
Electrochemical preparation of Pd nanorods with high-index facetsw

Na Tian, Zhi-You Zhou and Shi-Gang Sun*

Received (in Cambridge, UK) 5th November 2008, Accepted 15th December 2008

First published as an Advance Article on the web 22nd January 2009

DOI: 10.1039/b819751b

Fivefold twinned Pd nanorods bounded by high-index facets of

{hk0} or {hkk} were prepared by an electrochemical method and

tested as electrocatalysts of high activity for ethanol oxidation.

Pd nanostructures are of great interest due to their extensive

applications in gas sensor1 and diverse catalytic fields, such as

electrooxidation of formic acid and ethanol,2 automotive

exhaust purification,3 and Suzuki coupling reactions.4 It is

known that the catalytic activity of metal nanoparticles highly

depends on their shape or surface atomic arrangement;5

therefore, shape-controlled synthesis of Pd nanocrystals has

attracted intensive interest.6 Xia and co-workers have syn-

thesized a series of Pd nanocrystals with different shapes, such

as cube, octahedron, decahedron, icosahedron, nanorod and

nanobar.7 All these Pd nanocrystals are bounded by low-index

facets, i.e., {111}, {100} or {110} facets. High-index facets with

atomic steps and kinks are more desirable in catalysis, since

they usually exhibit much higher activity than low-index

facets.8 Unfortunately, it is very challenging to synthesize

metal nanocrystals enclosed by high-index facets due to their

high surface energy. We have developed recently an electro-

chemically shape-controlled synthesis method by using a

square-wave potential, and prepared Pt, Pd tetrahexahedral

nanocrystals and Pt nanorods with {hk0} high-index facets.9

In this communication, we demonstrate further that fivefold

twinned Pd nanorods with high-index facets of {hkk} or {hk0}

(h 4 k) can be prepared by using the method with well-

controlled conditions. It has proved that the Pd nanorods

exhibit high catalytic activity towards electrooxidation of

ethanol due to the high-index facets.

Electrochemical preparation was carried out in a standard

three-electrode cell connected to a PAR 263A potentiostat

(EG&G), with a platinum foil counter electrode and a

saturated calomel electrode (SCE) at room temperature. All

electrode potentials were quoted versus the SCE scale. The

working electrode was a glassy carbon disk (GC, f = 6 mm).

Pd nanorods were electrodeposited on the GC substrate in

5 mM PdCl2 + 0.1 M HClO4 solution by using the method of

square-wave potential at 100 Hz for 20 min. By changing the

lower (EL) and upper (EU) potential limits, Pd nanorods with

different shapes were obtained. The structure of the nano-

rods was characterized by scanning electron microscopy

(SEM, LEO1530) and transmission electron microscopy

(TEM, FEI Tecnai-F30).

Fig. 1a shows a SEM image of Pd nanorods (type-I)

prepared at EL = �0.15 V and EU = 0.65 V. The nanorods

are not uniform in diameter along the longitudinal axis. The

average diameter measured at the middle part is about 190 nm,

and the average length is about 2.0 mm. The distribution

density of the Pd nanorods is about 2.5 � 108 cm�2. Fig. 1b

illustrates a high-magnification SEM image of Pd nanorods,

from which we can see that the nanorods are highly faceted.

The projection of the Pd nanorod is a pentagon (see the inset

to Fig. 1b), which indicates that it has a pentagonal cross-

section. At the end of the Pd nanorods, two or three facets can

be discerned. The SEM image in Fig. 1c illustrates a Pd

nanorod tip, which is a pentagonal pyramidal shape on the

basis of the cross-section. It is worthwhile to note that,

although most of the nanorods (B70%) have a broken end,

they still preserve smooth facets, i.e., their surfaces are similar

to those of Pd nanorods with two tips.

