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A New Palladium-Based Ethylene
Scavenger to Control Ethylene-Induced
Ripening of Climacteric Fruit
By Andrew W. J. Smith*, Stephen Poulston and Liz Rowsell
Johnson Matthey Technology Centre, Blounts Court, Sonning Common, Reading RG4 9NH, U.K.; *E-mail: smithawj@matthey.com

Leon A. Terry
Plant Science Laboratory, Cranfield University, Cranfield, Bedfordshire MK43 0AL, U.K.

and James A. Anderson
Surface Chemistry and Catalysis Group, Department of Chemistry, University of Aberdeen, Aberdeen B24 3UE, U.K.

A novel palladium-promoted zeolite material with a significant ethylene adsorption capacity
at room temperature is described. It was characterised by diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) and transmission electron microscopy (TEM) to show
palladium particles dispersed over the support. Initial measurements of the ethylene adsorption
capacity were conducted with a synthetic gas stream at a higher ethylene concentration
than would normally be encountered in fruit/vegetable storage, in order to obtain an accelerated
testing protocol. Further laboratory-based trials on fruit samples show that the palladiumpromoted zeolite material can be effective as an ethylene scavenger to prolong the shelf-life
of fresh fruits.

Introduction
Ethylene is one of the simplest plant growth
regulators and is known to play a role in many
physiological processes in plants. Seed germination
and growth, abscission, fruit ripening and senescence can all be affected by ethylene (1–4). It is
believed that the ancient Egyptians and Chinese
were aware of some of these effects and attempted
to artificially control the ripening of figs and pears.
More recently, in the nineteenth century, it was
observed that street lighting (fuelled by town gas
which contained low levels of ethylene) was causing stunting and other changes to nearby plant
growth (2). Today, although it is well documented
that almost all plants produce ethylene in varying
amounts, understanding how ethylene interacts
with each plant type and the effect this has on
plant development is a very active area of
scientific research.
The ability to control ripening is very important
to the sale of many fresh produce types. Whilst
consumers often want to purchase food that can
be eaten straight away, suppliers may prefer to
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market fruit in need of further ripening, to avoid
losses due to over-ripening in transit or storage.
Therefore, the control of the ambient ethylene
concentration is key to prolonging the shelf-life of
many horticultural products.
Various methods of ethylene control are
offered commercially, including several based on
ethylene adsorption/oxidation. However, these
technologies have seen limited uptake, especially in
retail packaging and fresh produce transportation.
In the present paper, we report on the development
of a new palladium (Pd)-based ethylene adsorber,
which works effectively both in synthetic gas
streams and in laboratory-based trials using real
fruit samples. We are now in a position to undertake ‘real-world’ testing.

Ethylene Production by Fresh Produce
Fresh fruit and vegetables are generally classified in one of two ways, depending upon the
mechanism of ripening (5) and their capacity to
produce ethylene (Table I). Climacteric items
release a burst of ethylene during ripening, accom-
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Table I

Ethylene Production from Different Fresh Produce Types
Low
(< 1.0 ml kg–1 h–1)

Moderate
(1–10 ml kg–1 h–1)

High
(10–100 ml kg–1 h–1)

Very high
(> 100 ml kg–1 h–1)

Pineapple, artichoke,
cauliflower, broccoli,
date, orange, rhubarb,
spinach, beetroot,
green asparagus,
celery, lemon, onion

Banana, mango,
plum, tomato

Apricot, nectarine,
pear, peach

Apple, avocado,
cherimoya,
passion fruit

panied by an increase in respiration, whereas nonclimacteric produce do not vary their rate of
ethylene production in this fashion. Exogenous
ethylene (typically < 0.1–1.0 μl l–1) can initiate
ripening in many climacteric fruit which then can
lead to autocatalytic production of ethylene by the
fruit. Climacteric fruits, which include bananas,
avocados, nectarines and pears, ripen after harvest,
typically by softening, changing colour and becoming sweeter (6). The latter class, including
strawberries, grapes and pineapples do not ripen as
dramatically after harvest, but rather senesce, leading to discolouration, unpleasant odour, shrinkage
and general rotting. In such cases, the challenge to
maintain product quality is paramount. Other fresh
produce types are sensitive to ethylene even
though their ethylene production is very low for
example, potato tubers, bulb onions, broccoli and
spring cabbage, along with some cut flowers.
To artificially reproduce the natural ripening
process, ethylene can be introduced during storage.
This process is used in the fruit industry on fresh
produce such as bananas, avocadoes and mangoes
(7). As well as such deliberate exogenous introduction, the level of ethylene can rise due to ethylene
emission from stored fresh produce or from accidental sources such as forklift truck exhaust
emissions. For this reason, the industry prefers to
use electric vehicles in fresh food storage areas to
minimise the risk of the fresh produce coming into
contact with ethylene gas.
Excessive or uncontrolled levels of ethylene can
result in a number of problems. For example, the
premature ripening of fruits and vegetables, the
fading and wilting of cut flowers and the loss of
green colour and increase in bitterness of vegeta-
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bles are common problems when ethylene levels
have not been properly managed.

Ethylene-Sensitive Plants
Plants, flowers and buds are also sensitive to
ethylene (see Table II for examples) and some
release ethylene gas when they are cut or damaged.
Some of the most detrimental effects of ethylene
on plants are:
– Partial or incomplete flower abortion;
– Retarded plant growth;
– Growth abnormalities such as excessive leafiness or the stimulated growth of daughter
bulbs;
– Shortened vase lifespan of cut flowers (abscission of leaves and flower petals);
– Inhibited development of immature (unopened)
flower buds;
– Accelerated senescence of all types of plants;
– Susceptibility to disease.

Ethylene Removal Technologies
In many instances, ethylene concentrations can
be controlled by ventilation of the area containing
Table II

Different Degrees of Ethylene Sensitivity amongst
Cut Flower Species
Low
Sensitivity

Moderate
Sensitivity

High
Sensitivity

Tulip,
daffodil

Lily, freesia,
agapanthus,
alstroemeria,
anemone,
dahlia

Carnation,
Geraldton
waxflower
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the fresh produce. This can be aided by container
designs that allow for air circulation. However,
ventilation is not always appropriate; for example,
it cannot be used in sealed environments, such as
controlled atmosphere storage or retail packaging.
There are a number of ethylene removal technologies available:
– Catalysts. Often based on platinum/alumina,
these operate at elevated temperature
(> 200ºC) and catalytically oxidise ethylene to
carbon dioxide (CO2) and water (8). There are
also reports of the use of photocatalytic oxidation of ethylene using titanium dioxide (TiO2),
which can occur at room temperature (9).
– Stoichiometric oxidising agents. Mostly based on
potassium permanganate (KMnO4), which
again oxidises ethylene and is itself reduced.
Though some CO2 and water is produced,
some partially oxidised species such as carboxylic acids may also be formed.
– Sorbents. These materials work by sorption of
the ethylene and are often based on high surface area materials, including activated carbon,
clays and zeolites.

Ethylene Blocking Technologies
A different approach is to inhibit ethylene
action in the produce itself, which can in turn
reduce the amount of ethylene released by the produce into the container or storage area. Several
chemicals have been shown to act as ethylene
inhibitors, including both volatile and aqueous
treatments:
– 1-Methylcyclopropene (1-MCP). 1-MCP is the most
widely used commercial volatile ethylene
inhibitor, which blocks ethylene binding sites.
It is applied exogenously as a gas and has been
widely applied to fruit (particularly apples) and
flowers. 1-MCP is sold commercially as
SmartFreshSM (10) into the fresh produce
industry and as EthylBlockTM into the floral
industry.
– Silver thiosulfate (STS). The use of this material is
largely restricted to cut flowers and it is sold
commercially under the trade name Chrysal
AVB®. It is applied by putting the cut flower
stems in a solution containing the STS.
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– Aminoethoxyvinylglycine (AVG). This material is
sold commercially as ReTain® and acts as a
plant growth regulator by blocking the production of ethylene in the plant tissue. It is sprayed
onto the fruit, usually 1 to 3 weeks prior to
harvesting.

New Palladium-Based Ethylene
Scavenging Technology
In this paper, we report on the discovery by
Johnson Matthey scientists of a novel palladiumpromoted material with a significant ethylene
adsorption capacity at room temperature (11). A
wide range of materials were synthesised and
screened for activity. Pd gave by far the best performance of the promoter metals tested. The
material is a palladium-impregnated zeolite giving
finely dispersed palladium particles.
Initial testing was conducted with a synthetic
gas stream at a higher ethylene concentration than
would normally be encountered in fruit/vegetable
storage, in order to obtain an accelerated testing
protocol for measuring ethylene adsorption
capacity. Ethylene adsorption capacity measurements were carried out at room temperature
(21ºC) in a plug flow reactor using 0.1 g of active
Pd-based material with a gas composition of 200
μl l–1 ethylene, 10% (v/v) oxygen balanced with
helium, at a flow rate of 50 ml min–1, with and
without ca. 100% relative humidity (RH). Reactor
outlet gas concentrations were analysed using a
Thermo Onix ProLab mass spectrometer
(Thermo Onix, Houston, Texas, U.S.A.). A
mass:charge ratio of either 26 or 27 was used for
ethylene, as the use of nitrogen as a diluent gas
leads to the presence of a large peak at m/z = 28.
A value of m/z = 44 was used for CO2. Ethylene
uptake capacity was measured using a simple
‘breakthrough’ measurement, in which the total
integrated ethylene removal was determined after
the outlet ethylene concentration from the reactor
had reached the inlet ethylene concentration,
showing that the adsorber was saturated with
ethylene (12).
The Pd-based material typically removed all
measurable ethylene until breakthrough occurred.
A typical example of an ethylene breakthrough
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measurement under humid conditions is shown in
Figure 1. Under these conditions the Pd-promoted
material was found to have an ethylene adsorption
of 4162 μl g–1 under ca. 100 % RH. This performance was increased to 45,600 μl g–1 under dry
conditions.
Further experiments were carried out at room
temperature in a sealed, unstirred batch reactor
(0.86 l) with 0.1 g active Pd-based material and an
initial gas composition of 550 μl l–1 ethylene, 40%
(v/v) air balanced with argon. Selected gas concentrations were measured at hourly intervals with a
Varian CP-4900 Micro-GC (Varian, Inc, Palo Alto,
California, U.S.A.). Gas samples (40 ms duration)
were taken via an automated recirculating sampling
system. Column and injector temperatures were set
at 60ºC and 70ºC, respectively. The 0.15 mm
diameter, 10 m long column was packed with
PoraPLOT (porous layer open tubular) Q stationary phase. Ethylene and CO2 were calibrated
against 10 μl l–1 ethylene balanced with air and 5%
(v/v) CO2 balanced with Ar (Air Products Europe,
Surrey, U.K.). A thermal conductivity detector was
used with He carrier gas at 276 kPa inlet pressure.
Peak integration was carried out within the Varian
STAR software.
Under these conditions, CO2 and ethane production were observed, as plotted in Figure 2.
The ethane is likely to be produced by the hydrogenation of adsorbed ethylene, the hydrogen being
generated by the partial dissociation of ethylene.

The selectivity to ethane varies with experimental
conditions but is typically no more than the maximum value of ~ 10% observed under the
conditions tested here. Ethane can be produced by
plants in response to stress (13) and has not previously been reported to be detrimental to plants in
the concentration range reported here. It is clear,
however, that the palladium-based material is acting largely as an adsorber rather than as a catalyst.
The mechanism of reaction is discussed further in
this article by interpretation of diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS)
data.
Characterisation of the palladium-based material was carried out to determine the Pd
distribution through the support. Transmission
electron microscopy (TEM) analysis (Figure 3)
showed that the palladium particles (bright particles) are dispersed over the support material. The
average size of the palladium particles in Figure 3
was calculated to be 1.7 nm. Scanning electron
microscopy (SEM) analysis (not shown) also identified some larger palladium particles with
diameters around 20 to 40 nm. These results correspond well with CO chemisorption data which
gave a metal dispersion of ~ 15 %. From this dispersion value, a slightly larger average size of the
palladium particles would be expected. This is
consistent with the observation of many small and
some larger particles by TEM (Figures 3 and 4)
and SEM.
Fig. 1 Ethylene
breakthrough graph of the
Pd-based material in humid
gas conditions. Ethylene was
monitored using the mass 26
signal on a mass
spectrometer (mass 26 and
27 gave very similar
breakthrough profiles)
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Ethylene–Metal Interaction via
DRIFTS Analysis
In order to gain further information regarding
the processes involved in ethylene removal, a
vibrational spectroscopic study was performed
to probe the interactions between the ethylene
and the Pd-promoted scavenger. DRIFTS was
used to characterise the species adsorbed on the
ethylene scavenger after exposure to ethylene, in
the presence and absence of oxygen and water
vapour.
DRIFTS allows spectra to be obtained of powdered samples in the presence of gaseous
atmospheres. It produces infrared spectra of the

10 nm
Fig. 3 TEM image of the Pd-promoted zeolite material
showing nanometre size palladium particles (bright
areas) on the zeolite support
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0
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Concentration of ethane, μl l–1

500

Fig. 2 Gas
concentrations
in a batch
reactor initially
containing
550 μl l–1
ethylene*,
along with 0.1
g of the
Pd-promoted
ethylene
scavenger
*Note: Some
ethylene has
been removed
by the
scavenger
prior to the
first injection

diffusely scattered radiation in the reflectance
mode (Figure 5), which are analogous to those collected in the more conventional transmittance
mode. Disadvantages of this method include the
appearance of artefacts resulting from the collection of specularly reflected radiation. It is also
difficult to perform quantitative studies, since both
scattering and absorption coefficients must be
considered. By contrast, only the latter is required
to quantify adsorbed species when spectra are collected in the transmittance mode and converted to
absorbance (14). The key advantages of this
method are that no sample preparation is necessary and that the cells can be operated in plug flow
mode with the reactant gases being forced to travel through the bed of powdered scavenger
material.
Commercial DRIFTS cells are readily available
which allow the collection of spectra of powdered
samples at ambient or elevated temperatures,
while controlling the composition of the gaseous
atmosphere. In the study performed here, the outlet port of the DRIFTS cell was coupled to a
quadropole mass spectrometer (QMS) via a heated,
glass-lined capillary. This permitted continual
monitoring of ethane (m/z = 30), carbon dioxide
(m/z = 44) and ethylene (a value of m/z = 27 was
selected for this experiment) during exposure to
ethylene and during subsequent temperature-programmed desorption (TPD) measurements.
Experiments were performed by exposing samples
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Fig. 4 Particle size distribution of
palladium in the palladium-promoted
zeolite material, as determined from the
TEM image in Figure 3
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with and without Pd, at ambient temperature, to a
flow of ethylene in nitrogen with the addition of
either no other gases, air or air and water. After a
period of exposure to these gaseous atmospheres,
the ethylene stream was switched off and a TPD
measurement was performed in the presence of
the remaining gases. Spectra were also obtained of
samples that had been exposed to ripened fruit.
The Fourier transform infrared (FTIR) spectrum of ethylene in nitrogen flowing through the
cell, in the absence of scavenger, gave main features at 3112 cm–1 (ν9, νCH asym.), 2992 cm–1
(ν11, νCH sym.), 2048 cm–1 (2 × ν10, γCH2 rocking), 1889 cm–1 (2 × ν7, δCH2 out-of-plane) and
1446 cm–1 (ν12, δCH2 in-plane). The absence of
bands for the IR inactive (totally symmetrical)
modes at 1623 cm–1 (ν2, νC=C) and 1343 cm–1

Incident beam

Diffuse reflectance

Sample
Fig. 5 Scheme showing the scattering of light from a
powdered sample and the collection of the diffusely
scattered component for DRIFTS analysis
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5

>5

(ν3, δCH2 in-plane) should be noted, although it is
expected that any interaction with the adsorbent
might permit these modes to be detected as the
symmetry is lifted. These interactions might also
be expected to shift the frequencies away from the
gas phase values listed above.
FTIR spectra of a sample exposed to fruit
(Figure 6(a)) showed features at 1467, 1460, 1434
and 1382 cm–1. FTIR spectra of the Pd-free zeolite
showed only very weak features, including a band
at 1439 cm–1 which could be assigned to the presence of adsorbates resulting from exposure to
ethylene (Figure 6(c)). However, these features
were absent following heating to 50ºC in air. The
narrow shape of the feature at 1439 cm–1, and the
appearance of a single rather than a double component (as in the gas phase), confirms that this
feature can be assigned to an adsorbed state,
although the limited shift (Δν = 7 cm–1) with
respect to the gas phase feature (due to the ν12,
δCH2 in-plane) would suggest a very weakly bound
state. This was confirmed by the disappearance of
bands at this frequency when the sample was heated in air to 50ºC. Note that this ease of removal
was not the case for the sample containing Pd
(Figure 6(b)). This, along with the detection of
other infrared bands (at 1467 and 1382 cm–1) when
Pd was present, would indicate that the metal
played a significant role in the retention of the
adsorbate and in the dominant adsorbed state. The
relative intensities of the features indicate that the
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Fig. 6 DRIFT spectra of:
(a) the Pd-promoted zeolite
material following exposure to
fruit,
(b) the Pd-promoted zeolite
material exposed to a flow of
ethylene/nitrogen at 25ºC,
(c) Pd-free zeolite exposed to
ethylene in nitrogen at 25ºC
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presence of Pd was essential in order to achieve
the 45,600 μl g–1 adsorption capacity obtained
under dry conditions. The similarities between the
features resulting from exposing the sample to
fruit (Figure 6(a)) and to exogenous ethylene, in
particular the features at 1467 and 1382 cm–1, are
strong evidence that similar adsorbed species exist
in both cases. Under these conditions, the C–H
stretching region gave two dominant bands at
2969 and 2865 cm–1, which are consistent with
expectations for CH3 species (Figure 7).

The transformation from C2H4 to adsorbed
species containing CH3 would be consistent with
the development of ethylidyne (CCH3) species (15,
16). In these species, the carbon forms three bonds
to the surface metal atoms (Figure 8(c)), probably
on three-fold hollow sites of Pd(111) type facets
(17). Such an assignment would be consistent with
the detection of the 1467 and 1382 cm–1 band pair
(Figure 6) arising from the corresponding CH3
deformation modes. The formation of a hydrogen
atom for each ethylidyne species generated would
Fig. 7 DRIFT spectra of the
Pd-promoted ethylene scavenger:
(a) before exposure to ethylene,
(b) after exposure to a flow of
ethylene in nitrogen at 25ºC,
(c) after exposure to a flow of
ethylene in air at 25ºC
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(a )

Reflectance,
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explain the formation of ethane following initial
exposure of the scavenger to ethylene (Figure 2),
which was observed in the mass spectrometry (MS)
trace (m/z = 30) recorded during the FTIR measurements. The surface selection rule states that
vibrations parallel to a metal surface should not be
detected, due to the creation of an opposing image
dipole on the metal. This means that the νCH3
asymmetric and δCH3 asymmetric modes at 2969
and 1467 cm–1 should be absent from the spectrum. However, this rule will be relaxed for very
small metal crystallites of the order of 2 nm and
below and where extended flat facets are absent
due to the presence of steps and edges.
Such a description of the morphology is consistent with the TEM image presented (Figures 3 and
4). This assignment cannot be confirmed from the
expected absorption at around 1130 cm–1 (νC–C),
due to absorption by the support in this region.
Bands due to ethylidyne were diminished in spectra recorded after heating the sample in nitrogen to
150ºC. If air was present during this thermal treatment, then CO2 was detected by MS as a complete
oxidation product. Below this temperature, FTIR
evidence for partial oxidation included the detection of carboxylate type species and a band at 2125
cm–1 due to CO adsorbed at surface oxidised Pd
sites. The latter was detected in spectra of the sample recorded at 100ºC, indicating that the onset of
oxidation took place well below the temperature of
complete oxidation.
An MS trace was recorded during the collection
of spectra with exposure to ethylene. This showed
a breakthrough shape which was strongly dependent on the composition of the gas phase, with the
greatest removal of ethylene occurring during treatment in nitrogen. The presence of air or air and

water reduced the adsorption capacity.
Additionally, the presence of air or air and water
modified the predominant modes of adsorption,
with four bands now appearing in the C–H stretching region. In addition to the pair at 2957 and 2865
cm–1 which have already been assigned to the CH3
modes of ethylidyne in the absence of air or water,
a further pair at 2934 and 2853 cm–1 were detected,
although these were very weak when water was
present. These features are consistent with expectations for CH2 groups, although the vibrational
frequencies are relatively low for vinyl species. Diσ species of adsorbed ethylene (Figure 8(b)) give
lower frequency CH modes than π-C2H4 (18)
(Figure 8(a)), although the former are less favoured
in the presence of adsorbed oxygen (18). The presence of oxygen in the system also led to the
appearance of a species giving a maximum at 1514
cm–1, which was absent for the air-free system.
A similar feature was found at 1510 cm–1 in
electron energy loss spectroscopy (EELS) spectra
of ethylene on oxygen covered Pd(100). This was
assigned to δCH2, so it would be tempting to
assign the surface species to vinyl intermediates
such as HCCH2 (17). However, an alternative
assignment, consistent with the known stepwise
dehydrogenation of ethylene (19), is that the additional maxima at 2934 and 2853 cm–1 represent
vibrations due to the CH3 groups of ethylidene
(CHCH3), where the expected full conversion to
ethylidyne, observed in the absence of air and
water (18), is hindered due to the presence of the
co-adsorbates which limit the activation and
dissociation of the C–H bond. The lesser extent of
C–H dissociation at room temperature, and subsequently the lesser population of the surface by
adsorbed hydrogen, would explain the reduced

Pd

Pd

Pd

Pd

Pd

Pd

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 8 Potential adsorbed species following exposure of the Pd-containing scavenger to ethylene:
(a) π-bonded, (b) di-σ bonded, (c) ethylidyne, (d) ethylidene, (e) vinylidene and (f) vinyl
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ability of the surface to liberate ethane resulting
from ethylene hydrogenation during the initial
exposure stages.
In summary, the surface speciation is somewhat dependent on the gas mix and the moisture
content. However, the DRIFTS study has identified the key role of the palladium–ethylene
interaction and the benefit that this has on binding
ethylene to the zeolite surface.

Fresh Produce Research
The use of platinum group metals including palladium in different forms and on different supports
for ethylene removal from fruit and vegetables has
been investigated by other authors in the past (20,
21). Bailén et al. at University Miguel Hernández
have recently published results on delaying tomato
decay using a combination of controlled atmosphere packaging and a granular-activated carbon
(GAC) or GAC impregnated with a palladiumbased catalyst (22). Martínez-Romero et al. at the
same University have also reported the use of a cartridge heater device (optimally running at 175ºC)
joined to activated carbon containing palladium for
ethylene removal above room temperature (23).
In contrast, the new material described here
consists of a specific combination of a precious
metal with a zeolite and removes significant
amounts of ethylene at low temperature (5ºC) and
room temperature. In order to test the material
under realistic conditions, the active material has
been evaluated in collaboration with the Plant
Science Laboratory at Cranfield University, U.K.
Bananas were included in the initial studies, as the
role of ethylene in initiating ripening in these fruits
0 mg

50 mg

40 mg

is well documented (24, 25). Initial findings, now
published (2), have demonstrated for the first time
that the presence of a palladium-based scavenger
was effective at removing ethylene to below physiologically active levels for preclimacteric green
bananas and green avocado fruits.
Reduced CO2 production and control of the
colour change from green to yellow was observed
for the preclimacteric bananas (Figure 9). The
palladium-promoted ethylene scavenger was also
found to be far superior to a KMnO4-based ethylene adsorber when used in low amounts at high
relative humidity. No adverse effects on fruit quality or subsequent ripening were observed after
removal of the ethylene scavenger material.
Similar experiments were also conducted on
avocados. Results showed that exogenous and
endogenous ethylene concentration was reduced
significantly with increasing amounts of the Pdpromoted material. In the presence of
Pd-promoted material, ethylene was removed to
below physiologically active levels. The effect of
ethylene on the colour of avocado cv. Hass fruits
in the presence or absence of the palladium material is shown in Figure 10. Fruit held in the
presence of 100 mg or 1000 mg of the Pd-promoted material for three days were generally greener,
and thus less ripe, than control fruit after seven to
ten days (Figure 10).
Furthermore, when avocados were treated with
ethylene and then subsequently held in the presence of the Pd-promoted material (1000 mg) after
day 1, ethylene was removed to below physiologically active levels. Despite the climacteric phase
having been initiated for these fruits, the
30 mg

20 mg

10 mg

–E

+E

Fig. 9 Colour of a five-day-old banana cv. Cavendish fruit previously held for three days at 16ºC in 3 l sealed jars
containing the Pd-promoted ethylene scavenger material (0–50 mg) and previously treated with (+E) or without (–E)
100 μl l–1 ethylene when at the preclimacteric stage (i.e. green) at day 0
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1000 mg

1000 mg*

–E

+E

subsequent total removal of ethylene resulted in
better maintenance of fruit firmness as compared
to controls. This suggests that the normal and
expected climacteric respiratory rise has been disrupted. Therefore, for the first time an ethylene
scavenger has been shown to be capable of extending shelf-life even when the climacteric respiratory
rise has already been initiated.
Current work is focused on comparing the efficacy of the Pd-promoted ethylene scavenger to
1-MCP for the control of ripening in avocado fruit,
and the resultant effect on non-structural carbohydrates and fatty acid methyl esters.

