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Editorial

Sensors in Industrial Applications

Sensors are vital to process and product control
across a large number of industries. A network
of sensors is used for monitoring and controlling
machinery, systems and processes in chemicals,
pharmaceuticals, biotechnology, energy, water,
wastewater, oil, gas, plastic, paper, food and
beverages among others.

Technologies for Sensing
The technologies are as varied as the applications.
Methods for detecting gases, elements, molecules
or biological markers as well as parameters such
as temperature, pressure or flow may be based on
chemical, electrochemical or physical processes.
In this issue, for example, electrochemical sensing
is applied to improved sensing devices for health
applications (1–4).
Graphene is of much interest in a variety of
applications not least for its potential uses in
sensing and is being explored by many academic
groups as well as industry. Some of the work
outlined in this issue (5) reflects this importance,
as well as the continued need for improved
characterisation of the material. Andrew Pollard
(National Physical Laboratory (NPL), UK) was
recently awarded a ‘Rising Star in Industry’ award
from the Royal Society of Chemistry (6) for his
work on graphene and flexible organic electronic
devices. Andrea Ferrari (Cambridge Graphene
Centre, University of Cambridge, UK) is another
well-known figure in the graphene field with a
number of recent publications in graphene (7, 8).
Another important area for sensing is in water
treatment, where the health and wellbeing of
consumers depends on reliable disinfection of
the water provided to the tap. Current research
at Imperial College London, UK, indicates that
improvements could be made in monitoring the
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chlorination of water throughout the distribution
system (9, 10).
The recently completed EU project CATSENSE
“Design of novel high-performance catalysts and
biosensors based on deposited mass-selected
clusters assisted by computational theoretical
screening”, in which Johnson Matthey was an
associated partner, brought together expertise in
universities, industry and research organisations
to investigate nanoparticles preparation for
applications that included sensing as well as
catalysis and fuel cells (11, 12).

Sensing the Future
Sensors have advanced since the patenting of the
earliest electric thermostat in the 19th century
(13). The so-called ‘internet of things’ (14) and
‘industry 4.0’ will only increase the need for
reliable, accurate and durable sensors that are
low cost, numerous and indicative and can be
used for individual applications or combined into
a sensor mesh network that can achieve accuracy
through numbers and clever signal processing in
both end consumer and industrial settings. The
growing need and affordability of health care,
food security and clean water, in line with United
Nations Sustainable Development Goals (15), will
also enhance the usefulness of sensors bringing
impetus to the academic and industrial research
and development groups working in these areas.
This issue offers a flavour of the latest
developments in areas relevant to sensing. It is
to be expected that much more will happen in this
field in the coming years.
SARA COLES
Editor, Johnson Matthey Technology Review
Email: sara.coles@matthey.com
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Electrochemistry studies on the derivatives of
graphene have been in the forefront of chemical
research in recent years. The large specific surface
area, high electrical conductivity, fast electron
transfer rate and excellent biocompatibility to
biomolecules constitute a few of the underlying
reasons for the extensive application of graphene
derivatives in modern electrochemistry and
related technologies. Much interest in graphene
derivatives has been driven by the ease of
intentional functionalisation of the carbon backbone
of graphene with dopants, such as nitrogen.
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Doping enhances the electrical conductivity and
biocompatibility of nitrogen-doped graphene
(NGr) nanomaterials and aids in their potential
applications in electrochemical sensing and
spectroelectrochemical
devices.
Despite
the
application of NGr in electrochemical sensing
devices, the major challenge for reproducible
industrial application still lies in the use of
surfactants and binders and the limited knowledge
on the correlation between the N-configurations
and the electrocatalytic performance of these NGrbased electrodes. Therefore, the purpose of this
short review article is to highlight some recent
progress on the application of NGr derivatives
for electrochemical detection of biomarkers such
as uric acid and dopamine. The paper will also
illustrate design parameters for new surfactantfree two-dimensional (2D) N-doped graphene
based electrochemical sensors with variable
N-functionalities for the detection of dopamine and
uric acid.

1. Introduction
In recent years, the ever-growing demand for
efficient and cost-effective disease diagnosis in
order to improve the quality of life for today’s global
community is greatly sought after. One of the many
ways to achieve the aforementioned demand has
been through the use of electrochemical methods
for environmental monitoring, disease diagnosis,
detection of drugs in pharmaceutical assays or
biological fluids and energy storage (1–8). The
search for ‘better’ electrode materials suitable for
employment in electrochemical methods in various

