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Editorial

The Launch of Platinum Metals Review
Virtual Issues
Over the next few months we will be making
changes to the registration procedure for E-mail
Alerts on the Platinum Metals Review website. We
will begin by introducing a new registration form
which will allow readers to specify their areas of
interest in platinum group metal (pgm) science
and technology. This will help us to tailor our content and to implement new services which we plan
to roll out over the coming months.
Readers who are already signed up for E-mail
Alerts will be given the opportunity to update their
records with the additional information that will
enable them to benefit from our new services. We
will let you know when this facility becomes available. The benefits to you will include the availability of more focused, more relevant content that is of
interest to your specialist subject area. There will be
an option to select as many or as few subject areas
as you wish so that you can receive targeted alerts,
as well as continuing to use Platinum Metals Review
to keep up to date on developments in all of the
applications of the pgms, which remains the primary aim of the Journal.
The first additional service that we will offer will
be Virtual Issues on a particular subject area, in
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which we will collect all of the most relevant content on that subject from our archives, and provide
access to it in one convenient package. These
Virtual Issues will cover subjects of current interest
to pgm researchers, aiming to provide in-depth coverage of their fields.
Planned future topics for Virtual Issues include:
•
•
•
•
•

South African PGM Science
Russian PGM Science
Glass Technology
Fuel Cells
Catalysis by Gold and the PGMs

As always we welcome input from the pgm
community. If you have any suggestions of subjects
that you would like to see covered in a Virtual Issue,
please contact the Editor at the E-mail address:
editorpmr@matthey.com, or via our website
contact form at: http://www.platinummetalsreview.
com/dynamic/contact/send.
DAVID JOLLIE, Editor
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‘Ossification’– A Novel Approach for
Immobilisation of Platinum Group Metal
Complex Catalysts
Green and sustainable catalyst design and preparation
doi:10.1595/147106710X495320

By Bibhas R. Sarkar and Raghunath V.
Chaudhari*
The Center for Environmentally Beneficial Catalysis,
The University of Kansas, Lawrence, KS 66047, USA;
*E-m
mail: rvc1948@ku.edu

http://www.platinummetalsreview.com/

The technique known as ‘ossification’ has emerged as
one of the most promising approaches for immobilisation of metal complexes, generating highly selective,
stable and recyclable heterogeneous counterparts of
homogeneous catalysts.‘Ossification’ involves modifying the ligand(s) in a metal complex catalyst to
achieve inherently insoluble forms of the metal complexes, without destroying the configuration responsible for their catalytic properties. The ossified catalysts
have been demonstrated to show high catalytic activity and selectivity for a number of industrially important
reaction classes such as palladium-catalysed carbonylation and Suzuki coupling and rhodium-catalysed
hydroformylation. The characterisation of these catalysts has also shown that the key features of their
homogeneous metal complex analogues are retained
on immobilisation.The approach is very useful for the
design and development of immobilised catalysts with
specific features and functionality for various applications. It is also advantageous for catalyst–product separation.This article reviews the recent work on ossification involving platinum group metal complex catalysts in our research group.

Introduction
Use of metal complexes as homogeneous catalysts in
organic transformations has been the key to many
important chemical processes in bulk commodities
as well as in fine and speciality chemicals applications (1, 2). Growing environmental concerns and the
necessity for economical use of the metals used in
catalysis has led to a demand for the development of
catalysts with improved catalyst–product separation
for industrial use (3). Many new discoveries in homogeneous catalysis, including several in asymmetric
catalysis, have not found practical application due to
difficulties in the downstream processes associated
with catalyst–product separation and the reusability
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of the catalysts.Hence,the immobilisation of homogeneous catalysts has received significant attention over
the last few decades (4–6).
The most studied immobilised catalysts include
supported organometallic complexes (using alumina, silica, zeolites and other porous materials as supports), water-soluble or fluorous biphasic, anchored
or tethered, polymer-bound, supported liquid-phase,
molecularly imprinted or dendrimer-supported catalysts (7). The use of solvent engineering using
supercritical fluids (8) and gas-expanded liquids (9,
10) has also been studied in order to achieve facile
separation of the catalysts from the reaction mixture. Most of the immobilisation techniques suffer
from such drawbacks as the use of exotic and costly chemicals or materials, long duration and poor
reproducibility of the preparation steps involved,
and leaching of the metal under reaction conditions. Therefore, the search for an efficient yet simple method for immobilisation of metal complexes
has been a continuing effort in many research
groups.
In this article, we review the recent development of
an immobilisation methodology known as ‘ossification’ (11), which is based on modifying the coordinating ligands in such a way that the final catalytic complex is inherently insoluble in most polar and nonpolar solvents. The approach is analogous to the in
vivo formation of bones in which complex calcium
salts are deposited from simple soluble counter ions,
hence the name ‘ossification’. Ossification can be
described as a very generic technique to develop heterogenised homogeneous catalysts, and has also
been demonstrated for several important classes of
reactions.In this review,a brief description of the strategy of development and an overview of various applications will be presented.

Overview of Ossified Catalyst Synthesis
Ossification of metal complex catalysts was inspired
by the robustness of naturally-occurring biomaterials
such as bones, coral reefs and shells. These materials
are made by the slow deposition of insoluble biomaterials from simple soluble ionic constituents in an
aqueous medium. Generically, all these biomaterials
may be identified as salts of Group IIA cations with
different functionalised anions, for example calcium
or barium salts of organic carbonates, sulfonates or
phosphonates.The highly insoluble nature of calcium
sulfate or barium sulfate in water and other organic
solvents was the starting point for the design and
preparation of ossified metal complex catalysts. A
metal complex with one or more sulfonate-functionalised ligands will generally be highly soluble in
water, and subsequent formation of Ca or Ba salts of
such a sulfonate-modified moiety will generate an
intrinsically insoluble metal complex.This will ideally
be a solid complex with the catalytically-active coordination centre intact, as illustrated in Figure 1. The
ligand(s) with a barium–sulfonate ion pair denote
the insoluble appendage.
Essentially, these metal complexes are synthesised
by precipitation from an aqueous solution of their
precursors, which is another noted advantage in the
progress towards green and sustainable catalyst
design and preparation as it avoids the use of costly
and environmentally damaging organic solvents.
Based on the same concept, other insoluble ion pairs
may also be selected and several intrinsically insoluble complexes may be derived by the use of simple
functionalised ligands. The functionalisation of ligands to obtain water soluble complexes retains the
ligation properties of the donor atom (for example,
the phosphorous in the triphenylphosphine ligand)
as it is not directly targeted for functionalisation.

SO3H

M

SO3H

SO3H
M

SO3–
Ba2+

M
SO3H

Organic soluble
metal complex

Aqueous Ba2+
solution

Aqueous soluble
metal complex

SO3–
Insoluble metal complex
with catalytically active
coordination sphere

Fig. 1. General schematic for ‘ossification’ of metal complexes. M = Pd, Rh or another transition metal
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Chaudhari and Mahajan investigated several such
ion pairs that might be used for the ossification of
metal complexes (12).A variety of techniques for the
efficient preparation of the ossified complex catalysts
were reported:
(a) Direct precipitation from aqueous solutions, with
or without a solid support matrix;
(b) Precipitation in the presence of a dispersing coprecipitant, to facilitate efficient and even dispersion of the active precipitate;
(c) Precipitation facilitated by azeotropic removal of
water, in order to control precipitate overgrowth
in the presence of water;
(d) Precipitation in micro droplets in a fluidised bed,
to facilitate uniform precipitate clusters.
These techniques were based on the formation and
stabilisation of insoluble ion pairs from the aqueous
medium, which can be influenced by parameters
such as the relative concentration of the constituent
ions and the temperature of the medium. The use of
inert or neutral support matrices to obtain a uniform
dispersion of the precipitates over a high surface area
support was also studied. These techniques also
addressed the issue of size control of the precipitates,
as it is known that the overgrowth of precipitates does
occur, resulting in the formation of bigger clusters.
This actually blocks the active centres due to the low
porosity of the clusters.
Following these studies, a detailed synthesis using
the direct precipitation technique without any support matrix was reported, together with the characterisation of the ossified palladium complex catalysts
and examples of their application for industrially
important carbonylation and Suzuki coupling reactions (11). A range of different characterisation techniques, typically powder X-ray diffraction (XRD),
cross polarisation-magic angle spinning nuclear magnetic resonance (CP-MAS NMR) and X-ray photoelectron spectroscopy (XPS), were employed to establish
the effective immobilisation of the metal complexes.
In another report, the use of support matrices for
the dispersion of ossified rhodium complex catalysts
was illustrated along with their application in hydroformylation of terminal olefins (13). A direct precipitation method was developed to prepare the immobilised Rh catalyst by impregnating Ba2+ ions into an
activated carbon support, followed by treatment of
the resulting slurry with the aqueous soluble Rh complex catalyst containing triphenylphosphine trisulfonate (TPPTS) ligands. By this method, good disper-
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sion of the ossified complex over the inert carbon
support was achieved. A slight excess of TPPTS ligand, in the form of the Ba–TPPTS ion pair, was used
to support and stabilise any Rh intermediate formed
during the catalytic cycle, as the hydroformylation
reaction is known to proceed via a phosphine dissociation mechanism.
Catalytic Applications
The ossified platinum group metal complex catalysts
have been used for a variety of different reactions as
discussed in the following sections.
Palladium-Catalysed Carbonylation Reactions
The first detailed application of the ossified catalysts
for carbonylation of aryl olefins and alcohols was
reported for the synthesis of 2-arylpropanoic acids
with important anti-inflammatory properties (for
example, ibuprofen and naproxen) (11) (Scheme I).
Four different ossified Pd(II) complex catalysts,
1A–1D, were used in this study (see Figure 2).
The results showed that the carbonylation reactions went to almost complete conversion with very
high regioselectivity for the desired 2-arylpropanoic
acid (>99% of the product mixture consisting of the
branched isomer). Catalyst 1A outperformed the
other catalysts in terms of turnover frequency (TOF).
This variation in reactivity may be attributed to the
difference in the stereoelectronic configuration of the
Pd centre due to the different hemilabile chelating
ligands used (11).
One important aim of the study was to achieve
good stability and recyclability for the heterogenised
catalysts, while retaining the high regioselectivity of
their homogeneous analogues (14). To investigate
this, carbonylation of different aryl olefin substrates
to form arylpropanoic acids was carried out using the
ossified Pd complex catalysts. The results are shown
in Table I (15). Catalyst 1A was recycled four times
with no significant loss of activity (less than 1% of its
TOF). In order to determine the degree of leaching of
the metal under reaction conditions the liquid product mixture after a certain conversion level (~30%)
was hot filtered and examined for its catalytic activity.
This experiment revealed that the solution had no
catalytic activity. Similarly, the Pd content in the filtrate as well as the used catalyst showed a negligible
loss of Pd ((8.8 × 10–5)% of the Pd charged) during a
reaction, as analysed by atomic absorption spectroscopy (AAS). Further, the catalysts were also
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Scheme I. Carbonylation of
olefins and alcohols using palladium-based Catalyst 1A (11)

solv

N
Pd

P

N
2y

Catalyst 1C: Ba3x[Pd(acpy)(TPPTS)]2y

–

O3S

SO3–
SO3–

2y

Catalyst 1D: Ba3x[Pd(bipy)(TPPTS)]2y

Fig. 2. Proposed structures of ossified palladium complex Catalysts 1A–1D: x and y are integers greater than
one; pyca = 2-picolinate; pycald = pyridine-2-carboxyaldehyde; acpy = 2-acetylpyridine; bipy = 2,2’-bipyridyl;
TPPTS = triphenylphosphine trisulfonate; solv = solvent

characterised before and after the reactions using 31P
CP-MAS NMR spectroscopy, which showed no
changes in the peaks characteristic of the original catalyst composition (11).
Palladium-Catalysed Suzuki Coupling Reactions
Another important application of the ossified Pd(II)
complexes was for Suzuki carbon–carbon coupling
reactions (Scheme II). The Suzuki coupling reactions
were carried out in a highly basic medium with each
of the four ossified Pd complex Catalysts 1A–1D
(Figure 2) (11).
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A wide variety of biaryl products were synthesised
from arylboronic acid and organohalide substrates
using Catalyst 1A. The results of some of the C–C coupling reactions are presented in Table II (15).
However, to explore the optimum performance of the
ossified Pd complexes, the reaction of iodobenzene
with phenylboronic acid was also carried out using a
higher substrate-to-catalyst ratio of 1.08 × 106,
compared to 1.5 × 102 used in our other reactions presented in Table II. A significantly higher TOF of
>343,000 h–1 was observed for this reaction in comparison to any such Suzuki coupling previously reported

© 2010 Johnson Matthey
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Table I
Based Catalyst 1Aa (15)
Carbonylation of Various Aryl Olefin or Alcohol Substrates using Ossified Palladium-B
Entry

Aryl
substrate

Arylpropanoic acid
product

Conversion, %

Selectivity, %
iso
n

Time, h

TOF, h–1

CO2H

1

96

99.9

–

6

194

94

99.8

0.1

6

189

93

99.5

0.4

6

187

95

99.3

0.5

6

191

95

99.4

0.5

6

191

92

99.2

0.7

6

183

92

99.9

–

6

184

96

99.8

0.1

6

194

93

99.8

0.1

11

96

CO2H

2
CO2H

3

4

5

Cl

Cl

MeO

MeO

AcO

AcO

CO2H

CO2H

CO2H

6
CO2H

7
CO2H

OH

8
CO2H

OH

9

a

Reaction conditions: 100 mg catalyst (0.44 wt% Pd), 5 mmol substrate, 1.7 mmol lithium chloride, 0.85 mmol
4-methylbenzenesulfonic acid (TsOH), 0.038 mmol triphenylphosphine (PPh3 ), 27 mmol water, methyl ethyl ketone (MEK) as
solvent, temperature 388 K (115ºC), carbon monoxide pressure (PCO ) 5.4 MPa

X
R1

+

B(OH)2
R2

Catalyst
K2CO3,
EtOH, reflux

R1

R2

Scheme II. Suzuki coupling of aryl halides and arylboronic acids using ossified palladium-based
Catalyst 1A (15)
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Table II
Examples of Suzuki Coupling Using Ossified Palladium-B
Based Catalyst 1Aa (15)
Entry

1

Arylboronic acid

N

Organohalide

B(OH)2

S

I

2

4

Biaryl

Selectivity,

Time,

TOF,

%

product

% Biaryl

h

h–1

100

N

F3C

0.50

2891

100

99.9

1.00

1431

100

0.50

2891

99.7

2.00

672

100

0.25

5782

99.8

0.50

2891

99.9

0.50

2891

99.8

0.50

2891

100

0.35

4130

99.8

0.35

4130

NO2

B(OH)2

S

I

N

Br

B(OH)2

O

100
S

B(OH)2

O2N

3

I

Conversion,

O

100

93

F3C

S

O

N

O

NO2

5

N

B(OH)2

6

7

B(OH)2

B(OH)2

O
O

8
B(OH)2

100
NO

I

N

Br

S

I

S

I

S

I

9
O

B(OH)2
B(OH)2

10

N

100
N

100

O

S

O

Br

100
S

100

O
S

100

MeO

MeO

a

Reaction conditions: 25 mg catalyst (0.44 wt% Pd), 1.8 mmol arylboronic acid, 1.5 mmol organohalide, 4.5 mmol
potassium carbonate, 20 ml ethanol as solvent, reaction carried out under reflux

using a heterogeneous Pd catalyst (11). Catalyst 1A
also underwent at least five recycles with no significant loss of catalytic activity (less than 1% of its TOF).
The leaching of Pd into the reaction medium was
also determined to be negligible, with the loss of only
~0.3 ppm of the Pd initially charged from the catalyst
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in each run, confirming the unique stability of these
ossified catalysts. In addition, the catalysts perform
well under both acidic and basic conditions, for carbonylation and Suzuki coupling reactions, respectively, in contrast to the highly pH-sensitive parent Pd
complex in the homogeneous phase.
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Hydroformylation of Olefins
An ossified Rh complex, HRh(CO)(TPPTS)3, Catalyst 2
(Figure 3), supported on activated carbon was reported for the hydroformylation of olefins under mild
operating conditions (Scheme III) (13). Several different olefins were hydroformylated and the results are
presented in Table III. It was observed that the performance of the activated carbon-supported ossified
Rh(I) complex was better than that of the unsupported ossified Rh complex. This might be related to the
presence of a slight excess of the Ba–TPPTS ion pair
in the final composite in the C-supported ossified Rh
complex, leading to the stabilisation of catalytic intermediates. The catalyst was recycled successfully five
times, indicating its high stability and reusability.
Hydroformylation of 1-hexene was also performed
using ossified Pt–TPPTS, giving ~60% conversion and
a normal to branched isomer (n:iso) ratio of 10.5,and
using ossified cobalt complexes giving 40% conversion and an n:iso ratio of 2.

Conclusions
‘Ossification’ provides a novel method of immobilisation for metal complex catalysts. The principle and
effectiveness of the approach have been demonstrated by several examples, including palladium-catalysed carbonylation and Suzuki coupling and rhodium-catalysed hydroformylation reactions. It is shown
through characterisation of these catalysts and by
leaching and recyclability studies that this technique
gives very robust and stable immobilised catalysts
which retain the important features and selectivity of
their homogeneous counterparts.The applications of
carbonylation and hydroformylation also illustrate
their potential usefulness for industrially relevant
reactions. However, there is still a need for more
detailed investigation of the kinetics and mechanisms of the reactions and further comparison with
homogeneous catalysts.
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Table III
Hydroformylation of Various Olefin Substrates Using Carbon-SSupported Ossified Rhodium Complex 2a (13)
Conversion, %

n:iso ratio
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1089
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Substrate
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Low-energy ion scattering (LEIS) can be used to selectively analyse the atomic composition of the outer
atomic layer of a catalyst, i.e., precisely the atoms that
largely determine its activity and selectivity. It is shown
how a new development in LEIS significantly improves
its mass resolution. Using this advanced separation
and quantification of signals from platinum and gold,
the atomic composition of the outer surface of a realistic supported platinum-gold bimetallic system can be
determined for the first time.

