
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry A

www.rsc.org/materialsA

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal of Materials Chemistry A RSCPublishing 

ARTICLE 

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

A Direct One-Step Synthetic Route to Pd-Pt 

Nanostructures with Controllable Shape, Size, and 

Composition for Electrocatalytic Applications 

Youngjin Ye,
a
 Jin Joo,

b
 Seongggyu Lee

a
 and Jinwoo Lee

a, *
  

Pd-Pt branched nanocrystals have been known to exhibit a synergistic effect in many 

electrocatalytic reactions such as reduction of oxygen and oxidation of small organic 

molecules. However, Pd-Pt branched structures have generally been synthesized using a two-

step seed-mediated approach, which is unbeneficial for large-scale synthesis. Therefore, it is 

necessary to develop a one-step route to Pd-Pt branched structures. Herein, we developed a 

direct one-step synthetic route to obtain Pd-Pt structures with controllable shape, size, and 

composition. In this system, KBr plays a critical role in controlling the size and shape of the 

Pd-Pt NCs. The resulting Pd1Pt5 branched nanocrystals showed 3.4 and 6.2 times higher mass 

activity toward oxygen reaction and formic acid oxidation than commercial Pt/C, respectively. 

 

 

Introduction 

Platinum (Pt) nanocrystals (NCs) have attracted significant 

interest because of their wide range of applications, particularly 

in catalysis.1-4 Recent studies have revealed that the 

morphology of nanoparticles directly affects their chemical 

reactivity by determining the bounding facets of the 

nanoparticles, as well as the number of step edges and kink 

sites.1-3, 5-7 Therefore, the rational design and synthesis of Pt 

NCs offers great advantages for the precise control of the active 

sites to maximize the catalytic activity of NCs. In predicting 

and controlling the shape of Pt NCs, it is crucial to consider the 

surface energy. Pt NCs, which have a face-centered cubic (fcc) 

lattice, are usually bound by low-index {111}, {100}, and 

{110} planes. Because the surface energy increases in the order 

γ{111} < γ{100} < γ{110}, a truncated octahedron bound by 

the {111} and {100} facets has the minimum surface energy 

and is the most favorable.8 Therefore, Pt NCs have no intrinsic 

driving force for anisotropic growth, making the shape control 

of Pt NCs challenging.9 

 Current advances in nanotechnology have allowed us to 

tune the size and shape of NCs.2, 10, 11 A variety of Pt 

nanostructures, including one-dimensional,12-15 cubic,16-19 

polyhedral,20-24 and branched9, 25-32 structures have been 

realized so far. Among the various structures mentioned above, 

branched structures have attracted great interest owing to their 

high surface area, well-defined facets, and rough surfaces.9, 26-31 

The exposure of high-index facets, steps, and kinks from the 

rough surfaces of branched structures provides high catalytic 

activity not afforded by spherical NCs with smooth surfaces. In 

addition to the shape of NCs, the catalytic activity is also highly 

dependent on the composition of the NCs.2, 4, 33, 34 A wide range 

of bi- or tri-metallic Pt-based NCs, including Pd-Pt,35-41 Au-

Pt,42, 43 and Au-Pd-Pt,38, 44 have been extensively explored. 

Among them, Pd-Pt bimetallic NCs have been known to exhibit 

a synergistic effect in many reactions, such as the reduction of 

oxygen35, 40 and the oxidation of small organic molecules.36, 38 

Pd-Pt bimetallic NCs provide additional advantages in 

controlling the shape of NCs because both Pd and Pt have an 

fcc lattice with a very small lattice mismatch of 0.77%, making 

overgrowth favorable.37 Pd-Pt branched structures have been 

extensively studied and observed to exhibit exciting 

electrocatalytic activity.35-39, 41 

 Generally, Pd-Pt branched structures have been synthesized 

using a two-step seed-mediated approach.35-37 Well-faceted Pd 

seeds provide multiple attachment sites for Pt nanoparticles. 

