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Part I of this review covered the synthesis methods
for synthesis of rhodium films and nanoparticles
(1). In Part II, we review the literature on the
current and potential applications of rhodium and
rhodium alloy films and nanoparticles in catalysis,
components for the glass, chemical and electronic
industries, thermal sensors and anticancer drugs.

1. Potential Applications

Significant progress has been made in the
preparation of noble metal nanoparticles (NMNPs) by
various wet chemical methods. Among the various
NMNPs, rhodium is known for its key role in a variety

of catalytic reactions such as carbon monoxide
oxidation, nitric oxide reduction, hydrogenation,
hydroformylation and electrooxidation. In addition,
rhodium is particularly stable under harsh reaction
conditions and is used in components for the glass,
chemical and electronic industries such as optical
mirrors, electrical contact and connectors and
thermal sensors because of its high resistance to
acid/base etching and heat resistance. Rhodium
also finds application in anticancer drugs.

1.1 The First Mirror in the
International Thermonuclear
Experimental Reactor

Optical and imaging systems require high
performance for plasma diagnostics. Most plasma-
facing components use metallic mirrors for optical
diagnostics. Reflectivity influences the quality and
reliability of the performance of mirrors. Due to the
different sputtering yields of rhodium, the erosion
of rhodium mirrors is estimated to be around
4 um. However, due to its high reflectivity in the
visible wavelength range (N 70-80%), rhodium
is an attractive candidate for the first mirrors in
the International Thermonuclear Experimental
Reactor (ITER). Rai et al. studied the properties
of rhodium thin film on a molybdenum mirror with
a thin niobium interlayer (2). Rhodium thin films
were deposited by magnetron sputtering, and their
properties (reflectivity, morphology and stability)
were investigated. Figure 1 shows the spectral
reflectance of rhodium, copper, molybdenum,
stainless steel and a rhodium mirror. At wavelength
of 800 nm, thereflectivities of rhodium, molybdenum
and tungsten are 82%, 56% and 50%, respectively.
The advantage of rhodium is obvious in the visible
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Fig. 1. (a) Spectral reflectance of rhodium, copper, molybdenum, stainless steel. Reprinted from (3) with the
permission of AIP Publishing; (b) rhodium mirror deposited by magnetron sputtering (2). Reproduced with

permission from SNCSC

wavelength range in comparison to molybdenum or
tungsten. As demonstrated in the study of Mostako
et al., rhodium thin films exhibited excellent optical
properties (4).

1.2 Electronic Applications

Rhodium has stable thermoelectric properties and
strong oxidation resistance, which is useful in
thermocouples along with platinum (5). Increasing
performance of aerospace vehicles requires higher
temperatures, faster responses and smaller
temperature sensors. In extreme high-temperature
environments such as aeroengine turbine blades,
combustion chamber walls, high-temperature gas
inlets and outlets and hypersonic aircraft surfaces,
sensors such as thin-film thermocouples (TFTCs),
thin-film strain gauges and thin-film heat flux
sensors (6-9) are ideal for transient temperature
measurement because of their fast response,
small thermal contact and ease of integration.
Thin-film sensors have a fast response, small
size, easy integration and less interference to
monitor the environment (10). Therefore, thin-
film sensors have become widely used to measure
surface parameters of aeroengine hot components.
Oxide semiconductor TFTCs have attracted much
attention in engine hot-end components because
of their wide temperature measurement range,
good oxidation resistance and large Seebeck
coefficient (11, 12). However, because the carrier
concentration changes with temperature, the
repeatability and electromotive force stability of
semiconductor TFTCs need to be further improved.
Compared with semiconductor TFTCs, noble metal
TFTCs have better linearity and repeatability.

