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Synthesis of monodisperse palladium nanocubes and

their catalytic activity for methanol electrooxidation∗
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The single crystalline palladium nanocubes with an average size of 7 nm were prepared in the presence of poly

(vinyl pyrrolidone) (PVP) and KBr using the polyol method. The as-prepared Pd nanocubes were highly uniform in

both size and shape. The ordered packing structures including monolayer and multilayer can be fabricated via the

rate-controlled evaporation of solution solvent. The electrochemical catalytic activity of these Pd nanocubes towards

methanol oxidation was found to be higher than that of spherical Pd nanoparticles of similar size.
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1. Introduction

Palladium plays an important role in many fun-

damental researches and industrial applications due

to its unique physical and chemical properties.[1−3]

Palladium has been used as a catalyst not only in

Suzuki and Heck cross coupling reaction in organic

chemistry,[4,5] but also in automobile industry for the

reduction of vehicle exhausts.[6] Recent investigation

showed that Pd nanoparticles (NPs) are a promising

catalyst as a substitute for Pt NPs as anode elec-

trode in polymer electrolyte membrane fuel cell.[7]

The catalytic activity of Pd NPs depends strongly

on their size and exposed crystalline facets. For ex-

ample, the Pd (100) deposited onto Au or Pt elec-

trode showed an improved catalytic activity over Pt

catalyst for formic acid oxidation.[8] This is proba-

bly because the oxidation rate of formic acid on Pd

(100) is higher than that on Pt (100).[9] Pd nanowires

also exhibited good electrocatalytic activity as well

as high stability.[10] To discover the electrocatalytic

activity of Pd in fuel cell reactions, various methods

have been devoted to the preparation of Pd nano-

catalysts, such as oleylamine-mediated synthesis,[11]

metal chloride reduction process,[12,13] NH3-mediated

polyol process,[14] loading on carbon nanotubes,[15,16]

alcohol reduction process[17−19] and thermal decom-

position of palladium complexes.[20] Most recently,

it has been found that the catalytic activity of Pt

and bimetallic NPs in fuel cell reactions can be im-

proved remarkably by selectively exposing crystalline

facets, which can be achieved by shape control in the

synthesis.[21,22] Therefore, the study on new strategies

for shape control on Pd NPs is quite desirable for the

discovery of Pd nanocatalysts. In this paper, we re-

port the synthesis of Pd nanocubes with an average

size of 7 nm using a facile polyol reduction process.[18]

The as-prepared Pd nanocubes have an fcc crystalline

structure. The electrochemical catalytic activity of

these Pd nanocubes towards methanol oxidation was

found much higher than that of spherical Pd NPs of

similar size. It was consistent with the fact found in

Pd single crystalline electrode that Pd (100) surface

is highly catalytic-active.[9]

2. Experimental

2.1.Materials

Ethylene glycol (EG), poly(vinyl pyrrolidone)

(PVP, MW = 58000), and Na2PdCl4 were purchased
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from acros, cyclohexane and KBr purchased from Bei-

jing Chemicals Lt. All reagents were used as received

without further purification.

2.2. Synthesis of palladium nanocubes

The Pd nanocubes were synthesized by a modified

polyol method.[18] In a 50-mL flask, 0.0120 g of PVP

and 0.200 g of KBr were dissolved in 10-mL EG, and

then heated in air under magnetic stirring at 150 ◦C

for 1 h. The palladium precursor was prepared in an-

other vessel by dissolving 0.0371 g of Na2PdCl4 in a

mixed solution of 1-mL water and 4-mL EG. This so-

lution was injected into the flask using a syringe pump

at a rate of 20 mL per hour. The reaction mixture was

then heated up to 150 ◦C in air and kept at this tem-

perature for 1 h. The product is collected by centrifu-

gation and washed with acetone firstly and then with

the mixture of ethanol–cyclohexane (volume ratio of

1:5) for five times to remove the excess EG, NaBr and

PVP.