© 2019 Johnson Matthey
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scientific disciplines, for the present day needs of
science and society, is increasing (7–15). The term
‘better’ here relates to electrodes which are robust
and have higher conductivity, excellent selectivity
and enhanced sensitivity. The electrodes must also
be non-poisonous, should involve simple preparation
procedures and be cost-effective. A wide range of
electroactive molecules and biological species that
have been studied by electrochemical techniques
include the detection of dopamine (DA) and uric
acid (UA); solely due to their vital roles in metabolic
and physiological processes in human bodies (5–7,
16–24). For instance, abnormal levels of DA and
UA are a powerful indicator for the diagnosis of
Parkinson’s disease, schizophrenia, gout, LeschNyhan syndrome and lymphoma (24–27). Thus,
the rapid and accurate electrochemical detection
of DA, UA and their metabolites, at nanomolar
concentrations, is required not only for clinical
diagnosis but also for the prevention of disorders
arising from their deficiencies.
Despite the good sensitivity displayed by
electrochemical methods for the detection of DA
and UA, severe overlap of the oxidation potentials
of DA and UA with other molecules like ascorbic
acid (AA) (1–15) at conventional electrodes
remains a problem. Additionally, the frequent
replacement of traditional electrodes due to fouling
(28–30) is a major contributing factor during
the detection of UA. To address these problems,
considerable research efforts have been devoted
to the improvement of the electrode surfaces as
well as the development of new electrode materials
that can separate the signal potentials of DA, UA,
AA and other molecules. This includes the use of
various nanomaterials such as metals and metal
oxides, carbon nanomaterials and magnetic
nanoparticles (31–38). Among the commonly used
carbon nanomaterials, derivatives of graphene
have played tremendous roles in electronics,
electrochemistry and sensor communities. Recent
research on the electrochemistry of graphene-based
nanomaterials has shown that these structures
have excellent electrocatalytic activity, good
biocompatibility with amino acids and proteins,
extraordinary conductivity and a large specific
surface area (39, 40). The ultimate interest for the
employment of graphene-based nanomaterials in
electrochemical sensors is based on the chargeactive (bio)molecule interactions at π-π domains.
Additionally, intentional tailoring of the electronic
and electrochemical properties of graphene
through the incorporation of p-block elements such
as nitrogen, in the form of pyridinic-, pyrrolic-,
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graphitic-N and oxidised pyridinic-N (Scheme I)
(41), has been found to be a promising method
for improving the performance of graphenebased electrochemical sensors (42–46). For
instance, theoretical and experimental studies
have indicated that high concentrations of both
pyridinic and pyrrolic N-configurations improve the
biocompatibility of N-graphene materials through
enhanced hydrogen bonding as well as through
the π-π interactions between the graphene and the
electroactive molecule (47, 48).
Thus introduction of N atoms into the carbon
backbone of graphene could enable the
electrocatalytic performance and biocompatibility
of N-graphene based sensors to be easily tuned
by controlling the amount of each N configuration.
However, little information has been documented
on the effect of relative concentrations of each
N-configuration on the subsequent electrocatalytic
performance of N-graphene based electrochemical
sensors. Therefore, the aim of this article is to
summarise the progress on recently developed
sensing techniques for electrochemical detection
of biomarkers, mainly UA and DA, with the main
emphasis on derivatives of graphene. In the first
section of the article, graphene-based materials
that have been recently used for the development
of electrochemical sensors of DA and UA are
discussed. This will include graphene oxide (GO),
graphene quantum dots (GQD) and reduced
graphene oxide (RGO). Subsequently, several
surface modification approaches and major factors

N

C
N

N
N
B

D
NH

+

N
A

N
E OH

Scheme I. Typical configurations of N atoms in
graphene: A pyridinic-N; B graphitic-N; C triple
vacancy pyridinic-N; D pyrrolic-N and E oxidised
pyridinic-N (NOx). (Reproduced with permission
(41). Copyright © 2016 the Royal Society of
Chemistry)
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that influence or enhance the sensing performance
of these graphene-based DA/UA sensors will
be reviewed. The main focus of the last section
will be on the variations of the electrocatalytic
performances of recent up-to-date graphenebased sensors, as conferred by the introduction
of p-block heteroatoms, with special emphasis on
N dopants.