Through reactive magnetron sputtering, Liu et al.
prepared a multilayer protective layer composed of
Al,03, SisN4 and yttrium-doped SiAION (YAIO) (see
Figure 2) (13). The average Seebeck coefficient
of TFTCs prepared with the Al,03/Si3N4/YAIO
protective layer was 10.00 pV °C™! at 1350°C and
slightly decreased to 9.90 pV °C™! at 1550°C. The
TFTCs appeared to have good stability at high
temperature. Meanwhile, the polynomial fitting
results also indicated that TFTCs prepared with
the Al,03/Si3N4/YAIO protective layer had good
linearity at high temperature. The drift rate of
TFTCs with a Al;03/Si3N4/YAIO protective layer was
only 2.19 °C h~! at 1350°C and their performance
began to decline significantly at 1550°C with a drift
rate of 82.89 °C h™1,

Thin-film thermocouples can be used for contact
temperature measurement. R-type (platinum-
rhodium13-platinum), B-type (platinum-
rhodium30-platinum-rhodium®6) and S-type
(platinum-rhodium10-platinum) thermocouples
cannot exceed 1600°C for long-term use but
can reach 1800°C for short-term use (14, 15).

Fig. 2. Photograph of S-type (Pt-Pt10%Rh) TFTCs
fabricated on Al,05 substrates. Copyright (2022),
reprinted from (13), with permission from Elsevier
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Nevertheless, thermocouples easily oxidise in
oxidising environments, resulting in excessive
temperature measurements. Ultrasonic
temperature measurement is a non-contact
technique based on the relationship between
ultrasonic velocity and measured temperature
and the tested temperature can reach 3000°C.
Iridium-rhodium alloy ultrasonic guided wave
temperature measurement technology has been
presented by Wei et al. (15). An antioxidation
iridium-rhodium alloy sensor was placed directly
into a solid rocket motor combustion chamber such
that the temperature-sensitive element directly
contacted the temperature field and measured the
temperature of the combustion chamber.

1.3 Catalytic Applications

Catalysis is very important in chemical engineering.
More than 85% of chemical reactions require the
participation of catalysts. Among them, chemical
reactions involving noble metals account for more
than half. Especially for some reactions with high
selectivity, directionality, low temperature and
low pressure, the participation of noble metals
is difficult to replace. At present, rhodium, as
an important catalytic material, is widely used
in  petrochemical, pharmaceutical chemical,
fine chemical, environmental protection and
other fields. This section outlines research into
applications of rhodium catalysts in automotive
exhaust, hydroformylation, hydrogenation and
electrolysis.

1.3.1 Automotive Exhaust Catalysis

Automobile exhausts have long been a major source
of air pollution, especially in big cities. Platinum
group elements, for example, platinum, palladium
and rhodium, are commonly used to remove
nitrogen oxides (NO,), carbon monoxide and
hydrocarbons (HC) from automobile exhausts (17).
In recent years, the dramatic increase of the prices
of palladium and rhodium have brought about
cost pressure for the exhaust gas aftertreatment
industry. Traditional noble metal catalysts often
suffer from low metal surface dispersion and
sintering (18). Therefore, over the past decade,
significant efforts have been made to investigate
non-noble metals as substitutes for noble metals,
very small (sub-nanometre) clusters or even
isolated individual atoms for automotive emissions
to improve metal efficiency and to mitigate carbon
monoxide poisoning.

To reduce costs, the first choice is to reduce
the noble metal load. Lan et al. (19) obtained an
advanced palladium-rhodium catalyst by adjusting
the synthesis process based on conventional
alumina-loaded palladium and ceria-zirconia
(CZ) based oxide loaded rhodium catalysts. A
small portion of rhodium is co-impregnated with
palladium on alumina, while the other portion
remains loaded on CZ. In this way, the co-
impregnated rhodium can be used as an additive
for the palladium on alumina component. From
Figure 3, the two catalysts exhibit similar catalytic
conversion efficiency of carbon monoxide, HC
and nitric oxide, but after hydrothermal aging
treatment, the modified catalysts performed better,
with higher catalytic conversions over most of the
experimental temperature range.

