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ABSTRACT

Structural Analysis of RuPt samples using Grazing Incidence Angle X-ray Diffraction.
LINDSAY E. JONES (Northeastern University, Boston, MA, 02115) MICHAEL F.
TONEY (Stanford Synchrotron Radiation Laboratory, Menlo Park, California 94309).

Ruthenium (Ru, Z = 44) is a Platinum Group Metal that has a standard hexagonal
close packed (HCP) crystalline structure. Platinum (Pt, Z = 78) has a face-centered cubic
(FCC) crystalline structure. When these metals are co-sputtered onto a silicon substrate,
creating a few nm-thin film, they form an alloy with a combination of HCP and FCC
structure. Direct methanol fuel cells rely on an anode catalyst to draw hydrogen from
liquid methanol. Highly efficient fuel cells based on polymer electrolyte catalysts, known
as proton-exchange membrane fuel cells, have been developed, but require large amounts
of a costly platinum catalyst. Thin-film nanostructure bimetallic alloys have been
produced to reduce the amount of expensive Platinum needed for catalysis, and also to
improve the electrochemical properties of the catalyst. Supported RuPt particles have
been shown to have superior activity as anode catalysts for methanol electro-oxidation
and demonstrate an improvement in resistance to poisoning in comparison to unalloyed
Pt. The percentage of Ruthenium in a RuPt thin film and the process by which the alloy
is produced will dictate the crystalline structure, and thus the electrochemical properties
of the film. Pure Ruthenium, Pure Platinum, and eight intermediate samples at differing
percent composition of Ruthenium were characterized by their X-ray diffraction patterns.
The incident beam is from the Stanford Synchrotron Radiation Laboratory beam and
operates at approximately a 1.4 Angstrom wavelength. The results show that 0% Ru
through 46.17% Ru exhibit a majority FCC structure, 56.07% Ru and 60.61% Ru are
mixed phase, and from 67.03% Ru through 100% Ru, the samples exhibit a HCP

structure.



INTRODUCTION

Ruthenium (Ru, Z = 44) is a Platinum Group Metal that has a standard hexagonal
close packed (HCP) crystalline structure. Platinum (Pt, Z = 78) has a face-centered cubic
(FCC) crystalline structure [13]. When these metals are co-sputtered onto a silicon
substrate, creating a few nm-thin film, they form an alloy with a combination of HCP and
FCC structure [7]. Nanostructure materials are of interest due to their unique catalytic,
physical, electrochemical properties, electronic, and optical properties, which differ
greatly from the same particles in the bulk state [1, 4, 6, 8-9].

One application for these thin films of bimetallic alloy is as a catalyst for a Direct
Methanol Fuel Cell (DMFC). These have attracted interest because they have the
potential for low operating temperatures, easy handling, the use of high energy density
methanol, and developing micro-sized fuel cells [1, 8, 10]. Electrochemical fuel cells
convert the chemical energy of fuels directly into electrical energy to provide a clean and
highly efficient source of electrical energy. In the DMFC, the anode catalyst itself draws
the hydrogen from the liquid methanol. Efficiencies of about 40% are expected [13].
Highly efficient fuel cells based on polymer electrolyte catalysts, known as proton-
exchange membrane fuel cells, have been developed, but require large amounts of a
costly platinum catalyst. Thin-film nanostructure bimetallic alloys have been produced to
reduce the amount of expensive Platinum needed for catalysis, and also to improve the
electrochemical properties of the catalyst used [12, 16]. Supported RuPt particles have
been shown to have superior activity as anode catalysts for methanol electrooxidation and
demonstrate a marked improvement in resistance to CO poisoning in comparison to
unalloyed Pt. The poisoned Platinum can be regenerated via the reaction of surface CO
with oxygen species associated with an element such as ruthenium to yield CO, [1,3, 15].

Very common support materials for the thin films are carbon, alumina and silica. It



appears that the best catalysts will be those that maximize the content of Ru in the FCC
Pt phase [2], but unambiguous proof of this is lacking.

The percentage of Ruthenium in a RuPt sample and the process by which the
alloy is produced will dictate the crystalline structure, and thus the physical and chemical
properties of the film. Pure Ru, pure Pt, and eight samples of RuPt in differing
combinations will be structurally analyzed. By examining the peaks in X-ray diffraction
patterns of all samples (whose percent compositions are known), one will be able to

determine the effect of the percentage of Ru on the crystalline structure.

