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a b s t r a c t

One-dimensional (1D) CoPt nanorods were synthesized by a galvanic displacement reaction. The

morphology of the nanomaterials was characterized by transmission electron microscopy (TEM),

scanning electron microscopy (SEM) and X-ray powder diffraction (XRD). Energy-dispersive X-ray

spectroscopy (EDS) analysis confirmed the coexistence of Co and Pt in the 1D nanorods. Studies of cyclic

voltammetry (CV) demonstrated that the 1D CoPt nanorods exhibit a better electrocatalytic property for

CO oxidation than that of bulk Pt electrode does. In situ electrochemical FTIRS illustrated, for the first

time, that the 1D CoPt nanorods display abnormal infrared effects (AIREs), which was previously

revealed mainly on 2D film nanomaterials.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Nanostructured CoPt materials possess novel optical, electrical,
catalytic and magnetic properties, which depend strongly on
the size and shape of the nanoparticles. A number of CoPt
nanomaterials of different morphologies such as spheres [1,2],
nanowires [3–5], nanonods [6], nanoclusters [7], and core-shell
structure [8,9] have been prepared by different methods. Among
them, the template approach was usually employed to synthesize
one-dimensional (1D) CoPt nanowires [10,11]. One shortage of the
template method consists in the common procedure of the removal
of template, which may destroy the structure of the products and
limit their applications. Galvanic displacement reaction is a special
template method, in which one substance is served as a suitable
sacrificial template and reacts with other appropriate metal ions
according to their different standard reduction potentials, resulting
in the formation of excellent hollow particles that take on the shape
of the sacrificial template. This method was used widely to obtain
hollow metal nanostructures of various shapes [12–19]. Vasquez
et al. [19] have reported one-pot synthesis of hollow CoPt
nanospheres using Co nanoparticles as the sacrificial templates.

It has been revealed that nanometer scale thin film materials
of platinum group metals and their alloys exhibit anomalous IR
properties, in which the adsorbed molecules on these nanoma-
terials may yield anomalous IR features, named the surface
ll rights reserved.

u),
enhanced IR absorption (SEIRA) [20,21], the Fano-like resonance
(Fano-like) [22–24] and the abnormal IR effects (AIREs) [25,26].
Further investigations showed that nanostructured Ni and Co thin
films also display anomalous IR properties [27–29]. It has
demonstrated that the anomalous IR features significantly
depended on the size, structure, and agglomeration states of
nanoparticles [30–32]. It is worthwhile pointing out that all
previous studies concerning the anomalous IR properties
were carried out mainly with nanomaterials of films (two-
dimensional (2D) structure) and of assembly of nanoparticles
(three-dimensional (3D) nanostructure). It is also important to
note that the study of anomalous IR properties of nanomaterials
with different morphologies is of great interests in revealing the
fundamentals of nanomaterials [33].

In this paper, 1D CoPt nanorods were synthesized and
characterized, and IR optical properties of the nanomaterials
were investigated. The study revealed that the 1D CoPt nanorods
exhibit abnormal infrared effects (AIREs).
2. Experimental

2.1. Synthesis of 1D CoPt nanorods

In a typical synthesis procedure, the 1D CoPt nanorods were
synthesized using the galvanic displacement reaction. In brief,
0.1 mL of 0.4 M CoCl2 solution was added to 50 mL ultrapure H2O
solution containing 100 mg poly(vinylpyrrolidone) (PVP). Then,
25 mL of 0.01 M freshly prepared NaBH4 solution was added
dropwise with stirring. Once the NaBH4 is completely dropped

www.elsevier.com/locate/jssc
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Fig. 1. Low and high-magnification SEM images of 1D CoPt nanorods.
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Fig. 2. (a) TEM, (b) high-resolution TEM images, (c) XRD patterns, and (d) EDS spectra o
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into solution, 20 mL of 0.4 M K2PtCl6 was added dropwise. To avoid
oxidation of the Co nanoparticles, high-purity N2 was bubbled into
the solution throughout the whole process. The obtained dark gray
colloidal solution was separated, washed thoroughly, and then
redispersed into Millipore H2O for ultimate studies.
2.2. Characterization and preparation of electrodes

Scanning electron microscopy (SEM) images were acquired on
LEO-1530 electron microscopy. High-resolution transmission
electron microscopy (HRTEM) patterns were obtained on
instruments of FEI Tecnai-F30 electron microscopy. The powder
samples were characterized by powder X-ray diffration (XRD)
using a Panalytical X’pert PRO diffractormeter.