Introduction
Understanding the outermost atomic layer is extremely helpful for understanding heterogeneous catalysts.
In a mixed metal system such as platinum-gold, the
composition of the outer surface, while dependent
upon the bulk composition, can differ radically from
that composition. The ultimate driving force is thermodynamics, which means that the metal with the
lowest surface energy will tend to segregate to the surface. However the attainment of this thermodynamic
equilibrium may be limited by kinetic factors determined by the precise history of the sample including
temperature and environment.
A commonly used surface analysis technique is
X-ray photoelectron spectroscopy (XPS). XPS gives
very useful chemical information but the composition is averaged over a dozen or so atomic layers and
does not immediately provide information for the
outermost atomic layer which, of course, is the place
where catalysis occurs.
Low-energy ion scattering (LEIS), also known as
ion scattering spectroscopy (ISS), has the unique
property that it does give the composition of the
outer atomic surface (1, 2), precisely the atoms that
largely determine the catalyst’s activity and selectivity. Correlation of this with chemical information from
XPS gives a more complete picture of a catalyst sys-
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tem,enabling the development of a suitable model of
the surface.
In LEIS measurements, ions of known mass and
energy are directed at a sample surface where they
collide with surface atoms. Such collisions are ‘billiard-ball’ in nature, and the resultant energy of the
scattered ion can provide information about its collision partner. When the scattering angle is fixed (and
narrowly defined) there is a direct relationship
between the resultant ion energy and the mass of the
surface atom. There is a time-dependent probability
of neutralisation by the electrons in the surface which
means that only the incident ions scattered from the
outer surface contribute to the signal. As a result of
these effects, LEIS provides a single-atomic-layer mass
spectrum of a material’s surface.
However, in a system such as platinum-gold, there
are technical challenges involved in separating the
platinum and gold LEIS signals. Due to the high and

overlapping masses of their isotopes (platinum: 194Pt,
195
Pt, 196Pt and 198Pt; gold: 197Au), it is impossible to
separate their signals, therefore it has long been supposed that LEIS is unsuited for this application (3).
Recently a new type of LEIS instrument has been
developed: the Qtac100, supplied by ION-TOF GmbH
(Figure 1) (4).It is shown in this paper how its unique
features enable the analysis of the platinum-gold
composition in the outer atomic layer of a bimetallic
material, a principle which opens up new perspectives for catalyst research. To this end, model catalyst
samples were manufactured and studied to show the
use of the technique in a technically challenging and
realistic situation.
Applications of the Platinum-Gold System
A long-established application of the platinum-gold
system is as one-half of a fuel cell material for
use in the US National Aeronautics and Space

(a)

(b)

Fig. 1. (a) The ION-TOF GmbH Qtac100
low-energy ion scattering (LEIS)
instrument; (b) Close-up of the
analysis chamber, showing the ion
optics and sample stage (4)
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Administration (NASA) Space Shuttle programme (5).
This material is a gold black, stabilised with 10% platinum, in which it has been found with XPS that platinum is strongly enriched at the surface (6, 7).
Recently there has been renewed interest in bimetallic catalyst systems containing gold and platinum
group metals (8–11). Although fuel cell applications
and related technologies are still a focus for this
bimetallic system,investigations in other areas include
carbon monoxide oxidation, toluene hydrogenation
and reduction of nitric oxide by propene (8).As a final
example, the company Nanostellar Inc issued an
announcement stating that it was developing a palladium-platinum-gold catalyst for diesel exhaust oxidation (12). In this case, the palladium signal is easily

Primary ion:
mass m1
energy Ei

separated from those of platinum and gold due to the
very different atomic masses, but the problem of separating the platinum and gold signals remains.
LEIS of Platinum and Gold
In LEIS a beam of noble gas ions (typically 4He+ or
20
Ne+) is directed towards a sample and the energy
distribution of the back-scattered ions is measured
(Figure 2). For a given scattering angle (here 145º)
and incident ion mass, m1, and energy, Ei (typically
1–5 keV), the energy of the backscattered ions, Ef,
allows the mass of the surface atoms, m2, to be calculated. In Figure 3, the ratio of the two energies,
ε = Ef/Ei, is given as a function of the mass ratio,
µ = m2/m1. When light ions are scattered by heavy
Fig. 2. Schematic illustrating the lowenergy ion scattering (LEIS) principle.
Noble gas ions of a few keV energy (Ei )
and mass m1 hit the sample at perpendicular incidence. The energy, Ef , of the
backscattered noble gas ion is determined by the laws of conservation of
energy and momentum. The mass of the
surface atom from which it was scattered, m2 , can be derived from Ef
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Fig. 3. The ratio ε of the energies
of the ion after (Ef ) and before (Ei )
scattering and its derivative are
plotted as functions of the ratio µ
of the masses of the surface atom
(m2 ) and the ion (m1 ). The optimum mass resolution in LEIS is
obtained for the maximum value
of the derivative, which occurs
around µ = 2. Therefore, for the
analysis of Pt-Au alloys 84Kr+ ions
are used (giving µ = 2.3)
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surface atoms (µ > 10) the ratio ε becomes less and
less sensitive to µ, making it impossible to distinguish
between heavy atoms of similar mass.Thus, light ions
such as 4He+ and 20Ne+ are unsuited for separating
heavy elements such as Pt and Au. By plotting the
derivative of ε versus µ, it is even clearer that the optimum mass resolution is obtained for values of µ
which are below 5 (Figure 3).
For the separation of the Pt and Au LEIS signals, isotopically-enriched krypton ions of mass 84 (µ = 2.3)
would be suitable. However, since ε is relatively low at
0.19, this will give only a low backscattered ion energy. For the heavy 84Kr+ the velocity will be very low
and the interaction time with the sample thus very
long. This will lead to effective neutralisation during
the scattering process and thus to low scattered ion
signals.
In the Qtac100 instrument it is possible to achieve a
primary energy up to 8 keV.At this primary energy the
final energy, Ef, is 1.5 keV, which gives an acceptable
LEIS signal.The Qtac100 uses a double toroidal energy
analyser (Figure 4) which collects the scattered ions
for a given scattering angle (145º) from all azimuth
angles.The analyser images the energy distribution of
the ions on a position sensitive detector, which

enables parallel energy detection. Its sensitivity is
orders of magnitude higher than that of conventional
LEIS. As a consequence of this enormous increase in
sensitivity, it is possible to reduce the sputter damage
by the primary beam to a negligible amount (‘static
LEIS’) (2). Since the scattering angle is well defined,
this increase in sensitivity does not adversely affect
the mass resolution.
The ion impact also gives rise to emission of sputtered (secondary) ions. This is especially serious for
supported catalysts with a low loading of the metallic
phase. Although the energy distribution of these ions
peaks at very low energies, many sputtered ions are
generally still found at energies of more than 30% of
the primary energy, leading to a substantial background in the low-energy part of the LEIS spectrum.In
the present experiments, the secondary ions are suppressed by using a pulsed primary ion beam as well
as both energy filtering and time-of-flight filtering of
the scattered ions. In this way only the ions with the
same mass as the primary ions are detected.
For the analysis of supported catalysts where the
supporting material is an insulator, special care has to
be taken to avoid surface charging.A low-energy electron shower accurately compensates the charge of

Noble gas ion gun
Pulsing system

Fig. 4. Schematic of the double
toroidal energy analyser of the
Qtac100 LEIS instrument which allows
higher selectivity than conventional
ion scattering techniques

Position sensitive detector

Energy analyser

Focusing optics

Sample
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the ion beam. In view of the small energy differences
between scattering from Au and Pt, it is important not
only that the average charging is compensated but
also that local inhomogeneities are avoided.
Preparation of the Test Samples
Catalyst A
To prepare the first catalyst test sample, a slurry of
γ-alumina (2 g in 25 ml water) was warmed to 60ºC
and the pH adjusted to 7.0 with aqueous potassium
carbonate solution (0.05 M concentration). A solution of hydrogen tetrachloroaurate(III) tetrahydrate
(0.15 g of solid with an assay of 49.9% Au,dissolved in
10 ml water) was added dropwise to the slurry, maintaining the pH at 6–7 with the K2CO3 solution. The
slurry was stirred for 1 hour, then 8 ml of a solution of
platinum(IV) nitrate (0.49 g of a Pt(IV) nitrate aqueous solution with an assay of 15.5% Pt, diluted with
water to 20 ml) was added. After stirring for 40 minutes, 5 ml of a 1% formaldehyde solution was added
and the slurry heated to >90ºC for 10 minutes. The
slurry was filtered,washed and dried then calcined in
air for 2 hours at 750ºC. As determined by assay,
Catalyst A was 1.15 wt% Pt and 2.73 wt% Au.
Catalyst B
To obtain a very different surface composition,
Catalyst B was prepared by physically mixing a catalyst impregnated with Pt with one impregnated with
Au.The impregnation procedures were similar to that
used for Catalyst A. By assay, Catalyst B contained 1.07
wt% Pt and 0.93 wt% Au.
Platinum and Gold Reference Samples
Reference samples of 99.99% Au and 99.9% Pt were
used.
Sample Pretreatment
Just before analysis, all samples were treated with
atomic oxygen in the prechamber of the Qtac100
instrument. This procedure removes organic contamination from the surface.The samples were then transferred under vacuum to the analysis chamber.
Analysis of the LEIS Spectra
In Figure 5 the LEIS spectra are given for 8 keV 84Kr
scattered by: (a) Catalyst A, (b) Catalyst B and (c)
pure Au and pure Pt.The spectra from the pure Pt and
Au samples are normalised to maximum intensity to
highlight the energy resolution of the instrumenta-
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tion. In all cases, time-of-flight filtering of the scattered
Kr+ ions has been used to exclude the contribution of
secondary ions such as O+ or Al+ from the signal.This
gives the very low background in the spectra.
The spectra for the pure metal reference samples
clearly show the energy difference between scattering from Pt (average mass 195) and Au (mass 197).
Since Pt has several natural isotopes, its peak is also
much wider than that of Au. Due to the overlapping
isotopes, it is impossible to fully separate the Pt and
Au peaks of an alloy. However, the improved mass resolution of the Qtac100 instrument makes it easy to
deconvolute such a spectrum into the contributions
from Pt and Au. It is also clear from this experiment
that the time-of-flight filtering is very effective. For all
spectra the background is very low, enabling an accurate determination of the area and shape of the
peaks. This is especially important for the quantification of the spectra of the catalysts. The low loading
leads to low LEIS signals for Pt and Au, while the support contributes to the background by production of
secondary ions (such as O+ and Al+).Quantification is
determined by relating the peak area of the signal
from a given element to the signal from a pure substrate of that element; in this manner a surface area
fraction is determined.
For Au the LEIS signal of Catalyst A is significantly
higher than that of Catalyst B, as would be expected
on the basis of the bulk compositions. It is interesting
to note that for Pt, although Catalysts A and B have
about the same loading of Pt, the Pt signal of Catalyst
B is much higher.This difference for Pt between bulk
loading and surface coverage could be due to surface segregation of Au in Pt-Au alloy clusters. Since
Catalyst B is a physical mixture of a Pt-loaded and a
Au-loaded catalyst, alloy clusters do not exist and surface segregation is impossible.An alternative explanation would be that the Pt cluster size of Catalyst B is
smaller than the cluster size for Catalyst A. More
experiments are needed, but Kr+ ion scattering has
been shown to be an effective tool to elucidate this.
At present the detection limit for Pt and Au in the
outer surface is approximately 0.1 at% for mixed systems and better than 0.01 at% for catalysts containing
only Pt or Au.This is significantly more sensitive than
conventional techniques such as XPS.
Conclusions
Insight into the composition of the outer atomic
layer of a heterogeneous catalyst is crucial in the
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Fig. 5. LEIS spectra for 8 keV 84Kr+ scattered over 145º by: (a) Catalyst A (γ-Al2O3 impregnated with 1.15
wt% Pt and 2.73 wt% Au); (b) Catalyst B (γ-Al2O3 impregnated with 1.07 wt% Pt and 0.93 wt% Au) and
(c) pure Au and pure Pt
understanding and further improvement of its activity and selectivity.A unique property of the LEIS technique is that it can selectively analyse the atomic
composition of the outermost atoms. Using the
Qtac100 instrument, the separation of signals from
heavy elements such as platinum and gold in mixed
metal systems is possible for the first time. In addition, problems with supported catalysts such as low
signal strength, surface roughness and, for many, the
insulating properties of the support, have been overcome. To demonstrate the technique, the Pt and Au
signals from Pt-Au/γ-Al2O3 catalysts were successfully
resolved. This technique will allow not only Pt and
Au but virtually all the elements of the periodic system to be separated.
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The Eighth International Congress on Catalysis and
Automotive Pollution Control was held at the
Université Libre de Bruxelles (ULB), Belgium, from
15th to 17th April 2009 (1). Some 185 participants
attended the congress, which set aside time for discussion of the more than 100 posters submitted, in
addition to the normal presentation of papers and
keynote speeches. There were displays from several of
the sponsors, including a table-top display of emissions control technology from the Association for
Emissions Control by Catalyst (AECC), Brussels.
Introductory Session
Following a welcome address from the Baron André
Jaumotte (Honorary Rector and Honorary President
of ULB), Günter Hörmandinger (Environment
Directorate-General,European Commission,Belgium)
addressed the congress on the EU’s policy for combating threats to health and climate from on-road traffic.
Hörmandinger summarised the EU’s approach of
using air quality legislation in combination with
requirements for control of pollution at source, such
as vehicle emissions legislation and the integrated
pollution prevention and control (IPPC) Directive. He
highlighted the importance of air quality and the existence of emissions hotspots, noting that 25% of the EU
population lives within 250 m of a main road. Actions
to improve air quality and consequently human
health include the introduction of an air quality standard for particulate matter of diameter 2.5 µm and
smaller (PM2.5), the Euro 5 and Euro 6 emissions regulations for light-duty vehicles and the Euro VI emissions regulations for heavy-duty engines. Hörmandinger
commented that the emissions regulations now
include particle number standards as particulate matter weight limits are no longer seen as being sufficient
to force the fitment of closed wall-flow filters.
Vehicle emissions as measured by the new
European drive cycle (NEDC) test suggest that vehicle
nitrogen oxides (NOx) emissions have successfully
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NOx Control
The remainder of the first day’s oral sessions covered
NOx control, starting with a paper from Bernd
Krutzsch (Daimler AG, Germany), who summarised
the options of NOx storage systems and SCR for diesel
engines in addition to discussing some of the

89

mechanisms involved. He saw the future challenges
for NOx control as being low-temperature operation,
catalyst ageing, platinum group metal (pgm) content
and compatibility with hybrids and stop-start
systems.
The subject of mechanisms for NOx control was followed up by Luca Lietti (Politecnico di Milano, Italy),
who considered the detail of NOx reduction by
hydrogen under near-isothermal conditions over PtK/Al2O3 lean NOx traps. It was stated that NOx is
stored as nitrites on this material and that ammonia
formation is lower than with Pt-Ba/Al2O3; there is a
lower-temperature onset for consumption of hydrogen than for barium-based material. The two-step
process for reduction of stored nitrogen species to
molecular nitrogen appears to be similar, however.
Continuing with papers on NOx storage system
mechanisms, Do Heui Kim (Pacific Northwest
National Laboratory, USA) examined the promotional
effects of CO2 on desulfation of Pt-BaO/Al2O3 lean
NOx traps, concluding that CO2 plays an important
role in promoting sulfur removal by suppressing the
formation of barium sulfide crystals. Robert Büchel
(ETH Zurich, Switzerland) considered the effect on
NOx storage-reduction performance of the proximity
of platinum to the cerium or barium in the CeO2 or
BaCO3 support, concluding that Pt should be close to
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been reduced from Euro 1 to Euro 4 levels but,
Hörmandinger said, there is a growing disconnect
between these values and real-life NOx emissions as
measured on the common Artemis drive cycle
(CADC), where Euro 4 vehicles are shown to produce
NOx emissions similar to those of Euro 1 vehicles. He
noted that the European Commission is to review the
carbon dioxide measurement procedure by 2014,
and said that he expects the new test procedure to
better simulate conditions in the real world, an
approach which will also be relevant for pollutant
emissions and for emissions control strategies – especially for control of diesel NOx.
The second keynote speech was from Tim Johnson
(Corning Environmental Technologies, USA), who
addressed the subject of technical achievements and
future challenges in automotive pollution control.
Johnson said that there are forty types of vehicle
available today that will actually clean the ambient
air on Los Angeles highways. Future catalysts will
have to control methane, nitrous oxide and black carbon as greenhouse gas emissions in addition to the
emissions currently treated. Challenges include
developing catalysts to work at lower temperatures,
reducing petrol engine particle numbers and improving the performance of selective catalytic reduction
(SCR) at low temperature and under urban driving
conditions. Hydrocarbon deNOx systems are advancing rapidly but need better desulfation and low-temperature NOx storage. For diesel particulate filters
(DPFs), oxidation at the soot interface is showing
promise for continuous regeneration. Some
advanced petrol engine technologies will need particle number control. In the US, the Tier 2 Bin 5 emission standard requires 60% more NOx control than
Euro 6, and the super ultra low emission vehicle
(SULEV) emission category requires 85% more,
according to Johnson (see Figure 1). Future generations of engines are likely to be capable of meeting
NOx limits without aftertreatment, but SCR will allow
better fuel economy. Johnson concluded by reviewing key aspects of the various emissions treatment
technologies.

70
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85% NOx
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65% NOx
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Fig. 1. The US Tier 2 Bin 5 emission standard
requires 60% more NOx control than Euro 6, and
the super ultra low emission vehicle (SULEV) emission
category requires 85% more (Courtesy of Tim
Johnson, Corning Environmental Technologies, USA)
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Ba sites for the best activity. Anita Kouakou (Renault,
France) reported a study of ammonia formation during the purge of a lean NOx trap, showing that a NOx
trap without rhodium stored NOx more efficiently, but
was limited by the release of nitric oxide during
purge due to insufficient reduction of the stored NOx.
The amount of NH3 formed decreases with purge
duration.
Three papers in this session covered SCR. Bilge
Saruhan (Institute of Materials Research, German
Aerospace Centre, Germany) presented a paper on
the use of LaFeCoO perovskites with palladium either
incorporated in the lattice or deposited after perovskite synthesis for the SCR of NOx with propene. A
paper presented by D. Doronkin (N. D. Zelinsky
Institute of Organic Chemistry, Russia) concentrated
on the nature of the active sites of iron-zeolite SCR
catalysts. The authors reported that the activity of
Fe-Beta catalysts in ammonia deNOx is determined
by isolated tetrahedral Fe3+ species in zeolite cationic
positions, with activity depending on the localisation
of Fe3+ in the zeolite structure. In the final paper, from
Izabela Czekaj and Oliver Kröcher (Paul Scherrer
Institute, Switzerland), theoretical and experimental
work was combined to develop an optimised urea
hydrolysis catalyst. The most active catalysts were
found to be TiO2 and ZrO2. The paper concluded that
virtual catalyst screening might be feasible for isocyanic acid (HNCO) catalysts.
The session concluded with a discussion on the
first thirty-nine posters. It was commented that silver
appears to have an advantage as a catalyst for SCR in
that N2O is not produced, although one poster
showed N2O formation over silver-based catalytic
material when using dimethyl ether or methanol as
the fuel. Only one poster mentioned the use of gold
in NOx traps, with work suggesting that it may offer
some benefits at low temperature and that it can now
be thermally stabilised up to 700ºC. A further poster
suggested that Fe disperses nitrates in an Fe-promoted
NOx trap.
Mechanisms, Kinetics and Modelling of
Catalysts and Sorption Technologies
The focus on NOx storage systems continued with a
paper from Henrik Grönbeck (Chalmers University of
Technology, Sweden) on NOx adsorption by Al2O3
and Ag/Al2O3, but much of this session concerned
other catalytic systems. Steffen Tischer (University of
Karlsruhe, Germany) presented a detailed reaction
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mechanism for Pt, Pd and Rh surfaces in three-way
catalysts, based on the mechanism proposed by
Chatterjee et al. for Pt/Rh (2), while William S. Epling
(University of Waterloo, Canada) evaluated the spatial
resolution of reactant species consumption in diesel
oxidation catalysts (DOCs). In this work, low-temperature inhibition of NO oxidation was observed, with
NO oxidation starting once the carbon monoxide is
used up and the hydrocarbon concentration drops.
NO oxidation activity increased with distance into the
catalytic converter. Another paper, presented by
Enrico Tronconi (Politecnico di Milano, Italy), concerned the reactivity, mechanism and kinetic modelling of crushed commercial iron- and copper-promoted zeolite SCR catalysts in a microreactor. This
showed that copper zeolites gave a higher activity for
both standard SCR and ammonia oxidation at high
temperature, although this was accompanied by a
small yet significant N2O formation. It was concluded
that the stability of surface nitrates and nitrites is key
to both activity and selectivity.
DPF performance was evaluated in a presentation
from Johannes Leixnering (ICE Strömungsforschung
GmbH, Austria). Simulations were used to assess
wall flow, foam and anisotropic filters. Modelling was
also the topic of a paper presented by Martin
Votsmeier (Umicore, Germany), in collaboration with
researchers at Technische Universität Darmstadt,
Germany, on the oxidation of NO on platinum.
Votsmeier commented that the adsorption of NO on
surfaces is neglected by most models – activating this
improves kinetic models (see Figure 2). A further simulation paper, from Ai Suzuki and coworkers (Tohoku
University, Japan), covered sintering dynamics, showing that simulated thermal sintering of Pt is consistent
with experimental results.
Discussion of the twenty-six posters relevant to this
session, many of which concerned modelling, led to
questions on whether it would be possible for catalytic system suppliers to design formulations using modelling alone. The role of modelling as a tool for original equipment manufacturers was also discussed. It
was concluded that the amount of material data
required would be too great, but modelling can be
used for optimisation and calibration. The issue of
N2O, discussed in the previous poster session, was
again picked up in a poster from Georgios Pekridis
(University of Western Macedonia, Greece) and
coworkers, which suggested that copper zeolites produce a little more N2O than other types of zeolite.
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Fig. 2. Representation of the initial, transition and
final states for N2, NO and N2O formation during the
oxidation of ammonia on platinum(100), used in
building a kinetic model of NO oxidation (Image
reproduced with permission from (3). Copyright
2008 American Chemical Society)
Fuel Alternatives, Ageing and Poisoning
A discussion of methane and natural gas combustion
in the poster session was followed by a paper from
Per-Anders Carlsson (Chalmers University of
Technology) and coworkers on methane oxidation
over supported platinum under alternating rich and
lean conditions, which suggested that surface coverage of platinum explains product composition and
that oxygen ‘reservoirs’ impact surface coverage.
Patrick Da Costa (Université Pierre et Marie Curie,
France) examined the enhanced performance at
high temperature of a three-way compressed natural
gas (CNG) catalyst containing palladium, due to the
presence of water leading to in situ production of
hydrogen.
The statement that a valid method for suppressing
noble metal sintering has not yet been established
started the presentation by Hirohumi Shinjoh (Toyota
Central R&D Labs, Inc, Japan). Platinum on a Cebased oxide was shown not to sinter after ageing,
leading to the conclusion that Pt–O–Ce bonds act as
an ‘anchor’. To achieve a good balance between this
behaviour and catalytic activity, Ce can be used with
an additive.
In the discussion of the posters for this session,
following a suggestion that the tolerance of silver to
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high temperatures and impurities such as sulfur
found in exhaust gases could be improved by the
addition of nickel or cobalt, it was noted that neither
of these would be permissible in automotive catalyst
formulations. Methane combustion was also discussed, including the potential for oxidation of
methane at temperatures below 350ºC.
Particulate Control and Innovative
Technologies
Luca Lietti (Politecnico di Milano) presented the
results of work on the simultaneous removal of NOx
and soot over model Pt-Ba/Al2O3 and Pt-K/Al2O3
materials using Evonik’s Printex® U synthetic soot.
With Pt-Ba/Al2O3 after four hours under isothermal
conditions there was less than 10% oxidation of the
soot in oxygen, but soot oxidation started on the
introduction of NO. Lean-rich cycles provided evidence that soot is oxidised while NOx is being stored,
leading to the conclusion that the presence of soot
decreased the stability of surface nitrates. For PtK/Al2O3, significantly higher reactivity for soot oxidation was observed, with significant soot combustion
observed in the lean phase. It was concluded that at
350ºC, soot oxidation occurs mainly in the presence
of NO.
Henrik Ström (Chalmers University of Technology)
showed a simulation of particulate matter trapping
for various filter types, including metallic substrates
with protrusions, ceramic monoliths with rotated sections, and partial metallic filters with protrusions and
porous walls. Drag force and Brownian motion were
shown to be the dominant mechanisms, and result in
different-sized particles being collected on different
regions of the substrate. Michiel Makkee (Delft
University of Technology, The Netherlands) asked
whether new fuel regulations will impact DPF regeneration. To investigate this, a fifteen-year-old two-cylinder direct injection engine was used as a soot generator with various fuels. Sulfur and fatty acid methyl
ester (FAME) blends each had little effect, but
changes in diaromatics led to a difference of over
100ºC in the soot oxidation temperature.
Jens Bernnat (Universität Stuttgart, Germany) presented a proposal for an off-gas heat exchanger and
catalytic burner with integrated pgm-containing DOC,
NOx storage-reduction catalyst and particulate filter.
It is planned to install the system on a CNG engine.
Ralf Moos (Bayreuth Engineering Research Centre,
Germany) presented a proposal to directly monitor
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the electrical properties of catalytic pgm coatings.
Two alternatives were discussed: a contact mode
impedance measurement and a contactless method
using microwaves or radio frequencies. Charles-Henri
Nicolas (Institut de Recherches sur la Catalyse et
l’Environnement de Lyon (IRCELYON), France) presented a membrane-based process for capturing CO2
from vehicles which was developed by IRCELYON,
the Fraunhofer Institute for Interfacial Engineering
and Biotechnology (IGB), Germany, and the Institut
National de Recherche sur les Transports et leur
Sécurité (INRETS), France. Hollow tube zeolites
embedded in a support were used to capture the CO2.
The final batch of posters,discussed during this session, included differing views on the stability of potassium titanates presented by Qiang Wang (School of
Environmental Science and Engineering, POSTECH,
Korea) and coworkers, and by Franz Edwin LópezSuárez (University of Alicante, Spain) and coworkers.
A poster from Henrik Christensen and colleagues
(Dinex A/S, Denmark) evaluated base metal oxides
for actively regenerating DPFs, and one from José
Carlos Caroca and coworkers (Politecnico di Torino,
Italy) led to a discussion on possible concerns
resulting from the use of DPF coatings incorporating
copper.
Concluding Remarks
The Congress closed with the Executive Chairman of
the conference organising committee, Professor
Norbert Kruse (ULB), noting that the conference had
attracted a significant number of representatives from
the EU, Japan and Korea and that, although industrial
participation was down this year, there was still a
good balance between industry and academia. This
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conference demonstrated that there is still work going
on to improve pgm-containing catalysts and to model
their performance, but overall the focus of emissions
control work appears to have moved towards the
improvement of NOx control systems.
A special issue of Topics in Catalysis includes a
selection of 78 of the original 150 papers and posters
from the event (4). The next conference in the series,
CAPoC9, will take place in 2012.
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The crystallographic properties of iridium at temperatures from absolute zero to the melting point are
assessed following a review of the literature published
during the period 1907 to date. However, the theoretical values above 2000 K are considered to be tentative
because of the poor quality of the experimental thermal expansion data in this region. Selected values of
the thermal expansion coefficient and measurements
of length change due to thermal expansion have been
used to calculate the variation with temperature of the
lattice parameter, interatomic distance, atomic and
molar volumes, and density. This data is presented in
the Tables. Comparison of the data available in the literature with the selected values presented in this paper
is shown in the Figures. The density of iridium at
293.15 K (20ºC) is 22,562 kg m–3.