This is helpful in avoiding overlap and fusion between Pt 

branches during their growth.35, 36 Without the use of pre-

synthesized Pd seeds, the size and shape of Pd-Pt NCs were 

uncontrollable, thus resulting in dense and foam-like Pt 

aggregates rather than open porous dendrites.36 From a practical 

point of view, a direct one-step route to bimetallic NCs would 

be ideal for large-scale synthesis. Since the catalytic activity of 

NCs is highly dependent on size, shape, and composition,2, 3 

rapid synthetic route with predictable control over morphology 

and composition would  open up the possibilities of screening 

efficient catalysts in various kinds of catalysis. Recently, direct 

one-step syntheses of Pd-Pt,38, 39, Au-Pt,45 Au-Pd-Pt,44 and Ni-

Pt46, 47 branched structures have been reported. However, there 
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is still a lack of direct synthetic routes with systematic control 

over the shape, size, and composition of branched Pt-based 

bimetallic structures. 

 Herein, we developed a direct one-step synthetic route to 

obtain Pd-Pt structures with controllable shape, size, and 

composition. The Pd-Pt NCs were prepared using chloroplatinic 

acid hexahydrate (H2PtCl6·6H2O) and sodium 

tetrachloropalladate (Na2PdCl4) as precursors, L-ascorbic acid 

as a reducing agent, polyvinylpyrrolidone (PVP) as a surfactant, 

and KBr as a structure-directing agent. In a typical synthesis of 

branched Pd-Pt NCs, H2PtCl6·6H2O, Na2PdCl4, L-ascorbic acid, 

PVP, and KBr were thoroughly mixed in DI water. The 

homogeneous mixture was then heated at 80 ºC for 3 h, 

yielding Pd-Pt NCs. In this system, KBr plays a critical role in 

controlling the size and shape of the Pd-Pt NCs. By varying the 

amount of KBr, we were able to synthesize Pd1Pt5 branched 

structures with particle sizes of 15, 17, 25, 30, and 38 nm. 

Moreover, various nanostructures with different compositions 

were successfully synthesized using this method (Fig. 1).  

 High-resolution TEM (HRTEM) analysis showed that the 

Pd1Pt5 NCs have porous structures with spatially separated and 

well-faceted branches. Thus, they are expected to possess high 

electrocatalytic activity. As a model system to show the shape-

dependent catalytic activity, Pd1Pt5 branched structures were 

tested as electrocatalysts for the oxygen reduction reaction 

(ORR) and formic acid oxidation reaction (FAOR). Pd1Pt5 

branched NCs showed greatly enhanced catalytic activity 

(0.314 mA·cm-2
Pt, 0.192 mA·µg-1

Pt) compared to commercial 

Pt/C (Johnson-Matthey, 20 wt% Pt, 0.088 mA·cm-2
Pt, 0.056 

mA·µg-1
Pt) for the ORR at 0.9 V. They also showed greatly 

enhanced catalytic activity (0.452 mA·µg-1
Pt) over Pt/C (0.073 

mA·µg-1
Pt) for the FAOR at 0.5 V. 

 
Fig. 1. Schematic figure showing the various Pd-Pt NCs synthesized 
by controlling the composition and the concentration of KBr. 

Experimental Section 

Synthesis of Pd-Pt NCs 

Before synthesis, aqueous solutions of Na2PdCl4 (57 mg·mL-1) 

and H2PtCl6 ·6H2O (57 mg·mL-1) were prepared and stored 

away from light. For the preparation of Pd-Pt NCs, 105 mg of 

PVP (MW=55,000), 60 mg of L-ascorbic acid, and the desired 

amount of KBr were dissolved in 10 mL of water. The desired 

amount of Na2PdCl4 solution and H2PtCl6·6H2O solution were 

injected into the vial. Total solution volume was controlled to 

11 mL. For example, for the preparation of Pd1Pt5 NCs, 0.1 mL 

of Na2PdCl4 solution and 0.9 mL of H2PtCl6 ·6H2O solution 

were injected into the vial. The reaction vial was then placed 

into an oil bath preheated to 80 ºC. After a 3 h reaction time, 

the vial was cooled to RT. The synthesized nanoparticles were 

isolated by centrifugation with water and acetone two times. 

