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Platinum group metals (pgms) have never 
been more essential. They are already key 
contributors to technologies that have global 
impact: catalytic convertors (platinum, palladium, 
rhodium) that minimise air pollution; catalysts 
(platinum, rhodium) to produce nitric acid in 
fertiliser manufacture, which supports global 
food production; crucibles (iridium) for making 
scintillation crystals used in metal scanners 
and mobile phones; and hard disks (platinum, 
ruthenium) with enhanced storage capacity.
This special pgm edition of the Johnson Matthey 

Technology Review highlights how some of these 
long-standing applications are developing. For 
platinum jewellery, bulk metallic glasses are 
being investigated for their improved properties 
compared to cast alloys (1), while the mechanical 
properties of platinum-rhodium binary alloys 
and superalloys are being studied based on the 
impact of the valance electron ratio on metallic 
bonding (2). Platinum-rhodium alloys are crucial 
in the production of glass fibres, and here 
work is presented which investigates additive 
manufacture as a way to overcome limitations 
on fabricating equipment (3). The use of additive 
manufacture is discussed for making platinum-
gold alloy jewellery using laser powder bed fusion 
technology (4).
Catalysis has always been a pivotal application of 

the platinum group metals, and this special edition 
features a discussion on progress in C–H activation 
by rhodium and iridium complexes, a potential 
future route to making chemical feedstocks from, 
ideally, sustainably derived hydrocarbons (5). Out 
of the H2020 Platinum Group Metals Recovery 
Using Secondary Raw Materials (PLATIRUS) 
project, novel technologies for improving the 
recovery of pgms from end-of-life catalysts are 

reported, including microwave assisted leaching 
and gas-diffusion electrocrystallisation (6). 
Significant advances have been made in the 

potential environmental impact of pgm-catalysed 
processes by carrying out reactions in water 
instead of organic solvents and decreasing the 
use of energy and reagents. This is exemplified 
by a room temperature, aqueous electrochemical 
route for synthesis of monodisperse platinum-
cobalt nanocrystalline catalysts (7) and ground-
breaking work reported on aqueous micellar 
catalysis by palladium in water at ambient 
temperatures (8). 
With particular reference to palladium in 

organic chemistry, the article by Professor Bruce 
Lipshutz (8) also raises concerns circulating in the 
academic community about whether there will 
be enough palladium to meet future demand in 
organic synthesis. In reality, Johnson Matthey’s 
pgm market insight indicates that palladium and 
rhodium will go from their current state of high 
demand and high price into a surplus position as 
road transport transitions away from the fossil fuel 
burning internal combustion engines towards zero 
tailpipe-emission vehicles (9). As a consequence, 
in upcoming decades there will be significant 
opportunities to use palladium and also rhodium 
in organic chemistry and in a range of new and 
growing applications.

Critical Material Constraints

Looking to the future, a mixture of technologies 
will be needed to achieve the transition to net zero, 
many of which feature pgms. Critical material 
constraints (among others) will necessitate that 
the transport market be shared between lithium- 
and cobalt-dependent battery electric vehicles, 
which are best suited for the shorter distances 
and lower loads of passenger vehicles, and 
platinum-containing fuel cell vehicles, which have 
the ability to transport heavier loads over longer 
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distances with less frequent refuelling. To enable 
renewable energy (solar power, hydro power, wind 
power) to be transported from the geographies 
where they are most plentiful will require iridium- 
and platinum-based electrolysers; these generate 
hydrogen which can then be liquified or captured 
in a carrier (ammonia or a liquid organic) to be 
transported cheaply and safely to point of use, 
significantly easing future demands on electrical 
infrastructure.

The Transition to Net Zero

Both mining and recycling are necessary to supply 
the quantities of pgms demanded by their ever-
increasing range of applications, and the high 
value of pgms means that both continue to be a 
commercially viable proposition. While miners and 
refiners of pgm plan to transition their operations 
to net zero, one way to minimise the environmental 
impact of processing pgms is to keep using them 
for as long as possible. Tracking pgms through a 
closed-loop recycle has been proven to be the most 
effective way to minimise metal losses resulting 
from inefficient collection and increase the useful 
life of pgms. There would be advantage in applying 
this model to other critical metals as their recycling 
intensity increases and availability concerns 
become more urgent. 
As this special edition of the Johnson Matthey 

Technology Review illustrates, pgms have an 
important and unique contribution to make in 
addressing current global challenges in energy, 

food and health and will continue to be essential 
to the technology portfolio for centuries to come.

EMMA SCHOFIELD
Platinum Group Metal Research Fellow, 

Johnson Matthey, Blounts Court, 
Sonning Common, Reading, RG4 9NH, UK

Email: emma.schofield@matthey.com
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Renewable and low-carbon hydrogen will contribute 
to a future climate-neutral economy as a fuel, 
clean energy carrier and feedstock. One of the 
main concerns when considering its production 

by the present proton exchange membrane 
water electrolysers (PEMWE) is the use of scarce 
and expensive noble metals as catalysts for the 
hydrogen evolution reaction (HER) and oxygen 
evolution reaction (OER), because they contribute 
to increase the cost of the technology. Several 
strategies have been developed to overcome this 
drawback, such as optimising the catalyst loading 
in the electrodes and alloying or using alternative 
catalyst supports, always with the aim to maintain 
or even increase electrolyser performance and 
durability. In this review, we examine the latest 
developments in HER and OER catalysts intended 
for practical PEMWE systems, which point in the 
short term to the use of platinum and iridium 
nanoparticles highly dispersed at low loadings on 
conductive non-carbon supports. 

1. Introduction

Renewable energy sources have gained significant 
attention due to the limited amounts of fossil fuels 
and their environmental impact. The increasing 
release of carbon dioxide, nitrogen oxides, heavy 
metals, ashes, tars and organic compounds from 
the combustion of fossil fuels to meet global energy 
demand has led to a rapid increase in pollutants and 
greenhouse gases in the air (1, 2). Today, concerns 
about air pollution and climate change drive the 
search for environmentally friendly, accessible and 
economically attractive renewable energy sources 
as alternatives to fossil fuels. 
Hydrogen is the ‘clean fuel of the future’ because 

water is the only product expected (although 
residual pollutants can appear depending on the 
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purity of the fuel and the oxidiser). Pure hydrogen 
allows clean energy to be obtained (3). However, 
it is not directly available for use in nature and 
therefore, it has to be produced (4). The current 
annual production of hydrogen is about 0.1 billion 
tonnes, the most part being used for petroleum and 
metals refining (47%) and ammonia production 
(45%). A small fraction is applied for electronics 
fabrication, the food industry and as fuel for 
transportation (5).
Nikolaidis and Poullikkas (4) have summarised 

the main advantages and disadvantages of 
the different methods of hydrogen production. 
Steam reforming of hydrocarbons is the most 
developed method, with existing infrastructure and 
efficiencies in the range 74–85%. Partial oxidation 
and autothermal steam reforming of hydrocarbons 
are proven technologies with smaller efficiencies 
in the range 60–75%. All these methods produce 
CO2 as byproduct, depending on the fossil fuel. 
There are alternative methods using raw materials 
coming from renewable technologies, namely 
biomass and water. The pyrolysis of biomass 
presents efficiencies of 35–50% and is CO2-neutral, 
but its main disadvantages are tar formation 
and the variable hydrogen content depending 
on the seasonal availability and impurities of the 
feedstock. The dark fermentation of biomass also 
has good efficiencies in the range 60–80% and 
is CO2-neutral, but its major disadvantages are 
the formation of fatty acids, which are organic 
pollutants that should be removed, low hydrogen 
production rates, low yields and the need for large 
reactor volumes. 
Production methods utilising water as the only 

raw material produce hydrogen through water 
splitting processes such as electrolysis, thermolysis 
and photoelectrolysis. Thermolysis of water, with 
efficiencies in the range 20–45%, is clean and 
sustainable with oxygen being the only byproduct, 
but its major disadvantages are the toxicity of 
the elements used, corrosion problems and the 
need for high capital investment. Photoelectrolysis 
of water is also interesting since it is free from 
emissions and oxygen is the only byproduct, but it 
requires sunlight, has efficiencies of about 0.06% 
and suitable photocatalytic materials are needed. 
Conversely, electrolysis is a proven technology, 
with existing infrastructures and good efficiencies in 
the range 40–60%, with only oxygen as byproduct. 
Although a high capital investment is required and 
hydrogen produced by this method is still more 
expensive than that obtained from hydrocarbon 

reforming, water electrolysis appears to be an 
environmentally friendly hydrogen generation 
process and will be a key technique in the hydrogen 
economy.
Electrolysis is already a basic technique to provide 

hydrogen in small quantities for applications such as 
the food and semiconductor industries (5). Despite 
this, water electrolysis only contributes about 
4% of overall hydrogen production in the world 
today (5). This may significantly change in the next 
few decades since solar and wind renewable energy 
resources are expected to increase, replacing 
fossil fuels for environmental reasons. If energy 
production by these methods exceeds the electricity 
demand, energy storage as hydrogen fuel can be a 
potential solution (1). This is particularly interesting 
because renewable resources are intermittent and 
therefore excess energy in operation can be used in 
water electrolysis for hydrogen production.
Alkaline electrolysis is the oldest and most mature 

technique. It uses a thin ceramic porous diaphragm 
submerged in a liquid alkaline electrolyte (6–8). It 
is also possible to use anion exchange membrane 
technology in alkaline water electrolysis. However, 
this is a long way from commercialisation. In 
the meantime, water electrolysis using PEMWEs 
is a recent and very attractive technique from 
an industrial viewpoint because the PEMWE is a 
compact device of simple construction and flexible 
dynamic operation in which a proton exchange 
membrane (PEM) replaces the liquid electrolyte (9). 
Figure 1 shows a schematic of a single cell of a 
PEMWE (10). The PEM is an acidic solid polymer 
electrolyte with very good proton conductivity (solid 
polymer electrolyte in Figure 1). Perfluorinated 
sulfonic-acid (PFSA) PEM membranes such as 
Nafion® are commonly used (11). The anode and 
cathode reactions for water electrolysis in acidic 
media are given by Equations (i) and (ii) for the 
OER and HER, respectively (3):

H2O → ½ O2 + 2 H+ + 2 e‒  (i)

2 H+ + 2 e‒ → H2  (ii)

The standard (reduction) electrode potentials 
are 1.23 V and 0.00 V vs. standard hydrogen 
electrode, respectively, therefore the standard 
Gibbs energy of the overall Equation (iii) (given by 
the summation of Equations (i) and (ii)):

H2O → ½ O2 + H2  (iii)

is ΔGo = –2 × 96,486 C molH2O
–1 × (–1.23 V) = 2.37 

× 105 J molH2O
–1 > 0, meaning that this process 
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requires energy, which can be provided by a power 
source moving electrons from the anode to the 
cathode terminals. As shown in Figure 1, water is 
introduced in liquid or vapour form, depending on 
the temperature, in the anode compartment where 
Equation (i) takes place. The protons produced 
through Equation (i) are transported by the electric 
field through the PEM to the cathode, where they 
are reduced according to Equation (ii). The acidic 
solution is retained in the membrane, thus reducing 
corrosion problems. The PEM must be thin to 
reduce the ohmic drop, which reduces the voltage 
needed for water electrolysis. In addition, it is not 
an electron conductor and behaves as a separator 
between the anode and the cathode, thus avoiding 
internal short-circuits. Moreover, it presents good 
chemical, mechanical and dimensional stability, 
with low permeability to hydrogen and oxygen. 
The anode and the cathode catalyst layers or 
electrocatalyst layers (CLs in Figure 1) are placed 
on each side of the PEM. The gas diffusion layers 
allow diffusion of reactants through them. The 
set integrated by the PEM and CLs is known as 
the membrane electrode assembly (MEA). Note 
also that the reactants circulate through the gas 
channels of the bipolar plates (BPPs in Figure 1), 
which allow the complete stack to be built up by 
means of the electrical connection between the 
cathode and the anode of adjacent cells.
Although PFSAs suffer dehydration over 

100°C (11) and there is a consequent thermal 
limit in its practical use, the PEM offers additional 

advantages to the liquid alkaline electrolyte: 
(a) there are no anionic concentration gradients 
(as the anionic charges are fixed, fewer species are 
transported and the complexity of the system is 
reduced); (b) the gases are evolved at the back of 
the electrodes and do not contribute to the internal 
cell resistance, which is mainly due to the PEM (5); 
and (c) they are free from carbonate formation 
problems, thus providing highly compressed and 
pure hydrogen with high efficiency (1).
However, unlike alkaline electrolytes, acidic 

electrolytes require corrosion-resistant noble metals 
as electrocatalysts (12). The main components 
affecting performance and durability of PEMWE 
stacks are MEAs, in which at present iridium is 
the electrocatalyst for the OER and platinum for 
the HER (13–16). Current densities in the range 
0.6–2.0 A cm–2 for applied single cell voltages 
between 1.8–2.2 V can now be obtained (17). 
PEMWEs are in the early market introduction phase 
in the energy sector and the focus is on their 
durability and reliability rather on their cost (13). A 
recent estimate is that MEAs represent about 19% 
of the overall stack cost (18). The PEM itself plays 
a role because it contributes a significant ohmic 
loss, increasing with thickness, and must ensure 
robustness and low hydrogen and oxygen crossover. 
Nafion® 115 and 117, 120–200 μm in thickness are 
currently used, typically contributing about 5% of the 
cost of the PEMWE stack, but there is the possibility 
of introducing nanoparticles (NPs) or nanofibres in 
thinner PEMs with lower ionic resistance resulting 

Bipolar plate (BPP)

Gas diffusion layer (GDL)

Electrocatalyst layer (CL)

H2O

Anode e– e–
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HER
2H+

Solid polymer 
electrolyte (SPE)

Membrane electrode 
assembly (MEA)

OER

1

2
O2

Fig. 1. Scheme of a 
single cell of a PEMWE. 
Reproduced from 
(10) under a Creative 
Commons CC BY license
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in good mechanical stability and low oxygen and 
hydrogen crossover (14, 15, 19–22). 
The MEA is normally fabricated by directly 

depositing the electrocatalysts onto the PEM or 
by transferring them onto the PEM by a decal 
process (23). This latter procedure is known as the 
catalyst coating membrane approach (24, 25). The 
OER presents a more sluggish kinetics than the HER, 
therefore it significantly contributes to the overall 
polarisation. Iridium metal and IrO2 are the present 
state-of-the-art OER catalyst in PEMWEs (12, 14), 
providing a suitable balance between activity and 
stability and representing about 8% of the stack 
cost. With a typical loading of 2 mgIr cm–2 (23), an 
amount of about 500 kg of iridium is needed for a 
gigawatt-plant working at 4 W cm–2 (14). This is 
a large amount of iridium considering the annual 
worldwide production of about 9000 kg year–1 (2). 
Therefore, there is a need to reduce the iridium 
loading while improving the OER performance. The 
catalyst for the HER is platinum with a loading of 
about 0.3–0.5 mg cm–2 (12, 20, 26), contributing 
about 6% of the MEA cost, although it has been 
pointed out that this could be significantly reduced 
without performance loss (25). Other important 
components of PEMWEs are the bipolar plates 
and the porous transport layers, which contribute 
about 68–74% of the overall stack cost. The cell 
and stack balances account for the remaining 
percentage (14, 18).
PEMWEs use noble metals because of the 

advantages mentioned above. After intensive 
research, new components based on non-noble 
metals may be possible in the long-term, but in 
the short-term, there is still room to achieve better 
performance, durability and cost reduction with 
iridium and platinum (14). It is estimated that the 
overall cost could be reduced by about half by using 
advanced manufacturing techniques, especially for 
flow fields and separators (18). The catalytic material 
and catalyst loading are also crucial to obtain 
suitable performance, durability and cost (14). A 
good strategy to decrease catalyst cost may be to 
improve the stability of the support, enabling better 
dispersion to increase their utilisation.
Feng et al. (21) have summarised the degradation 

mechanisms of PEMWE components. The main 
problems with the electrocatalysts were dissolution, 
deactivation and agglomeration together with 
support passivation which would impede the 
current flow. This points to promising solutions 
such as addition of inert oxides, the use of binary 
or ternary solid-solution catalysts or tailoring 
the morphology of the catalyst. Recent PEMWE 

degradation studies suggested that the measured 
cell voltage increase was mainly due to reversible 
changes in the oxidation state of the iridium-based 
catalyst and that the real degradation took place 
in the ohmic and mass transport overpotential 
region at high current densities and long-time 
operation (13).
In this review, recent approaches to improve 

performance, stability, durability and cost of 
iridium- and platinum-based catalytic materials in 
current use are examined as specific objectives in 
the short-term development of PEMWEs. Attention 
is paid to catalyst loading and dispersion onto 
different supports, especially non-carbonaceous 
ones, which are particularly important in the anode 
of the PEMWEs due to the oxidative nature of this 
environment.

2. Supported Catalysts for the 
Hydrogen Evolution Reaction

As mentioned in the previous section, the most 
effective electrocatalysts for the HER in practical 
PEMWE are those based on platinum. However, 
the high cost and scarcity of platinum are a 
drawback in the development of PEMWE for 
large-scale applications. Reducing the amount 
of platinum is the main strategy to decrease the 
cathode cost contribution to PEMWEs (25, 27–30). 
Platinum black has been employed in the cathode 
of PEMWEs (30), but the platinum loading can 
be reduced by improving the catalyst dispersion 
on high specific surface area supports based on 
carbon or non-carbon materials. A further strategy 
involves the development of platinum-based alloys.

2.1 Platinum-Based Catalysts 
Supported on Carbon Materials

It is generally accepted that highly dispersed 
platinum-on-carbon is the benchmark HER 
catalyst for PEMWEs, the carbon black Vulcan® 
XC-72 being the most common (15, 19, 22, 23, 
25, 26, 29, 31, 32). Carbon-based materials 
are widely used as electrocatalyst supports 
because of their large surface area, high 
electron conductivity and stability. A PEMWE 
single cell based on Nafion® NR117 containing 
0.4 mgPt cm–2 (40 wt% platinum supported on 
Vulcan® XC-72) and 2.5 mg cm–2 of IrO2 was 
reported (32) and it showed 1.7 V at 1 A cm–2 
and 90°C. The average voltage degradation 
rate was ca. 35.5 μV h–1 after 4000 h at these 
experimental conditions.
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Other materials like graphitic nanofibers (GNF) 
have been proposed as catalyst supports because 
their textural properties can favour the transport 
of gases. In particular, the performance of GNF-
supported catalysts was found to be better than 
that of catalysts supported on Vulcan® XC-72 (33). 
A reduced electrolysis cell voltage (1.67 V vs. 
1.72 V at 1 A cm–2 and 90°C) was obtained using 
Pt/GNF cathodes instead of Pt/XC-72 with the same 
platinum content (40 wt%).
However, the use of carbon supports for stabilising 

atomic-scale platinum is challenging because the 
interaction of the support with platinum atoms 
must be controlled. Recently, an ultra-low loading 
of platinum dispersed on single walled carbon 
nanotubes (SWNTs) (0.19−0.75 at% platinum 
and a platinum loading of ∼114−570 ngPt cm–2, 
respectively) was reported in a three-electrode cell 
with promising properties in terms of electrocatalytic 
activity and durability for HER in acidic liquid 
electrolyte (34). More recently, an electrocatalyst 
comprising platinum nanowires on SWNTs with 
ultralow platinum content (340 ngPt cm–2) has 
been used for HER (35). A comparable activity 
(10 mA cm–2 at –18 mV vs. reversible hydrogen 
electrode (RHE)) to that of state-of-the-art Pt/C 
(10 mA cm–2 at –16 mV vs. RHE) was reached in 
acidic aqueous electrolyte. However, it is worth 
mentioning that HER kinetics cannot be measured 
accurately in acidic media, because it is limited 
entirely by hydrogen diffusion (36) which requires 
suitable gas transport techniques (37). In fact, 
PEMWE single cell tests recorded at 55°C using 
Nafion® 115 membrane and 0.02 mg cm–2 of Pt/C 
or Pt/SWNT at the cathode, while having 3 mg cm–2 
of IrRuOx at the anode, revealed similar activity. 
However, the stability of the electrolyser setup 
operating the cell at the constant current density 
of 1 A cm–2 was better for the MEA containing the 
Pt/SWNT catalyst.
The hydrogen and oxygen permeation between 

cathode and anode through the membranes of the 
PEMWEs has been investigated (38–40) and although 
oxygen permeation is lower than that of hydrogen, 
it increased with current density and temperature, 
as did hydrogen permeation. The oxygen content 
in the hydrogen product was found to be three 
to four times greater when using platinum-free 
instead of platinum cathode catalysts (39). This 
was explained by the lower activity for the oxygen 
reduction using the platinum-free catalyst, so that 
less permeated oxygen was reduced at the cathode 
of the PEMWE and consequently, the oxygen flow 
within hydrogen was higher. It has also been 

reported that permeated oxygen can be reduced 
to hydrogen peroxide at the cathode (two-electron 
reaction), which can be further transformed into 
hydroxyl radicals, OH•, through Fenton’s reaction 
with active metal ion impurities (such as Fe2+ and 
Cu2+) (40). These radicals produce membrane 
degradation.

2.2 Platinum-Based Catalysts 
Supported on Non-Carbon Materials

Carbon oxidation of oxygen cathodes has been 
reported in polymer electrolyte fuel cells (40, 41) 
and could also be expected in PEMWEs under certain 
conditions. It is therefore interesting to explore 
non-carbonaceous supports with high specific 
surface area. Titania has demonstrated very good 
chemical resistance and thermal stability (42). 
Shi et al. (43) found that when using a carbon-
free Pt/TiO2 cathode in a PEMWE, the membrane 
degradation rate was lower compared to a Pt/C 
cathode. This was explained by the higher rate 
of hydrogen peroxide generation on the carbon 
surface of the latter, which led to the formation of 
OH• and OOH• radicals responsible for membrane 
degradation by reaction with residual active ions 
such as Fe2+.
Platinum NPs supported on nitrogen-doped black 

titania (Pt/Nx:TiO2–x) have been reported to show 
robust durability and onset potentials for the 
HER which were somewhat smaller than those of 
commercial Pt/C catalyst (44). Different platinum 
catalysts supported on niobium-doped titania 
nanotubes (TNTs) have been synthesised and tested 
for the HER in acidic media (45). They showed 
better electrochemical performance for HER in acidic 
aqueous solution than those reported in recent 
literature for synthesised and commercial platinum 
supported catalysts. These results make Pt/Nb-
TNT catalysts, in particular those containing 3 at% 
niobium, very promising for the HER in PEMWEs.

2.3 Platinum-Based Alloy Catalysts

A further way to reduce the platinum loading in the 
cathode is by developing active platinum-based  
alloys. An example is a recently developed 
platinum-iron alloy stabilised with platinum-skin 
layers supported on carbon black for HER in acidic 
media (46). The performance and durability of 
this catalyst were examined in a PEMWE single 
cell, which incorporated a MEA consisting of PtxAL–
PtFe/C (0.20 mgPt cm–2) and a conventional anode 
IrO2 + platinum black (0.92 mgPt+Ir cm–2). The 
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electrolyte membrane was commercial Nafion® 
NRE212 (50 μm thick). The initial cell voltage was 
1.57 V at 1.0 A cm–2 and 80°C and presented 
an average degradation rate of ~70 μV h–1 after 
1000 h of continuous operation. This relatively 
high degradation rate at rather moderate operating 
conditions was mainly due to the anode, since the 
cathode operated stably with low H2O2 production 
(the cathode potential varied only ~10 mV during 
this operating time). The challenge in the case 
of noble metal-based bimetallic structures is that 
they may change during the reaction (47).
There is, of course, an alternative way to 

decrease the cathode platinum loading. Optimising 
the MEA manufacture would lead to optimal 
use of the catalyst and, by extension, the cell 
performance (25). The PEMWE durability at low 
catalyst loadings is then the issue. Highly active 
sites may result from synergistic effects between 
the supporting materials and the electronic 
properties of the metal when downsizing to single-
atom catalysts, as shown in three-electrode cells 
(47, 48). However, the undesirable tendency to 
aggregation remains to be solved.

3. Catalysts for the Oxygen Evolution 
Reaction 

Even though the electrochemical splitting of 
water has been known since the 19th century, 
more knowledge is needed to understand the 
OER mechanism and to find the ideal catalyst in 
terms of activity and stability (49). For large-scale 
production of water electrolysers, the development 
of highly active, stable and inexpensive OER 
catalysts is critical (50).
Due to the sluggish kinetics and the highly 

oxidative and acidic conditions of the OER, the 
electrocatalysts used on the anode side must be 
noble metal-based, mainly iridium and ruthenium, 
because they show the best performance in terms 
of activity and stability in the operation conditions 
(51–53). Considering the industrial importance 
of PEMWEs, several studies on electrocatalytic 
properties of iridium- and ruthenium-based 
catalysts on OER performance in acidic media are 
discussed in a large body of literature (31, 49, 
52–54).
Metallic ruthenium and RuO2 are known to be 

the most active catalysts for the OER in acidic 
media (51, 55, 56). However, several studies 
have determined that ruthenium has low stability 
compared to iridium and other metals, even under 

mild operation conditions (53, 57, 58). Danilovic 
et al. (58) used X-ray absorption spectroscopy 
together with potentiodynamic OER measurements 
to establish a functional link between activity and 
stability of monometallic oxides during the OER in 
acidic media. They found that the most active oxides 
(gold ≫ platinum < iridium < ruthenium ≫ osmium) 
were, in fact, the least stable (gold ≫ platinum 
> iridium > ruthenium ≫ osmium) materials. 
Discarding osmium because of its very low stability, 
RuO2 also degrades during OER in acidic media. At 
potentials higher than 1.4 V, the oxidation of RuO2 
to non-conductive RuO4 is favoured and tends to 
dissolve rapidly (53, 59). Therefore, this reaction 
greatly modifies RuO2 properties, significantly 
losing its electrocatalytic activity and stability during 
extended PEMWE operation (52). 
A comparative study carried out during OER using 

an electrochemical scanning flow cell connected to 
an inductively coupled plasma mass spectrometer, 
revealed that IrO2 was more stable than RuO2, with 
a difference in dissolution of ca. 30 times under 
similar conditions (53). IrO2 still has outstanding 
activity and stability and, for this reason, is used 
as the state-of-the-art catalyst in PEMWE systems 
(14, 54). 
Unfortunately, the loading of iridium in the anode 

is significantly higher than the noble metal in the 
cathode due to the sluggish OER kinetics and 
stability issue. Moreover, iridium is extremely 
rare and expensive. For relatively small systems 
(kilowatt range), the iridium and platinum catalysts 
comprise about 5–10% of the stack cost (60). The 
catalyst cost is expected to increase for larger 
systems (megawatt range), whereas the cost of 
the other stack components will be lower (61). 
Therefore, reducing the loading of precious 
metals, while maintaining higher activity and 
optimal stability, is critical to enable large-scale 
implementation of PEMWEs. For the anode, several 
strategies are currently pursued, such as reducing 
the particle size and assuring uniform distribution 
over a conductive support to make all nanoparticles 
electrochemically accessible. When the particle 
size is reduced (for a given catalyst loading), the 
effective surface area is increased and thus, more 
active sites for the OER are formed (62, 63). 

3.1 Iridium-Based Core-Shell 
Catalysts

In a similar way to platinum, the combination of IrO2 
with other metals in core-shell structures allows 
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less iridium to be used and, in addition, can display 
a superior OER activity. Tackett et al. (64) described 
FeN3 core-IrO2 shell structures with superior OER 
activity in which the nitride was protected from 
the acidic media by the shell. The activity increase 
was related to electronic effects of the substrate-
surface interaction. Nong et al. (65) prepared an 
electrochemically dealloyed IrNi core-IrOx shell 
combined with a mesoporous corrosion-resistant 
antimony-doped tin oxide support (antimony-tin 
oxide (ATO)), which behaved as highly efficient and 
stable OER catalysts in acidic medium. The higher 
OER activity on both geometric surface and iridium-
mass basis compared to the IrOx/C and IrOx/ATO 
benchmarks was explained by electronic and strain 
effects, which could modify the chemisorption and 
reactivity of intermediates at the surface. More 
recently, Jiang et al. (66) electrodeposited thin 
iridium films (~68 nm thick) on WOx nanorods, 
thus allowing a uniform iridium dispersion on the 
poorly conducting WOx and the use of a low loading 
of the precious metal. Current densities of 2.2 A 
cm–2 were obtained at 2.0 V in a laboratory PEMWE 
with improved stability over 1000 h at 0.5 A cm–2 
for a reduced loading of 0.14 mgIr cm–2, which 
was assigned to the stability of WOx and the fixed 
iridium coating.

3.2 Iridium-Based Catalysts with 
Metal Oxides

IrO2 can also be mixed with different metal oxides 
to create electrocatalysts with improved activity 
and stability for the OER such as RuxIr1–xO2 (59), 
Ru60Pt30Ir10 (67), Ir0.7Ru0.3Ox (68–70) and 
Ir0.40Sn0.30Nb0.30O2 (71). Computational studies 
have revealed that the superiority of these mixed 
metal oxides is due to the stable formation of the 
intermediates involved in the OER mechanism 
(72–75). Tang et al. (76) found that by switching 
the host structure of the Ir4+ oxygen-coordination 
octahedra from corner- and edge-sharing rutile 
(IrO2) to purely corner-sharing perovskite 
(SrIrO3), the OER activity increased by more 
than one order of magnitude. Density functional 
theory calculations revealed that the adsorption 
energetics on SrIrO3 depended sensitively on the 
electron-electron interaction, whereas for IrO2, it 
depended rather weakly. Yang et al. (77) reported 
high-activity face-sharing perovskite structures. 
Despite that the 6H-SrIrO3 perovskite contained 
27.1 wt% less iridium than IrO2, its iridium mass 
activity was seven times greater than the latter due 
to the existence of face-sharing IrO6 octahedral 

dimers, which facilitated the OER rate determining 
step by weakening the iridium-oxygen binding.
Another promising solution to decrease the iridium 

amount is the use of one-dimensional nanoarray 
electrodes, which shows promise in high catalyst 
utilisation and enhanced electron and mass transfer 
(78–80). Zhao et al. (80) prepared IrOx nanotube 
arrays by electrodepositing IrO2 NPs onto ZnO 
nanorod surfaces to produce IrO2-coated core–shell 
nanorod arrays, followed by wet chemical etching 
the ZnO nanorods away. The IrOx nanotube arrays 
showed 2.7 times higher turnover frequency (TOF) 
than that of commercial IrO2 NPs in the OER. Lu 
et al. (78) prepared vertically aligned IrOx nanoarrays 
by electrodeposition using titania nanotube arrays 
as templates. IrOx open-end nanotube arrays with 
tunable length range were obtained by modulating 
the scan rate in the electrodeposition process. 
IrOx nanoarrays performed almost the same OER 
current density with one twentieth iridium loading 
amount compared with commercial IrO2 NPs. 

3.3 Iridium-Based Nanostructured 
Thin Film Catalysts

Another strategy to improve the electrochemically 
active surface area was the preparation of 
iridium-based nanostructured thin film (NSTF) 
electrodes, developed by 3M, USA, which are less 
sensitive to agglomeration and corrosion due to 
the special catalyst morphology (21, 81–83). The 
NSTF catalysts were obtained by physical vapour 
deposition (PVD) of catalysts onto a supported 
monolayer of oriented crystalline organic-pigment 
whiskers. Whiskers are corrosion resistant, 
therefore eliminating the high voltage corrosion 
affecting most carbon supports (31). Lewinski et 
al. (81) prepared an ultra-thin continuous film of 
iridium deposited on arrays of organic nanowhiskers 
(PR149). NSTF was shown to be able to operate at 
0.25 mgIr cm–2 and attain high current densities of 
10 A cm–2 at ∼2 V at 80°C. 
More recently, Jensen et al. (83) reported 

the use of a modified PVD technique to prepare 
interconnected nanoporous thin films by selective 
leaching of heterogeneous Ir–Co templates formed 
by an alternating magnetron sputtering process. 
This approach allowed the preparation of extended 
surface area catalysts with higher porosity and 
iridium dispersion, while maintaining high intrinsic 
activities. Mirshekari et al. (84) used reactive spray 
deposition technology, a flame-based process in 
which catalyst nanoparticles are synthesised by 
combusting solutions of metal-organic precursors 
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in combustible solvents, to fabricate MEAs with 
very small amounts of catalyst. Anode and cathode 
contained only 0.3 mgIr cm–2 (in the form of Ir/IrOx 
NPs) and 0.2 mgPt cm–2 (platinum NPs on Vulcan 
XC-72R), respectively. With the purpose of reducing 
the hydrogen crossover, the MEA contained a thin 
platinum recombination layer (RL) 100–200 nm in 
thickness (0.025 mgPt cm–2) between the Nafion® 
211 and the Nafion® 117 membranes of the anode 
and cathode, respectively. The cell operated for 
3000 h at 50°C with 1.8 A cm–2 with no significant 
losses in performance.

3.4 Iridium-Based Catalysts 
Supported on Conductive Materials

One of the most remarkable ways to achieve 
highly active electrode with low loading amount of 
iridium content is the use of conductive supports 
(67, 85–88). It has been shown that supports are 
important not only to increase the active surface 
area of the catalysts, but also to integrate the 
catalyst-support feature or to improve the charge 
transfer efficiency between them (89). Stability 
under the harsh conditions of the cell is one of the 
main requirements that catalyst supports should 
meet. 
Conductive supports based on carbon materials 

are routinely used in fuel cell technology. However, 
under the high potential of the OER, most carbons 
are easily corroded. Better results were obtained 
using advanced carbon supports such as carbon 
nanobowls (90) and nanotubes (91). The stability 
and activity of iridium nanocrystals supported on 
carbon nanobowls during the OER at 10 mA cm–2 
in 0.1 M HClO4 significantly outperformed that of 
commercial Ir/C (80). IrO2 supported on carbon 
nanotubes also exhibited similar stability during 
the OER at the same current density in 0.1 M 
H2SO4 (88). 

3.5 Iridium-Based Catalysts 
Supported on Metal Oxides

Alternatively, oxide-based supports such as titania 
(89, 92–94), Ti4O7 Magneli phases (70, 95–98) 
and doped tin oxide (60, 85, 87, 99–101) have 
been proposed.