This is the fourth in a series of papers in this Journal
on the crystallographic properties of the platinum
group metals (pgms), following two papers on platinum (1, 2) and one on rhodium (3). Like these two
metals, iridium exists in a face centred cubic structure (Pearson symbol cF4) up to the melting point,
which is a secondary fixed point on the International
Temperature Scale of 1990, ITS-90, at 2719 ± 6 K (4).
In the low-temperature region, high-precision
experimental thermal expansion data for iridium are
only available up to 85 K and at 283 K (5, 6), and estimated values in the region 85 K to 283 K are calculated from a relationship between thermal expansion
and specific heat as explained in the previous review
on platinum (1). The adoption of this procedure for
iridium is justified on the grounds that the equation
tends to give derived length change values in close
agreement with those obtained from experimental
lattice parameter measurements (7).
In the high-temperature region, there are major discrepancies between the different sets of thermal
expansion measurements, and even the selected values of the thermal expansion coefficient for the present paper are based on an equation which shows
abnormal behaviour (8). These problems were overcome using a method described in Appendix A.
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Because of the quality differences between the
high- and low-temperature data they are considered
separately, with the low-temperature data used to
obtain the selected values at the pivotal temperature
of 293.15 K.
Thermal Expansion
Low-Temperature Region
In this region the thermodynamic thermal expansion
coefficient, α, for iridium is based on the measurements of White and Pawlowicz (5) at 3 K to 85 K and
also at 283 K, except that the value at 283 K was
amended by White (6) to (6.45 ± 0.05) × 10–6 K–1.The
thermal expansion coefficient can be calculated
from Equations (i) and (ii). The specific heat (CP)
measurements for Equation (ii) are those selected by
Furukawa et al. (9), which were incorporated into a
review of the thermodynamic properties of iridium
by the present author (10). Equation (i) is accurate to

±4 × 10–10 K–1 and Equation (ii) to ±6 × 10–9 K–1 relative to the experimental data below 85 K, but the
accuracy decreases to ±5 × 10–8 K–1 relative to the
experimental data at 283 K. Because the use of this
equation requires knowledge of the specific heat
values it can also be represented by a series of splinefitted polynomials, Equations (iii) to (ix), the results
of which agree with the values obtained from
Equation (ii) to within ±2 × 10–9 K–1.The equations are
given in the box below, with derived values of lowtemperature crystallographic properties up to
293.15 K given in Table I.
On the basis of the expression:
100 × (δL/L293.15 K (experimental) – δL/L293.15 K (calculated))
where δL/L293.15 K (experimental) is the experimental
length change relative to the length at 293.15 K and
δL/L293.15 K (calculated) is the relative length change calculated from the selected values for α, the length

Low-Temperature Thermal Expansion Equations for Iridium
0–21 K: α = 8.65118 × 10–10 T + 5.00520 × 10–12 T 3 + 4.80639 × 10–15 T 5 + 1.37616 × 10–17 T 7 K–1

(i)

21–283 K: α = CP (2.68909 × 10–7 – 2.49303 × 10–11 T – 9.14579 × 10–7/T) K–1

(ii)

Low-Temperature Thermal Expansion Equations (Spline-Fitted Equations above 21 K)
21–34 K: α = –8.52113 × 10–7 + 1.65980 × 10–7 T – 1.17940 × 10–8 T 2 + 3.65130 × 10–10 T 3
– 3.63215 × 10–12 T 4 K–1

(iii)

34–76 K: α = 2.44806 × 10–6 – 2.49614 × 10–7 T + 8.68208 × 10–9 T 2 – 9.82859 × 10–11 T 3
+ 3.89835 × 10–13 T 4 K–1

(iv)

76–119 K: α = –7.13203 × 10–6 + 3.02439 × 10–7 T – 3.38171 × 10–9 T 2 + 1.99521 × 10–11 T 3
– 4.78135 × 10–14 T 4 K–1

(v)

119–154 K: α = 9.96435 × 10–6 – 2.67317 × 10–7 T + 3.85366 × 10–9 T 2 – 2.15809 × 10–11 T 3
+ 4.31205 × 10–14T 4 K–1

(vi)

154–199 K: α = –1.51295 × 10–5 + 4.26825 × 10–7 T – 3.42789 × 10–9 T 2 + 1.27029 × 10–11 T 3
– 1.79176 × 10–14 T 4 K–1

(vii)

199–260 K: α = 1.51734 × 10–5 – 2.02088 × 10–7 T + 1.52200 × 10–9 T 2 – 4.79684 × 10–12 T 3
+ 5.51001 × 10–15 T 4 K–1

(viii)

260–293 K: α = –5.38056 × 10–5 + 8.46581 × 10–7 T – 4.49981 × 10–9 T 2 + 1.06932 × 10–11 T 3
– 9.55760 × 10–15 T 4 K–1

(ix)
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Table I
Low-TTemperature Crystallographic Properties of Iridium
Length
change,
δa/a293.15 K
× 100, %

Lattice
parameter,
a, nm

Interatomic
distance,
d, nm

Atomic
volume,
10–3 nm3

Molar
volume,
10–6 m3
mol–1

Density,
kg m–3

0

–0.1326

0.38341

0.27111

14.091

8.486

22,652

10

0.014

–0.1326

0.38341

0.27111

14.091

8.486

22,652

20

0.090

–0.1326

0.38341

0.27111

14.091

8.486

22,652

30

0.43

–0.1323

0.38341

0.27111

14.091

8.486

22,652

40

1.06

–0.1316

0.38341

0.27112

14.091

8.486

22,651

50

1.82

–0.1302

0.38342

0.27112

14.092

8.486

22,650

60

2.55

–0.1280

0.38343

0.27112

14.093

8.487

22,649

70

3.17

–0.1251

0.38344

0.27113

14.094

8.488

22,647

80

3.68

–0.1217

0.38345

0.27114

14.095

8.488

22,645

90

4.10

–0.1178

0.38347

0.27115

14.097

8.489

22,642

100

4.47

–0.1135

0.38348

0.27116

14.099

8.490

22,639

110

4.77

–0.1089

0.38350

0.27118

14.101

8.492

22,636

120

5.03

–0.1040

0.38352

0.27119

14.103

8.493

22,633

130

5.24

–0.0989

0.38354

0.27120

14.105

8.494

22,629

140

5.42

–0.0935

0.38356

0.27122

14.107

8.496

22,626

150

5.57

–0.0881

0.38358

0.27123

14.110

8.497

22,622

160

5.70

–0.0824

0.38360

0.27125

14.112

8.498

22,618

170

5.81

–0.0767

0.38363

0.27126

14.114

8.500

22,614

180

5.91

–0.0708

0.38365

0.27128

14.117

8.501

22,610

190

6.00

–0.0649

0.38367

0.27130

14.119

8.503

22,606

200

6.08

–0.0588

0.38369

0.27131

14.122

8.504

22,602

210

6.15

–0.0527

0.38372

0.27133

14.125

8.506

22,598

220

6.21

–0.0465

0.38374

0.27135

14.127

8.508

22,594

230

6.26

–0.0403

0.38377

0.27136

14.130

8.509

22,589

240

6.31

–0.0340

0.38379

0.27138

14.133

8.511

22,585

250

6.35

–0.0277

0.38381

0.27140

14.135

8.512

22,581

260

6.39

–0.0213

0.38384

0.27141

14.138

8.514

22,577

270

6.42

–0.0149

0.38386

0.27143

14.141

8.516

22,572

280

6.44

–0.0085

0.38389

0.27145

14.143

8.517

22,568

290

6.47

–0.0020

0.38391

0.27147

14.146

8.519

22,563

293.15

6.47

0.38392

0.27147

14.147

8.519

22,562

Temperature, Thermal
K
expansion
coefficient,
α, 10–6 K–1
0

95

0
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change measurements derived from a smooth curve
fitted to the lattice parameter measurements of
Schaake (7) (from 4 K to 298 K) show an excellent
agreement with the selected values as presented in
Table I. By comparison, length change measurements
derived from the lattice parameter measurements of
Schröder et al. (11) (from 92 K to 1918 K) deviate
continuously from the selected values in this region,
the length change difference reaching –0.027 at the
lowest temperature of measurement (92 K). The percentage thermal expansion measurements of
Valentiner and Wallot (12) (from 98 K to 283 K) scatter around the selected values, from +4.2% to –4.8%
(Figure 1).
High-Temperature Region
In the high-temperature region, dilatometric measurements of thermal expansion for bulk iridium have
been determined by Holborn and Valentiner (13)
(from 1335 K to 2004 K),Krikorian (14) (from 298 K to
2273 K) and Halvorson and Wimber (15) (from
1164 K to 2494 K).Lattice parameter measurements in
this region were reported by Singh (16) (from 303 K
to 1138 K) and Schröder et al. (11) (from 92 K to
1918 K). Since the metal used by Halvorson and
Wimber was only ~99.5% pure, and may have contained ~0.5% tungsten, Wimber (8) gave revised
results in the form of an equation which also incorporated the measurements of Singh. However, this equation showed a maximum in the derived thermal
expansion coefficient, α, at 2399 K with a steady
decrease above this temperature. This was caused by
the derivative of the thermal expansion coefficient,
5
4

dα/dT, showing a maximum at 1351 K.This is considered to be unnatural behaviour since increased thermal vibration and the onset of thermal vacancy
effects in this region should all lead to a positive
increase in thermal expansion, especially for dilatometric measurements. The results of Wimber agree
closely with those of Singh but not with those of
Schröder et al. Since the latter also show poor agreement with the selected values at low temperature, the
values of Wimber are preferred despite the contamination of the sample used.
In order to overcome the unnatural behaviour of
the equation given by Wimber the procedure given in
Appendix A was adopted. This allowed equations for
length change and thermal expansion over the range
from 293.15 K to the melting point to be developed
(Equations (x) to (xiii)).The derived values are given
in Table II. However, these equations are based on the
assumption that dα/dT does remain constant above
1351 K and that increased thermal vibration effects
do not cause an increase in this value. Comparison
between the calculated values selected here and
experimental values from the literature up to about
2000 K would suggest that this is a reasonable
assumption, but above 2000 K this assumption
becomes more speculative and it is for this reason
that calculated values above this temperature are
considered to be tentative.However,because dα/dT is
assumed to be constant this can be considered to
represent the “crystallographic” thermal expansion as
given in Table II. Thermal vacancy effects would
become evident in dilatometric measurements and
would cause dα/dT to increase notably above about
Fig. 1. The percentage
differences between the
experimentally determined
thermal expansion coefficients of Valentiner and
Wallot (12) and the values
calculated from the present
evaluation

Thermal expansion coefficient:
100 × (α(experimental) – α (calculated))/α (calculated)

3

275

255

235

215

195

175

155

–1

135

0

115

1
95

Deviation, %

2

–2
–3
–4
–5

96

Temperature, K
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0.7 of the melting point, which in the case of iridium
would be above 1900 K. The generation of thermal
vacancy corrections are considered in Appendix B,
but the calculated values must be considered to be
highly speculative. However, they have been estimated using Equations (xiv) and (xv), and are given in
Table III in order to compare with the crystallographic values above 1900 K shown in Table II.
On the basis of the expression:
100 × (δL/L293.15 K (experimental) – δL/L293.15 K (calculated))
which is plotted against temperature in Figure 2, the
abnormal behaviour of the equation given by Wimber
(8) begins to become evident above about 1900 K,
with the deviation from the selected dilatometric values in Table III reaching –0.070 at 2500 K. By comparison, the original values of Halvorson and Wimber
(15) are nearly all lower than the selected values,with
a trend which reaches a maximum deviation of
–0.071 from a smoothed fit.The dilatometric measurements of Holborn and Valentiner (13) from a
smoothed fit show a curved deviation, from +0.027 at
1419 K falling to –0.050 at 2004 K, and can be considered to be in poor agreement with the selected values.The four values of Krikorian (14) also show sinusoidal deviation, being up to +0.032 at 1273 K before
plunging to –0.095 at 2273 K.

•Platinum Metals Rev., 2010, 54, (2)•

Length change measurements derived from the lattice parameter measurements of Singh (16) are in
excellent agreement with the selected values but the
measurements of Schröder et al. (11) show relatively
poor agreement, deviating up to +0.046 at 1000 K to
1100 K before falling to –0.056 at 1918 K (Figure 2).
This represents a direct comparison between these
measurements and the combined measurements of
Singh and Wimber incidental to the fitted curve.
Note that the length change differences in the text
and in Figure 2 are given directly as:
100 × (δL/L293.15 K (experimental) – δL/L293.15 K (calculated))
rather than as percentage values because of the
potentially ambiguous representation of length differences either as incremental values (δL/L293.15 K) or
as total length values (L = (1 + δL/L293.15 K), which
would lead to large differences in derived percentage values unless the definition is specifically stated.
This is not required with the method used which is
also conceptually more satisfactory.
The Lattice Parameter at 293.15 K
The values of the lattice parameter,a,given in Table IV
represent a combination of those values selected by
Donohue (17) and more recent measurements.
Values originally given in kX units were converted to

High-Temperature “Crystallographic” Equations for Iridium (293.15 K to 800 K)
δa/a293.15 K = 5.13336 × 10–6 T + 4.709895 × 10–9 T 2 – 8.04620 × 10–12 T 3 + 7.338225 × 10–15 T 4
– 2.35176 × 10–18 T 5 – 1.75600 × 10–3
α∗ = 5.13336 × 10–6 + 9.41979 × 10–9 T – 2.41386 × 10–11 T 2 + 2.93529 × 10–14 T 3
– 1.17588 × 10–17 T 4 K–1

(x)

(xi)

High-Temperature “Crystallographic” Equations (800 K to 2719 K)
δa/a293.15 K = 6.59054 × 10–6 T – 1.075625 × 10–9 T 2 + 1.78108 × 10–12 T 3 – 4.665925 × 10–16 T 4
+ 4.84024 × 10–20 T 5 – 1.84421 × 10–3
α∗ = 6.59054 × 10–6 – 2.15125 × 10–9 T + 5.34325 × 10–12 T 2 – 1.86637 × 10–15 T 3
+ 2.42012 × 10–19 T 4 K–1

(xii)

(xiii)

Estimated High-Temperature “Dilatometric” Equations (1900 K to 2719 K)

97

δL/L293.15 K = δa/a293.15 K + (1/3)e(6.5689 – 36643/T)

(xiv)

α*dilatometric = α*lattice + (12214/T 2)e(6.5689 – 36643/T)

(xv)
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nanometres using the 2006 International Council for
Science: Committee on Data for Science and
Technology (CODATA) Fundamental Constants

(18, 19) conversion factor for CuKα1, which is
0.100207699 ± 0.000000028, while values given in
ångströms (Å) were converted using the default ratio

Table II
High-TTemperature Crystallographic Properties of Iridium
Temperature, Thermal
K
expansion
coefficient,
α, 10–6 K–1