The product was further washed by centrifugation with 200 µL 

of a 30% H2O2 solution, 0.5 mL of concentrated H2SO4, and 8 

mL of DI water. 48 The resulting product was then centrifuged 

with ethanol and hexane to remove the remaining H2O2 and 

H2SO4 in the solution. The Pd-Pt NCs were redispersed in 

ethanol for further characterization.  

Physical Characterization  

Transmission electron microscope (TEM) images of the Pd-Pt 

NCs were obtained using a JEM-2010 (JEOL) and JEM-

2200FS (JEOL). Electron energy loss spectroscopy (EELS) 

mapping images were obtained using a JEM-2200FS (JEOL). 

Powder X-ray diffraction (XRD) patterns were obtained using a 

Bruker D8 Advanced X-ray diffractometer with Cu Kα 

radiation (λ = 0.15418 nm). The amount of metal in the PdPt/C 

was determined with an inductively coupled plasma-atomic 

emission spectrometer (ICP-AES) (ICPE-9000, Shimadzu). 

Electrochemical Characterization 

The electrochemical characterization was performed in a three-

electrode cell with a rotating disk electrode (Pine Research 

Instrumentation) connected to a potentiostat (Gamry Reference 

600, Gamry Instruments). Ag/AgCl (3 M NaCl) and Pt wire 

were used as reference and counter electrodes, respectively. 0.1 

M HClO4 electrolyte was prepared by diluting 70 % HClO4 

(Sigma-Aldrich) with DI water. The catalyst dispersions were 

prepared by dispersing the catalysts in a solution containing 

water, isopropanol, and 5 wt% Nafion® solution (Vwater:V2-

propanol:V5 wt% Nafion solution = 1:4:0.05), followed by sonication for 

30 min. The loading of Pt on glassy carbon was controlled at 

~16 µg·cm-2
disk. 

 After the electrolyte was saturated with Ar, CV was 

recorded with a sweep rate of 50 mV·s-1 at room temperature 

(RT) until a stable CV was obtained. The electrochemical 

surface areas of the catalysts were determined from the 

hydrogen desorption region (0.05 < E < 0.4 V versus reversible 

hydrogen electrode (RHE)), assuming 210 µC·cm-2
Pt for a 

monolayer adsorption of hydrogen on a Pt surface. After the 

electrolyte was saturated with oxygen, oxygen reduction 

activities were measured in 0.1 M HClO4 solutions at a sweep 

rate of 20 mV·s-1 and a rotation speed of 1600 rpm at RT. The 

kinetic current was obtained based on the Koutecky-Levich 

equation, which can be described as follows: 
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1/i = 1/id + 1/ik = 1/(Bω1/2) + 1/ik 

 

where i is the measured current, id is the diffusion-limited 

current, ik is the kinetic current, B is the constant, and ω is the 

rotation rate. Formic acid oxidation activities were measured in 

Ar-purged 0.25 M formic acid in 0.1 M HClO4 solution at RT, 

with a sweep rate of 50 mV/s. 

 CO stripping experiments were carried out in 0.1 M HClO4 

solution. All procedures involving CO stripping should be 

carried out in a well-ventilated hood. After 0.1 M HClO4 

solution was purged by Ar for 30 min, CO was purged into the 

solution for 30 min while maintaining the potential at 0.07 V. 

After removing the dissolved CO gas by bubbling Ar gas for 30 

min at an electrode potential at 0.07 V, CO stripping was 

obtained between 0.07 V and 0.95 V. 

Results and Discussion 

Figs. 2a and b show representative TEM images of the dendritic 

Pd1Pt5 NCs. Open porous dendrites, with an average size of 

17.4 nm, rather than dense aggregates were formed in high 

yield (>90%). The HRTEM image of the Pd1Pt5 dendrites 

shown in Fig. 2c shows that the Pd1Pt5 dendrites have porous 

structures with spatially separated and well-faceted branches.  

 
Fig. 2. (a) and (b) TEM images of the Pd1Pt5 dendrites. (c) HRTEM 
image and (d) corresponding FFT pattern of the Pd1Pt5 dendrites. (e-
g) Magnified images of the branches of the Pd1Pt5 dendrites of the 
selected region marked in Fig. 2c. 

