account for the enhanced 
catalytic activity towards formic acid oxidation. Furthermore, 
the Au–Pd octapods were found to maintain better stability 
(Figure  3 B) in catalytic performance than Au–Pd polyhedrons 
and Pd/C. ICP dates indicated that the compositions of these 
catalysts were not changed, while SEM and TEM images 
(Figure S10, Supporting Information) showed that the catalysts 
maintained their structure after durability test. According to the 
works reported before, [ 9 ]  the alloying of Au could enhance the 
stability and durability of Pt- or Pd-based catalysts for electro-
chemistry catalysis. Therefore, we consider that Au–Pd alloy 
improves the formic acid tolerance.  

 To gain some insight into the enhanced catalytic properties 
of Au–Pd alloy octapods with the exposure of {722} facets, we 
investigated the adsorption of molecular HCOOH on Au {722} 
surface with Pd  n   ( n  = 0, 1, 2, or 4) atoms substituting Au atoms 
along the direction of one Au atomic chain per supercell. [ 45,46 ]  
Since desorption of H +  from HCOOH should occur, we also 
examined the adsorption of molecular HCOO − . Based on the 
density functional calculations, the most favorable confi gu-
rations for molecular HCOOH and HCOO −  adsorbed on Pd-
substituted Au {722} surfaces are plotted in  Figure    4  . When 
HCOOH attaches to pure Au {722} surface ( n  = 0), it prefers 
a top-hollow orientation (Figure  4 A, left panel), which means 
that one oxygen atom locates on top of an Au atom while the 
OH group points to a hollow site. As shown in the left panels of 
Figure  4 B–D, the confi gurations of HCOOH adsorption on Au 
{722} surface with Pd 1 , Pd 2 , and Pd 4  substitution per supercell 
appear to be distorted compared with that of pure Au {722} sur-
face. However, the top-hollow orientation is largely preserved as 
a result of strong ionic bonding between O and metal atoms. 
Interestingly, HCOOH selectively bonds with Pd atoms instead 
of Au atoms because of higher adsorption energy. In the case 
of HCOO −  adsorbed on pure and Pd-substituted Au {722} sur-
face, however, HCOO −  tends to adsorb along the direction of 
one atomic chain (Figure  4 A–D, right panels). In supercells 
with Pd-substitution, HCOO −  also preferentially bonds with 
Pd atoms. The calculated adsorption energies (in eV, please 
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 Figure 3.    A) CV curves measured on Au–Pd alloy octapods, polyhedrons, and Pd/C in 0.50  M  H 2 SO 4  + 0.25  M  HCOOH solution, respectively. Scanning 
rate is 50 mV s −1 . B) current–time curves of formic acid oxidation measured on the three kinds of catalysts in 0.50  M  H 2 SO 4  + 0.25  M  HCOOH solu-
tion at 0.20 V. All current values were normalized with respect to the ECSA. The current densities in electrocatalytic stability measurements have been 
normalized with respect to initial values of the three samples.
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see the defi nition in Supporting Information) of HCOOH and 
HCOO − , and Pd-O or Au-O distance (Å) on pure/Pd-substituted 
Au {722} surfaces are summarized in  Table    1   and Table S1 
(Supporting Information), respectively. It can be identifi ed that 
the adsorption of HCOOH on pure Au {722} surfaces is weak 
with the energy value of −0.34 eV. The negative values indicate 
that the adsorption is exothermic. The substitution of Pd on Au 
{722} surface enhances the adsorption energy to a moderate 
value ranging from −0.56 to −0.60 increasing with the atomic 
number of Pd  n   ( n  = 1, 2, and 4). The adsorption of HCOOH 
with moderate adsorption energy is a crucial factor to the 
enhancement of electrocatalytic activity. Meanwhile, the corre-
sponding adsorption energy of HCOO −  shows an evident trend 
of similar increase with the atomic number of Pd  n   ( n  = 0, 1, 
2, and 4) chain. With the assumption that desorbed H +  is cap-
tured by OH −  in the electrochemical reaction, it was discovered 
that the released reaction energy increases signifi cantly when  n  
is changed from 2 to 4, which can enhance the electrocatalytic 
activity as a thermodynamic factor.   

 In summary, we have achieved a facile synthesis of Au–Pd 
alloy octapods encased by {722} facets via a seed-meditated 
growth process. Through regulating the amount of seeds in 
growth, we were able to effectively control the spanning size of 
octapods. Formation of the octapods is discovered to be sensi-
tive to the concentration of H +  and reaction temperature in the 
synthesis, demonstrating kinetic and thermodynamic control 
of the growth, respectively. Compared with Au–Pd polyhedrons 

enclosed mainly by low-index {111} facets 
and Pd/C, Au–Pd alloy octapods exhibited 
substantially enhanced catalytic activity 
towards the electro-oxidation of formic acid. 
Moreover, according to fi rst-principles com-
putations, the substitution of Au by Pd atoms 
on Au {722} facets can enhance adsorp-
tion of reactant molecules (HCOOH and 
HCOO − ), and the enhanced electrocatalytic 
activity can be partly understood with this 
thermodynamic factor. Our approach based 
on seed-meditated overgrowth can promis-
ingly be extended to other metallic systems 
to generate multipod shape and probably 
high-index feature, and thus high activities 
towards various important reactions.  
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