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Under the auspices of the Platinum Development Initiative, platinum-based alloys are being
developed for high-temperature and special applications requiring good corrosion and oxidation
resistance. The best candidate system was found to be platinum-aluminium, after reviewing
binary systems and assessing experimental ternary alloys. Ternary alloys based on Pt-Al,
where the ternary additions comprised chromium, iridium, molybdenum, nickel, rhenium,
ruthenium, tantalum, titanium and tungsten were tested. As well as phase characterisation
work, mechanical and oxidation tests were undertaken. The best alloys were found to be
Pt-Al-Cr and Pt-Al-Ru. The microstructures were similar to those of nickel-based superalloys,
and comprise ~ Pt3Al precipitates in a Pt-based matrix. However, the volume fraction of the
~ Pt3Al was only ~ 40% instead of the ~ 70% found in Ni-based superalloys.

Introduction
The Platinum Development Initiative (PDI)
was officially started in April 1997, comprising
Anglo Platinum, Impala Platinum, Lonmin (then
Lonrho) and Mintek. The aim was to encourage
new research into Pt-based alloys which would
eventually lead to an increased use of Pt, by broad-

ening the industrial base. It was hoped that further
research would be spawned following publication
of the PDI’s research, and the world network of Pt
researchers would grow. The major topic was identified as the development of new alloys based on
Pt which would probably have similar microstructures to the Ni-based superalloys (NBSAs) and
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could be used at even higher temperatures, as well
as in more aggressive environments. Pt alloys are
well known for their use in aggressive environments (1–4), especially in the glass industry, but
the present work was aimed at developing alloys
that were similar to NBSAs. Since there are well
recognised thermodynamic databases available for
the NBSAs, it was decided that such a database
would also be developed for the new alloys in
parallel to developing the alloys themselves.
Additionally, material was loaned for other
projects which were seen to be of interest. These
included diffusion studies of selected platinum
group metals (pgms) in NBSAs (5), work on Ptbased shape memory alloys, together with related
work on the Pt-Ti phase diagram (6–10) and
nanotechnology studies on Ru (11). Although the
PDI ceased functioning as an entity in October
2007 due to changes in funding and research direction, the bulk alloy work is still ongoing in the
DST/NRF Centre of Excellence in Strong
Materials, and Mintek is focusing on the development of the pgm alloys as coatings and for powder
metallurgy.
A parallel study was undertaken at the
University of Cambridge, U.K., on the microstructure and properties of platinum-hafnium-rhodium
and platinum-rhodium-zirconium alloys (12–15).
The presence of the Pt8Hf and Pt8Zr phases did
not allow a γ (f.c.c.)–γ' (L12) NBSA analogue in the
Pt-Hf and Pt-Zr alloys, because these phases were
between the γ and γ' phases. However, the Pt8Hf
and Pt8Zr phases did not penetrate far into the
Pt-Hf-Rh and Pt-Rh-Zr systems, and γ–γ' regions
were formed beyond their limits of penetration.
Compressive proof stress results indicated better
properties for Pt74.5:Hf17:Rh8.5 (at.%) than the alloys
developed at Mintek, but the oxidation resistance
was much poorer.
This is the first of a series of review articles
which will cover the work done on the
development of the Pt-based alloys. Two papers
by this group have already been published in
Platinum Metals Review on the development of the
thermodynamic database (16, 17), together with a
third paper from the group’s coworkers in
Germany (18).
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The work of the PDI has allowed a number of
Pt-based alloys to be identified, and much characterisation work has been done on these alloys. They
have the potential to replace some of the NBSAs in
the most extreme environments in terms of
elevated temperatures, aggressive atmospheres and
higher stresses (19–24). There was also the potential that either no coatings would be necessary, or
at least simpler coatings could be employed than
those currently used for NBSAs. Initial exploratory
work was concerned with establishing potential
systems on which to base the alloys. The systems
were selected for potential two-phase microstructures, by studying the binary phase diagrams, and
manufacturing a limited number of samples from
possible ternary systems. These were then
evaluated by microstructure, hardness testing and
quick oxidation tests. Candidate systems which
showed no potential, even allowing for the fact that
the alloys might have unsuitable proportions, were
eliminated. Those systems which showed promise
became the basis for more in-depth studies, involving more alloys and phase diagram studies where
necessary. The latter were required for the thermodynamic database.
It was realised that there was little or no information available on the required ternary systems,
and even some of the binary systems had problems. Mechanical properties have been studied and
some of the alloys are in the process of being optimised for further improvement. Oxidation and
corrosion studies were done, and showed that the
alloys had superior properties to the NBSAs, even
for coated samples (25). Currently, there are two
major ranges of Pt-based alloys which have been
developed. One is more malleable but less resistant to extreme chemical environments, whereas
the other has greater chemical resistance, but is
less easy to form. Although neither alloy has been
produced commercially, both are the subject of an
ongoing project to develop them commercially as
coatings, and also for powder metallurgy. The
major problems in finding a suitable application
are that the alloys are too dense for current designs
of turbine engines, and also that their expense is
restrictive. Thus, the alloys could have potential as
coatings on other substrates.
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NBSAs have excellent mechanical properties
because they have a microstructure comprising
many small, strained-coherent, precipitates in a
softer matrix (26). The strengthening originates
from dislocations being slowed down as they negotiate the small ordered particles. Additionally, there
is solid solution strengthening in the (Ni) matrix.
Although these alloys are used at relatively high
temperatures, coarsening is limited because the
surface energy itself is very small, thus reducing the
driving force. This is because the precipitate structure is very closely related to that of the matrix.
Both are based on the face centred cubic structure
(f.c.c.): the matrix has a random f.c.c. structure,
and the particles have an L12 structure, i.e. an
ordered f.c.c. structure. The lattice misfit between
these structures is very small and renders the surface energy negligible (26), thus reducing
coarsening. The NBSAs have virtually reached
their temperature limit for operation in turbine
engines, which is ~ 1100ºC. However, there is a
need to further increase the operational temperatures of these engines to achieve greater thrust,
reduced fuel consumption and lower pollution.
Thus, there is interest in developing a whole new
suite of similar structured alloys based on a metal
with a higher melting point which can be used at
temperatures of ~ 1300ºC.
Pt has been selected as the base material for
these alloys because of its similarity to Ni in f.c.c.
structure and its similar chemistry. Thus, similar
phases to Ni3Al could be used to give similar
mechanisms as found in the NBSAs. The important differences are the higher melting point
(1769ºC for Pt compared to 1455ºC for Ni) and
improved corrosion resistance. These facts
inspired the proposal by Wolff and Hill that Ptbased analogues to Ni superalloys could be
developed to serve in the most critical and
demanding of high-temperature applications (27),
especially given that work in Japan at NRIM (now
NIMS) gave good properties for Ir- and Rh-based
alloys (28–33). Although Pt-based alloys are
unlikely to replace all NBSAs on account of both
higher price and higher density, it is likely that they
can be used for the highest application temperature components.
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The reason why Pt3Al was not chosen at the
outset as the basis for the strengthening precipitate is that it has at least two forms: a high
temperature cubic form which is identical to
Ni3Al, and at least one (34), if not two (35), lower
temperature non-cubic forms. To be useful in
service over a range of temperatures, the more
desirable high-temperature L12 form needs to be
stabilised, and transformations to the lower
temperature form(s) stopped. The third and
lowest temperature form (35) has yet to be fully
confirmed, although work at Mintek and NIMS
has found a transformation at the identified
temperature.

Mechanical Properties of the
Ternary Alloys
At the outset, it was decided that two commercial alloys would be used as comparators for the
experimental alloys. They were MAR-M247 and
PM2000. The first was selected as a NBSA, and
therefore a representative of the alloys which the
experimental alloys might replace. The second
alloy is ferrous-based and is a mechanically alloyed
oxide dispersion material; it was chosen as a comparator because of its advanced microstructure and
high-temperature applications.
In the first investigations at Mintek and the
University of the Witwatersrand (36–40), ternary
Pt-X-Z compositions (where X is a component for
strengthening precipitates, and Z is for solid solution strengthening and perhaps chemical
resistance) were selected to yield two-phase
microstructures consisting of f.c.c. (Pt) matrix and
ordered f.c.c. (L12) Pt3X precipitates. The compositions were selected by studying the binary phase
diagrams (41), and choosing alloys that could have
ordered f.c.c. (cubic L12) phases. Potential systems
identified in this way were: Pt-Al-Ni; Pt-Al-Re;
Pt-Al-Ru; Pt-Nb-Ru; Pt-Ta-Re; Pt-Ta-Ru;
Pt-Ti-Re; and Pt-Ti-Ru. Alloys were made by arc
melting pressed powder components. Test specimens were prepared either by hot rolling or by
machining. Depending on the specific requirement, the buttons at this stage varied between
~ 2 g and ~ 50 g. The alloys were characterised
and hardness tests were done.
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Large losses of niobium showed that the alloy
was insufficiently stable, and the lath-like second
phase Nb indicated that it was incoherent with the
matrix. It was realised that rhenium additions must
be limited to ~ 3 at.% in order to avoid precipitation of the Re-rich needle-like phase. Two-phase
microstructures, leading to a considerable precipitation-strengthening effect, were achieved in
Pt-Al-Z and Pt-Ti-Z systems (38), where Z = Ni,
Re and Ru. Alloys in these systems showed promising mechanical properties at room temperature,
with hardness values higher than 400 HV1 and high
resistance to crack initiation and propagation.
Extensive work was done on the phase relations and room temperature mechanical properties
of Pt-Al-Z alloys, with Z = Cr, Mo, Ni, Re, Ru, Ta,
Ti and W, after annealing the alloys at 1350ºC for
96 hours (42). Microstructures similar to Ni- and
cobalt-based superalloys were achieved in the Ptbased alloy Pt86:Al10:Z4 (at.%), consisting of
cuboidal ~ Pt3Al precipitates in a (Pt) matrix. It
was found that ternary alloying elements, and in
particular Cr and Ru, conferred additional benefits. More extensive work was carried out on the
phase relations, and Cr was found to stabilise the
cubic form of the ~ Pt3Al phase, whereas Ru acted
as a solid solution strengthener (42–44). However,
the 2 at.% Ru amount did not stabilise the hightemperature L12 form of Pt3Al. The lowest misfit
between the (Pt) and ~ Pt3Al phases was found at
between 3–5 at.% Ru and over 20 at.% Al (8). The
tungsten-containing alloys also contained the
lower temperature form of Pt3Al, as did Ni-containing alloys. Coarse microstructures were
produced in molybdenum-containing alloys and
Mo substituted for Pt in Pt3Al. All the Cr-, Ta- and
Ti-containing alloys had favourable microstructures, and stabilised the favourable L12 form of
~ Pt3Al.
The next stage (45–47) was to study the effects
of various ternary substitutional alloying additions
on the high-temperature compressive strengths of
Pt-Al-Z alloys (where Z = Cr, Re, Ru, Ta and Ti).
It was found that the Pt-Al-Z alloys had higher
strengths above 1150ºC than the commercial
NBSA MAR-M247. However, further work was
necessary to elucidate the effects of the ternary
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alloying additions on the high-temperature
mechanical properties of Pt-Al-Z alloys, because
differences between the microstructures and
Pt:Al:Z ratios of the alloys tested made it difficult
to isolate the influences of the ternary additions
and high-temperature compressive strength does
not equate to creep strength.
An investigation was therefore carried out on
the effects of alloying additions on the creep properties of Pt-Al-Z alloys at 1300ºC (48). The ternary
elements (Z = Cr, Ir, Ru, Ta and Ti) were selected
to improve the high-temperature mechanical
properties and phase stability of the alloys, in
accordance with the earlier findings (44–47). The
Pt:Al:Z ratios of the alloys tested were standardised to eliminate the effects of differing Al
contents. The properties of the Pt-Al-Z alloys
were once again compared to those of PM2000.
Figure 1 shows the stress-rupture curves of all the
alloys tested. PM2000 had the highest strength of
the alloys tested, but the shallow slope of the
stress-rupture curve indicated high stress sensitivity and brittle creep behaviour. In practice, this
means that PM2000 structures are more likely to
fail in the presence of stress concentrations or
short overloads during usage. The Pt86:Al10:Cr4
alloy possessed the highest strength of the
investigated Pt-based alloys.
Figure 2 shows some selected creep curves
(tested at 30 MPa) for the four alloys. No primary
creep stage could be observed for any of the three
Pt-based alloys within the measurement error of
the creep test facility. After secondary creep, the
Pt-based alloys experienced substantial tertiary
creep leading to fracture strain values between
10% and 50% at 1300ºC. For PM2000, it was not
possible to resolve different stages of the creep
curves because of very low creep rates together
with fracture strains below 1% (Figure 2).
Stress rupture curves of PM2000 and the most
promising Pt-based alloy, Pt86:Al10:Cr4, are shown
in Figure 3, together with 10 hour stress-rupture
strength values at 1300ºC of several conventional
solid-solution strengthened Pt-based alloys (49), as
well as those of pure Pt and zirconia grain
stabilised (ZGS) platinum, an oxide dispersion
strengthened Pt alloy from Johnson Matthey
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Fig. 1 Stress-rupture curves of
PM2000 and Pt86:Al10:Z4 alloys
at 1300ºC in air (48)
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Noble Metals (50). Strengthening was achieved by
precipitation of γ' particles, and gave considerably
increased stress-rupture strength, Rm/10 h/1300ºC
(where m denotes maximum), by a factor of 8
from 2.2 MPa for the pure Pt matrix to 17 MPa for
Pt86:Al10:Cr4. The strength of the Pt86:Al10:Cr4 alloy
was also higher than the solution strengthened Ptbased alloys, Pt-10 wt.% Rh and Pt-20 wt.% Rh.
Alloying 30 wt.% Rh is necessary to reach the
strength of the alloy Pt86:Al10:Cr4, and the exceptionally volatile price of Rh and enormous
machining problems limit the practical use of Pt-30
wt.% Rh. The creep strengths of the Pt-based
alloys at 1300ºC were higher than those of the Ni-

and Co-based superalloys, whose precipitates dissolve in this high-temperature regime, resulting in
loss of strength. The creep strength of the
Pt86:Al10:Z4 system is comparable to mechanically
alloyed ferritic oxide dispersion strengthened alloys.

Oxidation of the Ternary Alloys
Although some alloys with potential for hightemperature applications had already been
identified (40), more information was needed on
the high-temperature properties, since they are of
critical importance. Additionally, the oxidation
resistance was ascertained by a stepped thermogravimetric regime in a Setaram TG-DTA 92
Fig. 2 Creep curves of PM2000
and Pt86:Al10:Z4 alloys tested at
1300ºC and 30 MPa (48)
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Fig. 3 Stress-rupture curves at
1300ºC of PM2000, Pt, ZGS
platinum and Pt86:Al10:Cr4
compared with stress-rupture
strength values, Rm /10 h /1300ºC , of
some conventional solidsolution strengthened Pt-based
alloys (48)
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analyser, with halts of 10,000 s at 900ºC, 1100ºC,
1300ºC and 1400ºC. There was internal grain
boundary oxidation in the Pt-Ti-Ru alloys, and
extensive internal oxidation in the Pt-Nb-Ru and
Pt-Ta-Re alloys. The alloys containing Al exhibited
considerably better oxidation behaviour than the
other alloys – this was attributed to the formation
of a protective Al oxide scale. Internal oxidation
was observed in alloys containing Ti instead of Al,
and this was presumed to be the cause of their
inferior properties. Al was regarded as the essential
addition in order to develop an oxidation-resistant
alloy (38), therefore further work focused on
Pt-Al-Z alloys only.

The high-temperature oxidation behaviour of
Pt-Al-Z alloys (Z = Cr, Ir, Re, Ru, Ta and Ti) was
studied (51, 52) by isothermal oxidation tests at
1200ºC, 1280ºC and 1350ºC for at least 1000 hours.
Figure 4 shows the increase in the thickness of the
continuous layers with time for the different alloys
tested. PM2000, a dispersion strengthened alloy,
was used as a benchmark, and is iron-chromiumaluminium with a fine dispersion of yttrium oxide
(Y2O3) particles in a ferritic matrix. The
Pt86:Al10:Ti4 and Pt86:Al10:Ru4 alloys showed similar
parabolic oxidation behaviour to the benchmark.
The Pt86:Al10:Ir4 and Pt86:Al10:Cr4 alloys showed
parabolic behaviour during the early stages of oxi-

30
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Fig. 4 Results of the
isothermal oxidation
tests conducted on
Pt-Al-Z alloys at
1350ºC, showing the
specific mass changes
with time over the first
1000 hours (52)
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dation (with high initial oxidation rates), after
which their continuous oxide layers grew at a logarithmic rate, giving these two alloys the thinnest
continuous oxide layers after 800 hours’ exposure.
After a transient period, during which discontinuous alumina particles precipitated in a Pt
matrix (Figure 5(a)), an external alumina film
formed. This is formed because oxygen diffused
through the scale more quickly than Al diffused in
the alloy. Only when a critical volume of oxides
was reached, did transition from internal oxidation to external scale formation occur (53). The
continuous film appeared to provide protection
for the alloy, since no internal oxidation occurred
during long-term exposure (Figure 5(a)).
However, the alloys were still outperformed by
the PM2000 which formed a perfectly continuous
oxide layer (Figure 5(b)). Further work was
required in order to accelerate the formation of
the continuous layer of the Pt-based alloys. It was
deduced that this could be achieved by increasing
the Al content.
(a)

Conclusions
A survey was undertaken on binary alloys
which showed potential to give an f.c.c. solid
solution (γ) and L12 (γ' ) analogous to the NBSAs.
Unsurprisingly, the Pt-Al system was identified as
the most suitable base in terms of microstructure,
mechanical properties and promising oxidation
resistance. Experimental studies were done on
Pt-Al-Z alloys (where Z = Cr, Ir, Mo, Ni, Re, Ru,
Ta, Ti or W). Ultimately, the best alloys were
Pt-Al-Cr and Pt-Al-Ru.
Part II of the present series will appear in a
future issue of Platinum Metals Review.
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Flame Synthesis of Supported Platinum
Group Metals for Catalysis and Sensors
NOVEL FLAME PROCESSES ALLOW SYNTHESIS OF SUPPORTED PGMs IN A SINGLE STEP
By Reto Strobel and Sotiris E. Pratsinis*
Particle Technology Laboratory, Institute of Process Engineering, Department of Mechanical and Process Engineering,
ETH Zurich, Sonneggstrasse 3, CH-8092 Zurich, Switzerland; *E-mail: pratsinis@ptl.mavt.ethz.ch

Platinum group metals (pgms) supported on a carrier material are widely applied as catalysts.
These catalysts are conventionally prepared by wet-phase processes in several steps, while
recently developed flame processes allow synthesis of supported pgms in a single step including
the support material. Here, we describe flame processes and how finely dispersed supported
pgms are made in these flames. So Pt/Al2O3, Pd/ZnO, Rh/Al2O3, Pt/Ba/Al2O3 and others are
highlighted regarding their materials properties and performance as catalysts as well as in
gas sensors.