The fast Fourier transform (FFT) pattern viewed along the [1 4 

3] direction indicates that the dendritic Pd1Pt5 NC is almost 

single crystalline (Fig. 2d). Most of the exposed surfaces of the 

dendritic Pd1Pt5 NC were {111} facets (Figs. 2e–g). Further 

analysis of the exposed facets of the Pd1Pt5 dendrites using 

HRTEM and the corresponding FFT patterns confirms the 

preferential exposure of the {111} facets with some {100} and 

{110} facets (Fig. S1). The chemical structure of the Pd1Pt5 

dendrites was analyzed using electron energy loss spectroscopy 

(EELS) mapping, which showed that the density of Pd atoms is 

higher in core part and the density of Pt atoms is higher in shell 

part of the Pd1Pt5 dendrites (Fig. S2).  

 The use of Pd is necessary to form an open porous structure. 

Without Pd, spherical NCs and dendritic NCs were formed 

separately, with a high relative standard deviation (RSD) of 

36% (Fig. S3a). According to B. Lim et al., during the growth 

of Pd-Pt dendrites using pre-formed Pd seeds, both 

homogeneous and heterogeneous nucleation of Pt occurred, and 

Pt branches were formed through the oriented attachment of 

small Pt NCs.36 As shown in the TEM image of the Pd1Pt5 

dendrites obtained after 10 min reaction time, both smaller 

spherical NCs and larger NCs with rough surfaces were found, 

supporting that the Pd-Pt NCs were formed by both 

homogeneous and heterogeneous nucleation (Fig. S4a). The 

heterogeneous nucleation is thermodynamically governed by 

the interplay between the strain energy, interfacial energy, and 

surface energy of the substrate and the deposit.2, 36 Because Pd 

and Pt have a very small lattice mismatch of 0.77%, the growth 

of Pt on Pd occurs by the Volmer-Weber island growth mode, 

producing Pd-Pt dendrites (Fig. S4b). In the direct synthetic 

routes, the Pd and Pt precursors are reduced by L-ascorbic acid 

in the absence of pre-formed Pd seeds. Although the standard 

reduction potential of [PtCl6]
2-/Pt (0.717 V vs. SHE) is higher 

than [PdCl4]
2-/Pd (0.591 V vs. SHE), Pd NCs are formed before 

Pt to act as in situ seeds for the growth of Pt by providing 

attachment sites in this system.38 Similar phenomena have been 

reported for synthesis of Pd-Pt38, 49 and Au-Pd-Pt NCs.44 

 KBr played a critical role in the formation of the dendrites. 

Without KBr, foam-like Pd-Pt NCs with dense branches were 

formed with a high RSD of 31% (Fig. S3b). By varying the 

concentration of KBr, the size of the Pd1Pt5 dendrites can be 

tuned from 15 to 40 nm (Fig. 3a). As the concentration of KBr 

was increased, the size of the Pd1Pt5 dendrites increased, and 

the branches became denser (Figs. 3b–e). The average sizes and 

size distributions of the Pd1Pt5 dendrites are shown in Fig. S5 

and Table S1. Br- ions affect the shape of the in situ Pd seeds, 

changing the final morphology of the Pd1Pt5 dendrites. In 

addition, Br- ions react with [PdCl4]
2- to produce [PdBr4]

2-, 

slowing the reduction rate of the Pd precursor because the 

stability constant of [PdBr4]
2- is much higher than that of 

[PdCl4]
2-.50

 Similarly, Br- ions also affect the self-aggregation 

of Pt NCs by making effect on the reduction rate of Pt (Fig. 

S6).29 

 To further test the effect of the reduction rate on the 

morphology of the Pd-Pt NCs, KCl and KBr were added in  
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Fig. 3. (a) Schematic illustration showing the size increase of the 
Pd1Pt5 NCs with increasing KBr concentration. (b-e) TEM images of 
the Pd1Pt5 NCs prepared under the same conditions as in Fig. 2a, 
except the concentration of KBr was varied to be (b) 10, (c) 35, (d) 
45, (e) 75 mM. 