Today, single-atom catalysts (SACs) are
attracting increasing research attention in the
field of automotive exhaust emission reduction
as particle size limitations have been reduced,
not only maximizing metal utilisation but also
providing many opportunities to modify reaction
pathways. The oxide layers of RhO, are responsible
for the high carbon monoxide oxidation activity
of rhodium nanoparticles while the inner metallic
Rhy atoms are inert. The adsorption of CO by
rhodium includes the gem-dicarbonyl, linear CO
and bridging CO, denoted as Rh(CO),, Rh(CO)
and Rh,(CO), respectively. Generally, the ratios of
Rh,(CO) and Rh(CO) in all three species increase
with increasing particle size. Rhodium catalysts
with small particle size consist of higher RhO,:Rhg
ratios and therefore have higher specific activity
in the carbon monoxide oxidation process. The
catalytic performance of rhodium SAC with
various carriers for carbon monoxide oxidation
was reported by Han et al. High activity of ZnO
nanowire-loaded rhodium SACs (Rh;/ZnO-nw) for
carbon monoxide oxidation was observed (20). As
shown in Figure 4(a), Rh;/ZnO-nw exhibited the
highest carbon monoxide oxidation performance
among the three different ZnO-loaded SACs, while
Pt;/ZnO-nw and Au;/ZnO-nw showed much lower
activity.

Rhodium-based catalysts, especially those
supported on ceria-based materials, perform well
on all points except for catalyst cost, although
other heat-resistant supports such as alumina (21)
and zirconia (22) have been investigated as
catalytically active components. However, the cost
of rhodium remains high and is not expected to
become lower (23). It is difficult to further reduce
the amount of rhodium and increase the activity
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Fig. 3. Catalytic conversion as function of temperature of: (a) CO; (b) HC and (c) NO and as function of time
of: (d) CO; (e) HC and (f) NO. Conventional palladium and rhodium catalyst (Pd+Rh), modified palladium-
rhodium catalyst (PdRh+Rh). Hydrothermal aged catalysts (Pd+Rh)a and (PdRh+Rh)a, respectively.
Reprinted from (19) under Creative Commons Attribution 4.0 License (CC BY-NC-ND 4.0 DEED)
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Fig. 4. (a) Catalytic performance of CO oxidation over ZnO-nanowire-supported rhodium, platinum or gold
SACs with ZnO nanowire as reference. Measured with 1% CO and 1% 0O, (18). Reproduced with permission
from Wiley; (b) catalytic performance of CO oxidation over CeO,-supported rhodium, palladium or platinum
SACs, CeO,-supported nanoparticle catalysts, commercial TWCs and CeO,. Measured with 1% CO and 1% O,.
Used with permission of RSC from (20), permission conveyed through Copyright Clearance Center, Inc
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of each rhodium. Therefore, some studies have
focused on finding alternatives (24) to rhodium-
based catalysts.

1.3.2 Hydrogenation Reaction

Catalytic hydrogenation is one of the most
important reactions in the pharmaceutical and
specialty chemicals industry. It refers to a
large group of addition reactions of hydrogen to
unsaturated bonds, the simplest addition reactions
between hydrogen and the alkenes, alkynes,
aldehydes, aromatic nitro compounds and some
unsaturated organics in the presence of relevant
catalysts (25). As a highly active and chemically
stable active component of catalysts, rhodium has
always been dominant in hydrogenation reactions.
Vlasenko et al. (26) fabricated metal-organic
framework Zng(mIM),, (ZIF-8) loaded with rhodium
nanoparticles as a catalyst for hydroformylation.
ZIF-8 was obtained as a precipitate by the reaction
of Zn(NO3),:6H,0 and 2-methylimidazole (HmIM)
in methanol at room temperature and then
activated by drying under high vacuum at 50°C
for 8 h. Catalytically active rhodium nanoparticles
were introduced into its pores (Figure 5). In the
hydroformylation of styrene, both RhCl;@ZIF-8
and Rh@ZIF-8 exhibited excellent catalytic activity.
Garcia et al. reported a simple polyol method
that utilised ethylene glycol as both reducing agent
and reaction medium, in addition to secondary
reductants and excess poly(N-vinylpyrrolidone)
as a stabilising agent (27). In a typical synthesis,
precursor solutions of RhCl; and either HAuCIl,
or AgNOs; were simultaneously injected into
preheated solvent. The rate of addition was
carefully controlled by means of syringe pumps
that optimise NP nucleation and growth phases.
Well-defined heterometallic nanostructures are
of particular interest because synergistic effects
between metal atoms of different elements can
result in enhancement of the catalytic properties
by tuning the average binding energy of the NPs

surface. Multimetallic NPs also provide a convenient
means to reduce the total amount of the rarest and
the most expensive metal via dilution with readily
available and potentially catalytically inactive
metals (27-29).

