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Abstract

Nanometer scale thin films of PtRu alloy supported on glassy carbon (nm-PtRu/GC) were prepared using
electrochemical codeposition under cyclic voltammetric conditions. The composition of the PtRu alloy was altered
by varying the concentration of Pt** and Ru*" ions in the deposition solution. STM results demonstrated that the
nm-PtRu film was composed of crystallites appearing in a layered hexagonal form. The nm-PtRu/GC exhibited a
high catalytic activity for CO oxidation, consisting mainly in a negative shift of potential for CO,q4 oxidation. In situ
FTIR spectroscopic studies revealed that the nm-PtRu/GC alloy electrodes of different surface composition exhibit
abnormal infrared effects (AIREs) as observed on electrodes of nanometer scale thin films of transition metals. The
AIREs observed on nm-PtRu/GC electrodes consist in the inversion of CO,q4 bands, the significant enhancement of
IR absorption and an increase in the FWHM. Following the increase in Ru component in the nm-PtRu thin film the
FWHM was increased progressively from 20 cm™' on a nm-Pt/GC to 55 cm™' on a nm-Ru/GC electrode, and the
enhancement factor of IR absorption by COp was between 10.5 to 13.1. The present study has provided new
understanding of the structure and properties of nanometer scale thin film PtRu alloy material, and highlights its

potential for fuel cell applications.

1. Introduction

The PtRu alloy has been recognized as the best anode
catalyst for polymer electrolyte membrane fuel cells
(PEMFC), since it exhibits good properties for CO
tolerance [1]. Extensive studies on PtRu alloy have been
carried out recently [2], and particular interest has
focused on the application of these materials as anodes
in methanol fuel cells (MFC) for electric vehicles [3].
Different binary Pt—Ru materials have been prepared
and tested, such as Ru adatom or Ru nanoparticles
modified Pt polycrystal [4, 5] and Pt single crystal
electrodes [6-9], PtRu nanoparticles [10-12], PtRu bulk
alloys [13-20], and carbon supported PtRu alloys
derived from electrochemical codeposition [21-25]. The
studies demonstrated that the alloy PtRu material with a
composition of Pt:Ru = 1:1 exhibits the highest activity
for CO oxidation [20-22]. As the properties of PtRu
electrocatalysts depend on the alloy composition, the
crystallite size and the surface structure, it may be
convenient to prepare PtRu alloy using electrochemical

TPaper presented at the workshop on “Electrocatalysis in direct and
indirect methanol fuel cells” held at Portoroz, Slovenia, September
1999.

codeposition, in which the above parameters can be
easily manipulated. Although in situ infrared spectro-
scopy has been applied widely in studies of electroca-
talysis relating to fuel cells, especially in the
electrocatalytic oxidation of small organic molecules
[26], very few papers have been published concerning in
situ IR studies of CO and CH3;OH adsorption and
oxidation on PtRu alloy electrodes [13, 15-17, 19, 24].
In situ infrared spectroscopy can provide information on
electrochemical reactions at a molecule level, which can
contribute to the details of reaction mechanisms [26].
Moreover, together with a test molecular reaction such
as CO adsorption in situ IR spectroscopy can also be
used to study electrode surface processes [27]. We have
recently shown that a nanometer scale thin film of
transition metals electrodeposited on glassy carbon and
other supports exhibited abnormal infrared effects
(AIRESs) [24, 28-30], that is, the CO or other molecules
adsorbed on the thin film give rise to three abnormal IR
features in comparison with the IR features of the same
molecule adsorbed on the corresponding massive metal
electrode: (i) inversion of the direction of the IR band,
(i1) significant enhancement of the intensity of the IR
band and (iii) increase in the full width at half maximum
(FWHM) of the IR band. The AIREs were ascribed to a
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kind of nanosize effect of material and have initiated
follow up studies [31, 32].

To study the electrocatalytic properties of nanometer
thin PtRu alloy films and also to study further the
AIRE:s, the adsorption and oxidation of CO were used
as test molecule reactions in the present study, and new
results were obtained by using cyclic voltammetry,
scanning tunneling microscopy and in situ FTIR spec-
troscopy.