Fig. 10 Colour of a seven-day-old
avocado cv. Hass fruit previously
held for three days at 12ºC in 3 l
sealed jars containing the
Pd-promoted ethylene scavenger
material (0, 100 or 1000 mg) and
previously treated with (+E) or
without (–E) 100 μl l–1 ethylene
when at the preclimacteric stage
(i.e. green) at day 0
* The Pd-promoted material
(1000 mg) was put into the jars
after day 1, following treatment of
the fruit with or without 100 μl l–1
ethylene

here is effective for the control of ethylene to prolong the shelf-life of climacteric fresh produce
such as bananas and avocados. The material has
the potential to be used commercially, as an alternative and/or supplemental treatment to 1-MCP.
The technology does not require elevated temperature to remove ethylene, and the choice of zeolite
support material makes it suitable for most fresh
produce and floral applications under conditions
of high humidity and low or room temperature.
Future research will elucidate further uses of the
Pd-promoted ethylene scavenger.
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Thermodynamic Properties of
Platinum Diatomics
PROPERTIES OF PtH, PtC, PtN AND PtO CALCULATED FROM SPECTROSCOPIC DATA
By Pavitra Tandon* and K. N. Uttam**
Saha’s Spectroscopy Laboratory, Department of Physics, University of Allahabad, Allahabad-211 002, India;
E-mail: *pavitraofau@rediffmail.com; **kailash.uttam@rediffmail.com

Thermodynamic properties of diatomic molecules containing platinum (PtH, PtC, PtN and
PtO) have been calculated using spectroscopic data and partition function theory. Values of
the Gibbs energy (G), enthalpy (H), entropy (S) and specific heat capacity at constant pressure
(CP) are presented for each species in the temperature range from 100 K to 3000 K. To
obtain the most accurate data, anharmonicity, nonrigidity and stretching effects have been
incorporated in the calculations. The variation of these properties with temperature is also
discussed in terms of different modes of molecular motion.

Introduction
Thermodynamic properties of diatomic transition metal compounds are very important for
investigating their thermal behaviour. Recently,
these properties have been applied in the fabrication of smart devices using intelligent materials (1)
(see (2, 3) for examples using platinum). Transition
metal compounds have a wide range of actual and
potential applications in materials science because
of their relatively high melting points, moderate
densities, and resistance to chemical attack.
Platinum-containing compounds have been used in
nanoscience and nanotechnology. For example,
alloys such as iron-platinum (FePt), are used as nanodots (4). Platinum itself is used in a wide range of
applications, including catalytic converters for cars,
fuel cell electrocatalysts, computer technology,
optical communication, missile technology, neurosurgery and medical science (see for example (5)).
The unique properties of platinum generate a high
level of interest among scientists. Due to the presence
of unpaired d electrons, which have a greater angular
momentum than s and p electrons, more energy is
needed for the excitation of Pt in the molecular
phase. This requires a high energy excitation device
such as a gas discharge laser, which leads to experimental difficulties. Thus the experimental study of
platinum diatomics is very challenging and expensive.
Scientific groups such as the Scientific Group
Thermodata Europe (SGTE), the Joint Institute of

Platinum Metals Rev., 2009, 53, (3), 123–134

High Temperatures, Russian Academy of Sciences
(IVTAN) and, in the U.S.A., the Joint Army-NavyAir Force (JANAF) Thermochemical Working
Group (6) and the National Aeronautics and Space
Administration (NASA) (7, 8), are engaged in the
critical assessment and compilation of thermodynamic data for different molecular species.
An early contribution to the development of
thermodynamic properties was made by Tolman, for
diatomic hydrogen (9). The credit for further
development of the subject goes to Hicks and
Mitchell, for their work on hydrogen chloride (10).
Giauque and Overstreet (11) implemented the
technique suggested by Hicks and Mitchell for the
calculation of these properties for hydrogen, chlorine
and hydrogen chloride. They modified the reported
theory by using stretching and interaction terms
for diatomic molecules. Gordon and Barnes (12)
calculated the thermodynamic properties of chlorine
(Cl2), bromine (Br2), hydrogen chloride (HCl), carbon
monoxide (CO), oxygen (O2) and nitric oxide (NO)
molecules. The study of thermodynamic properties
of the phosphorous mononitride (PN) molecule was
performed by McCallum and Liefer (13). The
thermodynamic properties of transition metal alloys
were reported by Darby (14). Calculation of the
partition function and thermodynamic properties of
the rare gas atoms argon, krypton and xenon was
performed by Elyutin et al. (15). In the domain of
theory of thermodynamic properties, Eu (16)
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reported Boltzmann entropy, relative entropy and
their related values. Chandra and Sharma (17)
calculated the partition function for carbon
monosulfide (CS) and silicon monoxide (SiO)
molecules. Recently Uttam and coworkers (18, 19)
estimated the thermodynamic properties of
potassium monohalides and alkaline earth metal
monohydrides using partition function theory.
The data on thermodynamic properties have
been reported for a large number of molecules but a
survey of the literature reveals that the values of
thermodynamic properties for some diatomic molecules are not yet reported accurately. Therefore we
have estimated the thermodynamic properties of
platinum monohydride (PtH), platinum monocarbide (PtC), platinum mononitride (PtN) and
platinum monoxide (PtO) molecules using spectroscopic data and partition function theory. The
choice of the temperature range from 100 K to
3000 K is due to the fact that this range of temperatures covers the applications of platinum from
biological sciences to high-temperature chemistry
and astrophysics. In the present paper, we report the
values of thermodynamic properties Gibbs energy
(G), enthalpy (H), entropy (S) and specific heat
capacity at constant pressure (CP) for PtH, PtC, PtN
and PtO molecules at different temperatures for
which these properties are not given in the literature.

Method of Calculation
A diatomic molecule is associated with translational, rotational, vibrational and electronic
motions. Corresponding to these four types of
motions, there are four types of energy: translational, rotational, vibrational and electronic energy.
Translational motion is due to the three dimensional movement of a molecule in space. Rotational
motion is due to the rotation of the molecule as a
whole about an axis passing through the centre of
gravity and perpendicular to the internuclear axis.
In diatomic molecules, atoms are also able to
vibrate relative to each other along the internuclear
axis and this is the origin of vibrational motion.
Motion of electrons in one atom is perturbed by
electronic and nuclear motion in the other atom.
Due to this, reshuffling of orbitals takes place and
that generates molecular orbitals. This phenome-
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non is responsible for electronic motion. The electronic energy, ~ 1 eV to 10 eV, is very high
compared to vibrational energy, ~ 10–2 eV, rotational energy, ~ 10–3 eV, and translational energy,
~ 10–22 eV. However, theory shows that below
3000 K molecules are not excited electronically,
and electronic motion only plays a significant role
above 3000 K. Therefore electronic motion can be
neglected below 3000 K.
The contributions of the different motions are
summarised on the following page.

Results and Discussion
The calculated thermodynamic properties
namely Gibbs energy, enthalpy, entropy and heat
capacity at constant pressure, of PtH, PtC, PtN
and PtO molecular gases have been estimated
from spectroscopic data and are collected in
Tables I–IV. The spectroscopic constants which
were used for the calculation of these properties
are displayed in Table V (20). PtH is different from
PtC, PtN and PtO since it has a 2Δ ground state.
Therefore we have incorporated the ground state
multiplicity in our calculation for the improvement
of the results. We have estimated the thermodynamic properties from theoretical spectroscopic
data (21) and experimental spectroscopic data (20)
for the PtH molecule as shown in Table VI.
From comparison, it is clear that the Gibbs
energy has a maximum deviation of 0.12%,
enthalpy has 0.11%, entropy has 0.17% and heat
capacity has 0.63% up to 2000 K. Ideally it is
assumed that rotational and vibrational motions are
independent of each other, but in practice they
interact with each other. In the present calculation
we include this effect by taking the vibrational-rotational partition function instead of the independent
rotational and vibrational partition functions. This
gives more accurate values of thermodynamic
properties than the values obtained from individual
rotational and vibrational partition functions. A
similar approach has been applied for the calculation of thermodynamic properties of monohalides
of potassium (18), and the obtained results were in
close agreement with reported values. Accuracy of
the data also depends on the vibrational-rotational
coupling. If coupling is weak, the stretching con-
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Contributions of the Molecular Motions to the Thermodynamic Properties
Equations for the Translational Contribution of Thermodynamic Properties
(i) Gibbs energy:

(G − H 0 )tran = − 3 RT ln m − 5 RT ln T + 7.2836T

(ii) Enthalpy:

(H − H 0 )tran = 5 RT

(iii) Entropy:
(iv) Heat capacity at constant pressure:

2

2

2

Stran

(A)

(G − H 0 )tran
5
= R+
2
T

C P (tran ) =

5
R
2

Equations for the Rotational Contribution of Thermodynamic Properties
(v) Gibbs energy:

(G − H )

(vi) Enthalpy:

(H − H 0 )rot = RT

(vii) Entropy:
(viii) Heat capacity at constant pressure:

0 rot

= RT ln σy

(B)

S rot = R (1− ln σy )
C P ( rot ) = R

Equations for the Vibrational Contribution of Thermodynamic Properties
(ix) Gibbs energy:

(G − H 0 )vib = RT (1 − e − y )

(x) Enthalpy:

(H − H 0 )vib = RT

(xi) Entropy:
(xii) Heat capacity at constant pressure:

(e

y

y
− 1)

⎡⎡⎛⎛ y ⎞
−−yy ⎤
SSvibvib==RR⎢⎢⎜⎜ y
⎟ − ln (1 − e )⎥
⎦
⎣⎣⎝⎝ e − 1 ⎠
Ry 2 e yy
CCPP( vib
( vib) ) ==
((eeyy −−11)22

(C)

)

Equations for the Vibrational-Rotational Contribution of Thermodynamic Properties
(xiii) Gibbs energy:
(xiv) Enthalpy:
(xv) Entropy:
(xvi) Heat capacity at constant pressure:

(G − H 0 )vr = − RT ln Z vr − R ln x
(H − H 0 )vr

= RT 2

∂
(ln Z ) + R ln x
∂T

⎡ ∂∂
(lnZZvrvr)⎤⎥)
S vr = R [(1 + ln Z vr )]+ RT ⎢
(ln
⎣ ∂∂TT
⎦
C P ( vr ) = RT

(D)

∂
(ln Z )
∂T

Note: The derivation of these equations is given in the Appendix to this paper

stant (αe) is sufficient for the calculation of thermodynamic properties. If coupling is strong, the
incorporation of the vibration-rotation constant
(γe) gives more accurate data.
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It is clear that the specific heat capacity at constant pressure increases with temperature at lower
temperatures, but at higher temperatures this
becomes constant while Gibbs energy, enthalpy
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Table I

Calculated Thermodynamic Properties of Platinum Monohydride (PtH) Molecule at 1 Atm
Temperature,
T, K

Gibbs energy, G,
kJ mol–1

Enthalpy, H,
kJ mol–1

Entropy, S,
J mol–1 K–1

Specific heat
capacity at
constant pressure,
CP, J mol–1 K–1

100

17.57

2.08

182.03

29.06

200

36.60

5.29

201.92

29.07

300

57.14

8.52

213.62

29.10

400

78.67

11.18

221.97

29.26

500

100.94

14.33

228.52

29.66

600

123.81

17.31

233.97

30.26

700

147.18

20.25

238.69

30.95

800

171.00

23.19

242.87

31.65

900

195.21

26.13

246.65

32.31

1000

219.78

29.06

250.10

32.89

1100

244.69

32.00

253.27

33.41

1200

269.89

34.95

256.21

33.86

1300

295.38

37.91

258.96

34.25

1400

321.13

40.87

261.53

34.58

1500

347.13

43.84

263.95

34.87

1600

373.36

46.81

266.23

35.11

1700

399.80

49.80

268.39

35.33

1800

426.47

52.80

270.43

35.52

1900

453.33

55.80

272.38

35.68

2000

480.38

58.81

274.24

35.83

2100

507.60

61.84

276.02

35.95

2200

535.00

64.87

277.72

36.06

2300

563.19

66.86

279.62

36.16

2400

590.98

69.77

281.21

36.24

2500

618.93

72.67

282.73

36.33

2600

647.02

75.58

283.63

36.40

2700

675.27

78.49

286.00

36.46

2800

703.65

81.40

287.00

36.51

2900

732.16

84.31

288.33

36.56

3000

760.81

87.21

289.61

36.61

and entropy continue to increase. The heat capacity of any system represents its capacity to contain
heat. At lower temperatures only translational
motion contributes to this, while as temperature is
increased, both rotational and vibrational motions
are excited simultaneously and this increases the
heat capacity. Beyond a certain temperature, there
is no further increase in degrees of molecular
motion and this explains the constant value of CP.
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At the lowest temperature included in this study,
100 K, the CP should be very close to the theoretical limit of 3.5R, or 29.101 J K–1 mol–1 (where
R = 8.31457 J K–1 mol–1). In the present case CP is
less than but very close to 29.101 J K–1 mol–1. This
might be due to the fact that quantum mechanics
has been used to describe translational motion.
This means that the energy of a molecule is considered to be non-zero even at absolute zero.
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Table II

Calculated Thermodynamic Properties of Platinum Monocarbide (PtC) Molecule at 1 Atm
Temperature,
T, K

Gibbs energy, G,
kJ mol–1

Enthalpy, H,
kJ mol–1

Entropy, S,
J mol–1 K–1

Specific heat
capacity at
constant pressure,
CP, J mol–1 K–1

100

17.22

2.08

201.27

29.07

200

38.47

5.57

221.44

29.33

300

61.25

8.63

233.53

30.50

400

85.07

11.55

242.51

31.96

500

109.69

14.49

249.78

33.20

600

134.98

17.41

255.93

34.14

700

160.84

20.34

261.93

34.82

800

187.20

23.26

265.95

35.32

900

214.00

26.19

270.14

35.70

1000

241.20

29.12

273.93

35.98

1100

268.76

32.05

277.38

36.20

1200

296.65

34.98

280.55

36.38

1300

324.84

37.93

283.48

36.52

1400

353.32

40.88

286.20

36.63

1500

382.05

43.83

288.75

36.72

1600

411.03

46.79

291.13

36.80

1700

440.24

49.74

293.37

36.86

1800

469.67

52.71

295.49

36.91

1900

499.31

55.70

297.50

36.96

2000

529.13

58.65

299.41

37.00

2100

559.15

61.63

301.23

37.03

2200

589.33

64.61

302.96

37.06

2300

620.11

66.86

304.80

37.09

2400

650.67

69.77

306.40

37.11

2500

681.38

72.68

307.94

37.13

2600

712.25

75.59

309.42

37.15

2700

743.27

78.50

310.84

37.16

2800

774.42

81.40

312.21

37.18

2900

885.71

84.31

313.54

37.19

3000

837.13

87.22

314.82

37.20

The enthalpy of an ideal gas depends on temperature and its value increases with temperature.
Entropy is a measure of the molecular disorder of
a system, and molecules in a system at high temperature are highly disorganised either in terms of
their locations or in terms of occupation of their
available translational, rotational and vibrational
energy states. In contrast, molecules at low temperature have less disorder, and thus have a lower
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entropy. Gibbs energy similarly increases with
increasing temperature.

Conclusions
The experimental study of platinum-containing
diatomics is expensive and difficult. For the first
time, accurate values of thermodynamic properties
are reported here for the diatomic molecules PtH,
PtC, PtN and PtO. Gibbs energy (G), enthalpy (H),
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Table III

Calculated Thermodynamic Properties of Platinum Mononitride (PtN) Molecule at 1 Atm
Temperature,
T, K

Gibbs energy, G,
kJ mol–1

Enthalpy, H,
kJ mol–1

Entropy, S,
J mol–1 K–1

Specific heat
capacity at
constant pressure,
CP, J mol–1 K–1

100

19.86

2.08

205.15

29.07

200

41.25

5.59

225.36

29.52

300

64.18

8.64

237.59

30.99

400

88.16

11.56

246.73

32.55

500

112.96

14.50

254.14

33.76

600

138.44

17.42

260.39

34.61

700

164.50

20.35

265.80

35.23

800

191.06

23.27

270.53

35.66

900

218.07

26.21

274.80

35.99

1000

245.40

29.14

278.59

36.23

1100

273.26

32.09

282.06

36.41

1200

301.36

35.03

285.25

36.56

1300

329.77

37.99

288.20

36.67

1400

358.47

40.95

290.93

36.76

1500

387.42

43.91

293.49

36.84

1600

416.62

46.88

295.88

36.90

1700

446.06

49.86

298.13

36.95

1800

475.71

52.84

300.26

37.00

1900

505.56

55.82

302.28

37.03

2000

535.61

58.81

304.19

37.06

2100

565.85

61.81

306.01

37.09

2200

596.26

64.81

307.75

37.12

2300

627.36

66.77

309.65

37.14

2400

658.16

69.77

311.26

37.16

2500

689.11

72.68

312.80

37.17

2600

720.22

75.59

314.28

37.19

2700

751.47

78.50

315.71

37.20

2800

782.86

81.40

317.09

37.21

2900

814.38

84.31

318.42

37.22

3000

846.04

87.22

319.71

37.23

entropy (S) and specific heat capacity (CP) are tabulated for each species over a range of temperatures
from 100 K to 3000 K, calculated from spectroscopic data. The utility of this method lies in the
fact that it allows the properties of chemically unstable molecules to be predicted. Due to the use of
spectroscopic data, the results are highly accurate.
The calculated results presented here will be useful
to experimental workers in various disciplines, from
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biological applications to high-temperature chemistry. This work brings out the usefulness of the
results of spectroscopic data in studying thermodynamic properties using statistical mechanics.

Acknowledgements
The authors are thankful to Professor Pradip
Kumar, Head of the Department of Physics at the
University of Allahabad for his keen interest in this

128

Table IV

Calculated Thermodynamic Properties of Platinum Monoxide (PtO) Molecule at 1 Atm
Temperature,
T, K

Gibbs energy, G,
kJ mol–1

Enthalpy, H,
kJ mol–1

Entropy, S,
J mol–1 K–1

Specific heat
capacity at
constant pressure,
CP, J mol–1 K–1

100

17.52

2.08

204.23

29.08

200

39.06

5.61

224.50

29.79

300

62.17

8.65

236.91

31.55

400

86.34

11.57

246.22

33.15

500

111.35

14.50

253.76

34.28

600

137.04

17.43

260.10

35.05

700

163.32

20.35

265.56

35.59

800

190.12

23.29

270.35

35.96

900

217.36

26.22

274.62

36.23

1000

245.00

29.17

278.47

36.43

1100

273.02

32.12

281.96

36.59

1200

301.36

35.08

285.17

36.71

1300

330.01

38.04

288.13

36.80

1400

358.94

41.01

290.88

36.88

1500

388.14

43.99

293.44

36.94

1600

417.59

46.97

295.84

36.99

1700

447.26

49.96

298.10

37.03

1800

477.15

52.96

300.23

37.07

1900

507.25

55.96

302.26

37.10

2000

537.54

58.97

304.17

37.12

2100

568.03

61.98

306.00

37.14

2200

598.68

63.96

307.75

37.16

2300

630.12

66.87

309.68

37.18

2400

661.17

69.77

311.29

37.19

2500

692.38

72.59

312.84

37.21

2600

723.74

75.59

314.33

37.22

2700

755.24

78.50

315.77

37.23

2800

786.89

81.40

317.15

37.23

2900

818.67

84.31

318.49

37.24

3000

850.58

87.22

319.78

37.25
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Table V

Spectroscopic Constants of Platinum Diatomics
Molecules

Molecular
weight, u

Vibrational
constant,

Anharmonicity
constant,

Rotational
constant,

Stretching
constant,

ωe, cm–1

ωexe, cm–1

Be, cm–1

αe, cm–1

PtH
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PtC
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851.11
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0.382240

0.0028300

Table VI

Comparison between Thermodynamic Properties Obtained for PtH from Theoretical Spectroscopic Data
and Experimental Spectroscopic Data at 1 Atm
From Theoretical Spectroscopic Data
Temperature,
T, K
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Entropy, S,
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760.64

89.66

289.70

36.65

From Experimental Spectroscopic Data
Temperature,
T, K

Gibbs energy, G,
kJ mol–1

Enthalpy, H,
kJ mol–1

Entropy, S,
J mol–1 K–1

Specific heat
capacity at
constant pressure,
CP, J mol–1 K–1
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182.03
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100.94
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Appendix
Method of Calculation for the Individual Partition Functions
According to the non-rigid rotator model, the rotational energy of a diatomic molecule is given by
Equation (xvii):

[

]

Erot = Be J (J + 1)− De J 2 ( J + 1) 2 hc

(xvii)

where Erot is the rotational energy, J is the rotational quantum number, h is Planck’s constant, c is the
velocity of light, Be is the rotational constant and De is the centrifugal constant.
The expression for vibrational energy, Evib, according to the anharmonic oscillator model is given in
Equation (xviii):
2
⎡ ⎛
1⎞
1⎞ ⎤
⎛
(xviii)
Evib = ⎢ωe ⎜ v + ⎟ − ωe xe ⎜ v + ⎟ ⎥ hc
2⎠
2 ⎠ ⎦⎥
⎝
⎣⎢ ⎝
where ωe is the vibrational constant, ωe xe is the anharmonicity constant and v is the vibrational quantum

number.
Total energy of a diatomic molecule can be written as Equation (xix):
Et = Erot + Evib + Eele + Etran

(xix)

where Et is total energy, Erot is rotational energy, Evib is vibrational energy, Eele is electronic energy and Etran
is translational energy.
The partition function, Z, contains all the relevant information of any physical system. It is approximately equal to the number of quantum states having energies below the thermal energy available to the
molecule in the given volume. The partition function can be expressed as Equation (xx) (22, 23):
Z = ∑ gie

−

Ei
k BT

(xx)

i

where gi is the degeneracy of the ith energy level, Ei is the energy of the ith level, kB is the Boltzmann constant, T is absolute temperature in Kelvin and i ranges over all quantum states.
Four types of energy give rise to four types of partition function. Thus the total partition function of
the system, Zt, can be written as Equation (xxi):
Zt = ZtranZrotZvibZele

(xxi)

where Ztran, Zrot, Zvib and Zele represent the partition functions for translational energy, rotational energy,
vibrational energy and electronic energy respectively.
The contributions of the individual partition functions to the thermodynamic properties can be calculated separately and are given in the following sections.
Translational Partition Function
Translational energy for a particle of mass m in a cuboid of sides p, q and r can be written as Equation
(xxii):
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2
2
2
ny
h 2 ⎛⎜ nx
n ⎞
+ 2 + z2 ⎟
2
8m ⎜⎝ p
q
r ⎟⎠
where nx, ny and nz are the various quantum states.