1.3.3 Hydrogen and Oxygen
Evolution Reaction

Hydrogen, with the advantages of high energy
storage, no carbon emissions and a byproduct
of water, is recognised as a most promising
substitute for fossil fuel (30). Electrolysis of
water is a renewable and secure way to create
hydrogen (31-33). However, the water electrolysis
system consumes a large amount of electrical
energy because of the large overpotential of the
hydrogen evolution reaction (HER). The issue
of electrode materials with high electrocatalytic
activity and stability is therefore urgent. Noble
metals (rhodium, ruthenium, platinum and
iridium) have shown remarkable hydrogen
production efficiency (34-36). Rhodium is one
of the most extensively investigated catalysts
for hydrogen generation by hydrolysis owing to
its intrinsic catalytic performance toward the
reaction (37-40). Liu et al. introduced rhodium NPs
to MoSe, nanosheets by deposition. The Rh-MoSe,
nanocomposite achieved electron transfer by tuning
the electronic structure of active sites and boosted
the HER performance of MoSe,, by combination
with rhodium (32). The Rh-MoSe, nanocomposite
presented great enhancement with an extremely
low onset potential of 3 mV and overpotential of
31 mV at 10 mA cm~2 with long-term stability close
to commercial 20 wt% Pt/C. In addition to alloy
NPs, heteroatom doping (such as nitrogen, boron,
sulfur and phosphorus) is another effective means
of improving catalytic performance. The increase
of catalytic activity is attributed to the formation
of charged sites originating from the different
electronegativity values between heteroatom
dopants.

Zng(mIM);,
(ZIF-8)

RhCl;@(ZIF-8)

Fig. 5. Composite
schematic diagram.
Reagents and conditions:
i: RhCl3, DMF, room
temperature; ii: NaBH,,
H,O, room temperature.
Reprinted from (26), with

permission from Elsevier
Rh@ZIF-8
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Shen et al. designed a multifunctional noble
metal/fluorine-doped graphene electrocatalyst
using silicon nanowires (Si NWs) as a sacrificial
template (35). With a mild solution method,
fluorine-doped graphene modified with uniform
rhodium nanoparticles (Rh/F-graphene) was
obtained. For HER, it exhibited low overpotential
of 46 mV (vs. reversible hydrogen electrode)
@ —10 mA cm~2 and small Tafel slope of 30 mV
dec™! in 0.5 M H,SO, solutions. In addition, the
Turnover frequency value was <0.502 H, Rh7!
s~ (at 46 mV), larger than that of the 20 wt%
Pt/C (0.447 H, Pt™! s7!); and the mass activity
of Rh/F-graphene-2 was also larger than Pt/C,
indicating excellent HER performance (see
Figure 6). Kim et al. also reported rhodium and
rhodium-phosphorus catalysts on a carbon paper
(CP) substrate via electrodeposition and studied
the effect of phosphorus atomic surface content
on Tafel slopes of Rh-P/CP-# catalysts (33). The
Rh-P10/CP-# catalysts demonstrated HER intrinsic
activity greater than that of the Rh#/CP and Pt/CP
catalysts. Furthermore, the mass activity of Rh#/
CP and Rh-P10/CP-# catalysts also surpassed
that of Pt/CP catalysts, indicating their potential
as alternatives to commercial platinum cathodes
in proton exchange membrane water electrolysers
(PEMWES).

