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This paper reports high temperature liquid phase synthesis of Pd nanowires using chemically modified porous

anodic aluminium oxide as template. In this synthesis process, oleic acid is used to modify the inner wall of the pores

and Pd2+ complex with oleylamine is filled into the channel of the template. The complex is then reduced to give

oleylamine-capped Pd nanowires. This paper suggests that oleic acid can improve the environment of inner wall of the

pores, leading to the formation of uniform Pd nanowires. The synthetic process can be extended to make other types

of nanowires.
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1. Introduction

One-dimensional nanostructure materials includ-
ing nanowires and nanotubes are of fundamental and
technological importance.[1−5] They can be used as
model systems for testing and understanding the fun-
damental concepts about the dimension and size ef-
fects on physical properties. On the other hand,
they have potential applications in nanodevices. In
recent decades, much effort has been devoted to
fabricate one-dimensional nanostructured materials.
Among these, template synthesis is one of the ef-
ficient ways in controlling the shape and dimen-
sions of the material. Porous alumina membranes
possessing uniform and straight cylindrical holes
with controlled aspect ratio have been extensively
used as templates for preparing uniformly sized one-
dimensional nanostructure materials using various
methods, such as electrochemistry,[6−12] sol-gel,[13−17]

immersion technique,[18−20] chemical vapour deposi-
tion (CVD),[21,22] molecular beam epitaxy.[23] How-
ever, it is also found that the precursors used in the
synthesis can not completely fill the pore of the tem-
plate and uniform length nanowires are difficult to

obtain. Furthermore, most of the metal nanowires
have been synthesized by electrochemical deposition
method. There are very few reports on produc-
ing metal nanowires using solution phase chemistry.
Herein, we report a simple method to prepare single
crystal Pd nanowires in organic solution using high
temperature reduction method. We found that oleic
acid and oleylamine could act as both lubricant for
metal precursor to enter the core and surfactant for
final stabilization of the nanowires. This leads to the
formation of uniform nanowires.

2. Experimental Section

Materials: palladium acetylaceonate, oleic acid
(>90%), oleylamine (>70%), phenyl ether (>98%)
and 1, 2-dodecanol, were purchased from ACROS. All
the reagents were used as received materials without
further purification. Anodic aluminium oxide (AAO)
template was purchased from Walfman Com., with av-
erage diameter of hole about 200 nm. AAO template
was washed using ethanol and dried at vacuum atmo-
sphere.
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2.1. Synthesis of Pd nanowires

A piece of AAO template was added into the
mixture containing 0.5mmol of Pd(acac)2 and 8ml
phenyl ether in a three-neck flask at argon atmosphere.
The mixture solution was heated to 100◦C, 2.0mol 1,
2-dodecanol, 1.5mmol oleic acid and 1.5mmol oley-
lamine were added into mixture solution. Then this
solution was heated to 200◦C for 15min under argon
atmosphere and to reflux at 260◦C for 30min. The
colour of solution was gradually changed from brown-
red to black, indicating the reduction of the Pd2+ salt
to Pd metal. When the reaction finished the solu-
tion was cooled to room temperature. The AAO tem-
plate was taken from solution and washed with ethanol
three times. The colour of AAO template showed
slight black.

2.2.Characterization of Pd nanowires

The crystalline structure of Pd nanowires was
measured by using Rigaku D/MAX 2400 x-ray diffrac-
tometer with Cu-Kα radiation (λ=0.15408 nm). In
order to eliminate effect of AAO template, the Pd
nanowires / AAO template was stuck on silica wafer,
then immerged in 2.0 M NaOH solution for 5min to
dissolve a portion of Al2O3. After the silica wafer
was taken out from the solution, it was washed by
deionized water three times and dried at argon atmo-
sphere. A field-emission type scanning electron mi-
croscope (FE-SEM, XL30 S-FEG, FEI Corp.) was
used to observe the morphologies of Pd nanowire ar-
rays. The surface of sample was sputter-coated with
gold in order to improve conductivity of the sample
before FE-SEM measurement. The composition of
the sample was measured from energy dispersive x-ray
analysis (EDXA, FE-SEM, XL30 S-FEG, FEI Corp.).
Transmission electron microscope (TEM, Tecnai-20,
PHILIPS) and high-resolution transmission electron
microscope (HRTEM, Tecnai F20, FEI Corp.) were
used to provide low-resolution and high-resolution im-
ages of Pd nanowires, respectively. The sample for
TEM was obtained by dissolving Pd nanowires / AAO
template in 3ml of 2M NaOH solution for 30min, fol-
lowed by adding 5ml ethanol into this solution. The
composition analysis of Pd nanowires was carried out