different molar ratios. Varying the molar ratio of different 

halide species is known to be an effective method to control the 

reduction rate of Pd precursors, because halide species such as 

Br- and Cl- have different binding strengths of Pd ions.50 When 

the reduction rate of the precursors is relatively fast, i.e., at a 

higher KCl/KBr molar ratio, dendritic NCs and individual 

spherical NCs were separately formed (Figs. S7a–b). As the 

molar ratio of KCl/KBr decreases and the reduction rate of the 

precursors becomes slower, the proportion of separate spherical 

NCs significantly decreases, whereas the proportion of 

dendritic NCs increases to nearly 100% (Figs. S7c–d). This 

result supports the conclusion that the slower reduction rates of 

the Pd and Pt precursors induced by Br- ions affect the 

morphology of the Pd-Pt dendrites. 

 Pd-Pt NCs of various shapes were prepared by varying the 

concentration of Na2PdCl4, H2PtCl6·6H2O, and KBr (Fig. 4a). 

Figs. 4b and c shows the TEM images of the Pd2Pt1 NCs at KBr 

concentrations of 75 and 230 mM. Because KBr lowers the  

 
Fig. 4. (a) Schematic image for the synthesis of Pd2Pt1 
nanoraspberries anc Pd10Pt1 cube-like NCs. (b-c) TEM images of the 
Pd2Pt1 NCs with KBr concentrations of (b) 75 and (c) 230 mM. (d-e) 
TEM images of the Pd10Pt1 NCs with KBr concentrations of (d) 75 
and (e) 230 mM. 

reduction rate of the precursors, the size of the Pd2Pt1 NCs 

increased, with denser branches, when the concentration of KBr 

was increased from 75 to 230 mM (Fig. S8 and Table S2). In 

case of Pd2Pt1 NCs, Pt grew on the in situ Pd by the Volmer-

Weber growth mode, producing Pd-Pt nanoraspberries (Figs. 4b 

and c). TEM images of Pd2Pt1 NCs obtained after 25 min and 

45 min reveal that both homogeneous and heterogeneous 

nucleation occurred, followed by the oriented attachment of 

Pd2Pt1 NCs (Fig. S9). In addition, the Pd2Pt1 nanoraspberries 

are composed of short and spherical branches rather than 

anisotropic and well-faceted branches. Anisotropic branches are 

formed when the rate of monomer addition to the seed is faster 

than the diffusion of the monomer.26 In the formation of the 

Pd1Pt5 dendrites, owing to the slower reduction rate induced by 

Br-, the concentration of the in situ Pd seeds was kept low, 

whereas that of the monomer was kept high. Therefore, the rate 

of monomer addition is faster than the rate of diffusion, 
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resulting in Pd-Pt NCs with anisotropic branches. As the 

concentration of Pd seeds increased and that of the monomer 

decreased, branches of Pd-Pt NCs become shorter and spherical 

(Fig. S10). Thus, Pd2Pt1 nanoraspberries composed of spherical 

branches were formed rather than anisotropic branches.  

 Figs. 4d and e shows the TEM images of the Pd10Pt1 NCs at 

KBr concentrations of 75 and 230 mM. The effect of KBr on 

Pd is increased, and therefore cube-like structures are formed. 

The average size of the Pd10Pt1 NCs increased with increasing 

concentrations of KBr (Fig. S8 and Table S2). In case of the 

Pd10Pt1 NCs, even at a relatively high KBr concentration of 230 

mM, branched structures were not generated. In the formation 

of the Pd10Pt1 NCs, the concentration of the in situ Pd seeds is 

high, whereas that of Pt is low. Therefore, the available 

nucleation sites at the corners and edges of the in situ Pd seeds 

are sufficiently abundant to facilitate heterogeneous nucleation. 

As different from Pd1Pt5 and Pd2Pt1 NCs, smaller spherical NCs 

which might be formed by homogeneous nucleation were rarely 

found in TEM images of Pd10Pt1 NCs, further supporting the 

dominance of heterogeneous nucleation (Fig. S11). In addition, 

the rate of monomer addition becomes lower compared to the 

formation of the Pd1Pt5 and Pd2Pt1 NCs. The formation of the 

Pd10Pt1 NCs with smooth surfaces could be attributed to the 

relatively high degree of heterogeneous nucleation combined 

with the decreased rate of monomer addition.   