Introduction
Today, catalysts are mostly manufactured using
wet-chemical techniques. Incipient wetness
impregnation, sol-gel, precipitation, grafting and
solid-state reactions, just to name a few, are batch
processes requiring several aftertreatment steps,
such as filtration, drying and calcination (1–3).
Flame technology is a scalable, continuous and
well-established method for production of
nanoparticles in large quantities. For decades it has
been used for large scale manufacture of simple
commodities, such as carbon black, pigmentary
titania, silica waveguide preforms, fumed SiO2 and
alumina (4–6). Since the 1970s, flame-made materials have been used as catalyst supports (i.e. Al2O3,
SiO2, TiO2) (1, 2, 7) and as photocatalysts (mainly
TiO2) (8). Progress in flame technology during the
last decade, especially the development of the socalled flame-spray pyrolysis (FSP), contributed
decisively to the creation of new and sophisticated
materials for catalysis (9) as well as for sensors,
biomaterials, microelectronics and other applications (10). In fact, today it is possible to make up
to 1 kg h–1 of nanostructured materials by flame
aerosol technology even in an academic laboratory.
Figure 1 shows such a pilot FSP unit in operation
along with a baghouse particle collection unit (10).
Among other materials, pgms supported on
various ceramic carriers have been prepared by

Platinum Metals Rev., 2009, 53, (1), 11–20

flame technology during the last decade. Figure 2
shows a schematic of wet and flame processes for
synthesis of supported pgm catalysts. In contrast
to conventional multi-step wet chemistry techniques, such as precipitation of the support with its
washing, filtration, drying and calcination steps

Fig. 1 Pilot plant for flame synthesis of nanostructured
materials with control unit (top) and baghouse filter for
particle collection (bottom) (10)
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Fig. 2 Comparison of process steps involved in the preparation of Pt/Al2O3 catalysts either by flame synthesis (left
sequence) or conventional precipitation/impregnation techniques (right sequence)

followed by impregnation with the pgm and the
washing to calcination sequence, flame synthesis
allows preparation of the support and the pgm in a
single step. As-prepared particles can be separated
easily from the gas phase by filtration. In general,
flame-made supported pgms consist of finely dispersed pgms on top of a nonporous support
(Figure 3) exhibiting high external surface area and
thus good thermal stability and mass transfer properties (11–13).
Here, recent progress in flame synthesis of supported pgm as well as gold and silver catalysts and
sensors is presented along with the unique structural and catalytic properties of these materials.
Some examples which will be discussed here
include supported platinum and palladium cata-
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lysts for enantioselective hydrogenation, bimetallic
Pd-Pt catalysts for catalytic combustion of
methane, Pt/Ba/Al2O3 for NOx-storage reduction, supported Au catalysts for selective oxidation
of carbon monoxide, TiO2 and zinc oxide photocatalysts containing Pt and Ag as well as Pt/tin
oxide gas sensors.

Flame Synthesis of Supported
PGMs
Among other flame processes, FSP plays a
dominant role in the manufacture of supported
metals due to its versatility in terms of applicable
precursors. Traditional flame synthesis as applied
for the manufacture of fumed Al2O3, SiO2 or TiO2
relies on volatile precursors, which are evaporated
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Flame-made “nonporous” support

Flame synthesis of supported pgms generally
results in well dispersed pgm particles on top of a
ceramic carrier, which is the desired structure for
catalysts. This suggests that supported metals are
formed by a sequential pathway in the flame (13,
20). Figure 4 depicts the basic mechanism for
formation of supported pgm particles. As the
volatility of the ceramic supports is generally
lower than that of the pgm, the support forms
first by nucleation at higher temperatures than the
pgm. Then the support particles grow by coagulation and sintering in the hot flame environment.
Later, as the temperature drops further away from
the flame, the pgm also nucleates (21). One can
imagine two possible pathways: homogeneous
nucleation of the pgm and subsequent deposition
on the support, or direct heterogeneous nucleation on the support. The latter is the more

Conventional “porous” support

Fig. 3 Comparison of pgm distribution (dark) on flamemade nonporous and conventionally porous supports. The
nonporous nanoparticles of the flame-made support
result in high accessibility of the pgms and high thermal
stability of the support

prior to feeding them into the flame reactor (9). As
volatile precursors at reasonable prices are rare and
only available for a limited selection of metals, the
development of the FSP technique, which relies on
precursors dissolved in a combustible liquid
(14–17), opened a new range of materials available
through flame processes, including supported
pgms. Possible precursors for the pgm and the
support include metal salts (nitrates, carbonates,
chlorides) or organometallic compounds, typically
alkoxides, carboxylates or acetylacetonates. These
metal precursors are dissolved in an appropriate
solvent (such as alcohols, hydrocarbons or carboxylic acids), fed through a spray nozzle and
dispersed by a gas, resulting in fine droplets. This
spray is ignited, forming a spray flame, where the
solvents and usually also the metal precursors are
evaporated and combusted. Product particle formation then takes place by nucleation from the gas
phase. Maximum flame temperatures typically lie
between 2000 and 2500ºC and are quenched within a few milliseconds down to 400ºC (18, 19).
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Deposition of pgm

Heterogeneous
nucleation
of pgm

Homogeneous
nucleation
of pgm

Support growth and
agglomeration

Support nucleation

Fig. 4 Schematic for the formation of supported metals in
a flame. In a first step the support is formed by nucleation
from the gas phase, and then at lower temperatures pgms
nucleate heterogeneously on the support and/or
homogeneously from the gas with deposition on the
support
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probable pathway (9). Compared to flame synthesis of pgms in the absence of a support, their
deposition and immobilisation on the support
slows down their sintering, resulting in particles
typically smaller than 5 nm. Table I gives an
overview of supported noble metals made in
flames included in this review.
The FSP technique allows precise and reproducible control of the support surface area and the
size of the pgm particles. The most important factor determining support and metal particle size is
the high-temperature particle residence time,
which can be controlled by precursor and dispersion gas flow rates during FSP (16, 22). Increasing
precursor flow rates and/or lowering the dispersion gas flow rate results in longer flames and
higher temperatures, and thus larger support particles as sintering after coagulation is enhanced. The
size of the pgm particles is mostly determined by
the metal loading in terms of weight per surface
area of the support. Figure 5 shows the Pd particle
size on Al2O3 for different Pd contents (1–7.5
wt.%, controlled by the Pd concentration in the
precursor solution) and Al2O3 supports with differ-

ent specific surface areas (23). The Pd particle size
shows a nearly linear dependence on the Pd loading, increasing with higher Pd loadings. This shows
that the control of Pd particle size is not independent of the support formation. In contrast, only
for Au the particle size was independent of the
support surface area or composition, suggesting
homogeneous nucleation of Au particles and later
deposition (24).
Support and metal formation can be decoupled
by rapidly quenching the flame at a certain height
either by expansion through a critical flow nozzle
(9, 25) or by introduction of a cold gas stream (21).
Depending on the point of quenching, particle
growth can be stopped at any position in the particle formation sequence outlined in Figure 4. Early
quenching resulted in smaller support particles
(TiO2) and polydisperse Pt particles (very large and
very fine) by incomplete evaporation of the Pt precursor, while late quenching had no further effect
on the support but froze the growth of the Pt particles. This gave a minimum in Pt particle size by
quenching exactly at the point of complete Pt precursor evaporation (9, 21).

Table I

Overview of Flame-Made Supported Noble Metals with the Corresponding Support Material and Their
Applications
Metal

Support

Application

References*

Platinum

Al2O3
BaCO3/Al2O3
CexZr1–xO2
TiO2
SnO2

Enantioselective hydrogenation
NOx storage-reduction
Three-way catalyst
Oxidation catalyst, photocatalysis
Sensor

(13)
(28)
(11)
(20, 26, 31)
(27)

Palladium

Al2O3
La-Al2O3
La2O3
SiO2
ZnO

Enantioselective hydrogenation
Catalytic combustion
Catalytic combustion
Hydrogenation
Sensor

(23)
(12)
(36)
(37)
(38)

Rhodium

Al2O3
CexZr1–xO2

Selective hydrogenation
Syngas production

(40)
(41)

Gold

Fe2O3
SiO2
TiO2

Selective CO oxidation
Selective CO oxidation
Selective CO oxidation

(42)
(24, 42)
(24, 42, 43)

Silver

TiO2
ZnO

Photocatalysis, antimicrobial
Photocatalysis

(44)
(45)

*See main text for Reference numbering
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Platinum
Platinum supported on TiO2 was the first supported pgm made in a flame by a vapour-fed
aerosol flame process (20). It consisted of well dispersed Pt clusters on top of the TiO2 support.
However, the low volatility of the applied platinum(II) acetylacetonate (Pt(acac)2) precursor
limited the production rate to a few mg per hour.
FSP quickly superseded that process, as it works
with liquid precursor solutions and easily allows
synthesis of large sample quantities within a few
minutes. All of the following examples involve catalysts that have been prepared by this method.
FSP of solutions containing Pt(acac)2 and aluminium sec-butoxide resulted in the formation of
small Pt clusters (< 5 nm) well dispersed on top of
Al2O3 nanoparticles in the range 10 to 30 nm (13).
Similar structural properties have been observed
for Pt on TiO2 (26), CexZr1–xO2 (11) or SnO2 (27).
Flame-made Pt/Al2O3 catalysts were tested for
their behaviour in enantioselective hydrogenation,
where the open structure of the support strongly
increased the catalytic activity due to improved
mass transfer properties, without losing selectivity
compared to commercial catalysts (13).
Pt on solid solutions of ceria-zirconia is a standard automotive three-way catalyst, and when
prepared by FSP the catalyst did not lose its lowtemperature oxygen exchange capacity after
exposure to high temperatures (1100ºC) (11). The
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Pt clusters were oxidised in the as-prepared material and rather high temperatures were necessary
for reduction into metallic Pt under a H2 atmosphere.
More recently developed automotive catalysts
are the so-called NOx storage-reduction (NSR)
catalysts that are used for abatement of NOx
under lean conditions. Fully functional
Pt/Ba/Al2O3 NSR catalysts could be prepared by
two-nozzle FSP as shown in Figure 6 (28).
Spraying and combusting the precursors of all

Fig. 6 Two-nozzle flame synthesis as applied for
preparation of Pt/Ba/Al2O3 NOx storage-reduction
catalysts. The separation of Al2O3 (left flame) and
Pt/BaCO3 (right flame) particle formation affords
catalysts containing well-mixed but individual Al2O3 and
BaCO3 particles (28)
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three components together resulted in amorphous
barium species which were not active for NOx
storage. However, using two spray nozzles, one as
an Al and the other as a Pt/Ba source, allowed synthesis of individual Al2O3 and BaCO3 particles with
the Pt clusters on top of them. These materials
exhibited similar behaviour to impregnated catalysts during NSR. At higher Ba loadings, however,
the flame-made NSR catalysts showed faster and
higher NOx uptake (29). This is attributed to the
unique formation of relatively unstable BaCO3 in
flame-made materials, even at high Ba content.
Similar observations could be made for flamemade Pt/Ba/CeO2-ZrO2. Replacing Al2O3 with
CexZr1–xO2 allowed regeneration of these NSR catalysts after thermal deterioration (30).
Well-dispersed Pt clusters were also obtained on
TiO2 and increased the activity of TiO2 for photocatalytic degradation of sucrose (26) and methyl
orange (31).
Beyond the widespread application of Pt and
Pd in catalytic processes, they can also be applied
to enhance the gas sensing properties of semiconducting metal oxide sensors (27). Flame synthesis
of sensor materials is attractive as it allows synthesis of the active sensing material and deposition
on a sensor substrate in one step (32). This way,
very porous (up to 98% porosity) Pt/SnO2 sensors have been prepared, exhibiting a very low
detection limit for CO (down to 1 ppm) with high

sensor response. Direct FSP deposition of a
Pd/Al2O3 layer acting as a water filter on top of a
sensing SnO2 layer decreased the influence of
humidity on the sensor signal (33). Moreover,
micropatterning of these directly deposited layers
followed by flame annealing has made possible the
synthesis of well adherent Pt/SnO2 sensing layers
(34).

Palladium
Similar structural properties as for Pt were
observed for Pd on Al2O3 (23). Figure 7 shows a
scanning transmission electron microscope
(STEM) image of flame-made Pd/Al2O3 containing 5 wt.% Pd and the corresponding Pd particle
size distribution. In the as-prepared materials, Pd
was in the form of PdO which was very stable and
hardly reduced into metallic Pd compared to
Pd/Al2O3 prepared by other methods (35). This
can be traced to the generally strong metal–support interactions of flame-made materials. These
Pd/Al2O3 catalysts exhibited good selectivity and
activity in enantioselective hydrogenation (23). The
easy control of pgm particle size, as shown in
Figure 5, was used to elucidate the structure sensitivity of the reaction.
Flame-made Pd supported on very stable lanthanum-doped Al2O3 was used for catalytic
combustion of methane and investigated for its
high-temperature stability (12). After annealing at
Fig. 7 STEM
image of flamemade Pd/Al2O3
containing 5 wt.%
Pd. The numberbased Pd particle
size distribution as
derived from STEM
images shows a
typical lognormal
distribution (dotted
line) (23)
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1100ºC, flame-made Al2O3 retained a surface area
of 90 m2 g–1 compared to 57 m2 g–1 for a commercial Al2O3. Adding a few weight per cent of La
increased the thermal stability of flame-made
Al2O3 even further. The generally high thermal stability of flame-made supports is traced to the
absence of small pores, which makes them
promising catalysts for high-temperature processes. However, the deactivation of the catalyst in
catalytic combustion up to 1000ºC was mainly
caused by sintering of Pd, with only marginal
effects from the stability of the support, preparation method (impregnation, flame synthesis) or La
content (12). Similar observations have been made
for Pd on La2O3 particles which were made by
spraying aqueous precursor solutions in a hydrogen flame. These particles were then directly
collected in a water suspension that was directly
applied to coat metallic honeycombs (36).
In a similar way Pd/SiO2 containing 0.5–10
wt.% Pd has been prepared by FSP (37). These
catalysts have been tested for selective hydrogenation of 1-heptyne. Pd has also been added to ZnO
particles to improve their ethanol sensing behaviour (38). Further, flame-made Pd/CeO2 particles
have been applied successfully in solid oxide fuel
cells (39).

Rhodium
A study comparing flame-made Rh/Al2O3 catalysts with two commercial ones has been
published recently (40). The as-prepared flamemade material consisted of well dispersed Rh2O3
particles (< 5 nm) that needed relatively high temperatures (> 400ºC) to be reduced into metallic
Rh. In contrast to commercial catalysts, a large
amount of cationic Rh species were formed during
reduction, indicating a strong interaction between
Rh and the Al2O3 support. Similarly to the previously described Pt/Al2O3 and Pd/Al2O3, the
flame-made Rh/Al2O3 also showed much higher
activity in the chemoselective hydrogenation of
3,5-di-(trifluoromethyl)-acetophenone than commercial catalysts, together with comparable
selectivity. FSP was also applied for synthesis of
Rh/CeZrO4 catalysts that were used for syngas
production from butane (41).
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Iridium, Osmium and Ruthenium
These pgms are not as widely applied in catalysis as Pt or Pd and thus no reports on flame
synthesis of them are available. So far they have
only been prepared by FSP in combination with
other metals as described later in the section on
bimetallic systems.