(xxii)

Etran =

The translational partition function corresponding to this energy can be written as Equation (xxiii):
h 2 ⎛⎜ n x 2 n y n z 2
+
+
8 mk B T ⎜ p 2 q 2 r 2
⎝
2

Z tran = ∑∑∑ e
nx

ny

−

⎞
⎟
⎟
⎠

(xxiii)

nz

Here we take an approximation and change this summation into integration to obtain Equation (xxiv):
Z tran = ∫ e

−

h 2 ⎛⎜ n x
8 mk BT ⎜⎝ p 2

2

⎞
⎟
⎟
⎠

dn x ∫ e

−

2
h 2 ⎛⎜ n y ⎞⎟
8 mk BT ⎜ q 2 ⎟
⎠
⎝

dn y ∫ e

−

h 2 ⎛⎜ n z
8 mk B T ⎜⎝ r 2

2

⎞
⎟
⎟
⎠

dn z

(xxiv)

Using the standard result of integration, we get Equation (xxv):
1
1
1
⎤
⎡
p ⎛ 8πmk BT ⎞ 2 q ⎛ 8πmk BT ⎞ 2 r ⎛ 8πmk BT ⎞ 2 ⎥
Z tran = ⎢ ⎜
.
.
⎟
⎜
⎟
⎜
⎟
2
2
2
⎢2 ⎝ h
⎠ ⎥
⎠ 2⎝ h
⎠ 2⎝ h
⎦
⎣
Using V = pqr where V is the volume of the enclosure gives Equation (xxvi):

(xxv)

3

⎛ 2πmk BT ⎞ 2
Z tran = V ⎜
⎟
2
⎝ h
⎠

(xxvi)

Dividing both sides of this expression by the number of particles, N, we obtain Equation (xxvii):
3

Z tran ⎛ 2πmk BT ⎞ 2 V
(xxvii)
=⎜
⎟
2
N
⎝ h
⎠ N
We consider Ztran/N instead of Ztran as the quantity Ztran/N is an intensive quantity and depends on the
concentration, N/V, whereas Ztran itself is proportional to V and independent of the number of particles.

Using the ideal gas equation, Equation (xxvii) can be written as Equation (xxviii):
3

Z tran ⎛ 2πmk BT ⎞ 2 k BT
=⎜
⎟
2
N
⎝ h
⎠ P0
where P0 denotes one atmospheric pressure (1.01325 × 105 N m–2).

(xxviii)

Using the above partition function, the translational contribution of the various thermodynamic
properties can be estimated by the set of Equations (A) (22), where H0 represents enthalpy at a temperature of 298.15 K, and R is the gas constant.
Rotational Partition Function
Partition function theory shows that the rotational partition function can be written as Equation (xxix):
ZZrot
rot =

1
∑ (2 J + 1)ee−−yJyJ(J(J+1+)1 )
σy JJ

(xxix)

where y is a constant given by Equation (xxx):
y = 4.7994

Be
T

(xxx)

and σ is the symmetry number which has a value of 2 for a homonuclear molecule and 1 for a heteronuclear molecule. The symmetry number is defined as the number of regions of phase space included in the
partition function calculation, which differ only by the exchange of indistinguishable particles. In quantum theory the symmetry number arises from the fact that only a fraction of the rotational states are
allowed in a symmetrical molecule and this fraction is 1/σ.
If y is small, the summation changes into integration and we have Equations (xxxi) to (xxxiii):
1
− yJ (J +1) )
∫(22JJ ++11))ee − yJ ( J +1dy
dy
σ
1
=
σy

Z rot =

(xxxi)

Z rot

(xxxii)
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Z rot =

T
4.7994σBe

(xxxiii)

Using the Euler-Maclaurin formula, we get Equation (xxxiv):
Z rot =

⎞
1 ⎛
y y2
⎜⎜1 + +
+ ............. ⎟⎟
σy ⎝ 3 15
⎠

(xxxiv)

Using this partition function, the rotational contribution in the thermodynamic properties may be
obtained from the relations in Equation set (B) (22).
Vibrational Partition Function
For a one-dimensional harmonic oscillator, energy levels are given by Equation (xxxv):
1⎞
⎛
Evib = hf ⎜ v + ⎟
2⎠
⎝
where f is the frequency of molecular vibration given by Equation (xxxvi):

(xxxv)

1

1 ⎛ k ⎞2
(xxxvi)
⎜ ⎟
2π ⎜⎝ μ ⎟⎠
in which k is the force constant and μ is the reduced mass of the molecule, and v = 0, 1, 2, 3 etc.
For v = 0, the oscillator has zero point energy, E0, which from Equation (xxxv) is equivalent to hf/2.
It is convenient to subtract the zero energy state (v = 0), except for problems involving isotopic
f =

molecules. Then we have Equation (xxxvii):
Ev – E0 = hfv = hcωev

(xxxvii)

Using Equation (xxxviii):
Ev − E0
= yv
k BT
in which y is defined by Equation (xxxix):
y=

hf
B
= 4.7994 e
k BT
T

(xxxviii)

(xxxix)

Theory shows that the vibrational partition function can then be written as Equation (xl):
Z vib = ∑ e − yv

(xl)

v

From which we obtain Equation (xli):
Z vib =

1

(1 − e )
− yv

(xli)

The vibrational contribution of the thermodynamic properties is derived using this partition function
by the expressions in Equation set (C) (22).
Vibrational-Rotational Partition Function
If we assume that the rotational and vibrational motions do not interact with each other, the total
partition function will be the multiple of the rotational, vibrational and translational partition functions.
But in real cases, both types of motion do affect each other and stretching and anharmonicity also need
to be considered. Then total internal energy can be given as Equation (xlii):
1⎞
1⎞
⎛
⎛
2
E = ω0ν − ωe xe ⎜ v + ⎟ + Be J (J + 1)− De J 2 (J + 1) − α e ⎜ v + ⎟ J (J + 1)
2⎠
2⎠
⎝
⎝

(xlii)

Using Equations (xliii), (xliv) and (xlv):
Bo = Be −

αe
2

ω0 = ωe − 2ωe xe
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(xliv)
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ω0 x = ωe xe

(xlv)

where x represents the multiplicity of the ground state, αe is the stretching constant, B0 is the ground state
rotational constant and ω0 is the actual separation of the first two vibrational levels, and substituting into
the energy expression in Equation (xlii) this can then be written as Equation (xlvi):
E = ω0 v − ω0 xv(v − 1) + J ( J + 1)[ B0 − De J ( J + 1) − α e v]

(xlvi)

For simplification, we further substitute Equations (xlvii), (xlviii), (xlix) and (l):
hcω0
k BT
hcB0
a=
k BT
De
β=
B0
αe
δ=
B0

(xlvii)

u=

(xlviii)
(xlix)
(l)

Then we have Equation (li):
E = uv[1 − (v − 1) x ]+ J ( J + 1) a[1 − β J ( J + 1) − vδ ]

(li)

Corresponding to this energy, the vibrational-rotational partition function, Zvr, be simplified as Equation
(lii) (16, 17):
Z vr =

⎡ 2β
1
2 xu
δ
a a2 ⎤
+ u
+ u
+ + ⎥
1+
2
−u ⎢
3 15 ⎦
σa (1 − e ) ⎣
a e − 1 (e − 1)

(lii)

Or Equation (liii):
Zvr = ZIZC

(liii)

where ZI represents the ideal partition function which is valid for the rigid rotator harmonic oscillator
model and ZC represents the corrected partition function and gives the contribution due to centrifugal
stretching, nonrigidity and anharmonicity of the diatomic molecule. Expressions for ZI and ZC can be
written as Equations (liv) and (lv):
ZI =

1
σa(1− e −u )

(liv)

⎡ 2β
2 xu
δ
a a2 ⎤
+ u
+ u
+ + ⎥
Z C = ⎢1 +
2
3 15 ⎦
a e − 1 (e − 1)
⎣

(lv)

This partition function can be used to estimate the contribution of vibrational-rotational motion to the
Gibbs energy, enthalpy, entropy and heat capacity by the formulae in Equation set (D) (22).
Finally, the thermodynamic properties like Gibbs energy, enthalpy, entropy and heat capacity of
platinum molecular gases are calculated by adding the translational contribution and the vibrationalrotational contribution.
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Elemental carbon is known in a variety of
forms that range from diamond gemstones
through C60 fullerene and graphite to carbon
nanotubes, but to those working with catalysts the
most familiar are probably high surface area forms
known as ‘activated charcoals’. The very high
surface areas of porous charcoals made from wood
and peat, as well as those derived from more exotic materials such as coconut husks, are well suited
as catalyst supports and each have specific
desirable properties. They are used widely to
prepare platinum group metal (pgm) catalysts (1)
that typically contain only a few per cent of pgm
yet have very high activities at low temperatures.
This is because, not only do pgms have high intrinsic catalytic activity, but they can also be very finely
dispersed over activated charcoals, as extremely
small crystallites that provide high surface areas of
the active metal. These catalysts, and especially
those containing palladium, have been used extensively for many years in organic preparative
chemistry (2), and today they have important roles
in hydrogenation and hydrogenolysis reactions.
They even find application in some carbon–carbon
bond forming processes (3) and potentially also in
direct carbonylation reactions (4). In spite of their
importance in pgm-based catalysts, carbon supports are less well known in base metal catalysts.
One reason for this is that, over time, there can be
a tendency for metals like cobalt, iron or nickel to
form carbides, especially at higher temperatures,
and this leads to a loss of catalytic activity.
The present small book, as its title suggests, is
about the catalytic activity of carbons (and especially activated charcoals) and metal compounds
supported on carbons, with a focus on catalytic
hydroprocessing reactions of crude oils. These
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reactions include hydrogenation, hydrocracking,
hydrodesulfurisation, hydrodenitrogenation, and
hydrodemetallation processes. Huge quantities of
hydroprocessing catalysts are employed in refineries, and the most common ones are sulfided
cobalt/molybdenum and nickel/molybdenum
formulations, and to a much lesser extent their
tungsten analogues, supported on aluminas with
various promoters. Reflecting the importance of
very low sulfur hydrocarbon fuels, there is a vast
literature on hydroprocessing catalysts, and especially on the nature of the active sulfide phases
present in the operating catalysts (5, 6).

Carbon-Supported Hydroprocessing
Catalysts
After a short general introductory chapter
outlining the basic structures of graphite, carbon
black, diamond, activated carbons, C60 fullerene
and carbon nanotubes, there is another short chapter entitled ‘Industrial Carbons’ that provides
details of the physical properties of each of the carbon forms. The next chapter briefly discusses the
structure and composition of traditional hydroprocessing catalysts and the cobalt/molybdenum
phases involved in hydrodesulfurisation, and
contrasts this with what is known about their
carbon-supported counterparts. Here, the
metal–carbon interactions are likely to be weakened by the presence of metal–sulfur bonds, and
while this might be thought to inhibit deactivation
via carbide formation, it could well open up other
deactivation paths such as loss of surface area. The
influence of physical properties like support pore
size is also discussed.
The fourth chapter is concerned with the
ability of carbons to absorb, activate and transfer
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active hydrogen via C–H bonds at high temperatures. At the lower temperatures normally used for
carbon-supported pgm catalysts, these reactions
must be much less important than the activation of
hydrogen by the supported pgms. Indeed in the
presence of platinum, palladium or rhodium, dissociative hydrogen chemisorption takes place on
the metal, followed by spillover onto the carbon
surface to form weakly bonded mobile H atoms.
Most of the cited examples are systems based on
cobalt/molybdenum formulations, although other
interesting catalysts are referred to.
The following chapter, entitled ‘Catalytic
Activity of Carbons’, begins with a comparison of
coking tendencies of cobalt/molybdenum species
supported on alumina and supported on activated
charcoal. In use, activated charcoal-based catalysts
have a very much smaller rate of coke formation
from anthracene than do alumina-based catalysts,
and this difference is attributed to the relative acidity of the supports – the alumina being acidic while
the carbon is said to be neutral. However, it is clear
that such benefits in reactions with real feeds are
not always apparent, and this may at least in part be
because the acid/base behaviour of activated charcoals can vary enormously depending on their
origin and the treatments they have undergone.
The sixth chapter, ‘Carbon Supported
Catalysts’, is concerned with the preparation of
carbon supported hydroprocessing catalysts, and it
covers most of the conventional preparative
methods. Techniques used to characterise these
carbon-supported catalysts are also discussed, and
they include a range of spectroscopic and adsorption/desorption methods as well as catalytic
activity measurements. The results presented highlight that this is a complicated area of catalysis,
with multiple parameters influencing the catalyst’s
activity in practice. The next chapter, ‘Kinetics and
Mechanism of Hydroprocessing Reactions’, deals
with hydrogenation of aromatics, hydrodesulfurisation, hydrodenitrogenation, hydrodeoxygenation
and hydrodemetallation reactions, and reinforces
the conclusion that this is a complex area of catalysis. Several tables of rate constants with various
feeds over conventional and carbon-supported
catalysts are provided; however, there is little
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discussion about the intimate mechanisms of these
reactions. The eighth chapter, ‘Catalyst
Deactivation’, reminds the reader that coking
reactions are an important deactivation process for
conventional hydroprocessing catalysts, and that
their carbon-supported counterparts can be less
prone to this deactivation mode.
The penultimate chapter on ‘Patent Literature’
is surprisingly brief, being only one and a half
pages long and with fewer than ten patents cited –
this, it is said, reflects the rather limited patent
literature on carbon-supported hydroprocessing
catalysts. However, there are in fact many more
related published patents than those listed, and it is
not clear what criteria were applied to produce this
short list. The final two-page chapter provides
some ‘Conclusions’, including the proposal that
the activity of carbon-supported catalysts is based
on their ability to adsorb and activate hydrogen. In
this regard, carbon blacks are said to be more able
to activate hydrogen than activated charcoals,
which in turn are more active than graphite. And,
of course, this is much enhanced by the presence
of metal species, especially palladium and
platinum.

Commercial Applications
This book contains some thought provoking
information, and it will certainly be of interest to
those involved with carbon-based catalysts. In
some instances, there appear to be benefits from
using carbon-supported hydroprocessing catalysts,
although the fundamental reasons for this are not
always delineated, nor are guide rules provided.
Commercially activated charcoals often have various promoters incorporated on their surfaces, and
may have undergone an oxidative pre-treatment
that gives a high dispersion of the active species
when it is applied. In the context of this book it is
unclear what effects these treatments have on, for
example, carbon-supported sulfided cobalt/
molybdenum hydroprocessing catalysts.
It is, however, clear that carbon supports have
attracted much more attention in areas other than
hydroprocessing reactions, and with the exception
of promoted carbon-supported ruthenium catalyst
for ammonia synthesis (7), the most successful
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carbon-supported catalysts are used at low temperatures. The hydroprocessing catalysts discussed in
this book, on the other hand, operate at relatively
high temperatures. Under these hydrogenating
conditions, a major practical problem could be
gasification of the support itself to give methane or
other hydrocarbon species, and this should not be
overlooked when considering carbon-supported
catalysts for hydrogenation applications involving
high hydrogen partial pressures and high temperatures. It is claimed in this book that carbon
gasification is slow under typical hydrodesulfurisation conditions, although over several months’
operation some irreversible structural changes may
take place. However, little information about this is
available. Potential practical complications such as
this are not explored in any detail, although before
these carbon-supported hydroprocessing catalysts
are considered for industrial applications it is paramount that they be better understood, though
perhaps not to the level of detail that pgms on carbons are understood from their widespread use
and characterisation over many years.
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Plastic Deformation of Polycrystalline
Iridium at Room Temperature
UNIQUE PROPERTIES OF IRIDIUM, THE SOLE REFRACTORY FACE CENTRED CUBIC METAL
By Peter Panfilov* and Alexander Yermakov
Laboratory of Strength, Ural State University, 620083 Ekaterinburg, Russia; *E-mail: peter.panfilov@usu.ru

and Olga V. Antonova and Vitalii P. Pilyugin
Institute of Metal Physics, Ural Division of the Russian Academy of Sciences, 620219 Ekaterinburg, Russia

Defect structure and its relationship with deformation behaviour at room temperature of
iridium, the sole refractory face centred cubic (f.c.c.) metal, are discussed. Small angle
boundaries and pile-ups of curvilinear dislocation segments are the main features of dislocation
structure in polycrystalline iridium at room temperature, while homogeneously distributed
rectilinear dislocation segments were the main element of defect structure of iridium single
crystals at the same conditions. Small angle boundaries and pile-ups of curvilinear dislocation
segments are formed in iridium single crystals under mechanical treatment at elevated
temperatures (≥ 800ºC) only. The evolution of defect structure in polycrystalline iridium and
other f.c.c. metals under room temperature deformation occurs by the same process:
accumulation of dislocations in the matrix leads to the appearance of both new sub-grains
and new grains up to the fine grain (nanocrystalline) structure. Neither single straight
dislocations nor their pile-ups are observed in iridium at room temperature if small angle
boundaries have been formed. This feature may be considered as the reason why polycrystalline
iridium demonstrates advanced necking (high localised plasticity) and small total elongation.

Introduction
Iridium is the only refractory f.c.c. metal. Its
melting point is 2446ºC, and as one of the platinum group metals (pgms), it exhibits excellent
mechanical properties and high resistance to corrosion at elevated temperatures (1, 2). Some features
of this metal, such as its poor workability (inclination to brittle fracture under mechanical treatment)
and intrinsic fracture mode (brittle transcrystalline
fracture) are unlike the deformation behaviour
observed in other f.c.c. metals and remain puzzling
for the materials science community (3–8).
Discussion of the possible mechanisms of deformation and fracture in iridium was begun in
Platinum Metals Review more than fifty years ago
(9, 10), and continues up to the present. Because
refining iridium is a very complicated procedure,
segregation of impurities at the grain boundaries is
considered the most likely cause of the weak
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cohesive strength of grain boundaries and, hence,
the poor workability of this metal (7, 8, 10, 11, 15).
Indeed, it has been shown that high purity
iridium can be processed like platinum (16).
Polycrystalline iridium free of non-metallic impurities, and its ternary alloy with rhenium and
ruthenium, demonstrate both transgranular cleavage and satisfactory plasticity. Traces (~ 10 ppm)
of carbon and oxygen in the matrix induce the
appearance of intergranular cleavage on the
fracture surfaces and, as a result, workability is catastrophically diminished (7, 11). The extraction of
detrimental non-metallic impurities continues to
be a significant problem for pgm refiners (7, 8, 15).
Some physical parameters of iridium, such as
its strong interatomic bonds and high elastic modulus, give a basis for supposing that brittleness
may be an intrinsic property of this metal (5, 6,
20–23). For example, formal substitution of the
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elastic modulus into cleavage criteria equations
leads to the conclusion that iridium is expected to
behave like a brittle substance (6, 20, 24). On the
other hand, according to empirical theories of
plastic deformation, it should be deformed like
other f.c.c. metals (13, 20, 25). It is a paradox, but
the highest yield stress and strength of iridium single crystals under tension (~ 100 MPa and ~ 500
MPa, respectively) become similar to those of
other f.c.c. metals when these parameters have
been normalised on the elastic modulus (20). This
may also be applied to the concept of ‘dislocation
mobility’ in iridium, as understood by dislocation
theory in the field of continuum mechanics, which
describes the motion of single dislocations under
external stress (normalised on the elastic modulus). This apparent contradiction with empirical
knowledge of the deformation and fracture of
f.c.c. metals merits further discussion among the
materials science community.

Behaviour of Iridium Single
Crystals
Experiments have shown that the intrinsic
fracture mode of iridium single crystals is brittle
transgranular cleavage. However, monocrystalline
iridium is also a highly plastic material, as it fractures after considerable elongation (up to 80%) at
room temperature and never fails under compression (19, 20, 26, 27). Hence, the brittleness of
iridium in the monocrystalline state is a unique
kind of brittle fracture, since cleavage occurs after
huge plasticity. Therefore, single crystal iridium
may be classified as a plastic but cleavable solid
(28). Study of the geometry of deformation tracks
on the back surfaces of deformed iridium single
crystals has shown that octahedral slip is the sole
deformation mechanism active at room temperature. In contrast to other f.c.c. metals, no necking
is observed in iridium single crystal samples under
tension, in spite of considerable elongation prior
to failure. Analysis of the deformation track distribution leads to the conclusion that all plasticity of
iridium single crystals is observed during the early
stages of plastic deformation (29).
Studies by transmission electron microscopy
(TEM) have shown that rectilinear dislocation
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segments laid along the <110> crystallographic
direction are the main element of the defect structure in iridium single crystals at room temperature
(11, 26, 29). These straight dislocations are
grouped into network-like arrangements, where
they are distributed almost equidistantly or homogeneously. The homogeneous distribution of
dislocations takes place in thin foils of f.c.c. metals in the early stages of plastic deformation, when
dislocation density is expected to be small (30).
However, the density of dislocations in iridium
single crystals may be so high that the foil is no
longer transparent to the electron beam. No small
angle boundaries or other types of inhomogeneously distributed dislocations are observed in
single crystal iridium deformed at room temperature. Therefore, it may be concluded that the
deformation mechanism of iridium single crystals
at room temperature is octahedral slip of the perfect dislocation with a <110> Burgers vector (28,
29). This observation distinguishes iridium single
crystals from f.c.c. metals with low and intermediate melting points.
The evolution of dislocation structure in
iridium single crystals stops at the stage of
homogeneous distribution of dislocations in the
crystal, which is the first stage of plastic
deformation in metallic single crystals (30–32).
It should be noted that motion of dislocations
never occurs in thin foils of iridium during room
temperature TEM experiments, including in situ
tension in the column of the microscope. These
features, together with the high yield stress of
iridium single crystals, lead to the conclusion that
<110> dislocations have low ability to move
under external stress in the refractory f.c.c. metal
at room temperature. As a result, the dominant
dislocation arrangements in iridium single crystals
cannot transform into small angle boundaries
under external stress at room temperature. Such
behaviour contrasts with f.c.c. metals having low
and intermediate melting points, where this
process can occur at room temperature. It may be
considered as an additional argument for the
statement that all plasticity of iridium single
crystals is realised during the early stages of plastic
deformation.
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High Purity Polycrystalline Iridium

Preparation of Samples

High purity polycrystalline iridium (purity
> 99.9%, including < 0.1% metallic impurities
and no non-metallic impurities) and iridium alloys
also exhibit brittle transcrystalline fracture as an
intrinsic fracture mode under tension, but the
total elongation of samples having a circular
cross-section is less than 10% at room temperature (17–19). This does not mean that iridium
wires possess poor plasticity, since advanced
necking occurs in the samples even at room temperature, in spite of a considerable traverse rate
of 1 mm min–1. The homologous temperature,
THomologous, is defined as Texp (K)/Tmelt (K),
where Texp = experimental temperature and
Tmelt = melting point. For low and intermediate
homologous temperatures (THomologous ≤ 0.5),
localisation of plasticity induces a visible decrease
in the total elongation of wires from 10% down
to 5% at THomologous ~ 0.5 when necking to a
point takes place (17). Total elongation begins to
increase as soon as the flowing neck of a multineck effect appears at THomologous > 0.5. This
behaviour at similar traverse rates and homologous temperatures is observed only in gold wires
and, hence, high purity polycrystalline iridium
may also be considered to be a plastic but
cleavable substance.
It is apparent that the deformation behaviour
of polycrystalline iridium on the macroscopic scale
has many features in common with iridium single
crystals and also many differences. For example,
advanced necking in polycrystalline iridium wire
and the homogeneous distribution of plastic
deformation in iridium single crystals under tension both point to the high plasticity of iridium.
However, this is due to different effects depending
on the microstructure of the material. Currently,
no information on the defect structure of polycrystalline iridium is available in the literature.
Therefore, the aim of this work is to carry out a
TEM study of the dislocation structure of polycrystalline iridium and its evolution during
different stages of plastic deformation up to severe
deformation. The findings will serve as a basis for
further discussion of plastic deformation in polycrystalline iridium at room temperature.