 Because the catalytic activity for the ORR and FAOR is 

highly structure-dependent, these reactions were selected as 

model systems to test for changes in the catalytic activity of 

shape-controlled Pd-Pt NCs. The Pd1Pt5 dendrites in Fig. 2a 

have an open porous structure, with anisotropic branches. Thus, 

they are expected to exhibit high electrocatalytic activity 

toward the ORR and FAOR. For electrochemical 

measurements, the Pd1Pt5 dendrites were thoroughly washed to 

remove excess PVP and then deposited on Vulcan XC-72 

carbon. Fig. S12 shows the XRD pattern of the Pd1Pt5 NCs 

supported on carbon. The average crystallite size obtained 

using the Scherrer equation was 15.67 nm, which was similar to 

the average size calculated from the TEM image. In addition, 

(111)/(100) peak ratio of Pd1Pt5 NCs was 1.4 times higher than 

that of the bulk Pt structure, supporting the preferential 

exposure of {111} facets.51  

 Fig. 5a shows the cyclic voltammograms for the Pd1Pt5 

dendrites recorded in Ar-purged 0.1 M HClO4 solution. The 

electrochemical surface area (ECSA) of the Pd1Pt5 dendrites 

was determined from the Hupd adsorption between 0 and 0.4 V. 

The ECSA of the Pd1Pt5 dendrites was determined to be 61.06 

m2·g-1
metal, which was slightly smaller than that of Pt/C (63.98 

m2·g-1
Pt). The ORR activity of the Pd1Pt5 dendrites was 

characterized by polarization curves using rotating disk 

electrode (RDE) recorded at 1600 rpm (Fig. 5b). The half wave 

potential was 880 mV, which was 60 mV higher than that of 

Pt/C. At 0.9 V versus a reversible hydrogen electrode (RHE), 

the mass and specific activities of the Pd1Pt5 dendrites were 

determined to be 0.192 mA·µg-1
metal and 0.314 mA·cm-2

metal, 

respectively. As shown in Fig. 5c, these values were 3.4 and 3.5  

 

Fig. 5. Comparison of electrocatalytic activities of Pd1Pt5/C and 
commercial Pt/C. (a) Cyclic voltammograms, recorded in Ar-purged 
0.1 M HClO4 at RT with a sweep rate of 50 mV/s. (b) Forward-scan 
ORR polarization curves, recorded in O2-purged 0.1 M HClO4 at RT 
with a sweep rate of 20 mV/s and rotation rate of 1600 rpm. (c) Mass 
activities of Pd1Pt5/C and Pt/C measured at 0.9 V. (d) ORR 
polarization curves of Pd1Pt5/C before and after the durability test. 

 

Fig. 6. Forward-scan FAOR polarization curves, recorded in Ar-
purged 0.25 M formic acid in 0.1 M HClO4 solution at RT, with a 
sweep rate of 50 mV/s. The dashed and solid lines correspond to 
Pt/C and Pd1Pt5/C. 

times higher, respectively, than those of Pt/C (0.056 mA·µg-1
Pt 

and 0.088 mA·cm-2
Pt). In addition, the Pt mass activity of 

Pd1Pt5/C (0.213 mA·µg-1
Pt) was 3.8 times higher than Pt/C. 

Because the activity in the oxygen reduction reaction on low-

index facets increases in the order Pt {100} << Pt {111} ~ Pt 

{110},52, 53 the preferential exposure of {111} would be the 

main reason for the enhanced ORR activity. 

 Fig. S13 shows the inverse current as a function of the 

inverse square root of the rotation rate. From the slopes of 

Koutecky-Levich plots, we calculated the electron transfer  
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Fig. 7. CO stripping volatammograms of (a) Pd1Pt5/C and (b) Pt/C, 
recorded in in 0.1 M HClO4 solution at RT, with a sweep rate of 50 
mV/s. The dashed and solid curves correspond to voltammograms 
before and after CO exposure, respectively. 

numbers at various potentials, using the published values of the 

kinematic viscosity of the solution (1.009 × 10-2 cm2 s-1),54 

diffusion coefficient of O2 (1.93 × 105 cm2 s-1),54 and the 

concentration of dissolved O2 (1.26 × 10-3 mol L-1)55 in HClO4 

solution (Fig. S13b). At 0.6 V, the constant B value was 

calculated to be 0.0916 mA s-1/2, which was very similar to the 

expected B value of 0.0915 mA s-1/2 for a four-electron 

reduction of oxygen. 