Gold and Silver
Although not belonging to the pgms,
supported Au will be discussed here as it has
attracted a lot of interest since the discovery of its
catalytic “non-inertness”. Therefore it is not surprising that flames have also been employed for
the manufacture of supported Au catalysts. Au
supported on TiO2 and SiO2 has been made by
FSP (24). On both supports, the Au particle size
was larger than the previously described pgms, and
varied between 3 and 15 nm depending on the Au
content (1–4 wt.%). The catalytic behaviour of
FSP-made Au catalysts supported on SiO2, TiO2
and Fe2O3 in the selective oxidation of carbon
monoxide was investigated, revealing similar relationships between Au particle size or support
material and catalytic performance to those seen in
conventionally prepared catalysts (42). Au/TiO2
was also directly deposited from the gas phase
onto surfaces in microsystems (43). Shadow masking allowed deposition of these catalysts in small
microchannels, which were directly used for testing catalytic reactions in microreactors, here for
instance the oxidation of CO.
Silver is also not a pgm but exhibits similar
structural properties when made in flames. The
formation of small Ag clusters has already been
observed on TiO2 (44), SiO2 (42) and ZnO (45).
Besides having some interesting applications due
to its strong antimicrobial properties (44), Ag also
enhances the photocatalytic activity of the support. The addition of Ag increased the
photocatalytic activity of TiO2 for decomposition
of stearic acid (44) and the activity of ZnO for
decomposition of methylene blue (45).

Bimetallic Systems
Alloying pgms is often used as a method for
fine-tuning and optimising their properties. The
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formation of bimetallic clusters can be difficult
when working with conventional techniques.
Flame synthesis facilitates formation of bimetallic
clusters as both constituents are formed practically
simultaneously in the flame. This has already been
exploited for synthesis of bimetallic Pd-Pt/Al2O3
where Pd and Pt were present in the same clusters
and form a Pd-Pt alloy upon reduction (46). Figure
8 shows an STEM image of this material with the
corresponding energy dispersive X-ray (EDX)
analysis of a single metal particle, revealing the
presence of Pd and Pt in the same cluster. Here,
the addition of 5% Pt to Pd increased its reducibility and especially the noble metal cluster stability
against sintering at high temperatures (up to
800ºC), resulting in an improved resistance against
deactivation during catalytic combustion of
methane (46).
Similar observations were made for Au-Ag,
used as a catalyst for selective CO oxidation. The
catalyst was proved to consist of small alloyed AuAg bimetallic clusters (< 10 nm) dispersed on
TiO2, Fe2O3 or SiO2 (42). Small alloyed Pt-Rh clus-

ters were also deposited on Al2O3 and evaluated
for their behaviour in the partial oxidation of
methane (47). Alloy formation was also observed
for unsupported Ag-Pd particles (48), whereas PtRu was only partly alloyed either unsupported (49)
or supported on Al2O3 (47). It can be assumed that
simultaneous nucleation of noble metals in the gas
phase or on the support, combined with similar
oxidation states, leads to the formation of
bimetallic clusters. This makes flame technology a
promising alternative to wet-phase processes for
preparation of various bimetallic or even “multimetallic” catalysts, as already shown for a
combination of four pgms (Pt, Pd, Rh and Ru) on
Al2O3 for partial oxidation of methane (47).

Conclusions
Flame aerosol technology is well suited for onestep synthesis of supported pgms that can be
applied in catalysis and as gas sensors. In general
the pgms form finely dispersed clusters on top of
nanostructured ceramic supports, which can consist of most metal oxides or their mixtures. A
Fig. 8 STEM image of bimetallic
Pd-Pt/Al2O3, with EDX spot analysis of a
single Pd-Pt cluster (indicated by an
arrow), revealing the presence of Pt and Pd
in the same cluster on top of Al2O3
(adapted from (46)). Similar observations
have been made for Au-Ag (42) or Pt-Rh
(47)

20 nm

Counts

60

C Al

40
O
20

0

Pt
Cu

Cu
Pd

Pt
5

Pt
10

Energy, eV

Platinum Metals Rev., 2009, 53, (1)

18

characteristic property of flame-made support
materials is their open structure, which gives high
thermal stability and good mass transfer properties
that can result in catalysts with improved activity
and longevity. Strong metal–support interactions
are often observed, resulting in stabilisation of the
pgms as oxides or cationic species. Bimetallic and
multimetallic clusters are easily formed by this
flame aerosol technology. Rapid synthesis (below
1 min for 100 mg) and reproducibility make flame

synthesis a promising method for high throughput
screening of catalysts with different pgm and
support compositions.
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The 22nd Santa Fe Symposium on Jewelry
Manufacturing Technology
INVESTMENT CASTING OF PALLADIUM JEWELLERY ATTRACTS MUCH INTEREST
Reviewed by Christopher W. Corti
COReGOLD Technology Consultancy, Reading, U.K.; E-mail: chris@corti.force9.co.uk

The 22nd international Santa Fe Symposium®
was held in Albuquerque, New Mexico, from
18th–21st May 2008 (1), and attracted around 120
delegates from thirteen countries in all continents
of the world. Once again, palladium jewellery manufacture featured strongly, with two presentations
on investment (lost wax) casting studies that show
how this new jewellery metal can be successfully
cast. The importance of the platinum group metals
(pgms) for jewellery was further supported by a
presentation on the investment casting of platinum
jewellery and one on the use of laser welding in
platinum jewellery manufacture.
As noted at the 2007 Symposium (2), palladium
is attracting considerable interest as a jewellery
material in its own right. However, its success in
the market depends on an ability to manufacture it
cost-effectively by the conventional technologies.
Investment (or lost wax) casting is the major manufacturing technology for precious metal jewellery
and its application to palladium is seen as important. The relative lack of knowledge of the casting
characteristics of 950 fineness palladium alloys,
given that palladium is known to absorb hydrogen
and oxygen, has been seen as a potential drawback.
The current studies reported at the 2008
Symposium address that concern.

chemical and physical characteristics of such dental alloys, and investigating how the experience
acquired in the dental field could be transferred to
the jewellery industry. He reviewed the effect of
alloying elements on the hardness of palladium,
followed by a discussion of the hardness and melting range of some common dental alloys. He noted
that the width of the melting range is larger (100 to
150ºC) than that of common 950 platinum jewellery alloys (15 to 30ºC), a factor which affects the
solidification behaviour of these alloys. The cast
microstructure of the dental alloys, he pointed out,
is often complex and multiphase, frequently containing lamellar eutectic constituents, as shown in
Figure 1. Apart from the primary palladium phase,
the second phases are often intermetallics containing gallium. Segregation to grain boundaries or
between dendrites is also common in high-palladium alloys. In contrast, 950 palladium jewellery
alloys are expected to be single phase, as they are
less highly alloyed.
Battaini noted that high oxygen uptake in dental alloys is often due to internal oxidation of base
metals, and this could also occur in jewellery alloys

Casting of Palladium Alloys
The first presentation, ‘Investment Casting
Behaviour of Pd-Based Alloys’, was given by
Professor Paolo Battaini (8853 SpA, Italy), who
has been involved in developing 950 palladium
alloys (see (3)). Battaini notes that palladium-silverbased dental alloys with palladium contents
between 40 and 60% have been developed since
the 1970s and investment cast successfully. His
presentation was concerned with reviewing the
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Fig. 1 As-cast microstructure of the dental alloy
Pd74.0-In5.0-Cu14.5-Ga1.6-Sn4.9, showing lamellar eutectic
areas (Courtesy of Paolo Battaini, 8853 SpA, Italy)

21

if held in oxygen-containing atmospheres at high
temperatures. Such internal oxidation would be
detrimental to palladium jewellery, as it is with
silver (where it gives rise to a dark coating known
as ‘firestain’), in terms of polishing. High oxygen
content also leads to gas porosity in both dental
and jewellery alloys. Carbon absorption is another
problem in dental alloys, and can also lead to gas
porosity in castings, so palladium alloys are not
melted in graphite crucibles. Palladium is well
known for absorbing large quantities of hydrogen.
Further, as with the other precious metals, silicon
contamination causes embrittlement due to low
melting point eutectic formation, usually located at
grain boundaries and so, unless coated with zirconia, silica melting crucibles should be avoided, as
should reducing conditions.
Palladium dental alloys are also susceptible to
hot cracking due to the mismatch of expansion
coefficients with the phosphate-bonded investment
mould material. Such cracking has been observed
in 950 palladium jewellery alloys after casting.
The above review led nicely into the next presentation, ‘Challenges for Palladium Casting
Alloys’, presented by Jörg Fischer-Bühner (Legor
Srl, Italy). This was a report on work conducted
last year at the Research Institute for Precious
Metals and Metals Chemistry (FEM), Germany,
sponsored by Palladium Alliance International, to
study the investment casting of 950 palladium jewellery alloys. This work, in which Johnson Matthey
New York supplied the palladium alloys and industrial trials were carried out at TechForm and Au
Enterprises, both in the U.S.A., is the first systematic investigation of the investment casting of 950
palladium alloys following the pioneering work by
Teresa Fryé (TechForm Advanced Casting
Technology Inc, U.S.A.) (see (2)).
The laboratory work was conducted by melting
either under an argon cover on the crucible or
under vacuum followed by backfilling with argon
in the closed casting chamber of a centrifugal casting machine, using zirconia-coated silica crucibles.
Melting time was controlled and casting carried out
on a tree size between 90 and 180 g, using moulds
made in either a two-part platinum investment
powder with acid binder or a one-part platinum
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investment powder with a water binder. Flask
(mould) temperatures were in the range 650 to
850ºC. Two alloys were selected: 950 palladiumruthenium-gallium and 950 palladium-silvergallium-copper, for casting trials of a ball-on-ring
test pattern, sprued either on the ball or on the
shank opposite the ball.
The drying time of the flask before burnout
influenced the incidence of porosity in the castings, with shorter times of 1.5 h yielding little
porosity. For the one-part investment, optimising
the powder:water ratio gave good castings, whereas excess water resulted in some porosity. It was
concluded that 950 palladium alloys can be very
reactive with the investment mould material, leading to gas porosity. They are especially sensitive to
poor investment preparation and degradation of
the investment powder over its shelf life. For the
two-part investment, short but effective drying and
binder removal are essential.
Using a flask temperature of 650ºC, melting
with just an argon cover on the crucible led to
porosity in the casting, whereas use of a vacuum
followed by back-filling the closed chamber with
argon resulted in good castings. When the flask
temperature was raised to 850ºC, pore-free castings were obtained with just an argon cover on the
crucible, where the feed sprue system allowed
release of gas. The flask is full of air when just an
argon cover on the crucible is used in melting, and
this allows the melt to take up oxygen after pouring, so tailoring the feed sprue to allow gas release
is important. In both gas atmosphere conditions,
formation of inclusions within the alloy was
observed and analysis showed these to be gallium
oxide or silica.
The industrial trials at TechForm using their
shell mould casting process resulted in castings
with cracks and hot tears, typically at the junction
of the feed sprue to the ring shank. Scanning electron microscope/energy dispersive X-ray
(SEM/EDX) analysis of the fracture surfaces
showed gallium enrichment and traces of silicon,
leading to the conclusion that hot tears were due to
low melting phases. The number of silica inclusion
particles found in the castings increased with the
amount of scrap used in the melt charge.
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It was concluded that overheating of the melt
and extended melting times should be avoided,
as these allow the melt to take up silicon, phosphorus and oxygen. This leads to gas porosity
and hot tears after the chamber is evacuated, creating reducing conditions, and back-filled with
argon.
In subsequent work carried out by FischerBühner and colleagues at Legor Group Srl, Italy,
the development of palladium alloys containing
gallium was studied. This showed alloys with gallium, silver and indium, with lower melting ranges
(below 1500ºC), to be preferable over other compositions. Systematic casting trials of such an alloy
(known as ‘Pd950G’) were reported. Good castings could be obtained, with low levels of gas
porosity and no cracks or hot tears, see Figure 2.
By comparison, use of a 950 palladium-niobiumgallium alloy cast under similar conditions led to
cracks, hot tears and significant gas porosity in the
castings. This alloy had a higher melting range
(above 1500ºC), and it was concluded that this
resulted in increased reactivity with the crucible
(a)

(b)

Fig. 2 (a) Castings in an alloy of palladium with gallium,
silver and indium, known as ‘Pd950G’; (b) the finished
alloy surface, showing no cracks or hot tears (Courtesy
of Jörg Fischer-Bühner, Legor Group Srl, Italy)
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and mould material. Casting trials on the Pd950G
alloy conducted at jewellery manufacturers’ workshops showed that melting in air resulted in large
amounts of gas porosity in the castings, but no
cracks or hot tears. When an argon cover on the
crucible was used, both gas and shrinkage
porosity were observed, the latter due to non-optimisation of the feed sprue. The finished surface
quality of the ring was satisfactory. Using the
method of melting under a vacuum followed by
back-filling with argon, good castings with low
porosity and no cracks or hot tears were obtained.
Trials in which Pd950G alloy scrap was recycled
over several cycles showed little impairment of
surface quality, no degradation of melt fluidity, a
lack of cracks and hot tears and little increase of
gas microporosity. From this study of their
Pd950G alloy, it was concluded that it is possible
to obtain good castings in 950 palladium alloys
under typical industrial conditions, although strict
process control is essential.

Platinum
Despite the quick advent of computer aided
design/computer aided manufacturing (CAD/
CAM) and rapid prototyping technologies in the
jewellery industry, there has been a dearth of information on casting behaviour of the resulting
patterns (or models) in the various plastic/polymer materials that result from the different
technologies on offer. That was the subject
addressed by Teresa Fryé (TechForm Advanced
Casting Technology Inc, U.S.A.). This company
specialises in shell-mould casting of platinum jewellery. In her presentation, ‘A Study of the Effect
of CAD/CAM-Derived Materials in the Casting
of Platinum Alloys’, Fryé observed that experience
had shown all these plastic materials performed
differently in the casting process. The study was
undertaken to understand these differences. A
number of plastic model materials were studied:
two light-curing photopolymers, a thermoplastic
produced by jetting, four grades of polymeric
milling wax and one of a conventional hydrocarbon injection wax.
A test model was created, with a geometry
designed to encourage failures typically seen in real
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castings; it was based on a heavy torus shape with
deep holes, sharp angles and deep recesses. The
first set of tests were burnout experiments
designed to assess the amount of residual ash after
burnout under conditions of both restricted air and
free flow of air. These showed that, surprisingly,
there was little ash residue in any case, and that
restricting air flow resulted in less ash for all materials; the lowest ash was found in one milling wax
and the highest with one photopolymer. Thermal
expansion was also measured, using a simple
dilatometric technique. The milling waxes and the
photopolymers showed substantial expansions (up
to 200ºC and 450ºC, respectively), whereas the
injection wax and thermoplastic had low expansions. These results have implications for the
mould in the burnout cycle. The mould material
expansion is complex and its compressive strength
rises with temperature in the case of phosphate
bonded materials.
Casting tests on platinum-10% iridium alloy
were undertaken using the TechForm ceramic
shell system with a phosphate-bonded platinum
investment. These showed that injection wax, with
low expansion and low melting temperature, performed well and produced good castings. In
contrast, the milling waxes performed less well,
with investment failure evident in the blind hole
(Figure 3(a)) and the thin walled areas. The thermoplastic, with low expansion, gave good castings
(Figure 3(b)), whereas the photopolymers produced mixed results. Some ceramic core
relocation was also found with the milled waxes
(a)
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and one photopolymer. These results support the
view that thermal expansion is at the root of the
observed casting defects, whereas ash residue did
not appear to be significant, contrary to perceived
wisdom.
In his presentation, ‘Platinum and Lasers: The
Natural Solution’, Jurgen Maerz (Platinum Guild
International, U.S.A.) discussed the application of
lasers to platinum jewellery manufacture and repair
through several practical examples. All were concerned with laser welding, and the advantage for
platinum of its low thermal conductivity, which
means, for example, that gemstones are not damaged in the process. The examples presented
demonstrated the versatility and design potential
that laser welding confers, and serve as model case
studies for those new to platinum.