Length
change,
δa/a293.15 K
× 100, %

Lattice
parameter,
a, nm

Interatomic
distance,
d, nm

Atomic
volume,
10–3 nm3

Molar
volume,
10–6 m3
mol–1

Density,
kg m–3

293.15

6.47

0

0.38392

0.27147

14.147

8.519

22,562

300

6.48

0.0044

0.38394

0.27148

14.149

8.521

22,559

400

6.61

0.0700

0.38419

0.27166

14.177

8.537

22,515

500

6.73

0.137

0.38445

0.27184

14.205

8.554

22,470

600

6.90

0.205

0.38471

0.27203

14.234

8.572

22,424

700

7.12

0.275

0.38498

0.27222

14.264

8.590

22,377

800

7.41

0.348

0.38526

0.27242

14.295

8.609

22,328

900

7.75

0.424

0.38555

0.27262

14.328

8.628

22,278

1000

8.12

0.503

0.38585

0.27284

14.362

8.649

22,225

1100

8.51

0.587

0.38617

0.27307

14.397

8.670

22,169

1200

8.92

0.675

0.38651

0.27330

14.435

8.693

22,112

1300

9.34

0.767

0.38686

0.27355

14.475

8.717

22,051

1400

9.78

0.863

0.38723

0.27382

14.516

8.742

21,988

1500

10.21

0.964

0.38762

0.27409

14.560

8.768

21,922

1600

10.65

1.069

0.38802

0.27438

14.606

8.796

21,854

1700

11.10

1.179

0.38845

0.27467

14.653

8.824

21,782

1800

11.54

1.294

0.38889

0.27498

14.703

8.854

21,709

1900

11.98

1.413

0.38934

0.27531

14.755

8.886

21,632

2000

12.41

1.537

0.38982

0.27564

14.809

8.918

21,553

12.85

1.665

0.39031

0.27599

14.865

8.952

21,472

2200

13.28

1.798

0.39082

0.27635

14.924

8.987

21,388

2300

13.71

1.935

0.39135

0.27673

14.984

9.024

21,301

2400

14.14

2.077

0.39190

0.27711

15.047

9.062

21,212

2500

14.58

2.224

0.39265

0.27751

15.112

9.101

21,121

2600

15.02

2.375

0.39304

0.27792

15.179

9.141

21,028

2700

15.47

2.531

0.39364

0.27834

15.249

9.183

20,932

2719

15.56

2.562

0.39375

0.27843

15.262

9.191

20,913

2100

a

a

The values above 2000 K are considered to be tentative and are given in italics
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Table III
High-TTemperature Bulk Properties of Iridiuma
Temperature, Thermal
K
expansion
coefficient,
α, 10–6 K–1

Length
change,
δa/a293.15 K
× 100, %

Molar
volume,
10–6 m3
mol–1

Density,
kg m–3

1900b

11.98

1.413

8.886

21,623

2000

12.44

1.537

8.918

21,553

2100

12.90

1.666

8.952

21,471

2200

13.38

1.799

8.988

21,387

2300

13.90

1.938

9.024

21,299

2400

14.49

2.083

9.063

21,209

2500

15.16

2.234

9.103

21,115

2600

15.97

2.393

9.146

21,017

2700

16.95

2.562

9.191

20,913

2719

17.16

2.595

9.200

20,893

a

All values are estimated

b

This table is considered to be identical to Table II below 1900 K

0.100207699/1.00202. Lattice parameter values were
corrected to a 293.15 K base using the values of the
thermal expansion coefficient selected in the present
review. Density values in Table I were calculated
using the currently accepted atomic weight of
192.217 ± 0.003 (20) and an Avogadro constant of
(6.02214179 ± 0.00000030) × 1023 mol–1 (18, 19). From
the lattice parameter value at 293.15 K, selected in
Table IV as 0.38392 ± 0.00006 nm,the derived selected
density is 22,562 ± 11 kg m–3 and the molar volume is
(8.5195 ± 0.0042) × 10–6 m3 mol–1. In Tables I and II, the
interatomic distance, d, is equal to a/√2 and the atomic volume to a3/4. The molar volume is calculated as
the atomic weight divided by the density.
Notes on the Density of Iridium
In the literature the density of iridium is often quoted
as 22,650 kg m–3 at room temperature.This value was
originally derived from the 1933 measurements of
Owen and Yates (21). They actually obtained
3.8312 kX at 291 K for the lattice parameter,which was
combined with the then-accepted atomic weight of
193.1 in order to obtain this density value, which was
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quoted as being at 293 K. In 1953, the atomic weight
was adjusted to 192.2 (22), which is close to the modern value (20). Swanson et al. in 1955 (23) published
a density value of 22,661 kg m–3 which was still based
on the old atomic weight of 193.1. Reviews by
Crabtree (24) and the present author (25, 26) have
since established the density of iridium at room temperature as 22,562 kg m–3.Updated atomic weights for
the other elements have now similarly been used to
produce an up to date table of lattice parameters,
densities and molar volumes of the other elements,
and this is available on request from the author via
the above E-mail address.
Summary
The thermal expansion data available in the literature
for iridium up to about 1350 K is acceptable, but
above this temperature the data becomes increasingly tentative.The data is definitely unsatisfactory above
2000 K, and new measurements such as dilatometric
or lattice parameter measurements will be required
in the high temperature region in order to replace the
current speculations.
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Fig. 2. The difference between the length change calculated from the selected values
for the thermal expansion coefficient and the experimental length change, obtained
from the measurements of Holborn and Valentiner (13), Krikorian (14), Halvorsen and
Wimber (15), Schröder et al. (11), and Wimber (8), in the high-temperature region

Table IV
Lattice Parameter Values at 293.15 K
Authors (Year)

Reference

Original
temperature,
K

Original
units

Lattice parameter,
a, corrected to
293.15 K, nm

Owen and Yates (1933)

(21)

291

kX

0.38392

Swanson et al. (1955)

(23)

299

Å

0.38395

Schaake (1968)

(7)

298

Å

0.38397

Singh (1968)

(16)

303

Å

0.38390

Schröder et al. (1972)

(11)

297

Å

0.38386

Selected value for the present paper

0.38392 ± 0.00006
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Appendix A
High-Temperature Thermal Expansion
The equation given by Wimber (8) reaches a maximum in the derived quantity dα/dT at 1351 K. However,
in practice dα/dT will either increase or remain constant above this temperature. Since the actual increase
cannot be predicted, it is assumed to remain constant at the value of 4.36 × 10–9 K–2.The thermodynamic
thermal expansion coefficient above this temperature is therefore given by Equation (xvi):
α = 3.68327 × 10–6 + 4.36 × 10–9 T K–1

(xvi)

and the relative length change can be calculated from Equations (xvii) and (xviii):
ln(LT) = 2.18 × 10–9 T 2 + 3.68327 × 10–6 T – 8.35310 × 10–4

(xvii)

LT = 1 + δL/L293.15 K

(xviii)

where LT is the length at the specified temperature, T.
Equations (xvi) and (xvii) were combined to derive Equation (xix) for the thermal expansion coefficient relative to 293.15 K, α*:
α* = α × LT

(xix)

Values of α* were then calculated at 50 K intervals from 1400 K to 2700 K.
The equation originally given by Wimber (8), after correction to a 293.15 K base, was differentiated at
50 K intervals from 500 K to 1350 K to also obtain values of α* and the two sets of data were then combined. It was found, however, that a single polynomial equation was inadequate to represent a smooth thermal expansion continuity from the low-temperature data and instead two equations were required:
Equation (xi) from 293.15 K to 800 K, and Equation (xiii) from 800 K to the melting point.These equations
were then integrated in order to obtain Equations (x) and (xii) for length change.
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Appendix B
Thermal Vacancy Effects
The difference between bulk dilatometric length change measurements and crystallographic lattice
parameter measurements due to the onset of thermal vacancy effects can be represented by the relationship in Equation (xx):
3(δL/L293.15 K – δa/a293.15 K) = cV = e(SVf/kB – HVf/kBT )

(xx)

where:
δL/L293.15 K is the dilatometric length change relative to the value at 293.15 K
δa/a293.15 K is the lattice parameter difference relative to the value at 293.15 K
cV is the vacancy concentration parameter
SVf is the entropy of vacancy formation
HVf is the enthalpy of vacancy formation
kB is the Boltzmann Constant, with a value of (8.617343 ± 0.000015) × 10–5 eV K–1 (18, 19).
A melting point value for cV of (7 ± 2) × 10–4 is representative of copper, silver, gold and aluminium as
well as platinum (1). However, for the more refractory metals a conservative value of (10 ± 5) × 10–4 is considered to be more representative and when this value is used for iridium,together with a “negligible”value
at 1900 K (i.e. at about 0.7 of the melting point which appears to be typical), it gives Equation (xxi):
cV = e(6.5689 – 36643/T)

(xxi)

The derived values for HVf and SVf,of 3.2 ± 0.3 eV and (6.6 ± 1.8)kB,respectively,are considered to be highly speculative and are totally dependent on the adopted value of cV. However, Equation (xxi) can be
expanded to give Equations (xiv) and (xv) which were used to generate the data given in Table III in order
to compare experimental dilatometric measurements above 1900 K with the estimated values.
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The biennial European Federation of Catalysis
Societies (EFCATS) conference entitled ‘Catalysis for
a Sustainable World’ took place from 30th August to
4th September 2009, in the Convention Center of
Castilla and León, in the town of Salamanca, Spain,
and was jointly organised by the Spanish Society of
Catalysis and the Catalysis Division of the Portuguese
Chemical Society. Around 1200 scientists, chemists
and chemical engineers discussed the latest results
and advances aimed at improving the sustainability
of catalytic processes, including the development of
more selective catalysts and the minimisation of
byproducts; the elimination of pollutants and/or
undesired products; the exploration of new energy
vectors and the rational use of energy; and the
design, characterisation and recovery of catalysts.
Attendees from academia and the petroleum, chemical, energy and environmental industries came from
fifty countries around the world (85% from European
countries and 15% from non-European countries,
mainly the USA, Japan and South America). An exhibition showing the products of about twenty companies from catalyst suppliers to instrument manufacturers was located in the same area.
Prominent scientists gave six plenary lectures,
twenty-seven keynote lectures and 190 other oral presentations were presented in four parallel sessions.
Paralleling the lectures, about 1050 posters were displayed in the lower floor of the Convention Center.
Contributions were distributed into fourteen topic
areas,with platinum group metals (pgms) featuring in
most of these sessions as they retain their pivotal roles
in subjects related to sustainable chemistry, most
notably in automotive emissions control, hydrogen
production, fuel cell catalysis and selective oxidation.
Only the presentations relevant to the pgms will be
discussed in this review. The EuropaCat 2009 website
(1) presents the abstracts of the lectures, oral and
poster presentations and other details. In the following, the number under which each lecture appears in
the programme is shown in square brackets.
The Michel Boudart Award
The Michel Boudart Award for the Advancement of
Catalysis is sponsored by the Haldor Topsøe company,
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and is administered jointly by the North American
Catalysis Society (NACS) and EFCATS.The recipient is
requested to give plenary lectures at the biennial
EuropaCat conference series. The award recognises
and encourages individual contributions to the
understanding of the mechanisms and active sites
involved in catalytic phenomena and to the development of new methods or concepts that advance the
understanding or practice of heterogeneous catalysis.
Professor Avelino Corma (Instituto de Tecnología
Química,Valencia, Spain) received this year’s Michel
Boudart Award. His plenary lecture [PL-3] covered
new mono- and multi-functional catalysts for reactions including oxidation and hydrogenation, leading
to new catalytic routes which are more environmentally sustainable. For example, gold nanoparticles supported on titania or ferric oxide catalyse the chemoselective hydrogenation of functionalised nitroarenes
with H2 under mild conditions (120ºC, 10–20 atm),
avoiding the accumulation of hydroxylamines and
their potential exothermic decomposition (2). Corma
also showed that Au nanoparticles supported on TiO2
and nanoparticulate ceria catalyse the aerobic oxidation of aromatic anilines to aromatic azo compounds
with yields above 98% under mild conditions. Au on
TiO2 can also act as a reductive catalyst to access the
compound directly from nitroaromatics through a
two-step, one-pot reaction (3).
Catalysis by Design
Fundamentals
How and why size matters in catalysis was the subject
of the plenary lecture by Professor Enrique Iglesia
(University of California, Berkeley, USA) [PL-1]. The
size and shape of metal clusters determine the degree
of coordinative unsaturation of atoms at reactive surfaces. The presence of atoms with low coordination,
prevalent on small clusters, lead to stable transition
states and surfaces that are more reactive towards the
cleavage of chemical bonds during activation of alkanes. Such atoms can also stabilise reactants, such as
chemisorbed oxygen atoms,and make them less reactive when used to abstract hydrogen atoms in kinetically-relevant carbon–hydrogen bond activation
steps. In this context, Iglesia showed the influence of
reactive oxygen atoms during methane conversion
on pgm clusters.The use of oxygen as the co-reactant
leads to higher rates than with water or carbon dioxide. He provided mechanistic evidence for the reaction of methane with oxygen on platinum, palladium,
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rhodium and ruthenium clusters by combining kinetic and isotopic data with density functional theory
(DFT). Oxygen forms chemisorbed oxygen atom
species as oxygen atom pairs or oxygen atom–vacancy site pairs that activate C–H bonds. Large (8.5 nm)
Pt clusters had an O2 exchange rate constant that is
approximately three times higher than small (1.8 nm)
Pt clusters,a trend reflecting the weakening of oxygen
atom–platinum bond strength and an increase in the
basicity of adsorbed oxygen species with increasing
cluster size. However, on Pd, Rh and Ru the reaction
between CH4 and O2 proceeded almost exclusively
on surfaces saturated with adsorbed oxygen, because
oxygen strongly binds to these metals leading to a
lower concentration of vacancies formed at any given
O2:CH4 ratio relative to those formed on Pt. Oxygen
atom–vacancy site pairs only become available on
Pd, Rh and Ru at a much higher temperature or at
lower O2:CH4 ratios. Results on iridium clusters were
also shown (4).
Selective Chemical Transformations
Other promising catalysts with well-defined active
structures that enable selective chemical transformations were also presented. Marc Armbrüster
(Max-Plank-Institut für Chemische Physik fester
Stoffe, Dresden, Germany) [O1-2] described work
that demonstrated the high selectivity of palladiumgallium intermetallic compounds, synthesised in
nanoparticulate form and supported on alumina, for
the selective hydrogenation of ethyne in an ethenerich feed. The activity of the nanoparticles was
enhanced by a factor of 104 to 105 compared to PdGa intermetallic compounds in ground powder
form and their selectivity was greater than that of the
highly active but unselective commercial Pd/Al2O3
catalyst.
The selectivity of transition metal catalysts and its
optimisation by modifications such as alloying are
not yet well understood.Two examples of such effects
were shown by Philippe Sautet (Ecole Normale
Supérieure de Lyon (ENS), France) [O1-11]. The first
example given was the selective hydrogenation of
unsaturated aldehydes on Pt-based catalysts, in which
the selectivity was shown to be linked with the desorption step of the partially hydrogenated products, a
process which can be tuned by alloying platinum
with tin. The second illustration dealt with the selective hydrogenation of alkynes on Pd catalysts. In situ
X-ray photoelectron spectroscopy (XPS) showed that
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a carbide-like PdC surface phase was formed during
alkyne hydrogenation, but not during alkene hydrogenation, and that this PdC surface phase had a
strong influence on the hydrogenation activity and
selectivity towards the alkene product. Johannes H.
Bitter (Universiteit Utrecht, The Netherlands) and
coworkers [O2-3] showed that close contact between
Pt and Sn is essential for high selectivity in the hydrogenation of cinnamaldehyde to cinnamyl alcohol
over a Sn-promoted Pt catalyst. Close contact could
be achieved by using reductive deposition precipitation for the preparation of the catalysts.
There is growing interest in the synthesis of optically pure chiral substances, especially in the pharmaceutical, agrochemical and perfume industries.
Among many strategies established for this purpose,
enantio-differentiating hydrogenation over a heterogeneous catalyst is one of the most promising methods. Xueying Chen and colleagues (Fudan University,
China) [O10-20] replicated the mesostructures of
hard silica templates (SBA-15 or KIT-6) to obtain
nanostructured Pd catalysts with either a hexagonal
or a gyroidal structure. The resulting nanostructured
Pd catalysts exhibit superior chemoselectivity and
enantioselectivity in liquid-phase acetophenone
hydrogenation with the aid of (S)-proline.
Xiaolei Fan (University of Bath, UK) [O14-1] discussed work in which microspherical carbon-supported Pt and Pd catalysts were used to demonstrate
the feasibility and versatility of a compact flow reactor for different practical applications. The new compact reactor combines the functions of mixing, heat
transfer and reaction and allows the use of heterogeneous catalysts prepared by conventional methods.
The spherical morphology of the catalyst is essential
for application in millimetre-scale reactors. Kinetic
results for Heck C–C coupling and alkene hydrogenation catalysed by Pd/C were presented.
Biofuels and Chemicals
Hydrogenation in the aqueous phase finds extensive
application in biofuel production. Such applications
include production of alkanes from carbohydrates,
ethanol from fermentation products and gasoline
from pyrolysis oils. Hakan Olcay (University of
Massachussetts Amherst, USA) and coworkers [O2-1]
tested several late transition metal catalysts (Ru, Rh,
Pd and Pt on activated carbon, Ir on silica, Raney
nickel and Raney copper) for aqueous-phase hydrogenation of acetic acid to ethanol in a continuous-
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flow packed-bed reactor at 100–260ºC and 750 psi.
The catalytic activity decreased in the order:
Ru > Rh ~ Pt > Pd ~ Ir > Ni ~ Cu.
The ethanol selectivity of Ru was the highest of all the
catalysts, exceeding 80% at temperatures below
175ºC.
In the area of production of chemicals from biomass, Mingyuan Zheng (State Key Laboratory of
Catalysis, Chinese Academy of Sciences, Dalian,
China) [O6-9] presented work which showed the possibility of using supported bimetallic catalysts containing 5 wt% Pt, Pd, Ir, Ru or Ni with 25 wt% tungsten
to produce ethylene glycol from cellulose. Selectivity
to ethylene glycol was above 45% (at 6 MPa H2 and
245ºC) and cellulose conversion was almost 100%.
The results indicate a bifunctional mechanism, in
which W promotes cellulose degradation and the
additional metal promotes hydrogenation of the
unsaturated intermediates.
Emissions Control
Three-Way Catalysts
Virtually all automotive exhaust systems currently
contain pgm-based catalysts. Three-way catalysts
(TWCs) are effective for cleaning automotive exhaust
gases when the air:fuel ratio is close to 14.6 (5).
Materials possessing high oxygen storage capacity
(OSC) are necessary to maintain this ratio in the catalytic converter. Evgenii Kondratenko (Universität
Rostock, Germany) [O5-23] presented a study of the
OSC characteristics of platinum on ceria/zirconia by
using carbon monoxide multi-pulse experiments in
the presence and absence of O2. When gas-phase O2
was not present, the lattice oxygen of CeO2 was
responsible for the oxidation of CO to CO2.To investigate the effect of adsorbed oxygen species, O2 and
CO mixtures were sequentially pulsed, demonstrating
that the rate of CO oxidation is increased in the presence of adsorbed oxygen species. It was concluded
that it is necessary to design catalytic surfaces that
readily provide oxygen species to produce gaseous
CO2 and reduce surface sites.
One of the reasons for deactivation of a TWC is sintering of the precious metal when the catalyst is
exposed to high temperatures (~1100ºC). In his excellent talk, Hirohito Hirata (Advanced Material
Engineering Division,Toyota Motor Co,Japan) [O10-2]
presented an in situ observation of the behaviour of
Pt nanoparticles on CeO2-based supports. Alternating
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oxidising/reducing mixtures (20% O2/He and 3%
H2/He, 60 s each) were fed to the catalyst at temperatures between 400ºC and 800ºC and the particle size
was measured continuously using in situ timeresolved Turbo X-ray absorption (XAS) spectroscopy
and transmission electron microscopy (TEM). It was
observed that the Pt particle size increased and
decreased reversibly as a function of temperature;
this behaviour was attributed to the strong Pt–CeO2
interaction in Pt/CeO2-ZrO2 and Pt/CeO2-ZrO2-Y2O3.
Diesel Oxidation Catalysts
Substitution of fossil fuels by biomass-derived fuels
changes the characteristics of exhaust gas,by increasing the content of oxygenated hydrocarbons. In this
context, Juha Ahola (University of Oulu, Finland)
[O4-9] presented research comparing the performance of diesel oxidation catalysts (DOCs) containing
between 0.3 g l–1 and 4.9 g l–1 of Pt and/or Pd on similar, durable washcoats supported on a metallic substrate with 400 cells per square inch (400 cspi).
Hydrothermally-aged Pt-rich DOCs showed better efficiency for the simultaneous removal of hydrocarbons
and aldehydes from simulated exhausts containing
ethanol, butanol or acetaldehyde, when compared to
Pd catalysts with similar characteristics. Pt-rich catalysts were also more durable in the presence of sulfur
or other poisons when exposed to actual exhausts.
NOx Abatement
Rigorous restrictions concerning automotive exhaust
gas emissions are expected following the introduction of the Euro 5 and Euro 6 regulations. The use of
cleaner fuels such as natural gas can play a part in
attaining these targets.The nitric oxide produced during natural gas combustion can be removed by using
the fuel, i.e. CH4, as reducing agent. This can allow
complete reduction of NO at high temperature.
However, Marc Salaun (Université Pierre et Marie
Curie, France) and coworkers [O5-4] pointed out that
below 300ºC CH4 is not effective and alternative
reducing agents such as H2 and CO should be used.
They studied nitrogen oxides (NOx) abatement at
low temperature in a reaction mixture containing (in
vol%): 0.25 NO, 0.17 CH4, 0.48 O2, 9.25 CO2, 0.47 CO,
0.34 H2 and 18 H2O.A commercial monolithic catalyst
containing (in wt%): 1.4 Pd, 0.05 Rh, 0.09 Pt and 3.07
Ce was used to run experiments at various H2:CO
ratios. It was observed that increasing the H2:CO ratio
increased the NO conversion and when the H2:CO
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ratio was set at 1.5, total reduction of NO at temperatures as low as 160ºC was obtained.
One of the most promising technologies to meet
future emissions targets for NOx emissions is NOx
storage and reduction (NSR). An overview of a kinetic modelling approach to NSR operation was presented by Joerg Libuda (Universität Erlangen-Nürnberg,
Germany) in a collaborative study with Umicore
[O5-1]. A well-defined model catalyst was developed, based on ordered, planar Al2O3 films, on which
barium-containing aggregates and the Pd nanoparticles were codeposited. With the help of techniques
such as scanning tunneling microscopy (STM), high
resolution photoelectron spectroscopy (HR-PES),
time-resolved infrared reflection absorption spectroscopy (TR-IRAS) and multi-molecular beam (MB)
methods, new mechanistic details were determined
for the model system (Figure 1). Frederic Meunier
(Université de Caen, France) and coworkers [O11-10]
also advanced the understanding of the operation of
a commercial NSR material, supplied by Renault, by
using operando IR spectroscopy. They found that the
presence of CO2 and H2O in the feed gas affects the
catalytic behaviour of the NSR material.They suggested that the barium carbonates (BaCO3) formed over
Ba in the presence of gas-phase CO2 could be partially replaced by nitrates during NOx adsorption,
accounting for most of the NSR activity.
In real operation,an NSR catalyst works under alternating lean and rich conditions.The NOx is adsorbed
on a Pt-Ba/Al2O3 catalyst when oxygen is in excess
(during the lean phase). During the rich phase some
reductant is injected, leading to the release and
reduction to nitrogen of the previously stored NOx
species. Atsushi Satsuma (Nagoya University, Japan)
[O5-17] presented a Fourier transform infrared (FTIR)
spectroscopy study on the effect of various reductants and their concentrations on the nitrate reduction rate and N2 selectivity of a Pt/K/Al2O3 catalyst.
The rate of nitrate reduction by the different reductants follows the order:
hydrogen > propene ~ carbon monoxide > n-octane.
N2 selectivity is dependent on the rate of nitrate reduction independently of the nature of the reductant. For
the regeneration step (rich phase), Beñat Pereda-Ayo
(Universidad del País Vasco, Spain) [O5-16] presented
the results of a study on the optimum combinations
of regeneration time and H2 concentration to achieve
efficient operation on a monolithic Pt-BaO/Al2O3
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Hydrogen Production
Hydrogen production is another interesting field of
application of pgms. Steam reforming of methane
(natural gas) is the most widespread and generally
the most economical way to produce hydrogen,
although reforming catalysts still need improvement. Natalia Mezentseva (Boreskov Institute of
Catalysis, Novosibirsk, Russia) [O8-5] reported on
the development of structured catalysts on heat-conducting metal or cermet substrates (including compressed Ni-Al foam, Fecralloy® foil or gauze protected by a corundum layer, and Cr-Al-O microchannel
cermets) washcoated with ceria-zirconia fluoritelike mixed oxides and impregnated with up to 1 wt%
Pt, Pd or Ru and/or up to 10 wt% Ni. The catalysts
were tested in a pilot plant for the autothermal or
steam reforming of natural gas, acetone, ethanol,
anisole or sunflower oil, showing high and stable
performance.
Jens Sehested (Haldor Topsøe A/S, Denmark) and
coworkers [O8-6] studied Pt, Pd, Rh, Ir, Ru and Ni
impregnated on ZrO2,Al2O3 and MgAl2O4 supports for
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catalyst. High NOx storage capacity (80%) during the
lean period and high selectivity to N2 (90%) during
the rich period were obtained.
Selective catalytic reduction (SCR) is an alternative
method for the reduction of NOx emissions which
can be applied to the treatment of industrial flue gas.
Angelos Efstathiou (University of Cyprus, Nicosia,
Cyprus) and coworkers [O5-5] studied the reduction
of NO with H2 in the presence of excess oxygen over
a Pt/MgO-CeO2 or Pt-Pd/MgO-CeO2 catalyst, paying
special attention to the catalytic performance at low
temperature.They illustrated that a combination of Pt
and Pd deposited on a nanocrystalline magnesium
oxide and ceria carrier led to an N2 selectivity of
between 93% and 100% in the temperature range
120ºC to 180ºC.They also reported that the addition of
5% H2O and 10% CO2 to the feed gas did not alter conversion or selectivity values.