2. Experimental details

The nanometer-thin films of Pt, Ru and PtRu alloy
supported on glassy carbon were prepared by electro-
deposition under cyclic voltammetric conditions. The
substrate of glassy carbon (GC) of 6 mm in diameter
was sealed into a Teflon support and polished mechan-
ically using sandpaper and alumina powder of size 5, 1,
0.3 down to 0.05 um to obtain a mirror finish before
PtRu deposition. The composition and film thickness of
the PtRu alloy were controlled by varying the concen-
tration of Pt** and Ru’* ions in the solution and
altering the potential cycling of deposition. In general,
PtRu alloy films of a few tens of nanometers in thickness
were prepared and the film electrode was denoted as nm-
PtRu/GC. In the cyclic voltammetry for PtRu deposi-
tion the upper and lower cycling limits were fixed at
0.4 Vand —0.5 V, and the sweep rate was 50 mV s~ '. A
saturated calomel electrode (SCE) was used as reference
electrode and an EG & G potentiostat/galvanostat
(model 263A) was used in electrochemical measure-
ments.

Before the adsorption of CO, the nm-PtRu/GC
electrode was subjected to potential cycling in 0.1 M
H,SO, between —0.25 to 0.5 V until a stable cyclic
voltammogram was achieved. The saturation CO ad-
layer was obtained by bubbling CO into 0.1 M H,SOy,
solution and potential cycling between —0.25 and 0.0 V
until the hydrogen adsorption current had been com-
pletely suppressed. To investigate solely adsorbed CO
(CO,q), the dissolved CO species were removed by
bubbling N, into the solution while holding the elec-
trode potential at 0.0 V. In such a way only adsorbed
CO was subjected to investigation.

In situ FTIR spectra were acquired on a Nicolet 730
FTIR spectrometer equipped with a Gopher infrared
source and liquid nitrogen cooled MCT-B detector. The
spectral resolution of 8 cm™' was maintained in all IR
measurements. A CaF, disc IR window and an incident
angle of 60° were used in the in situ IR set-up (IR cell
and reflection accessories). The MS-FTIR procedure
[27, 28] was employed in the IR measurements. The
resulting spectrum was reported as the relative change in
reflectivity calculated as

R(Es) — R(ER)

AR
R~ R M

where R(Es) and R(Er) are single-beam spectra of
reflection collected at sample potential Eg and reference
potential Eg, respectively. 400 interferograms were
collected and coadded into each single-beam spectrum
in this study. Eg was set at the potential where CO,q4
species are stable on the electrode surface and Er was
fixed at 0.50 V (for nm-Ru/GC and nm-PtRu/GC) or at
0.70 V (for Pt and nm-Pt/GC), at which the adsorbed
CO can be oxidized immediately to CO,. As a conse-
quence, the adsorbed CO species exist only at FEg.
According to Equation 1 a positive going CO, band and
negative-going CO,4 bands will appear in the resulting
spectra for normal IR absorption.

A P4-18-SPM scanning probe microscope (NT-MDT
Russia) was employed for ex situ structural analysis of
PtRu thin films in atmosphere and at room temperature.

All solutions were prepared from super pure H>SOy,
Millipore water supplied from a Milli-Q Lab equipment
(Nihon Millipore), and other chemicals of analytical
grade. The solutions were deacrated by bubbling N,
before measurement. All experiments were carried out at
room temperature.

3. Results and discussion
3.1. Studies of cyclic voltammetry

Figure 1 shows a comparison of the cyclic voltammo-
grams (CVs) recorded on nm-Pt/GC, nm-PtRu/GC
and nm-Ru/GC electrodes. The CV features of nm-Pt/
GC and nm-Ru/GC (Figure 1(a)) are similar to those
observed on supported Pt [30, 33] and Ru [34, 35].
Two current peaks of hydrogen adsorption at around
—0.02 and —0.2 V were observed in the CV of nm-Pt/
GC. The CV of the nm-Ru/GC electrode shows one
current peak of hydrogen adsorption near —0.2 V and
a broad current peak of OH adsorption lying between
—0.1 and 0.35 V. The current in the double layer
region (0.05 ~ 0.5 V) is relatively large in the CVs of
both electrodes, signifying the influence of the GC
substrate. The CVs in Figure 1(b) were recorded on
nm-PtRu/GC electrodes prepared from electrodeposi-
tion solutions that contain different concentrations of
Pt** and Ru?* ions. The CV features of a nm-PtRu/
GC electrode may be regarded as a mixture of those of
nm-Pt/GC and nm-Ru/GC electrodes, and vary with
the composition of the PtRu alloy prepared. Following
the increase in Ru’* concentration in the electrodepo-
sition solution, the hydrogen adsorption—desorption
current on surface Pt sites in the potential region
between —0.25 and 0.05V is decreased, while the
current of OH adsorption—desorption on surface Ru
sites between —0.1 and 0.5 V is augmented. We have
shown that the composition of PtRu alloy supported
on glassy carbon depends on the ratio of Pt** and
Ru**t concentration in the electrodeposition solution
under fixed deposition conditions (i.e., five cycles of
potential cycling between —0.5 and 0.4 V at sweep rate
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Fig. 1. Cyclic voltammograms of nm-Pt/GC and nm-Ru/GC (a), and
nm-PtRu/GC (b) of different compositions: (a) 4:2, (b) 4:4, (c) 4:8, (d)