Jewellery Properties and
Manufacturing
The property of hardness and ‘The Role of
Hardness in Jewellery Alloys’ were discussed by
Chris Corti (COReGOLD, U.K.), in which he concluded that all precious metal jewellery should have
a hardness value of at least 100 HV for satisfactory performance. Low hardness is a problem
sometimes found with cast platinum jewellery due
to poor alloy selection, for example; see (4). Some
commercial palladium alloys also tend to have low
hardness values in the as-cast or annealed condition, although this is being addressed by the alloy
suppliers. The inconsistency of hardness data in
the open literature was discussed in a subsequent
Fig. 3 (a) Investment failure in a
blind hole in platinum-10%
iridium casting, cast from a model
in milled wax produced on a CAM
milling machine; (b) Good casting
quality in a blind hole in
platinum-10% iridium, cast from a
model in thermoplastic material
produced on a rapid prototyping
machine (Courtesy of Teresa Fryé,
TechForm Advanced Casting
Technology Inc, U.S.A.)
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roundtable discussion at the 2008 Symposium.
The need for an agreed standard testing procedure
was identified, and it was noted that some alloys
can show differing hardness values from cast surface to bulk alloy.
‘Designing for Rapid Manufacturing and Other
Emerging Technologies’, was presented by Gay
Penfold (Jewellery Industry Innovation Centre,
Birmingham City University, U.K.). Her presentation was a stimulating look into the future in terms
of the design potential afforded by CAD/rapid
prototyping-based technologies. The ability to
produce a range of related designs from one basic
dynamic CAD program, each unique and different
from the others, was astounding.
‘Basic Metallurgy of the Precious Metals – Part
II’ by Chris Corti (COReGOLD, U.K.) was an
update on Part I, presented at the 2007
Symposium (2). In Part II, he reviewed the development of microstructure through solidification
and working. The importance of controlling grain
size was central to this presentation. The problem
of hard spots in carat golds, which lead to polishing problems, was analysed by Damiano Zito
(ProGold Srl, Italy), in his presentation, ‘Hard
Spots: A Trip through Ambiguity’. Many of these
were found to be due to insoluble pgms that can
occur in the fine gold bars used to make the
alloys.
Andreas Zielonka (FEM, Germany), presented
his research on ‘Incorporation of Gold
Nanoparticles in Metal Matrix Systems’. This is
achieved by a novel electroplating approach in
which gold nanoparticles are dispersed during the
electroplating of nickel. This approach to nanoparticulate metal matrix materials has considerable
potential. The more conventional particulate
approach to making jewellery was discussed by
Joseph Strauss (HJE Company Inc, U.S.A.), who
updated the Symposium on ‘Powder Metallurgy in
Jewelry Manufacturing’. He reported on several
instances of commercialisation of metal injection
moulding (MIM) that are now emerging in
Europe, the U.S.A. and the Far East, not only for
jewellery but also for precious metal watch cases
and medical components. On a more theoretical
level, Boonrat Lohwongwatana (Chulalongkorn
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University, Thailand) spoke about thermodynamic
modelling in alloy design in his talk ‘Alloys by
Design’, an approach which can save considerable
time and expense in alloy development.
On a more general theme, there were several
presentations concerned with jewellery technology
and practice: Klaus Wiesner (Wieland GmbH,
Germany) discussed the practical aspects of ‘Wire
and Bar Manufacturing’ for precious metal jewellery and Hubert Schuster (consultant, Italy)
spoke about ‘Stone-in-Place Casting for High-End
Jewelry’. The problem of defects in casting wax
patterns was described by Patrick Sage (Neutec
USA, U.S.A.), in his eye-opening presentation
‘Casting the Perfect Defect’. In particular, the malfunctioning of wax injectors was shown to
contribute to the problem.
On the health and safety front, Samuel Davis
(Stern-Leach, U.S.A.) spoke about ‘Methods for
Reducing Ergonomic Risk’, describing several
examples of improvements to working conditions
implemented at his company. In a similar vein,
Alexandre Auberson (Cartier, U.S.A.) discussed
‘Handling and Shipping at the Manufacture Stage’,
in which he described how packaging of jewellery
is a critical part of Cartier’s product offering in
order to preserve the top quality finish and condition of the piece delivered to the retailer and
customer.
A Lifetime Achievement Award was presented
to John McCloskey, recently retired from Stuller
Inc, U.S.A. John presented at the original Santa Fe
Symposium, back in 1987, and has made many significant contributions over subsequent years to
further our knowledge and understanding in jewellery manufacture, see also (3).

Concluding Remarks
Palladium as a jewellery metal was again the
centre of attention at this Symposium. In particular, the good progress being made in
understanding the technology of casting palladium
jewellery will contribute strongly to its future success in this application sector. Furthermore, the
technology for platinum continues to be developed and underpins its continued attraction in the
marketplace. There is no doubt that the Santa Fe
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Symposium is the important technology forum for
the jewellery industry worldwide.
The Santa Fe Symposium proceedings are published as a book and as PowerPoint® presentations
on CD-ROM. They can be obtained from the
organisers (1). The 23rd Santa Fe Symposium®
will be held in Albuquerque on 17th–20th May
2009 (1).
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Cleaning the Air We Breathe – Controlling
Diesel Particulate Emissions from
Passenger Cars
By Martyn V. Twigg*
Johnson Matthey PLC, Orchard Road, Royston, Hertfordshire SG8 5HE, U.K.; *E-mail: twiggm@matthey.com

and Paul R. Phillips
Emission Control Technologies, Johnson Matthey PLC, Orchard Road, Royston, Hertfordshire SG8 5HE, U.K.

The mechanism of formation of particulate matter (PM) in the diesel engine combustion process
is outlined, and the increasingly stringent PM emissions limits in current and projected
environmental legislation are noted in the context of the increasing use of fuel-efficient
high-performance diesel engines in passenger cars. The types of filter systems for abating
diesel particulates are described, as are the principles of filter regeneration – the controlled
oxidation of PM retained in the filter, to prevent an accumulation which would ultimately block
the filter and degrade engine performance. PM is characterised in terms of both particle
size (coarse, accumulation mode, and nucleation mode nanoparticles) and chemical composition,
and the filtration issues specific to the various PM types are outlined. Likely future trends in
filter design are projected, including multifunctional systems combining PM filtration with
NOx control catalysts to meet yet more stringent legislative requirements, including European
Stage 5 and 6, and the so called ‘Bin 5’ levels in the U.S.A.

In the ‘bad old days’, when diesel lorries produced clouds of black smoke as they accelerated or
climbed hills, a diesel engine in a car was a rarity,
but during the last few years Western Europe has
seen a huge increase in the production of diesel
passenger cars. Today more than 50% of all new
European cars have a diesel engine (1). This
increased demand results from the introduction of
the powerful turbocharged high-speed diesel
engine that provides excellent driving characteristics with high torque at low speed, and very good
fuel economy. Modern passenger car diesel
engines produce much less soot or PM than did
their older counterparts, because of improved
fuelling and enhanced combustion characteristics.
For instance, fuel pumps operating at very high
pressure enable injection via several very fine nozzles into the cylinder and these injection systems
permit multiple injections of fuel. In spite of the
improvements in PM emissions from diesel powered vehicles, there are still concerns about the
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environmental consequences of these emissions.
Legislation is being introduced that will demand
fitment of PM filters to all diesel car models sold in
Western Europe, with the implementation of the
European Stage 5 emissions requirements (2) starting in 2009. In fact a growing number of new
diesel passenger cars have PM filters, even though
they may not be necessary to meet current legislative requirements.

The Origin of Particulate Matter
The operation of a diesel engine involves compressing air in the cylinder producing heat via the
Joule-Thomson effect, and then injecting finely
‘atomised’ fuel under very high pressure (up to
2000 bar) directly into the hot gas that causes it to
explosively combust. The exact details of the combustion process are the subject of active research,
and it is clear that the atomised fuel droplets evaporate and burn in a fuel-rich region limited by
ingress of oxygen into the burning flame front. In
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the fuel-rich zone, carbon forms from reactive
intermediates. Subsequently when excess oxygen is
present the carbon that has formed may be burnt,
and if this is not completed when the combusted
mixture is discharged from the cylinder through
the exhaust ports, a residue of fine carbon cores
remains in the exhaust gas. As the gas cools during
passage into the exhaust manifold, turbocharger
and the associated pipework, the carbon particles
agglomerate forming high surface area material
onto which uncombusted and partially combusted
products adsorb, as well as sulfur oxides and nitrogen oxides (NOx) formed during the high
temperature combustion in the cylinder.
When inhaled the scale of some of the smallest
nanosized particles enables them to pass almost
unheeded into the lungs and then even into the
bloodstream. It is this mobility, coupled with the
composition of the cocktail of adsorbed species,
which gives rise to environmental health concerns. Figure 1 illustrates schematically the nature
of diesel PM, and Figure 2 shows a chromatograph trace that indicates the very large number of
different species that are adsorbed on typical
diesel car PM.
The amount of exhaust PM that European
diesel cars are permitted to emit has decreased
considerably over the last couple of decades, and

this is illustrated graphically in Figure 3. The
European PM emissions limits have decreased by
more than an order of magnitude since 1983.
Although the test conditions for each of the emission levels are not exactly the same, the overall
downward trend is clear. The very low passenger
car PM emissions limits for the European Stage 5
legislation, due to be phased in during 2009, can
only be achieved through the fitment of filters, and
legislation in other parts of the world will mean
that filters will also be fitted to diesel cars elsewhere in the future.

Diesel Particulate Filter Types
Several types of ceramic and sintered metal
diesel particulate filters (DPFs) have been developed. The most successful and the most
commonly used commercially, are porous ceramic
wall-flow filters, as shown schematically in
Figure 4. Refractory materials used to make them
include cordierite, silicon carbide and aluminium
titanate. Alternate channels are plugged, so the
exhaust gas is forced through the channel walls.
The exhaust gases pass through the walls but the
PM does not and it is trapped in the filter. As PM
accumulates in the filter, the backpressure across it
increases, and if this continues it will become
excessive, and significantly degrade engine

Solid
carbon
cores
Vapour phase
hydrocarbons

Solid carbon cores
(0.01–0.08 mm),
agglomerate (0.05–
1.0 mm) and adsorbed
vapour phase species

Adsorbed
hydrocarbons

Soluble organic
fraction (SOF)/
particle phase
hydrocarbons

Liquid condensed
hydrocarbon
particles
Adsorbed
hydrocarbons

Hydrated sulfate
species

Hydrated sulfate
species
Fig. 1 Schematic representation of diesel particulate matter (PM) formed during combustion of atomised fuel droplets.
The resulting carbon cores agglomerate and adsorb species from the gas phase
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Fig. 2 A gas
chromatogram showing
that a large number of
organic species are
adsorbed on diesel PM.
Each peak corresponds
to a specific compound
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performance – ultimately the engine will stop! It is
therefore essential that the backpressure across the
filter is not allowed to rise above a predetermined
limit, so PM must periodically be removed from
the filter to prevent this from happening. The best
way of removing PM from the filter is to oxidise it
to carbon dioxide (CO2) and water.

Filter Regeneration
The process of oxidising retained PM in a diesel
filter is called regeneration (3, 4). The temperature
of diesel passenger car exhaust gas rarely exceeds
250ºC during urban driving, so the use of nitrogen
dioxide (NO2) as shown in Equations (i) and (ii)
for combustion of trapped PM (written as “CH”)
that takes place at temperatures in the range 250 to
400ºC can only remove some of the accumulated
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soot when suitable temperature conditions are
achieved:
2NO + O2 → 2NO2

5NO2 + 2“CH” → 5NO + 2CO2 + H2O (ii)
In contrast, heavy-duty trucks and buses operate
at higher temperatures and therefore the regeneration with NO2 is very effective and continuously
cleans the filter. Whilst the exhaust gas temperature for cars is too low for this regeneration
method when driving in urban conditions, at
speeds of around 100 km h–1, the exhaust gas
temperature can be sufficiently high for nitric
oxide (NO) in the exhaust gas to be oxidised over
a platinum catalyst, producing NO2 which can in
turn oxidise retained PM in the filter, as in
Equation (ii). This type of regeneration is called
Fig. 3 The decrease in
European legislated PM
passenger car emission
limits. Since 1983 the
permitted emissions
have been reduced by an
order of magnitude, and
future stringent
legislation will demand
the fitment of filters
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Fig. 4 A schematic
representation of a ceramic wallflow filter. The arrows indicate
the gas flow through the walls.
PM is trapped in the upstream
side of the filter, and periodically
this has to be removed to prevent
unacceptable pressure-drop
across the filter (Courtesy of
Corning Inc)

‘passive regeneration’. But to provide a regeneration method for all driving conditions, an ‘active’
form of regeneration must be employed that
periodically increases the exhaust gas temperature
to burn PM in the filter with oxygen (typically 550
to 600ºC) every 400 to 2000 km, depending on the
actual driving conditions. Three commercial filter
systems developed for cars using active periodic
oxygen regeneration are illustrated in Figure 5.
‘Generation 1’ employs one or two platinumbased oxidation catalysts in front of the filter to
control hydrocarbons (HCs) and carbon
monoxide (CO) emissions. The catalyst also
oxidises extra partially burnt fuel when it is

injected into the engine, to raise the exhaust
temperature for active PM combustion with
oxygen (5). This system was introduced in 1999 (6)
and uses a base metal fuel additive to lower the
temperature for PM combustion with oxygen. The
first fuel additive was based on ceria, and others
now in use contain base metals such as iron or
strontium, and one based on platinum has been
described. These multicomponent systems work
well, although they are costly and fuel additive
residues are retained in the filter as inorganic ash
(see below), and this contributes to a higher backpressure across the filter than would be the case if
no fuel additive were used.

Generation 1: Fuel additive type
FLOW

DOC

DPF

DOC

CSF

Generation 2: DOC + CSF
FLOW

Generation 3: CSF-only (integrated oxidation catalyst)
FLOW

CSF
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Fig. 5 Three filter systems used on
diesel cars:
Generation 1: there is a platinum
oxidation catalyst before the filter to
periodically burn partially combusted
fuel to achieve high temperatures, and
a fuel additive is used to lower the PM
combustion temperature;
Generation 2: no additive is
employed, the filter contains catalyst
to accelerate PM combustion;
Generation 3: all of the required
catalyst functionality is incorporated
in a single filter.
DOC = platinum-only or
platinum/palladium diesel oxidation
catalyst; DPF = diesel particulate
filter; CSF = platinum-only or
platinum/palladium catalysed soot
filter
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‘Generation 2’ has the advantage of using no
fuel additive. As well as one or two upstream
oxidation catalysts, the filter has catalyst in the
walls to promote PM combustion, and today many
cars use this configuration. The more recently
introduced (2005) ‘Generation 3’ by Johnson
Matthey requires neither a fuel additive nor an
upstream catalyst. It comprises a single catalysed
filter, incorporating all of the oxidation catalyst
functionality to oxidise HC and CO during normal
driving, and to periodically oxidise extra partially
burnt fuel to raise the temperature sufficiently to
combust PM with oxygen during active regenerations. Under some conditions, the catalyst might
also oxidise some NO to NO2 to provide some
passive PM removal during high-speed driving.
This system is thermally the most efficient, because
during active regeneration there is only the filter to
heat, which is mounted actually on the engine
turbocharger so as to minimise heat losses. The
oxidation reactions used to boost the temperature
actually take place in the filter, in the same location
as the retained PM (7, 8). In contrast, systems with
a separate upstream catalyst lose some of the heat
0.25

Nuclei mode:
Usually forms from
volatile precursors
as exhaust dilutes
and cools

0.2

provided during regenerations to the surroundings
via the pipework between the turbocharger and the
filter and so are less thermally efficient.

Particulate Matter Nanoparticles
Figure 6 shows the range of particle sizes
typically present in diesel exhaust gas. Filters can
remove the larger, coarse, micron-sized PM and
‘accumulation mode’ particles above 100 nm in
size that together account for almost all of the PM
mass. Very small nanoparticles, about 10 nm and
even smaller in size, are now being addressed
because when they are inhaled they can pass
through the bronchial tissue into the bloodstream.
Although collectively they have very little mass,
they can be present in huge numbers. Recent
research (9) indicates that most of this ‘nucleation
mode’ PM comes from volatile organic or
inorganic precursors that are formed as the
exhaust gas cools. Laboratory and on-road studies
on heavy-duty diesel engines show that when hot,
the platinum oxidation catalyst can effectively
remove all the HCs in the exhaust gas. Then, most
of the nucleation mode PM is inorganic ‘sulfate’,

Fine particles,
Dp < 2.5 μm

Nanoparticles,
Dp < 50 nm
Ultrafine particles,
Dp < 100 nm

In some cases
this mode may
consist of very
small particles
below the range
of conventional
instruments,
Dp < 10 nm

0.15

0.1

PM10,
Dp < 10 μm

Accumulation mode: Usually
consists of carbonaceous
agglomerates and adsorbed
material

These modes
eliminated by
filtration

Coarse mode: Usually
consists of reentrained
accumulation mode
particles, crankcase fumes

0.05

0
1
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100
Diameter, nm
Number
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Fig. 6 Classification of diesel engine PM according to size. Most of the PM mass (dashed line) is associated with the
accumulation-mode (~ 100 nm) and coarse-mode particles, but there are many more nanoparticles (solid line) in the
nucleation mode (~ 10 nm) that are so small they can penetrate the human bronchial system (Courtesy of Professor
David B. Kittelson, Center for Diesel Research, University of Minnesota, U.S.A.)
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probably as sulfuric acid, ammonium sulfate
((NH4)2SO4) or ammonium hydrogen sulfate
(NH4HSO4) derived from sulfur compounds
originally present in the diesel fuel and lubrication
oil and traces of ammonia (NH3) present in the air.
The lifetime of this PM is expected to be short,
because such very fine particles coalesce and
undergo other processes that take them out of the
air (10). As expected, they are not formed if the
sulfur concentration in the fuel and oil is reduced
to below a critical level. Research in this area is
very active, and more work is needed to obtain a
full understanding of the nature and reactivity of
nanoparticles from diesel exhaust gas. However,
recently it was shown that careful chemical design
of catalytic filter systems can control emissions of
nanoparticles, as well as the coarser types of PM
(11), and work in this area is continuing.

Inorganic Ash
Inorganic compounds are added to lubrication
oils as viscosity modifiers and to provide antiwear
and antioxidant properties, and to keep solid
matter, especially soot, in suspension. The more
commonly used compounds contain elements
such as phosphorus, calcium, zinc, magnesium and
sulfur (12, 13). These elements can be present in
the exhaust gas, having originated from the small
amounts of oil burnt in the cylinder, and they are
retained as stable compounds in the filter.
Similarly, inorganic species derived from the fuel
are also trapped in the filter. As mentioned above,
PM combustion aids are used as fuel additives in
the first generation of filters on passenger cars, and
these can include compounds of elements such as
cerium, iron or strontium.
Because of the very high temperatures during
combustion in the engine, the nature of the
species present in the exhaust gas is determined by
their thermodynamics (14), as is the composition
of the ultimate deposit in the filter. Typically, zinc
phosphate and calcium sulfate, together with
material resulting from engine wear, are found in
filters after a car has travelled large distances.
Although the rate of ash accumulation in the filter
is gradual, its presence does cause the
backpressure across the filter with no PM present
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to increase over the lifetime of the vehicle. The
gradual backpressure increase caused by accumulating inorganic ash can be minimised in three
main ways: using a larger filter, using lubrication
oils with reduced concentrations of inorganic
additives (‘ashless oil’), and using filters with
asymmetric channel structures that provide a
larger inlet volume compared to that in the outlet
side. The last approach may result in slightly
higher backpressure for an asymmetric filter than
for a symmetrical one, when fresh, but this relative
difference decreases as ash accumulates in the
filter and the asymmetric structure then has the
lower backpressure (15). The advantage of
asymmetric channels in the long term is
significant, and filters of this type are likely to be
used increasingly in the future. During the development of modern emissions control systems, it is
essential that the performance be maintained over
very many miles of use. Durability is tested both
by real-world driving trials and by laboratory
work, as illustrated in Figure 7.