A prescribed quantity of suspension of CoPt nanorods was
applied to the surface of glassy carbon (GC) or bulk Au electrode,
upon which a drop of 0.5% (V/V) Nafion solution was dispersed to
fix the nanomaterials on the surface. The electrode thus prepared
is denoted thereafter as CoPt/GC or CoPt/Au. The cyclic
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Pt
Pt

Pt

Pt

Pt

Pt

CoCo CuPt

Energy (keV)

Co

Cu

f the 1D CoPt nanorods. The inset to (b) shows a selected area electron diffraction.
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voltammetric studies were carried out on a CHI 631C
electrochemical work station (CH instruments, Inc.), at a potential
scan rate 50 mV � s�1.
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Fig. 3. (a) Cyclic voltammograms of oxidation of adsorbed CO on CoPt/GC, (b)

Comparison of adsorbed CO oxidation on CoPt/GC (solid line), on bulk Pt (dash

line) in 0.1 M H2SO4, sweep rate 50 mV � s�1
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Fig. 4. In situ MSFTIR spectra of CO adsorbed on bulk Pt electrode
2.3. Electrochemical in situ FTIR spectroscopy

Electrochemical in situ FTIR spectroscopic measurements were
carried out on a Nexus 870 FTIR spectrometer (Nicolet) equipped
with an EverGlo IR source and a liquid nitrogen-cooled MCT-A
detector. The MSFTIRs (multi-step FTIR spectroscopy) [34] and
SPAFTIRs (single potential-alteration FTIR spectroscopy) [35]
procedures were used in the present study. In the MSFTIRs
experiments, a series of single-beam spectra were collected first
at sample potentials (ES), where adsorbed CO is stable, and a
single-beam spectrum was collected finally at the reference
potential (ER), at which adsorbed CO has been removed
completely by electrooxidation. In the SPAFTIRs experiments, at
both Es0 and ER, adsorbed CO can adsorb stably on the electrodes
as demonstrated directly by CV studies. The resulting spectra
were calculated using the following formulas,

DR

R
¼

RðESÞ�RðERÞ

RðERÞ
ð1Þ

where R(ES) and R(ER) are single-beam spectra of reflection
collected at sample potential ES and reference potential ER,
respectively. Each single-beam spectrum was recorded by
collecting and co-adding 400 interferograms at a spectral
resolution of 8 cm�1.
3. Results and discussion

3.1. Characterization of 1D CoPt nanorods

Low and high-magnification SEM images in Fig. 1 illustrate
that large-scale 1D CoPt nanorods have been synthesized. It can
be seen that the nanomaterials are composed of some distorted
nanosphere chains. The average diameter of the nanospheres is
measured about 200 nm. The high-magnification TEM image
reveals the detail structure of the nanomaterials. Fig. 2a displays
one nanosphere, from which we can see that the surface of the
nanosphere is composed of small particles. Fig. 2b is a high-
resolution TEM (HRTEM) image taken from the surface of an
individual CoPt nanosphere. The lattice-spacing value is measured
at 0.23 nm, which matches well with the lattice of {1 1 1} plane of
platinum metal, indicating that the shell surface of the CoPt
nanosphere may consist of small Pt nanocrystals. The selected
area electron diffraction (SAED) pattern inserted to Fig. 2b
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Fig. 6. Plots of COL band centre versus E for CO adsorbed on (a) bulk Pt, (b) CoPt/

GC, and (c) CoPt/Au electrodes.
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illustrates a chemically disordered face-centered cubic (fcc)
polycrystalline structure. The concentric rings can be assigned
as {1 1 1}, {2 0 0}, {2 2 0} and so on.

The powder XRD results also confirmed such a structure.
Compared to the pure Pt nanoparticles, the diffraction angles of
the CoPt nanorods were shifted to the higher positions, reflecting
the lattice contraction due to partial substitution of Pt by Co
[36,37]. As shown in Fig. 2c, however, the peak position of the
(1 1 1) diffraction does not shift toward to a high angle, suggesting
that the surface of the 1D CoPt nanorods was mostly composed of
Pt nanocrystals. The energy-dispersive X-ray spectroscopy (EDS)
data (Fig. 2d) demonstrate that the CoPt nanosphere chains
present an average stoichiometry of Co8Pt92.