Fig. 1. Stages of NOx uptake on a NSR model catalyst:
(a) STM image of a model catalyst containing barium-based
aggregate and palladium nanoparticles co-deposited on an
ordered alumina film; (b) TR-IRAS experiment monitoring
NO2 adsorption, dissociation, Pd surface oxidation, surface
nitrite and nitrate formation. Colours on the trace identify
different species related to the interaction of the nitrate and
nitrite molecules with the catalyst. Source: J. Libuda et al.,
EuropaCat IX, 2009
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the steam reforming of methane at low oxygen:carbon ratios. Experiments showed that turnover frequency values were proportional to metal dispersion,
as can be seen in Figure 2, indicating that the active
sites are primarily under-coordinated surface sites,
with Rh and Ru being the most active metals,while Pt,
Pd, Ir and Ni are significantly less active at equal dispersions.
Joanna Goscianska (Adam Mickiewicz University,
Poland) [O8-15] presented a study on Pt catalysts on
niobia/zirconia supports as an alternative to Pt/CeO2
for the water-gas shift reaction. The study concluded
that Pt/ZrO2 is an effective catalyst for water-gas shift
and the addition of up to 0.3 parts of niobium relative
to zirconium promotes its activity.
Reduction of CO2 emissions during steam reforming can be accomplished by sorption-enhanced
steam reforming (SESR). Li He (Norwegian University
of Science and Technology, Norway) [O8-3] discussed the use of Pd/10Ni-30Co/HTL (hydrotalcitelike) catalysts in a dual circulating fluidised bed system, with SESR of glycerol occurring in one bed and
regeneration in the other. Without Pd, the catalyst
must be reduced in an extra step before being fed to
the SESR bed. The presence of Pd allows H2 to be
obtained in 96% to 98% purity with in situ reduction
of the catalyst.
Michael Bowker (Cardiff University, UK) [O6-3] discussed the possibility of using 0.5% Pd/TiO2 to photocatalytically convert glycerol, a significant byproduct
of biodiesel production, into H2. Glycerol first decomposes on the metal surface, producing adsorbed CO

and gaseous H2. The adsorbed CO then reacts with
O– formed when light is absorbed by TiO2, forming
gas-phase CO2 and liberating metal sites for further
glycerol decomposition. The resulting oxygen vacancies on the support surface are filled by the reduction
of H2O. Thus, in the presence of light, the reaction is
continuous.
Fuel Cells
Lars J. Pettersson (KTH Royal Institute of Technology,
Stockholm,Sweden) in collaboration with researchers
at Volvo [O4-10] discussed the successful use of a Pdbased catalyst supported on mixtures of zinc oxide,
zinc oxide-alumina and alumina both at the laboratory-scale and in a full-scale reformer, for the autothermal reforming of dimethyl ether (DME) synthesised
from renewable sources, at temperatures around
400ºC. The system is designed to operate on board
DME-fuelled trucks, to provide H2 for fuel cell auxiliary power units.CO concentration in the H2 thus generated is low and a water-gas shift purification step
catalysed by Pt/CeO2 further reduces it to only 0.5%,
which is suitable for a use in a high-temperature polymer electrolyte membrane (PEM) fuel cell.
Aslihan Sümer (Bogazici University, Istanbul,
Turkey) [O8-14] observed that the addition of Pt to
Ni/Al2O3 catalysts can produce a catalyst with high
activity for the oxidative steam reforming of propane
and liquid petroleum gas (LPG), as well as pronounced water-gas shift activity. The optimum Ni:Pt
weight ratio was 50. This discovery could be used to
simplify the structure of fuel processors to produce
Fig. 2. Reaction rate as a function of
metal dispersion for the steam
reforming of methane at 500ºC in
the presence of Pt, Pd, Rh, Ir, Ru or
Ni catalysts. Source: J. Sehested et
al., EuropaCat IX, 2009

TOF, molecules site–1 s–1

25
Ru

20
15

Rh

10
5

0

Ni
0.2

0.4

Pt
Pd
0.6

Ir
0.8

1.0

Metal dispersion

108

© 2010 Johnson Matthey

•Platinum Metals Rev., 2010, 54, (2)•

doi:10.1595/147106710X495131

Ir/Al2O3, and no C accumulation was observed even
with a large excess of CH4 relative to H2O. The major
role of Ir seems to be activation of the CH4 molecule
through methane cracking, which is the rate-limiting
step.

H2 for PEM fuel cells.The observed increase in activity by addition of Pt has been attributed to a
decrease in the strength of oxygen adsorption on the
Pt/Ni surface.
For normal PEM fuel cell applications, the H2 feed
must contain less than 50 ppm CO. Dimitris
Kondarides (University of Patras, Greece) [O8-8] presented a study on the use of selective CO methanation catalysts for the final purification step of reformate gas at low temperature, with suppression of CO2
methanation and reverse water-gas shift.They tested a
combination of several metallic phases (Ru, Rh, Pt
and Pd) and catalytic supports (Al2O3, TiO2, yttriastabilised zirconia (YSZ), CeO2 and SiO2). Long-term
stability tests showed that 5 wt% Ru/TiO2 was very
active, selective and stable under realistic reaction
conditions and, therefore, was a promising candidate
for this application. Addition of up to 30% H2O significantly increased the selectivity.
Methane steam reforming can occur internally in a
solid oxide fuel cell (SOFC) directly fed with CH4.
Jamil Toyir (Université Claude Bernard Lyon 1,
France) [O8-7] presented an assessment of Ir on
gadolinium doped-ceria (CGO) and Ir/Al2O3 catalysts
with 0.1 wt% Ir for this application. In spite of the low
Ir content, Ir/CGO was found much more active than

Selective Oxidation
The plenary lecture of Gabriele Centi (Università
degli Studi di Messina, Italy) [PL-2] dealt with chemistry, sustainability and innovation as the three key
components for the future of society. Professor Centi
presented selected results which outlined issues and
perspectives on the direct synthesis of H2O2 from H2
and O2 as an example of the challenges involved in
the development of more sustainable selective oxidation processes.The reaction is catalysed by Pd and its
performance can be improved by doping with either
Pt or Au. Selectivity to H2O2 ranges from 80% to 99%,
depending on the overall pressure (optimally 100 bar
or above), the O2:H2 ratio and the use of solvents
which promote oxygen solubility. Table I compares
the performance of various pgm-based catalysts in
patents selected by Centi (6).
New catalyst formulations for the direct synthesis of
H2O2 were also presented by several authors.
Salvatore Abate (Università di Messina, Italy) [O3-5]

Table I
Comparison of the Performance of Catalysts from Selected Patents in Direct Hydrogen Peroxide Synthesis
Company

Patent

Catalyst

(Year)
DuPont

ENI SpA

US 4,832,938

Pd-Pt (Pt/Pd + Pt = 0.08)

(1989)

colloidal on alumina

US 6,649,140

1% Pd-0.1% Pt

(2003)

on carbon

H2O2, wt%

Selectivity,

(Productivity)

%

19.6

69

Reaction conditions

136 bar, 5–8ºC,18% H2 in O2,
aqueous acid solution (0.1 N HCl)

7.3

74

100 bar, 8ºC, (autoclave, after 600 h),
3.6% H2, 11% O2 in inert gas, 95:5
methanol:H2O solution (+ additives)

BASF

US 6,375,920

Pd on monolith

7.0

84

(2002)
Hydrocarbon
Technologies, Inc

US 6,168,775
(2001)

144 bar, 10% H2 in O2, methanol
(+ additives)

Pd (-Pt) on carbon
2

–1

black (140 m g )

9.1

99

(276 g/g Pd h)

~120 bar, ~35ºC, (autoclave, after
600 h), 3% H2 in air, solvent and
additives not indicated

Degussa

109

US 7,005,528

2.5% Pd-Au (95:5)

5.1

(2006)

on α-alumina

(13.8 g/g Pd h)

72

50 bar, 25ºC (trickle bed), 3% H2,
20% O2, methanol (+ additives)
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showed that H2O2 could be produced with high activity and selectivity at room temperature, using 1 wt%
Pd nanoparticles supported on nitrogen-doped multiwalled carbon nanotubes (N-CNTs) in methanol with
CO2 bubbled through it to reach 6.5 bar pressure.The
researchers found that the presence of nitrogen functionalities on carbon materials improved the yield of
the process and gave a uniform assembly of metal
nanoparticles on the CNT surface.
Jennifer Edwards (Cardiff University, UK) and
coworkers [O3-6] prepared a series of Au, Pd and
Au-Pd catalysts on TiO2 and activated carbon supports. They found that pretreatment of the supports
prior to the impregnation of Au or Pd increased the
activity of the catalyst in the direct synthesis of H2O2.
The catalysts were fully stable and reusable without
any significant loss of catalyst performance.The addition of acid and halide into the reaction medium promoted catalyst activity when the Au-Pd nanocrystals
were present as core-shell structures; however, this
effect was not seen for homogeneous Au-Pd alloys.,
Laura Torrente-Murciano (Imperial College, London,
UK) [O3-7] explored the in situ synthesis of hydrogen
peroxide during selective oxidation of salicylic alcohol to salicylaldehyde using Au-Pd/TiO2 nanotubes.
The reaction showed 100% selectivity to salicylaldehyde, with higher activity than Au-Pd catalysts on conventional supports with air as oxidant.
Electrochemical Promotion of Catalysis
The pgms can be applied as electrodes for the electrochemical promotion of catalysis. Stamatios
Souentie (University of Patras, Greece) [O9-1] discussed the effect of anodic current on an electrochemically-promoted monolithic reactor equipped
with twenty-two Rh/YSZ/Pt-type electrocatalytic elements for the reduction of NO by ethene under mildly oxidising conditions at 300ºC.A significant increase
in NO reduction and CO2 formation was observed,
with NO conversion up to 95% and C2H4 conversion
up to 100%. Evangelos I. Papaioannou (University of
Patras, Greece) [O13-3] presented a similar study in
which the monolithic reactor was equipped with
either Rh/YSZ/Pt or Cu/TiO2/YSZ/Au cells to carry out
the reduction of CO2. Using the Rh/YSZ/Pt cells, the
conversion to CO2 reached 5% at 380ºC,and using the
Cu/TiO2/YSZ/Au cells,the conversion to CO2 was 40%.
Philippe Vernoux (Université Claude Bernard Lyon
1, France) [O9-2] discussed CO oxidation on
Pt/YSZ/Pt electrocatalytic elements. An increase in
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CO conversion was observed when negative currents
were applied,while CO conversion strongly decreased
with positive currents. This was attributed to the presence of ionic oxygen species strongly adsorbed on Pt.
Conclusion
The vitality, breadth and success of research, development and innovation in pgm-based ‘catalysis for a sustainable world’ were well demonstrated at EuropaCat
IX. In general, research and development in catalysis
is currently focused on improving selectivity and
durability through a better understanding of how catalysts work at the nanoscale. The principles of chemistry relating to interaction between reactants,catalyst
and products can be used to successfully design
process-specific catalysts. Understanding multifunctional and concerted catalysis, the interaction
between sites and the location of active sites within
the catalyst is key to the development of more active,
selective and durable catalysts for a new generation
of cleaner, more efficient processes.
Only oral presentations have been reviewed here,
which together with more than a thousand high-quality poster presentations generated occasionally somewhat heated discussion,both in and out of the conference venue. The pgms retain their fundamental role
in many topic areas of catalysis and will continue to
be the focus of considerable research activity for the
foreseeable future.
The next conference in the series, EuropaCat X:
‘Across the Disciplines’, will be held in Glasgow,
Scotland, from 28th August to 2nd September 2011
(7).
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Under the Platinum Development Initiative, platinumbased alloys were being developed for high-temperature and special applications for good corrosion and
oxidation resistance. Parts I–III of the present series of
papers dealt with the development of the ternary and
quaternary Pt alloys (1–3). In this final paper (Part
IV), the corrosion behaviour of selected Pt alloys treated with sodium sulfate salt was compared with that of
coated and uncoated CMSX-4® nickel-based superalloy (NBSA). Scanning electron microscopy (SEM)
results showed that protective alumina scales of different integrities formed on the Pt alloys, whereas
the NBSAs failed rapidly even with an additional Ptaluminide protective coating.Although there were pits
on the Pt alloys, they were minor and not visible to the
unaided eye. The potential for application of these Pt
alloys in the aerospace gas turbine industry was
assessed based on their hot corrosion performance.