3.5.1 Titania-Based Supports

Titania supports offer low cost, very high thermal 
and chemical stability under anode conditions and 
commercial availability. However, titania suffers 

low electric conductivity (about 10–6 S cm–1 
at T < 200°C) and low adsorption/desorption 
capability toward the species and charge in the 
OER (31, 102–104). Fuentes et al. (92) developed 
IrRu(1:1) electrocatalysts supported on anatase 
titania with high activity towards the OER, which 
showed a 53% higher current per gram of metal 
than that of unsupported electrocatalyst of the 
same composition. The higher catalyst utilisation 
of supported electrocatalysts for the OER was 
consistent with small, well-dispersed nanoparticles. 
Mazúr et al. (102) prepared IrO2 NPs (60 wt%) 
supported on commercial titania powders, with 
specific surface areas from 10 m2 g–1 to 90 m2 g–1. 
They found that the lower the specific surface area 
of the support the higher was the electrochemical 
activity of the catalyst. This was explained by the 
formation of a thin layer of more conductive IrO2 
on the surface of the non-conductive titania, which 
was able to cover the support with low specific 
surface area, thus providing the entire material with 
enough electron conductivity. Rozain et al. (105) 
synthesised IrO2 catalysts on micro-sized titanium 
particles (50 wt% titanium), showing that for IrO2 
loadings less than 0.5 mgIrO2 cm–2, the performance 
of the PEMWE was better than that prepared with 
unsupported IrO2. 
Assuming that titanium was oxidised to TiO2 during 

the OER, Bernt et al. studied the influence of the 
ionomer content (24) and of the iridium loading (25) 
on the performance of a PEMWE using IrO2/TiO2 
(75 wt% iridium) as the anode electrocatalyst. The 
best performance was found for 11.6 wt% of the 
ionomer (24). The performance losses below and 
over this value were ascribed to a higher proton 
conduction resistance and to an oxygen higher 
mass transport resistance, respectively. The iridium 
loading was varied between 0.20–5.41 mgIr cm–2. 
The optimal performance at operational current 
densities (≥1 A cm–2) was for 1–2 mgIr cm–2. The 
CL became very thin and inhomogeneous when its 
loading was reduced to <0.5 mgIr cm–2, resulting 
in a much higher performance loss than expected 
based simply on the OER kinetics losses (54). This 
is illustrated in Figure 2(a), where a scanning 
electron microscopy (SEM) image of the MEA 
section is shown. On the anode side, there is 
a porous transport layer (PTL) made of sintered 
titanium, which facilitates water transport to the 
CL, composed of IrO2/TiO2 and ionomer. Separated 
by the Nafion® 212 membrane is the cathode, 
made of 4.8 wt% Pt/C and ionomer, covered by 
a carbon paper PTL. The thickness of the iridium-
based CL depends on the iridium load, as shown in 
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Figure 2(b), which shows a couple of examples 
in the insets. Figures 3(a) and 3(b) depict the 
cross-sectional and top views in the case of a low 
iridium loading. Figures 3(c) and 3(d) show 
schemes of the electrical connections in the case of 
thick and thin anode CLs, whereas in Figure 3(e), 
the titanium PTLs have been replaced by a carbon 
PTL with a microporous layer.
Cheng et al. (106) synthesised a composite 

IrOx-TiO2-Ti catalyst with mixed valence iridium 
species. It was shown that titania was beneficial 
for the formation of Ir(III) and mixed Ir(III/
IV) oxyhydroxides, resulting in a high surface 
concentration of adsorbed hydroxyl and  
controllable iridium valence, thus explaining its high 
OER activity.
Additional durability studies were performed 

with titania-supported IrO2 (Elyst Ir75 0480 from 
Umicore, Belgium) with an iridium loading of 2mgIr 
cm–2 (107). It was observed that the performance 
of the MEA electrolyser decreased after cycling 
the anode potential between ~0 VRHE in the open 

circuit voltage-periods and high potentials when 
current was applied to the electrolyser. This 
degradation was due to the formation of the less 
conductive hydrous Ir(OH)x phase and the gradual 
passivation of the titanium porous transport layer 
(titanium-PTL), which increased the internal ohmic 
resistance.
The conductivity of titania could be significantly 

improved by doping with donor species such as 
metal ions. The group of Hong and Lv extensively 
studied the effect of doping the titania support for 
IrO2 with vanadium (108), niobium (109, 110), 
tantalum (111) and tungsten (112) on the physical 
properties and OER activity of the catalysts. 
They obtained highly active IrO2 supported on 
mesoporous niobium (20 at%)-doped titania with 
specific surface area of 132 m2 g–1 by means of 
the modified evaporation-induced self-assembly 
method (109). The authors found that the majority 
of the OER activity increase was due to the niobium-
doping, which enhanced the specific surface area 
and surface activity of charge and species transfer. 
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Fig. 2. (a) SEM image 
of the cross-section of 
a MEA showing an IrO2/
TiO2 + ionomer anode 
CL and a Pt/C + ionomer 
cathode CL, separated 
by a Nafion® 212 
membrane. The anode 
and the cathode PTLs 
were made of titanium 
and carbon paper, 
respectively; (b) anode 
thickness as a function of 
the iridium loading, with 
two SEM cross-sectional 
pictures for different 
thicknesses as insets. 
Reproduced from (25) 
under Creative Commons 
Attribution 4.0 License 
(CC BY)
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Subsequent treatment of niobium-doped titania with 
hydrogen resulted in higher electrical conductivity, 
increased surface active sites and enhanced OER 
performance (110). Single cell tests showed that 
the catalyst treated in hydrogen at 750°C led to the 
optimum OER activity (1.832 V at 1 A cm–2), which 
was superior to that of unsupported IrO2 (1.858 V at 
1 A cm–2) and remained stable for 100 h operating 
at a current density of 1 A cm–2. 
They also studied the effect of vanadium 

doping of the titania support, synthesised by 
a modified evaporation-induced self-assembly 
technique (108). IrO2 supported on titania samples 
doped with different amounts of vanadium (0 at%, 
10 at%, 20 at% and 30 at%) were evaluated. 
In a single cell, the OER performance gradually 
increased with vanadium dopant from 0 at% to 
20 at%, followed by a performance deterioration 
with vanadium amount reaching 30 at% due to 
the corrodible V2O5 precipitate. Recently, the 
incorporation of tungsten to obtain IrO2/Ti1–xWxO2 
(x = 0.05, 0.1 and 0.2), resulted in an active 
electrocatalyst for the OER. Of all the Ti1–xWxO2 
supports, the highest electrocatalytic activity was 
obtained with Ti0.9W0.1O2. With optimised IrO2 
loading, the applied potential in a single water 
electrolysis cell was 1.79 V to obtain 1 A cm–2 at 
80°C. Durability tests for 40IrO2/Ti0.9W0.1O2 at 
0.5 A cm–2 and 1 A cm–2 indicated that the cell 
voltages were stable over 100 h.
Hu et al. (113) synthetised IrO2 dispersed 

on a corrosion-resistant Nb0.05Ti0.95O2 support 

(83 m2 g−1) by the sol-gel method. The IrO2 loading 
of 26 wt% exhibited the best mass normalised OER 
activity, which was explained by uniform support 
of the IrO2 NPs on the surface, thus providing 
conductive channels to reduce the grain boundary 
resistance. Recently, Alcaide et al. (89) prepared 
IrO2 and IrRuOx (50 wt%) supported on titania 
nanotubes and niobium-doped titania nanotubes  
(3 at% niobium). They observed that niobium 
doping of titania significantly increased the surface 
area of the support from 145 m2 g–1 to 260 m2 g–1. 
The highest OER performance of IrO2/Nb-TiO2 
nanotubes was assigned to the good dispersion 
and accessibility of the IrO2 NPs, the high specific 
surface area of the support and the electron donor 
properties of the Nb4+ species to the conduction band 
of titania. The stability with the Nb-TiO2 nanotubes 
was also better than that of unsupported IrO2.

3.5.2 TinO2n–1-Based Supports

Non-stoichiometric titanium sub-oxides, TiO2–x, 
have drawn considerable attention due to their high 
electronic conductivity. In particular, the titanium 
sub-oxides Magneli phases, TinO2n–1, such as Ti5O9 
and Ti4O7 or a mixture, which are known by the 
commercial name Ebonex®, are highly conductive 
and corrosion resistant in acidic media during 
the OER (95, 96). Metallic iridium NPs supported 
on Ti4O7 were synthetised by Wang et al. (86) 

via a conventional sodium borohydride reduction 
method in anhydrous ethanol at room temperature. 
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Fig. 3. (a) Cross section; 
and (b) top-view SEM 
images of thin iridium-
based CLs. The schemes 
illustrating the electronic 
transport between the 
titanium PTLs and the 
CLs are shown in: (c) 
for thick; and (d) thin 
CLs. In (e), the titanium-
based PTLs have been 
replaced by a carbon PTL 
with a MPL. Reproduced 
from (25) under Creative 
Commons Attribution 4.0 
License (CC BY)
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The catalyst exhibited improved OER kinetics in 
acidic media and higher TOF compared to iridium-
black. A study comparing IrO2 electrocatalysts 
supported on commercial Ebonex® and titanium-
suboxides (TinO2n–1) prepared in-house was 
carried out by Siracusano et al. (114). The results 
showed expected electronic conductivity for both 
electrocatalysts and superior OER activity of the 
catalyst based on titanium-suboxides prepared in-
house compared to the commercial support. These 
results were attributed to better dispersion and 
larger occurrence of active catalytic sites on the 
surface of the suboxide prepared in-house.

3.5.3 Antimony-Tin Oxide-Based 
Supports

ATO has been considered as an alternative support 
material for OER catalysts because it exhibits 
relatively high electrical conductivity and corrosion 
resistance. Some dissolution of the dopant has 
been reported during the OER at high anodic 
potentials in sulfuric acid. However, it withstands 
anodic conditions better than indium-doped tin 
oxide, known as indium-tin oxide (ITO) (101). 
Liu et al. (115) synthetised antimony-tin oxide 
nanowires (nw) as supporting materials for IrO2 
NPs which exhibited significant improvement 
in mass activity when compared to the same 
catalyst supported on antimony-tin oxide NPs 
and pure IrO2. The OER performance was further 
confirmed by PEMWE tests at 80°C; the IrO2/ATO-
nw catalyst reached 2 A cm–2 at 1.62 V vs. RHE 
(80°C) with an activity loss of 0.76 mV h–1 after 
646 h at 0.45 A cm–2. 
Wang et al. (116) found that IrO2 supported on 

ATO aerogels allowed the use of noble metal to 
be reduced while keeping the same OER current 
per unit geometric surface area. Furthermore, the 
highly porous structure of SnO2:Sb aerogel was 
successfully retained by using vanadium additives 
under atmospheric drying. However, vanadium did 
not play an active role in OER catalysis. Similarly, 
iridium NPs supported on SnO2:Sb aerogel allowed 
the use of precious metal to be decreased by more 
than 70% while enhancing the electrocatalytic 
activity and stability (60). Operando near-ambient 
pressure X-ray photoelectron spectroscopy on 
MEAs revealed a low degree of iridium oxidation, 
attributed to the oxygen spill-over from iridium to 
SnO2:Sb where the formation of highly unstable 
Ir3+ species was mitigated.
A comprehensive overview of the stability and 

degradation of catalysts during the OER in acidic 

media was given by Spöri et al. (117). They 
established that the degree of metal immobilisation 
on the support depends on the interface between 
the support surface (groups) and the metal oxide 
and influences the extent of particle detachment 
or dissolution during the OER process. These 
interactions can range from weak electrostatic 
attraction to stronger connections through surface 
chemical bonds or formation of an overlayer on 
the support, which can also affect the activity by 
decreasing or increasing electron density to the 
catalyst surface. More recently, several reviews 
address electrocatalyst performance in terms of 
activity, stability and efficiency (17, 118, 119). 
Kim et al. (17) have reviewed the latest advances 
in iridium-based, ruthenium-based and even non-
noble metal-based multimetallic electrocatalysts 
for the OER in acidic media, with emphasis on 
their stability and reference to machine learning 
models. Wang et al. (118) have summarised the 
OER performance of selected catalysts in acidic 
and alkaline media. Also related to this point, an 
in-depth literature review of the OER mechanism, 
with special emphasis on the adsorption and lattice 
oxygen evolution mechanisms to elucidate the 
catalyst degradation, has recently been published 
by Chen et al. (119). 

4. Performance of Selected Proton 
Exchange Membrane Water 
Electrolysers 

Table I shows the performance of selected PEMWE 
single cells in recent years, generally at 80°C, 
including catalyst loading, operating conditions, 
type of membrane and degradation rate, which have 
been discussed in this paper. In this review, we have 
seen many different anodic and cathodic catalysts 
which have been studied in three-electrode cells 
and in laboratory PEMWEs. Note that the latter have 
been generally tested using platinum supported on 
carbon cathodes and different PEMs, also applying 
different voltages, resulting in different current 
densities. It is therefore not easy to extract the 
best PEMWEs, since changing the anode, the 
cathode, the membrane, the temperature, the cell 
voltage or catalyst loadings can lead to significant 
changes in the cell performance. Optimisation of all 
these parameters should be performed. However, 
promising results can be ascertained. 
General trends can be observed: (a) current 

densities and cell voltages are similar, but the most 
recent papers use less iridium at the anode due 
to better dispersion of the precious metal, either 
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on a supporting material or unsupported, although 
obtained using a different synthesis procedure; 
(b) a gain in the PEMWE stability is also seen, with 
several factors affecting PEMWE stability including 
anode structure and membrane degradation; and 
(c) limiting the permeation of gases through the 
membrane leads to better PEMWE stability since 
radicals formed at the cathode produce membrane 
degradation.

5. Concluding Remarks

In this review, an overview of the most recent 
advances in electrocatalysis for PEM water 
electrolysis has been provided, both for the HER 
at the cathode and the OER at the anode, paying 
special attention to the development of noble metal 
supported catalysts and their implementation into 
practical systems. For the former reaction, Pt/C is 
the most common catalyst, while for the latter the 
most used catalysts are iridium black and IrO2. Both 
noble metals are scarce and expensive. Several 
approaches to develop highly structured catalysts 
leading to high metal dispersion and, ultimately, 
lower loadings at the electrodes have been 
thoroughly reviewed. Regarding the HER, platinum 
supported on advanced carbon materials achieves 
the expected targets in terms of performance, 
but in the authors’ opinion, durability is an issue 
that requires the use of alternative titanium-
based non-carbon supports. Regarding the OER, 
among the reviewed approaches and also in the 
authors’ opinion, the development of iridium-based 
catalysts supported on conductive metal oxides 
such as those based on niobium-doped titania 
and antimony-doped tin oxide could lead to the 
expected performance and durability required by 
industry players. 
Overall, in the short term, the development of 

advanced supports for metal dispersion will allow 
the use of these noble metals to be optimised, 
reducing the cost and increasing the performance 
and durability of the electrolysers. In the long 
term, the development of non-noble catalysts and 
their implementation in real cells is mandatory to 
ensure the viability of the technology. In this sense, 
preliminary studies carried out with non-noble 
catalysts in half-cell configuration are promising, 
but further work is necessary to improve their 
stability and durability in practical cells. Thus, there 
is still a long way to go before their implementation 
in commercial PEMWEs.
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Bushings made of platinum-rhodium alloys are a 
key component in glass fibre production. While 
bushings have grown in size and functionality 
since their introduction in the early 20th century, 
manufacturing constraints still limit their full 
potential. Both in terms of design and quality, 
traditional manufacturing methods such as milling, 
drilling and welding limit the potential of precious 
metal bushings. The technical feasibility of the 
use of additive manufacturing for the production 
of bushings is greatly dependent on the material 
properties. For the purpose of this work, an 
additively manufactured alloy consisting of 
90 wt% platinum and 10 wt% rhodium (PtRh10) 
is investigated with regard to density, electrical 
resistivity, creep performance and the contact 
angle of E-glass on the PtRh10 samples. 

1. Introduction

Glass fibres are inorganic non-crystalline thin 
filaments that, in their most simple form, date 
back to ancient Egypt (1). They play a key role 
in technologies of great commercial importance 
such as multilayer printed circuit boards (PCBs), 

composite wind turbine blades and lightweight 
boats. At a price of approximately €1.1 kg–1, 
chopped (≤50 mm length) and continuous glass 
fibres dominate the reinforcement fibre market 
with a total production volume of approximately 
700,000 tonnes in the European Union (EU) in 2018. 
Including imported glass fibres, the total annual 
demand for glass fibres within the EU in 2018 was 
just over 1.05 million tonnes (2). Estimates for the 
global glass fibre production in 2019 vary between 
5 million tonnes and 8 million tonnes (3, 4).
The commercial production of glass fibres dates 

back to the 19th century. In France, glass fibres 
were produced as early as 1830 in small volumes 
and woven to produce garments. In 1908, 
W. v. Paczinsky produced continuous glass fibres 
using a platinum vessel, a so-called bushing, 
for the first time in Hamburg (Germany) (5). As 
defined by ASTM C162-05, a bushing is “a precious 
metal or refractory/metal structure with single or 
multiple hole(s) through which glass flows and is 
attenuated into fiber(s)” (6). The key role of the 
bushing is to provide a heated vessel for a glass 
melt, comprising a multiplicity of openings from 
which glass fibres can be drawn. Figure 1 depicts 
the lower section of a bushing, the so-called tip 
plate. Commercial production of glass fibres via 
this process began in 1930 in the USA and 1939 
in Germany (5). Since that time, the underlying 
principle of drawing glass filaments from a glass 
melt through narrow tips (nozzles) in precious 
metal bushings has remained largely unchanged. 
The same process is also employed in the 
production of continuous basalt fibres. The bushing 
forms a critical part of the glass fibre production 
process. Typical operating temperatures are 
between 1150°C and 1500°C, depending on the 
glass composition. While bushing technology has 
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advanced with regard to increases in the number of 
tips and functionality, manufacturing constraints of 
traditional manufacturing methods such as milling, 
drilling and welding still limit their full potential 
both in terms of design and quality.
Manufacturing techniques for bushing tip plates 

such as deep-drawing and welding feature 
manufacturing constraints with regard to the design 
of a bushing, and in particular the complex tip plate 
of a bushing. Manufacturing the tip plate accounts 
for approximately 40% of the total manufacturing 
costs of €12,000–€15,000 for a typical 4000 tip 
bushing. The conventional production of a bushing 
is very time-consuming and cost-intensive due to 
the numerous tips. In addition, every weld seam 
increases the risk of failure and glass leakage. This 
must be counteracted by elaborate quality control. 
The risk of leakage can be reduced by deep-
drawing the nozzle plate, but the production of the 
required tools is very cost-intensive. The additive 
manufacturing technology shows potential to 
overcome these deficits, as it enables the production 
of complex monolithic parts without external weld 
lines and to a high level of precision. Furthermore, 
it enables complex design features such as narrow 
adjacent walls, hollow structures or finely detailed 
tips which are either impossible to produce through 
conventional methods or are simply not economical. 
Additive manufacturing, also known as 

‘3D printing’, is a technology through which 
parts are produced by adding material, usually 
layer by layer, to form a desired geometry. The 
technology emerged in the 1980s, with the first 
patent in the field of additive manufacturing filed 
in 1984 by William E. Masters (7). In 2014, the 
first commercially available additive manufacturing 
machine for precious metals, the Precious M 080 
(EOS GmbH Electro Optical Systems, Munich, 
Germany), was introduced to the market (8). 
While initially designated for jewellery production, 
the new precious metal additive manufacturing 
systems also show significant potential for 

industrial processes. Offering great design freedom 
in three-dimensional space, the process enables 
geometries and part functionality which can often 
not be achieved with conventional subtractive 
manufacturing methods. 
Additive manufacturing of PtRh10 alloys is 

still a relatively new technology. Little work has 
gone into optimising the material with regard to 
the relevant material properties for bushings. 
However, previous work has shown that metal parts 
manufactured through laser powder bed fusion 
(LPBF) can be optimised to achieve similar or even 
superior properties to cast or rolled parts (9, 10). 
In this present work, three properties of additively 
manufactured PtRh10 alloys are investigated, 
namely electrical resistivity, creep performance and 
the contact angle of E-glass on the PtRh10 samples. 
By evaluating these properties, the potential of 
the additive manufacturing technology for the 
production of glass fibre bushings is evaluated. 
The electrical resistivity is critical for bushings, as 

they are heated through Joule heating, also referred 
to as resistive heating. The creep performance of 
the bushing is of great importance for its service 
life. Particularly with large bushings featuring 2400 
tips or more, the large surface area of the tip plate 
is prone to sagging due to material creep under 
the hydrostatic pressure (P) of the glass melt, as 
indicated in Figure 2. 
In a study conducted by Yang et al., the average 

lifetime of an industrial 2400 tip bushing was 
analysed. A total of 84 bushings, 14 bushings 
each from six different furnaces were analysed. An 
average lifetime of 368 days with a large standard 
deviation of 114 days was recorded. Despite the 
lack of essential information such as bushing 
geometry, material or processing conditions, these 
figures provide general insights into typical bushing 
lifetimes (11). Further values available in literature 
suggest average bushing lifetimes between 250 and 
350 days, with mechanical failure due to excessive 
creep being a common cause of failure (12). 

10 mm

Fig. 1. 
Section of an 
operational 
tip plate of a 
203-tip bushing 
with fin coolers 
between double 
rows of tips 
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Finally, the contact angle with the glass melt is of 
great importance for the performance of bushings 
to enable a stable fibre drawing process and 
prevent flooding of the tip plate. Flooding describes 
the phenomenon of molten glass creeping around 
the tip openings of the bushing, covering large 
portions or even the entire tip plate. The surface 
morphology impacts the contact angle between a 
liquid and a solid, as outlined by Cassie, Baxter and 
Wenzel (13, 14). The determination of the contact 
angle of additively manufactured PtRh10 alloys is 
important as additive manufacturing often leads to 
rougher surfaces compared to conventional rolled 
sheet metal, and post-processing of the surfaces 
is more challenging due to the complex monolithic 
geometries.

2. Sample Preparation and 
Methodology

All additively manufactured PtRh10 samples were 
prepared on an EOS M 100 (EOS GmbH, Germany) 
additive manufacturing machine by Cookson 
Precious Metals Ltd (Birmingham, UK). Prior 
to testing, the rhodium content of the samples 
was evaluated through non-destructive X-ray 
fluorescence (XRF) analysis using an ADVANT 
XP device manufactured by Thermo Scientific 
(Waltham, USA). The impurities were determined 
via inductively coupled plasma optical emission 
spectrometry using an iCAPTM ICP-OES 7400 
device by Thermo Fisher Scientific. As all additively 
manufactured PtRh10 specimens used throughout 
this work were manufactured from the same 
batch of raw material powder according to the 
manufacturer, respective impurities are assumed to 
be constant across various samples. An additional 
conventionally manufactured creep specimen was 
also tested with regard to impurities. The XRF 
and inductively coupled plasma optical emission 
spectroscopy (ICP-OES) analyses were conducted 

on solid platinum-rhodium samples rather than 
the powder feedstock, as the material quality is 
assumed to be homogenous across the powder 
and therefore also across the part. The producer 
of the additively manufactured parts was unable to 
provide feedstock for analysis. 
The density of an additively manufactured PtRh10 

cube measuring 10 mm × 10 mm × 10 mm 
was determined using an AccuPyc II 1340 gas 
pycnometer made by Micromeritics Instrument 
Corp (Norcross, USA). 10 volume measurements 
were conducted through the AccuPyc II 1340 gas 
pycnometer to account for geometric inaccuracies. 
The creep behaviour of additively manufactured 

PtRh10 samples was evaluated via constant load 
tensile creep tests at a temperature of 1200°C. 
Additively manufactured ‘dog bone’ shaped samples 
measuring 48.4 mm in length, 7 mm in width and 
1 mm in thickness were prepared for testing. A 
central creep portion used to visually determine the 
elongation of the sample measuring 5 mm in length 
and 2.9 mm in width is indicated by lateral markers 
on the samples (Figure 3). The creep behaviour 
was evaluated through the so-called stress rupture 
time, which describes the time it takes for a sample 
to fail under a constant stress.
For the determination of the creep rate as well as 

the rupture time, the PtRh10 samples were inserted 
into a creep test rig consisting of a furnace, ceramic 
sample holders and thermocouples. Subsequently 
the furnace was heated to a temperature of 1200°C 
at a heating rate of approximately 10°C min–1 and 
once the target temperature was reached, a tensile 
load of 10 MPa was applied. The deformation over 
time was recorded optically through a suitable 
camera (Figure 4). A total of three additively 
manufactured samples were tested with regard to 
their creep rates and stress-rupture time at a load 
of 10 MPa at 1200°C. A further three benchmark 
samples produced through conventional 
manufacturing were tested. 

Fig. 2. Schematic of the sagging of a tip plate of a bushing due to the effects of temperature (T), time (t) 
and pressure (P)

P P

T, t
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A similar experimental setup was previously used 
by Völkl et al., allowing for a direct comparison of 
the creep rates with conventionally manufactured 
PtRh10 components from this study (15). While 
standards for creep testing of metals such as 
ISO 204:2018 or ASTM E139-11(2018) (16, 17) 
exist, they are not suitable for precious metals. 
Specified clamping methods, heating systems and 
temperature monitoring systems are often not 
compatible with the high-temperature regimes 
required for testing precious metals.
The contact angle between E-glass and additively 

manufactured PtRh10 parts was evaluated. The 
chemical composition of the E-glass is outlined in 
Table I. Glass fragments weighing between 0.01 g 
and 0.015 g were prepared by crushing E-glass 
droplets collected from a glass fibre bushing.

The PtRh10 substrates measure 
15 mm × 15 mm × 1 mm. Four PtRh10 samples 
(U1–U4) were analysed in an ‘as built’ condition 
without further post-treatment after the additive 
manufacturing process. A further four samples 
(B1–B4) were sand-blasted prior to exposure 
with the glass. In both cases, the surface facing 
upward during the additive manufacturing process 
was investigated. Finally, three conventionally 
manufactured samples (C1–C3) produced by 
Saxonia Edelmetalle GmbH (Halsbrücke, Germany) 
were analysed as a benchmark to ensure the 
comparability of the tests to the data available in 
literature. Additional polishing was performed on 
the conventional samples to remove unidirectional 
surface grooves. Prior to testing, all samples were 
cleaned with acetone (Table II).

Fig. 3. Geometry of the tensile creep 
test samples

48.4
6 13.85 A

7 R5 3 2.9

R10

5

A 4

R0
.3

R0.345°

Furnace

Sample holder

Sample

Thermocouple

Camera

Fig. 4. Overview of the high 
temperature creep test 
setup

Table I  Chemical Composition of Typical E-Glassa According to the Product Datasheet

SiO2 CaO Al2O3 B2O3 MgO Fe2O3 R2O Other

wt% 53.75 20.18 13.87 6.65 3.59 0.28 0.32 1.36

asupplied by Unifrax Dongxiang (Songyuan) Co, Ltd (Shenyang City, China)
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A model STF 16-180 tube furnace produced by 
Carbolite Gero Ltd (Hope Valley, UK) was preheated 
to 1200°C and an alumina substrate block inserted 
together with a PtRh10 sample and a glass 
fragment (Figure 5). The furnace temperature 
was monitored and maintained within ±5°C of the 
target temperature using a type N thermocouple 
attached to a RS PRO 1316 digital thermometer (RS 
Components Ltd, Corby, UK). Images of the shape 
of the glass on the metal substrate were captured 
every 10 s for a period of 1 h using a D850TM digital 
camera with an AF-S Nikkor 28-300 mm f:3.5-5.6G 
ED VR lens (Nikon Corp, Tokyo, Japan) at a focal 
length of 300 mm. The captured images were 
analysed using the ImageJ software developed 
and published by the National Institutes of Health 
(Bethesda, USA) (18). More specifically, the LB-
ADSA plugin based on the Young-Laplace equation 
was used to analyse the imaging data [SMM+10]. 
For analysis, the images were converted to 32-bit 
black and white images, cropped and rotated for 
the PtRh10 samples to align horizontally.

Additionally, a detailed surface roughness analysis 
was conducted using an InfiniteFocusG5 3D focus 
variation measurement system produced by Alicona 
Imaging GmbH (Raaba, Austria). Average surface 
roughness measurements of the arithmetical mean 
height (Sa) were taken across a central portion of the 
samples. A 10× magnification lens was used with a 
specified vertical resolution of 100 nm. A total of 
nine images were stitched to create a measurement 
area 4.5 mm × 4.5 mm in size and featuring 
27 million measurement points. A Gaussian filter 
according to ISO 16610-71:2014 (18) was applied 
through the MeasureSuite 5.3.5 software (Alicona 
Imaging GmbH) to account for surface curvature.
Three additively manufactured PtRh10 samples 

measuring 70 mm × 10 mm × 1 mm were 
produced in different build orientations during the 
additive manufacturing process (Figure 6). No 
post-treatment of the samples was undertaken 
besides the removal from the build platform via 
wire electrical discharge machining. An additional 
three conventionally manufactured samples from 

Table II Overview of the Different Sample Types
U1–U4 B1–B4 C1–C4

Manufacturing

 
AM

 
AM Conventional, rolled

Surface treatment Acetone Sand-blasting acetone Polishing acetone

Dimensions, mm

15 × 15 × 1 15 × 15 × 1 15 × 15 × 1

40 mm inner diameter 
ceramic tube

Glass melt

PtRh10 sheet
Al2O3  

substrate

Type N  
thermocouple

20 mm

Fig. 5. Schematic and image 
of the PtRh10 sample within 
the tube of the tube furnace



271 © 2023 Johnson Matthey

https://doi.org/10.1595/205651323X16787270178522 Johnson Matthey Technol. Rev., 2023, 67, (3)

rolled sheet metal of the same geometry were 
prepared. Based on the work by Silbernagel et al., 
the four-terminal sensing method, also referred to 
as Kelvin sensing, was applied to determine the 
electrical resistivity of the samples (19). Using 
a 5500A Multi-Product Calibrator (Fluke Corp, 
Everett, USA), a 10 A current was applied through 
alligator clips at each end of the sample.
The electrical resistivity of a given object with a 

known geometry can be calculated according to 
Equation (i) by measuring the electrical resistance, 
as the resistance is equal to the resistivity of the 
material times the length and divided by the cross-
sectional area:

R = (ρ L)/A (i)

where R is electrical resistance in Ω; ρ is electrical 
resistivity in Ω m; L is length in m; A is cross-
sectional area in m2.

The potential difference across a central portion 
measuring approximately 50 mm in length was 
measured using a high-precision 3458A multimeter 
(Hewlett Packard, USA). The contact probes were 
manually placed on the samples in a previously 
marked position along its central axis. An overview 
of the experimental setup is shown in Figure 7. 
Each additively manufactured sample was measured 
prior to and after annealing for 1 h at 1260°C. 
The actual cross-sectional area of each sample 
was measured to account for inaccuracies during 
sample preparation when calculating the electrical 
resistance.

3. Results 

3.1 Metallurgical Impurities

Impurities of approximately 0.33 wt% were 
detected within the additively manufactured 
sample. A total platinum and rhodium content 
of 89.83 wt% and 9.84 wt% respectively was 
measured. The conventionally manufactured 
sample featured impurities of 0.03 wt% with 
89.94 wt% platinum and 10.03 wt% rhodium. 
An overview of the various impurities is shown 
in Table III. The concentrations of zinc, gold, 
chromium, ruthenium, silver and tungsten were 
below the detection threshold of 10 ppm for the 
conventionally manufactured sample. 

3.2 Density

Through an average of 10 volume measurements, 
a density of 19.942 g cm–3 was determined. The 
measured volume of the cube of 0.9762 cm3 with a 
standard deviation of 0.0003 cm3 deviated slightly 
from the expected volume of 1 cm3. Compared with 

20 mm

Vertical

HorizontalFlat

PtRh10 sample

Build 
platform

Fig. 6. Build orientation of the different additively 
manufactured samples

10 A

10 mm

Alligator clip

PtRh10 
sample

V

Fig. 7. Schematic of the 
experimental set-up measuring 
the potential difference across the 
PtRh10 samples

Table III Detected Impurities Within the Samples
ppm Cu Fe Zn Au Cr Ir Ru Ag Pd W Other
Additive manufacturing 1800 500 460 102 100 60 50 30 29 21 95

Conventional 20 33 – – – 78 – – 94 – 75
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the reported density of 20.00 g cm–3 for PtRh10, a 
theoretical porosity of 0.29% can be calculated.

3.3 Creep Behaviour

The three additively manufactured samples failed 
after 23.8 h, 26.1 h and 30.3 h respectively, 
resulting in a mean rupture time of 26.7 h. 
A mean elongation at failure of 42.9% with a 
standard deviation of 4.6% was recorded. An 
additional three conventionally manufactured 
samples were tested under the same conditions, 
resulting in failure times of 63.3 h, 72.0 h and 
128.8 h respectively. A mean elongation at failure 
of 65.7% with a standard deviation of 18.8% was 
recorded. 

3.4 Contact Angle

The surface roughness and surface area of the 
additively manufactured samples is greatly 
increased compared to the polished samples. A 
macroscopic image of the top surface facing the 
laser beam during the LPBF process of the as-built 
and sand-blasted samples is depicted in Figure 8. 
This top surface was investigated in the subsequent 
analysis of surface roughness and contact angle.
Surface defects are present in both additively 

manufactured samples, with mean measurements 
of Sa = 5.1 μm and Sa = 5.0 μm respectively 
for the sand-blasted and as-built surfaces. The 
polished conventionally manufactured samples 
feature a mean surface roughness of Sa = 0.2 μm. 
Additionally, the increase in size of the measured 
surface compared to the projected surface of 

4.5 mm × 4.5 mm was calculated to determine the 
surface roughness on a smaller scale (Figure 9).
The contact angle of the samples was evaluated 

in a tube furnace. After a rapid decrease in contact 
angle over the first 5 min within the tube furnace, 
the equilibrium contact angle is quickly reached. 
Figure 10 shows the progression of the contact 
angle over a period of 30 min for a sand-blasted 
additively manufactured sample. The curves for all 
samples, conventional and additive manufacturing, 
are similar with equilibrium reached after 
approximately 10 min. 
For the samples in ‘as-built’ condition, a mean 

contact angle of 35.1° with a standard deviation 
of 1.1° was measured. The sand-blasted samples 
showed a slightly increased mean contact angle 
of 36.2° with a standard deviation of 1.2°, while 
the conventionally manufactured samples feature 
a mean contact angle of 43.1° and a standard 
deviation of 0.7° (Figure 11). 
According to Wenzel, corresponding roughness 

factors of 1.12 and 1.10 for the untreated as-built 
(U) and sand-blasted (B) surfaces can be calculated 
respectively (13).

3.5 Electrical Resistivity

In the horizontally built samples, a change in both 
mean resistivity and standard deviation can be 
observed after annealing (Figure 12). Similarly, 
the vertically built samples show little change in 
resistivity after annealing, with a mean resistivity 
of 22.2 μΩ cm both prior to and after annealing 
(Figure 12). Both vertically and horizontally 
built additive manufacturing samples show a 

10 mm 10 mm2 mm

Fig. 8. Surface structure of: (a) as-built; and (b) sand-blasted PtRh10 samples

(a) (b)
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higher resistivity than the value of 19.5 μΩ cm 
measured on the conventionally manufactured 
samples, which exactly matches the value 

published by Acken (27). Additional annealing at 
1500°C was undertaken on the horizontally built 
samples, with no measurable change in mean 
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resistivity compared to the samples annealed at 
1260°C. 
The flat additive manufacturing samples feature a 

mean resistivity of 31.3 μΩ cm and 30.3 μΩ cm and 
a corresponding standard deviation of 3.8 μΩ cm 
and 3.1 μΩ cm prior to and after annealing 
respectively. 

4. Discussion

4.1 Metallurgical Impurities

The detected impurities of the additively 
manufactured samples significantly exceed those 
investigated in previous creep related studies 
of platinum-rhodium alloys (20, 21). While all 
impurities are undesired, zinc is considered to 
increase creep rates of platinum-rhodium alloys, 
and typical permissible values in the glass fibre 
industry are below 50 ppm. Copper is known 
to reduce the ductility of the alloy, however no 
concrete data on the effects of concentrations 
of nearly 2000 ppm were found in the available 
literature. The source of the impurities is likely 
from the feedstock, as the production machines 
are used exclusively for precious metals. The 
producer of the additively manufactured parts 
was unable to provide feedstock for analysis to 
confirm this.

4.2 Density

The reduced volume of the test cube in comparison 
to the target volume of 1 cm3 can be attributed 
to open pores on the surfaces of the cube as well 
as dimensional inaccuracies during the additive 
manufacturing and wire cutting process. The 
porosity of 0.29% is due to a combination of 

internal voids and vacancies as well as metallurgical 
impurities. 

4.3 Creep Behaviour

The creep behaviour of the additively manufactured 
samples agrees with data on conventionally 
manufactured PtRh10 wire published by Trumić et 
al. (21). Though no detailed analysis of impurities 
is provided in said studies, purities of 99.95% for 
platinum and 99.5% for rhodium are quoted as 
well as unquantified impurities of palladium, silver, 
gold, bismuth, antimony, arsenic and copper. 
When compared to other studies such as those 
published by Völkl et al. and Hamada however, 
the observed rupture times are significantly 
shorter (Figure 13) (15, 22). The short rupture 
times of the additive manufacturing specimens 
can therefore be attributed to the impurities of 
0.33 wt%.