on the ESCA LAB5 x-ray photoelectron spectrometer
(XPS) with monochromated Mg x-ray at 10kV. The
preparation of XPS samples: Pd nanowires / AAO
template is adhibited on the Si wafer using conduct-
ing glue. The AAO templates were dissolved in 2M
NaOH solutions for 15min and washed several times
with deionized water. The Si wafer containing Pd
nanowires was blown by using argon gas at room tem-
perature.

3. Results and discussion

3.1.Morphologies of Pd nanowires

Figure 1 shows the FE-SEM images of Pd
nanowires prepared by 1, 2-dodecandiol reduction of
Pd(acac)2 at 260◦C in the AAO templates. It can
be clearly seen from Fig.1 that Pd nanowires grown
in AAO membranes show uniform size and a par-
allel arrangement. The diameters of Pd nanowires
ranged from 150 to 200 nm when grown in AAO mem-
branes with pore of 200 nm, which is less than the pore
size of the template used. This could be explained
by the aggregation when Pd2+ ions were reduced to
Pd metal. Figures 1(a) and 1(b) show FE-SEM im-
ages of large area Pd nanowires after AAO templates
were removed partly and completely. It could be seen
that these nanowires are continuous, high oriented and
dense. Inset images in Figs.1(a) and 1(b) show that all
nanowires grow through the template from one side to
the other, and the length of nanowires was about 8µm.
It supported that the high ordered nanowires were ob-
tained and orientation of nanowires was toward to the
same direction. Figure 1(c) is a cross-sectional FE-
SEM image of Pd nanowires array after the template
has been eroded in 2M NaOH solution for 15min. It
showed that the surface of Pd nanowires was smooth
and cylindrical nanowires grown from the hexagonal
cell of the AAO template. Some interesting phenom-
ena are observed in this work. It is shown in Fig.1(d)
that some Y-branched structures of Pd nanowires are
formed. The reason for the formation of Y-branched
structure may be attributed to irregular pore struc-
ture in the AAO template. This again indicated that
the Pd nanowires could grow along and adhering to
the inner wall of the template channels.
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Fig.1. FE-SEM images of Pd nanowires prepared by high temperature liquid phase method.

(a), large area image (inset is local magnified image); (b), top image (inset is local magnified

image); (c), cross-sectional image; (d), image from cross-section area.

Figure 2 shows the TEM images of Pd nanowires.
The as-prepared Pd nanowires were uniformly dis-
tributed and their average diameter distributed from
150 nm to 200 nm. It was consistent with results of
SEM. The Pd nanowires show relatively straight mor-
phologies and smooth surfaces. In the Fig.2(a), it
could be seen that some of Pd nanowires crossed and
overlapped with each other. Figure 2(b) showed an

isolated Pd nanowire after completely dissolving the
alumina. The selected-area electron diffraction pat-
tern taken from a single Pd nanowire is shown in the
inset on the upper left in Fig.2(b). It could be in-
dexed as single-crystal Pd [110] and the nanowires
grew along [110] direction. HRTEM image of Pd
nanowires shown in Fig.2(c) reveals that the nanowire
is single crystal.

Fig.2. TEM image of Pd nanowires prepared by high temperature liquid phase method:

(a), large area image; (b), isolated Pd nanowire (inset image is SAED image); (c), HRTEM

image of Pd nanowire.