Samples for the research were prepared from
high purity polycrystalline iridium, free of nonmetallic impurities (7). An electron-beam melted
monocrystalline ingot was used for the manufacture of iridium sheets (33). Therefore, the samples
contain neither small grain boundaries nor grain
boundaries in the initial state. TEM study of iridium single crystals agrees with this conclusion (29).
The treatment procedure for work pieces includes
forging of the ingot at 1500ºC to 2000ºC and
rolling of the sheet at ≤ 800ºC. After that, iridium
and its alloys can be deformed like platinum (7).
Recrystallisation annealing of the sheet (for
iridium, the recrystallisation temperature is
~ 1000ºC) is not carried out, since it induces a catastrophic drop in workability of iridium due to
intergranular brittleness. During processing, grains
can be formed under forging only, whereas conditions for the appearance of small angle boundaries
exist during both stages of treatment. During the
first stage, the iridium matrix should not be contaminated by non-metallic impurities (carbon and
oxygen), because iridium oxides are volatile substances at these temperatures. The environment is
kept carbon free for this procedure (7). However,
iridium does not interact with oxygen at temperatures < 1000ºC and carbon lubricant is not used in
the rolling mill facility. Hence, segregation of
harmful contaminants at the grain boundaries is
also avoided during the second stage. The fracture
mode of the metal, which has been shown to be a
brittle transgranular fracture, may be considered as
the proof of this supposition.
Discs with a diameter of 3 mm were stamped
from the polycrystalline iridium sheet (thickness
of 0.3 mm; grain size ~ 0.1 mm), which was not
recrystallised after processing. Samples were
deformed under a ‘shift under pressure’ regime in
a Bridgman anvil at room temperature (Figure 1).
This procedure allows the highest degrees of plastic deformation to be reached without failure,
even for brittle materials (34). The technique of
iridium thin foil preparation has been described in
References (29, 35). The TEM study was carried
out on a conventional 200 kV microscope (JEM200CX from JEOL).
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Fig. 1 Bridgman anvil used for the ‘shift
under pressure’ test on the iridium samples

Sample

Bridgman Anvil

Deformation and Defect Structure
of Iridium
Under compression, high purity iridium
behaves like a f.c.c. metal: it never fails under load
and exhibits the usual stress-strain curves expected
of a f.c.c. metal (20, 27, 36). Therefore, it may be
expected that the deformation behaviour of iridium would also be the same as that of other f.c.c.
metals, under deformation with reduced tensile
(cleaving) stresses. A shift under pressure procedure in a Bridgman anvil allows even brittle and
almost unworkable materials to be deformed, due
to the suppression of cleaving stresses. In metals,
this technique allows severe deformations to be
reached, which cannot be obtained under uniaxial
(tension or compression) load (34).
Four points were chosen for examination of the
microstructure in polycrystalline iridium at different deformation degrees (initial state, 0.5 turn, 1.5
turns and 3 turns), which cover the whole range of
structural states from undeformed to severe deformation. The metallographic image of an iridium
disc after 1.5 turns is shown in Figure 2. No cracks
on the edges or other significant deformation
defects are observed on its surface, despite considerable deformation of the material. Radial cracks
and separation of the material close to the edges
appear after 3 turns (Figure 3). However, even
such severe deformation does not lead to failure of
the central part of the disc, where the level of
cleaving tensile stresses is minimal. Another
demonstration of the high plasticity of polycrys-
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talline iridium is the fact that the thin section for
TEM observations, which was obtained by electropolishing in the central part of the disc after 0.5
turn, has disappeared or been healed during the
next deformation (additional turn). It should be
noted that polycrystalline copper and nickel exhibit similar behaviour under the same deformation
conditions (37).
TEM study of defect structure has shown that
small angle boundaries and dislocation pile-ups,
consisting of curvilinear dislocation segments, are
the main dislocation arrangements in polycrystalline thin foils in the undeformed state (Figure 4).
No rectilinear dislocation segments or their
arrangements are observed in the material. It may

0.5 mm
Fig. 2 Iridium disc after ‘shift under pressure’ testing in
a Bridgman anvil after 1.5 turns
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0.5 mm
Fig. 3 Iridium disc after ‘shift under pressure’ testing in
a Bridgman anvil after 3 turns

be proposed that the rectilinear dislocation segments become unstable under thermomechanical
treatment of the single crystalline work piece at
elevated temperatures, and the initial dislocation
structure of iridium single crystals begins to transform into a cellular structure. The same defect
structure is observed in polycrystalline f.c.c. metals
with low and intermediate melting points at small
deformations, and in their single crystals at the
third stage of plastic deformation (elongation
> 10%) (30, 38–40). Deformation after 0.5 turn
does not induce the appearance of new features in
the dislocation structure of polycrystalline iridium.
Small angle boundaries and pile-ups of curvilinear
dislocation segments are the dominant attributes
of the defect structure, while the dislocation

density in the material naturally increases (Figure
5). The microdiffraction image confirms that local
deformation of the material is advanced. However,
in contrast to the single crystalline state, rectilinear
dislocation segments do not appear in the material under external stress.
A threshold is reached after 1.5 turns, as no
cracking or separation of the sample takes place at
this stage of deformation, whereas the next stage
of plastic deformation leads to the cracking of the
disc. The microstructure of the central part of the
disc looks the same as after 0.5 turn: its main morphological features are small angle boundaries and
pile-ups of curvilinear dislocations close to them,
and its microdiffraction pattern points to a
severely deformed polycrystalline state (Figure 6).
This new kind of defect structure is observed in
the vicinity of the disc edge, where deformation
of the material is considerably higher than in the
centre of the disc. Fine grains, which can reach a
few dozen nanometres in diameter, are revealed in
the material (Figure 7). Analysis of diffraction patterns confirms the supposition that the
nanocrystalline state begins to form in polycrystalline iridium at this stage of plastic deformation.
The microstructure of iridium in the middle part
of the disc after the last deformation step (3 turns)
is shown in Figure 8. This is a fine grain structure,
where some grains are approximately 50 nm to
100 nm in diameter, and its microdiffraction pattern is typical of the nanocrystalline state of f.c.c.
metallic materials. It should be noted that this
Fig. 4 Microstructure of polycrystalline
iridium at room temperature in the initial
(undeformed) state (Inset: Electron
microdiffraction pattern taken from the
same place)

1 μm
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Fig. 5 Microstructure of polycrystalline
iridium at room temperature after 0.5 turns
(Inset: Electron microdiffraction pattern
taken from the same place)

0.5 μm
Fig. 6 Microstructure of polycrystalline
iridium at room temperature after 1.5 turns
(centre of the disc) (Inset: Electron
microdiffraction pattern taken from the
same place)

0.5 μm
Fig. 7 Microstructure of polycrystalline
iridium at room temperature after 1.5 turns
(edge of the disc) (Inset: Electron
microdiffraction pattern taken from the
same place)

0.5 μm

nanocrystalline structure is stable in refractory
iridium, whereas recovery processes make the
same structural state in f.c.c. metals with low and
intermediate melting points unstable at room tem-
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perature (41). Taking into account the differences
between their melting points, it may be supposed
that the low ability of <110> dislocations to move
under external stress in iridium is the main reason
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Fig. 8 Microstructure of polycrystalline
iridium at room temperature after 3 turns
(Inset: Electron microdiffraction pattern
taken from the same place)

0.5 μm

for the stability of the nanocrystalline state in iridium at low homologous temperatures.

Behaviour of High Purity Iridium
The experiment described above has confirmed
that polycrystalline iridium, free of non-metallic
impurities such as carbon and oxygen, can behave
at room temperature like a f.c.c. metal. The ‘shift
under pressure’ test in the Bridgman anvil was
chosen simply as another deformation scheme
(the first being uniaxial compression), where the
level of cleaving stresses is minimal. Qualitative
analysis of the defect structure of polycrystalline
iridium at the different stages of plastic deformation, including examination of its main
morphological features and the character of its
evolution, does not reveal any difference compared to f.c.c. metals having low and intermediate
melting points. Indeed, small angle boundaries and
pile-ups of curvilinear dislocation segments are
common attributes of the dislocation structure for
all f.c.c. metals (30–32). The forming of a fine
grain (nanocrystalline) structure under severe
deformation also agrees with the supposition that
iridium can behave like a f.c.c. metal at room temperature. Therefore, taking into account that
octahedral slip of <110> dislocations is the sole
deformation mechanism in iridium single crystals
at room temperature (28, 29), this mechanism of
plasticity may also be considered the dominant
one for the polycrystalline metal under the same
experimental conditions. In other words, the pres-
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ence of grain boundaries in the iridium matrix
does not provoke additional deformation mechanisms in polycrystalline iridium. This conclusion
correlates with the fact that the intrinsic fracture
mode of iridium free of non-metallic impurities in
both the monocrystalline and polycrystalline states
is brittle transgranular cleavage, which does not
depend on the presence of grain boundaries in the
matrix (19).
In contrast to other f.c.c. metals, perhaps
excluding rhodium, which may be considered an
analogue of iridium having a melting point of
1963ºC (1), the nanocrystalline state in iridium at
room temperature is stable. This means that the
recovery process has been suppressed at room
temperature. This may be explained by the low
ability of <110> dislocations to move under external stress, as structural obstacles to dislocation
motion, such as second phases or dislocation barriers (sessile dislocations, dislocation ‘forests’ etc.),
should be absent in highly plastic f.c.c. metals
(30–32). This decrease in the ability of dislocations
to move in f.c.c. metals is only seen at low temperatures. Room temperature (~ 300 K) on the
homologous temperature scale for refractory iridium is estimated at about 0.12. For rhodium, nickel,
copper and aluminium, this homologous temperature is reached at around 240 K, 150 K, 120 K and
70 K, respectively. Hence, the experiments
described in this paper (including thin foil preparation and TEM study) must be carried out at very
low temperatures for the majority of f.c.c. metals,
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which naturally causes great technical problems.
Therefore, the existence of a stable nanocrystalline structure at this homologous temperature
cannot be considered as a unique property of iridium, at least until this experiment can be carried
out for a f.c.c. metal having a low or intermediate
melting point. On the microscopic scale (atom
level), the low ability of <110> dislocations to
move under external stress in iridium may be
explained by the fact that it has the strongest interatomic bonds among f.c.c. metals, since it is the
sole refractory metal with an f.c.c. lattice.
Transition from homogeneously distributed rectilinear dislocations to small angle boundaries is
stopped, which leads to the absence of necking in
iridium single crystals under room temperature
tension. This may also be considered as a consequence of the low ability of <110> dislocations to
move under external stress.

Conclusions
According to the well-known empirical scheme
of evolution of defect structure in f.c.c. metals,
homogeneous distribution of single dislocations
leads to homogeneous distribution of plastic
deformation in the sample, while the transition
from homogeneous distribution to the appearance
of small angle boundaries or localised distribution
of dislocations correlates with the start of the
necking process or the localisation of plasticity in
the neck region (31, 32). Indeed, necking always
occurs after the stage of homogeneous accumulation of plastic deformation in both single crystal

and polycrystalline f.c.c. metals with low and intermediate melting points across a wide temperature
range. However, the deformation behaviour of
refractory iridium at room temperature depends on
the microstructure of samples (single crystal or
polycrystalline). In single crystals, necking does not
occur: straight <110> dislocations are homogeneously distributed in the material and small angle
boundaries are absent. In polycrystalline iridium
(iridium wire), necking is the dominant stage of
plastic deformation: small angle boundaries and
pile-ups of curvilinear dislocations are the main
features of the defect structure, while no rectilinear
dislocation segments are observed. It should be
noted that in both cases, iridium continues to be a
highly plastic substance, but this manifests in different ways. This important difference between the
deformation behaviour of refractory iridium and
other f.c.c. metals needs further experimental
study and discussion.
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Fuel Cells Science and Technology 2008
SCIENTIFIC ADVANCES IN FUEL CELL SYSTEMS
Reviewed by Donald S. Cameron
The Interact Consultancy, 11 Tredegar Road, Reading RG4 8QE, U.K.; E-mail: dcameroninteract@aol.com

Following meetings in Amsterdam, Munich and
Turin (1–3), a fourth gathering was held on 8th
and 9th October 2008 at the Confederation of
Danish Industry in Copenhagen, Denmark, with
the theme ‘Scientific Advances in Fuel Cell
Systems’ (4). These conferences alternate with the
Grove Fuel Cell Symposium, with greater emphasis on the latest technical developments in the
field. The two-day programme was compiled by
the Grove Symposium Steering Committee (5)
from oral papers and posters submitted from
around the world, and the conference was organised by Elsevier. Many of the papers will be
published in full in a special edition of Journal of
Power Sources (6).
The meeting was attended by delegates from
universities, research organisations and the fuel
cell industry, numbers being limited to 280 by the
capacity of the venue. A total of 32 countries
were represented, with 18% of delegates from
Scandinavia, 60% from the rest of Europe, and
16% from Asia, as well as others from the Middle
East and Africa. Surprisingly, only 4% of delegates
were from the U.S.A.
The conference represents the state of the art in
research and development topics on fuel cells and
their applications and, as well as 56 oral papers,
there were almost 140 high-quality poster presentations. There were eight oral sessions on fuels and
fuel processing, modelling, systems and applications, membrane science, materials science, and
finally cell and stack technology, the latter two categories each occupying two sessions. Since the
topic of fuel cells covers such a wide area, for this
review only papers involving use of the platinum
group metals (pgms) and possible alternative materials have been selected.
Delegates were welcomed to the headquarters
of the Confederation of Danish Industry, situated
at the edge of the world-famous Tivoli Gardens,
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by the Deputy Director General, Ole Krog. The
Confederation represents 11,000 companies in
Denmark employing 500,000 workers. Thomas
Egebo (Permanent Secretary of State at the
Ministry of Climate and Energy, Denmark) officially opened the proceedings, and spoke of the
need to improve security of energy supply, partly
by improving the efficiency of utilisation of existing supplies, as well as increasing renewable energy
generation. The transport sector accounts for 25%
of greenhouse gas emissions, and hydrogen and
fuel cell powered vehicles have been granted
exemptions from Danish government registration
taxes to encourage their implementation.
Egebo ended by presenting the 2008 Grove
Medal to Subhash C. Singhal, who is a Battelle
Fellow and Director of Fuel Cells at the Pacific
Northwest National Laboratory (PNNL) in
Richland, Washington, U.S.A. (Figure 1). Singhal is
an acknowledged world leader in solid oxide fuel
cells (SOFCs), having joined PNNL in April 2000
after working at Siemens Power Generation (formerly Westinghouse Electric Corporation) for
nearly thirty years, playing a key role in bringing
SOFC technology from a few-watt laboratory
curiosity to fully integrated 200 kW power generation systems. 100 kW systems have been
demonstrated in The Netherlands, Germany and
Italy as well as the United States, while technology
demonstration programmes are in progress worldwide. The Solid State Energy Conversion Alliance
(SECA) project is addressing the challenges to be
faced, where cost reduction remains a major factor,
together with interconnects and gas seals which are
compliant with differential thermal expansion.

Plenary Presentation
One reason for the high level of interest in fuel
cells in Denmark was explained by a plenary presentation entitled ‘Massive Integration of Renewable
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Fig. 1 The 2008 Grove Medal
was presented to Dr Subhash
Singhal (centre), a world
authority on solid oxide fuel
cells, by Thomas Egebo, the
Danish Permanent Secretary of
State at the Ministry of Climate
and Energy (right), and
Professor Lars Sjunnesson,
Chairman of the Grove
Symposium Steering Committee
(left)

Energy in the Power System with Fuel Cells as
Virtual Power Plants’, given by Inger Pihl Byriel
(Energinet.dk, Denmark). This company is owned
by the Danish state and was set up by Act of
Parliament in December 2004 to operate the electricity and gas grids, but has no power production
capacity.
Twenty-five years ago, fifteen large thermal
electricity generating plants supplied all Danish
power requirements. Today, there are still fifteen
large plants, but there are also 700 combined heat
and power (CHP) units generating local power
and currently 5000 wind turbines rated at up to
3000 MW. National annual demand is 35.3 TWh,
which must be balanced against the 47.3 TWh
actually generated by marketing the surplus. On
some windy days, turbines and CHP can meet all
of Denmark’s power demands. However, this
generating capacity fluctuates widely, depending
on wind strength, which cannot be accurately
forecast.
To bridge the wide gaps between supply and
demand, ‘spinning reserve’ must be maintained in
the coal-fired thermal power stations, which have
relatively slow response times to changing loads.
Excess power is sold to neighbouring Sweden and
Germany, but electricity prices vary widely depending
on availability. Stores of electricity, or generators
with fast response times, would considerably ease
the difficulties in balancing supply and demand,
and alternatives such as batteries, fuel cells and
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electrolysers, as well as compressed air storage and
heating systems, are being considered.
A distributed energy generation system consisting
of large numbers of connected fuel cells forming a
‘virtual grid’ is seen as a possible solution, particularly
since these generators operate at increased efficiency
under partial loads. Danish wind turbine generating
capacity is expected to double from 3000 MW to
6000 MW by 2025, posing a considerable challenge.
Denmark is one of the leading exponents of
renewable energy generation, but this supply and
demand problem will soon be encountered by other
countries as their proportion of renewable energy
increases.

Fuels and Fuel Processing
Most fuel cells rely on a supply of gaseous
hydrogen which may be provided by several
means, including storage under pressure, reforming hydrocarbons or electrolysis. Huge volumes of
hydrogen are generated as byproducts from industrial processes, one of the largest sources being
from chlorine or caustic soda production. A high
proportion of electrolysis is still carried out using
mercury amalgam cells, which leads to contamination of the hydrogen with mercury.
The effect of this has been investigated, as
explained by Karel Bouzek (Institute of Chemical
Technology, Prague, Czech Republic) in his talk
‘Influence of the Hydrogen Contamination by
Mercury on the PEM Type Fuel Cell Life-Time’.
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Brine electrolysis in mercury-type cells typically
results in hydrogen contaminated with between
10 μg m–3 and 40 μg m–3 of mercury, which over
long periods may be adsorbed on the platinum catalysts of PEM fuel cells to form platinum
amalgams. Small (50 cm2) fuel cells with electrodes
supplied by E-TEK, New Jersey, U.S.A. (now
BASF Fuel Cells), with 5 mg Pt cm–2 content, and
Nafion® membranes were supplied with hydrogen
containing between 0 μg m–3 and 1000 μg m–3 mercury over extended periods. Although there was
some performance recovery during periods when
the cells were switched off, there was a 20% power
reduction over 10,000 hours which was not recoverable. X-Ray photoelectron spectroscopy
indicates that the mercury is in a changed chemical
state, suggesting that an amalgam is formed with
the highly dispersed platinum catalyst. This effect
was reproduced using platinum foil electrodes
exposed to mercury vapour. Overall, results indicated that with hydrogen containing 10 μg m–3 of
mercury, polymer electrolyte membrane (PEM)
fuel cells are likely to be able to operate for 10,000
to 20,000 hours without catastrophic poisoning by
the mercury.
Two papers were presented on storage of
hydrogen in the form of ammonia. The first of
these, ‘Solid Ammonia as Energy Carrier:
Possibilities and Technology Development’, was
presented by Debasish Chakraborty (Amminex
A/S, Denmark). Ammonia itself is more dangerous than gasoline, since it is toxic and has a high
vapour pressure at room temperature. However,
in the form of a metal ammine, such as with magnesium, [Mg(NH3)2Cl2] or copper, [Cu(NH3)8Cl2],
ammonia can be stored in solid form, from which
gaseous ammonia can be recovered and cracked to
release hydrogen.
Amminex have developed ‘HydrammineTM’
which includes Mg(NH3)6Cl2 and Ca(NH3)8Cl2 and
has a volummetric hydrogen content similar to liquid ammonia (~ 110 kg H2 m–3), but does not
necessitate pressurised storage, and is non-hazardous for road transportation. The company is
actively integrating this solid ammonia technology
with a SOFC, in collaboration with Topsoe Fuel
Cell, Denmark, and Risø National Laboratory at
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the Technical University of Denmark, since the
SOFC operating temperature is sufficient to
decompose the ammine and to generate hydrogen
from the resulting ammonia. A thirty-cell, 450 W
SOFC stack has been operated directly on ammonia, and the work is being extended to
intermediate temperature (673 K to 773 K) fuel
cells.
A prototype compact ammonia cracker capable
of producing 0.7 l min–1 of ammonia with 99.9%
conversion has also been developed, incorporating
a ruthenium-based catalyst to reduce the reaction
temperature. It will be operated in conjunction
with a PEM fuel cell built by Intelligent Energy,
U.K. For this purpose it is necessary to incorporate an absorber to remove any residual ammonia
and prevent membrane contamination.
Further work on metal ammine complexes was
reported by Asbjørn Klerke (Technical University
of Denmark, Lyngby). In his paper ‘Indirect
Hydrogen Storage in Metal Ammine Complexes
for Portable Devices’, it was emphasised that
ammonia is produced for agricultural purposes on
a huge scale (125 million tonnes per annum)
worldwide. It can be converted to stable compounds such as calcium, manganese or nickel
ammines, with energy densities comparing
favourably with other forms of hydrogen storage
such as liquid or compressed gas or metal
hydrides. The group has investigated the effect of
temperature programmed desorption of various
ammines, releasing gaseous ammonia which may
be either used directly in a SOFC or decomposed
to form hydrogen and nitrogen. The calcium form
[Ca(NH3)8Cl2] decomposes completely below
550 K, while the manganese form [Mn(NH3)6Cl2]
decomposes below 650 K, and the magnesium
[Mg(NH3)6Cl2] and nickel [Ni(NH3)6Cl2] forms
below 670 K.
On heating the nickel form, the blue solid
becomes a cream solid with a more open structure
of composition [Ni(NH3)2Cl2], before finally
decomposing to yellow NiCl2. Catalysed cracking
of ammonia to hydrogen and nitrogen has also
been investigated, with best results being obtained
using supported ruthenium catalysts (3% Ru on
titania) at temperatures as low as 700 K.
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The use of fuel cells in small-scale decentralised
energy generation requires hydrogen to be produced on site from hydrocarbons such as natural
gas, propane and liquefied petroleum gas (LPG).
Although poison-tolerant pgm fuel cell catalysts
have been developed, low-temperature fuel cells
still require hydrogen with very low carbon
monoxide (CO) content to avoid impaired performance due to catalyst poisoning. Conventional
hydrogen generator systems consist of a reformer
operating at 1073 K to 1273 K, followed by a hightemperature water-gas shift reactor (HT-WGS) at
570 K to 770 K, and a low-temperature shift reactor (LT-WGS) at 453 K to 573 K. Finally a
preferential oxidation (POX) catalyst is used to
oxidise CO to CO2 at 353 K to 423 K in the presence of hydrogen, preferably to less than 10 ppm
CO. Heat for the endothermic reformer reaction
can either be provided by heat transfer through the
reactor walls, or generated in situ by oxidising a
proportion of the fuel. Work is in progress to simplify this process by making multifunctional
reactor vessels.
Feyza Gökaliler (Bogaziçi University, Turkey)
in a talk entitled ‘Oxidative Steam Reforming
Performance of Pt-Ni Catalysts’ described the use
of platinum-nickel alloy catalysts on alumina supports for oxidative steam reforming as the first
stage, followed by the water-gas shift reaction. By
optimising the Pt:Ni ratio of the catalyst and reaction parameters, it is possible to use a single reactor
vessel to combine the reforming and high-temperature shift reactions. Parameters examined
included the Pt:Ni ratio of the catalyst and the
overall metal content, the hydrocarbon feed rate,
and the steam:carbon and carbon:oxygen ratios in
the feed stream. These showed that the platinumnickel system is a promising catalyst for the
oxidative steam reforming (OSR) reaction. During
this reaction, exothermic oxidation and endothermic steam reforming are catalysed by Pt and Ni
sites respectively, with the catalyst acting as a micro
heat exchanger. Using this catalyst, hydrogen production could be carried out at temperatures as low
as 673 K with 100% conversion of the hydrocarbon feed. The hydrogen production rate increases
with increasing temperature and no carbon is
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deposited on the catalyst surface. Selectivity (the
H2:CO ratio) is highest at low temperature and
tends to decrease with increasing temperature.
Similarly, the proportion of hydrogen in the product increases with decreasing residence time in the
reactor.
Hydrogen can be generated by decomposing
metal hydrides, as explained by Carmen M. Rangel
(Instituto Nacional de Engenharia, Tecnologia e
Inovação, Lisbon, Portugal) in her talk ‘Hydrogen
Generation and Storage System Using Sodium
Borohydride at High Pressures for Operation of a
100 W-Scale PMFC Stack’. Sodium borohydride
(NaBH4) contains 7.3% hydrogen by weight, corresponding to an energy density of 1.38 kWh kg–1.
To prevent spontaneous decomposition of the
material in aqueous solution, sodium hydroxide
(NaOH) is normally added to maintain the pH
above 14, although even under these conditions
there is a slow release of hydrogen above 333 K.
Decomposition is accelerated by the presence of a
catalyst, and ruthenium or nickel on a metallic
foam support is frequently used. Typical hydride
fuels consist of 10% NaBH4 plus 1% NaOH, or
20% NaBH4 with 3% NaOH, often with carboxymethyl cellulose or polyacrylamide gelling
agents to render the mixture thixotropic. Other
direct oxidation types of borohydride have also
been developed. Applications are likely to be limited to relatively low-power devices by the
energetics of manufacturing the sodium borohydride, but the technology appears feasible for
small, hand-held devices.