4.4 Contact Angle

The contact angle between an E-glass melt and 
the additively manufactured platinum-rhodium 
samples is reduced compared to conventionally 
manufactured polished samples. The polished 
samples further show a larger contact angle 
when compared to the value of 41° published by 
Selman et al. at a temperature of 1200°C (26). 
As outlined by Selman et al. when comparing 
their own findings to previous studies, this can at 
least partially be explained by different states of 
oxidation of the platinum-rhodium alloys. For the 
purpose of this work however, it can clearly be 
observed that the PtRh10 samples with a rougher 
additively manufactured surface show a smaller 
contact angle with E-glass droplets under air than 
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conventionally manufactured polished surfaces. 
More specifically, the sand-blasted surfaces (B) 
show a 16.0% smaller surface angle in comparison 
to the conventional polished samples.

4.5 Electrical Resistivity

The annealing appears to have little effect on 
the measured resistivity of the samples. When 
comparing the resistivity of the horizontally built 
samples before and after annealing, no statistically 
significant difference could be detected by applying 
a two-tailed t-test (p = 0.3). The difference in 
the mean values is likely due to a measurement 
error, as two of the three measurements prior 
to annealing are within 1% of the measured 
resistivity after annealing. Omitting this outlier, the 
mean resistivity is 21.8 μΩ cm prior to annealing 
and 22.0 μΩ cm after annealing for the horizontally 
built samples.

The flat additive manufacturing samples are 
outliers within this series, with a mean resistivity of 
31.3 μΩ cm and 30.3 μΩ cm and a corresponding 
standard deviation of 3.8 μΩ cm and 3.1 μΩ cm 
prior to and after annealing respectively. This is 
likely due to remains of the support structure from 
the additive manufacturing process attached to the 
bottom of the samples (Figure 14). 
With the supplier of the parts unable to execute 

a clean cut along the border between the support 
structure and the sample, the lower surface of 
the flat samples features an irregular surface. 
This causes problems during the contacting of the 
samples through the crocodile clips. Furthermore, 
the true cross-sectional area is therefore smaller 
than the product of the width and thickness of the 
sample, leading to measurement errors. All as-built 
and tempered additively manufactured samples 
show a higher resistivity than the reference value 
of 19.5 μΩ cm. As outlined by Silbernagel et al., 
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disruptions in the atomic lattice structure of pure 
metals govern the electrical resistance of pure 
solid metals. These disruptions are generally grain 
boundaries, vacancies or voids (19). For alloys, 
such as the PtRh10 alloys present in this study, such 
disruptions are typically caused by elements other 
than the main elements of the alloy. The higher 
resistivity of the additively manufactured samples 
is therefore likely due to a combination of internal 
vacancies or voids and the metallurgical impurities. 
The annealing has little effect on the measured 
resistivity. The observed increase in resistivity after 
annealing in the horizontal samples is likely due to 
a measurement error in the untreated samples, as 
two out of three measurements are within a 1% 
margin prior to and after annealing.

5. Conclusion

The metallurgical impurities within the additively 
manufactured samples are outside of common 
standards within the glass fibre industry. The 
high level of impurities leads to reduced stress-
rupture-times, highlighting the requirement for 
raw materials of consistently high quality to enable 
the industrial use of additive manufacturing for the 
production of glass fibre bushings. The density of 
the additively manufactured parts is within <0.5% 
of conventionally manufactured parts and generally 
suitable for use in bushings. For the manufacturing 
of bushings, the higher electrical resistivity of the 
additively manufactured components is generally 
advantageous, as lower currents are required in 
the electrical heating system. Components of the 
electrical heating system such as busbars can be 
reduced in size with lower currents and system 
losses reduced.
Finally, the 16% smaller contact angle of the 

rougher additively manufactured surfaces with 
E-glass melt is generally disadvantageous with 
regard to bushing performance. The real-life 
implications of this however can only be determined 
through experimental trials investigating the fibre 
forming and flooding behaviour of additively 
manufactured tip plates and bushings. 
In summary, this work provides a first overview 

of the feasibility of additive manufacturing for 
glass fibre bushings by shining a light on the 
most relevant material properties. Further work 
is recommended to increase material feedstock 
quality and additive manufacturing parameters 
to optimise these properties, and the creep 
performance in particular. 

References
1. K. L. Loewenstein, “The Manufacturing Technology 

of Continuous Glass Fibres”, 2nd Edn., Elsevier, 
Amsterdam, The Netherlands, 1983 

2. Commission Implementing Regulation (EU) 
2020/379, Official J. Eur. Union, 2020, 63, (L69), 14 

3. S. Mazumdar, ‘The Glass Fiber Market’, Composites 
Manufacturing, Winter 2021, pp. 18–19

4. T. Becker, M. Haag, T. Gries, D. Pico, C. Wilms, 
G. Seide, R. Kleinholz and H. Tiesler, ‘Fibers, 
12. Glass Fibers’, in “Ullmann’s Encyclopedia of 
Industrial Chemistry”, Wiley-VCH Verlag GmbH 
and Co KGaA, Weinheim, Germany, 2022

5. R. Teschner, “Glasfasern: 2. Auflage”, Springer-
Verlag GmbH, Berlin, Germany, 2019 (in German)

6. ‘Standard Terminology of Glass and Glass 
Products’, ASTM C162-05, ASTM International, 
West Conshohocken, USA, 2015, 16 pp

7. W. E. Masters, ‘Computer Automated 
Manufacturing Process and System’,  
US Patent 4,665,492; 1987

8. B. Krassenstein, ‘EOS & Cooksongold Team to 
Launch the PRECIOUS M 080 Jewelry DMLS 3D 
Printer’, 3DR Holdings, New York, USA, 15th 
September, 2014

9. I. Raffeis, U. Vroomen, F. Adjei-Kyeremeh, 
D. Großmann, H. Hammelrath, E. Westhoff, 
S. Bremen, D. Boscolo Bozza and A. Bührig-
Polaczek, Materialwiss. Werkstofftech., 2020, 51, 
(4), 432 

10. J.-R. Zhao, F.-Y. Hung, C.-S. Lu and I.-C. Lai, Adv. 
Eng. Mater., 2021, 23, (6), 2001366

11. C.-L. Yang and K.-T. Yu, J. Fail. Anal. Preven., 
2013, 13, (5) 521

12. H. Stiller, ‘Material Intensity of Advanced 
Composite Materials: Results of a Study for the 
Verbundwerkstofflabor Bremen eV’, Wuppertal 
Papers, No. 90, Wuppertal Institute for Climate, 
Environment, Energy gGmbH, Wuppertal, 
Germany, 1999, 38 pp

13. R. N. Wenzel, Ind. Eng. Chem., 1936, 28, (8), 988

14. A. B. D. Cassie and S. Baxter, Trans. Faraday Soc., 
1944, 40, 546

15. R. Völkl, D. Freund and Fischer, J. Test. Eval., 
2003, 31, (1) 

16. ‘Metallic Materials – Uniaxial Creep Testing 
in Tension – Method of Test’, ISO 204:2018, 
International Organization for Standardization, 
Geneva, Switzerland, 2018, 53 pp

17. ‘Standard Test Methods for Conducting Creep, 
Creep-Rupture, and Stress-Rupture Tests of Metallic 
Materials’, ASTM E139-11, ASTM International, 
West Conshohocken, USA, 2018, 14 pp



277 © 2023 Johnson Matthey

https://doi.org/10.1595/205651323X16787270178522 Johnson Matthey Technol. Rev., 2023, 67, (3)

18. ‘Geometrical Product Specifications (GPS) – 
Filtration – Part 71: Robust Areal Filters: 
Gaussian Regression Filters’, ISO 16610-71:2014, 
International Organization for Standardization, 
Geneva, Switzerland, 2014, 20 pp 

19. C. Silbernagel, I. Ashcroft, P. Dickens and 
M. Galea, Addit. Manuf., 2018, 21, 395

20. A. A. Bourne and A. S. Darling, Platinum Metals 
Rev., 1963, 7, (2), 42

21. B. Trumić, L. Gomidželović, S. Marjanović, 
A. Ivanović and V. Krstić, Mat. Res., 2017, 20, 
(1), 191

22. T. Hamada, ‘High Temperature Creep of Platinum 
and Its Alloys’, Dissertation, Department of 

Physical Science, Osaka University, Japan, 
January, 1998, 87 pp

23. B. Fischer, A. Behrends, D. Freund, D. F. Lupton 
and J. Merker, Platinum Metals Rev., 1999, 43, 
(1), 18

24. E. I. Rytvin, “Heat Resistance of Platinum Alloys”, 
Ore and Metals Publishing House, Moscow, Russia, 
1987 

25. G. Reinacher, Platinum Metals Rev., 1962, 6, (4), 148

26. G. L. Selman, M. R. Spender and A. S. Darling, 
Platinum Metals Rev., 1965, 9, (4), 130

27. J. S. Acken, Bur. Stand. J. Res., 1934, 12, (2), 
249

The Authors

Thilo Becker works as a research associate and group leader of the inorganic fibres 
research group at the Institut für Textiltechnik (ITA) of the RWTH Aachen University, 
Germany. His current research focuses on glass fibre production technology. In recent 
years, he has driven forward the industrialisation of additive manufacturing technology for 
the production of glass fibre bushings.

Thomas Gries studied at the RWTH Aachen University. He holds a diploma in mechanical 
engineering and economics and a doctorate in mechanical engineering. From 1995 to 
2001, he worked at Lurgi Zimmer AG, Frankfurt am Main, Germany, at the Department 
of Technologies for Fibres & Textiles in leading positions. From April 2001 onwards, he is 
Director of the ITA of RWTH Aachen University. 



https://doi.org/10.1595/205651323X16698159435916 Johnson Matthey Technol. Rev., 2023, 67, (3), 278–284

278 © 2023 Johnson Matthey

technology.matthey.com
JOHNSON MATTHEY 
TECHNOLOGY REVIEW

On the Sustainability of Palladium in Organic 
Synthesis: A Perspective
Palladium-based catalysis: its availability and use, today and tomorrow

B. H. Lipshutz
Department of Chemistry and Biochemistry, 
University of California, Santa Barbara, 
CA 93106, USA

Email: lipshutz@chem.ucsb.edu

PEER REVIEWED 

Received 12th August 2022; Accepted 15th November 
2022; Online 30th November 2022

What’s the long- and short-term prognosis for 
palladium in organic synthesis, the key platinum 
group metal (pgm) for transition metal-based 
catalysis used today by the fine chemicals 
industries? Are these processes green and 
sustainable? Are they environmentally respectful 
of the metals, especially the pgms, so essential to 
modern day society? Are non-pgm ‘earth abundant’ 
metals an attractive alternative? Where does the 
up-and-coming area of chemoenzymatic catalysis, 
which combines chemo- and biocatalysis in one-
pot processes in water, fit into the future of drug 
syntheses? And what about agricultural targets 
also being made that include palladium catalysis? 
These and related timely topics are discussed in 
this Perspective.

1. Is Palladium in Crisis?

Ask any card-carrying organic chemist which 
metal reigns supreme today in synthetic organic 
chemistry and most, if not all, will quickly identify 
palladium as the clear winner. But this soft, silver-
white metal is only one of six that make up the 
pgms, which also include ruthenium, osmium, 
platinum, rhodium, and iridium. According to the 

American Chemical Society (ACS) Green Chemistry 
Institute (1), palladium has “limited availability…”; 
the other five are also endangered, given their 
“rising threat from increased use”. In brief, they 
are, in one way or another, all at risk. And while 
neither osmium nor even ruthenium is considered 
‘precious’ usually based on cost, both platinum 
and palladium are certainly ‘expensive’, while 
iridium, and especially rhodium, are borderline 
prohibitive, typically being reserved for reactions 
where catalyst loadings must be very low. During 
the past few years, the price of palladium has 
jumped on occasion to >US$3000 per troy ounce, 
Figure 1 (2), and even today remains competitive 
with that of gold (ca. US$2000 per troy ounce). 
What does this suggest regarding the prognosis 
for pgms even in the short term, let alone the 
prospects for long-term availability? How can we 
continue today with a ‘business as usual’ mentality, 
knowing that these particular resources on the 
planet are finite? Are we not already operating in 
crisis mode, if only on the basis of price, where 
palladium may provide, at least on paper, the 
solution to an important synthetic problem but 
its use in the laboratory is simply unaffordable? 
For many contract manufacturing organisations 
(CMOs) that make crucial intermediates, that time 
is already here. What now?

2. Earth-Abundant Metals? 

One prevailing sentiment is that base metals will 
come to the rescue (3, 4). Do we actually have base 
metal-catalysed processes ready to step in and 
allow the community to achieve the same goals? 
Hardly; the science is simply not there yet. Most 
notably, reactions looking to replace palladium, for 
example, with typically 5–10 mol% nickel may offer 
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academic solutions but, in reality, are just replacing 
one problem of metal scarcity with others. That is, 
aside from the additional options for mechanistic 
variations, for example, with nickel having facile 
access to various oxidation states normally not 
commonly involved in palladium catalysis (i.e., 
Ni(I) and Ni(III)) thereby leading potentially to 
side-product formation, a different array of ligands 
is usually required to match nickel for the intended 
chemistry. More vigorous conditions are also 
common, thereby requiring greater investments of 
both energy and time. And lastly, looming large in 
what is rarely acknowledged in publications using 
such high loadings in catalysis is the all-but-certain 
elevated levels of residual metal in each product. 
This may not be an issue for many practitioners, but 
it is a crucial consideration in the pharmaceutical 
industry where the limit according to International 
Conference on Harmonisation (ICH) Q3D 
guidelines, for example, for nickel in oral drugs is 
20 ppm or less than 200 µg day–1 (5–7). Even using 
1 mol% of a nickel catalyst is virtually guaranteed 
to lead to >100 ppm nickel in any product, thereby 
necessitating additional time and expense required 
for its removal. Taken together, all of these factors 
might better be viewed as exchanging the more 
obvious up-front costs with those overall reaction 
parameters associated with base metal catalysis. 
Such considerations, likewise, apply to other base 
metals beyond nickel (such as copper and cobalt) 
that, notwithstanding their historic roles played in 
alchemy, are today also endangered (1). Indeed, 
focusing on current prices as the sole indicator in 
the selection process may be leading us into a false 
sense of security. The reality is that this metric 

alone is not an accurate measure in choosing a 
catalyst, whether considering pgms or otherwise.
While the catalyst selection process, therefore, 

perhaps argues for more widespread use of pgms, 
we must recognise that pgm availability, eventually, 
will begin to drop; that for decades the chemistry 
community continues to be unwilling to accept the 
shortages that will likely appear at some point, 
perhaps within the next 5–10 years, Figure 1 (2). 
Is it acceptable today, therefore, or at any time in 
the near future for all ‘consumers’ to simply ignore 
this realty? It seems to always be the ‘other guy’ 
using pgms at scale in industrial laboratories who is 
the big offender, since academicians, for example, 
typically do chemistry with far smaller quantities. 
Of course, there are far more users in academia 
(both at the graduate and undergraduate levels, 
worldwide), and hence, the major offenders from 
the overall green chemistry perspective are… 
academicians! Let’s also appreciate that while 
(transition metal) catalysis at any level of usage 
may be one of the fundamental “12 Principles of 
Green Chemistry” (1), it is listed at number nine. In 
other words, while pgms should be an integral part 
of environmentally responsible synthetic chemistry, 
where recycling must figure prominently (8), its 
usage should be viewed as part of a holistic picture. 

3. Do We Have Options?

Today, most catalysis is still done, unfortunately, 
with far too much metal, precious or otherwise. 
Proof of this pervades the chemical literature and 
is easily seen; for example, recent work by big 
pharmaceutical companies (9–10). But beyond 

Fig. 1. Price of palladium 
(per troy ounce) over 
time (2)
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these catalyst issues, synthetic chemistry was 
developed in, and is ‘matched’ to, waste-generating 
organic solvents (6), thereby consuming enormous 
amounts of our limited petroleum reserves. Rarely 
acknowledged, of course, is that most of this 
organic waste is burned giving rise to CO2, much of 
which is released into the atmosphere. In addition, 
there are temperature requirements for catalytic 
processes, which typically means heating reactions 
(i.e., investing energy) that lead to byproducts 
that generate even more waste from subsequent 
product purification. 
Along with transitioning away from organic solvents 

into alternative reaction media (11) come changes 
in the rules for doing organic synthesis (12); rules 
that embrace new opportunities as they appear, 
and that are in harmony with nature. With all these 
issues facing traditional organic chemistry, perhaps 
the overriding question that must be addressed 
is: should we be betting our future on 200 years 
of modern synthetic organic chemistry in organic 
solvents, or millions of years of chemistry by 
nature in water?
Fortunately, the beginnings of environmentally 

friendly and economically attractive alternatives 
are becoming more apparent on a regular basis. 
Not surprisingly, nature continues to provide 
guidance that is leading to viable solutions for 
the practice of organic chemistry that include: 
(a) minimising the need for organic solvents of any 
type, thereby dramatically reducing organic waste 
and allowing for telescoping to become routine, 
rather than limited due to individual reaction 
solvent needs; (b) reliance on lower levels of pgm-
based catalysts, thereby extending the lifetime 
of available supplies; and (c) reactions being run 
under ambient temperatures, thereby avoiding 
higher temperature-induced byproduct formation, 

along with associated investments of time and 
effort to effect separations.
Recognition of the path forward comes easily once 

an appreciation of nature’s success is recognised… 
success realised all in water. But most chemistry of 
carbon involves water-insoluble materials, so what’s 
nature’s secret? Answer: ‘dirty water’. The ‘dirt’, of 
course, corresponds to the numerous chemicals 
present in the oceans that might have assisted the 
evolutionary process: vesicles, membranes, salts 
and yes, micelles in which chemistry of water-
immiscible compounds took place. Clearly, the 
Earth’s water through time was not pristine.
Some of this ‘dirt’ that has led to numerous 

opportunities for transitioning several of the 
most heavily used reactions away from organic 
solvents focuses on development of ‘benign by 
design’ surfactants that enable chemistry ‘in 
water’. Newly introduced amphiphiles such as the 
vitamin E-containing TPGS-750-M (13), proline-
derived PS-750-M (14) and the rosin-based APGS-
2000-M (15) (Figure 2) each spontaneously form 
micellar arrays upon dissolution in water (above 
their critical micellar concentrations, which tend 
to be very low). These are just a few examples 
of technologies that continue to show considerable 
promise for use in synthesis. 
The potential for modernised micellar catalysis 

‘in water’ to significantly extend pgm usage 
almost indefinitely (admittedly only with respect 
to synthetic chemistry) is represented by recently 
reported processes for the most heavily utilised 
palladium-catalysed cross-couplings; for example, 
Nobel Prize-winning Suzuki-Miyaura reactions (16). 
Hence, by varying either the ligand, as with 
HandaPhos (17), (Figure 3) or more recently 
biaryl N2Phos (18), or the substitution pattern on 
a palladacycle (especially with the most atypical 
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but synthetically significant isopropyl group on 
nitrogen) (19) as in palladacycle 1, key biaryl 
bonds involving highly functionalised reaction 
partners can now be made in water with loadings 
of palladium in the parts per million range (for 
example, as in Scheme I; 1000 ppm palladium 
= 0.1 mol%). Very similar options exist as well for 
related parts per million level palladium catalysis 
applied to Sonogashira (20), Stille (21), Mizoroki-
Heck (22) and Negishi (23) couplings. The same 
is true for aminations (i.e., C–N bond formations), 
also now achievable in water using parts per 
million loadings of palladium (24–26). As industrial 
laboratories, especially in the pharmaceutical and 
agrochemical areas, face continuing regulatory 
scrutiny and demands that place restrictions on 
environmentally allowable chemistry (27), not to 
mention costs to the consumer, the importance of 
extending access to pgms via usage at parts per 
million levels becomes all-the-more obvious.

4. Platinum Group Metals and 
Biotechnology, or Platinum Group 
Metals vs. Biotechnology?

Another area impacted, perhaps to the greatest 
extent by ‘dirty water’ that is destined to play an 
increasingly important role in the future of organic 

synthesis, is chemoenzymatic catalysis (28). 
That is, featuring one-pot reaction sequences 
where both chemocatalysis and biocatalysis occur 
utilising the same ‘solvent’: water. The presence 
of an aqueous micellar medium accommodates 
the requirements of each type of catalysis: 
chemocatalysis, focusing on the type and amounts, 
for example, of pgms being used, and biocatalysis 
that relies mainly on enzymes present in the 
water, whether natural or engineered via directed 
evolution (29). Thus, as shown in Figure 4, the 
combination is especially powerful not only in 
allowing for tandem processes to take place, but 
also in its avoidance of unsustainable levels of 
precious metal catalysts (note the use of only 
2500 ppm palladium, or 0.25 mol%). Moreover, 
the switch to water (11), rather than using 
organic solvents that typically involve aqueous 
workups of any intermediate(s), avoids waste-
generating purification(s). The enzymes involved, 
with all their innate virtues, can thus be used 
either in the initial reaction; for example, a lipase, 
leading to esterification (30), or, in a subsequent 
step, for example, an initial transition pgm-
catalysed reaction (such as a palladium-catalysed 
Sonogashira coupling) followed by an asymmetric 
carbonyl reduction mediated by a ketoreductase 
(KRED; such as, ADH101) to give a nonracemic 
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product alcohol, not surprisingly in high ee’s (31). 
It should also be noted that the same surfactant 
technology that enables chemoenzymatic catalysis 
also ensures minimal enzyme denaturing due to 
the presence of pgms that continue being used 
in the unsustainable 1–10 mol% range (9, 10). 
Presumably, the nanomicelles provide alternative 
‘housing’ for the pgm-based ligated catalyst, rather 
than its typical localisation in the aqueous buffered 
medium. Thus, with an order of magnitude less 
pgm present in the reaction medium, which is all 
that is now needed for chemocatalysis, chances 
are that the compatibility question associated with 
even highly sensitive enzymes might soon end up 
as a solved problem. 

5. What’s ‘Wrong’ with this Picture?

While the issues of sustainability noted above apply 
to all users of pgm catalysts, what’s the view from 
industrial companies that process the raw materials 
leading up to the availability of pgm catalysts? 
After all, isn’t there an implied assumption that 
they have unlimited access to metals, and pgms, 
in particular, needed by the chemistry enterprise? 
Assumptions aside, where are we today on this 
front (8), and just how much do other factors, such 
as geopolitical issues figure into the equation, for 
example, given that >40% of the world’s supply 
of palladium comes from Russia (32)? In other 
words, what is being done to address future needs 
of pgms? Even when nature provides unexpected 
sources; for example, the finding that palladium 
is present to varying degrees as an ‘impurity’ 
in the mining of the truly Earth-abundant iron 
ore (33), the community at large still sees most of 
these discoveries not as opportunities (34) but as 

experimental failures (35). These attitudes must 
change, and these questions must be addressed 
sooner than later. Otherwise, fundamental organic 
synthesis that depends so heavily on pgm-based 
catalysis in organic solvents will simply continue 
digging that ‘rabbit hole’, using more and more 
resources being taken from future generations. 
How much longer will it take before the obvious is 
acknowledged: that organic chemistry as currently 
practiced is unquestionably unsustainable?
Perhaps the graph in Figure 1 illustrating 

the price of palladium over time helps tell the 
story (2). What will this picture look like 5–10 
years from now? And even as society gradually 
moves away from gasoline-powered engines that 
dramatically increases supply as the need for 
catalytic converters eventually dwindles, in terms 
of long-term availability, aren’t we just postponing 
the inevitable? Isn’t the solution obvious: let’s find 
a way, today, to do more with less. Just moving 
the decimal point in terms of usage one unit to the 
left solves the problem, both short and long term. 
And while hints that technology that relies on only 
parts per million loadings of palladium is already in 
hand (25, 33, 36, 37), any workable solution must 
include collaborations with industrial colleagues, 
especially those who not only share this vision for 
the future of pgms, but who also have their fingers 
at all times on the pulse of the field as to where we 
are and, perhaps more importantly, where we are 
going (8).

6. Conclusions

In summary, pgm-containing catalysts will continue 
to play crucial roles in processes currently in use 
or under development in academic and many 

Fig. 4. Representative 
example of 
chemoenzymatic 
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million levels of palladium 
suffice
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industrial laboratories, alike. Technologies already 
exist in the toolbox for reducing consumption of 
pgms to ensure that access to these absolutely 
essential metal-containing catalysts are available 
for both immediate and future use, with many more 
additions to this toolbox coming. Nonetheless, 
in the big picture sense, how pgms are viewed 
today must include both short-term and long-term 
perspectives. Short-term swings in availability are 
just that: short term. But overall, the chemistry 
community must appreciate that we are, today, 
stewards of a very important finite planetary 
resource requiring a holistic approach that ensures 
that tomorrow’s needs in catalysis, mainly defined 
by having similar access to pgms, can be met.
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The palladium price has been rising because 
emissions legislation necessitates using more 
palladium in catalytic converters. However, this 
trend will not continue as the energy transition 
progresses, and in the future there will be 
considerably more palladium available to use 
in other applications, including chemicals, 
pharmaceuticals and agrochemicals catalysts. 
This is both opportunity and justification for the 
organic chemistry research community to develop 
new and significant uses for palladium that can be 
of global benefit. Any catalyst research needs to 
include optimisation of circular economy, offering 
sustainable process and recovery options to 
support life cycle assessment (LCA).

Palladium as a Critical Metal

Palladium is the metal of choice for many 
catalytic coupling reactions in organic synthesis. 
It is particularly useful in the homogeneous 
synthesis of high-value target molecules in the 
pharmaceutical and agrochemical industries. It 
features on the UK (1), USA (2) and European 

Union (EU) (3) critical minerals lists as one of a 
set of platinum group metals (pgms) which are 
simultaneously technologically significant, difficult 
to substitute and sourced in parts of the world 
where there can be political instability.
Because of its critical metal status, and because 

metals are by their nature finite resources, some 
have expressed concern about the future of 
palladium in organic synthesis (4, 5). For those of 
us who grew up with a palladium price that was 
comfortably below those of gold and platinum, 
the recent price highs (Figure 1) stir fears about 
whether palladium will price itself out of catalyst 
markets (6). 
Why is the palladium price currently so high? 

Anyone who reads Johnson Matthey’s ‘PGM Market 
Report’ will be aware that there is currently more 
demand for palladium than there is palladium to 
fulfil it (7). This is because palladium is a vital 
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metal in catalytic converters, which are required 
to minimise exhaust emissions. Vehicle emissions 
limits are subject to increasingly strict legislation in 
many parts of the world, including China, the USA 
and Europe. To achieve these stricter emissions 
limits, the loading of pgm on the catalysts is 
increasing so more and more palladium is being 
used by the catalytic converter market.

Palladium in the Chemicals Sector

It may come as a surprise to catalyst chemists to 
discover that only about 6% of global palladium 
demand was used in the chemicals sector in the 
year to April 2022. 83% of the available palladium 
(Figure 2) was used in automotive catalytic 
converters. This, however, is expected to change 
as a result of international initiatives to replace the 
internal combustion engine with battery and fuel 
cell powered vehicles. In the USA, an executive 
order for cars and light duty trucks states that “half 
of all new vehicles sold in 2030 be zero-emissions 
vehicles” (8), the UK has announced the end of the 
sale of new non-zero emission cars and vans by 
2035, and the European Parliament is backing a 
European Commission proposal for a total ban on 
new CO2-emitting cars and vans by 2035. Declining 
production of the internal combustion engine will 
result in declining demand for palladium in its 
major market. In the later years of the transition, 
palladium consumption by the chemicals sector has 
the scope to increase six-fold without constraining 
supply.

Supply vs. Demand

If the demand for palladium in catalytic converters 
goes down, will market forces not ensure 
decreased supply of palladium to compensate? 

Neither historical supply data, nor the economics 
of palladium refining, indicate that this will occur.
The supply of pgms in a given year comes from 

three sources: mining, recycling and reserves of 
above-ground metal (for example, investment bars 
and jewellery). Over the past 10 years the ratio for 
palladium of recycled to primary supply has been 
approaching 1:2 (Figure 3). In this period there 
has been no marked increase in the outputs from 
mining in response to market demand nor marked 
decreased due to finite supplies. In fact, mined 
supply has been relatively flat: while some mines 
have expanded, and surface stocks have been 
mobilised in response to strong demand, there has 
been declining production at other, older mines. 
Open-loop recycled supply has increased gradually 
ever since 1984.
Palladium supply is not directly controlled by the 

market because 90% of palladium mined every 
year is produced as a byproduct of either platinum 
or nickel mining. As a result, the availability of 
palladium is inextricably linked with the supply of 
the metals it is mined with, and the economics of 
mining palladium depend on the combined worth 
of the coextracted metals. In reporting the value 
of mine output, pgm producers refer to the basket 
price, which is the combined price of a troy ounce 
of the particular ratio of pgms, or pgms and gold, 
that are extracted together. It is the ore, not the 
market, that determines what that ratio is. The 
mining sector can influence the longer-term future 
palladium supply to some degree by selecting 
whether to develop palladium-rich or palladium-
poor deposits but, irrespective of whether 
palladium is in surplus or deficit, it will continue to 
be produced as one of a basket of valuable metals. 
The same co-dependencies exist in palladium 

supply from recycling processes. Recycling 
autocatalysts, which will continue for many years 
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after the 2030/2035 turning point, necessitates 
refining palladium along with rhodium and platinum. 
Even in jewellery platinum can be alloyed with 
some palladium. As long as alloys and mixtures of 
pgms are recycled, palladium will continue to be 
produced. 

Palladium for the Future

The fact that in the longer term there will be plenty 
of palladium for use in manufacturing is good news 
for the synthetic organic chemist, and for global 
dependence on agriculture and the pharmaceutical 
industry. But if the availability of palladium results 
in its price decreasing long term, what impact is 
that likely to have on the other pgms which are 
palladium’s coproducts?
Technologies for the energy transition need 

metals with good electrochemical and catalytic 
properties, that withstand extreme conditions 
and do not corrode. The pgms are unique in their 
ability to do this. Examples include platinum in 
fuel cells, iridium in proton exchange membrane 
electrolysers and all the pgms in process catalysts 
for sustainable and bio-derived fuels (9). But if 
the price of palladium goes down because future 
availability exceeds market demand, it will become 
economically less favourable to mine and recycle 
all of the pgms. This will have little impact on the 
availability of palladium to the chemicals sector but 
could limit supply of other pgms into alternative 
energy technologies, which the world urgently 
needs. 
The solution to this problem is that we are going 

to need to use more palladium in the future. Only 
by using more palladium will it be possible to justify 
continuing to mine and recycle all the pgms. Having 
more applications of palladium will put supply of all 
the pgms on a more sustainable footing by making 

mining and processing more economically viable, 
but also by ensuring that the valuable byproducts 
are not wasted. And as long as that palladium 
becomes part of the circular economy, it will 
contribute to long-term future availability. 
From the perspective of pgms being a scarce 

and finite resource, this solution may appear 
counterintuitive. However, the thesis of this paper 
is that finding new applications for palladium is a 
necessary step in protecting the future availability 
of all the pgms. This conclusion is justification 
and opportunity for the scientific community, and 
particularly for the fine chemicals industry, to 
focus efforts on inventing the new, high-volume 
applications of palladium that will be required. And 
given it can take 10 years to go from laboratory to 
plant, the time to start inventing those applications 
is now. 
Recognising this, the pgm industry is actively 

searching for new applications for palladium. The 
Global Palladium Fund was established in 2016 
with the remit “to advance the development of 
world-changing technologies in essential areas 
such as aerospace, electronics, and the automotive 
industries” and in 2022, with sponsorship from 
Nornickel, the International Precious Metals 
Institute issued the Palladium Challenge (on 
hold at the time of writing due to subsequent 
developments) to expand the scope of applications 
that use palladium. Johnson Matthey, too, is giving 
away samples of palladium and other pgms to 
encourage research into new applications (10).

Palladium Sustainability

Achieving net-zero goals is a challenge that has 
been taken to heart by the chemistry community. 
Where previously cost and catalyst performance 
were the deciding indicators of success, the 

Fig. 3. Amount of palladium produced 
by mining and by refining over the past 
10 years
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past decade reveals an increasing focus on the 
conditions and environmental impact of catalyst-
mediated processes (5). Reaction conditions that 
have the potential to contribute to a sustainable 
process include: using less palladium (thrifting); 
avoiding organic solvents in favour of water (11); 
processing at ambient temperature; one-pot 
reactions; using recycled palladium; recovering 
ligands; using stoichiometric reagent instead 
of excess. Which of these parameters actually 
contribute to a sustainable process is a complex 
question.
Take thrifting. Metal is generally thrifted to decrease 

manufacturing costs and minimise the value locked 
up in a batch of catalyst. Ground-breaking research 
has proved that it is possible to decrease palladium 
catalyst loadings significantly while maintaining 
and, in some cases, improving catalyst performance 
(12). Thrifting is unquestionably a good way to 
ensure scarce metals are more widely available. 
The drawback is that thrifting can make recycling 
more difficult. The less pgm there is in a catalyst, 
or the more performance additives it contains, the 
more difficult the metal can be to recover at the 
end of life and the more waste can be produced. 
In a market-driven industry, if the cost of recycling 
exceeds the value of the pgm, there is no economic 
motivation to recover the metal. 
A significant step towards solving this would be to 

include circular economy as an intrinsic parameter 
of catalyst performance, alongside yield, selectivity, 
cost and turnover number. In this paradigm, a 
good catalyst is one from which the palladium (or 
any critical metal) can easily be recovered at end 
of life. And it’s not just about reusing the metal. 
Currently, in recovering the palladium from some 
homogeneous catalysts, the sophisticated and 
expensive ligands required to tune the catalytic 
reaction are burned. Being able to recover 
undegraded ligands as well as metal from the end-
of-life mixture has the potential to decrease both 
the cost and environmental impact of a process. 
This is an avenue of investigation that the research 
community is ideally placed to follow: those who 
put the catalyst together are surely best placed 
to understand how it can be taken apart again 
most efficiently at end of life. Doing the recycling 
research alongside new catalyst development 
builds design for recycle into the catalyst discovery 
process and creates a product tailored for the net 
zero future.
Does using recycled palladium contribute to a 

sustainable process? With today’s technology, 
recycled pgms have much less environmental 

impact than newly mined pgms, so using recycled 
palladium improves the sustainability metrics of 
the individual process. The global picture is more 
complicated. The world currently uses all of the 
palladium available, whether mined or recycled. 
If the size of the market were unchanging, one 
process using recycled metal would just mean 
another process has to use mined metal and there 
would be no global impact of using one over the 
other. However, at the moment the demand for 
palladium is greater than what is produced. If that 
demand can be met by producing more recycled 
metal rather than mining more metal, then there 
is a global sustainability benefit to using recycled 
palladium in a catalyst. 
Throughout this section, care has been taken 

to use ‘potential’ in phrases such as ‘decrease in 
environmental impact’. Actually it’s impossible 
to know whether adopting ‘sustainable’ reaction 
conditions will result in a lower environmental 
impact across the whole life cycle of the catalyst. 
The only way to be sure is to do the LCA. However, 
it is essential to do research to develop more 
eco-friendly process options that avoid ecotoxic 
solvents, excesses of reagents or high energy use 
because it gives the process chemist the best range 
of alternatives when it comes to comparing process 
options in the LCA.