4:12. 0.1 M HCIOy solution, sweep rate 50 mV sl

50 mV s™'). Richarz et al. [21] also demonstrated that
the composition of PtRu alloy prepared by electro-
chemical codeposition depends linearly on the concen-
tration of Pt** and Ru’* ions in solution. As it is not
convenient to measure accurately the content of Pt and
Ru in a PtRu alloy film, we denote hereafter the
composition of nm-PtRu/GC electrodes by specifying
the concentration of Pt** and Ru*" ions in the
electrodeposition solution. Thus a nm-PtRu/GC(4:1)
indicates that the electrode was prepared from electro-
deposition solution containing 4 mM H,PtCls and
I mM RuCl; in 0.1 M H,SO,.

The oxidation of adsorbed carbon monoxide may be
employed as a probe reaction to assess the activity of
nm-PtRu/GC electrodes. The cyclic voltammograms of
oxidation of CO adsorbed on nm-Pt/GC, nm-Ru/GC
and on nm-PtRu/GC of different composition are
displayed in Figure 2. Significant catalytic characteris-
tics are evident on nm-PtRu/GC and nm-Ru/GC
electrodes. The most evident catalytic effect is the
negative shift of the potential of the oxidation current
peak. The peak position measured from the voltam-
mogram recorded on a nm-Pt/GC electrode is 0.575 V.
However, it is shifted negatively to the potential region
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Fig. 2. j/E curves for CO,q4 oxidation on different nanometer thin film
electrodes: (a) nm-Pt/GC, (b) nm-PtRu/GC(4:1), (c) nm-PtRu/GC(4:2),
(d) nm-PtRu/GC(4:6), (¢) nm-PtRu/GC(4:10) and (f) nm-Ru/GC. 0.1 M

HCIO, solution, sweep rate 50 mV sh

between 0.3 and 0.4 V in the voltammograms of nm-
Ru/GC and nm-PtRu/GC electrodes. The main pa-
rameters that characterize the catalytic properties of
nanometer thin film electrodes towards CO,q4 oxidation
may be the potential (E,), the current density (j,) and
the full width at half maximum (FWHM) of the current
peak. Under the present conditions saturation coverage
of CO adsorption was achieved on each electrode. As a
consequence the quantity of electric charge of CO,q
oxidation (Q2%) can be used as a measure of the
surface roughness of the electrode, since the geometric
area of the GC substrate has a defined value of
0.28 cm™2. The relative roughness of Ru and PtRu
alloy film electrodes with regard to the nm-Pt/GC
electrode may be defined as (025) /(000 ) ym.pi/Ge- and
the j,/O2% represents the normalized rate of COyq
oxidation. Table 1 lists parameters measured on differ-
ent nanometer thin film electrodes. Following the
increase in Ru in nm-PtRu/GC alloy electrode the
FWHM increased progressively from 27 mV on nm-
Pt/GC to 212 mV on nm-Ru/GC, the j,/O2% decreased
from 1.35 s™" on nm-Pt/GC to 0.24 s™" on nm-Ru/GC.
It is important to note that the variation of E, showed
a minimum at 308 mV on a nm-PtRu/GC(4:6) elec-
trode. Gasteiger et al. [20] reported that the minimum
E, of CO,q4 oxidation was measured on a 50:50 PtRu
alloy electrode. The present results confirmed that the
composition of nm-PtRu/GC(4:6) electrode may be
close to a 50:50 PtRu alloy, since it was prepared in a
solution containing 4 mM Pt** and 6 mM Ru** that is
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Table 1. Cyclic voltammogram parameters recorded on different thin film electrodes