Fig. 7 Durability testing of a compact diesel particulate
filter on a vehicle. The robot (upper right insert) ‘drives’
the car in simulated service, and the emissions are
measured periodically over the European test cycle to
confirm that the emissions control system is working
correctly
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Future Filter Systems
Fitment of filters to diesel engines is environmentally important, and future legislation will
demand their use in Europe and elsewhere around
the world to reduce PM emissions. The overall
trend in diesel emissions control systems is one of
increasing complexity. Initially, platinum-based
oxidation catalysts were used on diesel cars to
control HC and CO emissions (16). More
recently, PM filters were introduced, and the types
used have evolved so that now all of the catalytic
oxidation and filtration functions can be
incorporated in a single relatively small filter. In
the future, additional control of NOx emissions
from passenger car diesel engines will be done by
one of two processes. In the first, NOx is
converted to nitrate species within a catalyst and
they are periodically reduced to nitrogen (N2) by
pulses of enriched exhaust gas obtained by late
injection of fuel into the engine. This approach has
the advantage that the reductant for converting
NOx to N2 (diesel fuel) is already available on the
vehicle. The second method uses ammonia as the
reductant, which is derived from an aqueous urea
((NH2)2CO) solution that is injected into the hot
exhaust gas. Over a special catalyst, the ammonia
selectively reduces NOx to N2 (a process known as
selective catalytic reduction (SCR)). To be costand space-effective, some of these functions will
be combined in single components. So SCR or
NOx-trapping components are likely to be
incorporated into future designs of filters fitted to
diesel passenger cars. When CO, HC, PM and
NOx emissions are controlled by a single unit, the
systems will be known as ‘four-way catalysts’
(FWCs) (17).

Conclusions
Sophisticated emissions control systems are
being developed for fuel-efficient (lower CO2)
modern diesel engines in passenger cars. For
several years platinum-based catalysts have been
fitted to diesel engine exhausts to oxidise CO and
HCs, and the spotlight is now on preventing PM
from entering into the atmosphere. This is done
with wall-flow filters, and periodically it is
necessary to combust the PM retained in the filter
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to prevent build-up of PM. This is done by
catalytically oxidising with platinum-based
catalysts extra fuel that is partially burnt in the
engine to achieve the temperatures needed to burn
PM with oxygen. Catalytic filter systems are
capable of eliminating coarse and accumulation
mode PM from diesel exhaust, and the latest and
most efficient of these used on cars is mounted
directly on the turbocharger in the small space in
the engine compartment. The small filter contains
all of the catalytic functionality to oxidise CO and
HCs during normal driving, as well as to oxidise
additional CO and HCs to provide sufficient
temperature for regenerations with oxygen.
Nanoparticles from diesel engines are the subject
of much research, and ways of controlling them
are understood. In the future, NOx reduction
systems will be needed to meet legislative requirements, and will involve NOx-trapping technology
or SCR using ammonia derived from an aqueous
solution of urea. Once these approaches have
been fully developed, it is likely that multifunction
four-way catalyst systems will be developed,
analogously to the use of three-way catalyst
systems on traditional gasoline passenger cars.
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The Wellcome Witnesses to Twentieth
Century Medicine Seminars bring together clinicians, scientists, historians and others interested
in contemporary medical history who were associated with a particular set of circumstances or
events. Participants come together to discuss,
debate, and agree or disagree about their memories. The seminars are recorded, the tapes are
transcribed and the unedited transcript is immediately sent to each participant, to check their
own contributions and provide brief biographical
details. The editors from the Wellcome Trust
Centre for the History of Medicine at UCL (1)
then turn the transcript into readable text. The
purpose of these seminars is to promote interaction between these different groups, to
emphasise the potential benefits of working
jointly, and to encourage the creation and deposit
of archival sources for present and future use.
This seminar on platinum salts, as they are
described here (although this term may not be to
the ‘taste’ of coordination chemists), describes
the events surrounding a revolution in cancer
chemotherapy. The topic is ideally suited to the
Wellcome Witness Seminar series.
It is well known that Barnett Rosenberg and
his coworkers at Michigan State University,
U.S.A., are responsible for the discovery of
the anticancer properties of cisplatin (2). In this
book we hear of the nascent events that
occurred, the people involved and their contribution, although unfortunately Rosenberg
himself sent his apologies and did not participate
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in the discussion. In my view what is most fascinating about this transcript is the link between
Rosenberg’s fundamental experiments and the
notion of a practical anticancer drug – and one
based on platinum! The work of Rosenberg is
frequently quoted, including the following statement: “I just thought, by intuition, I might try it”
(3). It would be interesting to know how many
people owe their lives to this throwaway comment; it must be hundreds of thousands, if not
millions. We then learn about the subsequent
clinical development of cisplatin, the dedication,
determination and belief that was required to
prove the utility of this compound.
In many ways the book is thought provoking –
in today’s culture of drug development, it is
almost impossible to imagine how a maverick
compound, which cisplatin was, could ever be
developed, or how a modern equivalent to
Rosenberg would be funded to do medical
research. Dialogue between chemists in academia
and medical doctors is probably at an all time
low – everyone is too busy to talk to each other –
and the legislation and costs associated with
clinical trials prevent many putative compounds
from being adequately evaluated. It is these cultural differences that make this book particularly
interesting to me. It raises many questions: could
such an amazing discovery happen today; can
funding agencies provide an atmosphere to allow
such processes to occur, or is it due to one or
two truly brilliant scientists who are not afraid to
go beyond their own areas of expertise? From
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this book, we can certainly learn a great deal
about the conditions required to develop a revolutionary anticancer drug, but I have my doubts
whether these conditions could easily be emulated today. The process of discovering new drugs
will only become increasingly difficult with time.
Even though the book is a little repetitive at
times, it was enjoyable to read and enlightening
in many ways. The entire text is available
to download as a PDF file, free of charge,
from the Wellcome Trust Centre website (3).
Alternatively, a nicely bound paper copy can be
purchased for £6.00. I doubt that this book
would be a priority purchase for many chemistry
or medical libraries in academia or industry, but I
am pleased to have been asked to review this
book as it is unlikely that I would have otherwise
discovered it.
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The annual Society of Automotive Engineers
(SAE) Congress is the industry’s largest conference
and covers all aspects of automotive engineering.
The 2008 World Congress was held in Detroit,
U.S.A., from 14th–17th April 2008. There were
upwards of a dozen sessions focused on vehicle
emissions technology, with most of them on diesel.
Most sessions had perhaps 100 attendees, but
some had more than 300. This review focuses on
key developments in diesel emissions control and
catalysts from the conference.
The selective catalytic reduction (SCR) sessions
had numerous papers describing zeolite catalyst
durability to thermal, sulfur and rich exposure,
along with some new formulations and configurations that improve durability and temperature
range. Papers on lean NOx traps (LNTs) were
more numerous than in the past, and, similarly to
those on SCR, were rich in new compositions and
configurations. Diesel particulate filter (DPF)related papers were centred on improving
regeneration, with a noticeable shift towards
understanding the importance of soot–catalyst
contact to promote lower temperature oxidation of
the soot directly by oxygen in the absence of precious metal. Diesel oxidation catalysts (DOC)
made a step forward with promoters to enhance
oxygen adsorption.
Reference numbers given in parentheses are for
SAE Technical Papers, which are available to purchase from SAE International (1).

Selective Catalytic Reduction
Ford Motor Company scientists provided
numerous papers describing various durability
aspects of zeolite SCR catalysts. They showed
how hydrocarbon storage and subsequent oxidation can expose catalysts to temperatures greater
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than 1000ºC (2), and that copper-zeolites can
break down under rich (λ = 0.98) and hot (650ºC)
conditions (3). Thermal durability and sulfur tolerance are not necessarily linked, and desulfation
of zeolites can restore performance after sulfur
degradation. Most significantly, new Cu-zeolites
are thermally durable for long exposures to
800ºC, and can tolerate 4 to 8 hour exposures to
900ºC (4). This is enough for most SCR-DPF
applications wherein the SCR can be exposed to
high temperatures while soot is burned off the
filter. In this regard, the first technical report was
published by General Motors (GM) on integrating
an SCR catalyst on a filter (5). The Cu-zeolite
used in this study needs more thermal durability,
but the performance was similar to that in which
the SCR is separated from the DPF. Finally,
zirconia-based SCR catalysts were described by
Rhodia Electronics & Catalysts SA (6) that show
better lower temperature performance than ironzeolites, without nitrous oxide (N2O) formation
in gas mixtures containing nitrogen dioxide
(NO2).

Lean NOx Traps
Umicore described three LNT formulations
with different attributes, such as better low- or
high-temperature performance and better desulfation characteristics. They are all used in an
integrated deNOx system to optimise overall
performance (7). Nissan put an LNT catalyst on
top of a hydrocarbon adsorbing layer to develop
synergies, wherein the hydrocarbons desorb during
LNT regeneration to form more hydrogen than
otherwise, helping performance (8). Toyota
improved their LNT formulation by preserving
platinum grain size with a ceria-based support
and by improving desulfation with titania additions
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(9). Ford described an alumina-based LNT that
performs well at low temperatures, suitable for
positioning after a DPF, for example (10).
Rhodia introduced a ceria and barium- or
lanthanum-stabilised alumina LNT that has better
sulfur tolerance and NOx storage capacity than
typical alkaline earth types, and promotes the
water-gas shift reaction that yields ammonia formation for a downstream SCR (11). Finally, a
new sensor that measures the impedance of the
LNT catalyst to infer the state of adsorption
capacity was described by Daimler (12).

Diesel Particulate Filters
Building upon the reports of last year on direct
oxidation of soot by oxygen-storage catalysts (13,
14), Haldor Topsøe showed transmission electron
microscope (TEM) photographs of soot reacting
with ceria (15). Aristotle University of
Thessaloniki, Greece, showed that oxide catalyst
formulation can improve soot oxidation kinetics
(16), with a rare earth modified ceria-zirconia catalyst showing direct soot oxidation by lattice oxygen
at 350ºC in thermogravimetric analysis (TGA)
experiments. In a sister paper, tight contact is promoted by the coating technique (17), with
sequential coating of a highly-dispersed Pt layer on
a mixed oxide layer showing the best TGA performance out of four coating methods tested. In the
same paper, low-porosity ceramic substrates promoted better soot–catalyst contact, and a report by
NGK Insulators, Ltd, quantified the benefit of
keeping the soot in a filter cake layer using an inorganic membrane approach (18). Ibiden Co Ltd,
with Aristotle University, showed the benefits of
spreading the soot over more surface area, using
DPF substrate design to enhance soot–catalyst
contact (19). In a rather profound paper, Umicore
showed (20) that direct oxidation of soot by lattice
oxygen can occur at 260ºC, and that when LNT
material is added to the DPF to inhibit NO2 oxidation of soot, direct oxidation of soot is promoted
and is better than NO2 oxidation. Finally, the
University of Wisconsin-Madison, U.S.A., developed a method using DPF wafers to study
catalyst–soot–substrate interactions for fundamental study (21).
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Diesel Oxidation Catalysts
Nanostellar (22) showed that chemically
promoted Pt catalysts create “carbon monoxide
(CO) exclusion zones” to promote oxygen adsorption at low temperature. The oxidation
temperature for 50% conversion of CO dropped
by 100ºC, and that of propylene by 40ºC. On a
vehicle, CO and hydrocarbon emissions dropped
45% using the new catalyst compared to the original equipment manufacturer (OEM) version. They
also presented data for platinum/palladium/gold
formulations with equal or better performance and
durability compared to Pt/Pd formulations.

Conclusions
From this reviewer’s perspective, the SAE 2008
World Congress was richer in diesel emissions
technical papers than in previous years. The SCR
durability work shows the complexities and limitations of zeolite-based SCR. We are also seeing a
new family of SCR catalysts based on acidic zirconia. LNTs are moving forward and are emerging as
a viable deNOx strategy for vehicles, with the first
such applications currently in the showrooms. On
DPFs, the direct oxidation of soot by oxygen at the
soot–catalyst interface at temperatures as low as
260ºC perhaps shows a pathway to a passive DPF.
Finally, DOCs are beginning to meet the challenge
of addressing high levels of low-temperature
hydrocarbon and CO emissions from advanced
combustion engines.
The SAE 2009 World Congress will be held in
Detroit, Michigan, U.S.A., from 20th–23rd April
2009 (1).
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32nd Annual Conference of
Precious Metals
HIGHLIGHTS FROM THE IPMI’S ANNUAL TECHNICAL CONFERENCE
By Larry Manziek
International Precious Metals Institute, 5101 North 12th Avenue Suite C, Pensacola, Florida 32504, U.S.A.; E-mail: mail@ipmi.org

The International Precious Metals Institute
(IPMI) (1) held its annual technical conference
from 8th–10th June, 2008, in Phoenix, Arizona,
U.S.A. The conference theme was “Precious
Metals and Technology During Volatile Times”,
and session topics included ‘Precious Metals and
Regulations’, ‘Precious Metals and Economics’,
‘Analysis, Refining and Recovery of Precious
Metals’ and ‘Precious Metals Process Technology’,
among others. Over 500 delegates attended the
conference, coming from the U.S.A., Canada,
Mexico, Europe, Asia and Africa. Summaries of
selected presentations relevant to the platinum
group metals (pgms) are given here.

Regulations and Markets for
Precious Metals
Sessions A, B and C began on Sunday 8th June,
just after the members’ and Board of Directors’
meetings had concluded. In Session A, entitled
‘Precious Metals and Regulations’, Mike Riess
(Materials Management Corporation, U.S.A.), who
was also the session moderator, discussed the
‘Long Arm of Anti Money Laundering Laws’, in
which he covered the sensitive and highly current
issue of the U.S. government’s inclination and ability to reach beyond its borders for violators. Next,
John Bullock (Attorney, private practice, U.S.A.)
talked about ‘International Organizations and
Precious Metals Regulation’. He cited as an example the Financial Action Task Force (FATF), a
thirty nation group that promotes anti-money
laundering and counter terrorist finance
programmes around the world, and has issued
recommendations that encompass dealers in
precious metals. Ernie Baca (Department of
Homeland Security, U.S.A.) then spoke about
‘Trade Based Money Laundering’, and at the end
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of the Session, Caroline Braibant (European
Precious Metals Federation (EPMF)) discussed the
new European regulations on Registration,
Evaluation, Authorisation and Restriction of
Chemicals (REACH), in her presentation, ‘What’s
New – Are You Ready for REACH?’, see also (2).
In Session B, ‘Precious Metals and Economics’,
the session moderator Bodo Albrecht’s (BASIQ
Corp, U.S.A.) topic was ‘The World is Round and
What It Will Take to Stay on Top’. He explained
why a long-term vision is becoming ever more
important, and how such a vision can be strategically developed. He cited case studies of significant
market shifts affecting the industry to demonstrate
why unrelated events need to be incorporated for
the long-term path. Emory De Castro (BASF Fuel
Cell, U.S.A.) then discussed ‘Precious Metals in
Fuel Cells’. As the generation of power has
become burdened with environmental costs, alternative but highly efficient methods are being
sought. The pgms play an important role in the
clean, efficient production of electricity from fuel
cells, as well as in the production of hydrogen from
carbon-containing fuels. Concluding this session
on economics was Bill Tierney (Computer
Associates, Inc, U.S.A.) who presented ‘Finding
Markets for Your PM Inventory’. Tierney reviewed
the inventories, growth forecasts and issues
impacting the gold, silver, platinum and other precious metal markets, covering both entrenched
uses of the metals and emerging industrial applications. He emphasised customer-focused
programmes in which refiners offer customer
managed inventory, with monthly reporting and
built in reorder points.
Session C was the ‘Ask the Experts Panel
Discussion’. Among the panel were Steve
Ferguson (Via Mat International, Switzerland),
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Nish Clarke (Clarke Securities), Carol Tyler (BRM
Services, U.S.A.) and Paul Parkinson (Towers
Perrin Claytons, U.S.A.). These experts in the precious metals industry gave tips and discussed ways
of keeping precious metals secure, whether stored
at the company’s facility or en route to a customer.