Conclusion

Palladium will become increasingly available in 
the longer term as the energy transition proceeds 
towards and beyond the 2030/2035 turning point. 
Rather than constraining research or substituting 
less satisfactory alternative metals because the 
palladium price is currently high, this is the time 
when synthetic organic chemists need to be 
developing the future palladium catalysts on which 
the chemical, pharmaceutical and agrochemical 
sectors depend. 
New catalysts will need to become part of a 

circular economy where recovery and reuse of 
the palladium and its ligands are an intrinsic 
feature of catalyst design. And using tools such as 
LCA to evaluate routinely which process options 
have minimum environmental impact will ensure 
chemical processes are ever more sustainable.
Beyond this opportunity in palladium catalysis, 

there is a need for broader use of palladium in the 
future. The circular economy of the pgms depends 
on all of the metals that are co-mined or co-recycled 
contributing to the economic viability of processing. 
Making beneficial use of more palladium in future 
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safeguards the availability of the other pgms which 
are critical to the net zero transition. 
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Dependence of mechanical properties of binary 
platinum-rhodium alloys on valence electron 

ratio (VER), number of valence electrons (ev) 
and average atomic number of the alloys (Z) are 
investigated. The alloys have a high number of 
valence electrons (9 ≤ ev ≤ 10) and a wide range 
of average atomic numbers (Z = 45–78). Clear 
correlations between VER of the alloys and their 
mechanical properties are found. By increasing the 
VER of the alloy from 0.13 to 0.20 following the 
increase of rhodium content in the composition, 
the hardness, elastic modulus and ultimate tensile 
strength (UTS) of the alloy increases. Creep rates of 
the selected alloys clearly decrease with increasing 
VER at high temperatures (1500–1700°C), while 
stress rupture time at different temperatures 
consistently increases because of higher rhodium 
content in the alloy solid solution chemistry. 
Dependence of mechanical properties on valence 
electron parameters is discussed with reference to 
the atomic bonding.

1. Introduction

Platinum alloys attract considerable attention as 
new areas of application are found and continuously 
explored. Platinum alloys are used to produce 
jewellery (1, 2), thermocouples (3), resistance 
thermometers (4), resistance temperature detector 
sensors (5), catalysts (6) and glass fabrication 
equipment (7–9) due to their high strength, 
good workability and corrosion resistance at high 
temperatures (10, 11). The analysis of Gavin 
clearly indicates increased attention to platinum 
alloys (12). Hu et al. have recently presented 
research into platinum-based superalloys for 
high-temperature applications (13). Solid solution 
strengthened platinum-based alloys have been 
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the subject of research and development for 
some time. All transition group elements have 
considerable solid solubility in platinum. The 
elements near platinum in the periodic table 
form a continuous solid solution with platinum 
and have different degrees of solid solution 
strengthening effect on the platinum matrix. 
Platinum-based alloys are also being developed for 
high-temperature structural applications with the 
aim of replacing some of the currently used nickel-
based superalloys (NBSAs) (13). Platinum-based 
superalloys have a similar structure to NBSAs and 
can potentially be used at higher temperatures 
and in more aggressive environmental conditions. 
Platinum-based superalloys show strong chemical 
stability and excellent mechanical properties such 
as high creep strength and ductility and can be 
used for next generation gas turbine materials and 
in chemical, glass and space technologies (14–21). 
Of all platinum alloys, currently the most widely 

used are alloys of platinum with rhodium. Their 
range of application temperature is extended up 
to 1600°C (10). Luyten et al. have examined the 
platinum-rhodium, platinum-palladium, palladium-
rhodium and platinum-palladium-rhodium phase 
diagrams using the Monte Carlo simulation method 
in combination with the modified embedded atom 
method (MEAM) and optimised parameters (22). 
Thermodynamics and phase equilibria of the 
binary platinum-rhodium system were studied by 
Jacob et al. (23) and Okamoto (24). To adjust the 
properties of these intermetallics, rhodium as the 
alloying element is added to platinum. Platinum 
and rhodium are completely miscible and form a 
single-phase solid solution at all concentrations of 
rhodium as shown by Okamoto (24). 
New materials based on dispersion strengthening 

of platinum-rhodium alloys have been developed 
for high-temperature applications (25–27). 
Microstructural analyses of selected platinum alloys 
used in industry and jewellery (including PtRh10 and 
PtRh30) were performed by Battaini (28). Fischer 
et al. (29) studied the stress-rupture strength 
and creep behaviour of platinum, platinum-
rhodium and platinum-iridium alloys, dispersion 
hardened platinum materials, rhodium and iridium. 
Investigations of elastic properties (Young’s 
modulus, modulus of rigidity and Poisson’s ratio) 
for platinum, platinum alloys, rhodium and iridium 
at high temperatures using a resonance technique 
have been carried out by Merker et al. (30). They 
observed that Young’s modulus and the modulus of 
rigidity of platinum, rhodium, iridium and various 
platinum alloys in the as-cast condition decrease 

linearly with increasing test temperature. Platinum-
rhodium alloys have more stable properties: 
an increase in rhodium content leads to higher 
temperature durability, extended creep life and 
decreased creep rate (13, 29). At higher rhodium 
content, however, the machinability of the alloys 
may be negatively affected (13). Darling presented 
the high-temperature and room-temperature 
properties of platinum-rhodium alloys as a function 
of rhodium content and service temperature in 
earlier work (31), while the work of Ackmen on the 
mechanical properties of platinum-rhodium was the 
first published report available in the literature (32). 
Rdzawski and Stobrawa studied the microstructural 
evolution and mechanical properties of yttrium- 
and boron-alloyed platinum-rhodium (33). Garbacz 
et al. studied the microstructure and mechanical 
properties of a platinum–rhodium alloy produced 
by powder metallurgy and subjected the alloy to 
plastic working (34).
One of the research goals in this area is to develop 

materials with better high-temperature mechanical 
properties (for example, tensile, fracture, creep 
and thermomechanical fatigue properties) and 
environmental stability (for example, resistance 
to high-temperature oxidation and hot corrosion) 
than NBSAs (13, 35). Platinum and its alloys 
represent a major challenge because of the high 
cost of materials and need for special experimental 
conditions (10). Finding fundamental correlations 
between structural factors of these alloys and their 
mechanical properties can help reduce the cost 
with less trial-and-error and difficulty.
To understand the factors that control the elastic 

and mechanical properties and transformation 
temperatures in alloy systems, Zarinejad suggested 
the need to acquire in-depth knowledge of how the 
atomic bonding strength of the solid solutions can 
be influenced by the chemical composition of the 
alloys (36). Apart from microstructural features 
such as precipitates and grain boundaries, the 
mechanical properties of the matrix crystals of 
solid solution alloys in several alloy systems such 
as nickel-titanium (37–41), titanium-palladium, 
titanium-platinum (42), titanium-gold titanium-
iridium (43) and many other alloy systems (44) 
were shown to be influenced by the alloy chemistry 
and how the metallic bonding changes with chemical 
composition change. Hence, the dependence of 
mechanical properties of solid solutions on electron 
variables in alloys was introduced (36–44). It was 
shown that the mechanical properties (elastic 
moduli and plastic deformation characteristics) 
of the solid solution crystals are influenced by 
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changes in the chemical composition. Knowing 
that in metallic materials, the delocalised valence 
electrons dominate the bond strengths and elastic 
properties (45, 46), it is of particular importance 
to study the electronic parameters of alloys. In 
this study, the investigation is extended to the 
platinum-rhodium binary alloys to help understand 
the dependence of the mechanical properties on 
alloy chemistry. 
The aim of this study is to show the dependence 

of mechanical properties of binary platinum-
rhodium alloys on the VER of the alloys, which is 
related to the chemical composition, or the atomic 
fraction of platinum and rhodium in the alloys. 
The study focuses on existing data on hardness, 
tensile strength, creep rate and rupture time for 
the platinum-rhodium binary alloys. We reveal 
and explain the dependence of the mechanical 
properties of platinum-rhodium binary alloys on 
these parameters with a focus on the correlation 
of the mechanical properties to VER of the alloys. 
The correlations found in this study will provide 
important understanding towards effective alloy 
design.

2. Materials and Methods

Mechanical properties data including creep rate, 
rupture time, tensile strength and hardness of 
single-phase platinum-rhodium binary alloys 
(without precipitate or mechanical work) made to 
date were investigated. The data were extracted 
from the relevant literature especially the works 
of Trumic et al. (10, 11), Fischer et al. (29), 
Darling (31), Acken (32), Hu et al. (47) and other 
sources (48, 49) as listed in tables or presented in 
graphs. For the analyses in this study, three simple 
parameters were considered: (a) the average 
atomic number of the alloys; (b) the number of 
valence electrons and (c) VER of the alloys.
The average atomic numbers of the alloys were 

calculated based on the atomic fractions and atomic 
numbers of the elements comprising the alloys as 
follows, Equation (i):

Pt Pt Rh RhZ f Z f Z= +  (i)

where Z is the fraction-averaged atomic number 
of the alloy. ZPt and ZRh are the atomic numbers of 
platinum and rhodium, respectively. fPt and fRh are 
the corresponding atomic fractions of platinum and 
rhodium in the alloy. To study the dependence of 
the transformation temperatures on the chemistry 
of alloys, the basic electron configurations of the 
alloys are analysed in the following section.

The number of valence electrons in a transition 
metal atom is usually considered as the number of 
d and s electrons. The valence electrons per atom 
of platinum-rhodium binary alloys can be calculated 
based on the atomic fractions of the elements in 
the alloy by Equation (ii):

Pt Rhv
Pt v Rh v

e f e f e
a

= +  (ii)

where fPt and fRh represent the atomic fractions of 
platinum and rhodium in the alloy, respectively, and 
ev

Pt and ev
Rh are the corresponding numbers of valence 

electrons of elements platinum and rhodium. 
The VERs of the alloys were calculated. VER 

is defined as the ratio of the number of valence 
electrons to the total number of electrons of the 
alloy, VER = (ev/et), which can be simply calculated 
by Equation (iii):

VER
Pt Rh

v Pt v Rh v

t Pt Pt Rh Rh

e f e f e
e f Z f Z

+
= =

+
 (iii)

where, following the earlier Equations (i) and 
(ii), ZPt and ZRh represent the atomic numbers of 
platinum and rhodium, respectively, whilst fPt and 
fRh represent their corresponding atomic fractions 
in the alloy.

3. Results and Discussion

3.1.  Average Atomic Number

Table I presents eighteen binary platinum-rhodium 
alloy compositions (31, 32, 48, 49), together with 
their available mechanical properties including 
hardness, modulus of elasticity (E) and UTS in 
ascending order as reported in the literature and 
from the present study. The maximum hardness 
in the fully annealed alloys (130 HV) corresponds 
to pure rhodium (maximum rhodium content 
percentage in the alloy). The lowest hardness 
corresponds to pure platinum (45 HV). Platinum  
(Z = 78) has a higher atomic number than rhodium 
(Z = 45). This means that by increasing the 
rhodium content of the alloy, the average atomic 
number of the binary alloy decreases whereas the 
hardness increases (Table I, Figure 1). Similarly, 
for the available data on E and UTS of these binary 
alloys, the decrease in average atomic number of 
the alloy with increasing rhodium content results 
in higher values (Table I). The values of E and 
UTS of platinum with no rhodium content and 
atomic number Z = 78 increase from E = 151.7 
GPa and UTS = 144.7 MPa to E = 221 GPa and 
UTS = 413.7 MPa, respectively, in a binary alloy 
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with 44.9 at% rhodium and average Z = 63.183. 
Furthermore, the hardness increases from 45 
HV to 102 HV by the reduction of average Z due 
to increasing rhodium content of the alloy and 
higher hardness is achieved by increasing rhodium 
content.
The average atomic numbers of the alloys in this 

study are tabulated in Table I. The mechanical 

properties (hardness, E and UTS) of these alloys 
clearly increase with decreasing average Z as 
shown in Figure 1. In transition metals and 
intermetallics, it is known that when the average 
atomic number is halfway through the transition 
metal rows of the Periodic Table, i.e., either  
Z = 25–26, or Z = 43–44, Z = 75–76 and so on, 
the elastic properties and hardness of the solid 
solution crystal can be improved to some extent 
as the properties hit maxima at or around these 
atomic numbers (46) as a consequence of optimal 
orbital occupancy. This effect is not observed in 
platinum-rhodium binary alloys, as in most cases 
the average atomic number of the alloy is not close 
to the aforementioned Z numbers (Table I). As 
shown in the table, the existing platinum-rhodium 
alloys can have higher hardness, E and UTS with 
decreasing average atomic number. In other words, 
the mechanical properties of the alloys improve 
with decreasing total number of electrons (average 
atomic number) of the alloy. Non-valence electrons 
do not contribute to bonding and together with the 
protons comprise the ion kernels in the metallic 
bonding of transition metal alloys. Decreasing the 
non-valence electrons or the size of the kernels 
at constant (or nearly constant) valence electron 
numbers leads to stronger elastic bonding (45, 46). 

Table I  Number of Valence Electrons (ev), Average Atomic Number (Z), Valence Electron Ratio 
and Mechanical Properties of Binary Platinum-Rhodium Alloys (31, 32, 48, 49)

Pt-Rh, 
wt%

Pt-Rh, 
at% ev Z VER Hardness, 

HV
E, 
GPa

UTS, 
MPa

Reference
Hardness E UTS

0 0 10 78 0.128 45 151.7 144.7 (31) (31) (31)

5 9.1 9.909 74.997 0.132 63 172.4 206.8 (31) (31) (31)

10 17.4 9.826 72.258 0.136 79 191.7 292.3 (48) (31) (48)

10.01 17.5 9.825 72.225 0.136 80 – – (49) – –

13 22.1 9.779 70.707 0.138 82 196.5 318.5 (31) (31) (31)

15 25.1 9.749 69.717 0.140 86 201.3 343.3 (48) (31) (48)

18.1 29.5 9.705 68.265 0.142 88 206.8 355 (48) (31) (48)

20 32.2 9.678 67.374 0.144 90 213.7 372.3 (31) (31) (31)

25 38.8 9.612 65.196 0.147 97 218 386.1 (31) (31) (31)

30 44.9 9.551 63.183 0.151 102 221 413.7 (31) (31) (31)

35 50.6 9.494 61.302 0.155 105 – – (31, 32)

40 55.9 9.441 59.553 0.159 108 – – (31, 32)

50 65.5 9.345 56.385 0.166 112 – – (31, 32)

60 74.1 9.259 53.547 0.173 118 – – (31, 32)

70 81.6 9.184 51.072 0.180 122 – – (31, 32)

80 88.4 9.116 48.828 0.187 124 – – (31, 32)

90 94.5 9.055 46.815 0.193 127 – – (31, 32)

100 100 9 45 0.2 130 – – (31, 32)

Fig. 1. Alloy atomic number: variations of hardness 
with average atomic number of binary platinum-
rhodium alloys (Z)
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This, in turn, means that the resistance to atomic 
displacement, crystal shape and volume change 
will be higher (at least in some crystallographic 
directions) resulting in the improved mechanical 
properties. The presence of rhodium (Z = 45) 
compared to platinum (Z = 78) in the alloys 
causes the total number of non-valence electrons 
to extensively decrease due to its lower Z value 
(Table I).

3.2. Number of Valence Electrons

Platinum-rhodium alloys with 0 to 100 at% rhodium 
were included in this study. In transition metal 
alloys, a wide range of number of valence electrons 
can be observed (3 ≤ ev ≤ 12) as categorised by 
Zarinejad and Liu (36, 44). The alloys were divided 
into low (ev < 5), medium (5 ≤ ev ≤ 7.50) and 
high (ev > 7.50) valence electron groups. Following 
this categorisation, platinum-rhodium binary alloys 
all belong to the high valence electron group with 
ev > 7.50 in a range between 9 and 10 (Table I, 
Figure 2). 
By increasing rhodium content percentage in the 

binary alloys, the number of valence electrons 
of the alloy decreases as the number of valence 
electrons of platinum (s + d orbital electrons) is 10 
and that of rhodium is 9. By decreasing the number 
of valence electrons in the alloys, the hardness, 
E and UTS are consistently increased (Table I). 
This indicates the dependence of the mechanical 
properties on number of valence electrons in the 

binary solid solution alloy and that although ev is a 
factor in bonding, its effect must be studied along 
with other influencing factors such as Z. Increasing 
the rhodium content of binary alloys accompanied 
by lowering ev results in a lower average Z for 
the alloy crystal. These two opposing trends not 
only affect the number of valence and non-valence 
electrons of the alloys but also the dynamics of 
metallic bonding. Decreasing the number of non-
valence electrons because of a decrease in the 
average atomic number of the alloys, even when 
accompanied by slight reductions in the number 
of valence electrons, affects the interatomic 
bonding that keeps the ion kernels in the metallic 
bonds together as it affects the size and density 
of the kernels (41). The higher numbers of non-
valence electrons and protons in this condition 
reduce the bonding effects of the valence electrons 
and therefore reduce the mechanical properties 
of the solid solution crystal at least in some 
crystallographic directions.

3.3. Valence Electron Ratio 

3.3.1 Hardness

Depending on the atomic fractions of rhodium in 
the platinum-rhodium alloys, different VER values 
have resulted. The values for the alloys examined 
are tabulated in Table I. The variations of hardness 
vs. VER and vs. atomic percentage of rhodium 
in the alloy are plotted in Figure 3. A trend can 

Fig. 2. Hardness vs. number of valence electrons: 
variations of hardness with number of valence 
electrons of binary platinum-rhodium alloys (ev) 
and rhodium content of the alloy (at% rhodium)
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be observed with increasing VER. By increasing 
rhodium content, the hardness of the binary alloy 
increases consistently from values as low as 45 HV 
with VER 0.13 to values as high as 130 HV with 
VER 0.20. The general trend in the variation of 
hardness with VER and rhodium content is identical 
(Figure 3). It is evident that the varying direction 
of hardness with VER is ascending. VER represents 
the compound effect of both ev and Z. 

3.3.2 Tensile Strength and Elastic 
Modulus

Figure 4 shows the variation of E and UTS of the 
alloys as a function of rhodium content and VER. 
It is evident that both E and UTS increase with 
VER, which is brought about by increasing rhodium 
content of the binary alloys. The gradient of UTS 
with increasing VER and rhodium content is more 
pronounced than the gradient of E, although in 
both cases the variations with VER as it represents 
chemical composition are remarkably high 
(Figure 4). It should be noted that microstructural 
factors including grain boundary characteristics 

and defect populations can have a major influence 
especially on UTS. However, the intrinsic properties 
of the solid solution are dictated by bonding and 
valence electron parameters.

3.3.3 Creep Rate and Rupture Time

Table II presents the four binary platinum-
rhodium alloy compositions and their creep rate 
characteristics at 1500°C, 1600°C and 1700°C 
(10, 11). Table III presents the seven binary 
platinum-rhodium alloy compositions and their 
stress rupture time characteristics at various test 
temperatures from 1200°C to 1700°C (10, 11, 
29). With reference to the tables, it is evident that 
the creep rate of the binary alloys at all tested 
temperatures decreases with VER. This means that 
with the presence of more rhodium in the binary 
alloy the creep resistance of the alloy is improved 
(Figure 5). Moreover, the stress rupture time 
of the binary alloys at any temperature of creep 
testing (1200°C to 1700°C) increases with VER and 
rhodium content (Figure 6). In all the variations of 
mechanical properties, VER follows the change in 
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Table II  Valence Electron Ratio and Creep Rate of Binary Platinum-Rhodium Alloys at 
Different Temperatures (10, 11)

Pt-Rh, wt% Rh Pt-Rh, at% Rh VER
Creep rate ξ, % h–1

Reference
1500°C 1600°C 1700°C

15 25.1 0.140 2.5 5.5 12 (10, 11)

20 32.2 0.144 2 4 9.5 (10, 11)

30 44.9 0.151 0.8 2.5 6 (10, 11)

40 55.9 0.158 0.1 1.3 5 (10, 11)
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rhodium content. Hence, the relationship between 
VER and mechanical properties of platinum-
rhodium alloy is discussed. 
In metallic bonding, valence electrons act like 

‘glue’ to bond non-valence electrons and nuclei 
units together (45, 46), whereas non-valence 
electrons contribute to the total atomic volume of 
the alloy. Increasing VER could mean thickening 
of the ‘glue’ to bond the ionic kernels together. 
The elastic response coefficients are the most 
fundamental of all the properties of solid crystals. 
The most important subset of properties are the 
shear and bulk moduli. Bulk modulus is a measure 
of the resistance of a solid to volume change. 
Shear modulus is a measure of resistance to shape 
change. Shear moduli have the highest influence 
on the mechanical properties of crystals (45, 46). 

Furthermore, stacking-fault energy, dislocation 
mobility and plastic deformation characteristics of 
crystals are also dictated by metallic bonding (41). 
Bonding type (metallic, covalent, ionic and 
molecular) and solidity index of a crystal (which is 
simply the ratio of the shear modulus to the bulk 
modulus, multiplied by a coefficient of the order 
of unity) have been used to classify crystals (46). 
Hardness, tensile properties and other mechanical 
properties at elevated temperatures are also 
dominated by the nature and change in the 
metallic bonding in transition metal alloys. Metallic 
bonding is in turn controlled by valence electrons, 
which are altered by the chemistry of the alloys. 
The chemical factors that affect the mechanical 
properties of platinum-rhodium-based alloys in this 
study are discussed as follows.

Table III  Valence Electron Ratio and Stress Rupture Time of Binary Platinum-Rhodium Alloys 
at Different Temperatures (10, 11, 29)

Pt-Rh, 
wt% Rh

Pt-Rh, 
at% Rh VER

Rupture time, h
Reference

1200°C 1300°C 1400°C 1500°C 1600°C 1700°C

0 0 0.128 1.5 0.2 0.1 – – – (10, 11, 29)

7 12.5 0.133 10 6 3.5 – – – (10, 11)

10 17.4 0.136 26 12 6 – 2 – (10, 11, 29)

15 25.1 0.140 31 21 11 6 3.5 2.5 (10, 11)

20 32.2 0.144 – – – 9 4 2.8 (10, 11)

30 44.9 0.151 – – – 17 5 3.5 (10, 11)

40 55.9 0.158 – – – – 6 3.7 (10, 11)
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An established empirical relationship between 
the valence electron density and bulk modulus of 
metallic materials and intermetallic compounds is 
known. Higher VER usually results in higher bulk 
and therefore higher shear moduli (46). Increasing 
VER of the platinum-rhodium alloys, therefore, 
is expected to result in higher elastic and shear 
moduli, lower dislocation mobility and more 
difficult local plastic deformation at least in some 
crystallographic directions. The change of VER by 
altering the platinum:rhodium ratio in the alloy is 
accompanied by a change in the elastic properties, 
dislocation mobility and stacking-fault energy as 
the interatomic bonding is affected. 
A key factor controlling bonding is the VER of 

the alloy. When the properties of a solid solution 
crystal of a platinum-rhodium alloy are enhanced 
because of higher VER, the crystal’s resistance 
to shape or volume change, atomic displacement 
and dislocation mobility increases. In this way 
mechanical properties such as hardness, elastic 
modulus, tensile strength and creep rate are 
enhanced. More rhodium content in the alloy 
increases VER and contributes to improvement of 
the mechanical properties. 
From the work of Okamoto (24), we know that 

platinum-rhodium alloys are complete solid 
solutions and second phase precipitation does not 
take place at any rhodium content. Therefore, all 
the rhodium contributes to the change in VER and 
mechanical properties. We assume that impurity 
trace elements at very low concentrations do 
not contribute significantly to grain boundary 
precipitations in the alloys. The comprehensive 
work of Termic et al. (50) has shown that impurity 
elements might influence the mechanical properties 
by the formation of grain boundary effects. However, 
addition of any other element to this binary system 
that may cause precipitation can change the 
influence of the VER and warrants further study. 
The VER dependence of mechanical properties 
discussed above is limited to platinum-rhodium 
binary alloys, although it might be extended to 
other solid solution alloy systems after careful 
future studies. The trends shown are general and 
indicative of the major underlying influence of VER 
on the intrinsic mechanical properties of platinum-
rhodium alloy systems.

4. Conclusions

The main correlations shown in this study reveal 
clear dependence of the intrinsic creep, tensile and 
hardness properties of binary platinum-rhodium 

solid solution alloys on VER. Alloy chemistry 
influences the number and ratio of valence 
electrons and average atomic number of platinum-
rhodium alloys and thereby changes the mechanical 
properties of the solid solution alloy crystals. All the 
mechanical properties improve with increasing VER 
of binary platinum-rhodium alloys. VER presents 
itself as a dominant intrinsic parameter that can be 
utilised to take steps toward successful alloy design 
to achieve the desired mechanical properties.
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Research in the group led by James Wilton‑Ely 
focuses on catalysis, imaging and sensing. All 
of this work involves d‑ and f‑elements and 
is underpinned by the group’s wide‑ranging 
expertise in synthesis. Collaborations with 
researchers in engineering, medicine and 
bioimaging allow these discoveries to be used 
to address major healthcare and sustainability 
challenges. Professor Wilton‑Ely is the author of 
more than 100 publications and was the recipient 
of the 2021 Sir Geoffrey Wilkinson Award from the 
Royal Society of Chemistry for his work on metal‑
based carbon monoxide sensing. He has a strong 
interest in sustainability, having directed the 
MRes Green Chemistry course at Imperial College 
for over 12 years (2010–2022). He has published 
on the use of recovered metals in catalysis  
(1–5), the catalytic transformation of biomass 
to platform chemicals (6–11) and magnetically‑
recoverable nanoscale catalysts (12, 13). 
Elemental sustainability is a pressing concern for 
all researchers using precious metals and this has 
led Wilton‑Ely to work with colleagues to explore 
the potential for using gold (3) and palladium  
(4, 5) complexes recovered from end‑of‑life 
products in catalysis.

About the Research

Catalysis using precious metals is a cornerstone 
of synthetic chemistry, yet many of these metals 
are extremely scarce. Palladium is found in 
concentrations of 1–10 parts per trillion in the 
earth’s crust in only a few locations. The demand 
for this metal is driven by its use in automotive 
three‑way catalysts (TWCs) and the limited 
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supply has resulted in a significant palladium 
deficit, rendering current palladium consumption 
unsustainable. An attractive solution is to recycle 
and reuse rather than continuing to draw on primary 
sources, thereby also reducing waste. Johnson 
Matthey has played a leading role in adopting 
this approach through their pyrometallurgical 
and chemical leaching process for recovering 
and reusing spent TWCs. However, only around  
20–30% of palladium is currently recovered 
worldwide. New technologies, such as those 
investigated in the Platinum Group Metals Recovery 
Using Secondary Raw Materials (PLATIRUS) 
programme, offer promising alternatives to the 
current energy‑intensive processes for the recovery 
of TWC metal content for reuse in new automotive 
TWCs.
In contrast, there has been relatively little research 

aimed at the recovery of precious metals for use 
in the catalytic transformations needed to make 
fine chemicals, pharmaceuticals and fertilisers  
(1, 2) with the majority of these catalysts still 
being sourced directly from mining. While efforts 
have been made to use catalysts based on more 
abundant metals, the use of palladium catalysts 
in industry and academia is well established 
due to its high activity and reliability. Professors 
Angela Serpe and Paola Deplano (University 
of Cagliari, Italy) have pioneered low‑energy, 
environmentally‑benign processes for the recovery 
of palladium from TWCs and gold from waste 
electrical and electronic equipment (WEEE) in the 
form of molecular recovery compounds. While 
almost quantitative recovery of the metal can be 
achieved from these products by cementation 
or electrowinning, this treatment increases the 
environmental and economic costs of the recovery 
process. Instead, the Wilton‑Ely group is working 
with Professor Serpe and a synthetic organic 
chemist, Professor Christopher Braddock (Imperial 
College London), to valorise these products directly 
in catalysis (Figure 1). 
End‑of‑life TWCs contain around 4 g of palladium 

(200 times the concentration in mined ore) and 
this metal content can be recovered in high yield 
through the use of N,N‑dimethylperhydrodiazepine‑
2,3‑dithione (Me2dazdt) and iodine to form the 
recovery product [Pd(Me2dazdt)2]2+ (Figure 1). 
This complex was found to catalyse important 
C–H oxidative functionalisation transformations 
in higher yield, more rapidly and under milder 
conditions than those previously reported (4). 
The related recovery product, [PdI2(Me2dazdt)] 
was then shown to undergo ligand exchange with 

dithiocarbamate ligands with trimethoxysilyl‑
terminated units suitable for the functionalisation 
of silica‑coated Fe3O4 nanoparticles. The resulting 
catalyst system was used to transform benzo[h]
quinoline to 10‑methoxybenzo[h]quinoline before 
being magnetically recovered and reused (5). 
These reports demonstrated the great potential 
for valorising the molecular recovery products 
obtained from TWCs using benign, low‑energy 
solvometallurgical routes. This will become even 
more significant with the planned end to the sale 
of new petrol and diesel cars in the UK in 2030, 
necessitating a range of recovery solutions for the 
millions of existing TWCs.
Most WEEE is currently sent to landfill with little 

attempt to recover the valuable metal content. 
This is despite the fact that the amount of gold 
in printed circuit boards (50−700 g tonne–1) is 
far higher than that found in primary mined ores 
or concentrates (1−10 g tonne–1), which rely on 
highly polluting and environmentally damaging 
processes. Serpe and Deplano have patented 
(14) a low‑energy process to recover gold as 
the molecular product [AuI2(Me2dazdt)]I3 using 
Me2dazdt and iodine as part of a selective, three‑
stage metal leaching and recovery approach from 
WEEE. This solvometallurgical method employs 
common organic solvents and environmentally‑
friendly reagents under mild conditions.
Very recently (3), it has been demonstrated that 

this recovery product can be used as an effective 
homogeneous catalyst for a range of catalytic 
reactions, allowing an existing mild and effective 
recovery process to be connected with a major 
catalytic application of gold. Using SIM cards 
as the e‑waste source, [AuI2(Me2dazdt)]+ was 
produced and found to show comparable catalytic 
activity to current Au(III) catalysts for a range of 
important gold‑catalysed transformations. These 
included cyclisation of propargylic amides, addition 
reactions of electron‑rich arenes to carbonyl 
compounds and oxidative cross‑coupling reactions 
of arenes with aryl silanes. This was the first 
example of the direct application in homogeneous 
catalysis of gold recovery products sourced from 
e‑waste. A preliminary indicative cost analysis 
suggests that even unoptimised, small‑scale 
production of the catalyst, [AuI2(Me2dazdt)]+, 
from certain types of WEEE leads to a significantly 
lower cost than commercial catalysts derived from 
environmentally‑damaging mining.
The wider aim of these studies is to demonstrate 

that molecular recovery products from mild, low‑
impact processes based on end‑of‑life materials 
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can be used to replace homogeneous catalysts 
derived from mining. If adopted more widely, 
this would not only improve sustainability, reduce 
waste and relieve pressure on primary sources, but 
also have cost and supply chain security benefits.
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Additive manufacturing of jewellery alloys has 
been actively investigated for the past 10 years. 
Limited studies have been conducted on gold and 
platinum jewellery alloys. Platinum is of increased 
interest due to the technological challenges in 
investment casting. In the present paper, typical 
platinum jewellery alloys have been tested by laser 
track experiments on sheet materials. The effect of 
alloy composition on width and depth of the laser 
tracks was studied by metallography. Optimum 
parameters of the laser powder bed fusion (PBF-LB) 
process were determined for a typical 950Pt 
jewellery alloy by the preparation of dedicated test 
samples. Densities of >99.8% were reached for 
a wide range of processing parameters. However, 
for real jewellery parts the resulting density was 
found to depend significantly on the part geometry 
and on the chosen support structure. The supports 
must take into account the geometrical orientation 
of the part relative to the laser build direction and 
the orientation on the build plate. Local overheating 
gives rise to porosity in these areas. Therefore, 
the supports play an important role in thermal 
management and must be optimised for each part. 
The design of suitable supports was successfully 
demonstrated for a typical jewellery ring sample.

1. Introduction

Many different additive manufacturing processes 
exist for metals, polymers and ceramic materials. 
The present paper focuses on PBF-LB technology, 
the most widely used process for additive 
manufacturing of metallic alloys. The process is 
also known under different brand names using the 
same technology, such as selective laser melting 
(SLM) or direct metal laser sintering (DMLS). 
The PBF-LB of platinum alloy jewellery items 
has gained increasing interest in recent years. 
Pioneering work on the additive manufacturing of 
precious metals was done by Zito et al. (1–8). 
So far, most studies have focused on gold alloys 
(9–12). The effect of PBF-LB process parameters 
on 18 karat yellow gold was studied by Klotz et 
al. (9). Surface treatment of the powder allowed 
a reduction in porosity from 3% or 4% before 
treatment to below 1% after surface treatment. 
The addition of alloying elements, especially 
germanium, resulted in a reduction of porosity to 
0.3%. At the same time, the surface roughness 
was reduced significantly. 
Finishing and polishing of complex shaped 

jewellery is a crucial production step. 
Fletcher et al. (11) compared polishing techniques 
of LBPF produced jewellery items. Automated 
techniques are not sufficient to achieve the desired 
lustre and manual polishing remains necessary.  
A more fundamental work by Ghasemi-
Tabasi et al. (12) describes a method to find optimum 
PBF-LB parameters using a so-called translation 
rule. The concept of normalised enthalpy is used 
to take into account the differences in thermal and 
optical properties among the different materials. 
Pogliani and Albertin (13) presented a case study 
for the production of a small series of jewellery by 
PBF-LB technology. They provide problem-solving 
insights into the technology in production.
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Only a few publications present results on PBF-LB 
of platinum alloys (3, 4, 6, 14, 15). The first studies 
with platinum alloys were done by Zito et al. in 
2014 (3). Platinum was found to be easier to work 
than gold due to its lower thermal conductivity. 
The addition of silicon and germanium further 
improved the surface quality and reduced porosity. 
A continuation of the work in 2015 (4) focused 
on the dimensional accuracy and mechanical 
properties of PBF-LB parts compared to cast parts. 
Flat products in platinum alloys can be produced 
with higher detail than curved objects, which is 
opposite to the observations in investment casting. 
Gold alloys allowed higher surface quality and 
better dimensional accuracy than platinum alloys. 
The geometry of the part (pave setting vs. ring) 
influenced the dimensional accuracy compared to 
the computer aided design (CAD) model. Again 
the work was conducted with non-standard alloy 
compositions that included 0.2–0.4% silicon and 
germanium (7). 
The most comprehensive study on platinum alloys 

so far was published in 2018 (6). It provides a 1:1 
comparison of the properties of several different 
jewellery items produced by PBF-LB or investment 
casting. The case study not only compares the 
technical aspects of the processes but also the 
production cost, production time and carbon dioxide 
footprint of both technologies. The investment 
casting process of platinum alloys is rather 
challenging and struggles with casting defects such 
as shrinkage porosity, microporosity or investment 
reactions (16–18). On the other hand, the physical 
properties of platinum alloys, particularly the 
reflectivity of infrared laser light, are more similar 
to steel or titanium alloys (19). This makes the 
PBF-LB process of platinum alloys much easier 
compared to gold or silver alloys. The authors (6) 
conclude that platinum PBF-LB parts show higher 
surface quality, less porosity and therefore less 
repair effort during finishing compared to their 
counterparts produced by investment casting. The 
commercial benefits of PBF-LB are slightly shorter 
production times, lower production cost and lower 
environmental impact. The advantages of PBF-
LB are particularly noticeable with production 
quantities of 500 g platinum alloy per week.
Laag and Heinrich (15) studied the powder 

manufacturing of different platinum alloys by gas 
atomisation in the Nanoval process. They provide 
mechanical properties and surface roughness data 
of parts produced by PBF-LB and PBF-LB plus hot 
isostatic pressing (HIP) in comparison to parts 
produced by metal injection moulding (MIM). 

PBF-LB results in higher density and smaller grain 
size than MIM, but these results were achieved for 
different alloys.
The present work is divided into two parts. The 

first part deals with the study of laser tracks on 
alloyed metal sheet in order to study the laser to 
alloy interaction. The alloy compositions include 
many commercial 950Pt alloys but also alloys 
of lower platinum content. The effect of alloy 
composition and the role of alloying elements on 
the melting behaviour was studied systematically 
by determining the width and depth of the laser 
tracks. This is the most comprehensive study so 
far on the role of platinum alloy compositions in 
PBF-LB processing. In the second part of this work 
PBF-LB trials were conducted with a commercially 
available 950Pt-In-Au-Ir alloy powder (alloy 
951Pt P1, C.HAFNER GmbH + Co KG, Germany). 
The PBF-LB process parameters were optimised for 
minimum porosity. The effect of support structures 
was studied and effects on alloy chemistry and 
defects are described in detail.