Electrode E, FWHM Jp 2 (o) 028) 028 /(02X umepe JGC
/mV /mV JuA em™ /uC cm™ Js7!

nm-Pt/GC 575 27 874.9 646.7 1.35 1.0
nm-PtRu/GC(4:1) 370 67 804.1 1666 0.48 2.57
nm-PtRu/GC(4:2) 331 56 978.4 1555 0.63 2.40
nm-PtRu/GC(4:4) 335 53 796.5 1223 0.65 1.89
nm-PtRu/GC(4:6) 308 63 732.1 1364 0.54 2.11
nm-PtRu/GC(4:8) 356 38 562.0 1184 0.48 1.83
nm-PtRu/GC(4:10) 355 128 557.1 1626 0.34 2.51
nm-PtRu/GC(4:12) 357 160 340.1 1163 0.29 1.80
nm-Ru/GC 378 212 289.2 1190 0.24 1.84

near the solution composition of electrodeposition to
produce 50:50 PtRu alloy [21, 22]. The relative rough-
ness of nm-Ru/GC and nm-PtRu/GC electrodes is
always larger than 1, signifying that the surface of these
electrodes is rougher than the nm-Pt/GC electrode
under the preparation conditions.

3.2. In situ FTIR spectroscopy
In Figure 3 the spectra recorded on nm-Pt/GC, nm-

PtRu/GC(4:6) and nm-Ru/GC for Eg at 0.0 V and ER at
0.5 (nm-PtRu/GC(4:6), nm-Ru/GC) or 0.7 V (nm-Pt/
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Fig. 3. In situ FTIR spectra of CO adsorbed on different electrodes: (a)
nm-Pt/GC, (b) nm-PtRu/GC(4:6), (c) nm-Ru/GC and (d) massive Pt.
0.1 M HCIO, solution, Es=0.0 V, Ex=0.7 V.

GC) are compared. To discuss the abnormal infrared
effects of electrodes of nanometer thin film materials, a
spectrum acquired on a massive Pt electrode under the
same conditions but multiplied by a factor of 3 is also
displayed. We observe from all four spectra a positive-
going band near 2343 cm™!, which is assigned to IR
absorption of CO, species at ERr in the solution of
electrode/IR window thin layer. It is evident that the
CO, species has been derived uniquely from the oxida-
tion of adsorbed CO (CO,q) under the present condi-
tions, and the integrated intensity of the CO, band
(Aco,) may be in direct proportion to the quantity of
CO,gq species. The IR absorption of CO adsorbed on the
three nanometer thin film electrodes yields positive-
going bands in the region between 2100 and 1750 cm™",
while a negative-going band appears as expected near
2084 cm™! in the case of CO adsorbed on a massive Pt
electrode. Moreover, the integrated intensity of the
CO,q bands (4co,,) in the spectra recorded on nano-
meter thin film electrodes is much larger than that
measured from the spectrum for CO adsorbed on a
massive Pt electrode, that is, the IR absorption of CO
adsorbed on electrodes of nanometer thin film materials
has been significantly enhanced.

In the spectrum of the nm-Pt/GC electrode, the
positive-going band near 2074 cm™' is attributed to IR
absorption of linearly adsorbed CO (COy). The FWHM
of this band is 20 cm™", which is slightly larger than the
FWHM (14 cm™") measured from the spectrum of
massive Pt. Since adsorbed CO existed only at Eg and
the CO, was derived solely from the oxidation of COy at
ER and there is no enhancement of IR absorption by
solution CO, species, the intensity of the CO, band can
be used as a measure of the quantity of CO,q4. As a
consequence, the ratio of the integrated intensity of the
CO,q band (4co,,) over that of the CO, band (4co,);
that is, Aco,,/Aco,, can be defined as the normalized
intensity of IR absorption of CO,q4. A value of 0.13 was
measured from the spectrum of massive Pt, and a value
of 3.62 was obtained on nm-Pt/GC. The enhancement
factor (4) of IR absorption, which represents the
enhancement of IR absorption of CO adsorbed at a
nm-Pt/GC electrode against the same quantity of CO
adsorbed on massive Pt, may be calculated using
Equation 2 [28-30]:



4 (Ac0u/Ac0:)am-pyce 2)
(Aco,y/Aco.)p

The enhancement factor of a nm-Pt/GC electrode has
been evaluated at 27.8 from data measured in Figure 3.