Membrane Science
Intense development efforts on polymer electrolyte membrane fuel cells have resulted in
technology improvements on a broad front. It has
long been recognised that the limiting factor in
PEM fuel cell durability was due to the membrane.
Peter Gray (Johnson Matthey Fuel Cells, U.K.)
outlined some of these developments in his talk
‘Advances in MEA Durability in PEM Fuel Cells’.
Membranes with increased chemical stability,
incorporating reinforcing materials as well as additives to reduce chemical attack have resulted in
membrane electrode assemblies (MEAs) able to
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meet current durability targets, achieving lifetimes
up to five to ten times those obtained using previously available commercial materials. Emphasis
has therefore moved to catalysts with improved
stability, particularly under the arduous conditions
of cell reversal. This may occasionally occur due to
hydrogen starvation at cell anodes during fuel cell
start-up and shut-down, particularly in automotive
applications. This can result in loss of electrochemical surface area due to oxidation of the
catalyst carbon substrate, and also possible sintering of the platinum catalyst. Significant
improvements in MEA durability have been
obtained by incorporating advanced membranes
with oxidation resistant catalysts, even when subjected to extreme voltage cycling test regimes.

Cell and Stack Technology
Direct methanol fuel cells (DMFCs) are being
sold in significant numbers as portable electric
power sources for civilian as well as military applications (7). In order to reduce parasitic power
losses, passive-feed DMFCs, without external
pumps for feeding methanol or air to the fuel cell
are being investigated. Air reaches the cathodes by
diffusion, while methanol diffuses to the anodes
due to a concentration gradient from a reservoir,
and by capillary action through the electrode
pores.
In his talk ‘Electrochemical Characterisation of
a Passive Monopolar DMFC Mini-Stack Operating
at Room Temperature’, Antonino S. Arico (CNRInstitute of Advanced Technologies for Energy
(ITAE), Messina, Italy) described how three different designs of passive monopolar three-cell
mini-stacks of this type have been investigated.
This work forms part of a programme aimed at
building a 500 W system for the European
Commission-sponsored MOREPOWER project,
in collaboration with several other organisations.
Using various platinum metal loadings, optimum
power density was reached using 4 mg Pt cm–2 at
294 K. Preferred catalysts are carbon supported
platinum-ruthenium alloys for the anode and platinum on carbon for the cathode. Cell performance
decreased during prolonged operation, although
this could be restored by shaking the cells. This
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was attributed to dislodging carbon dioxide gas
bubbles which build up within the structure. One
challenge still to be overcome is a high level of
methanol crossover to the cathode, which could
be substantially reduced or eliminated by using an
improved membrane.
Under the European Commission-funded
Sixth Framework research initiative, Airbus
Industrie are coordinating the CELINA project to
develop auxiliary power units for aircraft to take
over many of the functions of the present
hydraulic system. Erich Gülzow (German
Aerospace Center, Institute of Technical
Thermodynamics, Germany) in his talk
‘Investigation of Low Pressure Operation of
PEFC Using CO Contaminated Gas’ described
how PEM fuel cells can be operated at pressures
as low as 200 mbar when standard fuel cells normally run at around 1.2 bar.
Since air compression is energy intensive, it is
advantageous to operate at low pressure: 200 mbar
which corresponds to a height of 10 km. As a preliminary to designing a reformer system for
kerosene, a special fuel cell test station has been
constructed to operate at pressures as low as
50 mbar, using single 150 cm2 format PEM cells.
Typically, anodes contain 0.30 mg Pt-Ru cm–2 alloy
catalysts, while cathodes contain 0.55 mg Pt cm–2.
Typical gas mixtures used at the anode consist of
hydrogen plus 5 ppm, 10 ppm, and 20 ppm CO,
with between 1.5 and 2.5 stoichiometric fuel flow.
Conclusions to date indicate that a pressure
between 1000 mbar and 500 mbar does not have a
dramatic effect on performance, with a more pronounced effect below 500 mbar with a minimum
of 62% relative humidity in the inlet gas. The maximum permitted carbon monoxide content was
20 ppm, since pronounced performance effects
were found at concentrations above this level.
Various attempts to eliminate or minimise the
amount of pgms used in PEM fuel cells are in
progress. One of these was presented by Andrew
M. Creeth (ACAL Energy Ltd, U.K.) in his talk
entitled ‘FlowCathTM Technology – A Route to
Precious Metal-Free Cathodes for PEM Type Fuel
Cells’. This system is aimed at producing portable
fuel cell generators, CHP systems for the home
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and automotive applications. Each individual cell
incorporates a three-dimensional cathode which is
immersed in a homogeneous aqueous mediator,
consisting of an undisclosed transition metal redox
catalyst. This can be regenerated in an external
reactor vessel by bubbling atmospheric oxygen
through it. Currently about 300 ml of redox medium is required per 1 kW output, although this may
be reduced to 200 ml kW–1, and water management
can be achieved within the regenerator. The cathodes, which may be carbon based or metal meshes,
are combined with conventional MEAs with platinum-catalysed anodes. Due to the facile nature of
the hydrogen oxidation reaction, a very low anode
pgm loading is permissible.
Peak powers of up to 440 mW cm–2 have been
observed with durability in excess of 1500 hours.
Due to the relatively large volume of catholyte, no
humidification is required for the inlet gases. As a
DMFC, an open circuit voltage of 0.7 V can be
obtained with power densities in excess of
90 mW cm–2 and no impact is observed due to
methanol crossover at concentrations below 8 M.
A ten-cell stack of 5 cm2 cells has been demonstrated, providing 60 W of power, and a 1 kW
system is being constructed.
A second means to minimise the platinum content of fuel cells was proposed by Stuart Gilby
(CMR Fuel Cells, U.K.) in his talk ‘CMR Fuel
Cells: Development of Novel DMFC Fuel Cell
Technology for the Portable Market’. The company is developing a range of DMFC stack products
for the portable electronics industry. This application requires small, compact stack designs with
high voltage efficiency and power density to minimise stack volume. By using alkaline solid polymer
electrolyte membranes, a wide range of catalysts
may be used, such as silver, perovskites, and
pyrochlore materials. An added advantage of alkaline membranes is that electro-osmotic effects tend
to move water molecules from the cathodes to the
anodes, inhibiting crossover of other species.
Methanol permeability therefore decreases with
increasing concentration, so that higher concentrations can be used at the anode. Unfortunately,
alkaline membranes are less well developed than
their acid equivalents, and also exhibit a lower
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mass transfer rate for hydroxyl ions compared to
protons, so that their conductivity is roughly one
tenth of those obtained for acidic membranes.
This is partly offset by the high reactivity for the
oxygen reduction reaction under alkaline conditions. In addition, soluble forms of membrane
material are not yet available. These are essential to
mix with the catalysts to produce an optimum high
area three-phase interface between gas, liquid and
solid when preparing electrodes.
In a talk entitled ‘Fuel Cell Cathodes Studied
with Density Functional Theory’, Jan Rossmeisl
(Center for Atomic-scale Materials Design
(CAMd), Technical University of Denmark,
Lyngby) described the use of the density functional theory (DFT) model to examine the oxygen
reduction reaction on platinum and its alloys.
Having developed a framework to deal with the
potential in electronic structure calculations, and
by applying a quantitative version of the Sabatier
principle, together with a database of DFT calculations, they are able to predict trends in activities for
different electrode materials. Comparing the predictions of the Sabatier model with experiments on
Pt and Pt3Ni {111} surfaces, most of the polarisation curve features seen in experiments can be
explained in terms of the Sabatier analysis. Also,
CAMd have developed a kinetic model which
allows them to study the effect of hydroxyl ion
coverage and the pressure of oxygen, based directly on ab initio calculations.
Microbial fuel cells are capable of transforming
chemical energy directly to electrical energy via
electrochemical reactions. Beate Christgen
(Newcastle University, U.K.) in a talk entitled
‘Advances in Microbial Fuel Cells through
Cathode, Anode and Membrane Development’
explained that they may be used to treat materials
such as waste water to obtain clean water and electrical energy. Generally a catalysed, air depolarised
cathode is used in conjunction with an anode system in which organic matter is oxidised by
anaerobic bacteria acting as biocatalysts, producing electrons which are transferred to a solid
anode. To date, platinum-catalysed cathodes have
been used, although less expensive alternative
materials such as metal phthalocyanines supported
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on carbon, or manganese dioxide on carbon have
also been examined. Due to the low current densities obtained from microbial fuel cells, it will be
necessary to use cells with large surface areas to
produce a useful current output, implying that
inexpensive membrane separators will also need to
be developed.

Poster Exhibits
Two poster sessions were held, with almost 140
posters. These included several featuring applications of the pgms in fuel processing, fuel cell
catalysis and sensors.
Eini Puhakka (VTT Technical Research
Centre of Finland) presented a poster entitled
‘Comparison of Pt-Based PEMFC CathodeCatalysts Using Modelling Approach’. Density
functional methods and rotating ring disc
platinum electrode measurements have been used
to investigate reasons for the potential loss which
takes place at the cathodic oxygen reduction
reaction.
Julia Melke (Fraunhofer Institute for Solar
Energy Systems ISE, Germany) presented a
poster entitled ‘Investigation of Reaction
Mechanism and Structural Changes in Direct
Ethanol Fuel Cell Electrodes Using X-Ray
Absorption Spectroscopy’. The ethanol oxidation
reaction has been investigated using carbon supported platinum, platinum-ruthenium, and
platinum-tin alloys in half cells and fuel cells using
the Δμ X-ray absorption near edge structure
(Δμ XANES) technique, while structural changes
to the catalysts have been studied using conventional extended X-ray absorption fine structure
(EXAFS) spectroscopy.
Janet M. Fisher (Johnson Matthey Technology
Centre, U.K.) presented a poster entitled ‘PdRu
Alloy Nanoparticles as Anode Catalysts in Direct
Methanol Fuel Cells’ aimed at developing more
cost effective catalysts for small portable power
units. The individual components of the catalyst
show relatively poor activity on their own, but for
the methanol oxidation reaction, palladium-ruthenium anode catalysts have the same activity at
353 K as commercial platinum-ruthenium anode
catalysts at 333 K.
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Berker Ficicilar (Middle East Technical
University, Ankara, Turkey) reported on the
‘Effect of Pd Loading in Pd-Pt Bimetallic Catalysts
Doped into Hollow Core Mesoporous Shell
Carbon on Performance of Proton Exchange
Membrane Fuel Cells’. Catalyst substrates were
synthesised by template replication with submicrometre-size core mesoporous shell silica
spheres, yielding supports with surface areas as
high as 1290 m2 g–1 with a uniform, narrow pore
size distribution centered around 3.0 nm. A
microwave synthesis route was used to prepare
carbon supported palladium-platinum alloy catalysts and testing was carried out in 5 cm2 single-cell
PEMFC tests in conjunction with a range of physical characterisation techniques.
As the range of applications for PEMFCs
increases, there is more awareness of the potential
for poisoning. One example of poison tolerance
testing was reported by Won-Yong Lee (Korea
Institute of Energy Research (KIER), Daejeon,
South Korea) in a poster entitled ‘Influence of
NaCl Vapor on Performance and Durability of a
PEFC’. Experiments involved monitoring single
cell performance while running the cathode on air
contaminated with sodium chloride vapour, and
post-test examination of the cell components. The
results were discussed in terms of poisoning of
platinum catalysts by Na+ ions and H+ ions in the
ion exchange membrane exchanged with Cl– ions.
Satoshi Ohara (Osaka University, Japan) presented an interesting paper on the use of
‘Palladium-Polymer Hybrid Nanoparticles for
Hydrogen Sensors in Fuel Cells’. DNA strands
have binding sites for metal ions and cation molecules on the nucleoside bases and backbone. Metal
(Pd)-polymer (DNA) hybrid nanoparticles were
created by a combination of metallisation and
DNA compaction. Directly bound Pd(II) complexes were produced and then reduced to metal
causing a morphology change in the DNA strands,
producing a spherically shaped moss-like hybrid.
The palladium can still absorb hydrogen to
become PdHx, which increases the electrical resistance and volume of palladium materials. The
result is a highly sensitive hydrogen sensor or
hydrogen switch device.
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Poster Prizes
Posters were judged by panels of members of
the Grove Symposium Steering Committee for
content and presentation, and four awards were
made to:
(a) Xiaohui Tian, Steffen Eccarius and Carsten
Agert (Fraunhofer Institute for Solar Energy
Systems ISE, Germany) for their poster
‘Computational Geometry Design and
Modeling for a Vapor-Fed Direct Methanol
Fuel Cell’ (Poster 1.28)
(b) Timo Kurz, Anne Grundmann and Carsten
Agert (Fraunhofer Institute for Solar Energy
Systems ISE, Germany) for their paper
‘Modelling Heat Management in a High
Temperature PEM Fuel Cell System with
Adsorption Heat Storage’ (Poster 1.54)
(c) Satoshi Ohara, Kazuyoshi Sato, Mitsuo
Umetsu and Tadafumi Adschiri (Osaka and
Tohoku Universities, Japan) for their presentation ‘Palladium-Polymer Hybrid
Nanoparticles for Hydrogen Sensors in Fuel
Cells’ (Poster 2.16)
(d) Samuel Georges, Jean-Marie Klein and Yann
Bultel (Laboratoire d’Electrochimie et de
Physicochimie des Matériaux et des
Interfaces (LEPMI), Grenoble, France) for
their paper ‘Gradual Internal Reforming of
Methane with Electro-Catalytic Dissociation
in Planar SOFC: From Model to Operation’
(Poster 2.48)

Summary
Findings from the Fuel Cells Science and
Technology 2008 conference were summed up in
a talk by Professor Søren Linderoth (Risø
National Laboratory, Technical University of
Denmark, Roskilde). Fuel cells continue to find
new applications as auxiliary power supplies in aircraft, and as a means to utilise renewable energy
sources such as landfill gases and wastewater while
generating useful electrical power. In the area of
fuel processing and fuels, interest is moving to
novel fuels such as landfill gas, ammonia and
ethanol. Alternative methods of storing hydrogen
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such as metal ammines and sodium borohydride
are also being investigated. The importance of fuel
purity has been recognised and is being intensively examined. In the area of membrane science,
higher operating temperatures, reduced requirements for hydrating the input fuels, and improved
durability are being sought and achieved. DuPont
Nafion® remains the standard membrane by
which others are judged.
While platinum remains the standard catalyst
material for low-temperature fuel cells, cost reduction efforts are in progress, either by replacing it
(generally with a substantial performance penalty)
or seeking other electrode structures or membrane
materials to minimise its use. The pgms are used in
a wide range of applications as well as the electrocatalyst.
The Eleventh Grove Fuel Cell Symposium will
take place at the Queen Elizabeth II Conference
Centre in Westminster, London, U.K., from 22nd
to 24th September 2009 (5), while the next conference in the Science and Technology series is likely
to be held in Spain during 2010. See the Fuel Cells
Science and Technology website for updated information as it becomes available (4).
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Under the Platinum Development Initiative, platinum-based alloys were being developed
for high-temperature and special applications for good corrosion and oxidation resistance.
Work on ternary alloys had previously identified that the best of these systems for both mechanical
properties and oxidation resistance were Pt86:Al10:Cr4 and Pt86:Al10:Ru4 (1), although the
maximum precipitate volume fraction was only ~ 40% as opposed to ~ 70% achieved in nickelbased super alloys. Since Pt86:Al10:Cr4 and Pt86:Al10:Ru4 gave the best results, a range of
quaternary alloys were also made, using these compositions as a basis. The optimum composition
was found to be around Pt80:Al14:Cr3:Ru3. Subsequently, further additions were made to the
quaternary alloys to change selected properties.

Introduction
This is the third paper of four on the work
undertaken under the auspices of the Platinum
Development Initiative (PDI), which was in operation from April 1997 to October 2007, and
comprised Anglo Platinum, Impala Platinum,
Lonmin (previously Lonrho) and Mintek. The
background and aims of the PDI are summarised
in (1, 2).
As well as the research work itself, the training
of postgraduate students, and encouragement of
undergraduate and diploma students by the provision of vacation work and experiential training,
was considered an important output, since South
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Africa has a shortage of scientists and engineers.
This was seen as a great benefit, as were the collaborations with other institutions, especially those
outside South Africa. During the time of the work,
collaborations were started with NIMS (formerly
NRIM) in Japan, Fachhochschule Jena and
Bayreuth University in Germany, and Leeds,
Cambridge and Oxford Universities in the U.K., as
well as four South African universities, which were
the Universities of the Witwatersrand, Cape Town,
Limpopo (formerly the North) and the Nelson
Mandela Metropolitan University (formerly the
University of Port Elizabeth). The work is still
ongoing, mainly as student projects, and to date
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there have been eighteen postgraduate students
involved, of whom fourteen have now completed
their studies. In total, there has been involvement
in seven Ph.D.s and eleven M.Sc.s, and over eighty
journal and conference papers have been
published.

Development of a Quaternary Alloy
Using the platinum-aluminium system as a basis
for ordered face centred cubic (f.c.c.) precipitates
in an f.c.c. matrix (analogous to the nickel-based
superalloys), it was found that ternary alloying
elements, and in particular chromium and ruthenium, had 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 (3–5) However, the 2 at.% Ru
amount did not stabilise the high temperature L12
form of Pt3Al, and the alloys needed Cr or
another L12 stabiliser.
The composition of the quaternary alloy
needed to be optimised so that the maximum
proportion of the ~ Pt3Al second phase was
achieved. It was ultimately the objective to increase
the volume fraction of γ' to enhance the alloy’s
creep properties. Several alloys were therefore
manufactured with this objective (6), and the compositions were selected based on the results of the
ternary Pt-Al-Cr and Pt-Al-Ru systems. The alloys
were prepared by arc-melting the pure elements

several times to achieve the highest possible
homogeneity, and the samples were then heat
treated at 1350ºC for 96 hours. Hardnesses of the
alloys were measured using a Vickers hardness
tester with a 10 kg load. Some of the alloys were
single-phase, and these showed cracking around
the indentations (6). Two alloys, Pt78:Al15.5:Cr4.5:Ru2
and Pt81.5:Al11.5:Cr4.5:Ru2.5, had large areas of
~ Pt3Al, together with a fine mixture of (Pt), the
solid solution based on platinum, and ~ Pt3Al
(Figure 1(a)). Another, Pt84:Al11:Cr3:Ru2, was composed entirely of a fine two-phase mixture, which
is the desired microstructure (Figure 1(b)).
More alloys were produced in an attempt to
increase the volume fraction of the ~ Pt3Al precipitates further. After heat treatment (again, 96 hours
at 1350ºC in air), some oxidation took place, and,
due to the small sample size, losses of aluminium
also occurred. No improvement in the microstructure was observed. The hardnesses of the alloys
were measured and the results are given in Table I.
The alloys were reasonably ductile, with no cracking around the indentations, as was found in some
of the earlier single-phase quaternary alloys (6).
In an attempt to improve the microstructure of
the alloys, a second heat treatment was conducted
for 96 hours at 1350ºC, after which the alloy
Pt81.5:Al11.5:Cr4.5:Ru2.5 showed a clear, fine twophase microstructure, possibly due to the change
in its overall composition. There was no primary
~ Pt3Al (so the overall composition is that of the
(b)

(a)

5 μm

5 μm

Fig. 1 SEM micrographs, in backscattered electron (BSE) mode, of the two types of two-phase alloys: (a) with primary
~ Pt3Al (dark contrast) in a fine mixture of (Pt) and ~ Pt3Al; (b) fine mixture of (Pt) and ~ Pt3Al (6)
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Table I

Vickers Hardness of the Two-Phase Quaternary
Alloys, Using a 10 kg Load, after Annealing at
1350ºC (6)

microstructure. The decrease in hardness after the
second heat treatment is likely to be due to the
changes in composition due to oxidation (6). The
best alloy at this stage was Pt84:Al11:Cr3:Ru2, which
had the required fine two-phase structure, with no
primary ~ Pt3Al and reasonable hardness. Similar
alloys annealed at 1300ºC for 96 hours and
quenched in water gave better all-round results for
Pt80:Al14:Cr3:Ru3 than Pt86:Al10:Cr4 because there
was more of the ~ Pt3Al phase (7–9), although it
was more coarse, as shown in Figure 2.

Alloy composition,
at.%

Hardness
after first
anneal,
HV10

Hardness
after second
anneal,
HV10

Pt85:Al11:Cr2:Ru2

430 ± 5

403 ± 20

Pt84:Al11.5:Cr2.5:Ru2

425 ± 21

403 ± 14

Pt83:Al11:Cr3.5:Ru2.5

421 ± 12

405 ± 8

Pt80.5:Al12.5:Cr4.5:Ru2.5

419 ± 22

414 ± 9

Oxidation Resistance

Pt81.5:Al11.5:Cr4.5:Ru2.5

423 ± 10

396 ± 6

Pt79.5:Al10.5:Cr5.5:Ru4.5

417 ± 8

415 ± 10

Since Pt86:Al10:Cr4 was very promising with
regard to high-temperature strength and oxidation
resistance, it was decided to test a quaternary alloy
with Ru as an addition to verify that the good
oxidation resistance was retained. More Al was
added in an effort to accelerate oxide scale formation (10, 11). After one hour at 1350ºC, a thin
continuous oxide layer had formed. After 10
hours’ exposure (Figure 3), the scale was already

two-phase mixture: 85.2 ± 0.3 at.% Pt, 7.1 ± 0.8
at.% Al, 3.1 ± 0.8 at.% Ru and 4.6 ± 0.1 at.% Cr).
The loss of Al is concerning, especially after such
a short anneal, but this was the only alloy to suffer
such a large change. The precipitates in
Pt84:Al11:Cr3:Ru2 (Figure 1(b)) were approximately
twice as large, but more well-defined than those of
Pt85:Al7:Cr5:Ru3 alloys (6).
The Vickers hardnesses of the Pt:Al:Cr:Ru
alloys within the composition ranges selected were
relatively independent of both chemical content
and the number of annealing stages, and fell
within the range HV10 ~ 400 to ~ 430. Hardnesses
were slightly lower after the second anneal. The
volume fraction of ~ Pt3Al was estimated, using
image analysis, to be approximately 25 to 30%.
The highest hardness was found in the alloy without primary ~ Pt3Al. In the second batch of
quaternary alloys, there was no clear relationship
between the hardness and the composition or
(a)

50 μm
Fig. 2 SEM image of Pt80:Al14:Cr3:Ru3 annealed at
1400ºC for 96 hours and water quenched, showing
~ Pt3Al (discrete raised) in a (Pt) matrix (8)

(b)

15 μm

(c)

15 μm

30 μm

Fig. 3 SEM images of the transverse sections of the Pt80:Al14:Cr3:Ru3 alloy after exposure to air at 1350ºC for an
increasing amount of time (11): (a) 1 hour; (b) 10 hours; (c) 500 hours
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about three times as thick as that observed on
Pt86:Al10:Cr4 after the same time period. No zone of
discontinuous oxides, nor any other internal oxidation, was observed, as had been seen in some of
the earlier ternary alloys (12, 13), Pt:Al:X where
X = Re, Ta and Ti. The increased Al content of the
alloys clearly accelerated the formation of a continuous layer, and prevented mass loss due to
volatilisation. Although this showed good properties for the short test period, in the long term the
alloy’s oxidation might be too severe. The alloy
should ideally form a continuous oxide layer
quickly but then behave logarithmically with regard
to mass increase.