2. Experimental

2.1 Laser Tracks on Metal Sheet 
Samples
A Concept Laser MLab R machine (GE Additive, 
USA) with a maximum laser power of 100 W 
was used in this study. The laser power was set 
to 95 W and kept constant for all tests. Despite 
the relatively low laser power a sufficient energy 
density could be achieved because of the small 
spot size (30 µm) of the machine. 
Metal sheets of commercially available platinum 

alloys were obtained from C.HAFNER, Agosi AG, 
Germany and WIELAND Edelmetalle GmbH, 
Germany. Alloys that were not commercially 
available were prepared by induction melting from 
pure elements, except for ruthenium that was 
alloyed via a platinum-ruthenium master alloy. 
Precious metals were obtained from C.HAFNER. 
Additional alloying elements were provided by 
HMW Hauner GmbH & Co KG, Germany. All pure 
elements were used in a purity of at least 99.99%. 
Samples of approximately 40 g were melted in a 
centrifugal casting machine (TCE10, Topcast Srl, 
Italy) after evacuation to approximately 10–2 mbar 
and backfilling with argon to about 300 mbar. The 
composition of all alloys is given in Table I. Some 
of the alloys were obtained as commercial alloys 
and used without further modification. The origin 
and manufacturing of each alloy is described in the 
column “Remarks”.
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Immediately after melting the alloy samples 
were cast into a copper mould of approximately 
4 mm × 12 mm × 40 mm. The cast ingots were 
cold rolled with polished rolling mill to a thickness 
of approximately 1 mm. The sample surface was 
used in the as-rolled condition to apply the laser 
tracks. The laser tracks on metal sheets were 
produced in the Concept Laser Mlab R machine 
at a laser power of 95 W with a laser speed 

between 25 mm s–1 and 500 mm s–1. A set of 
laser tracks with a length of 5 mm was produced 
on each metal sheet (Figure 1). Each set of laser 
tracks was repeated three times. The width of 
the lines was measured by optical microscopy 
and averaged over the length of all three lines 
of the same speed. The depth of the tracks was 
measured in metallographic cross-sections in a 
scanning electron microscope (SEM). Samples for 

Table I Composition of Sheet Material for Laser Track Tests

Alloy Platinum, 
mass% Alloying elements, mass% Remarks

Pt-Ru bal. Ru: 1 / 3 / 5 Pt-5Ru from C.HAFNER, diluted with 
platinum to 1% and 3% Ru, respectively

Pt-Co bal. Co: 1 / 3 / 5 Pt-5Co from C.HAFNER, diluted with 
platinum to 1% and 3% Co, respectively

Pt-Cu bal. Cu: 4 / 4.7 / 20 / 40 / 60 / 80
Pt-4Cu and Pt-4.7Cu from Agosi and 
C.HAFNER, respectively. Alloys of higher 
Cu content prepared from pure elements

Pt-Pd bal. Pd: 20 / 40 / 60 / 80 Alloys prepared from pure elements

Pt-Ir bal. Ir: 10 / 20 Alloys from C.HAFNER

Pt-W bal. W: 5 Alloy from WIELAND Edelmetalle

Pt-Cu-Pd 60 Cu: 10 / 20 / 30, Pd: bal. Alloys prepared from pure elements

Pt-Cu-Ga 95.5 Cu:1.9, Ga: 2.7 Alloy from C.HAFNER

Pt-Cu-Pd 60 Pd: 10, Cu: bal. Alloy from WIELAND Edelmetalle

Pt-Ru-X 95 Au: 1.5 / 3.5, Ru: bal.; Co: 1.5 / 
3.5, Ru: bal.; Cu: 1.5 / 3.5, Ru: bal.

Alloys prepared pure elements and Pt-
5Ru master alloy from C.HAFNER

Pt-Ru-Cu-X 95 Cu: 2.0, Ru: 1.0, X: 2.0; X = Ga, 
In, Sn, Ge, Zn

Alloys prepared from pure elements and 
Pt-5Ru master alloy from C.HAFNER

Pt-In-Au-Ru 95.2 In: 2.5, Au: 1.5, Ru: 1.0 Alloy from C.HAFNER

Pt-In-Au-Ir 95.1 In: 2.7, Au: 2.0, Ir: 0.2 Alloy from C.HAFNER
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SEM were produced by standard metallographic 
techniques as described in Section 2.3.

2.2 Laser Powder Bed Fusion 
Experiments

Concerning the PBF-LB trials with alloyed powder, 
a two-step scanning routine was applied where the 
contour scan was made prior to the hatch scan. This 
was found to be beneficial for gold alloys in terms 
of reducing the surface roughness (9). The contour 
scan speed was 600 mm s–1 for all tests. The hatch 
scan parameters were varied to find optimum 
parameters with minimum porosity in a test part. 
The hatch distance and the laser speed were 
changed from 27 µm to 63 µm and 100 mm s–1 to 
600 mm s–1, respectively. The powder was provided 
as alloyed powder. It had a size distribution of 
10–45 µm (d10/d90 value) and was applied with a 
rubber lip wiper in layers of 20 µm.
The test part for the PBF-LB trials has an angular 

shape with wires and plates of different diameters 
similar to the one described in (9). The support 
structure and the slicing of the model was done 
with the software AutoFab. The part was oriented 
in a 45° angle relative to the movement of 
the recoater. After optimisation of the process 
parameters, jewellery parts were produced with 
these optimum parameters. An optimisation of the 
support structures was found to be necessary for 
some parts depending on their geometry.

2.3 Microstructure Investigation and 
Porosity Measurement 

The test parts (metal sheets samples and PBF-
LB parts) were embedded in epoxy (Epofix) and 
metallographically prepared. Grinding was done 
with grit P320, P600 and P1200 paper followed by 
subsequent polishing with 9 µm and 3 µm diamond 
paste. The last polishing step was done with 
0.04 µm oxide polishing suspension. SEM images 
were obtained by a GeminiSEM 300 instrument 
(ZEISS, Germany) equipped with an energy 

dispersive X-ray (EDX) detector X-Max 150 (Oxford 
Instruments plc, UK) for local chemical analysis.
The porosity measurement was conducted by 

image analysis with the software AxioVision 
(ZEISS) on a stitched light optical image recorded 
at 5× objective lens (Figure 2). The horizontal part 
of the test sample was selected as region of interest 
(ROI). In order to determine the porosity the image 
was binarised using a threshold value at the minimum 
of the histogram. The porosity value is given as the 
percentage of black pixels inside the ROI.

3. Results

3.1 Laser Tracks on Metal Sheets

The laser tracks were made to identify the effect of 
alloy composition on the laser-material interaction. 
The simplicity of the materials production and 
testing procedure allowed testing of many different 
alloys as opposed to tests with powder. At constant 
laser power the width of the laser tracks decreases 
with increasing laser speed, because the energy 
input per length unit becomes smaller (Figure 1). 
The data points indicate the mean value from five 
individual measurements on each of three lines. 
The maximum and minimum width is represented 
by the error bars. The inserted SEM image shows 
a typical laser track in cross-section. The cold 
rolled microstructure of the metal sheet allowed 
a clear identification of the melting zone and of 
the heat-affected zone. The depth was measured 
as the distance from the averaged metal sheet 
surface to the maximum depth of the laser track. 
The depth is generally more prone to changes 
than the width because there might be a change 
from the conduction mode to the keyhole mode, 
which mainly affects the depth but hardly the 
width (please see Section 4.1 for an explanation of 
conduction and keyhole mode).
The effect of alloy composition was studied for binary 

platinum-palladium and platinum-copper alloys with a 
platinum content from 100% to 20% (Figure 3) at a 
laser speed of 100 mm s–1. The addition of palladium 

10 mm 10 mm

(a) (b) Fig. 2. Typical 
metallographic section 
of the test samples: 
(a) hatch distance 
27 µm, laser speed 
600 mm s–1; (b) hatch 
distance 63 µm, laser 
speed 500 mm s–1 
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and copper shows a different effect on width and depth 
of the laser tracks. Palladium tends to lower both values 
in an intermediate concentration range of 40–60%. 
Especially the depth shows a pronounced minimum. 
(Figure 3(b)) shows the very flat laser track, which is 
a typical example for the so-called conduction mode. 
For higher palladium contents the depth increases 
again. Tests at a laser speed of 200 mm s–1 showed 
similar results. The addition of copper shows the 
opposite trend to increase melt pool width and depth, 
especially in the intermediate concentration range 
(Figure 3(c)). However, the trends are affected by 
scatter of the experimental data.
A series of ternary alloys with 60% platinum was 

studied in the platinum-palladium-copper system 
(Figure 4). If palladium is exchanged by copper, 
both width and depth increase which results in a 
change from conduction mode (Figure 4(b)) to 
keyhole mode. With 270–290 µm the depth is 
maximum for 20–30% copper (Figure 4(c)) where 
a typical keyhole mode occurs. For the binary 
platinum-copper alloy, the depth significantly 
decreases again to about 100 µm. 
The effect of cobalt, ruthenium, copper and gold 

is shown in Figure 5. These elements were added 
in smaller amounts according to the compositions 
of typical alloys used in the jewellery and watch 
industry. No significant effect of these alloying 
additions on the width and the depth of the laser 
tracks was found. The values are very similar 

to pure platinum. A similar result was obtained 
for alloys with 95% platinum. Figure 5 shows 
compositions based on 95Pt-Ru where ruthenium 
is gradually replaced by gold, copper or cobalt. The 
width and depth are not much affected by such 
changes of the chemical composition.
The addition of further elements was studied with 

alloys based on 95Pt-1.5Cu-3.5Ru. Ruthenium 
was partly replaced by 2% gallium, indium, tin, 
germanium or zinc (Figure 6). According to the 
binary phase diagrams, these elements strongly 
decrease the liquidus temperature and increase 
the melting range. The effect in the laser track 
experiments shows strong differences. The addition 
of indium and zinc has no significant effect, neither 
on track width nor track depth. Gallium and tin 
have an intermediate to strong effect, while 
germanium has the strongest effect. The track 
depth increases by a factor of six due to the addition 
of 2% germanium as shown in Figure 6(b). The 
alloy with the addition of gallium was prone to hot 
cracking (Figure 6(c)), which was not the case for 
the addition of other alloying elements.

3.2 Process Parameter Optimisation 
in Laser Powder Bed Fusion 

One of the objectives of the laser track tests was to 
obtain a first impression of the effect of the laser 
speed on the PBF-LB process. The results for the 
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commercial alloys are shown in Figure 7. The error 
bars show the mean absolute deviation (MAD) of the 
average width. Taking into account the MAD most 
alloys show a width of 100–150 µm. The 950Pt-W 
alloys are closer to 150 µm. Alloys with similar 
composition obtained from two manufacturers are 
marked by #1 and #2. However, the results show 
significant scatter. The depth values show a larger 
variation than the width values. By far the highest 
width and depth were obtained for 950Pt-Ga-Cu. This 
alloy showed the smallest MAD of all alloys tested.

PBF-LB experiments on the alloy 950Pt-Au-In-Ru 
were conducted with alloyed powder, since it is 
commercially available as powder. It was provided 
by C.HAFNER. Figure 2 shows two test samples 
produced by different sets of laser parameters. 
The part shown in Figure 2(b) was built with the 
optimum process parameters resulting in minimum 
porosity. 
Generally, the porosity of this 950Pt alloy was 

very small (Figure 8) compared to other precious 
metal alloys (10, 19). For all hatch distances and 

(a)

40 µm

100 µm

Fig. 4. (a) Effect of alloy composition on track width and depth in ternary platinum-palladium-copper alloys 
with a platinum content of 60%; SEM images of metallographic cross-sections of the alloys: (b) 60Pt-30Pd-
10Cu and (c) 60Pt-10Pd-30Cu
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laser speeds up to 500 mm s–1 the porosity was 
below 0.4%. The porosity increases with increasing 
laser speed and decreasing hatch distance. At 
600 mm s–1 a significant increase is observed for 
most hatch distances.
The lowest porosity of below 0.1% (99.9% density) 

was achieved for a hatch distance of 63 µm. At 
this hatch distance, the porosity levels are nearly 
independent of the laser speed. For all hatch 
distances and laser speeds up to 500 mm s–1 the 
porosity was below 0.4%. The porosity increases 

with decreasing hatch distance and increasing laser 
speed. Decreasing hatch distance and increasing 
laser speed result in gas pores and lack-of-fusion 
porosity, respectively. At 600 mm s–1 a significant 
increase is observed and the process tends to 
become unstable. A hatch distance of 63 µm and 
a laser speed of 500 mm s–1 were identified as 
optimum parameters throughout this study. These 
parameters provided the lowest porosity at a very 
high process speed (high hatch distance and laser 
speed).

(a)

40 µm

100 µm

Fig. 6. (a) Effect of the addition of solidus supressing elements in ternary 95Pt-1.5Cu-3.5Ru-X alloys; (b) 
effect of germanium; (c) effect of gallium. X stands for gallium, indium, tin, germanium or zinc that replace 
ruthenium in the alloy
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3.3 Design of Support Structures for 
Jewellery Parts

Two jewellery designs, typical engagement rings 
with three or seven stones, were provided by 
project partners for additive manufacturing. The 
rings were supported by columnar hollow supports 
in areas with an inclination less than 45° to the build 
plate (Figure 9). The supports were positioned 
symmetrically on both sides of the ring. The recoater 
applied the powder on the build plate perpendicular 
to the plane of the ring shank. The laser direction 
was from right to left. Defects occurred on the right 
side in unsupported areas of the ring shank. Over a 
certain length of the ring shank, material is missing, 
but only on the right, outer side of the ring shank. The 
problem starts at the end of the support structure 
and it ends at a build angle of 72° (Figure 10).

In order to understand the problem, the additive 
manufacturing process was interrupted at a height 
of 7 mm, which is in the problematic region of the 
ring shank. An SEM investigation of the last built 
layer (Figure 11) indicates a perfect surface on 
the left side of ring. On the right side however, 
the surface appears highly porous. The surface is 
uneven with significant balling of the melt pool. 
The view on the outer surface of the ring shank 
and a metallographic section through the centre 
of the ring shank (Figure 12) show powder 
particles that stick to the surface. The powder 
particles themselves show a layer of much finer 
particles indicating a kind of condensate on the 
surface. Local chemical analysis by EDX showed 
an enrichment of the condensate with the alloying 
components gold and indium compared to the ring 
shank material. 

(a)

Fig. 8. (a) Effect of laser speed; and (b) effect of hatch distance. Laser power 95 W 

(b)
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4. Discussion

4.1 Laser Track Tests on Metal Sheet
Two main modes of laser-metal interaction can be 
distinguished (20). In the conduction mode, no 
vaporisation of the material occurs and the melt pool 
depth is relatively small (Figure 3(b)). If the laser 
energy increases, i.e. the speed decreases, material 
evaporates and the melt pool becomes significantly 
deeper. Figure 3(c) shows a typical example of this 
transition mode. The transition mode occurs over a 
wide range of processing parameters (20). In the 
keyhole mode the material under the laser is strongly 

heated causing more evaporation due to internal 
reflection of the laser light in the deep keyhole. This 
increases the absorption of laser light and turns the 
material into a black body (21). Such conditions 
result in very deep laser tracks (Figure 4(c)), often 
associated with typical keyhole porosity. 
In the present study, the laser track experiments 

showed a certain amount of scattering in the 
width and depth measurements, which is a result 
of a change from conduction to transition mode 
and sometimes even to the keyhole mode. Such 
behaviour has been observed on different materials 
with different machines (22). Metallographic 
evaluation of such changes is quite time and material 
consuming. Therefore, the fraction of conduction 
mode was evaluated by qualitative assessment of 
the surface appearance of the laser tracks.
For the width, such scattering could be well 

described by measuring the average width over 
15 mm of total track length. However, width is not 
much affected by changing the laser parameters. 
The determination of fluctuation in depth was not 
feasible as the amount of metallographic work would 
have been too much. It is known from literature 
(23–26) that the interaction of laser energy and 
the formation and size of a melt pool depends 
on several material properties, among which 
reflectivity, thermal conductivity, surface tension, 
viscosity, enthalpy of melting, liquidus temperature 

61.4º 72.3º

Fig. 10. Critical regions with possible excessive 
heating are shown in red

Fig. 11. Interrupted 
build job at a height of 
approximately 7 mm: 
(a) surface of the left 
side of the ring shank 
according to Figure 9; 
(b) surface of the right 
side of the ring shank 
according to Figure 9

(a) (b)

1 mm 1 mm

Fig. 12. Detail of the 
surface area of the 
right ring shank as 
marked in Figure 11

(a) (b)

30 µm 1 µm
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and melting range are the most important. By 
alloying, such properties can be strongly influenced 
(27–31). Therefore, it is not surprising that the 
higher alloyed materials (for example 60Pt-Pd-Cu 
alloys) showed a more pronounced effect on 
melting depth than the lower alloyed 95% platinum 
alloys. It is also not surprising that elements with 
strong effect on liquidus and solidus can strongly 
affect the melting depth even in small additions. 
The effects of the different alloying elements on 
the material properties and the resulting melting 
depth are discussed in the following paragraph.
The effect of the addition of melting point 

suppressing elements on the melting interval can 
be assessed based on the binary phase diagrams 
of platinum with these elements. However, in a 
multicomponent system such estimation might 
not be sufficient. Therefore, thermodynamic 
calculations of 95% platinum alloys were 
performed using the Thermo-Calc software 
package and the TCNOBL1 database (Thermo-
Calc Software AB, Sweden), Figure 13(a). The 
diagram shows a combination of five isopleth 
sections of the quaternary systems in the 
platinum-rich corner around the liquidus-solidus 
region. The liquidus and the solidus line of each 
system are plotted using the same colour. The 
ternary alloy 95Pt-1.5Cu-3.5Ru is plotted for 
an X-value of zero. This alloy has a very small 
melting range (difference between solidus and 

liquidus temperature). If ruthenium is exchanged 
for one of the X elements both solidus and 
liquidus temperature are lowered and the melting 
interval increases. However, the extent of the 
reduction of solidus and liquidus temperature 
strongly depends on the element X. Indium and 
tin have the weakest effect on lowering solidus 
and liquidus temperature. The effect of zinc is 
slightly higher and that of gallium even more. 
Germanium has by far the strongest effect, 
especially on the solidus line, which is very much 
reduced for even small additions of germanium. 
During the PBF-LB process, the very high cooling rate 

promotes the segregation of some alloying elements, 
which affects the actual solidus temperature. Scheil 
simulations consider the effect of limited diffusion in 
the solid phase and effects on the solidus temperature. 
Thermo-Calc offers a Scheil simulation with solute 
trapping that takes into account the conditions during 
additive manufacturing. The difference between 
equilibrium solidification (Figure 13(a)) and non-
equilibrium solidification (Figure 13(b)) in terms 
of solidus temperature is significant. Zinc shows 
a relatively small difference between equilibrium 
and non-equilibrium solidification, because the 
eutectic reaction involving the PtZn phase above 
1600°C (32) limits further lowering of the solidus 
temperature. This is supposed to limit the extension 
of the melt pool. Eutectic reactions also occur in the 
platinum-gallium and platinum-germanium systems. 

(a)

Fig. 13. Thermo-Calc calculations using TC_V2022a and the TCNOBL1 database: (a) effect of the addition of 
low melting elements to 95Pt-1.5Cu-Ru-X alloys on the liquidus and solidus line; (b) Scheil calculation with 
solute trapping for a scanning speed of 100 mm s–1 for alloys 95Pt-1.5Cu-1.5Ru-2X. Dotted lines represent 
equilibrium cooling conditions
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However, the eutectic temperatures are much lower. 
The lower temperature results in a much deeper 
melt pool. 

4.2 Laser Powder Bed Fusion 
Parameter Optimisation

Suitable PBF-LB parameters of the chosen 951PtP1 
alloy could be determined to obtain a porosity 
below 0.1%. The porosity is a factor of 10 lower 
compared to surface treated 18 karat 3N gold alloys 
that were produced using the same machine (9). 
Staiger (33) investigated the width and depth of 
laser tracks on metallic sheet material and found 
that the width and depth of a 951PtP1 alloy was 
comparable to austenitic stainless steel and grade 
5 titanium. 18 karat palladium white gold showed 
slightly higher width and depth compared to 
951PtP1, while 18 karat yellow and red gold showed 
much lower width and depth of the laser lines. The 
similarity of 951PtP1 to austenitic stainless steel 
and grade 5 titanium is due to its similar infrared 
light reflectivity and similar thermal conductivity. 
The porosity of parts produced by PBF-LB is a 

function of scan speed (34, 35). At low scan speed, 
i.e. high-energy tendency the porosity is relatively 
high due to keyhole porosity. Keyholing could 
be achieved on 951PtP1 sheet only at extremely 
low scan speed (25–50 mm s–1 at 95 W) (33). 
According to Tang et al. (35) the lowest porosity is 
achieved in a medium range scan speed. For 950Pt 
alloys, this was achieved in the present study at  
100–600 mm s–1 (hatch distance 63 µm, laser 
power of 95 W, Figure 8). If the scan speed is 
further increased, Tang et al. (35) describe an 
increase of porosity due to lack of fusion. This 
work showed lack of fusion in 951PtP1 for hatch 
distances below 63 µm. The previous study on 18 
karat yellow gold (9) found that lack of fusion pores 
emerge throughout the complete range of process 
parameters. Fully dense gold parts could be achieved 
at much higher laser powers of 375 W (12).

4.3 Optimisation of the Support 
Structure

The condensation of material that was observed 
on the defective ring shank (Figure 12) requires 
an initial evaporation of alloying elements. This is 
a clear indication of localised excessive heating 
of the material. To identify the reason for such 
overheating, the process conditions were analysed 
in detail. It appears that the laser works from 
right to left during the hatch scan. The different 

curvature of the ring on the left and right sides 
relative to the laser direction results in insufficient 
heat dissipation on the right side of the ring shank. 
The laser scans from right to left. Therefore, it 
first encounters an unsupported powder bed with 
limited heat dissipation on the right side of the 
ring shank. As a consequence, about 50% of the 
ring shank cross-section (Figure 11) is locally 
overheated, which results in the evaporation of the 
lower melting elements (gold, indium) of the alloys. 
The left ring shank however does not suffer from 
such overheating because the laser starts on a well 
supported powder bed. On the very left side of the 
left ring shank the already lasered layer provides 
sufficient heat dissipation to prevent overheating. 
In order to prevent the observed ring shank 

defects, sufficient heat dissipation has to be ensured 
on the right side of the ring shank by additional 
supports. The critical angle that requires additional 
supports was determined to be approximately 61° 
and 72° on the left and the right side of the ring 
shank, respectively. The critical angles on either 
side were determined by optical quality control of 
the rings. The supports should reach up to 6 mm 
and 8 mm on the left and the right side of the 
ring, respectively. Such regions are marked in red 
in Figure 10. These angles are much larger than a 
conventional rule of thumb that only surfaces with 
an angle below 45° should require supports. 
Finally, all regions with smaller angles relative 

to the building plate were supported. Figure 14 
shows the support structures before and after 
optimisation. With optimised supports the ring could 
be manufactured without defects (Figure 15). 
Polishing and stone setting resulted in perfect finish.

(a) (b)

Fig. 14. CAD model of the ring with: (a) the 
original support structure; and (b) the optimised 
support structure. Arrows indicate the additional 
supports
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5. Summary and Conclusions

Experiments with laser tracks on sheet materials 
showed a transition of the laser-material interaction 
from conduction to transition mode for most of the 
alloys tested. The transition mode can be unstable 
resulting in a very large scatter of the width and 
depth values of the laser tracks. A stable keyhole 
mode was only reached for alloys that contained 
high amounts of germanium, gallium or tin. Laser 
track experiments on metal sheets allow the testing 
of many different alloys with reduced experimental 
effort. However, due to the large scatter they 
are difficult to evaluate and barely useful for a 
determination of suitable parameters for PBF-LB. 
They allow the effect of alloying additions on the 
laser-material interaction to be studied.
The additive manufacturing of 950Pt alloys by 

PBF-LB technology was successfully demonstrated. 
The optimum process parameters were a 
hatch distance of 63 µm and a laser speed of  
100–600 mm s–1 at a laser power of 95 W (Nd:YAG 
laser with 1064 nm wavelength and a spot size of 
30 µm). For such parameters a residual porosity 
below 0.1% could be reached. A smaller hatch 
distance resulted in gas porosity. 950Pt alloys can 
be processed with similar parameters to austenitic 
stainless steel (316L).
Jewellery ring samples were prepared with 

conventional support structures. However, it appeared 
that the design of the supports must take into 
account machine-specific laser scanning procedures. 
Additional supports were required at positions where 
the laser encounters an unsupported powder bed if 
the orientation of the parts was below approximately 
72° relative to the build plate. Otherwise, excessive 
heating resulted in the evaporation of material 
causing defective surfaces. Therefore, careful design 
of the support structures must be considered as part 
of PBF-LB process optimisation. 
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Jewellery-specific standardised tests as well 
as bulk metallic glass (BMG)-specific testing 
methods were performed on a series of platinum-
based BMGs with and without phosphorus, to 
evaluate their suitability as jewellery items. 
Their mechanical properties (elasticity, Young’s 
modulus and yield stress) were determined 
by three-point beam bending measurements. 
Hardness, wear and corrosion resistance 
were tested in comparison to state-of-the-art 
crystalline platinum-based jewellery alloys. The 
platinum-BMG alloys exhibit elastic elongation of 
about 2%. Compared to conventional crystalline 
platinum-alloys, their fracture strength of ca. 
2 GPa and their hardness of ca. 450 HV1 is four 
and two times higher, respectively. However, the 
BMGs show less abrasion resistance in the pin-
on-disc test than the conventional benchmark 
alloys due to adhesive wear and microcracking. 
Regarding the corrosion resistance in simulated 
body fluids, the BMG alloys reveal a slightly 
higher release of metals, while the tarnishing 
behaviour is comparable to the benchmark 
alloys. The phosphorus-free platinum-BMG alloy 
showed pronounced tarnishing during exposure 
to air at elevated temperature. The outstanding 
thermoplastic formability, a special feature of 
amorphous metals that can be crucial for enabling 
novel and filigree designs, was determined and 
quantified for all BMG alloys. 
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1. Introduction

Platinum-based BMGs have been the subject of 
research since 2005 and possess high potential 
for jewellery applications (1, 2). One advantage 
is that they show low liquidus temperatures of 
about 520°C due to their chemical composition in 
the vicinity of the phosphorus-platinum eutectic 
composition (2, 3). The absence of microstructural 
features in amorphous metals results in a high 
as-cast hardness, high mechanical strength, an 
outstanding surface quality and the absence of 
volume shrinkage during solidification (3, 4, 5). 
However, amorphous solidification requires very 
high cooling rates in comparison to conventional 
casting in order to inhibit crystallisation. This 
leads to a challenging casting process and 
ultimately limits the casting dimensions. The 
BMG alloys Pt42.5Cu27Ni9.5P21 and Pt60Cu16Co2P22 

show a critical cooling rate of around 20 K s–1 to 
successfully inhibit crystallisation and can be cast 
amorphously in diameters of about 20 mm (3), 
which is sufficient for their application as jewellery 
components. 
Conventional platinum jewellery alloys challenge 

the casting process with their high melting 
temperatures of about 1850–2050°C and they 
reveal high shrinkage porosity (6, 7, 8) and low 
as-cast hardness. Binary jewellery alloys such as 
95Pt-5Cu or 95Pt-5Ir possess as-cast hardness 
values less than 120 HV1 and ternary precipitation 
hardenable alloys such as 95Pt-2Ru-3Ga reach 
hardness values of about 200 HV1 (9). Work 
hardening, which is not applicable to investment 
cast parts, is required in order to reach a higher 
hardness (9).
Furthermore, BMGs show thermoplastic 

formability with high precision forming and 
enable new decorative designs (3, 10, 11). 
It has been shown that surface patterning of 
Pt57.5Cu14.7Ni5.3P22.5 is possible with an accuracy 
in the nanometre range which can result in a 
superficial hologram effect (11). Hence, the 
properties of platinum-based BMGs make them 
attractive for jewellery and watchmaking and 
have led to numerous investigations on BMGs 
with high fineness (85Pt and 95Pt) for almost 
20 years. The focus was laid on their glass 
forming ability and thermoplastic processability, 
but their corrosion and tarnishing resistance 
as well as wear resistance are not yet as 
intensively investigated as a huge variety of 
conventional platinum-based alloys (12). So far, 
good scratch (13) and wear resistance (2, 14)  

are assumed for BMG alloys since they exhibit 
high hardness. For a better understanding of their 
applicability as jewellery items, this study focuses 
on technical aspects from alloy preparation to 
further manufacturing processes of alloys with a 
platinum content of around 85 wt%. A series of test 
procedures typically used for the characterisation 
of glassy metals in combination with standardised 
jewellery-specific tests was performed. The 
standard test procedures were carried out in 
comparison to conventional platinum jewellery 
alloys.
Mechanical properties such as elasticity limit, 

critical strains and wear resistance are in the scope 
of this work as well as the corrosion performance 
of the BMGs and benchmark alloys. Experiments 
in simulated body fluids and tarnishing tests for 
a few BMG alloys at elevated temperatures were 
conducted. 
Since BMGs show the advantageous ability 

of plastic forming for novel designs (2), 
thermoplastic properties and the formability of the 
platinum-BMGs were characterised in this work to 
extend the understanding of their thermoplastic 
behaviour.

2. Materials and Methods 

An overview of the investigated platinum-BMGs 
with their indications and compositions given in 
atomic percent (at%) are provided in Table I and 
weight percent (wt%) in Table II. The series of 
platinum BMG alloys chosen for this study consist 
of alloys from the platinum-copper-nickel/cobalt-
phosphorus systems as well as nickel/cobalt and 
phosphorus-free systems. Throughout this work 
they will be named by their composition in atomic 
percent. Except the alloy Pt42.5Cu27Ni9.5P21, all 
BMGs reach a fineness of 85 wt% platinum. 
The conventional benchmark alloys and their 
compositions given in weight percent can be 
read in Table III. The benchmarks taken for 
the corrosion resistant tests are soft annealed. 
For the mechanical tests, they were taken in the 
as-cast and cold worked state. They are named 
with ‘a.c’ if they were tested in the as-cast state 
and are labelled with ‘c.w’ if the samples have 
undergone a cold work treatment. Table IV lists 
all alloys used in this work and the methods used 
on them. 
The standardised tests were repeated three 

times for the glassy samples: once for the first 
alloy batch and twice for a second alloy batch. The 
conventional platinum-jewellery alloys were tested 



319 © 2023 Johnson Matthey

https://doi.org/10.1595/205651323X16577027080875 Johnson Matthey Technol. Rev., 2023, 67, (3)

Table I The Compositions of the Platinum-BMG Alloys by Atomic Percent
at%

Alloy Pt Cu P Ni Co Si B Ag Ge
Pt42.5Cu27Ni9.5P21 42.50 27.00 21.00 9.50 – – – – –

Pt49.95Cu16.5Si6.4B24Ge3 49.95 16.50 – – – 6.40 24.00 – 3.00

Pt57.3Cu14.6P22.8Ni5.3 57.30 14.60 22.80 5.30 – – – – –

Pt57.8Cu19.2Ag1P20.6B1.4 57.80 19.20 20.60 – – – 1.40 1.00 –

Pt58.7Cu20.30Ag1P20 58.70 20.30 20.00 – – – – 1.00 –

Pt60Cu16Co2P22 60.00 16.00 22.00 – 2.00 – – – –

Table II The Compositions of the Platinum-BMG Alloys by Weight Percent
wt%

Alloy Pt Cu P Ni Co Si B Ag Ge
Pt42.5Cu27Ni9.5P21 73.90 15.30 5.80 5.00 – – – – –

Pt49.95Cu16.5Si6.4B24Ge3 85.03 9.23 – – – 1.57 2.26 – 1.90

Pt57.3Cu14.6P22.8Ni5.3 85.18 7.07 5.38 2.37 – – – – –

Pt57.8Cu19.2Ag1P20.6B1.4 85.06 9.02 4.81 – – – 0.11 0.81 –

Pt58.7Cu20.30Ag1P20 85.02 9.58 4.90 – – – – 0.80 –

Pt60Cu16Co2P22 86.57 7.52 5.04 – 0.87 – – – –

Table III The Compositions of the Benchmark Alloys by Weight Percent
wt%

Alloy Pt Cu Co W Ir Pd
800PtIr 80.0 – – – 20 –

950PtW 95.0 – – 5.0 – –

953PtCu 95.3 4.7 – – – –

600PtPd 60.0 30.0 – – – 10.0

950PtCo 95.0 – 5.0 – – –

960PtCu 96.0 4.0 – – – –

Table IV List of the Alloys and Conducted Testing Methods

Alloy Mechanic 
tests

Wear 
resistance and 
hardness

Nickel 
release

Artificial 
saliva

Annealing 
in air Formability

Pt42.5Cu27Ni9.5P21 – X X X – X

Pt49.95Cu16.5Si6.4B24Ge3 – X – X X –

Pt57.3Cu14.6P22.8Ni5.3 – X X X X X

Pt57.8Cu19.2Ag1P20.6B1.4 X X – X – X

Pt58.7Cu20.30Ag1P20 X X – X X X

Pt60Cu16Co2P22 X X – X – X

800PtIra – – – X – –

950PtWa – – – X – –

953PtCua – – – X – –

600PtPda – – – X – –

950PtCoa – X – X – –

960PtCua – X – – – –
aBenchmark alloys
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only once, since their properties are known and 
they serve in the comparative study as a reference. 

2.1 Sample Preparation

The alloys were prepared from high purity 
elements of at least 99.95% purity and master 
alloys. The master alloys for the glassy samples 
were produced following the two-step procedure 
described in (15). The samples were produced 
by arc-melting followed by suction casting. A 
custom-built arc-melting furnace with a suction 
casting inset was used. The alloy was melted in 
a high purity titanium-gettered argon atmosphere 
on top of a water-cooled copper crucible and then 
sucked into the mould cavity.
A second preparation method was performed using 

a modified MC15 tilt-casting device (INDUTHERM 
Erwärmungsanlagen GmbH, Germany). Here, 
the pure elements were inductively melted in 
a zirconia-coated alumina crucible under argon 
(0.6 Ar) atmosphere and consequently the melt 
was poured into a water-cooled copper mould. 
The master alloy Pt49.95Cu16.5Si6.4B24Ge3 was 
prepared by arc melting and subsequently cast in 
a centrifugal casting machine using a silica crucible 
in an atmosphere of 700 mbar argon. The level of 
impurities was expected to be similar to those given 
by the initial raw materials. The alloy composition 
was validated with continuous control of the masses 
involved in the alloying process. All samples were 
cast in plates with a thickness of 1–2 mm and a 
surface area of about 7–10 × 10 mm2. 
The samples were ground using coarse to fine 

grained silicon carbide paper (500 to 1200 grains 
per inch) and subsequently polished with an 
alumina dispersion with 1 μm grain size. To verify 
amorphous structure X-ray diffraction analysis 
(XRD) with copper Kα-radiation was performed in 
a Vantec-500 diffractometer (Bruker Corp, USA). A 
general area detector diffraction system (GADDS) 
configuration was used.

2.2 Three-Point Beam Bending 

Three-point flexural bending tests were carried 
out using an Autograph AGG testing machine 
(Shimadzu, Japan) to determine Young’s modulus, 
plastic limit and fracture strength. A three-point 
beam bending setup was chosen, which is used 
typically for metallic glasses. A more detailed 
description of the setup is given in (16). Due to the 
neutral plane in the middle of the beam, separating 
compressive and tensile strain, the propagation of 

a single shear band throughout the whole sample is 
hindered. This allows a certain amount of plasticity 
compared to a tension mode test (17). The cast 
samples were ground and polished resulting in a 
well-defined geometry with a cross-section of 0.6 ± 
0.05 mm × 2 ± 0.05 mm. The samples are bent 
at a deflection rate of 0.3 mm min–1 with a probed 
length of 15 mm. Based on classical beam-bending 
theory, the recorded load-displacement information 
was subsequently transformed into engineering 
stress-strain curves (18).