Introduction
There is a need for increased operating temperatures
in gas turbines for both the aerospace and land-based
gas turbine industries which has led to ongoing
improvements in materials for these applications (4).
There is a demand to further increase working temperatures to 1350ºC (5) to allow improved efficiencies and a reduction in fuel consumption (6, 7), thus
reducing the levels of carbon dioxide and hydrocarbon emissions which would result in a greener environment. Unfortunately, these desired working temperatures are excessively high for the current alloys,
NBSAs, to withstand (8) as they should not be
employed at temperatures exceeding 1100ºC (9–12).
Further temperature increases would result in the dissolution of the strengthening phases, leading to weakening and possible failure of the components. There
is a need for new materials with higher melting temperatures, high strengths and good corrosion resistance which could replace NBSAs (10, 11).
High-temperature strength is usually the primary
property of interest when considering materials for
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application in high-temperature environments, however high-temperature oxidation is equally as important (10). Increasing application temperatures have
resulted in continued corrosion problems for hightemperature materials (13). Hence, it is imperative
that during the materials selection process corrosion
evaluations be taken into consideration. Apart from
catastrophic failures corrosion has a serious economic impact. Significant amounts of money are spent on
corrosion-related problems and better corrosion control technologies can contribute towards saving
money and extending the operational life of the
alloys (14).
An increase in NBSA high-temperature strength,
achieved by increasing the aluminium (Al) content
and reducing the chromium (Cr) content, resulted in
alloys that are more susceptible to high-temperature
corrosion. Poor corrosion resistance by the high-temperature materials led to the development and introduction of coatings (15).Today,coatings are applied to
gas turbine hot section components (as thermal barrier coatings, overlay coatings and diffusion coatings)
because they have the capability to withstand temperatures exceeding the substrate melting temperature,
while simultaneously reducing the incoming temperatures and protecting the substrate from environmental degradation (16). However coatings are not completely reliable and alternatives are being sought.
Fischer et al. (17–20) and Völkl et al. (21) stated
that problems encountered in the aerospace industry
could be solved by using Pt-based alloys because
they perform exceptionally well in various high-temperature applications, including areas such as glass
manufacturing and the handling of corrosive substances (18, 22, 23).The present work was directed at
studying the corrosion behaviour of Pt alloys in comparison with that of coated or uncoated NBSAs at
high temperatures.
Hot Corrosion Behaviour of NBSAs
There are well-documented literature studies on the
high-temperature corrosion behaviour of NBSAs and
coatings, including ceramic composites, partially stabilised zirconia and diffusion coatings with high aluminium, chromium and silicon contents. However
there is limited literature on the corrosion behaviour
of Pt-based superalloys since they are relatively new
materials, except in cases where Pt is considered as
an alloying element in coatings for gas turbines.
Most work to date in this area has been conducted
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by the Mintek research organisation in South Africa,
or one of their members (1–3, 8, 9, 11–13, 17–20,
23–26).
Hot corrosion is an aggravated and accelerated
form of oxidation that occurs in the presence of sodium sulfate (Na2SO4) salt at high temperatures (9).The
source of Na2SO4 can be impurities in the air or trace
elements in fuels. It is assumed that oxyanions in the
molten salt act as the source of sulfur (27) during corrosion attack. The presence of sodium chloride
(NaCl) and vanadium pentoxide (V2O5) salts aggravates corrosion by forming low-melting eutectic compounds that are extremely corrosive to high-temperature materials (28, 29).
There are two types of hot corrosion of NBSAs:
Type I or high-temperature hot corrosion and Type II
or low-temperature hot corrosion. Type I hot corrosion is commonly observed at around 850ºC to 950ºC,
while Type II hot corrosion occurs at 650ºC to 800ºC
(29, 30). The major distinction between these two
forms is their degradation morphology (30). Typical
Type I hot corrosion morphologies are distinguished
by the formation of a non-porous protective scale
with internal sulfidation and Cr depletion, and three
degradation stages are recognised: incubation, initiation and propagation.The underlying morphology of
Type II hot corrosion has pitting of the surface with
no internal sulfidation. Illustrations and examples of
these hot corrosion occurrences and corrosion morphologies can be found in the excellent paper by
Eliaz et al., in which the authors describe different
case studies (9). In one instance, severe damage to a
NBSA turbine blade was found to result from
advanced hot corrosion leading to a preliminary
crack and eventual loss of material (Figure 1).
Khajavi and Shariat (31) have demonstrated a transition-type corrosion having characteristics of both
Type I and Type II. Eliaz et al. (9) identified green
colouration in failed components as characteristic of
Type I hot corrosion, while Khajavi and Shariat (31)
equated it with nickel oxide (NiO) and chromium
oxide (Cr2O3) formed in both types of attack.
Regardless of the type of hot corrosion, it has detrimental effects and should be detected and minimised
at early stages.
Hot corrosion increases the corrosion loss by over
a hundred times (28) and failure of materials due to
hot corrosion could lead to mechanical loss and
subsequent catastrophic failure of components (32).
In gas turbines hot corrosion is observed in the low-

© 2010 Johnson Matthey

•Platinum Metals Rev., 2010, 54, (2)•

doi:10.1595/147106710X492378

(a)

1 cm

(b)

fracture surface

Fig. 1. (a) Macroscopic view of
a NBSA turbine blade, showing
the loss of a large piece of
material along a fracture
running perpendicular to the
leading edge; (b) Optical
micrograph of a cross-section
through the origin of the
fracture, indicating advanced
hot corrosion attack, with a
secondary crack propagating
from the scale into the base
material (9) (Images reprinted
with permission from Elsevier)

secondary crack
500 µm

pressure turbine where contaminants can easily
accumulate, rather than in the high-pressure turbine
(9, 27). Factors that influence hot corrosion attacks
on alloys are alloy composition, thermomechanical
properties, contaminant composition, flux rate, operating temperatures, temperature cycles, gas composition, gas velocity and erosion.
Coatings for High-Temperature Materials
In general, coatings extend the life of components as
they preserve the mechanical properties of the underlying substrate and simultaneously protect the substrate from degradation mechanisms such as erosion,
wear and hot corrosion (6, 15). Coatings rely on the
formation of slow-growing,stable,dense and adherent
oxide scales (33, 34). For example α-alumina acts as a
diffusion barrier to minimise the diffusion effect of
substrate elements (5, 35) owing to its high thermal
stability at high temperatures (33) and low solubility
in molten salts (36).
Yttria-stabilised zirconia (YSZ) thermal barrier
coatings are used in the aerospace industry to protect blades, vanes, gas turbine shrouds and combustion cams (6) in gas turbine engines. Overlay coatings based on MCrAlY (M = Ni and/or Co) are preferred in the most demanding applications because
of their excellent diffusional and environmental sta-
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bility (16). Their high Cr content makes them useful
for protection against Type II hot corrosion. MCrAlYbased bond coatings can be applied as thermal barrier coatings and are resistant to oxidation and hot
corrosion (15). Pt-modified coatings such as Pt aluminide are preferred for protection against Type I hot
corrosion with improved scale adherence and diffusion protection (37). It is anticipated that the addition of other platinum group metals to Pt-modified
coatings would be beneficial based on the use of
such Pt alloys for handling molten glass (17). In general better oxidation and hot corrosion resistance
are achievable against molten sulfates (14, 38) with
coatings than without, and uncoated materials experience excessive weight gains from the formation of
non-protective corrosion compounds on their surface (38).
One problem with coatings is that different types of
corrosion can occur at different temperatures.‘Smart
coatings’ based on MCrAlY, a functionally gradient
coating system formed by first enriching in Cr and
then in Al to provide the chemically graded structure, were developed to overcome this problem.
Unlike other high-temperature coatings, smart coatings have the capability to resist both Type I and
Type II hot corrosion. Nicholls et al. (39) showed
that these coatings exhibited good corrosion resist-
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ance when compared with a Pt-modified aluminide
coating, RT-22®, and a multilayered silicon aluminide
coating, SermeTel® 1515.
There is much work currently being conducted to
match coating properties with gas turbine requirements. In the meantime gas turbines will continue to
use thermal barrier coating technology (29,33,40–43)
to allow for increased inlet temperatures, improved
hot corrosion resistance and long-term stability.
Coatings are still the best choice to resist hot corrosion in high-temperature materials,adding value up to
ten times the cost of the coatings (29).
Thermal cycling and thermal shock can be detrimental for coatings. Variations in thermal expansion
coefficients can lead to thermal stresses and subsequent cracking and spalling of coatings. Even the
most resistant alloys are susceptible to hot corrosion
attacks (44) and no coatings are completely reliable.
It is becoming increasingly difficult to design coatings suitable for high-temperature applications due to
the lack of compatibility of the thermal expansion
coefficients between coatings and high-temperature
alloys.There remains a need for further development
of high-temperature corrosion resistant materials to
overcome these drawbacks.
Platinum-Based Superalloys for Jet Engine
Applications
Platinum was selected and developed for jet engine
applications because of its higher melting point compared to nickel (Ni), similar face centred cubic (fcc)
structure and better corrosion resistance (1–3, 24).
The investigation into potential uses of Pt-based

superalloys has been limited partly by their high cost.
Density is also important, especially where rotating
components are concerned (45, 46). Lightweight
materials are desired because centrifugal forces can
be diminished at low densities. This places Pt in a
compromising position because of the element’s high
density compared to Ni (21.45 g cm–3 for pure Pt
compared to 8.91 g cm–3 for Ni). However, additions
of alloying elements such as Ni and cobalt (Co)
could effectively reduce the density of the alloy (12,
47) albeit by small amounts. The high cost could be
counteracted by the fact that Pt is recyclable and with
its good corrosion resistance the alloy would allow
for little or no application of coatings (22).
Subsequent benefits such as reduction in fuel cost
and reduced emissions would also follow.
Corrosion Testing of Platinum-Based
Superalloys
Corrosion testing of Pt and its alloys for the glass
industry is well documented (see for example (25)).
Pt-based superalloys show potential to be candidates
for at least partial replacement of NBSAs based on
their mechanical properties (1–3).The high-temperature corrosion behaviour of these Pt-based superalloys was studied by performing a crucible test (26) at
950ºC to increase the corrosion kinetics.This temperature was selected because it is within the temperature range at which hot corrosion has the greatest
effect (37, 48, 49). The samples consisted of five Ptbased superalloys containing Pt and Al with Cr, Co
and/or ruthenium, as listed in Table I, and two samples of a single-crystal CMSX-4® NBSA of composi-

Table I
Nominal Chemical Compositions of Selected Platinum-B
Based Superalloys and Nickel-B
Based Superalloys
Together with Their Corrosion Kinetics after Treatment in Na2SO4 at 950ºC for 564 Hours
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Alloy name

Nominal composition, at%

Cumulative weight gain
during corrosion, mg cm–2

RS-1

Pt86:Al10:Cr4

0.00004

RS-2

Pt86:Al10:Ru4

0.00008

RS-3

Pt84:Al11:Cr3:Ru2

0.0001

P420

Pt79:Al15:Co6

0.0001

P421

Pt73:Al15:Co12

0.004

CMSX-4 (uncoated)

Ni66.5:Cr6.5:Co11:Mo0.3:W1.7:Ta1.8:Al11.3:Ti0.9

0.470

CMSX-4 (coated)

Ni66.5:Cr6.5:Co11:Mo0.3:W1.7:Ta1.8:Al11.3:Ti0.9

0.038
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Weight change, mg cm–2

tion (in at%) Ni66.5:Cr6.5:Co11:Mo0.3:W1.7:Ta1.8:Al11.3:Ti0.9.
Starting weights were approximately 2 g. A thin Pt
aluminide coating (Pt 2Al –Pt 67:Al 33, in at%) of
approximately 1.25 µm-thickness had been deposited on one of the CMSX-4 samples while the other was
uncoated.
All samples were covered in analytical anhydrous
Na2SO4 salt, which acted as the corrosive electrolyte
inside a 20 ml high-alumina crucible that was placed
inside a furnace with a static dry air environment.The
test was performed for an initial 60 cycles of 1 hour of
heating and 20 minutes of cooling to room temperature, followed by up to 11 subsequent long cycles of
72 hours,giving a maximum total of 852 hours of heating. Samples were washed free of salt residues and
weighed at the end of each long cycle and fresh salt
was provided for every cycle (26). Table I shows the
cumulative weight gains during the first 60 cycles of 1
hour, plus a further 7 cycles of 72 hours (564 hours in

0.0020

total).Weight changes for the first 50 hours are plotted
in Figures 2 and 3.
The corrosion morphology and the cross-sectional
analysis of the corroded alloys were characterised
after 564 hours and again after 852 hours, by scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS), X-ray diffraction
(XRD) and Raman spectroscopy being used to confirm the phases.
The mass gains of samples that had been immersed
in Na2SO4 at 950ºC for 852 hours indicated that there
was very little change for the Pt-based alloys because
of the formation of a protective scale on their surface.
In the case of the uncoated NBSA there was initial
mass gain from the formation of oxides, and further
reactions and the formation of non-protective oxides
resulted in catastrophic corrosion which led to large
mass changes.Testing of the uncoated NBSA was discontinued after 564 h as the sample was degrading
Fig. 2. Corrosion kinetics of
the coated NBSA during
exposure to Na2SO4 at 950ºC
for the first 50 hours
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exponentially at this point. The coated NBSA offered
better resistance than the uncoated one, up to the
first testing stage after 564 hours, but eventually also
degraded before the final testing time of 852 hours
was reached and its further testing was therefore
also discontinued. This experiment demonstrated
that the Pt alloys have good hot corrosion resistance
in the presence of molten sodium sulfate salt
(Figures 2 and 3), outperforming both a coated and
an uncoated NBSA (26).
XRD analysis of the corrosion products on the
NBSA samples showed a mixture of compounds
based mainly on Na and Ni. Conversely for the Ptbased superalloys XRD analysis showed mainly alumina (Al2O3), which is the oxide coating usually present under atmospheric conditions. This was a good
indication that the Pt-based substrate was supporting
the protective Al2O3 layer well. The corrosion morphologies of the Pt-based alloys were much better
than those of CMSX-4®. Pt86:Al10:Cr4 had the best
appearance and Pt84:Al11:Cr3:Ru2 and Pt86:Al10:Ru4
were slightly pitted, with the latter showing more pits.
Pt79:Al15:Co6 appeared good in some places with losses in other places. However it should be noted that in
all cases the pits were very small, and can be considered negligible when compared with the damage to
the NBSA samples under the same experimental conditions.With the naked eye no change in appearance
could be seen in the Pt-based alloy samples (26).
These findings were confirmed by SEM and both
the coated and uncoated CSMX-4® samples suffered

a greater degree of attack than the Pt-based superalloys. Both NBSA samples suffered from acidic fluxing, forming voluminous non-protective oxide scales.
The corroded morphologies of Pt73:Al15:Co12 and
Pt79:Al15:Co6 showed a disintegrated scale layer, indicating that the scale was not protective in this environment. The scale morphologies of Pt86:Al10:Cr4,
Pt86:Al10:Ru4 and Pt84:Al11:Cr3:Ru2 were similar to
each other (Figure 4).They were more tenacious and
complete although apparently porous and gave
more protection against hot corrosion than in the Ptbased superalloys with Co (26).
The resistance to sulfidation of the alloys investigated correlated with their corrosion resistance to
hot Na2SO4 salt at 950ºC, with the Pt alloys with Cr
and/or Ru being more corrosion resistant than those
containing Co. The NBSAs showed the lowest resistance and disintegrated in a short time (50, 51).
NBSAs suffered internal sulfidation, forming Cr and
Ni sulfide corrosion compounds. Raman spectra
analysis suggested that sulfate salts with possible
traces of nitrates formed on the surfaces of the Ptbased superalloys.
Future Prospects for Platinum-Based
Superalloys
The Pt-based superalloys studied here display a high
potential for successful application as high-temperature corrosion resistant materials particularly for
applications such as gas turbines for the aerospace
industry and possibly also for other high-temperature
Fig. 4. SEM secondary electron image showing the thin
protective scale on the surface of the platinum-based
superalloy RS-1, Pt86Al10Cr4

10 µm
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processes (52). Due to the drawback of their high
density and subsequent weight the most successful
option for future exploitation would probably be as
coatings on suitable substrate materials, as Pt used as
an alloying element in coatings has been shown to
give good protection against hot corrosion in laboratory tests (37). This concept is being explored further
with the development of new Pt-based superalloys
currently under investigation at Mintek in South
Africa.
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A new DVD documentary, “The Story of Platinum”,
has been produced in South Africa by Neels de Klerk,
an independent video producer with experience in
the South African gold, coal and platinum mining
industries. The documentary grew from de Klerk’s
interest in the subject, and his desire to illustrate to
workers in the platinum industry how their contribution fits into the bigger picture (1). To paint this picture in full required the collaboration of many international companies, including Anglo Platinum in
South Africa and Johnson Matthey in the UK. The production of the DVD was sponsored by TWP Holdings,
a company which provides engineering and consulting services to the mining industry. All proceeds from
its sale will go to the South African Institute of Mining
and Metallurgy (SAIMM) Scholarship Trust Fund, a
charity which aims to promote careers in the minerals
industry and supports deserving students in relevant
disciplines who are in need of financial assistance (2).
The DVD is presented in two parts, each of approximately 45 minutes’ duration.The first part summarises the history of platinum, from the first recorded
encounters in the 16th century to the discovery of
platinum in the Bushveld Complex in the early 20th
century, and finally the establishment of full refining
facilities in South Africa. The second part of the documentary deals in more detail with the processes
involved in extracting platinum from its ore, and also
briefly discusses the metal’s many applications.
The Discovery of a New Metal
The historical part of the story of platinum is illustrated in the DVD documentary using photographic stills
and drawings, and is told in such a way that interest
never flags.
It provides an overview of modern man’s association with platinum, from the first discovery of an
unworkable silvery metal contaminating South
American gold mines in 1557, to the naming of platinum as a separate element in 1777 and its first successful melting in 1782. This scientific progression is
echoed by the commercial exploitation of the new
metal: initially used only to adulterate gold in the 16th
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and 17th centuries, it gained increasing status and
was considered a decorative and desirable metal in
its own right by the time of Louis XVI of France.
The discovery of geological deposits of platinum is
traced from the metal’s first occurrences as a byproduct in gold or nickel mines in Russia and the
Americas, to the eventual discovery in the 1920s of a
primary platinum deposit in the abundant reserves of
the Bushveld Complex in South Africa (Figure 1). The
detail behind the exploitation of these reserves is
vividly recounted, as are the many ups and downs in
the course of the metal to its current position of economic significance.
The decorative uses for the metal were not what
ultimately drove growth in demand for platinum. The
documentary recounts how, in the early days of platinum mining in South Africa, supply had to be controlled to avoid flooding the market. After the Second
World War, when the price of platinum suddenly escalated due to its use as a catalyst in the production of
gasoline, it became clear that much of the value of
the metal lay in its great industrial utility. As many
new applications for platinum were discovered,
demand rapidly increased and production expanded
to keep pace. South Africa became the world’s leading supplier of platinum, and today accounts for
around 80% of annual global platinum production.
The Processing of Platinum
The second part of the documentary is an overview of
the complex process that turns platinum ore into platinum metal.Even from the fertile Merensky Reef of the
Bushveld Complex about ten tonnes of rock are need-

Fig. 2. The concentrate product obtained from froth
flotation. After the ore is mined, it is crushed, mixed
with water and milled down to a fine size to liberate
the valuable minerals from the host rock. Once
these minerals are free, their natural hydrophobicity
is enhanced to allow the particles to adhere to the
surface of air bubbles, which rise to the surface and
leave behind most of the unwanted material. This is
only one of many processes that must be carried
out to produce platinum metal, all of which are
discussed in the documentary
ed to obtain a single ounce of platinum. How the ore
is extracted from the earth and subsequently treated
to yield its metal content (Figure 2) is described in
some detail in the DVD, which will doubtless be of
considerable value as an educational tool in mining
and metallurgy.
Concluding Remarks
For anybody wishing to gain insight into the history
and production of platinum, this documentary
is very informative and provides an excellent
overview. The DVD costs R100 plus postage and there
is also a commemorative montage poster which costs
R150; these can be obtained from the SAIMM in
South Africa, by contacting Julie Dixon by E-mail at
julie@saimm.co.za, or phoning +27 11 834 1273 (2).
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Reviewed by Rob McGrath

Alan Lawley, the Editor-in-Chief of the International
Journal of Powder Metallurgy introduces this special
issue on precious metals, which discusses the history,
production and application of platinum group metal
(pgm) powders, as well as gold and silver powders.
Powder metallurgy involves the production of a metal
powder to certain specifications and the subsequent
treatment of this powder to bind and shape it into a
desired form. As Lawley points out, the powder metallurgy of the base metals, especially iron, may receive
more coverage, but precious metal powders have
many unique properties that make them valuable for
a range of applications. Five papers cover the topic
from different perspectives and they are discussed
separately in this review.

Johnson Matthey Noble Metals, Orchard Road, Royston,
Hertfordshire SG8 5HE, UK;
E-m
mail: rob.mcgrath@matthey.com

‘Precious Metals: A Valuable Powder
Metallurgy Player’
The first paper, by Pierre W. Taubenblat, FAPMI
(Promet Associates, USA), is a very good overview
of the subject, which grabs attention from the start
with the historical reference to early examples of
decorative metal powder found in the tomb of
Tutankhamun, and moves on to describe the current
uses for precious metals in the field of powder metallurgy. The use of platinum powder as a catalyst, where
its high specific surface area is an advantage, and the
effect of using platinum and palladium powders as
sintering aids are both touched on. The paper does
not cover in any great detail the historical applications for silver, which would have been at least as
extensively used as gold; however silver is discussed
with respect to current markets, specifically its use in
electronics.
‘Applications for Precious Metal Powders’
An interesting and very readable paper by Joseph
Tunick Strauss (HJE Company, Inc, USA) covers a
wide range of applications for precious metals from
silver through to platinum. The focus is on gold and
silver, which is not surprising as these are much more
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widely used than the higher-value pgms, although
some reference is made to palladium and platinum.
The predominant use for powder metallurgical processing of precious metals in general appears to be in
cosmetic applications such as jewellery and dentistry; although silver, particularly, has bulk usage in
solder/braze pastes and contacts. Little detail on this
is provided, but this is probably appropriate, as these
bulk applications use simple and established manufacturing processes. There is also little emphasis on
the use of ultra-fine powders in sensors, which is the
‘high-tech’ end of the solder type applications,
although this is covered in detail by the next paper
reviewed below.
The clarity of this paper could have been improved
by including an introduction identifying the major
areas of application and the wide range of processes
used to manufacture precious metal powders; a table
or glossary would also have aided clarity, although
the many acronyms are identified in full at the first
usage. An important point is raised under the subheading of ‘Net-Shape Parts’, namely that there is no
real small-scale method of manufacturing powders,
which makes development of processes that might
use pgm powders difficult. Such technology would
greatly promote the development of powder metallurgical precious metal products in the medium and
long term.
The introduction of rapid manufacturing (RM) to
the portfolio of processes and manufacturing techniques was the most interesting part of this paper, as
it appears to offer opportunities for pgms in terms of
scale and product complexity that no other process
can match.