Two positive-going bands, a large one near 2017 cm™'
and a small one around 1830 cm™' appeared in the
spectrum of a nm-Ru/GC electrode. It is obvious that
the large band near 2017 cm™" is due to IR absorption
of COyp species, and that the small band around
1830 cm™" may be assigned mainly to bridge bonded
CO (COp) species. However, in considering the wide
spread of the small band multibonded CO (CO,,) may
also exist. It is interesting to observe that the CO.q
bands are all in the same positive-going direction of the
CO, band, and a typical character of the COp band
consisting in its large FWHM measured at 55 cm™". In
comparison with the value of 38 cm™ measured on a
massive Ru electrode [16], the FWHM of COy band on
a nm-Ru/GC electrode is significantly increased. If we
take the (Aco/Aco,)p, as a reference, the enhancement
factor for IR absorption of CO adsorbed on the nm-Ru/
GC electrode is 19.8 by using Equation 2.

In the spectrum of a nm-PtRu/GC(4:6) alloy elec-
trode, we again observe two positive-going CO,4 bands,
COy and COg. The IR features of CO,4q bands on a
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PtRu alloy thin film may be regarded as a certain
combination of IR features of CO,4 bands of nm-Pt/GC
and those of nm-Ru/GC electrodes. The centre of the
CO;. band is shifted negatively to 2048 cm™', and the
FWHM of CO; becomes larger and is measured at
43 cm™'. It is obvious that the values of both the
FWHM and CO; band centre are between the values
measured on the spectrum of nm-Pt/GC and those on
the spectrum of nm-Ru/GC. Using (4co/Aco,)p, as a
reference, the enhancement factor of IR absorption of
CO adsorbed on a nm-PtRu/GC(4:6) electrode is calcu-
lated at 12.8.

The above results demonstrate clearly that electrodes
of nanometer thin film materials manifest abnormal IR
features for CO adsorption. These particular properties
of nanometer thin film materials were termed abnormal
infrared effects (AIREs) [24, 30], and consist mainly in
three aspects: (i) inversion of the direction of the IR
band, (ii) significant enhancement of IR absorption, and
(ii1) increase in FWHM of the IR band.

To clearly illustrate AIREs, single-beam spectra col-
lected at Es = 0.0V (R(Es)) and those at Er (R(ER)) on
different electrodes are shown in Figure 4A. We observe
from each R(ER) a negative-going band near 2345 cm™!
ascribed to IR absorption of solution CO, species. This
band manifests a slightly larger intensity than that of the
background; that is, IR absorption of gaseous CO,

2000

1000 2100 1900

Wavenumbers / cm’!

Fig.4. Comparison of in situ single-beam spectra recorded at Eg (solid line) and Eg (dashed line) on Pt (a), nm-Ru/GC (b), nm-PtRu/GC (c) and nm-
Pt/GC (d) electrodes. (A) 3000 ~ 1000 cm™", (B) 2100 ~ 1900 cm™" with enlarged Y-scale.
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species existing in the compartment of the optical bench
of FTIR instrument that can be noticed from the
corresponding R(Es). Although no IR band in the
wavenumber region between 1900 and 2100 cm™' was
observed from the R(Es) of Pt electrode, a positive-going
band appeared clearly in the R(Es) of the other three thin
film electrodes. Figure 4B shows a comparison of R(Es)
with R(ERr) on an enlarged Y-scale. Figure 4 demon-
strates clearly that CO adsorbed on nanometer thin film
electrodes, that is, on nm-Pt/GC, nm-Ru/GC and nm-
PtRu/GC, shows enhancement of IR absorption and
inversion of the IR band direction.

A series of spectra for CO adsorbed on a nm-PtRu/
GC(4:06) electrode recorded at different Eg is displayed in
Figure 5(a). Three positive-going bands (i.e., the CO,
band near 2343 cm™!, the CO; band around 2048 cm™!
and the small, but broad, COg band close to 1820 cm_l)
appear in all spectra. Following the increase in Eg from
—0.25t0 0.05 V the CO_ band centre shifted positively to
higher wavenumbers. The linear variation of the COy,
band centre against Eg is plotted in Figure 5(b); from the
slope of the straight line the Stark turn rate was measured
at31 cm™' V7' It is interesting to see that the COg band
is also shifted positively to higher wavenumbers as Eg
increases. However, determination of the COp band
centre cannot be done precisely due to the wide spread of
this band. As a consequence calculation of the Stark turn
rate of this band could not be accomplished.