MATERIALS AND METHODS

The samples were prepared by Kyung-Won Park and Yung-Eun Sung of the
Research Center for Energy Conversion and Storage at Seoul National University in
Seoul, Korea, by a co-sputtering method [11]. In the diffraction measurements, the
sample is held to a Huber diffractometer by way of a vacuum chuck, and it is surrounded
by a Helium environment to reduce unnecessary scattering of x-rays from the air near the
sample. The beam, upon entering the radiation hutch, passes through evacuated flight
tubes, an ion chamber, and beam defining slits. After grazing the sample, the diffracted
beams pass through Soller slits, used to define the scattering angle, before reaching the
detector. Using SUPER, a data collection and motor control program developed by Sean
Brennan of SSRL, diffraction patterns were obtained. We ran 10 samples through a
battery of scans. The samples are denoted: Pure Ru, ~ 90% Ru, ~ 80% Ru, 67.03% Ru,
60.61% Ru, 56.07% Ru, 56.07% Ru, 46.17% Ru, 37.92% Ru, 28.42% Ru, and Pure Pt

(0% Ru).



RESULTS

Figure 1 shows x-ray diffraction data for the samples. The most visible and
easy to index peaks are noted on the graph; the 100 and 101 HCP peaks on the Pure Ru
sample data, and the 111 and 200 FCC peaks on the Pure Pt diffraction data. A
determination of phase is garnered from the relative intensities of the peaks of the middle
samples to the peaks of the pure samples. The samples in the middle, which have
increasing percentages of Platinum as they move down the graph, show either FCC, HCP,
or mixed phases. From visual analysis, 0% Ru through 46.17% Ru show a majority FCC
structure; 56.07% Ru and 60.61% Ru are mixed phase; and from 67.03% Ru through
100% Ru, the samples demonstrate a HCP structure.

The FCC lattice parameters of samples that exhibited FCC structure were

calculated using the formula A =(27z/Q)e VhA2 + kA2 +172 where
Q =(4nsin(6))/ A where 6 is the Bragg angle and A is the wavelength of the incident

beam [14]. These parameters were then plotted versus the percentage Ruthenium as
shown in Figure 2.. These results were compared to the bulk results from Gurau and
Gasteiger [2, 5]. In both cases, the lattice parameter decreases as the percentage
Ruthenium increases; Ru atoms are replacing Pt atoms in the lattice and Ru (Z=44) is a
much smaller atom than is Pt (Z=78). The thin film data show a different trend from the
bulk as the percent Ruthenium approaches 40%; the concavity of the plot reverses.
Figure 3 is a graph of the areas under major FCC and HCP peaks versus
percentage Ruthenium. The areas under major FCC peaks decrease and areas under

major HCP peaks increase as the percentage of Ruthenium gets larger. From this, we



were able to produce a phase diagram. We chose ~ 35% Ru and ~60% Ruthenium as
critical transition points, as these are spots were there is significant change in the areas
under the peaks. Figure 4 is a comparison of our thin film phase diagram with the bulk

phase diagram of Gasteiger [5], and is the major result of this study.

DISCUSSION AND CONCLUSION

Bulk RuPt has been well characterized, but prior to now, the accurate
determination of crystalline structure of this bi-metallic alloy in thin-film form has not
[9]. This may be important to those who seek to make the most efficient (performance-
wise and financially-wise) thin-film anode catalysts for direct methanol fuel cells. The
results of the analysis of the diffraction patterns allowed us to construct a phase diagram
of thin film RuPt and compare it to the bulk RuPt diagram. Bulk data shows majority
FCC from 0 — 62% Ru, mixed phase from 62 — 80%, and majority HCP from 80 — 100%
[2, 5]. Our analysis shows that the co-sputtering method shifts that phase diagram to the
left. The thin-film data shows majority FCC from 0 — 35%, mixed phase from 35 — 60%,
and majority HCP from 60 — 100%. Also, lattice parameter changes proceed in a
dissimilar fashion for thin films. With bulk RuPt, plotting lattice parameter versus
percentage Ruthenium gives a nice, gently negatively sloping curve [5, Figure 2]. The
thin-film data is much different; there seems to be a linear relationship for 0 — 30%
Ruthenium, and then 30 — 60% manifests as an x” fit. The concavity is opposite for the

thin-films from the bulk data [2, 5].
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Figure 2:
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Figure 3:

Phase Diagram Determination

0.007

0.006
0.005

\

0.004
0.003

N

Area Under Curve

oot | N\ >\
=z

0

0 10 20 30 40 5

0 60 7

% Ru

— 101 HCP
— 200 FCC

— 111 FCC/002 HCP

0 80 90 10
0

Areas under three major FCC and HCP curves versus percentage Ruthenium;
used to determine RuPt thin film phase diagram.

Figure 4:
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