3.2. EDX and EELS analysis

The energy dispersive x-ray (EDX) spectrum of
Pd nanowires arrays is shown in Fig.3. The EDX
analysis carried out on top of Pd nanowires arrays
is shown in Fig.3(a) and the peaks of element Pd are
observed. In Fig.3(a), we could find peak of element
C and O. The peaks of element C and O can be as-
cribed to the oleic acid and oleylamine capped on the
surface of Pd nanowires. Another element Au is also

found in the spectrum due to the Au layer sputtered
to improve the conductibility of sample. In order to
further confirm components of Pd nanowires, electron
energy loss spectrum (EELS) is used to analyse Pd
nanowires. The result is shown in Fig.3(b) and the
strong Pd M4,5, Pd M3 edge are observed at about
336 eV and 531 eV, respectively, corresponding to the
standard value of element Pd shown in inset image.
We could also see peaks of N–K edge and O–K edge,
indicating that oleylamine molecule has been capped
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on the surface of Pd nanowires. Peaks of N–K edge
and O–K edge partially overlap with peaks Pd M4,5

edge and Pd M3 edge because their edge values were
very close.

Fig.3. EDX and EELS spectra of Pd nanowires prepared by high temperature liquid phase

method: (a), EDX image of Pd nanowires on the top region; (b) EELS spectrum of Pd nanowires

(inset image in Fig.2(b) is standard EELS spectrum of Pd nanowires).

3.3.XRD analysis

Figure 4 shows XRD of Pd nanowires. The major
reflection peaks of a fcc bulk Pd are observed. Two
main diffraction peaks with 2θ values of 39.9◦ and
47.1◦ were obtained, corresponding to (111) and (200)
planes of crystalline Pd, respectively.

Fig.4. XRD spectrum of Pd nanowires prepared by high

temperature liquid phase method.

3.4.XPS analysis

In order to investigate the composition of
nanowires, XPS measurement is used to monitor sur-
face of nanowires. Figure 5 shows XPS spectra of Pd
nanowires containing a proportion of AAO template.
From full XPS spectra, it can be clearly seen that the
element Pd, N, O, C, and Al exist in sample. The ap-
pearance of element Al and O peaks was derived from

AAO template. The peaks of N and C indicated that
oleic and oleylamine molecule has been capped on the
surface of Pd nanowires, which is in accordance with
the result of EDX and EELS analyses. The two peaks
at 335.1 eV and 340.3 eV corresponds to the binding
energy of metallic Pd 3d5/2 and Pd 3d3/2, indicating
that the nanowires are comprised of metallic Pd.

Fig.5. XPS spectra of Pd nanowires prepared by high

temperature liquid phase method: (a), full spectrum;

(b), XPS spectrum of Pd.
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3.5.Mechanism of ordered nanowires

growth

In general, direct filling can be used to grow
nanoscale one-dimensional materials, but there are
some potential limitations to this technique. The
main drawback is that capillary force will prevent so-
lution from entering pore and adsorbing to the in-
ner template walls, and the incompletion of filling
in AAO template may lead to either formation of
short nanorods or nonuniform nanowires.[7] So the
surface modification of the inner wall of pore is es-
sential for the preparation of nanowires. Due to
charge of inward-wall of AAO template pore is pos-
itive charge,[24] negative charge surfactants, such as
oleic acid can be used to modify surface of inner walls
by electrostatic and chemical band.[25] The hydropho-
bic group of surfactant can form hydrophobic envi-
ronment in the channel of pore for negative charge
hydrophilic group (COO−) of surfactant can be com-
bined with positive charged wall of pore by electro-
static attraction. A possible formation mechanism of
Pd nanowires is proposed here (shown in Fig.6). (i)

After the AAO template is immersed in organic so-
lution, oleic acid modified the inner wall of pore by
electrostatic attraction because the pore wall charge
of AAO template is positively charged. On the other
hand, capillary action can promote oleic acid to fill in
the pore. In this process, hydrophobic environment
is formed in pore of template and nonpolar molecule
can enter into channel of pore. (ii) At the same time,
Pd2+ ions could form complex with oleylamine (OA)
by coordinating action in the solution.[26] The Pd2+–
OA complex can easily fill into modified pore of tem-
plate due to the fact that surface of Pd2+ions is sur-
rounded by OA molecules. However, the repulsion
of Pd–OA complex from the wall will confine them
near the centre of pore because Pd–OA complex is
positively charged.[27] (iii) When reaction temperature
heated up to 200◦C, Pd2+ ions are reduced into metal
Pd0 nuclei by polyol. Then the nuclei of Pd gradually
grow near the pore centre as reaction time increases.
High crystalline oleylamine-capped Pd nanowires are
obtained after reaction temperature is kept at 260◦C
for 30min.