2.3.Characterizations

Transmission electron microscopy (TEM) and se-

lected area electron diffraction (SAED) were per-

formed by using a JEOL 200CX microscope operated

at an acceleration voltage of 120 kV. High-resolution

transmission electron microscopy (HRTEM) of Pd

nanocubes was measured on JEOL JEM-2010 elec-

tron microscope worked at an acceleration voltage

of 200 kV. TEM samples were prepared by placing

one drop of the Pd nanocube solution on a carbon-

coated copper grid. XRD pattern was recorded using

a Rigaku D/MAX 2400 x-ray diffractometer with Cu-

Kα radiation source (λ = 1.5405 Å, 1 Å=0.1 nm). The

x-ray photoelectron spectra were obtained with the

ESCA LAB5 x-ray photoelectron spectrometer with

the monochromatic Mg x-rays.

2.4. Electrochemical measurement

Glassy carbon (GC) electrode with a diameter

of 3.0 mm (electrode area ∼ 0.07 cm2) was used as

working electrode; 5-mg PVP-capped Pd nanocubes

were dissolved in 0.1-mL 0.05% nafion ethanol solu-

tion under ultrasonic; 25-µL Pd NPs-nafion solution

was dropped onto the surface of glassy carbon (GC)

electrode and dried in air for 12 hours. The cyclic

voltammogram measurement was carried out at CHI

660D electrochemical work station (Shanghai, China).

A standard three-electrode system was used. A plat-

inum wire is used as counter electrode and a satu-

rated calomel electrode (SCE) used as reference elec-

trode. The cyclic voltammogram measurement was

performed in 0.5-M NaOH + 1.0-M CH3OH solution.

The electrolyte solution was deaerated by nitrogen for

30 min before measurement. All of the electrochemi-

cal reactions were conducted and investigated at room

temperature (25±1 ◦C).

3. Results and discussion

The Pd nanocubes were prepared in the pres-

ence of PVP and KBr using polyol method. Figures

1(a) and 1(b) show the typical TEM images of as-

prepared Pd nanocubes with an average size of 7.0 nm.

The low magnification TEM image (Fig. 1(a)) shows

that Pd nanocubes can form monolayer or multilayer

ordered structure. The close view of a monolayer

of Pd nanocubes (Fig. 1(b)) indicates that the Pd

nanocubes are in well-defined shape with a narrow

size distribution. The selected area electron diffrac-

tion (SAED) image of Pd nanocubes clearly shows the

typical fcc structure with diffraction rings of {111},
{200}, {220} and {311}, indicating high crystallinity

of Pd nanocubes (Fig. 1(c)). The HRTEM image of

a single Pd nanocube (Fig. 1(d)) shows lattice fringes

with an interfringe distance of approximately 1.9 Å,

which is close to the interplane distance of the {200}
planes in the fcc structured Pd. It demonstrates that

the surfaces of fcc-structured Pd nanocubes are se-

lectively exposed {100}-surfaces. The HRTEM image

also confirms that the nanocubes are of single phase

Pd.

The crystal phase of Pd nanocubes was also char-

acterized by x-ray diffraction (XRD). Figure 2 shows

the XRD pattern for the 7.0-nm Pd nanocubes. The

reflection peaks can be observed at 40.1◦, 46.7◦, 67.8◦,

82.1◦, and 86.4◦, corresponding to the {111}, {200},
{220}, {311} and {222} planes of Pd, respectively.

The reflection peaks are consistent with those of an

fcc crystalline structure of bulk Pd (JCPDS, Card

No.46-1043). An average diameter of 7.6 nm is es-

timated from the Scherrer formulation, which is con-

sistent with the result of TEM. The intensity ratio of

(111) to (200) peak decreases slightly as compared to

the standard value calculated from JCPDS data (from

2.38 to 1.97), indicating that the reflection of {100}
planes dominates in Pd nanocubes.
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Fig. 1. TEM images of Pd nanocubes with an average size of 7 nm. (a) Low magnification image of nanocubes;

(b) high magnification image of a monolayer of Pd nanocubes; (c) SAED pattern of Pd nanocubes; and (d)

HRTEM image of Pd nanocubes.

Fig. 2. XRD pattern of the ∼ 7 nm Pd nanocubes. All

reflection peaks match well with the standard ones of Pd

(JCPDF 46-1043).

KBr plays a critical role in the formation of

nanocubes because the Br− ions from KBr act as an

etchant to affect the growth of Pd nanocubes. In-

troduction of the bromide results in chemisorption on

the surface of Pd seeds and alters the order of surface

free energies. In reaction process, the addition of Pd

atoms from solution deposited on to the Pd nanocrys-

tal surface can be etched by Br− ions, which leads

to the anisotropic growth of Pd nanostructures and

promotes the formation of {100} facets.[18] The ex-

istence of specific anions has been proven to be an

effective etchant for the control synthesis of metal

nanostructures.[23−25] We found that only irregular

polyhedral particles can be obtained with PVP alone.