The shape of the Pd nanorods can be tuned by changing the

potential limit of the square wave. Fig. 2a depicts a SEM

image of Pd nanorods (type-II) obtained with EL = 0.15 V

and EU = 0.85 V. The distribution density of the Pd nanorods

was decreased considerably to 1.5 � 107 cm�2 due to the

growth at higher potential. Besides, many irregular faceted Pd

nanoparticles (B100 nm) grew on the GC substrate. The yield

of type-II Pd nanorods was estimated to be about 50% based

on Pd volume. The Pd nanorods are not uniform in size due to

progressive nucleation during the growth, and their length

Fig. 1 (a) Low and (b) high magnification SEM images of Pd

nanorods (type-I) prepared at EL = �0.15 V, EU = 0.65 V; the inset

to (b) shows the pentagonal projection of a Pd nanorod. (c) SEM

image of a tip of a Pd nanorod.
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varies from 0.5 to 3 mm. A magnified SEM image of a Pd

nanorod is shown in Fig. 2b. Five facets can be observed

clearly at each end, indicating that the tip is enclosed by ten

facets. Therefore, the shape of the type-II nanorod is a

decagonal bipyramid, which is significantly different from

the pentagonal pyramid of the type-I Pd nanorod (Fig. 1c).

The crystal structure of the Pd nanorods was analyzed by

selected-area electron diffraction (SAED). Both type-I and

type-II Pd nanorods can provide two typical SAED patterns,

as shown in Fig. 3a and b. Each diffraction pattern contains

two sets of diffraction from the face-centered cubic Pd. In

Fig. 3a, the square (solid line) and rectangular (dashed line)

symmetrical diffractions correspond to [001] and [�112] zone

axes, respectively. The diffraction pattern in Fig. 3b was

obtained after rotating the nanorod by 181 along the

longitudinal axis. Two diffractions corresponding to [1�10]

(solid line) and [1�1�1] (dashed line) zone axes can be observed.

A few additional weak diffraction spots (e.g., marked by

arrows in Fig. 3a) originate from double diffractions.10 These

SAED characters are in good agreement with those obtained

from fivefold twinned metal nanorods reported previously,11

demonstrating that the as-prepared Pd nanorods are of a

fivefold twinned structure.

The shape of a conventional fivefold twinned nanorod is a

pentagonal prism with {100} facets, capped by two pentagonal

pyramids with {111} facets,11 as illustrated in Fig. 4a. Clearly,

this shape is quite different from that of the type-I or type-II

Pd nanorods. We found that if the {111} facets of a nanorod

tip (Fig. 4b) are changed into {hkk} (h 4 k 4 0) high-index

facets, although the tip keeps the shape of a pentagonal

pyramid,12 the taper of the nanorod tip becomes steeper, as

illustrated in Fig. 4c; if the {111} facets are changed into {hk0}

(h 4 k 4 0) high-index facets, the tip will change from a

pentagonal pyramid into a decagonal pyramid (Fig. 4d).

Fig. S1 and S2 in the ESIw give the detailed illustrations for

the transformation. Obviously, the elongated pentagonal

pyramid shown in Fig. 4c is very similar to the tip of type-I

Pd nanorods, and the decagonal pyramid is similar to the tip

of type-II Pd nanorods. By measuring the geometric para-

meters of the tip of the Pd nanorods, e.g., the ratio of height to

base width, we can determine that the surfaces of type-I Pd

nanorods range from {10, 1, 1} to {15, 1, 1} facets, and the

surfaces of type-II Pd nanorods vary from {310} to {610}

facets (see ESIw, Fig. S3).
Similar to the growth mechanism of tetrahexahedral Pt

nanocrystals enclosed by {hk0} facets,9 the formation of

{hkk} and {hk0} high-index facets on Pd nanorods can also

be related to dynamic oxygen adsorption/desorption on the Pd

surface, leading to that only open-structure surfaces with low

coordinated atoms can survive. The onset potential of the

formation of Pd surface oxide in 0.1 M HClO4 is about 0.34 V

according to the cyclic voltammogram of Pd nanorods

(see ESIw, Fig. S4). The oxidation degree of Pd surfaces will

increase with increasing EU. The difference in surface structure

on the type-II and type-I Pd nanorods indicates that the

more intensive surface reconstruction by oxygen adsorption/

desorption (EU: 0.85 V vs. 0.65 V) will favor the formation

of surfaces with lower coordinated atoms (coordination

numbers: 6 and 7 for {hk0} and {hkk} facets, respectively).