2.3 Hardness and Wear Resistance

To guarantee the same surface conditions, the 
samples were ground and polished prior to 
hardness testing according to the procedure 
described in Section 2.1. The Vickers hardness (HV) 
was measured according to ISO 6507-1:2018 (19) 
using a KB10 instrument from KB Prüftechnik 
GmbH, Germany. The indentation was set by a 
force of 9.807 N (1 kg). 
The abrasive resistance was examined with a 

tribometer pin-disc machine (CSEM, Switzerland). 
The tribological system consisted of the sample 
and a 6 mm diameter ceramic alumina ball acting 
as a pin. The normal force on the pin was 2 N, the 
number of rotations of the sample was 10,000 and 
the rotation speed was 500 rpm. Considering the 
diameter of the friction track of 2 mm, the sliding 
speed of the pin on the disc was about 52.4 mm s–1.  
Ambient conditions were 23°C and 50% RH. 
Afterwards, the wear marks were measured by 
profilometry, allowing a determination of the mark 
depth, and additionally investigated by scanning 
electron microscopy (SEM). 

2.4 Corrosion Resistance 

2.4.1 Metal Release in Simulated 
Body Fluids 

For the metal release tests in simulated body fluids, 
samples of both BMG alloy batches were prepared 
as explained in Section 2.1 and the surface area in 
contact with the test solution was determined. The 
test solution for nickel release was prepared according 
to DIN EN 1811:2015-10 (20) and the alloys were 
immersed so that they were completely covered by 
solution. A second solution of artificial saliva was 
prepared according to ISO 10271:2020 (21) to test 
metal release. For both corrosion tests, the ratio of 
solution to sample surface amounted to 1 ml cm–2. The 
samples were stored in the solution for 7 days ± 2 h  
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at 30 ± 2°C in a climatic chamber. Subsequently the 
released metal content was measured by inductively 
coupled plasma-optical emission spectrometry (ICP-
OES) according to DIN EN 15605:2010-12 (22). 
The tarnishing caused by the corrosive attack was 
investigated by colorimetric analysis according to 
standard test DIN 5033-1:2017-10 (23) before and 
after the test. 
The samples’ colour is described by colour 

coordinates as follows: the luminescence  
[–L*, +L*] for black to white, [+a* –a*] for red 
or green appearance and [+b*, –b*] for yellow or 
blue. In the test daylight (D65) was used which 
was diffusely scattered by an integrating sphere 
on the surface of the sample. The measurements 
were performed with a 10° standard observer and 
a d/8 analysis geometry according to the standard 
test (23). The reflected light was split into its 
spectral components by a prism and these were 
then analysed by a photodiode array.
According to DIN 6174:2007-10 (24) the colour 

change can be described as the distance ∆E between 
the coordinates of two colours and determined by 
Equation (i):

( ) ( ) ( )2 229 * *E L a b∆ = ∆ + ∆ + ∆  (i)

The Yellowness Index (YI) was determined 
according to standard ASTM D1925 (25).

2.4.2 Tarnishing in Air at Elevated 
Temperatures 

The corrosion resistance was also evaluated by the 
investigation of tarnishing behaviour of the BMG 
alloys when exposed to air. Annealing experiments 
in air at elevated temperatures were performed for 
the phosphorus-free alloy Pt49.95Cu16.5Si6.4B24Ge3 
containing silicon and boron and two platinum-
BMGs Pt57.3Cu14.6P22.8Ni5.3 and Pt58.7Cu20.3Ag1P20. 
The exposure at higher temperatures accelerates 
the kinetics of microstructural processes, making 
potential changes detectable in a reasonable 
experimental time window. 
The alloy Pt49.95Cu16.5Si6.4B24Ge3 was annealed 

at 501 K (228°C) which corresponds to a 
homologous temperature about TH = T/Tg = 0.88. 
To get an overview of the tarnishing behaviour 
of the platinum-BMGs, one candidate of each 
platinum-copper-silver/nickel-phosphorus alloy 
was chosen for the tests. Since the glass 
transition temperatures Tg of Pt57.3Cu14.6P22.8Ni5.3 

and Pt58.7Cu20.3Ag1P20 differ by only 8 K, the 
average value was taken and to ensure the 

same homologous temperature of 0.88, the 
annealing temperature of 449 K (176°C) 
was determined for both alloys. During the 
exposure time, the colour change was frequently 
measured. Alloy Pt49.95Cu16.5Si6.4B24Ge3 and the 
alloys Pt57.3Cu14.6P22.8Ni5.3/Pt58.7Cu20.3Ag1P20 

were annealed for 36 days at 501 K and at 
449 K, respectively. The annealing tests of the 
Pt49.95Cu16.5Si6.4B24Ge3 alloy were performed 
twice with different samples to confirm the 
results. To increase the data accuracy shorter 
time intervals were chosen for the repeated 
measurement. Focused ion beam (FIB) was used 
to prepare samples imaged in SEM and chemical 
analysis was conducted by energy-dispersive 
X-ray spectroscopy (EDX). 

2.5 Formability Tests 

When metallic glasses are heated above their 
respective glass transition temperature, they 
can be thermoplastically formed in analogy to 
polymeric thermoplastics or conventional silicate 
glasses. The formability of an alloy is mainly 
defined by the temperature dependent viscosity, η,  
describing how well the material flows at a 
given temperature, in combination with the 
crystallisation time, tx, defining the time window 
of deformation until the material crystallises at 
this temperature. The formability, F, is defined as 
Equation (ii) (26):

3
xtF =
η

 (ii)

The formability was determined for several 
platinum-phosphorus-based BMGs based on 
calorimetric measurements and thermomechanical 
measurements to determine the crystallisation and 
the temperature dependent viscosity, respectively. 
Further, thermophysical properties such as 
transition temperatures and enthalpies were 
determined by differential scanning calorimetry 
(DSC). A detailed description of the methodology 
used can be found in (27).

3. Results

XRD measurements were performed on the 
samples cross-section prepared as described in 
Section 2.1. Figure 1 shows the patterns of all 
BMG alloys. No sharp peaks corresponding to 
crystalline peaks can be detected. Only two broad 
peaks are visible in the X-ray pattern, which is 
typical for amorphous structures. It should be 
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noted that the small peak appearing in each 
diffractogram at the same position at around 55° 
is due to a fault in the detector. For the two alloys 
Pt49.95Cu16.5Si6.4B24Ge3 and Pt42.5Cu27Ni9.5P21 
a structural pre-peak in front of the first sharp 
diffraction peak (FSDP) can be observed. For 
the latter this pre-peak is associated with 
an increased degree of medium-range order 
(MRO) (28). The observable shift of the FSDP in 
this alloy is probably associated with the lower 
content of large platinum atoms, leading to a 
smaller average interatomic distance.

3.1 Mechanical Properties 

In Figure 2 the stress-strain curves of three nickel-
free platinum-based BMG alloys obtained by three-
point beam bending are displayed in comparison 
to those of three conventional crystalline platinum-

alloys measured by tensile testing (reproduced 
from (9)). Each alloy composition reaches its 
elastic limit at 2% strain and with a strength of 
around 1.6 GPa (Rp2). Above 2% strain, the 
Pt58.7Cu20.3Ag1P20, Pt57.8Cu19.2Ag1P20.6B1.4 and 
Pt60Cu16Co2P22 alloys exhibit plastic deformation 
before critical failure. Pt60Cu16Co2P22 shows the 
highest plasticity and fractures at approximately 
3.3% strain. The results of the three-point-
beam bending experiments are provided in 
Table V. Maximal Rp2 values are detected for the 
Pt58.7Cu20.3Ag1P20 alloy. Compared to their high 
strength, the Young’s modulus of metallic glasses 
is relatively low, resulting in lower stiffness. In 
contrast to the platinum BMGs, the crystalline 
alloys demonstrate in the tensile tests significantly 

Fig. 1. XRD pattern of the platinum alloys in the 
glassy condition at room temperature
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Table V  Mechanical Properties Obtained by Three-Beam-Bending of Amorphous Cantilevers 
Compared to Those of Crystalline Platinum Alloys Measured by Tensile Tests 

Alloy, at% Elasticity,  
ε, %

Elongation at 
fracture, εF, %

Young’s-Modulus, 
E, GPa

Yield stress,  
Rp2, MPa

Pt58.7Cu20.2Ag1P20 2.1  2.5 88.8 ± 7.3  1721

Pt57.8Cu19.2Ag1P20.6B1.4 2.1  2.3 82.5 ± 3.7  1604

Pt60Cu16Co2P22 2.0  3.4 88.1 ± 4.1  1660

95Pt-5Ira 0.07 45 186 142

95Pt-5Cua 0.07 15 129 171

95Pt-3.5Ru-1.5Gaa 0.10 22 184 299
aBenchmark tensile tests (9). Yield stress Rp0.2, MPa
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Fig. 3. Results of (a) hardness; and (b) abrasive damage of the platinum-BMG alloys in comparison to the 
conventional benchmark alloys

600

500

400

300

200

100

Pt
42

.5

Pt
49

.9

Pt
57

.3

Pt
57

.8

Pt
58

.7

Pt
60

.0

95
Pt

W
_a

-c
.

96
Pt

Cu
_a

-c
.

95
Pt

Co
_c

.w
.

95
Pt

Cu
_c

.w
.

95
Pt

W
_c

.w
.

Pt
42

.5

Pt
49

.9

Pt
57

.3

Pt
57

.8

Pt
58

.7

Pt
60

.0

95
0P

tW
_a

-c
.

96
0P

tC
u_

a-
c.

95
0P

tC
o_

c.w
.

95
0P

tC
u_

c.w
.

95
0P

tW
_c

.w
.

Pt-BMG
Pt-BMG

Crystalline
benchmarks

Crystalline
benchmarks

HV1
2.0

1.5

1.0

0.5

0

D
ep

th
 o

f 
w

ea
r 

m
ar

k,
 µ

m

Depth of wear mark

H
V
1

(a) (b)

lower yield strengths (<500 MPa) and a pronounced 
plasticity. 

3.2 Wear Resistance and Hardness 

The results of the wear resistance tests are depicted 
in Figure 3. For the BMG alloys, the mean values and 
standard deviations of three test series are plotted. 
All diagrams present the values for the BMG (black) 
in comparison to the conventional alloys (red). In 
Figure 3(a) the hardness values, given in HV1, are 
shown and the overall hardness values of the BMG 
alloys (around 450 HV1) are more than twice as 
high as those of the crystalline work hardened alloys 
(around 250 HV1) and about four times higher 
compared to the crystalline alloys in their as-cast 
state (around 100 HV1). The mean values of the 
wear mark depth depicted in Figure 3(b) reveal 
slightly higher values for the BMG alloys than those 
in the crystalline benchmarks. The mark depths of 
Pt57.8Cu19.2Ag1P20.6B1.4 and Pt58.7Cu20.3Ag1P20 are 
about 1 µm larger than those of the nickel and 
cobalt bearing BMGs. Pt57.3Cu14.6Ni5.3P22.8 show 
the lowest wear mark depth. In Figure 4 the wear 
mark depth is plotted against the hardness and 
lower values for the cold worked alloys compared to 
the softer as-cast state are discernible. Comparing 
the platinum BMGs among themselves, no evident 
correlation between hardness and wear mark depth 
can be observed. 
In Figure 5 details of the wear marks are 

shown for the BMG alloys Pt57.8Cu19.2Ag1P20.6B1.4 
(Figure 5(a), 5(d) and 5(g)), Pt42.5Cu27Ni9.5P21  
(Figure 5(b), 5(e) and 5(h)) and 
Pt49.95Cu16.5Si6.4B24Ge3 (Figure 5(c), 5(f) and 5(i)).  

In Figure 5 different magnifications and different 
degrees of detail are shown hierarchically from the 
first to the last row. The positions of the magnifications 
are marked by a square. The overview images of 
abrasive attack of the alloys Pt57.8Cu19.2Ag1P20.6B1.4 
and Pt42.5Cu27Ni9.5P21 display wear marks with flat 
pressed material at their respective edges. The 
marks of Pt57.8Cu19.2Ag1P20.6B1.4 reveal peeled off 
particles and cracks in the border zone. In the 
detailed depiction of the mark centre of both alloys 
(Figure 5(d) and 5(e)) where the applied load is 
maximal, scores next to deformed and flattened 
material can be observed. In the magnification 
shown in Figure 5(g) and 5(h), the surface 
appears coarse and rough and daubed material can 
be detected. In contrast, the overview image of 
Pt49.95Cu16.5Si6.4B24Ge3 shows cracks in the centre 
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of the marks (see Figure 5(f) and 5(i)) together 
with an accumulation of apparently loose particles 
next to the wear tracks. Since less daubed-like 
regions and mainly cracks can be observed, the 
abrasive damage looks remarkably different to 
the other BMG alloys. Comparably, the abrasive 
damage of the cold worked benchmark alloys 
950PtW and 950PtCu observed in SEM is reported 
in Figure 6. The chosen magnification corresponds 
to those of Figure 5(d), 5(e) and 5(f). Smooth 
and plastically deformed surfaces are visible. The 

slightly harder 950PtW alloy also reveals partially 
removed material.

3.3 Corrosive Attack

3.3.1 Metal Release in Simulated 
Body Fluids

Because the potentially hazardous to health 
element nickel is alloyed in three platinum BMG 
systems, their metal release was tested twice by 

Pt57.8Cu19.2Ag1P20.6B1.4 Pt42.5Cu27Ni9.5P20.6 Pt49.95Cu16.5Si6.4B24Ge3

50 μm 50 μm 100 μm

10 μm10 μm10 μm

1 μm 1 μm 3 μm

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 5. SEM detail images of the wear marks of: (a) Pt57.8Cu19.2Ag1P20.6B1.4 at 50 µm; (b) Pt42.5Cu27Ni9.5P20.6 
at 50 µm; (c) Pt49.95Cu16.5Si6.4B24Ge3 at 100 µm; (d) Pt57.8Cu19.2Ag1P20.6B1.4 at 10 µm; (e) Pt42.5Cu27Ni9.5P20.6 
at 10 µm; (f) Pt49.95Cu16.5Si6.4B24Ge3 at 10 µm; (g) Pt57.8Cu19.2Ag1P20.6B1.4 at 1 µm; (h) Pt42.5Cu27Ni9.5P20.6 
at 1 µm; and (i) Pt49.95Cu16.5Si6.4B24Ge3 at 3 µm BMG alloys. The positions of magnifications are marked by 
squares

(a) (b)950PtW_c.w.

10 �m 10 �m

950PtCu_c.w. Fig. 6. SEM images of the wear marks 
of the cold worked benchmark alloys: 
(a) 950PtW; and (b) 950PtCu 
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the standardised test (20) to quantify the release 
of nickel in aqueous solution. The results, listed in 
Table VI, show a release of nickel far below the 
limit given by the industrial standard for jewellery 
applications. European legislation allows very low 
nickel release rates (20). Therefore, although not 
forbidden, most European jewellery manufacturers 
refrain from using nickel in their alloys.
As described in Section 2.4.1, the samples 

were stored in artificial saliva to determine the 
metal release. Metal release of the conventional 
benchmark alloys was only detectable for cobalt and 
copper. The results of element release for the BMGs 
and the benchmark alloys is plotted in Figure 7(a) 
and the value of copper-release normalised to the 
initial copper content is plotted in Figure 7(b). 
Mean values and standard deviations from all tested 
samples (Batches 1 and 2) are depicted.
The BMG alloys release mainly copper and 

phosphorus. Comparing the other BMG alloys, 
a higher element release was detected for 
Pt42.5Cu27Ni9.5P21. The element releases of the 
other BMGs are similar and about four to seven 
times higher than for the conventional alloys. The 
platinum release of the conventional alloys lies 
below the detection limit. Figure 7(b) displays 
the copper release of all alloys normalised to their 
initial weight percent of copper. The differences 

of normalised copper release between BMG and 
conventional alloys are lower due to higher copper 
content of the platinum BMG alloys. 
As explained in Section 2.4.1, the change of 

colour caused by corrosive attack was determined. 
Figure 8 compares the overall change in colour 
between the BMG alloys and the crystalline 
benchmark alloys. The results reveal similar 

Table VI Alloys Bearing Nickel and Their Measured Release (20)
Alloy, at% Nickel release, µg cm–2 week–1 Limit value, µg cm–2 week–1

Pt42.5Cu27Ni9.5P21 
0.09

0.5
0.11

Pt57.3Cu14.6Ni5.3P22.8 
0.03

0.04

Fig. 7. (a) Element release of each BMG-alloy compared to 950PtCu and 950PtW; (b) copper release 
normalised to the initial copper content in wt% 
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changes of colour of the BMG alloys and the 
conventional crystalline jewellery alloys.

3.3.2 Exposure to Air

Exposure tests were performed on samples of the 
alloys Pt57.3Cu14.6Ni5.3P22.8 and Pt58.7Cu20.3Ag1P20 
as well as two samples of Pt49.95Cu16.5Si6.4B24Ge3 

alloy from different batches. The samples of 
Pt49.95Cu16.5Si6.4B24Ge3 and Pt57.3Cu14.6Ni5.3P22.8 
after the experiment are shown in Figure 9 and 
the calculated colour change of the platinum BMG 
alloys by exposure to air is shown in Figure 10. 
Macroscopically a pronounced colour change can 
be observed for Pt49.95Cu16.5Si6.4B24Ge3 whereas 
the Pt57.3Cu14.6Ni5.3P22.8 sample surface retains 
a silver metallic lustre. The colour change of the 
Pt49.95Cu16.5Si6.4B24Ge3 alloy composition, which is 
about seven times more pronounced than that of 
the Pt57.3Cu14.6Ni5.3P22.8 BMG, is clearly visible and 
appears brownish to the eye. 
In Table VII the values for L*, a*, b*, YI and 

∆E are given for the samples after annealing. 
To express the effect of tarnishing and to get 
an idea about the values and the corresponding 
lustre, the colour coordinates of an untreated 
950PtCu alloy are given in comparison. Since this 
alloy was not annealed, no data after thermal 
treatment are given. Due to the brownness of 
the Pt49.95Cu16.5Si6.4B24Ge3 sample, the YI, which 
is commonly used to describe the lustre of gold 
and platinum-based jewellery, does not represent 
the colour here. However, it is given as additional 
information in Table VII. The a* and b* values of 
the Pt49.95Cu16.5Si6.4B24Ge3 samples differ slightly 
from those of the less tarnished samples and the 
benchmark reference. The luminescence L*, which 
describes the brightness, reveals pronounced 
differences for the tarnished samples. Conventional 

jewellery alloys reveal L* values of about 85 (29). 
Compared to the brightness of a conventional 
platinum-jewellery alloy, Pt49.95Cu16.5Si6.4B24Ge3 

possesses less than half after tarnishing in air. 
Since the alloys Pt57.3Cu14.6Ni5.3P22.8 and 

Pt58.7Cu20.3Ag1P20 did not show any differences in 
their superficial appearance after the annealing 
experiments, only Pt49.95Cu16.5Si6.4B24Ge3 was 
examined in more detail. The SEM investigation 
of the surface after exposure to air is shown in 
Figure 11. The position of the cross-section 
prepared by FIB is shown in Figure 11(a). 
The SEM image of the FIB section is displayed 
in Figure 11(b). In addition to black boron-
rich formations, which might not have been in 
solution before, small dendritic structures (marked 
with white arrow) are present. By using EDX, a 
carbon-rich phase was detected right underneath 
the surface with copper-oxide rich (dark) and a 

(a) (b)Pt49.95Cu16.5Si6.4B24Ge3

5 mm 5 mm

Pt57.3Cu14.6Ni5.3P22.8 Fig. 9. Macroscopic images 
of the samples of: (a) 
Pt49.95Cu16.5Si6.4B24Ge3; 
and (b) Pt57.3Cu14.6Ni5.3P22.8  
alloy after exposure to air

Fig. 10. Measured colour change of the BMG alloys 
Pt49.95Cu16.5Si6.4B24Ge3, Pt57.3Cu14.6Ni5.3P22.8 and 
Pt58.7Cu20.3Ag1P20
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brighter platinum and silicon phase in the adjacent 
surrounding bulky matrix. The amount of carbon 
underneath the surface might originate from an 
organic platinum compound formed during sample 
preparation. 

3.4 Thermoplastic Properties 

Calorimetry was used to determine the 
characteristic temperatures of the glass transition 
such as glass transition temperature, Tg, and 
following crystallisation, Tx, together with the 
melting event, where solidus temperature, Ts, 
and liquidus temperature, Tl, are determined. 
The characteristic temperatures of all alloys are 

summarised in Table VIII. The glass transition 
temperatures are located within the small region 
between 501 K and 514 K. A larger spread can be 
seen in the onset of crystallisation, where the alloy 
Pt42.5Cu27Ni9.5P21  shows the highest Tx at 597 K and 
Pt57.8Cu19.2Ag1P20.6B1.4   shows the smallest value at 
565 K. With respect to thermoplastic forming, the 
thermal stability of the supercooled liquid is of most 
interest. The thermal stability can be quantified 
by the width of the supercooled liquid region, 
ΔTx = Tx – Tg. Here, the alloy Pt42.5Cu27Ni9.5P21 
shows the highest stability with ΔTx = 83 K. 
Nevertheless, this quantity is not a measure of the 
change in viscosity of the supercooled liquid, which 
is crucial for thermoplastic formability.

Table VII  Colour Coordinates and Yellowness Index of Platinum-Based BMG Alloys Measured 
Before and After Annealing in Air Compared to an Intact Reference Sample of 
950PtCu

Alloy Exposure 
time, days

L*
(D65)

a*
(D65)

b*
(D65)

YI
(D1925) ∆E

Pt49.95Cu16.5Si6.4B24Ge3_1
0 76.82 0.03 3.99 10.35

35.93
36 41.04 1.72 1.15 8.26

Pt49.95Cu16.5Si6.4B24Ge3_2
0 78.17 –0.08 3.55 9.19

36.95
36 40.75 0.83 –0.76 –0.17

Pt57.3Cu14.6 Ni5.3P22.8

0 76.02 0.14 3.99 10.54
1.72

36 75.50 0.19 4.77 12.34

Pt58.7Cu20.3Ag1P20

0 76.63 0.07 3.95 10.33
6.66

36 72.20 0.80 8.08 20.65

950PtCua – 86.44 –0.3 3.22 7.71 –

aUntreated reference

2 �m 1 �m

B
Pt and Si-rich

C-rich

Cu-oxid

(a) (b)

Fig. 11. SEM images of the surface of the Pt49.95Cu16.5Si6.4B24Ge3 alloy: (a) after exposure to air in the 
overview with the marked position of the FIB section; and (b) the detail of the FIB section 
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The isothermal formability, F, includes both thermal 
stability and viscosity. In Figure 12 the temperature 
dependent isothermal formability is shown as a 
function of inverse temperature, normalised to 
the glass transition temperature for 20 K min–1. 
Comparing the platinum BMG alloys among 
themselves, the systems based on platinum-copper-
nickel/cobalt-phosphorus show better formability 
than the cobalt/nickel free platinum-copper-silver-
(boron)-phosphorus alloys. The larger temperature 
range covered by Pt42.5Cu27Ni9.5P21  originates from 
its large thermal stability. The superior formability 
of the other two platinum-copper-nickel/cobalt-
phosphorus alloys is due to their steeper decrease 
in viscosity around the glass transition, i.e. they are 
kinetically more fragile (30). Still the formability 
of all tested platinum-based alloys is much higher 
than those reported in (31) for other families of 
metallic glasses. 

4. Discussion

The investigation of mechanical properties by 
three-point beam bending reveals yield strength 

values Rp2 of about 1600 MPa for all tested platinum 
BMG alloys. Deformation is mainly elastic for the 
majority of the platinum BMGs, in accordance with 
the literature (32). The strength of a series of 
conventional platinum jewellery alloys with 95 wt% 
platinum was previously measured by tensile 
testing, commonly used for crystalline alloys (9). 
Although the testing methods used for the different 
material classes are not identical, the magnitudes 
of strength are still comparable with each other. 
Studies on crystalline TiAl6V4 using three-point 
beam bending (18) and tensile tests (33) reveal 
comparable results. For the majority of platinum 
jewellery alloys (9), yield strengths (Rp0.2) of 
about 150 MPa to 300 MPa were detected, as 
shown for 95Pt-3Ru-1.5Ga, 95Pt-5Ir and 95Pt-5Cu 
in Figure 2. The maximum Rp0.2 of about 421 MPa 
was reached for 95Pt-2Ru-3Ga. Hence, the platinum 
BMG alloys demonstrate about eight times higher 
yield strength values (with about 2% elasticity) 
than conventional platinum-alloys. Furthermore, 
the BMG alloys exhibit Vickers hardness values 
more than twice as high as those of the crystalline 
work hardened alloys. 
The abrasive behaviour of BMGs was investigated. 

Against expectation (2, 14), their high hardness 
does not result in higher wear resistance. The BMGs 
display a more pronounced abrasive damage than 
the crystalline benchmark alloys. The conventional 
crystalline alloys show mechanisms such as 
microploughing and wedge formation which may 
occur during abrasive attack (34) and which are not 
expected to be accompanied by a loss of material. 
Proof for microploughing as damage mechanism 
was shown for 950PtIr in a previous study (12). In 
this work, a similar mechanism was observed for 
the 950PtCu alloy. 
SEM images of the platinum-phosphorus-based 

BMG alloys suggest that worn-off material is 
plastically deformed and sticks to the surface. 
This observation points towards an adhesive 
wear mechanism, which has already been 
suggested for platinum-phosphorus-based BMGs 
in the literature (35). This might result in a more 

Table VIII  Results of Differential Scanning Calorimetric Measurements with a Heating 
Rate of 0.33 K s–1

Alloy Tg, K Tx, K ΔTx ∆Hx, kJ g–1 atom–1 ∆Hm, kJ g–1 atom–1 Ts, K Tl, K
Pt58.7Cu20.2Ag1P20 509 570 61 5.2 9.7 825 844 

Pt57.8Cu19.2Ag1P20.6  B1.4 509 565 56 4.8 9.2 824 845 

Pt60Cu18Co2P22 506 573 67 7.3 10.7 824 882 

Pt42.5Cu27Ni9.5P21 514 597 83 6.6 10.5 779 874 

Pt57.3Cu14.6Ni5.3P22.8 501 577 76 7.3 11.4 735 833 

Fig. 12. Formability parameter over Tg-nominated 
inverse temperature for several different platinum-
based BMGs
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pronounced material loss if the worn material 
loses adhesion to the bulk material. In contrast, 
investigations reveal that the platinum-boron-
based BMG is more prone to microcracking. 
Although the mechanism of the platinum-copper-
silver-boron-phosphorus and platinum-copper-
nickel-phosphorus alloys appears similar, the 
nickel-containing BMGs Pt42.5Cu27Ni9.5P21 and 
Pt57.3Cu14.6Ni5.3P22.8 show the smallest wear mark 
depths. Consequently, a positive effect of nickel 
on the abrasive resistance can be assumed. 
Furthermore, the cobalt containing alloy (2 at% 
cobalt) shows wear mark depths in between the 
nickel-free and nickel-containing BMGs. Hence, a 
composition dependant abrasive behaviour could 
be observed and the nickel containing alloys are 
suggested to be more suitable for application 
where abrasion resistance is important. In addition, 
it was shown that nickel release due to corrosive 
attack of body fluids is expected to lie far below the 
limit given by the industrial standard for jewellery 
applications, ensuring harmless applicability. 
The different abrasive behaviour of the two material 

classes can be explained by extremely localised 
plastic deformation in BMGs. In the literature, the 
extent of plastic deformation of metallic glasses 
depends on the type of measurement. Compression 
experiments often lead to the formation of multiple 
shear bands resulting in a distinct plastic regime, 
for example Pt57.5Cu17.7Ni5.3P22.5, 20% plastic 
deformation (5). In contrast, the formation of a 
single shear band usually leads to catastrophic 
failure in tension experiments (36). Therefore, 
BMGs are often termed ‘brittle’ although they 
are highly ductile in a very localised area (shear 
band). Consequently, the adhesive wear observed 
for the platinum-phosphorus-based liquids suggest 
that the pin-on-disc experiments cause very 
localised plastic deformation leading to peeling 
off of material which is subsequently plastically 
deformed and flattened by the pin. This material is 
continuously transferred to the edges of the wear 
mark as seen in Figure 5(a) and 5(b). In contrast, 
Pt49.95Cu16.5Si6.4B24Ge3 shows the formation of 
microcracks suggesting significantly less ductile 
behaviour. 
The corrosion tests reveal that the element 

release of the BMG alloys is slightly higher than 
that of the crystalline benchmark alloys. However, 
their tarnishing behaviour in artificial saliva is 
comparable. Pronounced element release is 
detected for the platinum-boron-based BMG alloy 
Pt49.95Cu16.5Si6.4B24Ge3 with a high scattering of 
data.

The oxidative behaviour of the 
Pt49.95Cu16.5Si6.4B24Ge3 alloy is noticeable with 
respect to tarnishing. Copper oxide was detected 
underneath the surface and adjacent to platinum-
silicon rich phases after exposure to air at elevated 
temperatures. Oxidative attack has also been 
observed on a gold BMG in previous work (37). 
Growth of silica dendrites into the sample surface 
and copper oxide dendrites above were detected 
by annealing experiments in air at the homologous 
temperature, TH, of about 0.88. The interplay of 
copper with silicon was concluded to play a crucial 
role for tarnishing (37). The platinum BMGs show 
a pattern of internal oxidation of copper compared 
to the gold BMG. Tarnishing was observed in 
this work only for the copper and silicon bearing 
alloy and it can be hypothesised that tarnishing 
occurs by a mechanism based on the interaction 
of copper and silicon. The interplay between these 
elements seems to be different for the platinum 
BMG compared to the gold BMG alloy. Analogous 
to the gold-based BMG, the reduction of copper 
or silicon content might reduce the tarnishing rate 
(38, 39). However, for a more detailed and in-
depth understanding of the underlying mechanism 
further investigations are necessary.
Due to its worse performance, the 

Pt49.95Cu16.5Si6.4B24Ge3 alloy was excluded from the 
investigation of the mechanical and thermoplastic 
behaviour of the platinum BMG series.
The formability tests show outstanding formability 

of all platinum alloys due to a fast decrease of 
viscosity during heating above the glass transition 
temperature, called kinetically fragile behaviour, 
combined with a very good thermal stability 
against crystallisation (30, 40). Compared to other 
metallic glasses, for example iron- or zirconium-
based glasses, the isothermal formability of the 
examined platinum-based BMGs is two to three 
orders of magnitude higher. A comparative analysis 
on thermoplastic formability within the different 
classes of BMGs is provided in (31). This superior 
formability together with their high strength 
predestines them for new innovative filigree and 
durable design applications in the jewellery sector.

5. Conclusions

The investigated BMG alloys, except 
Pt42.5Cu27Ni9.5P21 , reach a fineness of 85 wt% 
platinum, which makes them interesting for 
jewellery manufacturing. The mechanical analysis 
of the platinum BMG series demonstrates for all 
tested alloys a strength and hardness which 
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exceed those of the crystalline benchmarks. These 
superior properties in the as-cast state enable near 
net shape casting without the need for subsequent 
thermomechanical treatment. In the context of 
filigree geometries, their mechanical properties are 
very valuable and ensure stability of form.
In comparison to platinum-based benchmark 

alloys, a more pronounced abrasive damage is 
expected for the platinum BMG alloys during 
their lifetime as jewellery items. Furthermore, 
a composition-dependent tribological behaviour 
among the platinum BMG alloys is observed, 
revealing favourable wear resistance associated 
with the content of nickel. In the context of 
corrosion behaviour, satisfactory maintenance of 
appearance during usage, similar to their crystalline 
counterparts, can be assumed for platinum-based 
BMG jewellery. The results indicate a higher risk 
of tarnishing for the phosphorus-free, platinum-
boron-based alloy Pt49.95Cu16.5Si6.4B24Ge3 than 
for the other platinum-based BMGs. Interaction of 
copper and silicon is assumed to play a crucial role 
for the tarnishing mechanism. 
The results of this work show the suitability of 

several platinum-based BMG alloys for jewellery 
application and demonstrate their beneficial 
properties. In addition to their outstanding elasticity 
and formability, their thermoplastic formability and 
high mechanical strength enable new designs, 
which should further enhance industrial interest 
and applicability of platinum BMGs. 
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Carbon-hydrogen bond activations and their 
subsequent functionalisation have long been 
an important target in chemistry because C–H 
bonds are ubiquitous throughout nature, making 
C–H derivatisation reactions highly desirable. 
The selective and efficient functionalisation of 
this bond into many more useful carbon-element 
bonds (for example, C–B, C–Si, C–O and C–S 
bonds) would have many uses in pharmaceutical 
and bulk chemical synthesis. Activation of the 
C–H bond is, however, challenging due to the 
high strength and low bond-polarity of this bond 
rendering its cleavage unfavourable. With the 
correct choice of reagents and systems, especially 
those utilising directing groups, kinetically and 
thermodynamically favourable catalytic processes 
have been developed. However, a key remaining 
challenge is the development of undirected, 
intermolecular reactions using catalysts that are 
both selective and active enough to make useful 
processes. In this review, the progress towards 
optimising Group 9 C–H activation catalysts is 
discussed, particularly focusing on undirected 
reactions that are kinetically more difficult, starting 
with a brief history of C–H activation, identifying the 

importance of auxiliary ligands including the nature 
of anionic ligand (for example, cyclopentadienyl, 
indenyl, fluorenyl and trispyrazolylborate) and 
neutral ligands (such as phosphines, carbonyl, 
alkenes and N-heterocyclic carbenes (NHCs)) that 
contribute towards the stability and reactivity of 
these metal complexes. The tethering of the anionic 
ligand to strong σ-donating ligands is also briefly 
discussed. The focus of this review is primarily on 
the Group 9 metals rhodium and iridium, however, 
C–H activation using Group 8 and 10 metals are 
compared where useful. The most recent advances 
in this field include the development of C–H 
borylation of many small hydrocarbon substrates 
such as arenes, heterocycles and n-alkanes as well 
as the more challenging substrate methane.