On the other hand, we can only obtain aggregate Pd

nanoparticles when using KBr and no PVP. Br el-

ement can be observed from XPS spectra when the

as-prepared Pd nanocube samples are washed using

a mixed solution of ethanol–cyclohexane for 8 times,

indicating that Br has adsorbed on the surface of Pd

nanocube by chemisorption.

In order to understand the composition of synthe-

sized Pd nanocubes, XPS was used to investigate the

interaction between PVP molecules and the Pd atoms

during the formation of PVP-capped Pd nanocubes.

Figure 3 shows the XPS spectra of the PVP-capped
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Pd nanocubes. The XPS full-spectrum indicates only

palladium, oxygen, and carbon, indicating that PVP

molecules have capped the surface of Pd NPs. In

Fig. 3(b), the XPS spectrum of the Pd shows dou-

ble peaks with the binding energies at 335.9 eV and

341.2 eV, corresponding to Pd3d5/2 and Pd3d3/2, re-

spectively. Compared to the standard spectra of metal

Pd0, the binding energies of Pd nanocubes increase

slightly (from 335.1 eV to 335.9 eV and from 340.4 eV

to 341.2 eV). The binding energy of O1s in PVP-

capped Pd NPs has also shifted to higher values, i.e.

from 531.2 eV to 532.8 eV. These results confirm that

the PVP can be adsorbed on the surface of Pd parti-

cles by the bonding between Pd and O.

Fig. 3. XPS spectra of Pd nanocubes: (a) XPS full-

spectrum of Pd nanocubes and, (b) Pd spectrum.

The electrochemical catalysis properties of Pd

nanocubes towards direction methanol oxidation are

investigated: 5-mg PVP-capped Pd nanocubes are

dissolved in 0.1-mL 0.05% nafion ethanol solution

under ultrasonic; and 25-µL NPs-nafion solution is

dropped onto the surface of glassy carbon electrode

(S = 0.07 cm2) and dried in air for 12 hours. For

comparison, an equal amount of 8-nm PVP-capped

Pd spherical nanoparticles is also measured under the

same electrochemical conditions. Cyclic voltammo-

grams of these NPs in 0.5 M NaOH +1.0 M methanol

solution are shown in Fig. 4. The electrode poten-

tials are depicted versus saturated calomel electrode

(SCE). From Fig. 4, it can be seen clearly that the

current density of Pd nanocubes is evidently higher

than that of Pd spherical nanoparticles. The current

densities of methanol oxidation of Pd nanocubes and

Pd nanospheres are 0.67 and 0.13 mA/cm2, respec-

tively. The evaluation of catalytic activity of NPs

is the onset potential for methanol oxidation. The

experimental results clearly show that the onset po-

tential for methanol oxidation of Pd nanocubes shift

toward low potential region, to −540 mV with respect

to SCE, which is 24 mV more negative than that of

8 nm Pd nanospheres. These results indicate that

Pd nanocubes offer a high electrocatalytic activity to-

wards methanol oxidation. The reason is that the

cubic-shaped Pd NCs are abundant in {100} facets,

which are highly catalytic-active.[9]

Fig. 4. Cyclic voltammograms of methanol oxidation on

Pd nanocubes (solid curve) and spherical Pd NPs (dashed

curve) in 0.5 M NaOH +1.0 M methanol solution (scan

rate: 20 mV/s). The electrode potentials are versus satu-

rated calomel electrode (SCE).

4. Conclusions

In summary, we have successfully synthesized pal-

ladium nanocubes with an average size of 7 nm using a

polyol method in the presence of PVP and KBr. TEM

and XRD analyses indicate that Pd nanocubes are fcc

structured. The ordered packing structure in mono-

layers and multilayers are observed on a carbon-coated

TEM grid. PVP molecules act as a surfactant during

the formation of Pd nanocubes. The electrochemi-

cal catalytic study shows that Pd nanocubes toward

methanol oxidation exhibit an improved catalytic ac-

tivity over that of spherical Pd NPs of a similar size.
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