Refining and Recovery
Session D, ‘Analysis, Refining and Recovery of
Precious Metals’, began on Monday 9th June, and
was moderated by Malkit Basi (Ledoux & Co,
U.S.A.). The session started with Uli Blankenstein
(Heraeus Metal Processing, Germany) who discussed ‘Heraeus Metal Processing & Reforming
Catalyst’. He discussed Heraeus’s two processing
plants, one in Germany and the other in the U.S.A.
Each plant has environmental experts to guide
clients on pre-shipment testing for proper classification, traffic managers to assist customers with
logistics, and state-of-the-art sampling. Christian
Hagelueken (Umicore, Germany) approached the
podium next with a presentation entitled ‘The
Magic Money Carousel – Beware of Tricks in
Autocat Recycling’. Hagelueken warned delegates
that although booming pgm prices had stimulated
the autocatalyst recycling industry, with volumes
rising for refiners, there was also an increased risk
of doubtful business practices being used.
Dishonest players exercise remarkable creativity to
make money from autocatalyst recycling, but there
are ways to identify them and prevent these questionable activities.
Joachim Prior (Prior Engineering, Switzerland)
then outlined ‘Best Practice in Silver Refining –
Bulk Material Electrolysis Technology and Closed
Loop Processing of Spent Silver Electrolyte’. He
spoke of the proper bulk electrolysis technology
that allows online extraction of anode slime,
resulting in faster access to gold/palladium without interrupting the electrolysis cell production.
Next, Steve Izatt (IBC Advanced Technologies,
U.S.A.) focused his presentation on ‘The
Commercial Application Superlig® Molecular
Technology Products to Recycling of Potassium
Gold Cyanide from Spent Gold Plating Solutions’.
He explained that the molecular recognition technology (MRT) process enables recovery of the
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potassium gold cyanide directly from spent plating
solution and conversion into a saleable product. It
reduces processing time, eliminates a number of
unit operations and results in major cost savings.
Martin Bousa (SAFINA, Czech Republic) closed
the session with his discussion on ‘Precious Metal
Catalysts Treatment in Plasma Heated Reactors’.
He specifically focused on PlasmaEnvi®, a process
developed at SAFINA which uses a direct-current
plasma reactor for the recovery of precious metals
from spent refinery catalysts (Figure 1). This
process enables the treatment of each lot under
separate regimes, and leads to short metal lock up
time in the recovery process and fast metal
turnover.

Process Technologies
Session E, ‘Precious Metals Process
Technology’, also ran on Monday morning and the
moderator was Robert Jacobsen (Sabin Metal,
U.S.A.). The first to speak in the session was
Corby Anderson (CAMP Montana Tech, U.S.A.).
His paper, ‘Hydrogen Purification with a Pd
Membrane’ explained that hydrogen is uniquely
soluble in bulk palladium and can pass through the
metal. A structurally sound palladium-based membrane can therefore be used to separate highly

Fig. 1 Direct-current plasma arc reactor used in the
PlasmaEnvi® process for the recovery of precious metals
from spent refinery catalysts (Courtesy of Martin Bousa,
SAFINA, Czech Republic)
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pure hydrogen from other gases. There is great
interest in fuel processing technologies such as
steam reforming of methane into H2 and CO2, and
a thin palladium membrane can play an important
role in these processes. Robert Ianniello (BASF
Catalysts, U.S.A) then talked of ‘New Trends in the
Use of PMs for Industrial Heterogeneous
Chemical Catalysis’. The first industrial application
of chemical catalysis was in 1875, for the production of sulfuric acid on platinum catalysts.
However, in the last ten years tremendous strides
have been taken in optimising the activity and
selectivity of industrial chemical catalysts, through
greater understanding of structure-property relationships of the active metal, support and reactant
systems. In most of these studies, precious metals
provide unique advantages over base metals in
terms of activity, selectivity and stability.
Next, David Lupton (Heraeus, Germany) gave
his presentation on ‘Platinum Equipment from
Heraeus Global Glass Industry’. His talk reviewed
the main features of the expertise and infrastructure available for the manufacture of
state-of-the-art glass making equipment (Figure 2).
Jan Jiskra (Weiland Dental, Germany) explained
‘Highly Ecological Detoxification Process of
Cyanide through High Temperature Hydrolysis’.
He discussed Weiland’s development of an industrial process for the high-temperature hydrolysis
of cyanide compounds, which avoids many of the
disadvantages of other cyanide detoxification

processes. The most stable cyanide complexes can
be removed to below the detection limit. Mitch
Coughlin (Colt Refining, U.S.A.) then introduced
‘The Ox: New Incineration Capabilities at Colt
Refining’. Coughlin talked about Colt’s thermal
processing techniques for the recovery of precious
metals from combustible waste, including “The
Ox”, a thermal oxidation system for the incineration of large amounts of precious metalcontaining combustibles in a controlled environment (Figure 3).

Economics of Precious Metals
Session F, ‘Precious Metals and Economics II’,
moderated by Phyllis Casey (Sovereign Bank,
U.S.A.), started with Bodo Albrecht (BASIQ Corp,
U.S.A.). His paper, ‘It Takes a Thief – Expose
Your Vulnerabilities before Someone Else Does’
introduced a new approach to security, focusing on
the increasing importance of data security in
today’s business environment. His talk presented
case studies of attempted simulated attacks made
by professionals, with the clients’ blessing, in order
to uncover the vulnerabilities and raise awareness
in corporations. Dmitry Shulgin (JSC Krastsvetmet,
Russia) outlined ‘JSC: 65 Years’. JSC Krastsvetmet,
one of the world’s largest precious metal refineries,
is celebrating sixty-five years in the precious metals
industry. Shulgin gave a narrative on the formation, decisions, new technology and approaches
that the non-ferrous metals plant has made in the
Fig. 2 Precision welding
of tips in a platinum
bushing for glass fibre
manufacture (Courtesy of
David Lupton, Heraeus,
Germany)
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Fig. 3 “The Ox”, a thermal oxidation
system for the incineration of precious
metal-containing combustibles
(Courtesy of Mitch Coughlin, Colt
Refining, U.S.A.)

last sixty-five years. Rohnn Sanderson (2006 IPMI
Sabin Metal Business Student Award Recipient)
gave an overview of his research on ‘Precious
Metal Pricing’ and why it is constantly changing.
The last paper in this economics session was presented by Elisa Alonso, a graduate student at MIT,
U.S.A. Her topic was ‘A Dynamic Simulation
Model for Examining the Implications of Limited
Materials Availability: The Case of Platinum’. Her
research covers the development and application
of a simulation model to examine scarcity risks to
firms in the downstream supply chain. Her model
tries to capture the dynamics of platinum market
supply, demand and price.

Sampling and Analysis
Session G, on Tuesday 10th June, was a
‘Sampling Workshop’ led by John Tully (Glen
Mills Inc, U.S.A.). Presenters included Kyle James
(Retsch US, U.S.A.), discussing ‘Lab Sampling
Techniques’, and Bob Jacobsen (Sabin Metals)
with ‘Sampling of Spent Petroleum Catalysts’.
John Tully discussed ‘Fundamentals of Sample
Prep – Sampling and Sample Prep from Bulk to
Analysis’ and ‘Future Trends in Lab Sample Prep
– Ultra Fine Grinding and Automation’. Session
H, also on Tuesday, was totally focused on silver
and was hosted by the Silver Users Association.
Session I, ‘Precious Metal Analysis’, was moderated by Carmen Arbizo (Inspectorate, U.S.A.).
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Paul Blumberg (Inspectorate) discussed
‘Rhodium Assaying’ and emphasised its challenging chemistry, due to the various rhodium species
present in hydrochloric acid (HCl) solutions and
the absence of a specific reagent for rhodium.
Steven Cooke (Sabin Metal) next presented
‘Matrix Effects Using ICP-AES’. He spoke of the
difficulty of understanding matrix effects in
ICPES, discussing both spectral overlap and plasma related effects. He outlined techniques to
minimise these effects for the analysis of noble
metals. Steve Izatt (IBC Advanced Technologies)
presented ‘Use of Analig® Molecular Recognition
Technology Products for Analysis of Platinum
Group Metals’. He discussed the critical need for
more efficient and effective analytical methods
due to the growth of pgm refining and recycling.
He further discussed IBC’s development of a
method for pgm sample preparation using MRT
in a cartridge format for rapid detection by
ICPES.
Yuan Jin Lei and Zai Fu Pan (Sino Platinum,
China) presented ‘A Study of Novel Bifunction
Catalytic Sensor’. They presented the results of
their research showing that a novel type of bifunctional sensor for combustible gases exhibited
excellent sensitivity, linearity, stability and poison
resistance. The sensor incorporates a catalytic element, prepared by coating a precious metal
catalyst onto precious metal wires, and a thermal
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conductivity element. It can precisely determine
combustible gas levels between 0–100% (v/v) and
the operating life is three years.

Conclusions
This conference highlighted many aspects of
the precious metals industry, from regulations,
markets and economics to analysis, refining and
recovery. Important areas of industrial application
of the pgms were also discussed, including catalysis, fuel cells and glass production technology. The
Proceedings of the IPMI 32nd Annual Conference

are available to purchase on CD-ROM through the
IPMI (1). The 33rd Annual Conference of
Precious Metals will be held from 13th–16th June,
2009, in Orlando, Florida, U.S.A.
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Reviewed by Mike Ward
Department of Chemistry, University of Sheffield, Sheffield S3 7HF, U.K.; E-mail: m.d.ward@sheffield.ac.uk

This pair of books, of 600 pages altogether, is a
set of reviews describing (as the title suggests!) the
photochemical and photophysical properties of
coordination complexes of various d-block and
f-block ions. The chapters on d-block ions are
based on one element each; the lanthanides
(f-block ions) are considered as a set in a single
chapter. Part I starts with a brief chapter on the
basic principles and processes of molecular and
supramolecular photochemistry, briefly covering
topics such as absorption and emission; quenching
of excited states; photoinduced energy- and
electron-transfer; the antenna effect; and possible
future directions in the field.
Given that the interaction of light with molecules is fundamental to numerous topical areas
such as photocatalysis, optical information transfer
and data storage, optical computing, analytical and
sensing methods, biomedical imaging and therapy,
and – perhaps most importantly – solar energy
harvesting, this is a very timely collection of articles
written by acknowledged research leaders, which
concentrates on recent developments and future
directions. As such the books are pitched at the
research level and will be valuable to both new and
experienced researchers in the field.
Apart from the general introduction – which is
very clearly written and would make an excellent
tutorial for new Ph.D. students in the field – all of
the chapters cover particular metals. These are
chromium, copper, ruthenium, rhodium, the
lanthanides, rhenium, osmium, iridium, platinum
and gold. Clearly the coverage of the Periodic
Table is far from complete, but complexes of these

Platinum Metals Rev., 2009, 53, (1), 45–47

metal ions account for more or less all of the
photophysically interesting coordination chemistry
of the last twenty years or so, and examples from
all other parts of the Periodic Table added
together would barely make one more chapter.
The chapters containing platinum group metals
(pgms) are accordingly those covering Rh, Ir, Ru,
Os and Pt, and these will now be discussed individually. Palladium is not covered in these books.

Photophysics and Photochemistry
of PGM Complexes
The chapter on Rh complexes, by Franco
Scandola and coworkers (Part I), is especially
timely, because there have been few other reviews
on photophysics of Rh complexes, so this chapter
is the definitive current review of the field. A brief
introduction on the basic properties of Rh(III)
complexes of polypyridine ligands such as bipyridine and terpyridine derivatives is followed by
sections covering the properties of cyclometallated
complexes, the ability of Rh(III) polypyridines to
act as electron donors in their excited state, their
ability to intercalate to and cause photocleavage of
DNA, and to participate in long-range electrontransfer processes when bound to DNA.
Ir has almost overtaken Ru as the ‘hottest’
element in this field, with a huge surge of interest
in its complexes in the last decade or so, principally
due to applications in organic light-emitting diode
(OLED) display devices: as the introduction points
out, 90% of luminescent Ir(III) complexes have
been reported in the last six years (at the time of
writing). The chapter, by Francesco Barigelletti and
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coworkers (Part II), starts with a brief outline of
the photophysical and spectroscopic properties of
octahedral Ir(III) complexes, before describing the
wide range of complexes in which the luminescence can be tuned, by appropriate ligand design,
to be anywhere in the visible region – which
explains the particular interest in Ir(III) complexes
for display applications. The fact that Ir(III)
complexes can have a wide variety of different
types of excited state that are all emissive (metalcentred, ligand-centred, charge-transfer, etc.) is
discussed, as are dinuclear complexes, the participation of Ir(III) complexes in photoinduced
energy- and electron-transfer processes, and more
sophisticated polynuclear arrays for achieving
long-lived charge-separation.
The chapter on Ru complexes by Vincenzo
Balzani and coworkers (Part I) is – not surprisingly – the largest at nearly 100 pages. The
extensive introduction on the basic properties of
Ru(II) polypyridine complexes is not very different
from that published twenty years ago in a famous
article in Coordination Chemistry Reviews (1), but most
of these principles have not changed since they
were first understood in the 1970s and 1980s. The
‘chemistry’ part of the chapter sensibly concentrates on the extensive recent use of Ru(II)
polypyridines in supramolecular assemblies,
including energy- and electron-transfer processes;
multinuclear and dendrimeric complexes; polymeric systems; use of Ru complexes in ‘artificial
photosynthesis’, photocatalysis and photogeneration of hydrogen; molecular machines which
undergo light-triggered, reversible, structural
changes; and dye-sensitised solar cells for solar
energy conversion. Given the magnitude of the
field, the authors have done an excellent job of
selecting examples which illustrate the most interesting recent advances and future possibilities.
The chapter on Os(II) complexes from Russell
Schmehl and coworkers (Part II) follows a similar
pattern, and concentrates particularly on work
published since the year 2000. Consequently there
is no ‘fundamental principles’ section, which
would be superfluous anyway since most of the
extensive introduction to the Ru chapter applies
just as well to the Os analogues. The areas of
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particular recent interest on which this chapter is
focused are classical mononuclear complexes, and
photoinduced energy- and electron-transfer
processes in polynuclear assemblies. Due to the
relatively low energy of the emissive metal-toligand charge-transfer (MLCT) state, Os(II)
polypyridine units have been particularly extensively studied as the energy-acceptor in dinuclear
Ru/Os systems in which Ru → Os energy-transfer
is studied across different types of bridging ligand
or non-covalent connections. Organometallic Os
complexes are also mentioned, as a departure from
the more ubiquitous polypyridine-type Os(II)
species, and the chapter concludes with a brief
look at applications of Os complexes in sensors
and biological applications, photovoltaic cells and
OLED display devices.
The photophysics and photochemistry of Pt(II)
complexes, described in the chapter by Gareth
Williams (Part II), is significantly different from
those of the other pgms in that it is dominated by
square-planar complexes with a d 8 configuration
rather than octahedral complexes with a d 6
configuration. The differences that this causes in
photochemical and photophysical properties are
clearly described from the outset. As with the
Ir(III) complexes, much of the work is recent and
this review is particularly timely. The chapter
concentrates on complexes containing at least one
pyridine-type ligand and systematically covers
complexes of simple polypyridine ligands such as
bipyridine and terpyridine with co-ligands such as
halides, cyanides, acetylides, thiolates and
phosphines. There is an extensive section describing cyclometallated complexes with mixed N/C
donor sets from the main ligand. Applications of
the complexes such as photo-oxidation, luminescent sensing, and use in OLED display devices are
highlighted where appropriate rather than being
treated in separate sections.

Conclusions
Overall, this pair of books is an extremely
valuable resource, providing in one place the most
comprehensive and up to date summary of the
basic principles, main advances and current directions in the field of photophysics and
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photochemistry of coordination compounds that
is available. The editors (Balzani and Campagna)
are amongst the most distinguished researchers in
the field and have themselves done much to define
the area over recent decades; and for anyone
working in the field the names of the chapter
authors will be immediately recognisable. The
copies I was sent for review have been extensively

referred to over the last few months and will get
heavy use for many years to come.
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Platinum 2008 Interim Review
“Platinum Interim Review 2008”, Johnson
Matthey’s latest market survey of platinum
group metals (pgms) supply and demand, was
published in November 2008. This annual
review is widely regarded as the world’s principal source of market information on the pgms.
The current edition provides an update on the
information provided in the full annual survey
“Platinum 2008” (see (1)).

Platinum
Market Forecast to be in Deficit in 2008
Johnson Matthey forecast the platinum market to show a deficit of 240,000 oz in 2008.
Supplies of platinum were expected to fall 4.2
per cent to 6.28 million oz. Electricity supply
problems, smelter outages, a lack of skilled staff
and other challenges were predicted to drive
South African platinum supplies 250,000 oz
lower in 2008, to 4.78 million oz. Production of
platinum from Russia was expected to fall to
855,000 oz, although North American and
Zimbabwean platinum supplies would increase.
Meanwhile, demand was set to decrease by 2.3
per cent to 6.52 million oz.

Autocatalyst Demand to Rise in 2008
Gross global platinum demand for the production of autocatalysts was forecast to grow by
85,000 oz to 4.23 million oz in 2008. North
American demand was predicted to fall by

Production fell at most operations on the Bushveld due
to skill shortages, safety stoppages and labour issues
(Image courtesy of Northam Platinum)
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305,000 oz to 540,000 oz as vehicle production
slowed. In Europe, demand was forecast to rise
16.2 per cent to 2.40 million oz in 2008. More
than half of light-duty vehicles sold in Europe
had diesel engines, and of these 40–50 per cent
were expected to be fitted with a platinumcontaining diesel particulate filter (DPF), in most
cases in addition to a platinum or platinum/
palladium diesel oxidation catalyst (DOC).
Johnson Matthey expects that the introduction
of the Euro 5 emissions rules in 2009 and 2010
will further increase the use of platinum-coated
DPFs. In China, light-duty vehicle production
was expected to rise, and the average pgm content of vehicles produced was expected to
increase due to the introduction of new emissions limits. Gross platinum demand for
autocatalysts in China was predicted to rise by
14.3 per cent to 200,000 oz in 2008.

Industrial Demand Climbing
Industrial demand for platinum was expected
to climb by 190,000 oz to a net global total of
2.00 million oz in 2008. Demand from the glass
sector was predicted to increase to 490,000 oz in
2008. The relocation of glass fibre production
from Europe and North America to China led to
a continuing rise in demand for bushings there,
offsetting weaker or negative demand elsewhere.
Demand for LCD glass was expected to rise
during 2008, leading to increasing demand for
platinum for the installation of new production
capacity, particularly in South-East Asia. In the
chemical sector, platinum demand was set to
grow by 3.7 per cent to 425,000 oz. Platinum
demand from the silicones industry was
predicted to peak in 2008, while construction
of additional manufacturing capacity for
commodity chemicals like paraxylene in China
would lead to extra platinum demand there.