Tensile Testing
High-temperature compression and creep
results were promising, and the high-temperature
compressive strength of Pt84:Al11:Cr3:Ru2 is significantly higher than that of Pt86:Al10:Cr4 (7–9).
However, some potential manufacturers asked for
tensile data, especially yield and ultimate tensile
stress, since no prior data were available. Since
results become strain rate dependent very soon at
high temperatures, it was decided to only evaluate
the room temperature tensile properties of the best
ternary alloys, compared with that of the quaternary alloy (14).
Normal macro-scale tensile testing was not
attempted because of the high material cost.
Smaller specimens than the sub-size specimen
described by the ASTM standard for tension testing (15) were therefore used. Small specimen test
technology has been successfully utilised in fusion
materials development, due to limited availability
of effective irradiation volumes in test reactors
(16). Utilising the required dimensional ratios of
the ASTM standard (15), together with studies of
specimen size effects (16–19) to ensure that the
test data would be comparable to those from standard specimens, dimensions of 46 mm length and
3 mm thickness were set for these experiments,
with a gauge length of 18 mm and a gauge width of
3 mm.
The specimens were prepared from 50 g ingots,
manufactured by arc-melting, then aged in air in a
muffle furnace at 1250ºC for 100 hours, then
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quenched in water. This treatment produced a
homogeneous two-phase microstructure, without
primary ~ Pt3Al. The flat mini-tensile specimens
were machined from each ingot by wire spark
erosion. Tensile tests were performed at a crosshead speed of 5 mm min–1. Unfortunately, the
method of testing and imperfections in some of
the specimen shoulders rendered calibration of the
extensometer impossible, resulting in the tests
being carried out on a gauge length of 12.5 mm
only. This meant that strain could not be
accurately measured, thus elongation could only be
estimated by measurement of the distance between
gauge marks before and after testing, the latter
being done after the fractured parts of the specimens were fitted together. Also, yield stress could
not be determined. After testing, samples were
prepared metallographically, and then Vickers
hardness tests (20 kg load) were carried out. Some
of the specimens failed outside the gauge length,
and the results from these specimens were not
carried further in the study. The average hardnesses, maximum ultimate tensile strength and
estimated elongations are given in Table II. The
spread and inconsistencies in the results were
disappointing. It would have been more ideal to
test a wider range of specimens, but the price of Pt
constrained the number of specimens.
Additionally, the results were unexpected, since it
was anticipated that Ru being a better solid
solution strengthener in these alloys than Cr (20)
would promote Ru alloys with a higher ultimate
tensile strength. Thus, characterisation had to be
undertaken to explain this discrepancy.
Table II

Tensile Testing Results for Platinum-Aluminium
Derived Ternary and Quaternary Alloys at Room
Temperature (21)
Alloy
composition,
at.%

Hardness, Maximum
Elongation,
ultimate
%
HV10
tensile strength
achieved, MPa

Pt86:Al10:Cr4

317 ± 13

836

~4

Pt86:Al10:Ru4

278 ± 14

814

~9

Pt84:Al11:Cr3:Ru2 361 ± 10

722

~1
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Using one half of the broken samples, scanning
electron microscopy (SEM) analyses under
backscattered electron (BSE) imaging using energy
dispersive X-ray (EDX) spectrometry were done.
There were no significant differences between the
targeted and actual compositions, although the
Pt86:Al10:Cr4 alloy had discernable Ru content (less
than ~ 0.1 wt.%) and the Pt86:Al10:Ru4 sample had
a similar amount of Cr (21). This contamination
probably arose from minor sputtering during melting in the button-arc furnace. The fracture
surfaces of the other half of each sample were also
examined using SEM in secondary electron (SE)
mode. Transmission electron microscopy (TEM)
specimens were made and examined in a Philips
CM200 TEM (21). X-Ray diffraction (XRD)
analyses were conducted on the polished samples
using molybdenum Kα radiation.
Microstructures were derived by SEM, XRD
and TEM analyses, indicating that all samples contained both (Pt) and ~ Pt3Al precipitates. The
volume fraction of the precipitates varied between
specimens and compositions. The Pt86:Al10:Cr4
specimens were stronger than those of
Pt86:Al10:Ru4, because there was a very low volume
fraction (~ 5%) of ~ Pt3Al precipitates in the alloy
with Ru. Thus, it was deduced that Pt86:Al10:Ru4
had been annealed above its solvus, which was
thought to be between 1250ºC and 1300ºC. Thus,
the higher ductility of this alloy was due to its nearly single phase Pt solid solution. Pt86:Al10:Cr4 was
harder and also had a higher ultimate tensile
strength than Pt86:Al10:Ru4. Having a significant
volume fraction of ~ Pt3Al, Pt84:Al11:Cr3:Ru2 was
the hardest alloy, but had the lowest ultimate
(a)

tensile strength. The fracture surfaces (Figure 4)
showed that only Pt84:Al11:Cr3:Ru2 failed intergranularly, with the ternary alloys failing mainly by
intragranular cleavage with some localised signs of
dimpling. Thus, it is likely that the lower ultimate
tensile strength was related to the intergranular
failure mode, which also correlates to its lower
elongation.
The results for these Pt-based alloys are
summarised in Table III, together with values for
pure Pt and selected high-temperature alloys. The
values of hardness and ultimate tensile strength for
the Pt-based alloys are higher than those of pure
Pt in the soft state (i.e. not hardened). Compared
to other high-temperature alloys, such as the
ferritic oxide dispersion strengthened (ODS) alloy
PM2000, γ-titanium-aluminium and CMSX-4 (a
nickel-based superalloy), it is clearly demonstrated
that these Pt-based alloys are within the range of
the high-temperature alloys in terms of ultimate
tensile strength at room temperature. This finding
is encouraging since the samples had not been
optimised in terms of either heat treatment or
microstructure.
Creep testing of the Pt84:Al11:Cr3:Ru2 alloy was
undertaken, and the results were worse than for
Pt86:Al10:Cr4. This was deduced to arise from a
different atmosphere being used; initially the tests
were undertaken under argon, and latterly the tests
were done in air. However, the results of
Pt84:Al11:Cr3:Ru2 were slightly worse than a commercial Pt alloy strengthened by dispersion
hardening (DPH). The high-temperature compressive strength of Pt84:Al11:Cr3:Ru2 was
significantly higher than that of Pt86:Al10:Cr4 (7–9).

(b)

300 μm

(c)

14 μm

80 μm

Fig. 4 (a) Representative secondary electron (SE)-SEM image of Pt84:Al11:Cr3:Ru2 showing intergranular fracture;
(b) Representative SE-SEM image of both Pt86:Al10:Cr4 and Pt86:Al10:Ru4 showing cleavage fracture; (c) SE-SEM image
of Pt86:Al10:Ru4 showing localised dimples as a sign of ductility (21)
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Table III

Hardness Range, Ultimate Tensile Strength and Elongation for Platinum-Based
Alloys, Pure Platinum and Selected High-Temperature Alloys
Alloy or metal

Pt-based alloys

Hardness range,
HV

Ultimate tensile
strength at room
temperature, MPa

Elongation,
%

References

300–350

~ 800

–

(13, 21)

~ 40

~ 140

–

(22)

Pure Pt (soft state)
Ferritic ODS alloy
PM2000

–

720

14

(23)

γ-TiAl

–

950

~1

(24)

CMSX-4

–

870

–

(25)

Other Alloying Additions
Other additions such as cobalt or nickel have
also been tested to improve the properties of the
alloys, and decrease their cost and density. For the
potential additions, phase diagram work was also
undertaken, such as the Pt-Al-Co (26, 27) and
Pt-Ni-Ru systems (28). Ni was added to improve
the solution strengthening of the matrix, although
less solution strengthening was achieved than
hoped. Surprisingly, the melting point was
increased by Ni additions. The work was not carried further because of the disappointing hardness
results, and because work in Pt-Ni-based alloys
was ongoing in Germany (29–34).
Pt-Al-Co and Pt-Al-Co-Cr-Ru alloys were subjected to cold rolling on a small mill, and yielded
very interesting results. Alloys with hardnesses

Fig. 5 Hardness as a function of at.%
(Pt + Co) for Pt-Al-Co alloys (26, 27, 35)

Pt-Al-Co
Pt-Co-Al-Ru-Cr

1000

Hardness, HV10

below 400 HV10 showed good cold formability
(> 75% total reduction in thickness), whereas the
cold formability was poor (< 40%) for hardnesses
above 450 HV10 (Figure 5).
The alloys with good formability were twophase, with (Pt,Co) and Pt3Al phases, and
contained between 5 and 20 at.% Co and less than
20 at.% Al. Excellent formability was obtained for
alloys containing (Pt) and CoPt3, whereas the alloys
containing other intermetallic phases showed
extremely poor formability (< 5% total reduction).
The formability (per cent total reduction) of the
Pt-Al-Co alloys improved sigmoidally with increasing per cent (Pt + Co) in the range 60 to 90 at.%
(Pt + Co) (Figure 6). The cold formability of these
alloys is far superior to Pt-Al alloyed with Cr, Ru
and Ni.
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Fig. 6 Total reduction (%Red.) as a function of at.% (Pt + Co) for Pt-Al-Co alloys (26, 27, 35)

Conclusions
A range of platinum-based superalloys that
show very promising properties has been developed by Mintek in collaboration with workers at
South African universities. Two-phase γ/γ'
microstructures, analogous to nickel-based superalloys, consisting of cuboidal ~ Pt3Al precipitates
in a (Pt) matrix, were achieved. The best
alloy to date in terms of microstructure is
Pt84:Al11:Cr3:Ru2, since it had the required structure with no primary ~ Pt3Al, and reasonable
hardness. The optimum composition range is
Pt84:Al11:Cr3:Ru2 to Pt80:Al14:Cr3:Ru3. The oxidation resistance of Pt84:Al11:Cr3:Ru2 is better than
either of the Cr- or Ru-containing Pt-Al-based
ternary alloys included in the present study.
However, there was concern that the alloy formed
the protective alumina film too quickly and this
might cause problems in the long term. Pt-based
alloys have hardnesses in the order of 300–350
HV, with an ultimate tensile strength of ~ 800
MPa. It is obvious that these Pt-based alloys have

ultimate tensile strength values within the same
range as other high-temperature alloys such as
CMSX-4, which has an ultimate tensile strength
of 870 MPa. Pt-Al-Co alloys with hardnesses
below 400 HV10 showed good cold formability
(> 75% total reduction in thickness), whereas
the cold formability was poor (< 40%) for hardnesses above 450 HV10.
Part IV of the present series will appear in a
forthcoming issue of Platinum Metals Review, and
will cover the corrosion of these platinum-based
alloys.
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The 5th International Conference on
Environmental Catalysis (5ICEC) was held at
Queen’s University in Belfast, Northern Ireland,
from 31st August to 3rd September 2008. The
conference was split into five main categories over
the course of three days: Autocatalysis, Clean
Energy, Renewables, Green Chemistry and Air and
Water. In addition to the oral presentations, there
were several plenary talks given by keynote speakers, together with poster sessions and vendor
booths. This review will focus on the talks related
to the use of noble metals, including the platinum
group metals (pgms), in autocatalyst applications.
The review can be split into three sections: the first
details the use of silver/alumina (Ag/Al2O3) for
the selective catalytic reduction of nitrogen oxides
(NOx) using hydrocarbons (HC-SCR); the second
discusses the use of platinum, palladium, rhodium
or iridium in lean NOx traps (LNT) and the third
is concerned with platinum, palladium and rhodium used in NOx storage.

Hydrocarbon-Selective Catalytic
Reduction
HC-SCR is a highly desirable technology for the
removal of NOx from diesel and lean-burn gasoline
exhausts, although it has proven difficult to develop a suitably active commercial catalyst. One of the
most promising candidates is silver supported on
alumina, where good SCR activity can be obtained
by the addition of hydrogen. This is referred to as
the ‘hydrogen effect’ (1, 2). The activation of
Ag/Al2O3 by hydrogen has been a matter of some
debate, and no clear explanation has yet been provided. It is generally thought that hydrogen causes
silver to form active silver clusters; however, it has
been reported that the presence of silver clusters by
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itself is not sufficient for good SCR activity (3–5).
For example, it has been demonstrated that a similar hydrogen effect was obtained through the use of
hydrogen peroxide (H2O2), which suggests that a
hydroperoxy-like species is important for hydrogen-promoted HC-SCR (6).
Atsushi Satsuma (Nagoya University, Japan)
argued in his presentation ‘Role of Ag Cluster on
Hydrogen Effect of HC-SCR over Ag/Alumina’
that the silver clusters are not necessary for good
SCR activity, but rather promote the formation of
the active H2O2 species that is essential for the activation of reactants in HC-SCR. The formation of
active oxygen species (O2– ) was measured by electron spin resonance (ESR) to determine whether
silver clusters and hydrogen are required for the
promoted HC-SCR to take place. It was argued
that an O2– species is essential for the hydrogen
effect due to its high activity towards partial oxidation of hydrocarbons. The lack of detectable O2–
species when silver clusters were treated in a mixture of carbon monoxide and oxygen followed by
addition of oxygen indicated that the presence of
hydrogen was required. Similarly, no O2– species
were observed on 0.5 wt.% Ag/Al2O3 catalysts
where no silver aggregation has taken place, even
after reduction by hydrogen. It was suggested that
this is a consequence of having the silver species
fixed as Ag+ on the alumina surface.
The O2– species were only detected on the
2 wt.% Ag/Al2O3 that contained silver clusters
after exposure to a flow of hydrogen and oxygen
followed by addition of oxygen (7). The reaction
mechanism was evaluated by density functional
theory (DFT) calculations using silver supported
on a MFI-type zeolite (Ag/MFI) as the model catalyst. The reaction is suggested to occur via the
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activation of oxygen by [HHAg4] clusters to form
HOO[HAg4] clusters, which in turn leads to the
formation of H2O2 species. This was to be reported in further detail in a paper pending submission
(at the time of writing) by K. Sawabe, T. Hiro,
Y. Iwata, K. Shimizu and A. Satsuma.
Similar Ag42+ clusters were detected by ultraviolet-visible (UV-vis) spectroscopy on both the
Ag/MFI and Ag/Al2O3 catalysts. However, a
larger contribution by Ag-O was found with the
latter catalyst. Further details on the nature of the
silver structure as analysed through the use of
extended X-ray absorption fine structure (EXAFS)
and UV-vis spectroscopy can be found in
Reference (8).
During the discussions that followed the presentation, it was mentioned that the active silver
clusters may not necessarily be solely tetrahedral
Ag4 clusters, as there could be a range of cluster
sizes where the average is Ag4. The important parameters are the agglomeration and charge of the
silver cluster. The possible differences between silver supported on the MFI zeolite and supported
on alumina were also discussed, as the active silver
species and mechanism of reaction may differ
between the two.
The next presentation, by Pyung Soon Kim
(Pohang University of Science and Technology,
Korea), was titled ‘Selective Catalytic Reduction of
NOx by Simulated Diesel Fuel Containing
Oxygenated Hydrocarbon’. The presentation dealt
with methods to improve the low-temperature
activity of Ag/Al2O3 catalysts through the use of
oxygenated hydrocarbons (OHCs) that have been
reported to lower the light-off temperatures, as
well as preventing catalyst deactivation by coking
(9). The NOx reduction activity was investigated in
a packed-bed reactor, using a mixture of simulated
diesel fuel (dodecane and m-xylene) and ethanol as
a reductant. The testing was conducted at a space
velocity of 60 h–1 in a mixture of 6% oxygen,
2.5% water vapour and helium, where the C1:NOx
ratio varied from 2 to 8 over a dual-bed catalyst
system with a 0.5 inch coating of Ag/Al2O3 catalyst
in the front followed by 0.5 inch of copperexchanged ZSM-5 zeolite (Cu/ZSM-5) catalyst in
the rear bed.
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Ammonia (NH3) was found to be a major
byproduct, in particular when high amounts of
ethanol were used in the fuel mixture. Therefore
the Cu/ZSM-5 catalyst was added as an NH3
oxidation component and to improve the hightemperature activity, as previously reported by
Long and Yang (10). The influence of the catalyst
preparation procedure and operating conditions
were investigated in order to optimise the dual-bed
catalyst system. The Ag/Al2O3 catalysts were characterised by various techniques, including
transmission electron microscopy (TEM), UV-vis
spectroscopy, hydrogen temperature-programmed
reduction (H2-TPR) and X-ray (excited) photoelectron spectroscopy (XPS).
Increasing the silver loading improved the
low-temperature activity but reduced the hightemperature activity. For high-temperature use, the
optimum loading was determined to be 3.8 wt.%
Ag. A similar effect was observed with the addition
of ethanol, which improved low-temperature activity by around 25% but negatively impacted the
activity at temperatures above 350ºC. A loss of
low-temperature activity was observed when the
C1:NOx ratio was greater than 8; this is most likely due to the build-up of hydrocarbons coking the
catalyst.
The drying temperature used during the preparation of the Ag/Al2O3 catalyst was found to have
a significant impact on its catalytic activity. The
Ag/Al2O3 catalyst exhibited poor activity for NOx
conversion to nitrogen (N2) when dried at 65ºC,
but was active for the unselective catalytic formation of NH3. It was reported that the catalysts had
to be dried at temperatures above 80ºC to achieve
good conversion of NOx to N2, and the best performance was obtained by using a drying
temperature of 110ºC. The TEM and UV-vis characterisation results showed that the catalyst dried at
65ºC had larger particle sizes (~ 14 nm) and a
wider particle size distribution, while the 110ºCdried catalyst contained less metallic silver, and had
a smaller average particle size (~ 8 nm) and narrower particle size distribution.
XPS results were also presented. Kim concluded from these that the ionic silver species were the
active sites for NOx reduction to N2, and that the
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metallic silver sites were active for NOx reduction
to NH3. However, this contradicts the other characterisation results, and together with the large
experimental errors reported, this would call into
question the accuracy and validity of the XPS
results. Further, during the discussions, it was suggested that the most likely influence of the
Cu/ZSM-5 catalysts was not NH3 oxidation, but
rather its activity for NH3-SCR, which leads to an
improvement in the high-temperature activity of
the catalyst system.
Continuing with presentations based on HCSCR studies over a Ag/Al2O3 catalytic bed, the
influence of biodiesel fuel over a microreactor was
discussed next. Biodiesel is an interesting and
growing area of research, in particular as the EU
has mandated the use of certain percentages of
biodiesel in vehicle fuel, with set targets for 2010
(11). However, there are a number of challenges
involved in the use of biodiesels, including the fact
that they are known to produce more NOx than
oil-derived diesel. The presentation given here, by
José R. Hernández (Åbo Akademi University,
Finland), was entitled ‘A Combination between a
Low- and a High-Temperature Catalyst for the
SCR of NOx Using Second-Generation Biodiesel
in Microchannels’.
The catalytic testing was conducted on a
microreactor where ten plates were coated with
either Ag/Al2O3 or Cu/ZSM-5 catalysts (five
plates of each) in a specific arrangement, and the
products were measured using a micro gas chromatograph, as described in the presenter’s
previously published paper (12). The Cu/ZSM-5
catalyst was found to significantly widen the temperature window, especially in the low-temperature
region. The cause of the promotion effect when
both Ag/Al2O3 and Cu/ZSM-5 catalysts are present is not fully understood, but mechanistic
studies will be carried out in the future.
Hexadecane was used as the model fuel for
simulated second-generation biodiesel, based on
the group’s previous work (13). The use of hexadecane/biodiesel was found to improve the
low-temperature activity, but resulted in the loss of
high-temperature activity. The hexadecane concentration was shown to be an important factor, as
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the catalytic system could be optimised by controlling the C1:NOx ratio. It was reported that,
depending on the activity window, the C1:NOx
ratio should be 6 for low-temperature activity, 9
for mid-range-temperature activity, and 12 for
high-temperature activity.
This presentation invited many questions, in
particular regarding the relevance of results generated using a microreactor. Hernández stated that
the use of a microreactor improves energy efficiency and gives a better yield, increased safety and
a better degree of process control. He also asserted that similar conditions are found in a car
exhaust system to those in a microreactor.
However, it was discussed that this may not always
be the case, as the fact that the microreactor’s
results are based on changes in very small percentages of conversion means that they are prone to
higher levels of inaccuracy. Furthermore, additional factors such as mass transfer limitations and
exotherms were not addressed. However, it was
recognised that limitations in test equipment and
reactants, as well as experimental convenience,
favour the use of microreactors over testing on
larger monolith reactors.

Lean NOx Traps
The next presentation, ‘A NOx Reduction
System Using Ammonia-Storage Selective
Catalytic Reduction in Rich/Lean Excursions’, by
Tadao Nakatsuji (Okayama University, Japan),
dealt with a novel approach to the lean NOx
reduction catalyst system. One of the major disadvantages of the lean NOx trap (LNT) system is its
poor low-temperature performance and susceptibility to poisoning by species such as sulfur oxides
(SOx) that require high-temperature regeneration
profiles. Furthermore, the LNT only generates
nitrogen during the rich phase, as the NOx is
stored during the lean phase.
To address this limitation, a transient catalytic
NOx reduction catalyst was developed by
Nakatsuji’s group, containing a platinum-based
oxygen storage component (OSC) and a solid acid
capable of reducing NOx to N2 in both the lean
and rich phases. This is an extension of the LNT
concept with an in situ NH3 formation capability in
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order to carry out NH3-SCR reactions. The double
layer catalyst consists of a solid acid top layer composed of 20% H-mordenite and 80% Pt/CeO2, and
a bottom layer composed of either 2% Pt/Ce-PrZrOx or 2% Pt/(75% Al-21% BaCO3-2% K2CO3).
The ratio between the top layer for NH3 storage
and the bottom layer for NOx storage was 1:3.
The reaction mechanism over the new catalyst
system is proposed to proceed through four main
reaction pathways. In the initial lean phase, the
NOx species adsorb onto the OSC component.
These are reduced to NH3 over the platinum catalyst during rich operation, and the NH3 is then
adsorbed onto the solid acid layer. Finally, the
stored NH3 is used to reduce the NOx species during the lean phase, therefore allowing NOx
reduction to take place during both the lean and
rich phases.
The in situ Fourier transform infrared (FTIR)
spectroscopy results shown during Nakatsuji’s presentation supported the proposed mechanism, in
which only nitrates are formed during the first thirty seconds, then these rapidly turn into ammonium
(NH4+) species after a further thirty seconds. After
sixty seconds, the NH4+ concentration begins to
decrease, while concentration of N2 increases,
together with the appearance of some NOx. Based
on the N2 profiles exhibited during the presentation, there were potentially some selectivity issues.
An example of one of the N2 profiles is sketched
in Figure 1.
Akira Obuchi (National Institute of Advanced
Industrial Science and Technology (AIST), Japan)
presented another interesting novel reactor design

in his talk ‘CO and NH3-Combined SCR with an
Internal Heat Exchanging Reactor’. On newer
engine designs, there is a trend towards emission
of exhaust gases at lower temperatures to improve
fuel economy. As a consequence of this, catalytic
reactions are more difficult; therefore a new reactor was developed to integrate a heat exchanging
function with catalytic activity. Further details on
the reactor design can be obtained from several
patents and papers (14–17). This is a challenging
process, as combining a catalytic reactor with a
heat exchanger system can cause a large drop in
pressure and reduce overall efficiency.
The basic design of the reactor system consisted of different types of catalysts washcoated onto
several bundled stainless steel sheets at various
positions in the reactor. The heat is recovered by
use of a counterflow system where the inlet gas is
heated by the hot gases generated by the exothermic oxidation reaction towards the centre of the
reactor. See Figure 2 for a brief outline of one possible configuration of the reactor scheme with
three SCR catalysts.
Obuchi used two different SCR catalysts
(Cu/ZSM-5 for NH3-SCR, iridium and barium on
WO3/SiO2 for CO-SCR) with Pt/Al2O3 as the oxidation catalyst for combustion of CO to generate
the exotherm. In general, there was a ratio of 20 g
of Cu/ZSM-5 to each 5 g of IrBa/WO3-SiO2 and
3 g of Pt/Al2O3 towards the outlet end of the reactor system. There are several different possible
configurations, depending on the positions of the
catalysts, whether the sheets are coated on one or
both sides, and whether one or two different

Nitrogen concentration

Fig. 1 Nitrogen profile over a modified lean NOx
trap

Rich phase

Lean phase
Time
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Fig. 2 A possible layout of
the combined CO- and NH3selective catalytic reduction
reactor with an internal heat
exchanger, using three SCR
catalysts

Temperature

catalysts are used. The temperature in the reaction
zone can be raised to 320ºC with an inlet temperature of 100ºC, which corresponds to an 80% heat
recovery. Under CO-SCR, the NOx conversion
was 25% (NOx inlet of 100 ppm) which can be
raised to 75% when 90 ppm NH3 is added to allow
NH3-SCR to take place.
The results show a potential for heat recovery,
compared to the standard monolith reactor design,
that will benefit the catalytic activity of the new system. However, currently between 35 W and 55 W
of electrical heating is required at the ends of the
reactor to boost the activity of the system and the
CO concentration has to be increased artificially.
The last pgm-related presentation of the first
day was given by Christophe Dujardin (Unité de
Catalyse et de Chimie du Solide, Université des
Sciences et Technologie de Lille, France) and discussed the ‘Nature and Evolution of Palladium
Species on Pd-LaCoO3 and Pd-Al2O3 on the
Course of the Reactions NO+H2+O2 Followed
with Operando EXAFS’. Perovskite-supported pgms
have been of increasing interest as potential alternatives to ceria-zirconia supported pgms for de-NOx
applications (18, 19). The results presented here
showed that there are stronger interactions
between palladium and oxide sites on perovskites
than on alumina, which suggests that perovskite
has a stabilising effect. The reduction of palladium
to its metallic form under hydrogen was also shown
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to be delayed on perovskites compared to alumina.
The catalysts were synthesised using the sol-gel
technique, with addition of 1 wt.% palladium by
impregnation, and fired at 400ºC followed by a prereduction in hydrogen at 250ºC. The reaction
conditions were 0.1% nitric oxide (NO), 0.5%
hydrogen and 3% oxygen in helium. It was interesting to note that pgms supported on perovskite
exhibit better catalytic activity compared to those
supported on silica, despite their lower surface area.
It has been proposed that palladium may actually be inserted into the framework of the
perovskite, based on the higher XPS binding energy of PdO at 500ºC. However, this is still being
debated (20). Results of in situ XPS studies were
presented that showed preservation of the
LaCoO3 structure and the conversion of Co3+ to
Co2+ and Co0 when reduced and re-oxidised under
the reaction conditions.