1. Carbon-Hydrogen Activation

The C–H activation and functionalisation of small 
hydrocarbon molecules that feature relatively non-
reactive C–H bonds, such as alkanes and aromatics, 
has long been of interest in chemistry due to 
their use as starting materials in many industrial 
syntheses (1). Hydrocarbons are cheap and highly 
abundant feedstocks currently derived from the 
petrochemical industry. Methane is a byproduct of 
oil extraction and must be burned when it cannot 
be transported due to its dangerous greenhouse 
gas potential. The use of hydrocarbons as fuels has 
unwanted side-effects due to the CO2 released in 
combustion. If we are to move beyond fossil fuels, 
part of the solution may be to use these hydrocarbon 
feedstocks for building more useful and valuable 
compounds. Thus, if we can establish efficient 
transformations of C–H bonds, we can better utilise 
hydrocarbons as chemical building blocks rather 
than fuels. Additionally, because C–H bonds are 
ubiquitous in chemistry and biochemistry, these 
methods will also be applicable to other feedstocks 
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that could be renewable, bio-sourced or generated 
from waste products, further increasing the 
sustainability of this chemistry (2). One pertinent 
example is the hydrocarbons that are produced from 
Fischer-Tropsch processes (3, 4). These synthetic 
hydrocarbons could be carbon neutral, if derived 
from CO2 and hydrogen produced using renewable 
energy, but will need functionalising if they are to be 
used as convenient chemical feedstocks.
C–H activation remains difficult due to the 

strength and lack of polarity in carbon hydrogen 
bonds, particularly with respect to sp3 carbon 
centres. This unfavorability in bond breakage 
can be overcome, however, using a number of 
approaches to generate thermodynamically and 
kinetically favourable reactions (Scheme I), even 
for intermolecular and undirected reactions (5). 
Strong bases can be used to deprotonate and then 
subsequently functionalise arenes in stoichiometric 
reactions, with directed ortho metalation (DoM) 
a particularly useful reaction (6), and modern 

research has focused on developing better and 
more selective, albeit still stoichiometric, reagents 
and reactions (7). 
Compared to stoichiometric reactions, catalytic 

C–H bond functionalisation has the advantage of 
reducing waste. Focusing on the late transition 
metals, electrophilic and oxidative addition 
pathways are commonly proposed, although 
σ-complex assisted metathesis pathways (σ-CAM) 
also need to be considered (8, 9). For oxidative 
addition, using metal complexes with a strongly 
electron-rich metal centre leads to the formation 
of strong metal-carbon and metal-hydrogen bonds 
(Scheme II). The requirement for an electron-
rich metal centre makes the late transition metals 
attractive. To improve reactivity, these metal 
centres require the coordination of strongly 
electron-donating ligands to further increase the 
electron density on the metal centre. This subject 
has been covered in a plethora of reviews on C–H 
activation over the last few decades (10–13). 
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The history of C–H activation began as long 
back as 1898 when Dimroth was able to show 
the mercuriation of benzene using Hg(OAc)2 
to give Hg(Ph)OAc. Coincidentally, in 1908 
Schorigin also used a mercury compound, HgEt2, 
in combination with sodium and benzene to 
generate phenylsodium (7). C–H activation was 
then extended to aurations in 1931 with Kharasch 
and coworkers who used gold chloride salts for 
C–H insertion to form organogold compounds (14). 
Other early C–H deprotonations could be performed 
using organolithium and Grignard reagents, 
however, these reactions generally required nearby 
functional groups to acidify the C–H bond which 
both increased reactivity and brought about the 
selectivity in these reactions, giving rise to DoM.
The metals used in C–H activation moved away 

from these early C–H activation species to the 
more electron rich d-block metals and by the 1970s 
the process of intramolecular C–H activation, 
termed cyclometallation, was well known in the 
literature (15) with the first cyclometallations being 
performed in the late 1950s (16). Often aryl C–H 
bonds were involved (Scheme III) because aryl 
C–H bond activation is kinetically favoured over 
alkyl C–H bond activation due to pre-coordination 
of the electron rich arene as well as the formation 
of stronger M-aryl bonds compared to M-alkyl (17). 
Cyclometallation further favours the C–H activation 
product due to the high local concentration of C–H 
bonds present in ligands already attached to the 
metal centre and the chelate ring that is formed 
upon cyclometallation (18). 
By the 1960s, Chatt and coworkers were able to 

demonstrate the more challenging intermolecular 
C–H activation reaction in the oxidative addition 
of a naphthalene C–H bond using a ruthenium 
1,2-bis(dimethylphosphino)ethane (dmpe) 
complex, albeit forming a more kinetically 
and thermodynamically favoured M-aryl bond 
compared to an M-alkyl bond (19). This reaction 
was significant as it showed the capability of a low 

valent d-block complex to C–H activate a molecule 
that was not already bound to the metal centre. 
The less reactive tetrahydrofuran (THF) solvent 
molecule was, however, not C–H activated using 
this complex and it was not expected at that time 
that alkanes could be C–H activated (16, 20). Thus, 
the dual challenge of undirected sp3 C–H activation 
and the catalytic functionalisation of C–H bonds 
still remained.

2. Platinum Group Metals

The platinum group metals play a privileged role 
in catalysis due to their favourable properties 
including those that derive from their ‘soft’ 
bonding characteristics, as classified in the hard-
soft Lewis acids and bases (HSAB) approach. This 
classification leads from the high covalency in their 
bonding, preference for soft ligands, such as those 
derived from carbon, and tolerance to oxygen and 
moisture. Additionally, they undergo two electron 
processes (oxidative addition and reductive 
elimination) and their properties can be modified 
easily using the ligands that are attached, which 
has proven crucial in developments throughout 
homogeneous catalysis (21). 

2.1 A Brief Overview of Palladium 
and Platinum in Electrophilic Carbon-
Hydrogen Activation: Historical 
Developments to the Modern Day

The Group 10 platinum metals (platinum and 
palladium) are important metals for C–H activations 
(22, 23). This has been seen since the late 1960s 
and early 1970s when Shilov and coworkers 
were able to develop metal complexes that were 
able to C–H activate alkanes in an undirected, 
intermolecular fashion; the so-called Shilov system 
(Scheme IV) (24). This system made use of a 
Pt(II) complex as the catalyst and a Pt(IV) complex 
as a stoichiometric oxidant because, although other 
oxidants were explored, platinum was shown to be 
able to deliver the best results. The work by Shilov 
was mostly unknown to western scientists due to 
the political split referred to as ‘The Iron Curtain’ 
at the time. The work by Bercaw and coworkers 
explored this chemistry further where they were 
able to follow the progress of Shilov through several 
international conferences. Bercaw and others were 
also able to explore the mechanism of this system 
in greater detail. This brought about knowledge of 
the active species involved, giving a more detailed 
answer to whether platinum nanoparticles were 
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the cause of activation. The answer was that while 
nanoparticles had an effect on H/D exchange, the 
system was still able to C–H activate the system on 
its own (25). 
An example of more recent developments in 

platinum chemistry is shown by the work of the 
Periana group where they were able to synthesise 
a stable (2,2'-bipyrimidyl)Pt(II) dichloride 
catalyst, the so-called ‘Periana System’, for the 
functionalisation of methane to the methanol 
derivative methyl bisulfate, (CH3)HSO4, in H2SO4 
(Scheme V). This high yielding and relatively 
selective reaction was able to tolerate excess 
SO3 without forming the undesirable C–S bonded 
product methanesulfonic acid, CH3SO3H, however, 
the reaction is limited to a product methanol 
concentration of ca. 1 M. The authors also noted 
that the complex was stable for over 300 turnovers 
before there was any loss in activity when acid 
concentration is maintained, although further 
work was required to deduce why this was the 
case (23). Later work done by the Schüth group 
in 2016 showed the same reaction using another 
platinum catalyst, K2PtCl4. Under these reaction 
conditions the catalyst turnover frequency was 
25,000 h–1 making this complex a potentially 
desirable catalyst for this process industrially. The 
authors also noted that platinum black was not 
an issue in these reactions, particularly as oleum 
in the reaction medium is capable of oxidising 
platinum black to Pt(IV) (26). 
Palladium also plays a significant role in C–H 

activation and there is a plethora of examples 
of palladium complexes being used in organic 
syntheses (27). Palladium complexes used in C–H 
activation typically utilise a concerted metalation-

deprotonation (CMD) mechanism, or similar, as 
opposed to oxidative addition, where the reaction 
proceeds via the formation of a five- or six-membered 
palladacycle. This lowers the activation energy of 
the species to allow for the cleavage of the C–H 
bond. Therefore, the selection of directing groups 
in these reactions is important for achieving high 
reactivity in C–H bond activation (28, 29). 

2.2 Ruthenium

Ruthenium complexes capable of C–H activation 
have long been known ever since the intermolecular 
C–H activations mentioned earlier performed 
by Chatt and coworkers. However, compared 
to other platinum metals, ruthenium has been 
relatively under-explored in C–H activation over 
the last couple of decades. An area where there 
has been interest in ruthenium C–H activation is 
in selective meta-C–H functionalisation through 
ruthenium catalysed σ-activation (30). This was 
reviewed in 2017 by Leitch and Frost where 
they were able to explore this reaction in more 
detail (31). The Frost group previously performed 
this reaction using a ruthenium para-cymene 
complex [RuCl2(p-cymene)]2 which selectively 
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C–H activated the meta-position of phenyl pyridine 
with an 80% yield in a sulfonation reaction. The 
high loadings of complex in this reaction were 
problematic. This was, however, tackled by the 
Ackermann group who were able to make use of a 
recyclable heterogeneous ruthenium catalyst on a 
silica support (32). 
Research in ruthenium C–H activation was further 

expanded in a recent paper by the Baslé group, 
where they were able to perform phosphorus 
directed C–H borylation at the ortho-position of 
arylphosphines using a ruthenium NHC-tethered 
carboxylate complex. This reaction was highly 
selective and high yielding for a range of aryl 
phosphines, where the phosphine acted as a 
directing group in this reaction. The active site of 
this species was also brought about by the lability 
of the arene in the complex (33). 

3. Rhodium and Iridium

Rhodium and iridium complexes, the focus of 
this review, are widely used in C–H activation 
reactions operating with several different distinct 
mechanisms depending on oxidation state, choice 
of ligands and substrate involved. Several of these 
mechanisms utilise similar ligands sets, so the 
choice of ligand set and the properties required will 
be discussed concurrently with the C–H activation 
processes.

3.1 Ligand Choice and Selection 
with Respect to Carbon-Hydrogen 
Activation: Cyclopentadienyl/
Pentamethylcyclopentadienyl 
Complexes

Cyclopentadienyl (Cp, C5H5), which is an 
aromatic and formally anionic ligand, and 
pentamethylcyclopentadienyl (Cp*, C5Me5) were 
the ligands of choice for Group 9 C–H activation 
dating back to the first well-defined intermolecular 
C–H oxidative addition reactions in the early 1980s. 
This is because the ligands bound to a metal 

centre of a transition metal complex are important 
for controlling reactivity and Cp/Cp* are useful 
ligands being able to bind strongly to the metal 
centre taking up three cis coordination sites. These 
anionic ligands are not easily dissociated from 
the metal complex, even at high temperatures, 
making these ligands excellent anchor groups and 
spectator ligands (34). 

3.2 Rhodium Complexes for Donor-
Assisted Carbon-Hydrogen Activation

In general, with donor-assisted C–H activation 
catalysed by rhodium, two modes of activation are 
known: chelation-assisted C–H activation (35), 
particularly useful for the functionalisation of 
donor-substituted arenes; and the C–H activation 
of N-heterocycles (36). For chelation assisted C–H 
activation, a Rh(I) oxidative addition pathway 
is possible as well as a Rh(III) electrophilic 
pathway (35). Rh(III) chloride complexes 
featuring the Cp* ligand are typically used 
here, with these complexes reacting akin to the 
palladium complexes mentioned earlier via a 
directed CMD reaction where the importance of 
the directing group is fundamental (37). The work 
of Bergman, Ellman and coworkers in this field is 
highlighted as these rhodium-catalysed processes 
are efficient means of C–C bond formation and 
the functionalisation of N-heterocycles (35, 
36, 38). For example, {Cp*RhCl2}2 activated 
with a silver salt of a weakly coordinating anion 
in 1,2-dichloroethane (DCE) was used for the 
C–H activation of benzamide arenes where the 
amide was the directing group in this reaction 
(Scheme VI) (39). Amides are more useful 
motifs in the synthesis of biologically-relevant 
pharmaceuticals and natural products than earlier 
α-branched amines that were used.

3.3 Alkane Dehydrogenation Studies

In 1979, Crabtree and coworkers utilised the 
high stability of iridium bonding to unsaturated 
hydrocarbons to drive the dehydrogenation of 
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important C–H activation 
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alkanes, although a hydrogen acceptor was needed 
making this reaction a transfer hydrogenation 
(40, 41). In particular, the high stability of the 
Ir–Cp fragment drives the dehydrogenation 
of cyclopentene and cyclopentane to the 
cyclopentadienyl ligand, thereby demonstrating 
C–H activation (Scheme VII).
Similar results were also achieved with rhenium 

hydride complexes [ReH7(PR3)2] (PR3 = PPh3 or 
PEt2Ph) (42), which could also be made catalytic 
generating cycloalkenes from cycloalkanes, albeit 
requiring the use of a hydrogen acceptor (42). 
Using [IrH5(PiPr3)2], n-hexane could be converted 
into 1-hexene at room temperature (43). In 
these systems, turnover numbers up to 70 were 
achieved (44). Crabtree’s system, modified with 
a chelating trifluoroacetate ligand, could also be 
used catalytically either thermally with a hydrogen 
acceptor, or photochemically without (45). 
Rhodium phosphine complexes were 

subsequently found to catalyse the 
dehydrogenation of cyclohexane to cyclohexene, 
either photochemically (46) or thermally with a 
hydrogen acceptor (44, 47). However, the real 
breakthrough came when using thermally robust 
pincer ligands in combination with iridium metal 
centres (Scheme VIII) (48, 49). Subsequent 
research has driven further progress in this field 
(48, 50), including the combination of alkane 
dehydrogenation with alkene metathesis 
to effect ‘alkane metathesis’ via alkenes as 
intermediates (51). 

3.4 Carbon-Hydrogen Oxidative 
Addition

Cp* iridium complexes capable of C–H activation 
were discovered in the early 1980s in seminal 
work by the Bergman and Graham groups 
where they were able to use highly electron-
rich iridium complexes to stoichiometrically C–H 
activate neopentane (Scheme IX) (52, 53). The 
reactive, unsaturated 16 electron intermediate 
was generated using ultraviolet photolysis. This 
work showed that it was possible to activate sp3 
C–H bonds that were previously considered inert 
on molecules separate from the metal complex 
(termed intermolecular C–H activation) not just 
those bound to the transition metal centre (termed 
intramolecular C–H activation or cyclometallation). 

Scheme VII. Alkane dehydrogenation 
using iridium
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In parallel work, Cp* ligands have also been 
utilised in C–H activation by σ-bond metathesis 
(Scheme I). In 1983, shortly after the work 
published by Graham and Bergman using iridium 
Cp complexes, Patricia Watson developed rare 
earth Cp* complexes for intermolecular C–H 
activation using lutetium as the metal centre (54). 
A completely different mechanism of reactivity 
is in use here, termed σ-bond metathesis, 
enforced by the single accessible oxidation state 
of lutetium. Watson showed examples of intra- 
and intermolecular C–H activation of several 
species under mild conditions (Scheme X). It 
was also possible to form the intermolecular C–H 
activation product with tetramethylsilane to give 
(Cp*)2Lu-CH2SiMe3. Again, it was the use of Cp* 
as a stable, supporting ligand that controlled the 
coordination environment around the metal that 
led to the successful development of these C–H 
activation processes.
Returning to Group 9, investigations on the 

mechanism and thermodynamics of C–H activation 
using the [RhCp*(PMe3)] fragment were carried 
out by Jones and coworkers (55, 56). These 
investigations revealed that [Cp*Rh(H)(Ar)(PMe3)] 
complexes were stable below 60°C whereas the 
analogous alkyl complexes displayed irreversible 
reductive elimination at or about –20°C (56). 
Thus, photolysis of [Cp*Rh(H)2(PMe3)] in liquid 
propane at –55°C followed by removal of the 
solvent at –40°C gave the n-propyl hydride 
complex (56). Competitive experiments using 
benzene:propane mixtures showed only a small 

kinetic preference for benzene over propane (4:1) 
despite the thermodynamic preference for the 
formation of the phenyl hydride complex (56). 
Perutz and coworkers found that it was also 
possible to use ethene as a leaving group through 
photolysis of [MCp(PMe3)(C2H4)] (M = rhodium, 
iridium) to give a similar reactive fragment 
to that of Bergman et al. (57, 58) The group 
were also able to explore the C–H activation of 
methane several years later using photochemical 
generation of a reactive rhodium fragment, similar 
to the complex used by the Bergman and Graham 
groups (Scheme XI) (59). 

3.5 Indenyl Complexes

Cp and Cp* ligands are difficult to modify 
further (34). An exception to this is the 
benzannulated derivatives indenyl and fluorenyl 
that are readily available. Indenyl, just like Cp, 
has the ability to bind strongly to the metal centre 
through an η5-interaction featuring bonding to 
all five carbon atoms of the five-membered ring. 
However, it is also possible for indenyl to ‘ring-slip’ 
to an η3 mode (where only three carbon atoms are 
coordinated) or even an η1-interaction; this is known 
as the ‘indenyl effect’ (60). This change in hapticity 
was first shown by the Mawby group in 1969 
where they observed that PPh3 could coordinate 
to [Mo(C9H7)(Me)(CO)3] after ring slippage of the 
indenyl from η5 to η3 leaving a vacant site on the 
metal centre. The species then reverted back to η5 
coordination after migratory insertion of the methyl 
to form [Mo(C9H7)(COMe) (CO)2(PPh3)] (61). 
Foo and Bergman were able to use an indenyl 

phosphine iridium complex for the C–H activation 
of benzene in 1993 (62). As was hypothesised 
by the authors, it was found that the indenyl 
complex was more reactive than the Cp* 
complex. Since then, there has been other 
uses of indenyl Group 9 complexes for C–H 
activation. A recent review (63) highlighted the 
work by the Rovis group who were able to use a 
heptamethylindenyl Rh(III) complex to catalyse 
the C–H activation and diastereoselective 
benzamidation of cyclopropenes (64). It was also 

Scheme X. Cp* Lutetium complex for 
intramolecular and intermolecular C–H activation
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noted that different Cp analogues have differing 
stereochemical, steric and electronic properties 
leading to a change in the yields of the desired 
product. 

3.6 Tethered Complexes

Tethered Cp ligands are well established in the 
literature and combine the advantages of Cp with 
those of another donor group (65, 66). Tethered 
species have the advantage of being more thermally 
stable, but there is also the advantage that the 
ligand is more rigid allowing for the preparation 
of an asymmetric catalyst when a chiral centre is 
present (67). In 1997, Bergman and coworkers 
were able to show C–H activation using an iridium 
complex formed from a phosphine tethered to a Cp 
ligand (Scheme XII). This complex was found to 
have an advantage over non-tethered complexes 
because the tethered phosphine could readily 
dissociate from the metal and then immediately 
reattach as the Cp is a stable supporting ligand 
and will not dissociate at high temperatures. 
The small bite angle effect (68) of the complex 
is also potentially advantageous, brought about 
by the rigidity of the ligand structure (69, 70). 
Contrastingly, a rhodium dihydride complex of the 
tethered ligand [C5H4SiMe2CH2PPh2]– did not show 
C–H activation under photochemical conditions (71). 
The Royo group in 2008 synthesised the first Cp*-
type tethered NHC ligand, a synthetically more 
challenging goal, to give an Ir(III) metal complex 
(Scheme XII) (72). The work of Danopoulos and 
coworkers is also highlighted as they were able to 
synthesise tethered iridium and rhodium indenyl/
fluorenyl NHC complexes (73, 74). 

3.7 Tp/Tp* – Trispyrazolylborates

Amongst many Cp-mimics, (hydrotris(pyrazolyl)
borate) (Tp) ligands are especially useful. 
These ligands bind to the metal centre as a 

tridentate ligand through nitrogen donors 
(75, 76). These ligands were first explored 
for C–H activation in the early 1990s where 
Jones and coworkers were able to use a Tp 
complex, [Rh{HB(3,5-dimethylpyrazolyl)3} (CNR)
(PhN=C=NR)] (R = neopentyl), to C–H activate a 
range of substrates (Scheme XIII) (77, 78). 

Later, these ligands found use in mechanistic 
studies of C–H activation at room temperature. 
In 1997, the [RhTp*(CO)2] complex (Tp* = 
HB– Pz*3, Pz* = 3,5-dimethylpyrazolyl) was used 
in a collaborative project by the Harris, Bergman 
and Frei groups (Scheme XIV) (79). The Tp* 
complex was seen as a better complex to study 
this reaction compared to Cp analogues because 
the Tp* complex has a high quantum yield of 
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30% as opposed to the Cp complex which had a 
quantum yield of ca. 1% for the formation of the 
activated intermediate. This allowed the team to 
use ultrafast spectroscopy with picosecond and 
femtosecond time resolutions to access the inter/
intramolecular processes that take place faster 
than diffusion. Further work was done in 2002 to 
report the role of hydrocarbon structure on the 
process of C–H activation as well as to compare 
with [RhCp(CO)2] (80). In 2018, the role of sterics 
and electronics was studied for Tp’ complexes (Tp, 
Tp* or TptBu = tris(3,5-dimethyl 4-t-butylpyrazolyl)
borate) vs. Cp’(Cp or Cp*) Rh(CNR)(carbodiimide) 
in the C–H activation of cyclic alkanes (81). 

4. Borylation

4.1 Metal Boryls and Stoichiometric 
Borylation

A major problem with many of the C–H activation 
reactions listed previously was the difficulty 
in converting the M–C species generated into 
new species whilst still yielding reactive metal 
complexes that can complete a catalytic cycle. 
The use of metal boryls was found to be an 
especially useful route forward. Firstly, reactions 
of C–H bonds (such as those in methane) with 
tetraalkoxydiboron(4) compounds, B2(OR)4, 
generate alkylboronate esters (R-B(OR)2) and 
H-B(OR)2 and are thermodynamically downhill 
(82, 83). Even the reaction of C–H bonds with 
HB(OR)2 (the byproduct of the previous reaction) 
are approximately thermoneutral (82), and so can 
be driven by release of the H2 gas that is formed. 
Secondly, boryls are electron donating ligands 
that facilitate oxidative addition (often favoured 
in iridium borylation) and σ-CAM pathways (as 
proposed in rhodium-catalysed borylation) (84) of 
C–H bonds, with the nominally empty p-orbital on 
boron also facilitating C–H bond cleavage and C–B 
bond formation (82, 84). This means that reactions 
of metal boryls with arenes and alkanes can occur 
generating a catalytic cycle.
It is also fortunate that the organoboronic esters 

that are formed from C–H activation of metal boryl 

complexes are valuable as chemical intermediates 
in many chemical reactions including Suzuki-
Miyaura coupling reactions. Additionally, drugs 
that contain boron are now being developed 
successfully, including Bortezomib, a proteasome 
inhibitor that has activity against a variety of 
cancers (85). The requirements for a catalyst that 
can accomplish C–H borylation was highlighted 
in a review by Hartwig in 2012 (86), identifying 
the need for catalysts that are both site selective 
with excellent functional group tolerance and have 
high turnover numbers. The versatility of these 
borylated arene intermediates was underscored 
because they can be further reacted with a wide 
range of organic reagents producing products 
that can be used in materials and medicinal 
applications.
The selective boron-functionalisation of alkanes 

using transition metals was pioneered by the Hartwig 
group using transition-metal boryl complexes (87, 
88). The group was able to successfully synthesise 
pentyl-Bcat' {cat' = substituted catecholate 
1,2-O2C6H2-3,5-(CH3)2} by the stoichiometric 
reaction of heteroleptic Cp* metal-carbonyl boryl 
complexes with pentane (Scheme XV). Similar 
iron and ruthenium complexes were able to form 
pentyl-Bcat' in 28% and 40% yield, respectively, 
with the formation of trace amounts of HBcat' 
(~10%).
The reaction with the analogous tungsten 

complex was found to be the best with pentyl-Bcat' 
formed in 85% yield (Scheme XVI), therefore, 
the scope of the tungsten reaction was explored 
further. The group found that the complex was 
selective for the borylation of the least hindered 
sp3 carbon of selected molecules. Ethylcyclohexane 
was selectively borylated at the terminal sp3 

position of the molecule to yield (2-cyclohexyl)-1-
ethylboronate ester in 79% yield. The borylation 
of isopentane was selective for the least hindered 
terminal site (55% yield) instead of the most 
sterically hindered terminal carbon (2% yield). 
Cyclohexane was also borylated, however, the 
yield for this reaction was only 22%, suggesting 
that the reaction is selective for sp3 carbons over 
sp2 carbon centres. 
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4.2 Catalytic Borylation

At a similar time, Smith and coworkers were 
also probing the challenge of C–H activation and 
the borylation of arenes (89). Using an IrCp* 
complex, they were able to develop a catalytic 

reaction, albeit under quite severe conditions 
(Scheme XVII). RhCp* catalysts were quickly 
shown to be superior, utilising [RhCp*(C6Me6)] as 
a precursor (Scheme XVII) (90, 91). 
The first thermally-driven catalytic borylation of 

alkanes were realised by Hartwig and coworkers 
in 2000 (Scheme XVIII) (91). This reaction 
was able to occur, albeit at relatively high 
temperatures, to give organoboronic esters in 
good yields using both B2Pin2 and HBPin as a 
source of boryl fragments.
In 2001, Hartwig, Miyaura and coworkers were 

able to exemplify the mild, catalysed direct 
borylation of arenes with B2Pin2 using an iridium 
catalyst (Scheme XIX) (92). The group made a 
serendipitous discovery of a very effective catalyst 
by reacting a commercially available Ir(I) complex 
with 2,2'-bipyridine (bpy). The catalyst was able 
to efficiently borylate arene substrates at 80°C 
using B2Pin2 making use of both Bpin groups. 
The reaction gave yields of 93% with turnover 
numbers as high as 8000. The reaction also took 
place at room temperature using this catalyst, 
however, the catalyst loading needed to be much 
higher (92). This finding led to much research 
into iridium-catalysed C–H borylation using 
bidentate nitrogen ligands based on bipyridine 
and phenanthroline (93), and iridium-catalysed 
arene borylation has even been performed on 
>70 kg of the borylated product (94). Other metal 
complexes were inferior to iridium complexes, 
such as Pt(dba)2/bpy and [RhCl(COD)]2/bpy. The 
platinum complex was unable to catalyse this 
reaction and the rhodium complex was only able 
to form PhBPin in 20% yields at temperatures 
over 150°C (92). Other ligands were tried, and 
it was found that 1,10-phenanthroline catalysed 
the reaction in high yields whereas pyridine, PPh3 
and tetramethylethylenediamine (TMEDA) were 
unable to generate a catalytically active metal 
complex. Further research showed that with the 
correct choice of ligand, platinum catalysts can be 
successful. Work performed by Furawa et al. used 
an NHC platinum complex for the C–H activation 
and borylation of sterically congested positions of 
hydrocarbon substrates (Scheme XX) (95). 
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The substrate scope of iridium- and rhodium-
catalysed C–H borylations has greatly improved 
since the work of the early 2000s. The Hartwig 
group have been able to expand the substrate 
scope of these reactions to ethers, amines, amides 
and heteroarenes. The scope, regioselectivity 
and mechanism of the borylation of heteroatoms 
were explored, in 2014, using an iridium 
tetramethylphenanthroline complex (96, 97). 
There have been many more examples of C–H 
activation and borylation of arenes since then, but 
the efficient borylation of alkanes remains very 
difficult (98, 99). A catalyst system involving the 
2-methylphenanthroline ligand (5 mol%) with 
[Ir(mesitylene)(Bpin)3] (2.5 mol%) and B2pin2 
allowed the stoichiometric C–H borylation of sp3 
C–H bonds to be achieved (cycloalkanes were 
used as the solvent, primary C–H bonds are 
favoured, with secondary bonds functionalised 
only if the primary sites are absent or blocked), 
an important advance on previous processes that 
required excess substrate (100). Another recent 
successful example was demonstrated by the 
Schley group in 2020 where they were able to use 
an iridium catalyst with a tuneable ligand scaffold 
(Scheme XXI) (101). 
Using the catalyst system designed by the Schley 

group, it was found that the C–H activation and 
borylation of n-octane could be performed in near 
quantitative yields to give octyl-Bpin. The group 
also found that their ligand system is tolerant to 
a range of substrates including ethers, esters and 

tertiary amines. Secondary and branched alkanes, 
however, showed poor catalytic performance. It 
was found that although these functional groups 
were low yielding this reaction could be performed 
in cyclohexane with negligible competitive solvent 
borylation. The use of five equivalents of substrate 
gave high yields in cyclohexane which is useful 
compared to the typical requirement for neat 
substrate. 
The active species of this reaction is relatively 

unknown. It was postulated that the ligand binds 
to the iridium metal centre through the nitrogen 
atoms and then forms a further bond through the 
cyclometallation of the phenyl to give an κ3-binding 
mode, which looks analogous to the η5-Cp* ligand. 
The other explanation for the enhanced reactivity 
of this complex is that the complex can install a 
pinacol group on the sp2 carbon proximal to the 
metal centre by borylation. This would be similar 
to the secondary coordination sphere interactions 
between boryls and substrate in alkane borylation 
like that proposed by the Hartwig group. 
The work of Mansell, Morton, Evans and coworkers 

has focused primarily on indenyl rhodium NHC 
complexes for catalytic C–H activation and 
borylation (Scheme XXII) (102). It was observed 
that the NHC used in this reaction played a 
critical role in the rate of these reactions. The 
saturated NHC 1,3-bis(2,6-diisopropylphenyl)-4,5-
dihydroimidazol-2-ylidene (SIDipp) complex was 
able to perform both arene and alkane borylation 
in better yields than both the saturated and 

Scheme XX. The borylation of arenes 
using a platinum catalyst. Pin = 
pinacolato, 1,2-O2C2Me4

Scheme XIX. Mild catalytic conditions 
for the C–H borylation of arenes
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unsaturated mesityl-substituted NHC complexes. 
Further work by the group has investigated the 
scope of these complexes for the borylations of 
a range of ether, ester and amide substrates. It 
was anticipated that the tethering of the NHC to 
a fluorenyl moiety through a C2H4 linker would 
enable the formation of better catalysts for C–H 
activation, however, these complexes were both 
synthetically challenging to achieve in good yields 
and performed comparatively worse in the C–H 
borylation of arenes.

4.2 Methane Borylation

Methane functionalisation is a key challenge due 
to the high abundance and therefore low cost of 
methane but represents a particularly challenging 
goal for C–H activation. A lot of methane is flared 
at the point of extraction if it cannot be readily 
transported by pipeline (common in areas far from 
end users) to avoid releasing methane into the 
atmosphere due to methane’s high global warming 
potential. However, this is a waste of a valuable 
resource, so facile and economic conversion into 

a liquid product would be very useful. Methane 
is a more challenging substrate to borylate 
compared to arenes due to its non-polar nature 
with unreactive, strong sp3 C–H bonds. Methane 
is also poorly soluble in many polar and non-polar 
solvents. The solvents must also be less reactive to 
C–H activation than methane. The most significant 
issue with the borylation of methane is the 
chemoselectivity where any new borane species 
formed will be potentially more reactive than the 
bonds in methane, leading to poor selectivity such 
as overfunctionalisation and overoxidation. 
The Mindiola and Sanford groups were able 

to independently identify catalysts for the C–H 
activation and borylation of methane (100, 103, 
104). The Mindiola group utilised an iridium catalyst 
with the softer Lewis basic dmpe (Me2PC2H4PMe2)2 
ligand (Scheme XXIII). The group were able to 
overcome the chemoselectivity problems associated 
with methane borylation to synthesise methyl-BPin 
with a yield of 52% and a turnover number of 104.
The Sanford group made use of [RhCp*(C6Me6)] 

to borylate methane (Scheme XXIV). This work 
followed density functional theory calculations 
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done by Hall and coworkers in 2005 where they 
suggested that Cp*Rh complexes were capable of 
performing this reaction (84). 

5. Conclusions

Platinum group metals have long been associated 
with C–H activation, from the early days of the Shilov 
system where platinum was used for the catalytic 
functionalisation of alkanes, to the complexes of 
the early 1980s where well defined intermolecular 
C–H activations were performed using rhodium 
and iridium cyclopentadienyl complexes. Research 
has now progressed into the realm of catalytic 
C–H activation and functionalisation, with noble 
metal complexes still being used and developed. 
The correct choice of ligands is very important to 
the design and functionality of complexes for C–H 
activation, with anionic ligands being purposefully 
chosen and partnered with the correct neutral 
co-ligands to create the desired properties. An 
efficient catalyst for C–H functionalisation brings 
about the possibility of numerous applications. 
The products of borylation, boronate esters, are 
useful chemical intermediates in many medicinal 
and material syntheses, and progress towards the 
synthesis of these through C–H borylation is well 
underway with the selectivity, scope and scale of 
these reactions increasing. Progress towards the 
borylation of methane is still a challenge and since 
the seminal works of both Sanford and Mindiola 
there have been few additional examples of 
methane borylation (105).
The drive towards greater sustainability has been 

seen in many parts of society and is of no less 
importance here for C–H activation, particularly 
due to the cost and scarcity of these noble metals. 
Therefore, it is easy to see that the next challenge 
in C–H activation will be to perform these reactions 
in a more sustainable way. This would require 
the synthesis of much better and longer-lived 
catalysts or complexes that can be easily reused. 
Alternatively, C–H activation could be performed 
using less scarce metals such as iron, the second 
most abundant element in the earth’s crust. Iron 
has begun to show promise in recent years for a 
number of C–H activation and functionalisation 
reactions (106). There are also a few rare examples 
of metal-free pathways for C–H activation, however, 
these reactions remain underexplored (107, 108). 
It can easily be envisioned that platinum metals 
will continue to be used as the metals of choice 
for C–H activation due to their reliability and their 
great diversity of use within these reactions. 

However, work should continue to make these 
reactions more sustainable by designing more 
robust catalyst systems. 
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The synthesis of platinum-cobalt nanocrystals 
(NCs) using colloidal solvothermal techniques is 
well understood. However, for monodisperse NCs 
to form, high temperatures and environmentally 
detrimental solvents are needed. We report a room 
temperature, aqueous method of platinum-cobalt 
NC synthesis using electrochemical reduction as the 
driving force for nucleation and growth. It is found 
that colloidal NCs will form in both the presence 
and absence of surfactant. Additionally, we report 
a monodisperse electrochemical deposition of 
NCs utilising a transparent conducting oxide 
electrode. The methods developed here will allow 
for a synthetic method to produce nanocatalysts 
with minimal environmental impact and should be 
readily applicable to other NC systems, including 
single- and multi-component alloys. 

1. Introduction

Platinum group metals (pgms) as NCs are 
widely studied for many applications, including 
spectroscopy (1–5), biology (6–8) and catalysis 
(9–15). Specifically of interest in catalysis is 
using NCs containing elements in addition to the 
pgms to reduce the amount of precious metal 
needed in the system. The use of solvothermally 
synthesised platinum-cobalt NCs to catalyse 
the electrochemical oxygen reduction reaction 
(ORR) is well reported as a method of providing 
high activity while minimising the precious metal 
loading of the catalyst (1, 16–20). However, 
many of the reports that propose these systems 
for use as cathode material in proton exchange 
membrane fuel cells (PEMFCs) (21, 22) utilise 
high-temperature reactions of up to 300°C and 
environmentally unfriendly solvents (1, 16, 20). 
Additionally, many of the chemicals typically 
used in the solvothermal colloidal synthesis are 
hazardous, and often require specialised and 
costly equipment for storage and handling like a 
glovebox; these include, for example, oleylamine, 
trioctylphosphine and cobalt(0) pentacarbonyl. For 
PEMFCs (23) to act as a viable, clean source of 
energy, as many steps of production as possible 
must follow proper green chemistry principles (24) 
and minimise potential hazards. Many reports have 
discussed methods to produce NCs following green 
methods; however, these often lack uniformity 
in size and morphology (25–31). In this report, 
we demonstrate a room temperature, aqueous 
synthesis of near monodisperse platinum-cobalt 
NCs using green electrochemical methods. 
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Electrochemical methods for the synthesis of 
single-component NC systems are well understood 
(27, 29, 31–45), and bimetallic NC systems are 
currently being investigated in the literature (27, 
46–51). However, to the best of our knowledge, 
these systems lack uniformity in shape, size and 
composition (8, 27, 46–49, 51). In this report, 
we describe an electrochemical method capable 
of producing highly monodisperse and colloidally 
stable, sub-5 nm platinum-cobalt alloy NCs, which 
are catalytically superior in activity compared to 
pure platinum NCs (16, 20). The ability to produce 
NCs through green chemistry methods is key 
to being able to synthesise nanocatalysts with 
minimal environmental impact and at a lower cost. 
By creating more uniform species, we allow for the 
NCs to maintain a higher catalytic surface area and 
for a more uniform morphology of the NCs to be 
studied.