Fig.6. Schematic diagram to illustrate ordered Pd nanowires growth.

4. Conclusions

The single-crystalline Pd nanowire arrays have
been prepared in porous AAO by using a simple high
temperature liquid phase reduction method. In this
method, the inner wall of pore are modified by using
oleic acid and the Pd2+ complex with OA is filled into

channel of template due to hydrophobic environment
in pore. The complex is reduced to form Pd high or-
dered nanowires. Organic molecules can modify the
properties of inward wall of pore and Pd nanowire ar-
rays of uniform size are obtained. This simple method
can be extended to other metal systems.



2196 Shen Cheng-Min et al Vol. 17

References

[1] Chik H and Xu J M 2004 Mater. Sci. & Eng. R 43 103

[2] Melissa S and Tan Le-Shon 2003 Adver. Funct. Mater. 13

393

[3] Xiao C W, Yang H T, Shen C M, Li Z A, Zhang H R, Liu

F, Yang T Z, Chen S T and Gao H J 2005 Chin. Phys.

14 226

[4] Cao P J, Gao H J, Gu Y S, Liu F, Liu H W, Wang Y G

and Zhang Q F 2004 Acta Phys. Sin. 53 854 (in Chinese)

[5] Liu F, Cao P J, Zhang H R, Wang Z, Li J Q and Gao H

J 2005 J. Cryst. Growth 274 126

[6] Shen C M, Zhang X G and Lin H L 2001 Mater. Sci. Eng.

A 303 19

[7] Limmer S J, Seraji S, Forbess M J, Wu Y, Chou T P,

Nguyen C and Cao G Z 2001 Adv. Mater 13 1269

[8] Xue F H, Fei G T, Wu B, Cui P and Zhang L D 2005 J.

Am. Chem. Soc. 127 15348

[9] Sander Melissa S and Gao H 2005 J. Am. Chem. Soc. 127

12158

[10] Jin C, Zhang G, Qian T, Li X and Yao Z 2005 J. Phys.

Chem. B 109 1430

[11] Qin J, Nogues J, Mikhaylova M, Roig A, Munoz J S and

Muhammed M M 2005 Chem. Mater. 17 1829

[12] Wang Joseph, Dai J H and Yarlagadda Travis 2005 Lang-

muir 21 9

[13] Gasparac R, Kohli P, Motal Miguel O, Trofin L and Mar-

tin C R 2004 Nano Lett. 4 513

[14] Zhou Y K, Shen C M and Li H L 2002 Solid State Ion

146 81

[15] Wu G S, Zhang L D, Cheng B C, Xie T and Yuan X Y

2004 J. Am. Chem. Soc. 126 5976

[16] Lu Q Y, Gao F, Komarneni Sridhar and Mallouk Thomas

E 2004 J. Am. Chem. Soc. 126 8650

[17] Li X X, Cheng F Y, Guo B and Chen J 2005 J. Phys.

Chem. B 109 14017

[18] Zhao L Y, Yang W S, Ma Y, Yao J N, Li Y L and Liu H

B 2003 Chem. Comm. 2442

[19] Michailowsk A, AlMawlawi D, Cheng G and Moskovits M

2001 Chem. Phys. Lett. 349 1

[20] Ai S F, Lu G, He Q and Li J B 2003 J. Am. Chem. Soc.

125 11140

[21] Xu J M, Zhang X B, Chen F, Li T, Li Y, Tao X Y, Wang

Y W and Wu X J 2004 Appl. Sur. Sci. 239 320

[22] Wang Y and Wu K 2005 J. Am. Chem. Soc. 127 9686

[23] Jeong S Y, Kim J Y, Yang H D, Yoon B N, Choi S H,

Kang H K, Yang C W and Lee Y H 2003 Adv. Mater. 15

1172

[24] Diggle J W, Downie T C and Goulding C W 1963 Chem.

Rev. 69 365

[25] Decher G 1997 Science 277 1232

[26] Kim S W, Park J, Jang Y J, Chung Y H, Hwang S J,

Hyeon T and Kim Y W 2003 Nano Lett. 3 1289

[27] Shankar K S and Raychaudhuri A K 2004 Nanotechnology

15 1312