3.2. Electrocatalytic properties of 1D CoPt nanorods for co oxidation

Fig. 3a illustrates cyclic voltammograms of oxidation of
adsorbed CO on the CoPt/GC electrode in 0.1 M H2SO4. It can be
seen that the hydrogen adsorption-desorption current is
completely suppressed when the electrode surface was covered
with CO. The onset potential of CO oxidation is measured at about
0.10 V, and the main oxidation current peak appears around
0.44 V. In the second cycle, well-known CV features of a Pt
polycrystalline electrode are observed. Two distinct pairs
of current peaks around �0.03 and �0.17 V are typical
characteristics of hydrogen adsorption-desorption on Pt surface.
The formation of Pt oxide is occurred in potentials above 0.65 V in
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Fig. 5. In situ MSFTIR spectra of CO adsorbed on (a) CoPt/GC and (b) CoPt/Au
the positive-going potential scan, for which oxidation current is
observed clearly. In the reverse scan, a reduction current peak of
Pt oxide is recorded at 0.45 V. It is worthwhile to note that the
onset potential of CO oxidation on a bulk polycrystalline Pt is
0.15 V and the current peak locates around 0.58 V under the same
Es/V
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conditions (Fig. 3b). These results demonstrated that the 1D CoPt
nanorods exhibit better electrocatalytic properties for CO
oxidation than that of bulk Pt does in 0.1 M H2SO4.
3.3. Anomalous IR properties of 1D CoPt nanorods

3.3.1. Results of MSFTIRs

The IR optical properties of the 1D CoPt nanorods and a bulk Pt
electrode were studied by using CO as a probe molecule. Fig. 4
shows the MSFTIR spectra for CO adsorbed on the bulk Pt
electrode in 0.1 M H2SO4. The negative-going band around
2072 cm�1 is assigned to IR absorption of linearly bonded CO
(COL) at Es0 that is varied from �0.25 � 0 V. The center of this band
is shifted positively with increasing Es0 , yielding a Stark tuning
rate of 29.2 cm�1 V�1 (Fig. 6a) [38]. The value of the Stark tuning
rate is closely correlated with the concentration of electrolyte
[31,39,40] and solution molecule [41]. Except for the band of COL,
a positive-going band located near 2341 cm�1 is ascribed to IR
absorption of CO2 species that are uniquely derived from the
oxidation of COad at ER, because no CO2 and CO species presented
initially in solution inside the thin layer between the electrode
and IR window. The most CO2 species can be retained in the thin
layer due to a large resistance of diffusion, which has been
confirmed by our previous work [20–24]. It is necessary to note
that the IR band of COad on a bulk Pt electrode always appears in
the opposite direction to the CO2 band under the present MSFTIRs
experimental conditions, which is in accordance with the
predication of Eq (1).

Fig. 5a shows the MSFTIR spectra of CO adsorbed on the
CoPt/GC electrode in 0.1 M H2SO4 under the same conditions. It
can observe clearly that the IR features are different from those
of COad on the bulk Pt electrode consisting in the following
respects.
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Fig. 7. In situ SNIFTIR spectra of CO adsorbed on CoPt/GC, CoPt/Au

Table 1.
Variation of parameters of the COL band on different electrodes.

CoPt/GC CoPt/Au Bulk Pt

FWHM (cm�1) 20 15 12

Stark tuning rate (cm�1V�1) 17.1 16.0 29.2

DIR 4.2 3.1 1
(1)
bers

and
The IR band of the COL is slightly blue-shifted
(from 2072–2077 cm�1), and most importantly the direction
of the COL band is inverted completely, signifying an
anomalous IR absorption. As a consequence, the COL band is
appeared in the same direction as that of the CO2 band.
(2)
 The intensity of the COL band is increased. As mentioned
previously, the integral intensity of the CO2 band can be used
as a measure of the quantity of COad, thus, the enhancement
factor (DIR) defined as the ratio of the normalized COad IR
band intensity on the CoPt/GC electrode versus that on the
bulk Pt electrode surface, i.e.,