NOx Storage
The second day of the conference focused on
one specific area of NOx control: NOx storage.
The first talk of the day was by William Epling
(University of Waterloo, Canada; in collaboration
with Cummins, Inc, U.S.A.) and was entitled
‘Evaluating Axial Distributions of Species and
Temperature on Monolith-Supported Catalysts via
Spatially-Resolved Calorimetry’. The technique of
IR thermography, which has been successfully
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used previously to characterise oxidation catalysts,
was used to measure the axial distribution of
nitrate species as a function of lean-phase time and
temperature, with either NO2 or NO as the NOx
source, on both model and commercial diesel
NOx adsorber catalysts.
The next presentation was ‘Intermediate NH3
Generation and Utilization Inside a Lean NOx
Trap Catalyst’ by Jae-Soon Choi (Oak Ridge
National Laboratory, Oak Ridge, U.S.A.). Choi
explained how NH3 is created and where and how
it is used in a LNT catalyst. Intra-catalyst measurements were performed using spatially resolved
capillary-inlet mass spectrometry (SpaciMS). Leanrich cycling tests (cycles of 60 s lean, 5 s rich) were
carried out on a Pt/Ba/Al2O3 washcoated catalyst.
NOx, N2, NH3 and H2 were measured over time
and it was seen that the relative amounts of and
selectivity towards each species were different at
different points along the channel of the monolith.
Working at different temperatures, it is possible to
see clearly the evolution of the different species
during the reaction. At low temperatures (200ºC)
there is a large amount of NOx stored on the catalyst, and the NH3 that was formed upstream is
simultaneously consumed to reduce the downstream NOx. However, increasing the temperature
to 325ºC reduces the concentration of NH3, as
NOx is less stable at this temperature and the local
H2:NOx ratio is also lower. This observation supports the important role of the H2:NOx ratio in
NH3 formation. The results obtained suggest that
two possible mechanisms exist, depending on the
operational temperature. At lower temperatures,
NH3 is formed as an intermediate (Equation (i))
that reduces the NOx stored in the catalyst
(Equations (ii) and (iii)). At higher temperatures,
H2 reacts with the stored NOx, reducing it directly
to N2 (Equation (iv)):
Ba(NO3)2 + 8H2 → 2NH3 + BaO + 5H2O (i)
3Ba(NO3)2 + 10NH3
→ 8N2 + 3BaO + 15H2O (ii)
3Pt-O + 2NH3 → N2 + 3Pt + 3H2O

(iii)

Ba(NO3)2 + 5H2 → N2 + BaO + 5H2O

(iv)
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This study showed that NH3 plays an important
role in the mechanism of a LNT.
After this interesting talk, Hiroyuki Matsubara
(Toyota Motor Corporation, Japan) presented
‘Novel CeO2-Al2O3 Nano Composite for
Inhibiting Platinum Sintering of NSR Catalyst’. It
is well known that platinum sintering by thermal
ageing decreases NOx storage capacity. Matsubara
and colleages have developed a new material based
on the strong interaction between platinum and
ceria to inhibit this effect. After the incorporation
of ceria nanoparticles into the matrix of a support
with high surface area, in this case alumina, they
obtained better platinum dispersion and smaller
particle size, which improved the NOx storage
performance of the catalyst, especially at temperatures lower than 300ºC.
The other major problem with the use of NOx
traps is poisoning by sulfur present in diesel fuel.
‘Kinetics of Sulfur Removal from a Commercial
Lean NOx Trap Catalyst’ was presented by
Aleksey Yezerets (Cummins Inc, U.S.A.) in partnership with the Emission Control Technologies
group of Johnson Matthey, U.S.A. Yezerets and
coworkers found one additional effect related to
the nature of the sulfur deposited in LNT catalysts.
Different forms of sulfur can have different effects
on NOx performance, as well as different kinetics
for its removal. The most important species found
were the sulfate species, which were shown to be
removable at low temperature. The following parameters can affect the desulfation process:
(a) initial sulfur concentration
(b) desulfation temperature
(c) reductant concentration.
This can be summarised as a mathematical expression (Equation (v)):
r = A × exp(–Ea/8.314 T )
× ([reductant ]

n (i)

) × [S ]

no

(v)
–1

where r is the rate, A is the frequency factor (s ),
Ea is the activation energy (137 ± 8 KJ mol–1), T
is the desulfation temperature (K), [reductant ] n (i)
is the reductant concentration (mol l–1), [S ] n o is
the instantaneous sulfur concentration (mol l–1),
n (i) is the reaction order at that moment in time
and n o is the initial reaction order.
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Todd J. Toops (Oak Ridge National Laboratory,
Knoxville, U.S.A.) talked about ‘Thermal Aging of
Lean NOx Trap Catalysts Using ReactorGenerated Exotherms and the Resulting Material
Effects’. In this talk, Toops showed that there is a
correlation between ageing temperature and surface area losses. Four ageing temperatures (700ºC,
800ºC, 900ºC and 1000ºC) were employed over
the course of several hundred ageing cycles. At
700ºC, there was no impact on the performance of
the catalyst at low temperature, at 800ºC there
could have been a slight influence, and at ageing
temperatures above 800ºC a significant decrease in
NOx activity and surface area was clearly seen.
This was explained by the transition of the alumina support from gamma to delta form at 860ºC.
The last day of the conference started with a
presentation entitled ‘Model NOx Storage
Catalysts: Reaction Mechanisms and Kinetics at
the Microscopic Level’ by Jörg Libuda (University
of Erlangen-Nuremberg, Germany) and colleagues. A catalyst based on Pd/Ba/Al2O3
was tested using a combination of scanning
tunnelling microscopy, high-resolution photoelectron spectroscopy using synchrotron radiation,
time-resolved IR reflection absorption spectroscopy (TR-IRAS), multimolecular beam
methods, and combined reactor/TR-IRAS experiments up to ambient pressure conditions. Libuda
and his coworkers suggested two possible mechanisms for NOx storage after NO2 exposure,
depending on the temperature: at low temperatures (~ 100ºC) a cooperative mechanism was
proposed, in which nitrites are formed first followed by nitrates; at high temperatures (≥ 300ºC),
it was found to be a non-cooperative mechanism,
where all the NOx is stored as nitrite. Palladium
particles were found to be partially covered with
BaAl2O4. Depending on the structure of these
particles, the propensity for nitrite formation will
differ. The adsorption properties of the palladium
particles depend on the degree of surface oxidation, which changes as a function of particle size
and reaction conditions.
The second presentation was entitled ‘NSR
Catalyst Supported on an Al2O3/ZrO2-TiO2
Nano-Composite: Sulphur Resistance’ and was
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presented by Naoki Takahashi (Toyota Central
R&D Labs, Inc, Japan). This study compared a
NOx storage and reduction (NSR) catalyst based
on two different supports: Ba-K/Pt-Rh/AZT
(AZT = 50 wt.% Al2O3, 35 wt.% ZrO2 and 15 wt.%
TiO2) and Ba-K/Pt-Rh/A-ZT (A-ZT = physical
mixture of Al2O3 and ZT powders, where ZT is a
ZrO2-TiO2 solid solution). Both catalysts were
exposed to a sulfur dioxide-containing oxidising
atmosphere at 600ºC for 30 min and cooled to
100ºC under flowing nitrogen. Then, under reducing conditions, the sample was heated to 800ºC. It
was found that the sample based on AZT had a
higher sulfur tolerance than that on A-ZT, due to
a larger surface contact between Al2O3 and ZT
compared to the physical mixture.
Four-way catalysts allow diesel vehicles to
reach Euro 5 legislation while at the same time
decreasing the space required by the exhaust
aftertreatment system. Claire-Noelle Millet
(Institut Français du Pétrole-Lyon, France) and
coworkers performed a global kinetic study of
four-way catalysts: Pt/Ba/ZrO2/Al2O3. Their presentation, entitled ‘Synthetic Gas Bench Study of a
4 Way Catalytic Converter: Catalytic Oxidation,
NOx Storage/Reduction and Impact of Soot
Loading and Regeneration’, followed the reactions
that occur during lean and rich periods. It was
found that NOx storage appeared to be inhibited
by carbon monoxide and hydrocarbon oxidation
with nitrogen dioxide (NO2) at low temperatures,
possibly due to competition with carbon dioxide
for storage sites produced during hydrocarbon
oxidation. Soot deposition also affected the catalytic NOx storage reaction. Continuous oxidation
of soot by NO2 induced a slower NOx storage
rate.
Sandra Capela (Instituto Superior Técnico,
Lisboa, Portugal and Laboratoire de Réactivité de
Surface, Université Pierre et Marie Curie, Paris,
France) and coworkers presented ‘An Operando
5.8 GHz Microwave-Heated FT-IR Reactor Study
of the NO2-CH4 Reaction, over a Co/Pd-HFER
Catalyst’. HFER is the hydrogen form of ferrierite
zeolite. The group performed two tests. The first
consisted of a temperature-programmed surface
reaction (TPSR), in which a reaction mixture of
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500 ppm NO2 and 5000 ppm methane (CH4) in
argon was supplied to an IR cell-reactor while
increasing the temperature from 110ºC to 420ºC.
At ~ 180ºC, presence of formaldehyde was detected by the vibration of C=O at 1745 cm–1. –NCO
species were also detected at about 250ºC. The second test used the same reaction mixture with a
5.8 Hz microwave-heated IR reactor-cell, previously stabilised at either 80ºC or 200ºC by
conventional means. Formaldehyde was again
formed as a primary product of the reaction
between NO2 and CH4; CO was also detected at
the surface of the catalyst, probably due to the partial oxidation of CH4 assisted by nitrate-like
species. The use of a microwave field means that it
is possible to heat the cell very quickly, which
allows results to be obtained faster than with a
conventional operando cell.

Conclusions
The 5th International Conference on
Environmental Catalysis covered a wide range of
topics, with autocatalysis being of particular interest.
Autocatalysis currently accounts for a large proportion of the world’s pgm use and it is important to
keep up to date on the latest developments potentially leading to reduced pgm use. Several pertinent
topics were covered in the conference and it was
interesting to compare academic research with
industry requirements and knowledge, as surprising
differences between the two were highlighted. The
conference is a useful forum for academics and
industrial representatives to meet and discuss the
ongoing research in pgm use in automotive catalysis.
The conference programme and abstracts of all
the papers presented are available on the conference website (21).
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“Fuel Processing: for Fuel Cells”
BY GUNTHER KOLB (Institut für Microtechnik Mainz GmbH, Germany), Wiley-VCH, Weinheim, Germany, 2008, 434 pages,
ISBN 978-3-527-31581-9, £130, €156, U.S.$215

Reviewed by Joseph McCarney
Johnson Matthey Technology Centre, Blounts Court, Sonning Common, Reading RG4 9NH, U.K.; E-mail: mccarj@matthey.com

Fuel processing, where carbon-based fuels are
efficiently reformed to produce hydrogen, provides one route to a more extensive utilisation of
fuel cell technology. This multi-staged process
requires catalysis for each step. Rhodium is often
used as a reforming catalyst, platinum for carbon
monoxide clean-up and platinum/palladium for
combustion. Base metals such as copper and zinc
also find widespread application.
Gunther Kolb, in “Fuel Processing: for Fuel
Cells”, sets out to understand the current state of
the fragmented effort to solve the problems of fuel
processing for niche applications. His book offers
a timely and welcome overview of the expanding
body of work in which fuel processing technology
is finding application in fuel cell power (from watt
to kilowatt scale).
The author is a well-known expert in this field
and Head of Energy Technology and Catalysis at
IMM, Germany. While the text is written to be
instructive towards the beginner, it is clearly directed at those who wish to understand the current
issues in some detail. Kolb collates and summarises current information on the development of fuel
processing technology in various areas, and highlights the achievements that have been made to
date. Throughout the book, he capitalises on his
understanding of both the science and the engineering involved in this complex interdisciplinary
field. The early chapters serve as an excellent introduction to the subject, outlining the basic chemistry
and engineering concepts associated with prereforming, partial oxidation, steam and autothermal
reforming, as well as shift reactions and other
methods of cleaning up the reformed fuel.
After introducing the components, the author
encourages the reader to see the system as more
than the sum of its parts, emphasising that a fairly
comprehensive awareness of all aspects of the
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chemistry involved is required for the selection of
appropriate operating conditions. The best choice
of steam:fuel and oxygen:fuel ratios and flow rates
are critical to gain optimum efficiency, but consideration of the physical chemistry involved is also
important when designing a system for efficiency,
selectivity and durability. Engineering considerations are also critical, and performance constraints
require difficult decisions to be made, for example
in the choice of reactor bed type (monolith, fixed
bed, membrane etc.). The later chapters detail the
specifics of engineering, design concepts and different types of fuel processor.
Where the book occasionally fails is in its illustrations – some figures are difficult to read and
lack sufficient annotation. Although the author
outlines the considerable contribution that computer modelling continues to make towards our
understanding, a lack of distinction between realworld and simulated results may cause confusion.
Further, the author’s strong interest in microchannel technology emerges in Chapter 10, which deals
with cost and production issues; however, in the
context of the volume as a whole, this seems
acceptable.
By mid-volume, the reader cannot be in any
doubt as to the complexity of the task facing those
who design and improve fuel processors. Kolb
also warns against common yet unsafe assumptions, such as the idea that the engineering
technology of large systems can be scaled down to
smaller systems. This kind of assumption can lead
to years of misdirected development work. Kolb
advocates that each situation should be considered
on its own merits, and should balance the technical requirements with the economic requirements
over its entire lifetime. The inclusion of a decision
tree to map out and exemplify the types of decision
that are required would have been very helpful to
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the reader. This could have shown that, despite the
higher initial cost of precious metal catalysts, their
higher activity, better catalyst utilisation and
greater resistance to poisoning mean that they are
the most appropriate option under some circumstances.
One of the challenges of the book was to deal
with the difficult issue of intellectual property. Any
book such as this that describes state-of-the-art
technology will find it difficult to be completely
current, as there is much knowledge that is held
outside the public domain. However, Kolb outlines the basic science and engineering behind the
work being done, and supports it with evidence
from the literature. This provides sufficient detail
for the educated reader to form an opinion, and
sufficient referencing to help the more curious to
investigate further. This will make the later chapters particularly useful to the growing numbers of
scientists and engineers who are turning their
attention and applying their skills to the technical
and commercial challenges of fuel processing.
For the general reader, this can mean that much
of the text is more detailed than they require,
although the author rewards the dedicated reader
with occasional gems of insight. Throughout the
book, the author offers a balanced approach as he
deals with different theories and experimental and
engineering approaches. However, he does
occasionally point out incorrect assumptions or
misguided endeavours. At these points the text
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comes alive, as the author adopts a cautionary tone
to underline his key message.
The book’s key message throughout is that
technological progress is being made, albeit in a
fragmented fashion, by experts in various disciplines applying their knowledge and skills to the
complex science and engineering involved. The
examples of wasted effort may be a symptom of
the fragmentation of the work, but Kolb’s book
may well inspire a more coordinated approach,
emphasising that much can be achieved when
materials scientists, chemists and engineers work
together.

Further Reading
For more information on policy aspects of fuel processing
and fuel cells, refer to:
U.S. Department of Energy, ‘On-Board Fuel Processing
Go/No-Go Decision’, DOE Decision Team Committee
Report, U.S.A., 6th August, 2004:
http://www1.eere.energy.gov/hydrogenandfuelcells/pdfs/
committee_report.pdf (Accessed on 15th June 2009)
Fuel Cell Today Industry Review 2008, “Fuel Cells:
Commercialisation”, Fuel Cell Today, U.K., 30th January,
2008:
http://www.fuelcelltoday.com/events/industry-review
(Accessed on 5th May 2009)
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Platinum 2009
“Platinum 2009”, Johnson Matthey’s latest
market survey of the platinum group metals
(pgms), was published in May 2009. It covers
supply and demand for the calendar year 2008,
together with a short-term outlook on the status
of the pgm market and pgm prices into 2009.

Platinum
There was a market deficit of 375,000 oz platinum in 2008. Global platinum demand was
down by 5 per cent to 6.35 million oz while platinum supplies were also down, by 9.5 per cent, to
5.97 million oz.
Supplies from South Africa fell to 4.53 million
oz in 2008. Supplies from Russia also fell, to
820,000 oz, and North American supplies were flat
at 325,000 oz. Supplies from other producing
nations, including Zimbabwe, rose slightly to
295,000 oz.
Gross demand for platinum for autocatalysts
was down by 8.2 per cent to 3.81 million oz. In
Europe, production of light-duty vehicles fell due
to the economic climate, while at the same time the
market share of diesel vehicles fell slightly.
Therefore, despite the increasing fitment of platinum-containing diesel particulate filters (DPFs),
platinum autocatalyst demand fell in this region. In
North America, production of light-duty vehicles
was also down and there was continuing substitution of platinum by palladium which contributed
to a fall in platinum demand in the region.
Industrial demand for platinum fell to 1.76
million oz in 2008. Weakening consumer demand,
especially in the final quarter, led to a decline in
platinum demand from the chemical sector to
395,000 oz. In the glass sector, demand fell to
390,000 oz. In electronics, demand for platinum
fell to 225,000 oz. Petroleum refining demand for
platinum rose to 245,000 oz. Other sources of
increased demand for platinum included biomedical components and aircraft turbine blades, but
demand for dental alloys declined slightly.
Jewellery demand for platinum rose towards
the end of 2008 as the price of platinum fell.
However, demand had been affected earlier in the
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year by the high price of platinum, and net
platinum demand for jewellery in 2008 was down
at 1.37 million oz. Physical investment demand
rose to 425,000 oz.

Palladium
The market surplus of palladium was 460,000
oz in 2008, with demand growing, despite the
economic downturn, to 6.85 million oz. Supplies
were down to 7.31 million oz.
Supplies of palladium from South Africa
declined to 2.43 million oz in 2008. Supplies from
North America fell to 910,000 oz, and Russian
supplies fell to 3.66 million oz.
Demand for palladium from the autocatalyst
sector fell to 4.38 million oz in 2008. North
American light-duty vehicle production was
down, causing demand for palladium to be
reduced to 1.35 million oz. In Europe, palladium
demand for autocatalysts rose to 950,000 oz, with
the increasing use of platinum-palladium catalysts
for the diesel sector outweighing the effects of
lower vehicle output. In China, Japan and the
Rest of the World regions, combined palladium
demand for autocatalysts rose to 2.09 million oz.
Demand for palladium from the chemical
industry fell to 350,000 oz. Jewellery demand for
palladium was up to 855,000 oz, and physical palladium investment grew to 400,000 oz in 2008.

Special Feature
The three-page Special Feature in the book is
entitled ‘Palladium Use in Diesel Oxidation
Catalysts’.

Availability of “Platinum 2009”
The book can be downloaded, free of charge, as
a PDF file in English, Chinese or Russian by
visiting the Platinum Today website at:
http://www.platinum.matthey.com/publications/Pt
2009.html. Alternatively the English version can be
ordered in hard copy, by filling in the form at:
http://www.platinum.matthey.com/publications/
Request_Hard_Copies_of_PGM_Review.html or
by emailing a request to: ptbook@matthey.com.
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ABSTRACTS
CATALYSIS – REACTIONS
Development of an Amphiphilic Resin-Dispersion
of Nanopalladium and Nanoplatinum Catalysts:
Design, Preparation, and Their Use in Green
Organic Transformations
Y. UOZUMI and Y. M. A. YAMADA,

Chem. Rec., 2009, 9, (1),

51–65

An amphiphilic polystyrene-poly(ethylene glycol)
resin-dispersion of Pd nanoparticles exhibited high
catalytic performance in the hydrodechlorination of
chloroarenes under aqueous conditions. Amphiphilic
resin-supported Pd and Pt nanoparticle catalysts were
active for the aerobic oxidation of alcohols in H2O
under an atmospheric pressure of O2(g).
Preparation of Nano-Pd/SiO2 by One-Step Flame
Spray Pyrolysis and Its Hydrogenation Activities:
Comparison to the Conventional Impregnation
Method
O. MEKASUWANDUMRONG, S. SOMBOONTHANAKIJ, P.
PRASERTHDAM and J. PANPRANOT, Ind. Eng. Chem. Res., 2009,

48, (6), 2819–2825

Nano-Pd/SiO2 catalysts synthesised in one-step
flame spray pyrolysis (FSP) were compared to those
on flame-made SiO2 supports by conventional
impregnation. Metallic Pd particles < 3 nm in size
were obtained directly by one-step FSP, while
impregnation gave PdO with crystallite sizes 5–12
nm. TOF values for 1-heptyne hydrogenation on the
one-step FSP catalysts decreased from 66.2 s–1 to 4.3
s–1 as Pd loading increased from 0.5 wt.% to 10 wt.%.
Steam Reforming of Methane, Ethane, Propane,
Butane, and Natural Gas over a Rhodium-Based
Catalyst
B. T. SCHÄDEL, M. DUISBERG and O. DEUTSCHMANN,

Catal.

Today, 2009, 142, (1–2), 42–51

Steam reforming (SR) was investigated over a Rhbased cordierite monolithic honeycomb catalyst. The
product distribution was analysed as a function of
temperature (250–900ºC) and steam-to-carbon ratio
(2.2–4) for two honeycomb channel densities (600 and
900 cpsi) and an uncoated monolith. Ethane, propane,
and butane are converted at much lower temperature
than methane, also in the natural gas mixtures.

EMISSIONS CONTROL
Reduction of NOx by H2 on Pt/WO3/ZrO2 Catalysts
in Oxygen-Rich Exhaust
F. J. P. SCHOTT, P. BALLE, J. ADLER and S. KURETI, Appl. Catal.

B: Environ., 2009, 87, (1–2), 18–29

Pt/WO3/ZrO2 (1) with a Pt loading of 0.3 wt.% and
a W content of 11 wt.% had high deNOx activity
below 200ºC and high overall N2 selectivity.
Additionally, (1) exhibited outstanding hydrothermal
stability and resistance against SOx.
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Synthesis and Characterization of Rh and RhOx
Particles Supported on Zeolites with High Activity
of Lean NOx–CO–H2 Reaction
T. NAKATSUJI, T. YAMAGUCHI, J. LI, N. SATO and Y.
MATSUZONO, Catal. Commun., 2009, 10, (6), 763–767

Rh and RhOx nanoparticles supported on zeolites
were synthesised in a hydrothermal process using a
gel mixture of zeolite and Rh precursors. The
nanoparticles loaded onto Na-β zeolite and Na-ZSM5 as dispersed particles and agglomerated particles,
respectively. The nanoparticles supported on NaZSM-5 are more efficient in catalysing NOx
reduction in lean conditions using H2 and CO.