Three spectra between 2150 and 1750 cm™ recorded
on nm-PtRu/GC(4:2), nm-PtRu/GC(4:6) and nm-PtRu/
GC(4:8) electrodes are compared in Figure 6. Following
the increase in Ru in the PtRu alloy four features may be
identified from these spectra. (i) A blue shift of the CO
band is noticed. The band centre is measured near
2061 cm™" on a nm-PtRu/GC(4:2) surface, but at
around 2048 cm™' on a nm-PtRu/GC(4:6); (i) on the
nm-PtRu/GC(4:8) electrode the COp band is shifted
further to the lower wavenumber region, and it seems
that the band is split into two peaks, one main peak near
2035 cm™! and a shoulder peak close to 2024 cm™';
(iii) the FWHM is increased from 24, 43 to 53 cm™';
(iv) abnormal infrared effects can be observed on all
nm-PtRu/GC electrodes, and the enhancement factor of
IR absorption for CO adsorbed on these nm-PtRu/GC
electrodes has been measured between 10.5 and 13.1.
The above IR features are listed in Table 2 in compar-
ison with data obtained on a massive Pt, a nm-Pt/GC
and a nm-Ru/GC electrode. As discussed previously, the
integrated intensity of the CO, band (Aco,) that
represents the quantity of CO adsorbed in saturation
on an electrode may be in direct proportion to the
surface roughness of the electrode. In a similar way, the
relative roughness may also calculated by using
Aco,/(Aco, ) am-pyce. From values listed in Table 2 we
can see that all nm-PtRu/GC alloy electrodes and the
nm-Ru/GC electrode have relatively higher surface
roughness than the nm-Pt/GC electrode, which is similar
to the conclusion drawn from data listed in Table 1. The
fact that all nm-PtRu/GC alloy electrodes and the nm-
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Fig. 5. (a) In situ FTIR spectra of CO adsorbed on nm-PtRu/GC(4:6)
electrode at different Eg. 0.1 M HCIO, solution, Er=0.7 V, Es is
indicated on each spectrum. (b) Plot of vcop against Es.

Ru/GC electrode possess a smaller enhancement factor
of IR absorption of CO,y demonstrates that the
calculation of 4 is independent of surface roughness.
We have shown that the 4 may depend on the surface
composition of the thin film electrode, and especially
that the A varies considerably with the film thickness of
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Fig. 6. Comparison of spectra of CO adsorbed on (a) nm-PtRu/
GC(4:2), (b) nm-PtRu/GC(4:6) and (c) nm-PtRu/GC(4:8) electrodes.
0.1 M HCIOy solution, Es = 0.0 V, Er = 0.7 V.

transition metal or alloy electrodeposited on glassy
carbon [36,37].

3.3. Scanning tunnelling microscope (STM )

The nm-PtRu/GC alloy electrode exhibited a high
activity for CO,q oxidation and abnormal infrared
effects; these properties may relate to the particular
structure of PtRu alloy thin film. The STM images of a
nm-PtRu/GC(4:1) and a nm-PtRu/GC(4:8) are shown
in Figure 7. In order to see the evolution of crystallite
structure the STM image of a nm-Pt/GC electrode is
also displayed in the same figure. The nm-Pt film is
composed of crystallites in a cubic form, clearly showing
a face centred cubic (f.c.c.) structure. The width and the
length of each crystallite are respectively around 200 and
250 nm, nevertheless the thickness (or the height) ranges
only between 20 and 25 nm. Significant changes were