 The accelerated durability test (ADT) was performed by 

cycling the potential between 0.5 and 1.1 V for 2,000 cycles. 

The half wave potential of Pt/C was negatively shifted by ~30 

mV after the durability test (Fig. S14). In comparison with 

Pt/C, the ORR curve of the Pd1Pt5/C was almost unchanged 

after the durability test (Fig. 5d). The enhanced durability might 

be attributed to the core-shell like structure of the Pd1Pt5/C with 

Pt-enriched surface.56 Fig. 5 and S15 show the polarization 

curves of the FAOR on the Pd1Pt5 dendrites/C and Pt/C. It is 

well known that formic acid is oxidized on Pt by a dual-path 

mechanism.52, 57-60 When the FAOR is governed by a direct 

mechanism, formic acid is dehydrogenated to produce CO2. 

The dehydration path involves the formation of COad on Pt, 

which acts either as a poisoning species or a reactive 

intermediate depending on the potential.57, 59 The polarization 

curve for the Pd1Pt5 dendrites shows a much higher mass 

activity (0.452 mA·µg-1
metal at 0.5 V and 0.622 mA·µg-1

metal at 

1.0 V) than Pt/C (0.073 mA·µg-1
Pt at 0.5 V and 0.321 mA·µg-1

Pt 

at 1.0 V). It is noteworthy to point out that the enhancement 

factor is much higher at 0.5 V than that at 1.0 V, suggesting the 

improved CO tolerance of Pd1Pt5 dendrites.59, 61 According to 

previous studies on Pd-Pt alloys and Pd-modified Pt surfaces, 

Pd and Pt show a synergistic effect to enhance the activity of 

the FAOR by reducing or removing the strength of the COad 

adsorption.57, 59, 62, 63 

 To further investigate the CO tolerance of the Pd1Pt5 NCs, 

CO stripping was carried out. Interestingly, the peak splitting 

was observed on the CO stripping profile of Pd1Pt5/C (Fig. 7a). 

Since the CO oxidation is the structure sensitive reaction, 

modifications in the number and nature of surface sites cause 

the change in CO oxidation profiles, often leading to the peak 

splitting.64, 65 It might be interpreted that the peak at most 

negative potential (~ 0.75 V) is a result of the oxidation of CO 

on the terraces, while the peak at most positive potential (~ 0.81 

V) is a result of the oxidation of CO on the edge and corner 

sites.65 The peak splitting might be attributed to the increased 

fraction of terrace sites of Pd1Pt5 NCs with anisotropic rather 

than spherical branches. The onset potential for Pd1Pt5/C was 

negatively shifted by 50 mV with respect to that for Pt/C (Fig. 

7, inset; dashed lines). The potential at maximum current of CO 

oxidation for the Pd1Pt5/C is also negatively shifted by 50 mV 

than that for the Pt/C, supporting the improved CO tolerance of 

Pd1Pt5/C. Added to the enhanced CO tolerance, dendritic 

structures have been shown to exhibit enhanced catalytic 

activity for the FAOR, owing to their unique porous 

morphology with rough surfaces.30, 36, 39 The enhanced activity 

for the oxidation of formic acid on the Pd1Pt5 dendrites could 

therefore be attributed to the synergistic effect of Pd and Pt 

combined with its dendritic morphology. 

Conclusions 

In summary, we have developed a direct one-step synthetic 

route to Pd-Pt structures with controllable shape, size, and 

composition using KBr as a structure-directing agent. Using 

this method, various nanostructures with different compositions 

were successfully synthesized. As a model system, the Pd1Pt5 

branched structures were tested as electrocatalysts and were 

seen to exhibit enhanced activity for the ORR and FAOR. 

Because this method provides rapid synthetic routes to Pd-Pt 

NCs with various shape, size, and composition, it may be 

helpful in screening active catalysts in various kinds of 

catalysis. 
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