1 µm

‘The Manufacture of Platinum, Gold, and
Palladium Powders’
This paper by Howard D. Glicksman (DuPont
Electronic Technologies, USA) provides an excellent
and detailed review of fine and ultra-fine precious
metal powder manufacture and gives considerable
detail without becoming too immersed in technical
jargon. The paper concentrates on the higher-end
precious metals (platinum, palladium and gold) and
their application in the modern and rapidly growing
market of electronics, including sensor technology,
and therefore is very well focused. The detail in the
text is almost sufficient to allow the reader to attempt
their own manufacture of these or similar powders
(Figures 1 and 2).
Of particular interest was the apparent ability to
use simple additives to control shape and minimise
agglomeration. It could be assumed that control of
these characteristics would involve significant complication and cost but this may not necessarily be the
case. Another revelation was that it is possible to
manufacture alloy powders directly from solution, a
fact which may not be widely known.
‘Precious Metal Powder Precipitation and
Processing’
This paper, by Sean Frink and Phil Connor (Ferro
Electronic Material Systems, USA) is similar in many
ways to the previous article,except that it is specific to
chemical processing of powders, i.e. precipitation
from solution. Of particular interest was the breakdown of the difficulties of characterising fine nonspherical powders: the available technologies and
their limits are well described and would be a useful

1 µm

100 nm

Fig. 1. Scanning electron micrographs of platinum powders used in thick-film pastes for electronic and sensor
applications; these typically have spherical or flake-shaped particles in a size range of 0.1–20 µm
(Image courtesy of Howard D. Glicksman and APMI International (1))
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Fig. 2. Scanning electron micrographs of palladium powders,
showing the different morphologies that can be achieved with
subtle changes to the method
of production (Image courtesy
of Howard D. Glicksman and
APMI International (1))

1 µm
reference for anyone intending to work with these
products. Some additional information on the manufacturing of novel morphologies would have been
interesting, although I suspect that this subject could
warrant a paper in itself.
‘Additive Manufacturing of Precious Metal
Dental Restorations’
To a degree, a confused introduction spoils an otherwise interesting paper by Anita L. Hancox and Jeffrey
A. McDaniel (imagen, LLC, USA). The subjects are
introduced out of sequence and the ‘goal’ of a non-silver alloy is mentioned when no silver content had
been indicated to that point! However, the main body
of the paper covers the subject of manufacturing
metal foundations for permanent dental crowns and
bridges well, although it does not adequately emphasise the criticality of powder size and distribution that
was made clear in the earlier papers. The process of
three-dimensional (3D) printing is well described
and the importance of binder droplet size is highlighted, with an excellent illustration of the benefit of
reducing droplet size. It was good to see some metal-
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1 µm
lurgical aspects (such as grain structure and physical
strength) of gold-palladium alloys being explored, as
this information is often sparse and has been absent
elsewhere.
Concluding Remarks
As a group of papers the Focus Issue covers the current use of precious metal powders very well,
although much more could have been said about the
potential new technologies deriving from powder
metallurgy. Metal injection moulding and rapid manufacturing technologies such as additive laser manufacturing are covered in general by Strauss’s paper
but are worthy of a separate paper in themselves.
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H. D. Glicksman, Int. J. Powder Metall., 2009, 45, (5), 29
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Fuel Cell Today Industry Review 2010
“Fuel Cells: Sustainability”
Fuel Cell Today (FCT) published its latest report on
the state of the global fuel cell industry on 19th
January 2010, accompanied by an official launch
at the World Future Energy Summit in Abu Dhabi.
The FCT Industry Review 2010 focuses on sustainability aspects of fuel cells, including both environmental and economic considerations.
More Fuel Cell Systems Shipped in 2009
Despite the economic slowdown during 2009, the
commercialisation of the fuel cell industry continued, according to FCT. Shipments of fuel cell systems in 2009 were approximately 24,000 units, an
increase of 41 per cent compared to 2008.
Most of these units were manufactured in Asia,
where production of stationary fuel cells was stimulated by the Japanese government’s subsidised
combined heat and power (CHP) programme. In
Europe, shipments of transport auxiliary power
units (APUs) for the leisure industry, particularly
campervans, fell as a result of the economic crisis.
In North America, there was an increase in shipments of stationary uninterruptible power supply
(UPS) units and fuel cells for forklift trucks; both of
these applications are supported by the US government.
Overall, low-temperature electrolytes, which
employ platinum-based catalysts, accounted for
97 per cent of units shipped in 2009, with direct

methanol fuel cells (DMFCs) reduced from a 50 per
cent market share in 2007 to around a quarter in
2009, while polymer electrolyte membrane (PEM)
fuel cells rose from just over a third in 2007 to
almost three quarters of the market in 2009.
Low to Zero Carbon Emissions
Fuel cells offer a clean, efficient source of energy,
and represent one of a number of technologies
which can help countries to meet long-term climate change targets, as well as addressing local air
pollution concerns. Fuel cell-powered light-duty
vehicles, materials handling vehicles and buses are
all fuelled by hydrogen, so their only emission at
the point of use is water vapour. Even applications
which require the reformation of a carbon-based
fuel, such as CHP, can offer carbon reductions compared to traditional technologies, due to their significantly higher energy efficiency.
In addition to carbon dioxide emissions, fuel
cells can also contribute to the reduction of nitrogen oxides (NOx), sulfur oxides (SOx) and particulate matter (PM) at the point of use. Noise emissions are also low, which may be an important consideration for applications with a high public profile such as buses (see Figure 1).
The FCT Industry Review 2010 includes an analysis of CO2 and NOx emissions for fuel cells in various applications to enable estimates to be made of

Fuel Cells on the Move

Hydrogen tanks

Batteries
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Electric drive

Fuel
cell
Water vapour

Fig. 1. Schematic illustration of a
hydrogen-powered PEM fuel cell
bus. Zero-emissions and low
noise make such systems
attractive for use in cities (Image
© 2010 Fuel Cell Today)
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the relative environmental footprint of fuel cells
during the ten-year period covered by the forecast,
2009–2019.
Job Creation in the Fuel Cell Industry
Fuel cells may also offer stimulus to the economies
of various countries through the creation of new
jobs. FCT estimates that the global fuel cell industry could create as many as 700,000 jobs in the
manufacturing sector by 2019, and if installation,
service and maintenance are included then the
figure could rise to over a million jobs in total.
Manufacturing jobs are expected to be largely
found in Asia, while installation and maintenance
jobs will be created in Europe and North
America.
Availability of the FCT Industry Review
Copies of the review are available for purchase at a
price of £500 / US$1,000 / €750 / ¥120,000. For more
information or to download an order form, please
visit: http://www.fuelcelltoday.com/events/industryreview or email: info@fuelcelltoday.com.

“Survey of South Africa 2009“
Fuel Cell Today (FCT) has published a survey on
fuel cell and hydrogen markets in South Africa in
2009, the latest in its series of surveys highlighting
fuel cell activities in a particular country or region.
The survey covers the key drivers towards the
development of a fuel cell and hydrogen industry
in South Africa. In 2007, the South African
Government launched its Hydrogen and Fuel Cell
Strategic Plan, which aims to increase South
African research and development, create local
businesses and improve the economic benefits of a
future hydrogen and fuel cell industry in the country. The beneficiation of platinum produced in
South Africa is also a factor.
Another driver for fuel cells and hydrogen is the
security of energy supply. In 2008, power shortages
and rolling blackouts caused mines to be closed
and cost the country millions of Rand. As a result,
the South African Government created the Energy
Act 2008, with the aim of increasing its power gener-
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ation reserve margin from 5% to 15%. South Africa
has also proposed to cut the growth of its carbon
dioxide emissions by a third over the next ten years,
from an annual total of 9.6 tonnes per capita.
The FCT survey lists the organisations involved in
fuel cell research and development, and gives an
overview of companies involved in developing a
fuel cell and hydrogen supply chain in South Africa
in 2009. The key markets for adoption over the next
decade are primarily stationary applications, with
some specialised vehicles and portable units.
Availability of the Survey
To download the free version of the survey, or to
purchase the syndicated version, please visit:
http://www.fuelcelltoday.com/online/survey?sur
vey=2010-01%2FSurvey-of-South-Africa-2009 or
contact Dr Kerry-Ann Adamson, Principal Analyst
and Manager of Fuel Cell Today, at:
kerry-ann.adamson@fuelcelltoday.com.
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Abstracts
CATALYSIS – APPLIED AND PHYSICAL
ASPECTS
Controlled Transformation of the Structures of
Surface Fe (FeO) and Subsurface Fe on Pt(111)

the composite remained cycleable. After multiple
sorption cycles Pd/Nb and Pd/Ti had the fastest kinetics. NbH0.5 and TiH2 were formed during testing and
identified by XRD.

T. Ma, Q. Fu, Y. Cui, Z. Zhang, Z. Wang, D. Tan and X. Bao,
Chin. J. Catal., 2010, 31, (1), 24–32

CATALYSIS – REACTIONS

Monolayer Fe films deposited on Pt(111) at 487 K
were investigated using STM and XPS. The surface
composition and structure of Fe/Pt(111) were
analysed during stepwise annealing under vacuum.
Surface Fe was driven into the subsurface above
800 K, resulting in a Pt-skin surface of Pt/Fe/Pt(111).
Oxidation of the Pt-skin structure in O2 produced a
FeO surface structure, FeO/Pt(111). This was transformed into a surface Fe structure by reduction in H2
at 600 K and into subsurface Fe by further reduction
at 800 K. The transformation of surface Fe (FeO) and
subsurface Fe in Pt(111) was shown to be reversible
in cycled oxidation and reduction. The structures of
Fe/Pt(111), Pt/Fe/Pt(111) and FeO/Pt(111) can be
transformed one into the other.

Palladium Complexes with Aqueous-PPartitioning
Dibenzylideneacetone Ligands. A New Strategy for
Catalyst Design in Suzuki Polycondensation Reactions

Enhanced Catalytic Dehydrogenation of LiBH4 by
Carbon-SSupported Pd Nanoparticles
J. Xu, X. Yu, J. Ni, Z. Zou, Z. Li and H. Yang, Dalton Trans.,
2009, (39), 8386–8391

Thermal dehydrogenation of LiBH4 was shown to be
improved in the presence of Pd nanoparticle/C catalysts, even at very low catalyst concentration. Smaller
Pd nanoparticles resulted in greater enhancement of
the catalytic dehydrogenation than did larger Pd
nanoparticles. A reversible hydrogenation/dehydrogenation with a H2 capacity of ~4.3 wt% was
observed.
Nano-SScale Bi-LLayer Pd/Ta, Pd/Nb, Pd/Ti and Pd/Fe
Catalysts for Hydrogen Sorption in Magnesium Thin
Films
X. Tan, C. T. Harrower, B. Shalchi Amirkhiz and D. Mitlin, Int.
J. Hydrogen Energy, 2009, 34, (18), 7741–7748

The elevated temperature (250ºC) volumetric H2
sorption behaviour of Mg thin films catalysed by the
title catalysts was investigated. Sorption of H2 by Mg
catalysed by Pd was determined and used as the
baseline. Sorption cycling demonstrated that with Pd
and Pd/Fe the sorption kinetics of the Mg films rapidly degraded. However with Pd/Nb, Pd/Ti and Pd/Ta
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J. W. Eddy, E. A. Davey, R. D. Malsom, A. R. Ehle, S. Kassel
and F. E. Goodson, Macromolecules, 2009, 42, (22),
8611–8614

Pd–dibenzylideneacetone (Pd–dba) catalyst precursors with water-solubilising substituents have been
developed, which yielded molecular weights in a
Suzuki polycondensation that were superior to those
obtained with traditional catalyst systems. The polycondensations were carried out in CH2Cl2/H2O in the
presence of K3PO4. While their performance still did
not match that of bis[tri(o-tolyl)phosphine]palladium(0), these Pd–dba complexes are claimed to offer
advantages in terms of atmospheric stability and
handing convenience.
Catalytic Activity of Ruthenium Nanoparticles
Supported on Carbon Nanotubes for Hydrogenation
of Soybean Oil
S. Guo, K. Y. Liew and J. Li, J. Am. Oil Chem. Soc., 2009, 86,
(12), 1141–1147

Ru nanoparticle/MWCNT catalysts with various Ru
loadings (1 wt%, 3 wt% and 5 wt%) were prepared by
reduction with H2 or NaBH4 for selective hydrogenation of soybean oil at 338 K and initial pressure of 1.066
MPa. These catalysts were characterised using TEM,
XRD, N2 adsorption–desorption and H2-TPD techniques.The Ru particles were dispersed more homogeneously on the surface of the MWCNTs after being
reduced with H2.The catalysts with 3 wt% and 5 wt% Ru
loadings had higher hydrogenation activity.The NaBH4reduced catalyst had higher cis-isomer selectivity.
Adsorption and Desorption of SOx on Diesel
Oxidation Catalysts
O. Kröcher, M. Widmer, M. Elsener and D. Rothe, Ind. Eng.
Chem. Res., 2009, 48, (22), 9847–9857

The deactivation of NO oxidation by SO2 was investigated using commercial DOCs coated on cordierite
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monolith; with Pt/Al2O3 as a reference material. The
maximum NO conversion for the fresh DOCs was 38%
at 350ºC. Under typical exhaust gas conditions
(1 ppm SO2, 250ºC), the DOCs functioned as sulfur
traps.The SOx storage involved a fast saturation of the
catalyst surface with H2SO4,which hampered NO conversion, and a slow, long-lasting sulfation of the washcoat.The storage capacities of the DOCs reached their
maxima at 250ºC.Adsorbed H2SO4 desorbed between
350ºC and 400ºC, whereas more stable compounds,
such as Al2(SO4)3, decomposed at higher temperatures. Deactivated DOCs could be regenerated at
>350ºC. Repeated or longer thermal treatments resulted in a reduced sulfur storage capacity and irreversible activity losses for NO oxidation due to sintering.
Lean NOx Reduction by Hydrogen over Pt-SSupported
Rare Earth Oxide Catalysts and Their In Situ DRIFTs
Study
M. Itoh, K. Motoki, M. Saito, J. Iwamoto and K. Machida,
Bull. Chem. Soc. Jap., 2009, 82, (9), 1197–1202

Pt supported on CeO2, Pr6O11, Eu2O3 and Gd2O3 catalysts were prepared and their NOx SCR characteristics
using H2 were studied under 10 vol% excess O2. Only
Pt/CeO2 exhibited good NO conversion (~80%) with
~40% N2 selectivity. The other catalysts showed little
NOx reduction activity due to the high solid basicity
of their supports. In situ DRIFTs measurements for
NOx reduction on Pt/CeO2 showed the presence of
NO3– species, indicating that the reduction proceeds
via formation of this nitrate.
Way
Improved Activity of Rh/CeO2–ZrO2 Three-W
Catalyst by High-TTemperature Ageing
M. Haneda, O. Houshito, T. Sato, H. Takagi, K. Shinoda, Y.
Nakahara, K. Hiroe and H. Hamada, Catal. Commun., 2010,
11, (5), 317–321

The TWC 0.4 wt% Rh/CeO2-ZrO2 was prepared by
impregnation of CeO2-ZrO2 (with different Ce:Zr
molar ratios) with a Rh(III) nitrate solution, followed
by drying and calcination at 600ºC for 5 h in air. Hightemperature ageing of the catalysts was generally carried out by oscillatory change of the reaction gas
composition between stoichiometric and lean at
1000ºC for 25 h.The effect of ageing on the activity of
Rh/CeO2-ZrO2 for the NO–C3H6–O2 reaction was
dependent on the Ce:Zr molar ratio. The activity of
Rh/CeO2-ZrO2 with a Ce:Zr molar ratio of 74:26 was
significantly enhanced by the ageing, due to the for-
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mation and stabilisation of active reduced Rh species
and a change in the surface properties of CeO2-ZrO2
which inhibited the formation of formate species that
would poison the catalytically active sites.

FUEL CELLS
Direct Glucose Fuel Cell: Noble Metal Catalyst Anode
Polymer Electrolyte Membrane Fuel Cell with Glucose
Fuel
C. A. Apblett, D. Ingersoll, S. Sarangapani, M. Kelly and P.
Atanassov, J. Electrochem. Soc., 2010, 157, (1), B86–B89

A 1 cm2 constant flow glucose-O2 fuel cell was prepared based on Pt-RuO2 anode catalysts and Pt cathode catalysts.Operation at various glucose concentrations revealed the presence of a region of the polarisation curve in which additional polarisation led to a
decrease in current rather than the expected
increase. The appearance of this polarisation loss is
proposed to be due to the adsorption of byproduct
lactones to the Pt-RuO2 surface.
Synthesis and Characterization of Pd-N
Ni Nanoalloy
Electrocatalysts for Oxygen Reduction Reaction in
Fuel Cells
J. Zhao, A. Sarkar and A. Manthiram, Electrochim. Acta,
2010, 55, (5), 1756–1765

Pd-Ni nanoalloy/C electrocatalysts, with different
Pd:Ni atomic ratios, were synthesised using a modified polyol method,followed by heat treatment in 10%
H2–90% Ar atmosphere at 500–900ºC.Electrochemical
studies showed that Pd80Ni20 heated at 500ºC had the
highest mass catalytic activity for the ORR, with stability and catalytic activity significantly higher than
found with Pd. The Pd-Ni electrocatalysts exhibited
higher MeOH tolerance than Pt.

METALLURGY AND MATERIALS
Nanoporous Au–Pt Alloys As Large Strain
Electrochemical Actuators
H.-J. Jin, X.-L. Wang, S. Parida, K. Wang, M. Seo and J.
Weissmüller, Nano Lett., 2010, 10, (1), 187–194

(Au1–xPtx)25Ag75 alloys 1 were prepared by inductive
melting (x = 0.1 and 0.2) or repeated arc melting (x =
0.5).The alloys were annealed at 950ºC for >72 h and
then quenched in water. Nanoporous Au1–xPtx alloys
were formed by dealloying 1 in 1 M HClO4 solution,
using a pseudo Ag/AgCl reference electrode. Uniform
and fine nanoporous structures were formed with no
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indication of bulk phase separation. Dilatometry
experiments demonstrated electrochemical actuation with a large reversible strain amplitude.

BIOMEDICAL AND DENTAL
Effect of CaCl2 Hydrothermal Treatment on the Bone
Bond Strength and Osteoconductivity of Ti–0.5Pt
and Ti–6Al–4V–0.5Pt Alloy Implants
M. Nakagawa and J. Yamazoe, J. Mater. Sci.: Mater. Med.,
2009, 20, (11), 2295–2303

Ti-0.5Pt and Ti-6Al-4V-0.5Pt alloys were hydrothermally treated (HT-treated) at 200°C in 10 mmol l–1 CaCl2
solution for 24 h. Histological investigations of the HTtreated materials were carried out using Wistar strain
rats (SD rats). The specimens were implanted in the
tibia of SD rats. To measure the bone bond strengths,
a pull-out test was conducted. From the early postoperative stages, direct bone contact was obtained for
the HT-treated implants. Within 1–4 weeks of implantation, the bone contact ratios and bone bond
strengths of the HT-treated implants were higher than
those of the non-treated implants.
Platinum(II) Compounds Bearing Bone-TTargeting
Group: Synthesis, Crystal Structure and Antitumor
Activity
Z. Xue, M. Lin, J. Zhu, J. Zhang, Y. Li and Z. Guo, Chem.
Commun., 2010, 46, (8), 1212–1214

Soluble mononuclear Pt compounds (1–4) in which
the non-leaving groups are linked with ‘bone-seeking’
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bisphosphonate tetraethyl esters were synthesised.
X-Ray crystallography was used to determine the crystal structures of 2 and 3. In cytotoxicity assay against
human osteosarcoma (MG-63) and ovarian cancer
(COC1) cell lines, 2 and 4 demonstrated much higher activity than 1 and 3, which is correlated to the
length of the linkers between the chelating moiety
and the bisphosphonate esters.An apoptotic assay of
4, the compound with highest activity, was conducted, and showed a different mode of cell death compared to cisplatin. The circular dichroism and electrophoretic mobility studies revealed that 1–4 hardly
bind to DNA.

ELECTROCHEMISTRY
The Electrochemical Recovery of Metallic Palladium
from Spent Electroless Plating Solution
N. Warner and M. L. Free, JOM, 2009, 61, (10), 27–30

Semiconductor bond pads can be coated with Pd for
good electrical properties and wire adhesion.The Pd
is deposited by immersing the wafers in an electroless Pd plating solution.The remaining Pd in depleted
spent plating solution can be recovered by electrochemical deposition onto a high surface area cathode.The recovery of the Pd improves the sustainability of the process.