Guo et al. reported a rational synthetic strategy
toward the preparation of sub-10 nm rhodium-
iridium nanoparticles as highly efficient oxygen
evolution reaction (OER) catalysts under acidic
conditions by a modified polyol method (see
Figure 7) (34). Most significantly, a smaller
binding energy gap of O and OOH intermediates
was obtained through alloying 22% rhodium into
iridium, which resulted in a significant enhancement
of OER performance, reflected by a 48 mV decrease
in the overpotential to reach a 10 mA cm~2 current
density and a mass activity that was three times
higher than a comparable iridium NP catalyst.
Wu et al. reported loaded Rh,P NPs on macroscopic
conductive supports with the assistance of binders
such as Nafion for water electrolysis on an nitrogen/
phoshorus-doped three-dimensional carbon cloth
substrate (denoted as Rh,P-N/P-CC) for highly
efficient HER/OER electrocatalysis (36). Rh,P-
N/P-CC outperformed benchmark Pt/C catalysts
at only 7.85% equivalent of platinum for HER
electrocatalysis and surpassed the RuO, catalyst in
terms of OER performance in alkaline solution. As a
bifunctional electrocatalyst, Rh,P-N/P-CC enabled
stable overall water splitting at current density
of 200 mA cm~! under an electrolytic voltage of
1.7 V in alkaline solution. Noble metals have an
irreplaceable position in the field of catalysts and

(a) (b) Fig. 6. (a) Polarisation
0- 2k mmRn/F-graphene-1 curves of Rh/F-graphene-2
5 | ERer e e et
~ < - - catalysts in oxygen-free
IE -100 4 = =§:{;rg;2¢ge ! 0.5 M H,S0y4; (b) mass
: 1 g 1k 4 EE20 wt% Pt/C activities of pure metal
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~3004 3 graphene catalysts at
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E/V vs. RHE Overpotential, mV plots of 20 wt% Pt/C
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Fig. 7. OER activities on
rhodium-idirium nanocatalyst.
Reprinted with permission

0 60 7 :
o’/ () = 5 from (34). Copyright (2019)
< @® R nPs American Chemical Society
H,0 with | /
z 2 tunable i 40 Ir ;“
@®Ir \ composition g - Rhy,Irsg ,,"
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€ 5p- Rhy3lry;
S ~Rh
0
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Vulcan support Potential, V vs. RHE

Table I Comparison of Hydrogen and Oxygen Evolution Reaction Performance for

Electrocatalysts

Loading, Onset ) Overpotential Tafel
Catalyst Electrode mg cm-2 potential, at {g mA slop_ei, mV Reference
mV cm™4, mV dec
MoSe, GCE® 0.285 67 223 85 (32)
MoSe,/CF Carbon cloth - 70 182 69 (42)
1T-MoSe, GCE 0.14 - 152 52 (43)
B-MoSe,/CC Carbon cloth - - 84 39 (44)
P(Ni,Fe)O,H, Nickel foam - - 221 25.1 (45)
MoSe,/rGO GCE 0.285 125 195 67 (46)
MoSe,/CC Carbon cloth - 35 50 38 (47)
Co, Ni-MoS; GCE - 112 171 56.9 (48)
Co-MoSe, GCE 0.57 - 305 95.2 (49)

2Glassy carbon electrode (GCE)

rhodium is no exception. Recently, researchers
have investigated electrocatalysts with excellent
catalytic performance by controlling the size, shape
and structure of NPs (Table I).

2. Discussion

Over several vyears, magnetron sputtering
technology has evolved to increase metal ionisation,
improve target utilisation, avoid target poisoning in
reactive sputtering, increase deposition rates and
increase the demand driven by the need to improve
sputtering source (cathode target) utilisation,
improve the uniformity of deposited films, minimise
electrical instabilities such as arcing, achieve
directional deposition of metals, allow control of the
energy of the ions bombarding the substrate from
the film-forming material and reduce operating
costs. There are still some important issues to be

understood regarding the operation of magnetron
sputtering discharges. These include improving
the understanding of energy transfer to electrons,
observing various instabilities such as spokes and
breathing patterns, working gas recovery and self-
sputtering recovery.