Table 2. IR parameters acquired on different electrodes
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observed in the image of the nm-PtRu/GC(4:1) elec-
trode. The crystallites of PtRu(4:1) alloy appear to be
hexagonal in form. The dimension of each crystallite is
around 300 nm with a thickness of about 10 nm only.
When the component of Ru is increased in the nm-PtRu
thin film, that is, for an electrode of nm-PtRu/GC(4:8),
the crystallites are still in a hexagonal-like form of
dimension around 300 nm and thickness about 15 nm.
It is interesting to observe some fine structures on the
crystallites, that is, one or two scratches appeared on the
top of each crystallite of nm-PtRu(4:8) alloy. This may
imply that some kind of twin crystallite of PtRu alloy
may be formed. Richard et al. [21] reported that the
surface composition of PtRu alloy prepared by electro-
chemical codeposition depends on the percentage Pt in
the solution, and a linear relationship was obtained
when the percentage Pt in solution was above 20%.
They found by X-ray photoelectron spectroscopy (XPS)
and low energy ion spectroscopy (LEIS) analysis that
the molar fraction of Pt in the surface is always higher
than that of the deposition solution. The above STM
results indicate that the crystallites of electrodeposited
PtRu alloy tend to grow in hexagonal form of layered
structure, even with a composition of 4:1 (Pt:Ru) at
which the f.c.c. structure was determined for bulk PtRu
alloy with X-ray diffraction [38].

It may be worth pointing out that the crystallites of
layered structure were observed in all STM images of
different nanometer thin film electrodes [30, 39]. This
layered structure is different from that of thin film
electrodes prepared under normal deposition conditions
(at constant current or potential), which often growth in
island structure. The layered structure of nanometer thin
film may be attributed to one of the reasons for the
AIREs [30].

4. Conclusions

In the present work, emphasis has been laid on the
structure and properties of nanometer thin films of PtRu
alloy. Electrochemical codeposited PtRu alloy thin films
under cyclic voltammetric conditions and supported on
glassy carbon substrate (nm-PtRu/GC) show particular
structures. STM images show that the crystallites of
PtRu alloy film have a hexagonal layered structure, even
with a small quantity of Ru component in the alloy. The
crystallites of PtRu alloy are about 300 nm in size with a

Electrode VcoL FWHM of ACOM ACOz ACOdd /ACOZ A ACO; /(ACOZ )nm»Pl/GC
Jem™ veor/em ™!
Pt 2082 14 1.72 13.13 0.13 - 0.56
nm-Pt/GC 2074 20 86.29 23.82 3.62 27.8 1.00
nm-PtRu/GC(4:2) 2061 24 48.14 35.15 1.36 10.5 1.48
nm-PtRu/GC(4:6) 2048 43 64.60 38.72 1.67 12.8 1.60
nm-PtRu/GC(4:8) 2035, 2024 53 56.65 33.39 1.70 13.1 1.40
nm-Ru/GC 2017 55 110.42 42.84 2.58 19.8 1.80
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Fig. 7. STM images. (a) nm-Pt/GC, I, = 0.274 nA, V, = 0.130 V;
(b) nm-PtRu/GC(4:1), I, = 0.504 nA, V3, = 0.060 V; (c) nm-PtRu/
GC(4:8), I, = 0.093 nA, V, = 0.170 V.

thickness ranging between 10 and 15 nm. Cyclic vol-
tammetric studies showed that the PtRu alloy thin film
materials possess high activity towards the oxidation of
adsorbed CO. The potential of oxidation of CO,q on
nm-PtRu/GC was decreased by more than 200 mV in
comparison with that of CO,4 oxidation on nm-Pt/GC,
and the normalized rate of CO,q oxidation is much
faster on nm-PtRu/GC than that on nm-Ru/GC. The
in situ FTIR spectroscopic investigations demonstrated
that the nanometer thin film of PtRu alloy, similar to the
nanometer thin film material of transition metals,
exhibited abnormal infrared effects (AIREs) for CO
adsorption. Three main characters of AIREs have been
confirmed with nm-PtRu/GC electrodes, that is, inver-
sion of the direction of CO,q bands, significant en-
hancement of IR absorption of CO,q, and enlargement
of the FWHM of CO,4 bands. The enhancement factor
of IR absorption of CO,q on nm-PtRu/GC electrodes
has been evaluated between 10.5 and 13.1, which is
smaller than that measured on both nm-Pt/GC (27.8)
and nm-Ru/GC (19.8) electrodes. The results obtained
in the present study have thrown light on the structure
and properties of nanometer thin film materials of PtRu
alloy, especially on the electrocatalytic effects towards
CO,q4 oxidation and the abnormal infrared effects that
relate to the nanometer size effects. The study highlights
the possible use of nanometer scale thin film PtRu alloy
material in fuel cell applications.
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