FUEL CELLS
Quantitative Characterization of Catalyst Layer
Degradation in PEM Fuel Cells by X-Ray
Photoelectron Spectroscopy
F.-Y. ZHANG, S. G. ADVANI, A. K. PRASAD, M. E. BOGGS, S. P.
SULLIVAN and T. P. BEEBE Jr., Electrochim. Acta, 2009, 54,

(16), 4025–4030

The elemental concentrations and chemical states of
C, F, Pt, O and S on a PEM fuel cell catalyst layer
were determined by XPS. XPS signals characteristic
of the ionomer decrease after ~ 300 h of fuel cell
operation. Ionomer degradation was characterised by
a decrease of CF3 and CF2 species and an increase in
oxidised forms of C. The surface concentrations of F
and Pt decreased from 50.1% to 38.9%, and from
0.4% to 0.3%, respectively. The oxidized states of Pt
and C were substantially higher for the used samples.
Kinetics of Oxygen Reduction Reaction on
Corich core-Ptrich shell/C Electrocatalysts
M. H. LEE and J. S. DO, J. Power Sources, 2009, 188, (2), 353–358

Prepared nanosized Pt/C (1) and Corich core-Ptrich
(2) were shown to have the same f.c.c. crystal
structure by XRD, and their mean particle sizes
(TEM) were 3.58 and 4.12 nm, respectively. The mass
activity and specific activity of the ORR on (2) were
10.22 A g–1 and 2.73 × 10–5 A cm–2, which were 1.5
and 1.8 times those of the ORR on (1). The kinetics
of the ORR on (1) and (2) in 0.5 M HClO4 were
examined using film-type electrocatalysts on a RDE.
shell/C

Deactivation/Reactivation of a Pd/C Catalyst in a
Direct Formic Acid Fuel Cell (DFAFC): Use of
Array Membrane Electrode Assemblies
X. YU and P. G. PICKUP, J. Power Sources, 2009, 187, (2), 493–499

A multi-anode, liquid-fed fuel cell was developed
for the study of DFAFC anode catalysts.
Deactivation of Pd/C is caused by the electrooxidation of the formic acid, and does not occur
significantly at open circuit. Deactivated anodes were
shown to only be electrochemically reactivated by
reversing the cell voltage. Reactivation is slow (> 1
min) if the voltage is less negative than –0.2 V.
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Halogen-Induced Corrosion of Platinum

An Old Reaction in New Media: Kinetic Study of a
Platinum(II) Substitution Reaction in Ionic Liquids

E. DONÁ, M. CORDIN, C. DEISL, E. BERTEL, C. FRANCHINI, R.
ZUCCA and J. REDINGER, J. Am. Chem. Soc., 2009, 131, (8),

2827–2829

The interaction of Cl with Pt(110) was studied in an
ultrahigh vacuum environment. Up to half a monolayer of Cl formed an adsorbate structure. Compression
to higher local coverages led to erosion of Pt atoms
from the top layer and formation of PtCl4 pentamers.
The Pt defects healed after annealing and a longrange-ordered PtCl4/Cl/Pt(110) adlayer was formed.
Coadsorption of the Cl layer with CO caused formation of PtCl4 but no volatile compounds.
The Role of Destabilization of Palladium Hydride
in the Hydrogen Uptake of Pd-Containing
Activated Carbons

I. CORREIA

and

T. WELTON,

Dalton Trans., 2009, (21),

4115–4121

A kinetic study was carried out on the substitution
reaction of [Pt(dpma)Cl]+ with thioacetate in room
temperature ionic liquids and molecular solvents. The
reaction follows an associative mechanism with a
two-term rate law and is the same in all the solvents
studied. The reaction rate followed the order: H2O >
ionic liquids and DMSO > methanol. No ‘ionic liquid
effect’ was found.
Studies on the Complexation between Generation4.5 Methyl Ester-Terminated Poly(amidoamine)
Dendrimer and Pd2+ Ions in Methanol
W. LU, G. LI, Y. LUO and Y. JIN, J. Appl. Polym. Sci., 2009, 112,

V. V. BHAT, C. I. CONTESCU and N. C. GALLEGO, Nanotechnology,

(5), 2854–2858

2009, 20, (20), 204011 (10 pages)

The interactions between Pd2+ ions and G4.5COOCH3 PAMAM dendrimers were investigated by
UV-vis and FTIR. The addition of K2PdCl4 results in
covalent attachment of the PdCl3– alcoholysis product
of this complex to tertiary amines within the dendrimers under the appropriate conditions. XPS data
indicated a 1:3 Pd:Cl ratio. The maximum loading of
Pd2+ ions within the G4.5-COOCH3 dendrimers was
80. The best pH value for complexation was 8.3.

A sample containing Pd embedded in activated C
fibre (2 wt.% Pd) was compared with commercial Pd
nanoparticles deposited on microporous activated C
(3 wt.% Pd) and with nanocrystalline Pd. The phase
transformations were analysed over 0.003–10 bar H2
partial pressures and at several temperatures using in
situ XRD. Volumetric H2 uptake measurements verified these results. Higher degrees of Pd–C contacts
for Pd particles embedded in the microporous C
matrix induce efficient ‘pumping’ of H out of βPdHx. Thermal cleaning of C surface groups prior to
H2 exposure further enhances the H pumping power
of the microporous C.

Synthesis and Characterization of Water-Soluble
Palladium(II)-Functionalized Diphosphine Complexes
M. SUNJUK, M. AL-NOAIMI, G. ABU SHEIKHA, E. LINDNER, B.
EL-ESWED and K. SWEIDAN, Polyhedron, 2009, 28, (8),

1393–1398

Rietveld Analysis of Neutron Powder Diffraction of
Mg6Pd Alloy at Various Hydriding Stages
J. HUOT, A. YONKEU and J. DUFOUR, J. Alloys Compd., 2009,
475, (1–2), 168–172

Mg6Pd alloy was obtained by ball milling from
rolled Mg and small pieces of Pd foil. The evolution
of the crystal structure of Mg6Pd was studied by
simultaneous Rietveld refinement of the neutron and
X-ray powder diffraction data. Samples with different
D contents were measured, corresponding to reaction
end-products of the proposed hydrogenation step.
After full hydrogenation, Mg6Pd transforms to MgPd
and MgD2. Increases in lattice parameters of MgPd
alloy agree well with measured H capacities.
New Hard and Superhard Materials: RhB1.1 and IrB1.35
J. V. RAU and A. LATINI, Chem. Mater., 2009, 21, (8), 1407–1409

Phase-pure RhB1.1 and IrB1.35 bulk materials were
prepared using an electron beam apparatus. Powder
XRD patterns for both borides were obtained; the
Rietveld analysis results are presented. The Vickers
microhardness data revealed the superhard nature of
IrB1.35: under 0.49 N of applied load, it exhibits a maximum hardness of 49.8 ± 6.0 GPa. RhB1.1 bulk was
found to be hard: under 0.49 N of applied load, it
exhibits a hardness of 22.6 ± 1.5 GPa.
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H2O-soluble cis-[Pd(L)(OAc)2] (1) (L = CH2(CH2PR2)2
and R = (CH2)6OH; (CH2)nP(O)(OEt)2, n = 2–6 or 8;
or (CH2)3NH2) were obtained by reacting Pd(OAc)2
with L in a 1:1 mixture of CH2Cl2:CH3CN. L were
prepared photochemically by hydrophosphination of
the corresponding 1-alkenes with H2P(CH2)3PH2.

PHOTOCONVERSION
A Versatile Color Tuning Strategy for Iridium(III) and
Platinum(II) Electrophosphors by Shifting the ChargeTransfer States with an Electron-Deficient Core
G.-J. ZHOU, Q. WANG, W.-Y. WONG, D. MA, L. WANG and Z. LIN,

J. Mater. Chem., 2009, 19, (13), 1872–1883

Red cyclometallated Ir(III) and Pt(II) electrophosphors with enhanced electron-injection/electrontransporting features were prepared by using an electron-trapping fluoren-9-one chromophore. There is a
switch of the MLCT character of the transition from
the pyridyl groups in the traditional Ir(III) and Pt(II)
ppy-type complexes to the electron-deficient ring
core. The electron-withdrawing character of the fused
ring results in more stable MLCT states, inducing a
substantial red-shift of the triplet emission energy
from yellow to red for the Ir(III) complex and even
green to red for the Pt(II) complex.
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NEW PATENTS
CATALYSIS – APPLIED AND
PHYSICAL ASPECTS

EMISSIONS CONTROL

Palladium-Zinc Nanocolloidal Particles

A catalytic additive for reduction of NOx produced
in the catalyst regeneration zone in full-burn fluid catalytic cracking (FCC) processes is described, based on
a mixture of: (a) a zeolite-free acidic metal oxide, (b) an
alkali/ alkaline-earth metal, (c) an oxygen storage component, (d) Pd (preferably 40–1500 ppm) and (e) a
pgm, preferably Pt, Rh and/or Ir (preferably 25–1500
ppm). Amounts added to the circulating FCC mixture
are preferably 0.1–20 wt.% of the cracking catalyst.

MITSUBISHI CHEM. CORP.

Japanese Appl. 2008-264,761

A method for manufacturing PdZn nanocolloidal
particles of formula Pd(100 – x)Znx where 30 ≤ x ≤ 80
is described. Compounds of Pd and Zn are mixed
with a ligating organic compound, a reducing agent
and a solvent and heated. Particles 1–50 nm in diameter are formed with a thin organic layer on the
surface preventing coalescence, and can be used as-is
in a liquid carrier or dispersed on a support such as
silica gel to catalyse the dehydrogenation of alcohols.

CATALYSIS – INDUSTRIAL PROCESS
Palladium on Bacterial Cellulose Support
INDIAN INST. TECHNOL.

World Appl. 2008/122,987

A novel design for a reactor using immobilised Pd is
proposed. Metallic Pd is deposited on a support of
bacterial cellulose coated on a series of acrylic discs.
These are rotated, alternately allowing H2(g) to be
adsorbed from a gaseous feed and to reduce chlorinated pollutants or nitroaromatic compounds in the
liquid feed. The method can be used for treatment of
wastewater and decolourisation of textile dyes.

NOx Reduction Catalyst for FCC
G. YALURIS

et al.

U.S. Appl. 2009/0,045,101

Porous Platinum-Alumina Cryogel Catalyst
NATL. INST. ADV. IND. SCI. TECHNOL.

Japanese Appl. 2009-018,225

A manufacturing method for a highly-porous and
durable catalyst for the treatment of VOCs in industrial exhaust gas is described. A chelated solution of
Pt with ammonium oxalate is added to a sol prepared
from AlO(OH). Gelling is induced by addition of
urea and the gel is freeze-dried and calcined. Pt constitutes 0.5–5 wt.% of the catalyst body in the form of
highly-dispersed ultrafine particles.

FUEL CELLS
Platinum Nanostructures for PEMFC Catalysts

CATALYSIS – REACTIONS
Production of Chiral β-Amino Acid Derivatives
U.S. Patent 7,495,123

SOLVIAS AG

The claimed process bypasses the need for synthesis of a protected β-amino acrylic acid substrate as an
intermediate. It is catalysed by a Rh complex with chiral phosphine ligands, which may be either preformed
or generated in situ through the addition of the Rh
metal precursor and ligand to the reaction mixture.
Palladium-Catalysed Aryl Cross-Coupling
U.S. Appl. 2009/0,054,650

A. S. IONKIN

A new catalytic method for the coupling of aryl moieties is claimed. A hetero aryl halide is reacted with an
arylboronic acid in the presence of a Pd compound in
combination with a compound containing a dialkylphosphine moiety. The Pd compound may include
PdCl2(dppf), Pd(OAc)2, Pd(PPh3)4 or Pd2(dba)3. The
dialkylphosphine may be di-tert-butylphosphine or
diadamantylphosphine.
Ruthenium-Catalysed Direct Synthesis of Amides
D. MILSTEIN

et al.

U.S. Appl. 2009/0,112,005

A novel process for preparation of amides from
alcohols and amines is claimed, catalysed by a Ru complex based either on a dearomatised PNN-type ligand
(where PNN = 2-(di-tert-butylphosphinomethyl)-6(diethylaminomethyl)pyridine), or its precursors. A
primary amine is directly acylated by an equimolar
amount of a primary alcohol to produce the desired
amide with H2 as the only byproduct. High yields and
turnover numbers are claimed.
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TOYOTA ENG. MANUF. NORTH AMER. INC

World Appl. 2008/051,284

Dendritic nanostructures containing Pt or Pt alloys
are claimed for use in fuel cell catalysts. The
dendrimers may be spherical with a diameter of
1–1000 nm (preferably 5–100 nm), or disc-shaped
with a thickness of ~ 1–10 nm and may be partially
fused. Preparation occurs in a fluid medium containing a reducing agent, a precursor such as a Pt complex
and a matrix on which the structures are grown and
which can be used to manipulate their shape.
RuTe2 Catalyst for Fuel Cell
MITSUBISHI CHEM. CORP

Japanese Appl. 2008-287,927

A RuTe2-based catalyst which is stable enough for
use in both the cathode and anode in a PEMFC is
claimed. The stability is obtained through use of a
N-containing Ru precursor, preferably Ru(NO)(NO3)3.
The catalyst can be used as a coating on a C-based support and can form part of a MEA or MEA stack.

METALLURGY AND MATERIALS
Ni-Ti-Pt Shape Memory Alloy
U.S. ADM. NASA

U.S. Patent 7,501,032

A Ni-Ti-Pt shape memory alloy with a maximum
work output of ≥ 5 J cm–3 (preferably 10–15 J cm–3 ) is
disclosed. The transition temperature is 100–400ºC,
preferably 200–350ºC, and the hysteresis is < 50ºC,
preferably 10–20ºC. The composition is (in at.%): 50–52
Ti (preferably 50–50.5), 10–25 Pt (preferably 15–23)
and the balance Ni, which may be partially substituted
by 0.5–2 C and < 5 of one or more of Pd, Au and Cu.
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Device for Manufacturing Glass Fibre

Dental Alloy with High Palladium Content

TANAKA KIKINZOKU KOGYO KK

ARGEN CORP

Japanese Appl. 2008-266,057

World Appl. 2009/046,260

Molten glass flows from a circulating stream
through a cylindrical bushing block (1), is filtered
through a screen (2) and is then extruded through a
number of nozzles mounted in a base plate (3). (2) and
(3) are composed of Pt or a RhPt (Rh = 5–20 wt.%)
alloy and the interior of (1) is coated in a protective
layer of the same material. (1) and (3) are electrically
heated at 10 A mm–2 to prevent spot cooling of the
molten glass.

A Ni-based dental alloy with a high Pd content is
disclosed. The composition is (in wt.%): 25–45 Pd
(preferably ~ 25), 15–30 Cr (preferably ~ 25) and at
least 5 wt.% Mo and/or W (preferably 12), with the
balance being Ni. Optionally the Ni may be partially
substituted by up to 1.5 wt.% Si and up to 10 wt.%
Re, Nb and/or Ta. The addition of Pd makes for an
alloy which can be easily cast, ground and bonded to
porcelain, and where the thermal expansion is wellmatched to that of porcelain.

APPARATUS AND TECHNIQUE

Iridium Complex for Detection of Cancer

Platinum-Modified Pollen Filter
A Si-based coating modified by adding ~ 5 ppm Pt
is claimed to be effective to filter pollen and other
allergens from the air. An emulsion of a siloxane
complex of Pt catalyst with an average particle size of
~ 0.2 μm is added to a water-based silicone emulsion
and held at quiescence for one day to form
crosslinked silicone particles. The coating is applied
to a gauze screen to form the filter.

The novel application of electroluminescent compounds of Ir to the measurement of O2 concentration
in living cells is described. Complexes of Ir(III) with
aromatic ligands, preferably containing N, S or O, and
specifically BTP2Ir(acac) (1) are indicated. When
applied to tissue, and using a suitable detection
method, (1) will emit red phosphoresence in the
absence of dissolved O2. (1) can be used for the
detection and imaging of cancer and has the advantage of being non-invasive.

Iridium Single-Atom Tip

Iridium Oxide Conductive Coating for Medical Device

A. J. OSINGA

ACADEMIA SINICA

World Appl. 2009/048,324

U.S. Appl. 2009/0,110,951

GUNMA UNIV.

MEDTRONIC INC

Japanese Appl. 2008-281,467

U.S. Appl. 2009/0,047,413

A method for preparing an Ir tip of atomic sharpness is described. An Ir rod with a polycrystalline or
<210> monocrystalline structure is sharpened by a
method such as electrochemical etching to a tapered
end of radius 5–200 nm and heated in a vacuum
chamber under O2 pressure 10–8–10–5 Torr in two
stages, to form a tip terminating in a single atom. The
tip is stable, regenerable, capable of sustaining electric
fields up to ~ 53 V nm–1 and a perfect point electron
source.

Disclosed is a coating applied to the housing of
implantable medical devices, especially those housing
powered components. It includes a carrier and
0.1–90 wt.% of a therapeutic agent, specifically Ag
nanoparticles. The conductive carrier can be Ir oxide,
Pt, Pt black, graphite or other forms of C, etc. Such
coatings containing Ir oxide are described to be effective at inhibiting bacterial growth.

Palladium-Based Thin Film

FeRh AFM-FM Phase Change Material for PMR

SUMITOMO METAL MINING CO LTD

HEADWAY TECHNOL. INC

Japanese Appl. 2008-279,329

A H2-permeable membrane is obtained by sputter
deposition of Pd or Pd alloy on a glass-type substrate
possessing a thermal expansion coefficient of
8–15 × 10–6 ºC–1. A metal substrate layer which may
be Cu can be deposited between the substrate and
film and dissolved by acid to exfoliate the film. A very
thin membrane (0.1–5 μm thick) is obtained which is
relatively defect-free and exhibits minimal curling.

BIOMEDICAL AND DENTAL
Platinum Complexes for Treatment of Tumours
UNIV. WARSZAWSKI

World Appl. 2009/041,841

Novel peptide-Pt complexes are described, which
typically have the formula (OP-AA)-PtX2, where OP
is an opioid peptide, AA is an amino acid residue of
methionine, cysteine, histidine, 1,3-diaminebutanoic
acid or 1,4-diaminepentanoic acid and X is a halogen,
preferably Cl. The complexes are claimed to combine
the anticancer properties of Pt with the analgesic
activity of the peptide.
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ELECTRICAL AND ELECTRONICS
U.S. Appl. 2009/0,052,092

A perpendicular magnetic recording (PMR) head is
described which contains an antiferromagnetic-ferromagnetic (AFM-FM) phase change material in the
main pole layer, which may be FeRh or FeRhX where
X = Pd, Pt or Ir and where Rh is > 35 at.% of the
total. During non-write operations the material is in an
AFM state to minimise remanence, and during write
operations it is switched to an FM state by heating.
Minimal pole erasure during non-writing and high
writability compared to single pole writers is claimed.

SURFACE COATINGS
RhAl Overlay Coatings for Gas Turbine Components
GENERAL ELECTRIC

U.S. Appl. 2009/0,061,086

A RhAl coating system is claimed, consisting of:
25–90 at.% Rh, 10–60 at.% Al and forming predominately a B2-phase RhAl intermetallic. It may also
contain up to 25 at.% of one or more of Pt, Pd, Ru
and Ir and up to 20 at.% of the base metal and alloying elements of the substrate. It may be applied as an
environmental coating or a diffusion barrier coating.
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FINAL ANALYSIS
The Impact of CO2 Legislation on PGM
Demand in Autocatalysts
It is estimated that emissions from road transport contribute 17% of total anthropogenic carbon
dioxide (CO2) emissions (1). Regulations coming
into force in Europe and in the U.S.A. are seeking
to change this. In December 2008, the European
Parliament approved a directive to reduce the average CO2 emissions of new passenger cars to
130 g km–1 by 2015, with a three-year phase-in
period. Emissions will be reduced by a further
10 g km–1 through external measures including the
increased use of biofuels, lower rolling resistance
tyres and efficiency improvements to auxiliary
devices such as air conditioning units. Overall, the
120 g km–1 target represents an improvement in
fuel economy of about 25% from current levels
(2). In the U.S.A., where vehicles have traditionally been much larger and less fuel efficient than in
European markets, President Obama has unveiled
an ambitious plan to improve the fuel economy of
passenger cars and light trucks in the country to an
average of 35.5 U.S. miles per gallon (mpg) by
2016, from the current 25 U.S. mpg average (3).
While there are longer-term clean transport
options in development, such as electric and fuel
cell vehicles, three different engine technologies
are seen to be crucial in improving fuel consumption, and thus lowering CO2 output to meet these
2015 and 2016 targets. These technologies are
diesel engines, downsized turbocharged gasoline
engines combined with direct injection, and hybrid
gasoline- or diesel-electric vehicles. Each of these
three technologies will have a different impact on
platinum group metals (pgms) use.
Diesel vehicles already account for over half of
new vehicles sold in Europe, and this high share is
expected to be maintained over the next decade.
However, with improvements in gasoline direct
injection (GDi) engines and greater numbers of
vehicle manufacturers offering this technology, it
is likely that we will see more of these vehicles on
European roads in future. Some estimates put
penetration of GDi engines as high as 28% of the
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gasoline vehicle market in Europe by 2010 (4). In
the U.S.A., increasing uptake of GDi vehicles is
also expected. However, diesel sales are currently
low, at around 5% of overall light vehicle sales.
While there is potential for some growth in this
market share, the main focus for automakers in the
region is on gasoline-electric hybrid powertrain
development.

Diesel Engines
Diesel engines are 20% to 30% more fuel efficient than similar sized conventional gasoline
engines, and therefore produce less CO2. On average, diesel vehicles use more pgm than their
gasoline counterparts since they typically operate
at lower temperatures, boosting the need for pgm
use in the catalytic aftertreatment. Hydrocarbon
(HC) and carbon monoxide (CO) emissions are
managed through the use of a diesel oxidation catalyst (DOC), and many new diesel vehicles are
fitted with a diesel particulate filter (DPF) to control PM emissions. Some vehicles use a catalysed
soot filter (CSF) to control the CO, HC and PM
emissions. Traditionally, platinum has been used
as the main catalytic component in diesel
aftertreatment due to its excellent oxidation activity at low temperature and resistance to ‘poisons’
in the exhaust stream, particularly sulfur.
However, the greater availability of cleaner (lower
sulfur) diesel fuel in Europe has resulted in the
introduction of some palladium into diesel emission control systems (5).
Stricter legislation entering into force in
Europe in 2014 will focus on reducing NOx emissions from diesel vehicles, thus requiring the use
of additional catalytic aftertreatment, although
some cars sold now already incorporate NOx
aftertreatment. Two forms of aftertreatment can
be used to reduce NOx emissions: a NOx trap
(containing pgm), or selective catalytic reduction
(SCR) using urea as the reductant where the SCR
catalyst itself does not use pgm, although the

179

aftertreatment system as a whole may still contain
pgm. Both technologies are expected to be used to
meet Euro 6 legislation, with vehicle size being a
key consideration in the choice between the use of
a NOx trap and an SCR catalyst.
Given the considerably higher amount of pgm
used in diesel aftertreatment as compared with
gasoline, any increase in the share of diesel engines
will lead to greater demand for pgms.

Downsized Gasoline Engines
Downsized gasoline engines (such as turboand super-charged engines), particularly when
combined with GDi, provide similar, or improved
performance at reduced engine size and hence the
potential for greater fuel economy. In recently
developed GDi vehicles, the catalyst size tends to
be smaller, but the pgm loading may be higher.
While the net effect on pgm content is not yet
clear, at present the catalyst loadings for GDi
engines are broadly similar to naturally aspirated
(conventional) gasoline engines.

Hybrid Powertrain
Hybrid vehicles offer fuel economy benefits
over similar sized gasoline or diesel engines by
combining the internal combustion engine with an
electric motor. Because of the relatively small numbers of hybrid vehicles produced today, the
comparison between similar sized hybrid and conventional gasoline or diesel vehicles in terms of
pgm loading is not well defined and is complicated
by two opposing factors. A hybrid vehicle generally has a smaller engine than its conventional
gasoline or diesel counterpart, as the electric motor
and battery assist during acceleration, and could
therefore be expected to require less pgm for the
catalyst. However, in the U.S.A., where the majority of hybrid vehicles are sold today, these vehicles
are typically manufactured to meet more stringent
Californian SULEV emissions standards (6), and
therefore require higher pgm loadings. In the coming years, assuming that vehicles are manufactured
to meet the same regional emissions standards, the
current view is that a switch to hybrid vehicles
from conventional gasoline or diesel vehicles will
have little impact on overall uptake of pgm.
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Vehicle Downsizing
Moving away from the subject of engine technoogies, a shift to smaller, lower-cost and more
fuel efficient vehicles could reduce the average
pgm loading per vehicle. Recently, there is evidence
of a move to smaller vehicles in both the European
and U.S. markets, but it is not yet clear whether this
will be a long-term trend. In Europe, the growth in
the small car segment is seen as a temporary effect
caused by the scrappage incentives which are in
place in key markets (7). These provide a one-off
payment towards the cost of a new car to consumers scrapping an older vehicle. In the U.S.A.,
some consumers downsized from passenger trucks
and sports utility vehicles (SUVs) to smaller vehicles in response to the higher fuel prices in 2008
and, despite falling gasoline prices this year, analysts are anticipating that the share of passenger
trucks will continue to drop slowly over time.

Conclusion
Precise trends in regional uptake of pgms
depend on both the extent to which each of the
above strategies is pursued and consumer preferences, and remain difficult to predict. Overall,
however, it is unlikely that tighter CO2 emissions
limits will strongly affect pgm demand from the
automotive sector in either direction within the
foreseeable future.
LUCY BLOXHAM
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