Investment and Jewellery Demand
Platinum investment demand was predicted
to fall by 25,000 oz to 145,000 oz. 2008 was the
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first full year of trading for the two exchange
traded funds (ETFs), with net platinum demand
of 130,000 oz expected in 2008. In Japan a net
disinvestment of 10,000 oz was forecast. In the
jewellery sector, net purchases of new metal by
jewellery manufacturers were forecast to fall by
340,000 oz to 1.12 million oz.

Palladium
Surplus Predicted to Fall in 2008
The palladium market was anticipated to be
in surplus by 320,000 oz in 2008, less than in
recent years. Demand was forecast to climb
by 3.8 per cent to 7.19 million oz. Global
palladium supplies were set to fall by 12.5 per
cent to 7.51 million oz. Sales from South Africa
were expected to decline to 2.53 million oz,
reflecting the challenges in the mining sector
there during 2008. Russian supplies of palladium from primary production were forecast to
fall slightly, to below 3 million oz. Most significantly, sales of palladium from Russian state
stocks were expected to fall to 800,000 oz in
2008.

Rising Autocatalyst Demand in 2008
Vehicle manufacturers were expected to purchase a gross 4.58 million oz of palladium in
2008, 30,000 oz more than in 2007. Declining
North American vehicle production, combined
with a trend towards reduction of both vehicle
and engine size, was predicted to lead to a fall of
around 20.6 per cent in palladium demand there,
to 1.35 million oz in 2008. However, this was
expected to be offset partly by rising production
in China, Russia and South America. Growth in
demand was also predicted in Europe, mainly
due to increased use of palladium in DOCs, since
most gasoline cars already contain palladium
formulations with little room for further
substitution.

cent to a total of 425,000 oz. This was due to
increased manufacturing capacity, in China and
other regions, for commodity chemicals such as
purified terephthalic acid, vinyl acetate monomer
and hydrogen peroxide, each of which requires a
palladium process catalyst. Electronics demand
was set to rise by 50,000 oz to a total of 1.29
million oz, due to growth in production of electronic components, which would outweigh any
reduction in their average palladium content.
Demand from the dental sector was predicted to
fall by 5,000 oz to 630,000 oz as a decline in
European consumption outweighed increased
demand for palladium for lower-gold content
dental alloys in North America.

Jewellery and Investment Demand
Net global palladium jewellery demand was
forecast to rise by 55,000 oz to 780,000 oz in
2008, reversing two years of decline. A reduction
in recycling of old stock in China and good interest from manufacturers and retailers in the
second half of the year was expected to help
boost demand there. Demand was also predicted
to rise in Europe and in North America as interest in palladium jewellery continued to grow.
Physical investment demand for palladium was
expected to rise to 470,000 oz in 2008. Large
amounts of metal were purchased by investors
through the two European ETFs in early 2008 as
the palladium price rose. These funds were forecast to account for 430,000 oz of demand for the
entire year.

Availability of the Interim Review

Industrial and Dental Demand

“Platinum 2008 Interim Review” is available
to download free of charge as a PDF file
from: http://www.platinum.matthey.com/. It
can also be ordered in printed form from
Johnson Matthey PLC, Precious Metals
Marketing,
Orchard
Road,
Royston,
Hertfordshire SG8 5HE, U.K., or by E-mail:
ptbook@matthey.com.

Total demand for palladium from industrial
and other sectors was forecast to increase by
85,000 oz to 2.44 million oz. Demand from the
chemical sector was forecast to grow by 10.4 per
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ABSTRACTS
CATALYSIS – APPLIED AND
PHYSICAL ASPECTS
Toward Less Dependence on Platinum Group
Metal Catalysts: The Merits of Utilizing Tin

CATALYSIS – REACTIONS
Rhodium(III) and Iridium(III) Complexes with
Quinolyl-Functionalized Cp Ligands: Synthesis
and Catalytic Hydrogenation Activity
Eur. J. Inorg. Chem.,

R. D. ADAMS, D. A. BLOM, B. CAPTAIN, R. RAJA, J. M. THOMAS
and E. TRUFAN, Langmuir, 2008, 24, (17), 9223–9226

G. KOHL, H. PRITZKOW and M. ENDERS,

Minute stoichiometric bimetallic clusters rich in Sn
(PtSn2, RhSn2, RuSn2) were shown to be powerful
selective hydrogenation catalysts. These “molecular
metallic” entities were supported on mesoporous
SiO2. High percentages of cyclododecene were
obtained at fractional conversions ranging from
0.45–0.70 of the parent 1,5,9-cyclododecatriene at T
= 373 K and under solvent-free conditions.

Bis(ethene) complexes of Rh(I) and Ir(I) with
8-quinolylcyclopentadienyl ligands (CpQ and CpQ*)
were oxidised photochemically with Cl-containing
solvents or by I2. Upon oxidation, the quinoline ring
rotates and the N donor coordinates to the metal centres. Substitution of the halogenido ligands through
acetato groups gave highly soluble derivatives, in
which the acetate moiety acts as a monodentate or
bidentate ligand. The resulting Rh(III) complexes
were used for the hydrogenation of 1-hexene.
[CpQ*Rh(O2CCH3)]+PF6– gave the highest activity.

Selective Oxidation of Glucose to Gluconic Acid
over Argon Plasma Reduced Pd/Al2O3
X. LIANG, C.-J. LIU and P. KUAI,

Green Chem., 2008, 10, (12),

1318–1322

An Ar glow discharge plasma approach was used to
reduce PdCl2 supported on γ-Al2O3 at room temperature. The catalyst formed using plasma reduction
followed by calcination under Ar at 500ºC exhibited a
higher activity for selective oxidation of glucose than
a H2 thermally reduced catalyst. The plasma reduced
catalysts possessed high stability against leaching of
active metal into the reaction medium.
Vapor-Phase Selective Hydrogenation of Citral
over Pd/Bentonite: Effect of Reduction Method
D. DIVAKAR, D. MANIKANDAN and T. SIVAKUMAR, J. Chem.
Technol. Biotechnol., 2008, 83, (11), 1472–1478

Well-dispersed Pd nanoparticles were prepared by a
wet impregnation technique over bentonite followed by
reduction with H2, NaBH4 or EtOH. Hydrogenation of
citral over Pd/bentonite was studied in the vapour
phase using a microreactor. Pd/bentonite reduced by
EtOH was found to give the highest conversion and
Pd/bentonite reduced by NaBH4 was found to give
the highest selectivity towards nerol and geraniol.
This was attributed to the smallest particle size of Pd
in the former catalyst and the presence of B species
on the latter catalyst, respectively.
One-Pot Rapid Low-Cost Synthesis of Pd-Fullerite
Catalysts

2008, (27), 4230–4235

Dihydroxylation of Olefins Catalyzed by
Polystyrene-sg-imidazolium Resin-Supported
Osmium Complex
B.-H. JUN, J.-H. KIM, J. PARK, H. KANG, S.-H LEE and Y.-S. LEE,

Synlett, 2008, (15), 2313–2316

OsO4 was immobilised onto poly(1-methylimidazoliummethyl styrene)-surface grafted-PS resin. The
formation of the Os complex occurred only on the
surface of the polymer support. The catalyst exhibited excellent activity in the dihydroxylation of olefins
and could be reused up to three times.

EMISSIONS CONTROL
On Board Catalytic NOx Control: Mechanistic
Aspects of the Regeneration of Lean NOx Traps
with H2
P. FORZATTI, L. LIETTI and I. NOVA, Energy Environ. Sci., 2008,

1, (2), 236–247

Mechanistic aspects of the reduction with H2 of
NOx stored on lean NOx trap Pt-Ba/Al2O3 catalysts
are reviewed. Under nearly isothermal conditions, the
first step is NH3 formation through the reaction of H2
with stored nitrates; in the second step, the NH3
reacts with the nitrates left on the catalysts’ surfaces
leading to N2 formation. The first step is much faster
than the second. Both steps are catalysed by Pt.

L. C. CHONG, V. STOLOJAN, G. WAGNER, S. R. P. SILVA and R. J.
CURRY, J. Mater. Chem., 2008, 18, (40), 4808–4813

Simultaneous Removal of Soot and NOx over
Ir-Based Catalysts in the Presence of Oxygen

Tetrakis(triphenylphosphine)palladium (1) was used
as a precursor for the deposition of Pd clusters upon a
fullerite during growth using a rapid liquid/liquid interface precipitation. Variation of the ratio of (1) to C60
was used to control the aspect ratio of the nanostructures. The presence of (η2-C60)Pd(PPh3)2 and highly
dispersed Pd clusters on the fullerites was established.
Pd-fullerite was active as a catalyst for the hydrogenation of 1-ethynyl-1-cyclohexanol under H2.

R. ZHU, M. GUO and F. OUYANG, Catal. Today, 2008, 139, (1–2),
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146–151

The TPR technique was used to study the simultaneous removal of soot and NOx by Ir-based catalysts
in the presence of O2. A comparison between Ir/γAl2O3 and Pt/γ-Al2O3 demonstrated that the Ir
catalyst was more effective. The 1 wt.% Ir/ZSM-5
catalyst exhibited a high level of activity for the simultaneous removal of soot and NOx.
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FUEL CELLS
Carbon Supported Pt–Pd Alloy as an Ethanol
Tolerant Oxygen Reduction Electrocatalyst for
Direct Ethanol Fuel Cells
T. LOPES, E. ANTOLINI and E. R. GONZALEZ,

Int. J. Hydrogen

Energy, 2008, 33, (20), 5563–5570

Pt-Pd/C (1) with a Pt:Pd atomic ratio 77:23 was
prepared by reduction of metal precursors with
formic acid. In EtOH-free H2SO4, (1) showed a
slightly higher activity towards O2 reduction compared to Pt. In the presence of EtOH a larger increase
in overpotential of the ORR on Pt than on Pt-Pd was
found, indicating a higher EtOH tolerance of (1).
Electrochemical Characteristics of Pd Anode
Catalyst Modified with TiO2 Nanoparticles in
Polymer Electrolyte Fuel Cell
E. N. MUHAMAD, T. TAKEGUCHI, G. WANG, Y. ANZAI and W.
UEDA, J. Electrochem. Soc., 2009, 156, (1), B32–B37

The modification of a Pd/C catalyst with TiO2
increased the activity for electrochemical oxidation of
pure H2, and gave high activity, similar to that of a
Pt/C catalyst. The TiO2 increased the dispersion of
Pd particles, which resulted in an increase in the
active surface area of the catalyst. The effect of TiO2
addition on the performance of a fuel cell with a Pd
anode in a 500 ppm CO-contaminated H2 fuel was
investigated. The Pd/TiO2/C catalyst had a higher
CO tolerance than Pt/C for maintaining high activity
for electrochemical oxidation of H2.

METALLURGY AND MATERIALS
Exfoliated Graphene Separated by Platinum
Nanoparticles
and E.
6792–6797

Y. SI

T. SAMULSKI,

Chem. Mater., 2008, 20, (21),

A mechanically exfoliated, high-surface area Pt
nanoparticle–graphene composite was obtained by
drying aqueous dispersions of Pt nanoparticles
adhered to graphene. Pt nanoparticles were fixed to
graphene by reduction of H2PtCl6 with MeOH in the
presence of 3-(N,N-dimethyldodecylammonio)
propanesulfonate. The Pt nanoparticles act as spacers.
Microstructural and Magnetic Properties of CoPt
Nanowires
H. KHURSHID, Y. H. HUANG, M. J. BONDER and G. C.
HADJIPANAYIS, J. Magn. Magn. Mater., 2009, 321, (4), 277–280

CoPt nanowires (1) of high aspect ratio were prepared by electrodeposition into anodised alumina
templates using electrolyte at pH 2–6. The as-made
(1) exhibit an f.c.c. structure with soft magnetic properties which transform into the f.c.t. L10 phase after
thermal treatment. (1) prepared at high pH were f.c.c.
nanorods. Thermal annealing led to a preferred (0 0 1)
orientation. (1) prepared at lower pH were f.c.c.
nanograins. Magnetisation curves for the latter sample were virtually identical in both directions.
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Analysis of Deuterium Permeation through
Pd81Pt19 Alloy at Stress Conditions
D. DUDEK,

Pol. J. Chem., 2008, 82, (10), 1941–1947

The permeation of D2 through a Pd81Pt19 alloy membrane (1) under stress conditions was examined at
constant temperature T = 278.2 K and pressures up to
900 hPa(D2). The permeation curves were determined
at different initial and boundary conditions. The D2
fluxes were calculated by fitting experimental points
with straight lines in the stationary parts of the permeation curves. The D2 permeation through (1) was
shown to be changed by stresses created during metal
lattice expansion processes.
Synthesis of Nanosized Zn2PtO4
P. KJELLIN and A. E. C. PALMQVIST,

J. Mater. Sci., 2008, 43,

(22), 7250–7253

A new facile metathetical preparation of nanosized
Zn2PtO4 uses PtCl4 mixed with ZnO nanopowder.
Relatively low temperature (500ºC) and ambient pressure can be employed. The product is washed with
HCl in order to remove unreacted ZnO and formed
ZnCl2. The small particle size of the Zn2PtO4 makes
it suitable for use in catalyst preparation.
Thermochemistry of Pd–In, Pd–Sn and Pd–Zn
Alloy Systems
S. AMORE, S. DELSANTE, N. PARODI and
Thermochim. Acta, 2009, 481, (1–2), 1–6

G. BORZONE,

A high-temperature direct drop calorimeter was
used to study the standard enthalpies of formation of
solid Pd-M (M = In, Sn and Zn) alloys at 300 K in the
M-rich region. The values of ΔHf (kJ mol–1 atoms–1)
for the following phases were obtained: PdIn (49 at.%
In): –69.0 ± 1.0; Pd2In3 –57.0 ± 1.0; Pd3In7: –43.0 ±
1.0; PdSn2: –50.0 ± 1.0; Pd2Zn9 (77 at.% Zn): –33.7 ±
1.0; Pd2Zn9 (78 at.% Zn): –34.0 ± 1.0; Pd2Zn9 (80
at.% Zn): –35.0 ± 1.0. The obtained results show
exothermic values which increase from Pd-Zn to PdSn and Pd-In.

APPARATUS AND TECHNIQUE
A Simple Colorimetric Luminescent Oxygen
Sensor Using a Green LED with Pt
Octaethylporphyrin in Ethyl Cellulose as the
Oxygen-Responsive Element
S. R. RICKETTS and P. DOUGLAS, Sens. Actuators B: Chem., 2008,

135, (1), 46–51

A green LED, in an O2 sensor (1), acts as both a
green emission source and an excitation source for a
film of O2-sensitive Pt octaethylporphyrin in ethyl
cellulose containing TiO2 or ZnO as a scattering
agent. (1) has a “traffic light”, red–yellow–green,
response to increasing O2 concentration. Singlet O2
stabiliser diazobicyclo[2.2.2]octane increased the stability of (1) significantly. Because of the relatively
thick sensor layer used in (1), response times are long,
with 90% response times of ~ 1000 s for N2 to O2
and ~ 300 s for O2 to N2.
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Synthesis of a Platinum(II) Bis(trimethylsilyl)amido
Complex: A Better Starting Material for the
Cyclometalation of Pincer Ligands

Conjugated Polymers Bearing Iridium Complexes
for Triplet Photovoltaic Devices

A. ARUNACHALAMPILLAI, M. T. JOHNSON and O. F. WENDT,

Organometallics, 2008, 27, (17), 4541–4543

Treatment of [(COD)PtCl2] with LiN(SiMe3)2 in
ether at room temperature gave [COD]PtClN(SiMe3)2
(1). The X-ray structure of (1) shows the expected
mononuclear pseudo-square-planar Pt in which the
chlorine and amido groups are cis to each other. (1)
was shown to be a convenient starting material for the
preparation of PXP Pt pincer complexes.
An Unprecedented Bonding Mode for Potassium
within a PCP-Pincer Palladium Hydride–
K-Selectride® Complex
B. J. BORO, E. N. DUESLER, K. I. GOLDBERG and R. A. KEMP,
Inorg. Chem. Commun., 2008, 11, (12), 1426–1429

The reaction of (PCP)i-PrPdCl and the reductant KSelectride® solution (K(sec-Bu3BH) in THF) did not
yield a simple (PCP)i-PrPdH species; an adduct (1) that
contains bound K(sec-Bu3BH) was obtained. (1) was
shown to be a centrosymmetric dimer in the solid
state by X-ray crystallography. The tri-coordinate K+
ion bonds only to the terminal Pd hydride and the
two bridging B hydrides.
Competitive C–I versus C–CN Reductive
Elimination from a RhIII Complex. Selectivity is
Controlled by the Solvent
M. FELLER, M. A. IRON, L. J. W. SHIMON, Y. DISKIN-POSNER, G.
LEITUS and D. MILSTEIN, J. Am. Chem. Soc., 2008, 130, (44),

G. L. SCHULZ and S. HOLDCROFT, Chem. Mater., 2008, 20, (16),

5351–5355

Poly(9,9-dihexylfluorene-co-2-phenylpyridine) (1)
and poly(9,9-dioctylfluorene-co-tris(2-phenylpyridine) iridium (III)) (2) were prepared using Suzuki
polycondensation. An increase in per cent external
quantum efficiency for (2) over (1), from 1.1 to 10.3,
is attributed to the formation of the triplet state in (2),
and by inference, longer diffusion lengths of the
triplet exciton. Introducing the Ir complexes into the
polyfluorene-based polymer blended with an electron
acceptor enhanced solar cell conversion efficiencies.
On the Photophysical and Electrochemical Studies
of Dye-Sensitized Solar Cells with the New Dye
CYC-B1
J.-G. CHEN, C.-Y. CHEN, S.-J. WU, J.-Y. LI, C.-G. WU and K.-C. HO,
Sol. Energy Mater. Sol. Cells, 2008, 92, (12), 1723–1727

The performance of nanocrystalline TiO2 DSSC
fabricated using CYC-B1 (Ru photosensitiser with an
alkyl bithiophene group) dye-anchored TiO2 photoelectrode showed an enhancement in cell efficiency
when the TiO2 film thickness was increased from 3
μm (eff. = 5.41%) to 6 μm (eff. = 7.19%). The efficiency was maximum at a film thickness of 6 μm,
reached its limiting value and remained constant up to
53 μm. Although a similar trend was also observed
for N3 dye, the maximum efficiency achieved was
only at 27 μm thickness (eff. = 6.75%).