SURFACE COATINGS
Investigation on the Oxidation Behavior of Mo–Ru
Hard Coatings
Y.-I. Chen, Surf. Coat. Technol., 2009, 204, (6–7), 860–864

Mo-Ru coatings can be used as protective coatings on
the top surface of glass moulding dies.The moulding
atmosphere consists of steadily purged N2 and residual O2. The diffusion of O2 into Mo38.1Ru61.9 coatings
annealed at 600ºC in an O2-containing atmosphere
was investigated. Solid solution strengthening and
recrystallisation due to the introduction of O2
increased the surface hardness of the coatings from
13 GPa to 19 GPa after 4 h. An oxide scale and a Modepleted zone were formed after 8 h, due to the preferential oxidation of Mo and high volatility of MoO3.
Cracks on the surface and in the Mo-depleted zone
were observed after 20 h.
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Patents
CATALYSIS – APPLIED AND PHYSICAL
ASPECTS

CATALYSIS – REACTIONS

Surfactant- and Polymer-FFree Colloidal Platinum

Krka, dd, Novo mesto, World Appl. 2010/003,942

Tanaka Kikinzoku Kogyo KK, Japanese Appl. 2009-228,067

A stable colloidal solution with 300–20,000 ppm Pt
which can be used in catalyst preparation is produced
without the need for a protective agent. A Pt salt such
as Pt(NH3)2(NO2)2 is dissolved in water or water and
an organic solvent, and NaOH and/or NaHCO3 is
added to adjust the pH to 7.0–8.5. An inert gas is bubbled through the solution to lower dissolved O2 to <1.0
ppm. The Pt salt is then reduced to Pt metal particles,
preferably using EtOH, at 80--92ºC. Ultrafiltration of the
reduced solution adjusts electrical conductivity to
<100 mS m–1 and pH to 7.0–12.0, and the pH may be
further adjusted using NaOH.

CATALYSIS – INDUSTRIAL PROCESS
Rhodium-C
Catalysed Synthesis of Lactic Acid Esters
Uhde GmbH, European Appl. 2,141,145; 2010

A process for the synthesis of enantiopure lactic acid
esters is claimed. Asymmetric hydrogenation of
prochiral α-acetoxy acrylic acid esters in the presence of 0.1–2 mol% Rh-based catalyst and in a solvent
such as propylene carbonate is carried out in an
autoclave at 20–40ºC under H2 pressure of 1–20 bar.
The catalyst or precatalyst is a Rh–bisphospholane
complex such as [Rh(L)(1,5-cyclooctadiene)]BF4 or
[Rh(L)(norbornadiene)]BF4 where the ligands L are
heterocyclic phosphines which may be selected
from: BASPHOS, binaphane, one of the DuPhos family
or one of the catASium® M series.

Preparation of High Purity Duloxetine
Enantiomerically-enriched alcohol precursors for
duloxetine are prepared via asymmetric transfer
hydrogenation (ATH) of β-keto amines with an
optionally protected amino group. The catalyst is a
chiral Ru or Rh (preferably Ru) complex prepared
from a metal source such as [RuCl2(p-cymene)]2 and
a chiral ligand such as (S,S)-Me2NSO2-1,2-diphenylethylenediamine, which is preferably of >99% enantiomeric purity. The ATH can be carried out in a
solvent at 0–70ºC, in the presence of one or more H
donors such as 2-propanol or formic acid. Resulting
product enantiomeric and chemical purities are >98%.

EMISSIONS CONTROL
Layered Three-W
Way Catalyst
Toyota Jidosha KK, World Appl. 2010/001,226

A TWC has two catalyst layers deposited on a channeled substrate. The lower layer has 0.25--5.0 g l–1 of
each of Pt and/or Pd, with Pd deposited upstream of
Pt and forming 20–45% of the length if present.As the
exhaust gas first contacts Pd, Pt is exposed to cooler
and less oxidising conditions and thermal deterioration is minimised.The upper layer has 0.1–1.2 g l–1 Rh
and is 10–50% shorter than the lower layer so that
both layers are exposed to the exhaust gas for optimal conversion, while Rh and Pt are kept separate to
prevent alloying.
Catalytic Fuel Additive

Production of Fuel Gas from Waste Paper

E. M. Cunningham, US Appl. 2009/0,298,674

Natl. Inst. Adv. Ind. Sci. Technol., Japanese Appl.
2009-197,223

An additive to promote more efficient hydrocarbon
oxidation in an internal combustion engine consists
of: (a) a Pt compound, specifically bis(2,4-pentanedionato)Pt; (b) a Pd compound, specifically bis(2,4pentanedionato)Pd; (c) a Fe compound such as ferrocene; (d) a Mg compound such as Mg 2-ethylhexanoate; and (e) a Re- or Ce-containing carboxylate, in
a liquid medium, specifically aromatic hydrocarbon
150. Pt and Pd are each present in amounts
~100–2000 ppm. It may either be independently
delivered to the engine or added to the fuel.

A method for the production of biogas from waste
paper such as shredded paper that is unsuitable for
recycling is claimed.Water and paper in a mass ratio
of between 1–100 are heated to 200–450ºC in the presence of a catalyst such as 5 wt% Ru on activated carbon. A typical batch reaction at the laboratory scale
gives cellulose conversion efficiency of 100% and
yields fuel gas consisting of 48% CO2, 47% CH4, 5% H2
and containing no organic carbon.
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FUEL CELLS

anode gas of a fuel cell. It may also be used to regenerate a Pt catalyst which has been deactivated through
CO poisoning, or in the sensor of a CO detector.

Electrode for DMFC
AMOMEDI Co, Ltd, World Appl. 2010/010,990

An electrode for a fuel cell is claimed, in which the
Pt catalyst layer and the gas diffusion layer are integrated for improved efficiency. A nanofibre web,
preferably 300–1000 µm thick with fibre diameter
<1 µm, is formed by electrically spinning a solution
of a carbon fibre precursor such as cellulose and is
then oxidised and carbonised, and may include
nanomaterials such as carbon nanotubes. The web is
treated with a water-repellant fluorine-based resin,
either on one or both sides, and has a final resistivity
of <11.5 mΩ cm2. A Pt-based catalyst is deposited
directly on the web, using a method such as vacuum
deposition or spray coating.
Rhodium Porphyrin Catalyst
Natl. Inst. Adv. Ind. Sci. Technol., Japanese Appl.
2009-214,092

The Rh complex 1,which may be supported on a conductive carrier such as carbon black, is claimed as a
catalyst for electrochemical oxidation of CO.The complex can be used in the anode of a CO-fuelled PEMFC,
or may be included in a device to remove CO from the
Japanese Appl. 2009-214,092
R8

R1
R2

R7
N

N

N
R3
1

R4

R1 – R8 may be selected independently from:
H, alkyl, hydroxyalkyl, alkenyl, SO3M1
or R9CO2M2
where:

M1 = H, NH4 or alkali metal
R9 = iso- or normal alkenyl
M2 = H, alkali metal or alkyl

and at least one of R1 – R8 = R9CO2M2
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Iowa State Univ. Res. Found., Inc, US Appl. 2009/0,324,993

A pgm-containing alloy for use in bulk form or as a
coating on gas turbine components is claimed. It consists of: ~3–20 at% of one or a mixture of Pt, Pd, Rh or
Ru; <23 at% Al, where this amount can be limited as a
function of the concentrations of Ni and pgm so that
no β-Ni-Al phase is formed; at least one reactive element such as Hf,Y, Zr, La, Ce, preferably including Hf
and in an amount 0.5–1 at% (or up to 2 at% if Si is
present); and the balance Ni. It may also include
3–20 at% Cr, preferably 5–15 at%, and/or 7 at% Si. Al
and Ni are present in the γ' phase.
High-LLustre Platinum Alloy
Citizen Holdings Co Ltd, Japanese Appl. 2009-221,536

A jewellery alloy is described as having high hardness
for scratch resistance while maintaining the characteristic appearance of pure Pt. The Pt alloy is formed
by first adding ≤2.0% B to ≥98.0% Pd (by weight) to
obtain a uniform Pd-B alloy,then: (a) dissolving ≤5.0%
of this PdB alloy in ≥95.0% Pt; or (b) dissolving ≤0.5%
of the PdB alloy and <1.0% of one or more of Nb, Ta,
Ti and Zr in ≥99.0% Pt.

APPARATUS AND TECHNIQUE

Corning Inc, World Appl. 2009/108,314

R6
R5

Hot Corrosion Resistant Alloy

Flange for Direct Resistance Heating of Platinum
Vessels

Rh
N

METALLURGY AND MATERIALS

A disc-shaped flange for heating a vessel carrying
molten glass consists of concentric rings. The inner
rings are composed of a similar high-temperature Pt
alloy (>80% Pt, e.g. 10RhPt) to that of the exterior wall
of the vessel, to which the innermost ring of the
flange is welded. The outer rings are composed of
>99% Ni alloy and receive electric current from a bus
bar. Heating occurs as current flows through the Ptcontaining rings, which are constructed to minimise
heat loss through the flange and ensure optimal heating of the vessel wall. An intermediate ring of Pt-Ni
alloy with >77% Pt may also be included.
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Palladium Membrane and Support
Los Alamos Natl. Secur. LLC, US Patent 7,611,565; 2009

A device for H2 separation incorporates a thin, uniform Pd or Pd alloy membrane deposited on a
porous support consisting of spherical microparticles, formed preferably of (in wt%) Fe82Al16Cr2 and
coated with an atomic diffusion layer of Al2O3 that
is substantially incapable of H2 reduction. The pores
of the support are sized 0.05–0.5 µm, preferably
0.1--0.3 µm,and sintering at 975ºC for 4 h may be used
to achieve a narrower pore size range.

BIOMEDICAL AND DENTAL
Novel Route to Platinum Anticancer Compounds
Johnson Matthey Plc, World Appl. 2009/150,448

X[PtCl3(NH3)] where X is an alkali metal ion,
preferably K+, is produced via the intermediate
(NBu4)[PtCl3(NH3)] and can be used in the synthesis
of Pt anticancer compounds, specifically cis[PtCl2(NH3)(2-picoline)]. A mixture of cisplatin, concentrated HCl, NBu4OH(aq), saturated NaCl(aq) and a
Pt catalyst, specifically Pt black, in an organic solvent
such as chlorobenzene is heated, preferably at reflux,
to form (NBu4)[PtCl3(NH3)], which is separated from
the mixture and concentrated before being reacted
with an alkali metal salt in an alcohol. For example,
reaction with KOAc in EtOH yields 50–60%
K[PtCl3(NH3)]·H2O.

CHEMISTRY
Palladium(IV) Fluoride Complexes
Pres. Fell. Harvard College, World Appl. 2009/149,347

High-valent Pd–F complexes, typically Pd(IV)–F complexes such as 1,which are stabilised by the inclusion
of two fixed multidentate ligands,and their method of
preparation are claimed.They are applied in the fluoWorld Appl. 2009/149,347
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rination of organic compounds through the transfer
of electrophilic F+, such as in the reaction with a
Pd(II) aryl complex to yield a fluorinated aryl compound, and can specifically be applied in the preparation of 18F- or 19F-labelled imaging agents for
positron emission tomography (PET).

ELECTRICAL AND ELECTRONICS
Deposition of Iridium Film on a Memory Capacitor
Tosoh Corp., Japanese Appl. 2009-235,439

A uniform thin film of Ir and/or Ir oxide is formed on
a three-dimensional structure by spraying a solution
of an Ir complex such as [Ir(ethylcyclopentadienyl)(1,3-cyclohexadiene)] in a solvent such as EtOH onto
a semiconductor substrate heated to just above the
decomposition temperature of the Ir complex.

ELECTROCHEMISTRY
Iridium Oxide Electrode
Phelps Dodge Corp., US Appl. 2009/0,288,856

An anode for electrowinning consists of IrO2 or a
mixture of ~80 mol% IrO2 and ~20 mol% Ta2O5 coated
on a conductive substrate such as Ti. Two layers are
present: the first has IrO2 in the crystalline phase,
formed by heating a solution of a suitable precursor
to between 450–550ºC; the second has amorphous
IrO2, formed by heating the precursor to between
340–430ºC. The coating is described as potentially
improving process efficiency of Cu electrowinning
operations by reducing cell voltage by ~15%.

PHOTOCONVERSION
OLEDs for Hydroponics
University of Utah, US Appl. 2009/0,313,891

Polymers with a π-conjugated backbone containing
Pt or Ir atoms and emitting phosphorescence and fluorescence at approximately equal levels are claimed.
They are formed for example by incorporation of Pt
atoms into bis-1,4[2-(4-ethylphenyl)ethynyl]benzene
from selected amounts of a complex such as
PtCl2(PBu3)2. The polymers can be tuned to emit
required levels of both blue-green and red visible
light by varying the spacing of monomers carrying Pt
or Ir atoms, and they are particularly suited to plantgrowing applications.
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FINAL ANALYSIS

Melting the PGMs: From Burning
Glass to Laser Technology
The paper by Professor William Griffith on early
attempts to melt platinum (1) was fascinating.In 1774,
an attempt was made to melt platinum using a 1.2 m
diameter burning glass filled with alcohol to focus
the sun’s rays onto its surface, but the attempt proved
unsuccessful. Platinum was finally melted in 1782
using an oxygen-hydrogen flame, and in 1856 a 600 g
sample of platinum was melted using a coal gas-oxygen mixture (2). This remained the method for melting platinum until induction furnaces in the early
twentieth century. By coincidence, 600 g is the maximum weight for most platinum jewellery casters
today using induction coil heating around refractory
crucibles followed by centrifugal or pressure differential casting of the melt up to about 2050ºC. Platinum
refiners and trade suppliers typically cast ingots of the
order of 10–15 kg. Jewellery casters do not work at
these levels for a mixture of interesting reasons.
Thermodynamics of Platinum
Before reviewing current jewellery techniques it is
useful to contrast the thermodynamic properties of

platinum and its alloys with other jewellery metals
(3). The data in Table I are presented using
centimetre-gram-second (cgs) units as they fit the
jewellery scale better than do SI units.
Casting temperatures for most platinum jewellery
alloys (50–150ºC over liquidus) range from 1800ºC to
1950ºC; yellow gold and silver alloys are cast below
1000ºC. Typical palladium jewellery alloys are cast
200ºC below the platinum range but radiation and
conduction heat loss is still much greater than for
gold and silver alloys.
Jewellery is designed on a volume basis, but the
heat input required for casting is proportional to
weight. Platinum and its alloys have high densities
compared with most gold alloys and standard silver.
As a result, for an equal volume, platinum alloys will
have higher weight and absorb much more heat
before casting, disregarding heat losses at the higher
temperatures. For example, at 1900ºC 100 g of molten
platinum would make a sphere of volume 4.66 cm3
with diameter 2.08 cm, and would contain 8270 cal
total heat. By comparison, 100 g of molten silver at

Table I
Heat Data for Platinum and Selected Platinum Jewellery Alloys Compared to Palladium, Gold and Silvera
Metal or

Liquidus

Density,

Thermal

Latent heat,

Mean specific

Thermal

alloy

temperature,

g cm–3

conductivity,

cal g–1

heat at 50ºC,

diffusivity,

cal g–1 ºC –1

cm2 sec –1

cal (s ºC cm) –1

ºC
Platinum

1772

21.45

0.17

27.13

0.03

0.25

Pt-5% Cu

1745

20.38

0.21

28.22

0.04

0.29

Pt-5% Co

1765

20.34

0.17

28.68

0.04

0.23

Pt-5% Ir

1795

21.51

0.17

28.33

0.03

0.24

Pt-5% Pd

1765

20.98

0.17

27.67

0.03

0.24

Pt-5% Rh

1820

21.00

0.17

28.42

0.03

0.25

Pt-5% Ru

1795

21.00

0.18

30.31

0.03

0.25

Palladium

1554

12.00

0.17

38.00

0.06

0.24

Gold

1064

19.28

0.76

15.21

0.03

1.25

Silver

962

10.50

1.02

25.30

0.06

1.74

a

Data taken from Reference (3) and further References therein
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1100ºC would occupy almost twice the volume at
9.52 cm3, with a diameter of 2.9 cm, and would contain 8780 cal total heat. For the same volume of
molten platinum, a sphere of diameter 2.9 cm would
now weigh just over 200 g, and its heat energy would
be doubled at over 16,500 cal.
Modern Melting Techniques
The thermodynamics of platinum were unknown in
the 18th century, but they militated against melting by
intense sunlight irradiation.A simple lens system concentrates a broad wavelength radiation spectrum but
cannot focus all the useful wavelengths on the same
spot. Unless it is blackened, platinum is a good reflector so a lot of energy does not get below the surface.
As the temperature increases towards the melting
point, more and more heat radiates away, and the
latent heat required to achieve liquation is very high.
Today, we can simulate sunlight melting by focusing a
‘single wavelength’ laser with great precision; the low
thermal diffusivity of platinum concentrates the heat
at the focal spot to achieve melting with a high
degree of precision. This technique is now widely
used for welding cast sections of platinum group
metal (pgm) alloys for jewellery manufacture and
repair.
Flame heating is also used for melting or welding at
the jewellery bench. We have improved flame heat
density, so that if we apply the highest heat density to
an appropriate surface area to volume ratio of platinum particles and limit heat loss, we achieve reasonably efficient torch melting/welding.
Casting Platinum Jewellery
Modern melting furnaces for casting pgm jewellery
are compact, versatile and controllable. The upper
limit for a charge of platinum is about 600 g but
250–400 g is more realistic for good economic and
quality reasons. The furnaces occupy less than a
cubic metre of space (see Figure 1 for an example
used commercially) and are microprocessor controlled to ‘tune’ a 10–15 kW low/medium frequency
induction generator to an induction coil surrounding
a well filled refractory crucible. Melting a full charge
wholly within the optimum coil geometry takes
about 1 minute ending with strong stirring. Precise
temperature/time control is essential when the time
between melt out and automatic casting may be ten
seconds or less. The microprocessor may call up a
vacuum, provide an inert atmosphere,‘pull the plug’
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to top pour a mould or control the speed, acceleration and duration of spin in centrifugal casting.
Excellent temperature measurement and control is
essential. Casting temperatures for several standard
platinum alloys are around 2000ºC. The high latent
heat of melting and low thermal diffusivity of typical
crucible refractories may even allow the outer bulk of
the crucible to retain a thin molten layer of refractory
for short periods in contact with superheated metal
but crucible life is short at such temperatures.
Platinum alloys are oxidation resistant but tend to
show a lower temperature at the surface than below
until good stirring homogenises the melt and the surface clears. Radiation pyrometry of the surface is fast
and manageable provided the pyrometer is calibrated. The perceived temperature is very dependent on
the emissivity of the surface and the clarity of the
atmosphere above the melt. Additional accuracy is
provided by laser probes working at two different
wavelengths; the ratio of the two radiation readings is
used to calculate the temperature. Some prefer a thermocouple in contact with the base of the crucible
and a microprocessor programmed to extrapolate the
temperature to that of the melt.
The Economics of Casting
Economics determine the optimum size of the melting furnace. The average yield in casting platinum
jewellery is around 50%; 200 g of cast rings also results
in 200 g of circulating ‘scrap’ that may not all be

Fig. 1. An induction furnace used for casting platinum
jewellery at Au Enterprises, USA. Photograph by Mark B.
Mann, Mann Design Group, Inc
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remelted next day. That ‘scrap’ has the same bullion
value as good rings and both carry melting, handling
and capital costs too. It is not always convenient to
assemble large size casting trees with uniform components, feeder system and section size. Mixed sections on a large tree can cause quality problems;
smaller trees tend to give a lower yield. It is often better to cast similar components separately, part finish
and assemble by soldering or welding.This approach
will be discussed in a further article in this series.

in progress.Whether induction melting a few hundred
grams or laser spot welding a hundred milligrams,
heat transfer efficiency is high because the energy
source is well matched to the target mass.

1

W. P. Griffith, Platinum Metals Rev., 2009, 53, (4), 209

2

D. McDonald and L. B. Hunt, “A History of Platinum and
its Allied Metals”, Johnson Matthey, London, UK, 1982

Conclusions
The heat energies required to melt platinum alloys
are higher than for comparable volumes of gold and
silver alloys. The potential heat losses are also high
but ‘internal’ thermal diffusivities are significantly
lower. Early limitations on heat energy density have
been overcome in modern techniques such as induction melting and high-precision laser welding. For
platinum jewellery, the most common casting batch
size range is 200–400 g for good economic reasons: to
limit the amount of process ‘scrap’ returns and work

3

J. C. Wright, Platinum Metals Rev., 2002, 46, (2), 66
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