Besides, the broken end observed on the type-I Pd nanorods

may be caused by crystal defects (see discussion in ESIw).
Electrocatalytic oxidation of ethanol in alkaline solution

was used as a test reaction to characterize the catalytic activity

of Pd nanorods. Fig. 5a compares cyclic voltammograms of

the type-I Pd nanorods (solid line) and a commercial Pd black

catalyst (Johnson Matthey, dashed line) in 0.1 M NaOH +

0.1 M ethanol solution. The oxidation current has been

normalized to the electroactive surface area of Pd, which

was measured from the electric charge of reduction of

Fig. 2 (a) SEM image of Pd nanorods (type-II) prepared at EL =

0.15 V, EU = 0.85 V. (b) High magnification SEM image of a Pd

nanorod, showing the decagonal bipyramidal shape.

Fig. 3 (a), (b) Two typical patterns of selected-area electron diffrac-

tion (SAED) obtained from both type-I and type-II Pd nanorods,

demonstrating that the nanorods are of a fivefold twinned structure.

Fig. 4 (a) Model of a conventional fivefold twinned nanorod; (b), (c),

and (d) tips of nanorods bounded by {111}, {hkk} and {hk0} (h 4 k)

facets, respectively.
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monolayer Pd oxide with an assumption of 424 mC cm�2,

according to the method proposed byWoods13 (see ESIw, Fig. S5).
The catalytic activity of the Pd nanorods is superior to that of

the Pd black catalyst. The peak current densities of

ethanol oxidation on the Pd nanorods in the positive- and

negative-going potential scans are 1.30 and 1.47 mA cm�2,

respectively. Corresponding current densities obtained on the

Pd black catalyst are only 0.41 and 0.53 mA cm�2. Fig. 5b

shows the current–time curves of ethanol oxidation at �0.30 V.

The oxidation current density on the Pd nanorods is double

of that measured on the Pd black. The 2–3 fold enhancement

in activity may be correlated with the {hkk} high-index facets

on the Pd nanorods. We also tested the catalytic activity of the

sample of type-II Pd nanorods shown in Fig. 2, which is also

higher than that of the Pd black catalyst (see ESIw, Fig. S6).
However, the intrinsic catalytic activity of the type-II Pd

nanorods cannot be precisely evaluated, since the distribution

density of the nanorods is relatively low and the contribution

of irregular faceted nanoparticles cannot be ignored.

In summary, fivefold twinned Pd nanorods with {hkk} or

{hk0} high-index facets were prepared by an electrochemical

square-wave potential method with well-controlled potential

limits. The formation of different facets is attributed to the

different degrees of surface reconstruction induced by oxygen

adsorption/desorption. This result indicates that changing the

potential limits of a square-wave potential is a convenient

method to tune the surface structure of Pd nanocrystals.

Systematic studies of the effect of square-wave potential on

the shape of Pd nanocrystals and the preparation of Pd

nanorods with smaller sizes for practical application are in

progress in our laboratory. The Pd nanorods with {hkk} high-

index facets exhibit 2–3 times higher catalytic activity per unit

surface area than commercial Pd black catalyst towards the

electrooxidation of ethanol in alkaline solution. The study is

of significance for shape-controlled synthesis of metal

nanorods, as well as in the preparation of catalysts of open

surface structure with high activity for electrocatalysis and

electrochemical sensors.
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