14374–14375

SURFACE COATINGS

The oxidative addition of MeI to [(PNP)Rh(CN)]
(1) gave [(PNP)Rh(CN)(CH3)][I] (2). (2) reacts selectively in two pathways. In aprotic solvents C–I
reductive elimination of MeI followed by its electrophilic attack on the cyano ligand takes place, giving
[(PNP)Rh(CNCH3)][I], while in protic solvents C–C
reductive elimination of MeCN takes place forming
[(PNP)RhI]. Reaction of (1) with EtI in aprotic solvents gave the corresponding isonitrile complex.

Study of the Surface Morphology of Platinum Thin
Films on Powdery Substrates Prepared by the
Barrel Sputtering System

ELECTRICAL AND ELECTRONICS
Thermally-Treated Pt-Coated Silicon AFM Tips for
Wear Resistance in Ferroelectric Data Storage
B. BHUSHAN, M. PALACIO and K. J. KWAK,

Acta Mater., 2008,

56, (16), 4233–4241

A commercial Pt-coated Si AFM probe was thermally treated in order to form Pt silicide at the
near-surface. Nanoindentation, nanoscratch and wear
experiments evaluated the mechanical properties and
wear performance at high velocities. The thermally
treated tip exhibited lower wear than the untreated
tip. The enhancement in mechanical properties and
wear resistance in the thermally treated film is attributed to silicide formation in the near-surface.
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A. TAGUCHI, M. INOUE, C. HIROMI, M. TANIZAWA, T. KITAMI
and T. ABE, Vacuum, 2008, 83, (3), 575–578

The transition of Pt from a nanoparticle to a film on
SiO2 particles was modified by using a sputtering system with a barrel-type powder sample holder. The
morphology of Pt changed from highly dispersed
nanoparticles to a worm-like structure followed by a
continuous Pt film, depending on the amount of Pt
modified. TEM showed that the Pt film in the wormlike structure had a uniform thickness of ~ 2.6 nm.
Study on Corrosion Resistance of Palladium Films
on 316L Stainless Steel by Electroplating and
Electroless Plating
J. TANG and Y. ZUO,

Corros. Sci., 2008, 50, (10), 2873–2878

Pd films with good adhesive strength were deposited on 316L stainless steel. The electroless plated Pd
film (1) mainly consisted of Pd, P and N, and the electroplated Pd film (2) was almost pure Pd. Both plated
samples showed corrosion resistance in strong corrosive media; (2) was slightly better than (1).
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NEW PATENTS
CATALYSIS – APPLIED AND
PHYSICAL ASPECTS

CATALYSIS – REACTIONS

Novel PGM Catalysts

UNIV. BRISTOL

World Appl. 2008/101,602

DSM IP ASSETS BV

Novel pgm catalysts are prepared from a reverse
microemulsion of a pgm, preferably Pd, in a H2O-inhydrocarbon system. Some of the solvent is
evaporated, preferably under reduced pressure, then a
C1–C4 alcohol such as MeOH is added to form a precipitate of pgm nanoparticles. These can be used as
structured catalysts, for example in woven fabrics.

Catalytic Olefin Metathesis
British Appl. 2,447,068

An olefin metathesis or cross-coupling reaction is
carried out using a catalyst system which includes: a
source of a d-block metal such as a Group VIII metal,
Pt, Pd, Rh, Ru, Fe, Co, Cu or Ni; optionally a
promoter, an activator and/or a base; and a source of
a 3-membered carbocyclic ligand. The catalyst system
may be pre-formed or formed in situ.

EMISSIONS CONTROL
CATALYSIS – INDUSTRIAL PROCESS

Octane Number-Increasing Catalyst and Fuel Reformer

Liquid Fuel Production from Biomass and Coal

NISSAN MOTOR CO LTD

CHINA FUEL (HUAIBEI) BIOENERGY TECHNOL. DEV.
CO LTD
World Appl. 2008/101,370

A mixture of cellulose biomass and coal is gasified
to obtain synthesis gas, then converted to a liquid fuel
in the presence of a catalyst. The catalyst includes
MoS2; an alkaline metal compound selected from salts
of Li, Na, K, Rb and Cs; and a component selected
from Pt, Pd, Rh, Ir, Os, Mo, V, Re, Co, Ni or a mixture, for activating the C–H bond in alkanes.
Production of Hydrogen Cyanide
U.S. Patent 7,429,370

DEGUSSA AG

An improvement to the Blausäure-MethanAmmoniak (BMA) process for the production of
HCN by reacting an aliphatic C1–C4 hydrocarbon,
preferably CH4, with NH3 in the presence of a Ptcontaining catalyst is claimed. The catalyst is doped
with 0.01–20 mol% (relative to Pt) of an element
selected from Pd, Cu, Ag, Au and W to reduce sooting and the consequent decrease in activity, and may
be supported on Al2O3.

European Appl. 1,972,776

A fuel reformer for an internal combustion engine
includes an octane number-increasing catalyst containing Rh supported on a base material selected from
SiO2, Al2O3, CeO2, ZrO2, TiO2, MgO; and a device
that supplies O2. The octane number of liquid-phase
fuel can be increased in the presence of O2. The fuel
reformer can enhance the combustion characteristics
of an internal combustion engine.
Exhaust Emission Control Device
YAMAHA MOTOR CO LTD

Japanese Appl. 2008-144,612

An exhaust emission control device for an internal
combustion engine purifies exhaust components such
as CO, HC and NOx, using three catalysts. The second catalyst carries Rh in the upstream part and Pd in
the downstream part. CO and HC are oxidised with
secondary air led into the exhaust pipe. Pd is carried
in the third catalyst.

FUEL CELLS
Preparing Nanosize Platinum-Titanium Alloys
GM GLOBAL TECHNOL. OPERATIONS INC

Nanocone Silicone Gel

U.S. Patent 7,416,579

CORNING CABLE SYSTEMS LLC

U.S. Appl. 2008/0,207,049

A silicone-based gel for use with telecommunication
interconnect devices is claimed. It includes approximately equal amounts (w/w) of Part A: (i) 15–20 vinyl
terminated polydimethylsiloxane of non-agglomerated
SiO2 (nanocone) nanoparticles; (ii) 80–85 polydimethylsiloxane; (iii) 0.1–0.3 of 0.5% Pt catalyst; and
Part B: (i) 5–10 vinyl terminated polydimethylsiloxane
of non-agglomerated SiO2 (nanocone) nanoparticles;
(ii) 15–30 hydride terminated polydimethylsiloxane,
(iii) 0.2–10 hydride functional polydimethylsiloxane;
(iv) 50–80 polydimethylsiloxane.
Producing α-Hydroxyketone Compound
SUMITOMO CHEMICAL CO

Japanese Appl. 2008-115,128

An α-hydroxyketone compound is produced by
reacting a tri-substituted olefin compound with an
organic hydroperoxide in the presence of an Os compound and a tertiary amine compound or a tertiary
amine oxide compound.
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Nanometre sized particles containing Ti and Pt are
prepared by dissolving or suspending a precursor
compound or compounds of Ti and Pt in a low
vapour pressure hydrocarbon liquid medium; bubbling a reducing gas such as H2 through the liquid; and
applying ultrasonic vibrations at a temperature below
ambient. Ti and Pt are coprecipitated in very small
particles and may be used in a catalyst for a PEMFC.
Platinum-Ruthenium Core-Shell Nanoparticles
UNIV. MARYLAND

U.S. Appl. 2008/0,220,296

PtRu nanoparticles containing a Pt shell and a Rubased nanoparticle core may be used for the catalytic
oxidation of H2 containing relatively large amounts of
CO and can be used for the anode of a PEMFC.
Particle size is 1–15 nm; metal content is (at.%): 20–60
Pt and 40–80 Ru; the Pt shell may be 1–2 monolayers
thick; and the core contains Ru(0):Ru(IV) in the ratio
100–0:0–100, preferably 60–70:40–30. The particles
may be supported on a material such as Al2O3.
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Electrode Catalyst Composition
NISSAN MOTOR CO LTD

Japanese Appl. 2008-140,703

An electrode which is capable of restraining or preventing elution of Pt, and has good electrode catalyst
activity, includes a N-containing 6-membered ring
such as a pyridine ring, coordinated with at least one
metal selected from Pt, Pd, Ir, Ni and Co; and a nonelectrolyte material. The composition can be used in
an anode or cathode catalyst layer for a PEMFC.

METALLURGY AND MATERIALS
Iridium-Based Alloy
JAPAN SCI. TECHNOL. AGENCY

U.S. Appl. 2008/0,206,090

BIOMEDICAL AND DENTAL
Non-Magnetic Co-Pd Dental Alloy
ARGEN CORP

World Appl. 2008/115,879

A non-magnetic Co-based dental alloy contains
(wt.%): ≥ 25 Pd, 15–30 Cr and the balance Co. There
may optionally be an element X selected from Mo, W,
Nb, Ta, V and Re. To ensure the alloy is non-magnetic, the concentration of Cr in the alloy is ≥ 20 wt.%.
Alternatively if the concentration of Cr is < 20 wt.%,
the combined concentration of Cr and X is > 20
wt.%. There may optionally be ≤ 5 wt.% Al, B, Ce,
Ga, Ge and/or Si.

ELECTROCHEMISTRY

An Ir-based alloy having high heat resistance and
high strength contains (wt.%): 0.1–9.0 Al, 1.0–45 W
and the remainder Ir. The metallic structures include
a component system containing 0.1–1.5 wt.% Al, in
which an L12-type intermetallic compound Ir3(Al,W)
is precipitated; and a component system containing
1.5–9.0 wt.% Al in which an Ll2-type intermetallic
compound Ir3(Al,W) and a B2-type intermetallic compound Ir(Al,W) are precipitated. Part of the Ir may be
replaced with Pt, Pd, Rh, Ru, Co, Ni, Fe, Cr or Re;
part of the Al and W may be replaced with Ni, Ti, Nb,
Zr, V, Ta, Hf or Mo.

The title electrode includes a conductive substrate; a
catalytic layer containing at least one pgm selected
from Pt, Pd, Rh, Ru and Ir; and a H2 adsorption layer
formed from a material such as C or an oxide of Ta,
Nb, Ti, Ni, Zr or a La series metal, on the catalytic
layer. There may optionally be at least one pgm oxide
and/or at least one metal or oxide selected from La
series metals, valve metals, Fe series metals and Ag in
the catalytic layer.

PtTi-Based High-Temperature Shape Memory Alloy

Anode for Hydrochloric Acid Electrolysis

NAT. INST. MATER. SCI.

Japanese Appl. 2008-150,705

PtTi and PtTiIr high-temperature shape memory
alloys can be used in applications such as chemical
plants and engines at 1000–1200ºC. The alloys
include 42–63 at.% Pt and the remainder Ti; alternatively part of the Pt may be replaced by < 50 at.% Ir.
The alloy is subjected to homogenising heat treatment
at the transformation point or above for ≥ 1 h, and is
then subjected to direct quenching at the transformation temperature or below, and is held at this
temperature for ≥ 1 h.

APPARATUS AND TECHNIQUE
Hydrogen Purification Membranes
IDATECH LLC

U.S. Appl. 2008/0,210,088

A H2 purification device includes at least one H2selective membrane made from an alloy of Pd with
10–50 wt.% Au. There may optionally be 5–250 ppm
C plus one additional component. The alloy may be
S-tolerant. The device can receive a mixed gas stream
containing H2, for example from a coal gasification
process, and produce substantially pure H2 gas. The
purification device can be operated between
200–400ºC and ≥ 50 psi.
Antifouling Electrode Composition
PENTEL CORP

Japanese Appl. 2008-126,184

An electrode composition to prevent adhesion of
microorganisms includes (mol%): 35–65 Ir oxide and
65–35 Ta oxide, calculated as metal, carried on a substrate made of Ti or a Ti alloy, with a conductive Ti
oxide layer in between.
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Electrode for Generation of Hydrogen
European Appl. 1,975,280

PERMELEC ELECTRODE LTD

TANAKA KIKINZOKU KOGYO KK

Japanese Appl. 2008-156,684

An anode electrode for HCl electrolysis is claimed
to be capable of suppressing erosion of a base
material and to have long-term durability. There is a
catalytic layer of Ir oxide, Ru oxide or a mixture on a
Ti substrate, with an intermediate layer containing Rh,
Ir or Ru of thickness 0.5–10 μm which may be
formed by plating. High Cl2-generation efficiency is
claimed.

SURFACE COATINGS
Composition for Etching Ruthenium
TOSOH CORP

World Appl. 2008/129,891

A composition for etching Ru is claimed which
does not foul apparatus, is inexpensive and contains
no strong alkali. The composition for Ru etching is
characterised by comprising Cl2 and H2O, containing
no F, and having a pH lower than 12.
Palladium-Containing Plating Solution
GREEN HYDROTEC INC

European Appl. 1,983,076

A Pd-containing electroplating solution can be used
to create a Pd or Pd alloy membrane on a porous
metal support. The solution contains (g l–1): 2–200 Pd
as PdSO4; 10–200 reactive conductive salt; 10–150
complexing agent; and buffering agent sufficient to
give a pH from 9–12. There may optionally be a second metal salt selected from a Pt, Cu, Ag, Au, Ni, In
or a combination, preferably Cu at 0.2–100 g l–1. The
porous support may be a metal or alloy selected from
Fe, Cu or Ni or a combination.
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FINAL ANALYSIS

Surface Characterisation of Heterogeneous
Catalysts by XPS: Part I
As it is the surface of a heterogeneous catalyst
where the catalysed chemical processes take
place, understanding the nature of the outer
atomic layers of such surfaces is of great interest
to those involved in the creation and improvement of such materials. The surface scientist has
various tools to acquire information about a surface but one of the few that directly provides
chemical information about the outermost atoms is
X-ray (excited) photoelectron spectroscopy
(XPS) (1).

Background
The XPS technique relies upon the photoelectric effect, first noted by Hertz in 1887 (2). An
electron in an atom of a solid may absorb an incident photon and so gain sufficient energy to leave
the confines of that atom’s potential well. Due to

energy-sapping interactions, these photoelectrons
do not travel far in solids – the length-scale is
nanometres. So, although photoelectrons are produced wherever X-rays penetrate, only those
within a few nanometres of the surface can
actually escape the solid completely and they
carry information about their origins in their
kinetic energy.
Some seventy years after Hertz, exploitation of
the photoelectric effect for materials analysis was
developed by Siegbahn (3). In a typical analytical
instrument, a surface is illuminated by X-rays of a
well-defined energy. Given the fixed energies of
core energy levels in atoms, the net energy of a
photoelectron is also fixed and a binding energy
of its origin can be determined. The instrument
collects and counts the photoelectrons as a function of their energy.
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Fig. 1 Part of a survey spectrum from the surface of a platinum-gold fuel cell catalyst material “JMH-11”. The green
lines define a background; above these lines are the defined photoemission signals, below is a signal from electrons
that have undergone energy loss processes. The “valence” peak is from photoelectrons from all elemental bands that
are involved in chemical bonding
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Identification of Elements
For a given element, the energies of the core
levels do not vary a great deal, so each element has
a characteristic “fingerprint” spectrum. Figure 1
shows a survey spectrum collected from the surface of a platinum-gold catalyst material, as used in
one half of a space shuttle fuel cell system (4). By
comparing the various peaks with fingerprint spectra, a trained analyst can determine that the surface
of the “as-received” material contains carbon, oxygen, chlorine, potassium, platinum and gold.

Quantification of Elements
Information beyond elemental identification is
contained in XPS spectra. The elemental core
levels have well-understood chances of X-ray
absorption, and therefore the number of photoelectrons from a given core level can be related to
the amount of that element in the surface. In our
example, the analyst can determine that the mole
fractions of emitting atoms are about 55% gold,
18% platinum, 16% carbon, 8% oxygen, 2%
potassium and a trace amount of chlorine.

the production methods and synthetic precursors
used. It is important to note here that surface
impurities are sometimes invisible to other analytical methods; even a parts per million (ppm)-level
contaminant might well concentrate at a surface
and so be clearly visible to XPS. Because of this,
the use of XPS to assist in explaining catalyst deactivation and poisoning can be invaluable.
Part II will appear in the next issue of Platinum
Metals Review, covering the further information that
is available from detailed XPS spectra and experimentation to further enhance understanding of a
particular surface.
RICHARD A. P. SMITH
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