DIR ¼
ðACOL

CoPt=ACO2

CoPtÞCoPt=GC

ðACOL

Pt =ACO2

Pt ÞBulkPt

ð2Þ

where ACOL

CoPt and ACO2

CoPt refer to integral intensities of the COL

and CO2 bands, respectively, measured in IR spectra of CoPt/
GC electrode; ACOL

Pt and ACO2

Pt are the integral intensities of the
COL and CO2 bands acquired in the IR spectra of the bulk Pt
electrode. From Eq (2), the DIR is evaluated at 4.2 that
indicates an enhancement of 4.2 times of IR absorption of COL

on the CoPt/GC electrode.

(3)
 The IR absorpti/on of COL band of CoPt/GC electrode is

broadened. The full width at half-maximum (FWHM) of the
COL band in spectra recorded on CoPt/GC electrode is
measured about 20 cm�1, which is 8 cm�1 broader than that
measured in the spectra acquired on the bulk Pt electrode
(12 cm�1) under the same conditions.
These anomalous phenomena are the typical IR features of
abnormal infrared effects (AIREs) that are observed initially for CO
adsorbed on nanostructured thin films (2D nanomaterials) of
platinum metals and alloys [24,30]. The above results
demonstrated clearly that CO adsorbed on the 1D CoPt nanorods
yields the AIREs, which is the first time to reveal the AIREs on the
1D nanomaterials.

It is known that the reflectivity of substrate may influence on
IR optical features [42]. Glassy carbon (GC) is a moderately
reflecting substrate, while bulk Au electrode belongs to a high
reflecting one. In order to investigate the influence of substrate on
IR properties of the 1D CoPt nanorods, CO adsorbed on the CoPt/
Au electrode is also studied. Fig. 5b shows the MS-FTIR spectra of
CO adsorbed on the CoPt/Au electrode under the same conditions
as above. It can be seen that the IR bands of COL and CO2 in Fig. 5b
180019002000

bulk Pt

CoPt/Au

CoPt/GC

/cm-1

bulk Pt electrodes in 0.1 M H2SO4, ER¼�0.2 V, Es0 ¼0 V.
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are appeared in the same direction as those seen in Fig. 5a,
indicating clearly that the CoPt/Au electrode exhibits also the
AIREs. The fact that both CoPt/GC and CoPt/Au produce the AIREs
has confirmed that the anomalous IR features observed in Figs. 5a
and b were generated mainly by the 1D CoPt nanorods, and that
the influence of the substrate materials on the IR spectral features
may be neglected in the present study. Actually, Weaver et al. [43]
have observed that the IR absorption on the Pt nanoparticles
(Pt/C) film on an Au substrate could be changed from normal
absorption to anti-absorption. The detailed parameters of IR
features of the COL band such as FWHM, Stark tuning rate and DIR

measured on the three kinds electrodes are compared in Table 1.
The values of the FWHM, Stark tuning rate and DIR obtained on
the CoPt/Au electrode are 15 cm�1, 16.0 cm�1 V�1 and 3.2,
respectively, which are similar to those data measured on the
CoPt/GC electrode.
3.3.2. Results of SPAFTIRs

The SPAFTIRs spectra of CO adsorbed on bulk Pt, CoPt/GC and
CoPt/Au electrodes are displayed in Fig. 7. The Es0 and ER were set
at 0 V and �0.2 V, respectively. The IR absorption of COad in
spectra collected by in situ SNIFTIRs produces will give rise to
bipolar bands with their positive peak in low wavenumbers and
negative peak in high wavenumbers due to Stark shift [38]. This is
exactly the case of COL adsorbed on the bulk Pt electrode as
shown in Fig. 7. The positive peak in the bipolar band is around
2070 cm�1 and the negative peak is around 2080 cm�1. However,
the IR features of CO adsorbed on CoPt/GC electrode is quite
different from those of CO adsorbed on bulk Pt electrode. It is
evident that the bipolar COL band in the spectra of CoPt/GC
electrode is completely inverted, indicating an anomalous bipolar
bands. Furthermore, the intensity of COL is enhanced. The
anomalous bipolar band was first reported in 1994 in potential-
difference FTIR spectra of a basal plane graphite disc covered with
Pt particles [44]. They explained the anomalous bipolar CO band
by a potential-induced migration of chemisorbed CO molecules
from terraces at the reference potential to edge or kink sites at the
sample potentials. It was assumed that the CO stretching is higher
for terraces than for edge or kink sites. Later, Guti_errez et al. [45]
thought the explanation of the anomalous bipolar bands is simple
and should be interpreted by the laws of reflectance, which mean
that the moderately reflecting substrate (GC) was the origin of the
anomalous shape of the bipolar bands. But, here we can obtain the
same result when we use a high reflecting (bulk Au electrode) as
the substrate (Fig. 7.). The IR features observed in the in situ