Pulsed laser deposition (PLD) technology has been
widely used in research and industry. However,
PLD still cannot fully meet the requirements of
thin film technology development and preparation
due to three problems. There are difficulties in
preparing large-area uniform films, in controlling
the deposition rate repeatability and in obtaining
smooth films. This is because:

(a) the laser-excited plasma follows the cos™-a
law in spatial angle distribution, where a is
the angle between the target normal and the
plasma plume and the typical value of the index
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n is between seven and 20. It is this directional
plasma expansion that makes it difficult to
obtain large-area uniform films. At present,
this problem can be alleviated to some extent
by special laser scanning technology and films
with a diameter of 150 mm or even 200 mm
and good uniformity can be obtained

(b) as the target surface gradually changes from
a smooth surface to a rough surface under
the action of laser irradiation, the direction
of the excited plasma changes due to the
irregular structure of the target surface. This
phenomenon makes it difficult to accurately
control the repeatability of the deposition rate,
thus affecting the prediction of the deposited
film thickness

(c) the transient action of laser light with matter
produces not only atoms, electrons and ions,
but also electrically neutral particles, the size of
which ranges from 0.1 pm to 10 pm. Particles
embedded inside the film or remaining on the
surface can lead to the formation of rough films,
making it difficult to obtain smooth films. For
special applications such as chemical catalysis,
sensing and medical placeholders, such rough
surfaces are often required to achieve device
performance. However, for most applications,
the presence of particles can degrade the
optical, mechanical, electrical and magnetic
properties of the films, especially for multilayer
dielectric and optical films, where particles can
cause severe optical scattering and degrade
the expected optical performance of the films,
so the elimination of these particle is a critical
issue to be addressed in PLD.

The electrochemical deposition method is a simple
and convenient process, the purity of rhodium
obtained is high and the size and morphology of
NPs can be controlled by adjusting the magnitude of
current and voltage. However, there is still a need to
continue to combine knowledge from various fields to
solve many problems such as large particle size, easy
agglomeration and uncontrollable loading of NPs. It
is also necessary to analyse how various factors in
the deposition process affect NPs so that the desired
morphology can be obtained better and faster.

3. Future Outlook

Rhodium thin films and nanoparticles have an
important impact on production, life and scientific
research. There are still many challenges in the field

of rhodium research. Future research challenges
for efficient utilisation of rhodium may include the
following points:

(a) To develop facile fabrication methods to
precisely control the size and shape of rhodium
nanofilms and NPs. The controllable preparation
of rhodium NPs relative to other platinum
group metals such as gold, silver, palladium
and platinum has been extensively studied, but
their regulation and application are still limited
by size and shape control. Therefore, there
is a need to develop new synthetic methods
combined with existing control strategies to
obtain rhodium NPs with good size and shape
control

(b) To explore detailed characterisation and
mechanisms. Furtherenhancementoftheoretical
simulations and in situ characterisation
can reveal the synthesis mechanisms and
interactions between compounds which can
guide the efficient synthesis of high-quality
metal nanomaterials

(c) To reduce the amount of noble metals such as
rhodium required to obtain benefits. On one
hand, alternative noble metal catalysts can be
found. On the other hand, noble metals can
be loaded onto substrates to improve their
catalytic performance per unit. These findings
are also applicable to rhodium NPs. The goal
is to apply more efficient catalysts to practical
applications.

(d) In addition to improving utilisation through
nanofilms and NPs, rhodium recycling is
essential as it is a non-renewable resource.
Most rhodium scrap comes from automotive
exhaust catalysts, but it is also very common in
petroleum industry catalysts, glass fibre scrap
and paint waste liquid. At present, the main
recovery methods of rhodium from waste noble
metal catalysts are wet recovery and pyrolysis
recovery. The development of efficient recovery
approaches can also reduce the loss of rhodium.

4. Conclusion

In this review, we aimed to focus on synthesis
methods for rhodium thin films and nanoparticles.
The key steps and control methods of rhodium
thin films and NPs synthesis were described in
Part I (1). The effects of different shapes and sizes
on various catalytic reactions provide a design
basis for further industrial applications.
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