2. Methods

To perform the desired electrochemical synthesis 
of the alloy NCs, procedures were developed 
through the modification of previously reported 
methods (31, 37, 51). An overview of the synthetic 

procedure is shown in Figure 1. As shown in 
Figure 1(a), 60 mM of dimethylformamide (DMF) 
is added to the aqueous solution containing both 
the precious metal precursor and the cobalt 
precursor. A complete list of materials is included 
in Supporting Information Section S1. As seen in 
Figure 1(b), the potential cycle taken to undergo 
the synthesis involves one high potential segment 
allowing for nucleation, followed by a milder hold 
segment at –500 mV to allow for NC growth. The 
difference in reduction potential between the cobalt 
and platinum precursors can be overcome through 
the addition of small amounts of DMF, which 
selectively coordinates to the platinum surfaces 
allowing for the standard reduction potential of the 
platinum species (–730 mV vs. RHE) to approach 
that of cobalt (–280 mV vs. RHE) by nearly 200 mV 
(51). By briefly holding the electrolyte solution at 
–650 mA, the reduction potential of both species is 
surpassed, allowing for the reduction of the ionic 
species and subsequent nucleation. 
Figure 1(c) shows that the electrolyte solution 

takes on an orange hue before synthesis occurs. 
The electrolyte solution is magnetically stirred at 
300 rpm during the electrosynthesis to avoid any 
concentration gradients in the electrolyte solution or 
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overpotential barriers. Additionally, the electrolyte 
solution is purged with nitrogen before the reaction 
to minimise the effects of trace gas compounds that 
may be present and affect the reaction. The currents 
obtained during synthesis are shown in Figure S1 
in the Supporting Information and demonstrate 
that our method of constant potential electrolysis 
for synthesis causes no unexpected variations in 
current density, but instead produces a uniform 
current throughout the synthetic process.
As stated in Figure 1(a) and shown in 

Figure 1(d)–1(f), the working electrode used is 
either a platinum wire or a transparent conducting 
oxide (TCO) layer of indium tin oxide (ITO) on 
a glass substrate. For the cases of the platinum 
wire working electrode, we explore both syntheses 
without a surfactant (Figure 1(d)) and with the 
addition of 100 mM cetyltrimethylammonium 
bromide (CTAB) as a surfactant (Figure 1(e)). 
Without surfactant, the NCs do not aggregate, likely 
due to ionic stabilisation. We show that CTAB acts 
as a stabilising ligand during the reaction, allowing 
for colloidally stable NCs. In Figure 1(f), the case 
of an ITO working electrode is shown, without the 
presence of surfactant, yielding a NC coating on 
the electrode. This case was tested without the 
presence of a surfactant to allow electrodeposition 
to occur onto the TCO layer.

3. Results and Discussion

We can compare the synthetic results of the 
platinum-cobalt alloy NCs formed in the cases 
shown in Figure 1(d)–1(f); these include 
electrochemical synthesis without a stabilising 
agent, electrochemical synthesis with a stabilising 
agent and electrochemical deposition directly 
onto the electrode surface, respectively. We 
quantitatively compare monodispersity through 
size distribution from transmission electron 
microscopy (TEM), while a qualitative comparison 
is possible through the observation of change in the 
electrolytic solution. As shown in Figure 2(c), the 
electrolyte solution begins as a transparent orange 
solution; as shown in Figure S3 in the Supporting 
Information, while the electrolyte solution with 
CTAB present is the same hue but cloudy due to 
the addition of a surfactant. Figure 2 shows the 
results of electrochemical synthesis both without 
(Figure 2(a) and 2(b)) and with (Figure 2(c) 
and 2(d)) CTAB.
From Figure 2(a), when lacking the presence 

of a surfactant, the NCs are unable to form a 
stable colloidal suspension. The NCs, as shown in 

Figure 2(b), can also be seen to be sparse in the 
colloidal solution and not well-formed; the crystals 
have a dispersion of approximately 57%. In contrast, 
when the CTAB is added as a stabilising agent, the 
NCs form a stable, dilute, colloidal solution, as shown 
in Figure 2(c). This signifies that the CTAB is not 
only able to act as a surfactant but also acts in the 
reaction as the ligand species. By having a stabilising 
ligand present during the reaction, we can produce 
NCs with a significantly higher level of monodispersity 
than previously reported in the literature (31, 47, 
48, 51). As shown in Figure 2(d), the NCs display 
a uniform spherical morphology, with a dispersion 
of approximately 29%. This demonstrates that the 
addition of stabilising ligands into the electrochemical 
solution before potential onset provides NCs with 
nearly double the monodispersity of NCs formed 
without CTAB. 
In addition to the NCs produced through 

direct electrochemical synthesis, we tested 
the applicability of this synthetic method to 
electrodeposition. Electrodeposition provides the 
additional benefit of forming the NCs directly onto 
a useful substrate without the need for additional 
purification and transfer steps. In this work, we 
use ITO as a TCO electrode in place of the platinum 
working electrode used in electrosynthesis. This 
can be seen in Figure 1(a) and 1(f). The results 
obtained are summarised in Figure 3.

Fig. 2. Results of electrochemical synthesis without 
CTAB are shown in: (a) electrolytic solution after 
synthesis; and (b) TEM of NCs after synthesis. 
Results with CTAB are shown in: (c) electrolytic 
solution after synthesis; and (d) TEM of NCs after 
synthesis 

(a) (b) 2.8 ± 1.6 nm

(c) (d) 3.4 ± 1.0 nm

5 nm

20 nm
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As seen in Figure 3(a), the NCs are smaller 
through electrodeposition than those formed 
through electrosynthesis, which is beneficial to 
catalytic purposes where a high surface area is 
desirable. However, at 35%, the dispersion of 
the NCs is higher than the NCs synthesised using 
CTAB. Again, we attribute this to the increase in 
the uniformity of the NCs provided by a stabilising 
ligand. The ITO slide after deposition, as shown in 
Figure 3(b), indicates that while not completely 
uniform, the NCs can form a layer directly on the 
ITO slide. This, in combination with the colour 
change in the electrolytic solution from orange to 
yellow seen in Figure 3(c), indicated that NCs 
were able to form and that the precursors used 
had been removed from the electrolytic solution 
during the deposition, indicating NCs formed 
with both platinum and cobalt, as neither forms a 
yellow solution individually. We attribute this to the 
synthesis of bimetallic NCs. To confirm that this is 
the case, we characterise the samples as shown 
in Figure 4. For this characterisation, we focus on 
the sample with the greatest synthetic uniformity: 
the electrosynthetic samples formed with CTAB as 
a stabilising agent.
From Figure 4(a), we can see diffraction peaks 

indicative of the random alloy face-centered-

cubic crystal phase of platinum-cobalt NCs. These 
peaks are in correspondence to previous reports 
on this alloy (16, 20). The large background peak 
around 43° 2θ is believed to be due to either 
stacking faults in the NCs, or some existence of 
a pure cobalt phase. No major peaks indicative 
of either pure platinum or cobalt are observed, 
implying no significant phase segregation during 
the synthesis. In the high-resolution scanning 
transmission electron microscopy (STEM) 
micrograph in Figure 4(b), a face-centered cubic 
(fcc) lattice is observed, which is in correspondence 
with the crystal structure of the alloy NCs. This 
is also seen in Figure 4(c)–4(d), which shows 
individual particle-resolved STEM micrographs. 
These micrographs show lattice correspondence 
to a fcc A1 crystal phase (16, 18, 20). A bimetallic 
structure is again observed in Figure 4(g) 
through energy dispersive spectroscopy (EDS), 
where the cobalt and platinum are uniform 
throughout the NCs. This implies that the NCs are 
indeed uniform alloys and do not suffer from any 
phase segregation. The presence of both platinum 
and cobalt on a larger scale at a near 1:1 ratio 
can be seen in the EDS spectra in Figure S2 in the 
Supporting Information. 

4. Conclusion

We have shown a green electrochemical method 
of NC synthesis capable of producing more 
uniform bimetallic alloy platinum-cobalt NCs than 
previously reported. The ability to synthesise 
catalytically relevant materials such as platinum-
cobalt under green conditions is vital to ensure that 
in the process of producing catalysts to perform 
environmentally conscious tasks, we do not create 
harmful byproducts such as significant energy 
consumption to reach high temperatures or the 
release of harmful solvents into the environment. 
By producing small uniform NCs, we pave the way 
for pgm catalysts to be more economically viable 
to act as catalysts for applications such as PEMFCs. 
We believe that this method of NC synthesis will be 
readily applicable to many systems, allowing for 
green catalyst production for various applications. 
Through the understanding of electrochemical 
synthesis for both a direct synthesis method and an 
electrodeposition method, this work can be applied 
to systems where the catalyst can be directly 
electro-impregnated onto a support material. 
Through direct catalytic impregnation under green 
conditions, the methodology developed here will 
increase the commercial viability of pgm NCs for 
catalytic applications.

(a)  2.6 ± 0.9 nm

(b) (c)

Fig. 3. (a) TEM of platinum-cobalt NCs after 
electrodeposition; (b) ITO slide with NCs 
deposited; (c) electrolytic solution after 
electrodeposition

10 nm
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Fig. 4. (a) X-ray diffraction spectrum of electrosynthesised platinum-cobalt alloy NCs; (b) high-resolution 
STEM of platinum-cobalt alloy NCs; (c)–(f) Fourier filtered high-resolution STEM single particle imaging; 
(g) EDS of region shown in Figure S5 in the Supporting Information
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Introduction

This book is a body of work to give insight to 
designers, technicians and production-based 
engineers working in the chemical industry as well 
as some general guidelines for safe and efficient 
running of chemical plants. There are specific 
guidelines on operational equipment including the 
use of pressure vessels, appropriate materials of 
construction and efficient handling of process fluids.
The authors are both located in India. Golwalker 

is a consultant chemical engineer working in 
private practice and has had much experience 
commissioning chemical plant in India, Kenya, 
Thailand and Indonesia. Kumar has experience 
from a long teaching career of around 25 years 
and is now an Assistant Professor of Chemical 

Engineering at the D. J. Sanghvi College of 
Engineering in Mumbai, India.

Overview of Chapters 

The book is split into nine chapters. The structure 
of the book is convenient for those with little 
knowledge and for non-specialists in chemical 
engineering. The order of the subjects suggests 
that safety is understood to be a high priority as 
it shows up early in the guidelines. Furthermore, 
the order of the chapters would generally be the 
direction and format one would use when designing 
equipment or sections of a chemical plant.
Each chapter has an introduction and some 

examples to give the reader a good insight into 
best practice. A brief description on what each 
category involves is provided below. It is to note 
that there are references for further reading if one 
would like to find out more around certain sections 
which is especially useful.

Chapter 1: Management Functions

Management functions cover a wide set of roles 
and activities in the chemical industry. The range 
of functions include how to be successful in 
management, marketing, surveying, procurement, 
planning, commissioning, delivery and maintenance. 
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The chapter covers general steps that one would 
look to take to be able to manage a chemical plant 
or commission a new one, such as process selections 
and how to utilise research and development.

Chapter 2: HAZID, HAZOP and 
Ensuring Safety

This could easily be one of the most important 
sections of the book and is quite concise in its 
explanations of each safety point. The chapter 
considers steps when carrying out hazard 
identification (HAZID) or hazard and operability 
(HAZOP) studies, discusses operational safety 
and suggests procedures to take. The case 
studies in this chapter go a long way towards 
understanding safety and its application on a 
practical level.

Chapter 3: Materials of Construction

This chapter aids in teaching the reader the 
importance of proper material selection. The correct 
choice of material for the application will minimise 
risk, process failure under work and potentially 
unsafe conditions. It also covers the basics of 
properties that need to be considered when 
going over material selections, such as physical, 
volumetric, mechanical and thermal properties. 
This section also encompasses common materials 

such as the various carbon steel alloys and 
stainless steel alloys with different compositions. 
Common causes of failure in relation to material 
construction are also addressed in this section as 
well as methods to control those failures. 

Chapter 4: Pressure Vessels

Due to pressure vessels being so abundant in the 
chemical industry for applications such as carrying 
out reactions, storage of fluids and heat recovery, 
they have been given their own chapter in this book. 
The chapter describes the different classifications 
of pressure vessels, addresses important 
considerations when designing pressure vessels and 
presents the relevant codes and standards.

Chapter 5: Piping Design and 
Pumping Systems

Similar to pressure vessels, this book has a section 
specifically for this topic covering their high 
abundance in the chemical industry as well as the 
various different pipes and pumps. This chapter 
outlines a guide on piping, important considerations 

when designing vessels as well as the codes and 
standards surrounding pipes and pumps. 
Interestingly, in comparison to other chapters 

in this book, this chapter also describes simple 
formulations to assist with designing pipes. This 
has not been seen elsewhere prior to this chapter. 
In terms of pump systems, there are many 

examples of where to use specific types of pumps 
and the issues and failures that can occur with 
them. This gives a great insight into types of pumps 
and their application.

Chapter 6: Cooling and Heating 
Systems

Controlling temperature is a vital part of chemical 
plants and this chapter discusses the types of 
systems for cooling and heating that are available 
and appropriate. The chapter also talks about 
practical considerations, expected observations 
during operation, maintenance and specific safety 
procedures for this type of unit operation.

Chapter 7: Cogeneration of Steam 
and Power, Steam Traps, and Heat 
Exchangers

A substantial number of chemical plants utilise 
steam for heating. This chapter covers efficient 
ways of creating steam, the drainage of condensate 
and the potential for recycling condensate. 
There are some notes to take away in terms of 

safety when it comes to steam due to the amount of 
pressure required on certain equipment. Different 
steam traps and types of floats are considered and 
discussed and the design considerations required 
when commissioning steam heated equipment are 
described.

Chapter 8: Process Control and 
Instrumentation

Proper control of operations is a vital part of 
creating a safe, efficient and sustainable working 
chemical plant. Proper implementation of control 
allows minimal breakdown, optimal product quality, 
effective troubleshooting and prevents damage to 
the organisation’s reputation. This chapter addresses 
the process parameters that should be considered 
when selecting those which need monitoring. It 
mentions advantages of implementing process 
control as well as some problems with hardware. 
It is important to understand the sampling systems 

that are required for the chemical plant and what is 
critical for the plant to work. Process control can 
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be used as a preventative measure. However, there 
are still limitations to process control. These are 
mentioned in this chapter as well as some examples.

Chapter 9: Practical Considerations 
and Guidelines for Project Managers, 
Plant Managers and Plant Engineers

The book mentioned a lot of detail in individual 
chapters. This final chapter discusses scope, 
conditions for performance, precautions to take 
when considering future capacity and such things 
as location. These guidelines can be used by project 
managers, plant managers and maintenance 
engineers to commission instruments, equipment 
or process units into a plant. 
This chapter although not specific to an area 

(Europe, Asia or the Americas) reminds the reader 
that there will still be regulatory requirements 
that each plant must adhere to depending on the 
permissions required for the chemical plant to run 
in the area where it is commissioned. In addition to 
statutory permissions, the chapter compiles a list 
of things to consider when sending out purchase 
orders for new equipment and what to include in 
the scope during the initial project management 
stage. 
It is to note that capacity expansions need to be 

considered to allow the chemical plant to have a 
certain degree of reasonable expansion. In addition, 
a guide to modernising any legacy equipment is 
also mentioned here. 
This final chapter encompasses a lot of the smaller 

roles such as introducing changes into a system, 
managing resources as well as subjects like 
guidelines for certain job roles in the workplace. It 
also includes what to look for in employees when 
hiring for a chemical plant.

Discussion
Most chapters give a general overview of the 
respective chapters with further reading as an 
optional extra at the end of each chapter. Although 
the book is labelled as practical guidelines for 
the chemical industry, it also includes a lot of 
the work required in the preparation and design 
steps of commissioning a plant. In my opinion, the 
chapters are well formatted to follow the standard 
order when designing a plant. However, I believe 
that these chapters can be further simplified into 
three categories: preparation (Chapters 1 and 2); 
specification(s) (Chapters 3, 4, 5, 6 and 7) and 
application (Chapters 8 and 9). This would make it 
a little easier to find specific information. 

This book is a great resource for those who have 
studied chemical engineering and have just started 
to work in the chemical industry (early career). This 
is also a great read for those already in the industry 
who would like to understand a little more about 
the reasoning as to why certain things are designed 
the way they are (experienced employees without 
necessarily a chemical engineering background, 
but active in the chemical industry). 

Conclusion

This book is a well-structured approach to the 
chemical industry. It incorporates all the relevant 
information required to use as a guide towards 
preparing, commissioning and maintaining a 
chemical plant. As stated in the discussion, those 
who would benefit from this book are those who 
have a technical background in the chemical industry 
and would like to close the gap between theoretical 
and practical application. This is definitely a useful 
book to have on your shelf as a chemical engineer to 
reference from time to time. It will also help those 
who are new to the industry. I believe this is a great 
foundation book although additional books may still 
be needed to aid with actual design calculations 
when it comes down to the direct design work.

“Practical Guidelines for the Chemical Industry: 
Operation, Processes, and Sustainability in Modern 
Facilities”
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Johnson Matthey’s annual review of the platinum 
group metal (pgm) markets was published on 
15th May 2023, providing an outlook for pgm 
supply and demand for 2023. The report contains 
a comprehensive review of developments in the 
automotive market, covering production and 
powertrain trends and their implications for pgm 
use as well as an update on future emissions 
legislation. It also features an in-depth discussion 
of the ruthenium and iridium markets in view of 
increasing interest in the use of these metals in 
the net zero transition. 

Prices and Supplies

The first quarter of 2023 saw steep falls in 
palladium and rhodium prices (Figure 1). After 
a series of liquidity squeezes between 2019 and 
2022, both markets are now returning to more 
normal conditions, with rhodium in a small surplus 
and the palladium market close to balance. 
In contrast, platinum is forecast to shift into a 
small deficit in 2023 due to greater adoption of 
trimetal catalysts on gasoline vehicles and robust 
industrial demand.
Johnson Matthey’s forecasts for all three metals 

show an increase in primary pgm supplies in 2023 
in line with improved smelter availability in South 
Africa and some incremental growth at mines 
currently implementing expansion programmes. 

Although Russian pgm output could fall, Norilsk 
Nickel is expected to maintain supplies by 
mobilising stocks of refined pgm that were not 
sold in 2022.
Secondary supplies should also grow modestly 

in line with a gradual recovery in new vehicle 
registrations. However, there is some downside 
risk to the estimates if falling palladium and 
rhodium prices cause scrap collectors to ‘hoard’ 
spent catalytic converters in the hope that their 
value will increase in future. Scrap flows in China 
fell sharply during the first quarter of 2023 due to 
an increase in hoarding, but activity is expected 
to normalise once the market adjusts to lower 
price levels.

Demand 

Demand for pgms is forecast to remain 
relatively robust, especially for platinum which 
could see double-digit gains. Automotive 
platinum consumption should enjoy another 
year of strong growth, mainly due to ongoing 
platinum-for-palladium substitution on gasoline 
autocatalysts. However, rhodium use will be 
flat while palladium automotive demand will 
fall slightly, leaving total pgm consumption on 
vehicles only slightly higher than in 2022. While 
several large automotive markets will enforce 
tighter emissions legislation in 2023, autocatalyst 
pgm loadings are forecast to rise only modestly.
On the industrial front, demand in the chemicals 

sector is expected to remain buoyant for at least 
another year but a downturn in the electronics 
industry is currently affecting pgm use in 
electronic components, hard disks and display 
glass. Johnson Matthey’s forecasts reflect industry 
expectations of a recovery in the electronics 
sector during the second half of 2023; if this does 
not materialise, there could be some downside 
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to the reported demand numbers. More broadly, 
the outlook for major world economies remains 
clouded by high inflation, elevated interest rates 
and increased geopolitical instability, escalating the 
risk that planned capacity expansions in the glass, 
chemical and petroleum sectors could be delayed 
or cancelled.
Jewellery demand, primarily for platinum, is 

forecast to be broadly stable in 2023. There are signs 
that the Chinese market could be bottoming out, 
but manufacturers in this region remain pessimistic 
about the outlook for platinum jewellery and have 
redeployed equipment and workers. This means 
there is little prospect of any material increase in 
Chinese jewellery demand in 2023 but there should 
be some growth in the US and Indian markets. 
Johnson Matthey’s forecast allows for positive 

investment demand for both platinum and 

palladium in 2023. During the first quarter of 2023, 
platinum benefited from a fall in yen-denominated 
prices which triggered renewed buying of large 
bars in Japan. There was also significant buying 
of platinum exchange traded funds (ETFs) in 
South Africa, where electricity shortages (and the 
resulting risk to mine production) encouraged a 
rotation out of mining equities and into underlying 
commodities. Palladium also saw some modest ETF 
buying, perhaps reflecting recent falls in the price 
which have created a more attractive entry point.
The ‘minor pgms’, ruthenium and iridium, are 

forecast to see strong growth in demand in 2023 
with increased use of ruthenium in chemical 
catalysts (Figure 2) and growing consumption of 
iridium in a variety of electrochemical processes 
(Figure 3). Following a period of market tightness, 
availability is currently adequate to meet consumer 
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demand. Higher prices are stimulating efforts to 
minimise metal consumption via higher efficiencies 
and improved recoveries from in-process scrap. 
There has also been some substitution of iridium with 
platinum in crucibles used to grow electronic crystals.

Summary

Overall, a return to more balanced conditions in 
the pgm markets is expected during 2023. While 

the figures show the platinum market in a small 
deficit, there are ample market stocks available 
to meet consumer demand. For palladium and 
rhodium, the risk of renewed liquidity crises 
has receded in view of the subdued outlook for 
gasoline vehicle production, along with platinum-
for-palladium substitution in autocatalysts and 
technical developments which released significant 
quantities of rhodium from the fibreglass industry 
during 2021–2022.
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Join us for our online conference, where we will 
be asking important questions about the future of 
platinum group metals (pgms), their contribution 
to technology development and the net zero 
transition. The conference brings together industry 
and academics, professional organisations and 
policymakers, to discuss the critical role pgms 
have to play in the technologies of the future.

Agenda

The Global Impact of Changes in PGM Supply and 
Demand
08:00–11:00 BST, 18th July 2023

How will the availability of pgms be affected 
by the net zero transition? Are pgms really the 
scarce metals they are often made out to be? 
This session offers unique insight into upcoming 
changes forecast in pgm markets and asks what 
the impacts are likely to be around the world.

Future Applications of Rhodium and Palladium 
16:00–19:00 BST, 18th July 2023

What are the new technologies that will take 
advantage of the increasing availability of rhodium 
and palladium? Global experts present their ideas 
in talks and a Pitch Battle.

PGMs: A Circular Economy
08:00–11:00 BST, 19th July 2023

There’s more to the circular economy of pgms 
than high recycling rates. Leaders in their fields 
talk about pgm life cycle and answer questions on 
the circular traceability of metals.

PGM Technologies Enabling the Net Zero Transition
Part 1: 08:00–11:00 BST, 20th July 2023

Part 2: 16:00–19:00 BST, 20th July 2023

Explore how pgm technologies, from polymer-
electrolyte membrane fuel cells to electrolysers, 
are driving the energy transition and discover the 
associated challenges. Join in the discussion on 
how the availability of the critical materials pivotal 
to batteries and fuel cells will affect the transition 
to global net zero.

With excellent speakers, panellists and participants, 
we’re expecting interesting presentations and 
thought-provoking discussions. For those you’re 
unable to make, presentations will be recorded and 
posted on the Johnson Matthey YouTube channel 
following the conference. You can register for the 
conference on the conference website. A link is 
available in the online version of this feature. 
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Integration of Multi-Scale Porosimetry and Multi-
Modal Imaging in the Study of Structure-Transport 
Relationships in Porous Catalyst Pellets
S. Mousa, V. Novak, R. S. Fletcher, M. Garcia, 
N.  Macleod,  M.  Corfield  and  S.  P.  Rigby, Chem. 
Eng. J., 2023, 452, 139122 

Batches of methanol synthesis catalyst pellets, 
made from various feed types, were characterised 
using multiscale porosimetry data and multi-
modal  imaging.  This  combined  approach  led  to 
improvements in mutual interpretation. A simple 
random pore-bond network was used to model the 
impact on mass transfer of controlled modifications 
to the void space. Percolation analysis of 
overcondensation data was used to generate the 
characteristic parameters for the model. The 
method  revealed  the  impact  of  different  pellet 
fabrication  parameters  on  tortuosity  and  the 
differential significance of certain sets of pores on 
mass transfer. 

Computational Investigation of α-SiO2 Surfaces as 
a Support for Pd
C. J. Lombard, C. G. C. E. van Sittert, J. N. Mugo, 
C. Perry and D. J. Willock, Phys. Chem. Chem. 
Phys., 2023, 25, (8), 6121 

Dispersion-corrected DFT was used to study 
the  interaction  between  palladium  and  periodic 
models of SiO2  surfaces  (α-SiO2 (001), (100) 
and (101)). The modelled surfaces contained 
isolated siloxane and silanol functional groups. 
The authors estimated the affinity of the surfaces 
towards the adsorption of palladium atoms. The 
model was used to calculate the geometries of the 
Pd1/α-SiO2 (hkl) adsorption site on each surface 
and to characterise the surface energies of the 
α-SiO2 (hkl) surfaces. Pd1(g) was predicted to 

show a preference for adsorption near strained 
four-membered  siloxane  rings  or  on  a  vicinal 
silanol group of α-SiO2 (101). 

Recognizing the Best Catalyst for a Reaction 
A. Lazaridou, L. R. Smith, S. Pattisson, N. F. 
Dummer, J. J. Smit, P. Johnston and G. J. 
Hutchings, Nat. Rev. Chem., 2023, 7, (4), 287 

Heterogeneous catalysis provides access to 
materials which  impact  the wellbeing  of  society. 
Therefore, improvements to catalysts are 
constantly needed. An issue with this is that 
new catalysts are often assessed under different 
conditions  which  makes  determining  the  best 
catalyst difficult. To combat this, the authors used 
a  data  set  based  on  all  reactions  under  kinetic 
control to determine a set of key performance 
indicators (KPIs). The KPIs were normalised and 
plots of the normalised KPIs were used to highlight 
the  best  catalyst.  This  was  achieved  using  two 
case studies: acetylene hydrochlorination and 
selective oxidation of methane to methanol. 

Co3O4/TiO2 Catalysts Studied in situ During the 
Preferential  Oxidation  of  Carbon  Monoxide:  The 
Effect of Different TiO2 Polymorphs
T. M. Nyathi, M. I. Fadlalla, N. Fischer, A. P. E. York, 
E. J. Olivier, E. K. Gibson, P. P. Wells and M. Claeys, 
Catal. Sci. Technol., 2023, 13, (7), 2038

An incipient wetness impregnation technique 
was used to support Co3O4 nanoparticles 
on  different  TiO2 polymorphs. The resulting 
Co3O4/ TiO2 catalysts were characterised in situ 
using  magnetometry  and  PXRD.  The  best 
catalytic performance was observed when Co3O4 
nanoparticles were supported on P25, with 72.7% 
carbon monoxide conversion to CO2 at 200ºC and 
a 91.9% degree of reduction (DoR) of Co3O4 to 
Co0 at 450ºC. A DoR of 85.9% was seen for the 
rutile-support catalyst under reaction conditions. 
In the rutile- and P25-supported catalysts, 
unwanted CH4 was formed over the Co0. This was 
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not observed for anatase-supported catalysts. The 
study reveals the impact of various TiO2 polymorphs 
on the crystal phase and chemical transformations 
of Co3O4.  

Catalytic, Z-Selective, Semi-Hydrogenation of 
Alkynes with a Zinc–Anilide Complex
G. Baker, A. White, I. Casely, D. Grainger and 
M. Crimmin, ChemRxiv, 2022, 16 pp 

The authors  report on  the reversible activation of 
H2 with a molecular zinc anilide complex which 
was investigated through DFT calculations and 
stoichiometric experiments. The results demonstrate 
that H2 activation occurred with addition across 
the  zinc–nitrogen  bond  via  a  four-membered 
transition state. At modest temperatures, the 
resulting  zinc  hydride  complex  was  observed  to 
be effective  for  the hydrozincation of C=C bonds. 
The hydrozincation of alkynes was faster than the 
equivalent  alkene  substrates  as  shown  through 
competition experiments. The results from this 
study were applied to create a novel catalytic 
system for the semi-hydrogenation of alkynes. 

Interfacial  Chemistry  in  the  Electrocatalytic 
Hydrogenation of CO2 over C-Supported Cu-Based 
Systems
D. Gianolio, M. D. Higham, M. G. Quesne, M. Aramini, 
R. Xu, A. I. Large, G. Held, J.-J. Velasco-Vélez, 
M. Haevecker, A. Knop-Gericke, C. Genovese, 
C. Ampelli, M. E. Schuster, S. Perathoner, G. Centi, 
C. R. A. Catlow and R. Arrigo, ACS Catal., 2023, 
13, (9), 5876 

Plane-wave DFT simulations and operando 
X-ray spectroscopic techniques were used to 
explain the enhanced activities of zinc-containing 
copper nanostructured electrocatalysts in the 
electrocatalytic CO2 hydrogenation reaction. Zinc 
was shown to alloy with copper in the bulk of the 
nanoparticles with no metallic zinc segregated. 
Several surface Cu(I) ligated species were 
identified  which  responded  to  the  potential  for 
CO2 hydrogenation. The validity of this mechanism 
was confirmed but the performance was shown to 
decline after successive applied cathodic potentials, 
until the hydrogen evolution reaction becomes the 

main reaction pathway. DFT simulations suggest 
that  Cu–Zn–O  neighbouring  atoms  can  activate 
CO2 and Cu–Cu sites supply hydrogen atoms for 
the hydrogenation reaction. 

Transient CO Oxidation as a Versatile Technique 
to Investigate Cu2+ Titration, Speciation and Sites 
Hydrolysis on Cu–CHA Catalysts: The Cu Loading 
Effect 
U.  Iacobone,  I.  Nova,  E.  Tronconi,  R.  Villamaina, 
M. P. Ruggeri, J. Collier and D. Thompsett, Top. 
Catal., 2023, in press

In  this  study,  a  dry  transient  carbon  monoxide 
oxidation protocol with pre-stored NH3 was applied 
to  a  group  of  Cu-CHA  catalysts  with  variable 
copper loading. Investigation found that increasing 
the copper content had a positive impact on CO2 
production.  The  maximum  carbon  monoxide 
conversion was predicted through analysis of the 
integral CO2 production. Further investigation 
showed asymptotic titration of the total catalyst 
Cu2+ contents in the presence of water. This work 
demonstrated  the  effectiveness  and  versatility 
of  the  carbon  monoxide  oxidation  protocol  as 
a multipurpose technique to study Cu2+ ions in 
Cu– CHA catalysts.

Perspectives on Current and Future Iridium 
Demand and Iridium Oxide Catalysts for PEM Water 
Electrolysis
M. Clapp, C. M. Zalitis and M. Ryan, Catal. Today, 
2023, 420, 114140 

The  future  iridium  demand  of  the  global  PEMWE 
sector  was  investigated  and  the  role  of  different 
catalyst strategies for the improvement of iridium 
utilisation in the anode catalyst were examined. 
Modelling demonstrated that iridium utilisation 
must  significantly  improve  by  2050  to  prevent 
iridium supply limiting the capacity expansion. In 
addition, the installed capacity of iridium in 2050 
could increase by ~2.7 times if closed-loop iridium 
recycling  is  realised by 2035. The authors predict 
that  if  these  two  conditions  are  achieved,  global 
PEMWE capacity could realistically reach 1.3 TW by 
2050 while using only 20% of annual global primary 
iridium supply (Figure 1).  
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Towards Improved Conversion of Wet Waste to 
Jet Fuel with Atomic Layer Deposition-Coated 
Hydrodeoxygenation Catalysts
W. Wilson McNeary, J. H. Miller, S. A. Tacey, J. Travis,
G. D. Lahti, M. B. Griffin, K. L. Jungjohann, G. Teeter,
T. Eralp Erden, C. A. Farberow, L. Tuxworth, M. J.
Watson, A. A. Dameron and D. R. Vardon, Chem.
Eng. J., 2023, 467, 143268

The commercialisation of wet waste-derived 
volatile  fatty  acid  conversion  into  jet  fuel-range 
hydrocarbons is threatened by the moderate alkane 
selectivity  of  platinum-based  hydrodeoxygenation 
catalysts and high costs. With the aim of addressing 
this, ALD was utilised to apply TiO2 overcoats to 
Pt/ Al2O3 catalysts. The new interface sites that this 
generated demonstrated a site time yield of the 
desirable n-alkane product eight times higher than 
an uncoated catalyst. Further calculations showed 
that under reducing conditions, oxygen vacancies 
were created at the platinum-TiO2 interface for 
the ALD-coated catalyst. This led to increased 
selectivity and new Ti3+ acid sites near the active 
metal. Results demonstrate that the utility of 
precious-metal  catalysts  can  be maximised  using 
TiO2 ALD. 

Non-Carbon Greenhouse Gas Emissions for Hybrid 
Electric Vehicles: Three-Way Catalyst Nitrous Oxide 
and Ammonia Trade-Off
G. Brinklow, J. M. Herreros, S. Zeraati Rezaei, O.
Doustdar, A. Tsolakis, A. Kolpin and P. Millington,
Int. J. Environ. Sci. Technol., 2023, in press

The three-way catalyst performance of a gasoline 
direct  injection  engine  working  under  hybrid 
vehicle operation conditions was investigated. 
The abatement of both regulated and unregulated 
emissions was considered. Tailpipe NH3 emissions 
were  observed  when  the  engine  started  while 
three-way  catalyst  temperatures  were  above 
350ºC. When the catalyst temperatures were below 
150ºC and the engine was started, N2O and tailpipe 
regulated emissions increased. This was explained 
due to the selectivity of NO to form NH3 at higher 
temperatures and N2O at lower temperatures. A 
trade-off  between  regulated  emissions  (NH3 and 

N2O)  was  achieved  by  starting  the  engine  when 
the three-way catalyst was within a targeted 
temperature range. 

Simulating Catalytic Reaction and Soot Oxidation 
in Coated Particulate Filters: A Simplified Modelling 
Framework Including Diffusion Effects
T. C. Watling, Emiss. Control Sci. Technol., 2023,
9, (2), 93

The  author  developed  a  simplified  method  for 
modelling  catalysed  particulate  filters.  The model 
incorporated the convection of gas through the 
particulate filter wall and soot cake from the inlet 
to the outlet channel, whilst avoiding the need to 
discretise  in the through-wall direction. Even with 
the  simplifications,  the  model  revealed  plausible 
predictions for soot oxidation and for the conversion 
of gaseous components. The model also included 
diffusion along the same axis. Diffusion through the 
wall was shown to be essential for NO2 generated 
on the catalyst to be able to oxidise soot, however 
it had a smaller effect on the conversion of gaseous 
components.

Ditopic  Extractants  to  Separate  Palladium(II)  and 
Platinum(IV) Chloridometalates via Inner or Outer 
Sphere Binding
A. M. Wilson, R. A. Grant, R. J. Gordon, J. B. Love,
C. A. Morrison, K. J. Macruary, G. S. Nichol and P. A.
Tasker, Solvent Extr. Ion Exch., 2023, 41, (4), 401

The  authors  were  able  to  recover  and  extract 
palladium and platinum from acidic chloride 
solutions using a single ditopic extractant (L). 
This  was  achieved  by  utilising  differences  in  the 
coordination chemistries of Pt(IV) and Pd(II). For 
instance: the distinctions in kinetic stability of the 
outer-sphere  assemblies  [(LH)2·PtCl6] of Pt(IV) 
and  the  inner  sphere  complexes  [Pd(L)2Cl2] of 
Pd(II); the dependence of rates of ligand exchange 
in the inner sphere on the oxidation state and 
coordination  number;  and  dependence  of  the 
formation of outer-sphere complexes/assemblies of 
chloridometalates on their charge:radius ratios. The 
investigation demonstrates proof of concept for the 
use of ditopic reagents in platinum and palladium 
extraction and separation. 
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