SPAFTIRs studies are accordance with the results obtained in the
above MSFTIRs investigations, which confirms again that the 1D
CoPt nanorods yield AIREs.

The present results suggest that the optical phenomenon of the
AIREs is mainly related to the 1D CoPt nanorods. In our previous
work, we have reported that dispersed Pt, Pd nanoparticles and Pd
nanoparticles confined in supercages of Y zeolites can yield EIRA
while their agglomerates give the AIREs [20,31,46]. They thought
the strong interaction between the nanoparticles and the
collective interaction between CO adsorbate and the nanoparti-
cles inside the agglomerates may be one of the origins of the
AIREs. Here, we have stated above that the 1D CoPt nanorods
were composed of some distorted nanosphere chains because of
the magnetic interaction of Co nanoparticles. Actually, one 1D
CoPt nanorod can be regarded as agglomerate, in which may exist
collective interaction. Then we believe that the AIREs observed on
the 1D CoPt nanorods belong to the structure of the nanomater-
ials. It is evident that to understand the origins of the AIREs,
further studies involving not only experimental approaches but
also theoretical analysis would be worthwhile.
4. Conclusions

In the current paper, one-dimensional CoPt nanorods were
prepared through a galvanic displacement reaction. Cyclic voltam-
metric results demonstrated that the 1D CoPt nanorods display a
better catalytic property than that of a bulk Pt for CO oxidation in
0.1 M H2SO4. It has been measured that the current peak potential
of COad oxidation on the CoPt/GC electrode is shifted negatively by
140 mV in comparison with the value measured on a bulk Pt
electrode. The IR properties of the 1D CoPt nanorods were
investigated by in situ FTIR reflection spectroscopy employing CO
adsorption as probe reaction. It has revealed, for the first time, that
the 1D CoPt nanorods present abnormal infrared effects (AIREs).
The substrate materials do not affect significantly the anomalous IR
features, as illustrated by the similar anomalous IR features
observed for CO adsorbed on both CoPt/GC and CoPt/Au electrodes.
The current study has extended effectively the investigation of
abnormal infrared effects (AIREs), which were initially discovered
on 2D film nanomaterials of platinum group metal and alloys, to
1D chain-like nanomaterials, and thrown a new insight into
understanding the origin of the AIREs.
Acknowledgments

Financial supports from Natural Science Foundation of
China (20828005, 20833005), the MOST (2009CB220102) and
Scientific Research Funds for the Talents of Three Gorges
University (KJ2009B003) are highly acknowledged.

References

[1] E.V. Shevchenko, D.V. Talapin, A.L. Rogach, A. Kornowski, M. Haase, H. Weller,
J. Am. Chem. Soc. 124 (2002) 11480.

[2] V. Tzitzios, D. Niarchos, G. Margariti, J. Fidler, D. Petridis, Nanotechnology 16
(2005) 287.

[3] Y.H. Huang, H. Okumura, G.C. Hadjipanayis, J. Appl. Phys. 91 (2002) 6869.
[4] Z.T. Zhang, D.A. Blom, Z. Gai, J.R. Thompson, J. Shen, S. Dai, J. Am. Chem. Soc.

125 (2003) 7528.
[5] P. Beecher, E.V. Shevchenko, H. Weller, A.J. Quinn, G. Redmond, Adv. Mater. 17

(2005) 1080.
[6] V. Tzitzios, D. Niarchos, M. Gjoka, N. Boukos, D. Petridis, J. Am. Chem. Soc. 127

(2005) 13756.
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