analytes (28–30, 50). It can be seen that the
structure of pristine graphene is characterised by
an array of sp2-hybridised carbon atoms arranged
in a 2D hexagonal lattice (39, 40, 49). The carbon
backbone can be oxidised to form GO (51, 52) or
the oxygen functionalities can be removed via the
use of chemical, electrical or thermal procedures
to form a defect-filled structure of RGO (53, 54).
On the other hand, different preparation methods
can be adopted to synthesise few nanometresized graphene moieties known as GQD, due to
their quantum properties (55, 56). Owing to the
photoluminescence properties of GQDs, these
derivatives of graphene have found application in
the field of optochemical biosensors (57, 58).
The majority of graphene-based electrochemical
sensors for DA and UA are fabricated from
suspensions and powders of different types of GO
derivatives such as thermally reduced graphene
oxide
(TRGO),
electrochemically
reduced
graphene oxide (ERGO), hydrothermally prepared
multi-nanoporous graphene and chemically
reduced graphene oxide (CRGO) (59–63). For
instance, Wang and coworkers as well as Zhu
et al. reported on the fabrication of porous
graphene provided channels that accelerated the
diffusion of the electrolyte and promoted the mass
transfer process (59, 60). They observed that
the large accessible surface area and the highly
conductive channels, due to the presence of
abundant carboxylic or hydroxide groups, edges
and defective sites, remarkably enhanced the
electrocatalytic performance and selectivity of this
three-dimensional (3D) graphene modified glassy
carbon electrode (GCE) for the simultaneous
detection of DA and UA. However, the use of
corrosive chemicals during the synthesis steps of
the porous graphene led to loss of the surface area
as well as a lowered degree of reduction (11, 59).

2. Graphene-Based Materials for
Detection of Dopamine and Uric Acid
Graphene, an allotrope of carbon with a 2D
structure and the first example of a free-standing
and stable 2D material, has attracted enormous
research interest in science communities (39, 40,
49). The large electrical conductivity, surface area,
high tensile strength and thermal properties make
graphene a promising and ideal candidate material
for application in fields such as nanomaterials,
supercapacitors,
nanoelectronics,
catalysis,
nanophotonics and sensors (39–40, 47–49).
Recently, graphene derivatives have been intensively
employed as modification materials on the surface
of different electrodes for detection of various
analytes (28–30, 50). However, the usefulness
of different graphene derivatives for engineering
selective, sensitive and stable electrochemical
biosensors is in large part dependent on their
structure. This is because the morphological and
intrinsic properties of various graphene moieties
control the limit of detection (LOD), sensitivity,
selectivity, repeatability and biocompatibility of
any graphene-based electrochemical biosensors.
Scheme II shows some of the major graphene
derivatives, pristine (Scheme II(a)) and
functionalised (Scheme II(b)–(d)), that have
recently been intensively employed to modify
different electrodes for detection of various
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Scheme II. Structures of graphene derivatives: (a) the pristine graphene; (b) graphene oxide (GO);
(c) reduced graphene oxide (RGO) and (d) graphene quantum dot (GQD)
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Thus, reports have shown that the issues associated
with a lowered surface area could be solved by
using RGO. In particular, Yang et al. as well as
Yu et al. indicated that the oxygenated species
and absorption sites of the ERGO catalysed the
electrochemical oxidation reactions of DA, UA and
AA (61, 62). Apart from the use of electrochemical
procedures to obtain RGO nanomaterials, Kanyong
et al. successfully fabricated in-house disposable
screen printed carbon electrodes modified with
CRGO nanosheets which showed excellent
electrocatalytic performance towards DA, UA and
AA (63). Moreover, Wang and coworkers attributed
the high electrocatalytic activity of the RGO-based
glassy electrodes, in terms of a wide linear range
and low detection limits for DA, UA and AA, to
the abundance of edges and defective sites on the
wrinkles and plane sites (64). As a result, these
greatly enhanced the electron transfer activity
between the molecules and graphene and also
increased the surface area for adsorption of these
electroactive molecules. Electroanalytical data
for the selective determination of DA and UA by
use of electrodes modified with various graphene
derivatives are listed in Table I (11, 59–65). An
informative review on the applications of graphene
for electrochemical sensing and biosensing was
recently published by Pumera et al. (33, 34).
Although the abovementioned derivatives of
graphene have shown excellent electrocatalytic
activity towards DA, UA and AA at various
conventional working electrodes, tedious and
irreproducible pretreatment steps are frequently
required to immobilise the as-synthesised
powdered graphene on the electrode surface.
This is achieved by using specialised electrode
surface modification techniques, such as surface
coating of conventional electrodes or generation

of a carbon paste with surfactants and binders
like sodium dodecyl sulphate (SDS), dihexadecyl
phosphate (DHP) and NafionTM, in order to
immobilise the graphene nanomaterials on the
electrodes (66–71). Furthermore, the aggregation
of the graphene nanosheets during electrode
preparation led to loss of electrocatalytic activity
towards the oxidation of biomolecules (8, 10).
Thus a protocol for the fabrication of surfactantfree graphene-based biosensors is needed and
this was illustrated in our previous studies (65).
In the study, chemical vapour deposition (CVD)
grown graphene films were used as a modifying
material for the indium tin oxide (ITO) electrode
for the detection of DA and UA (Figure 1). The
choice of the working electrode was based on the
fact that the ITO electrodes are less commonly
used as electrochemical electrode materials (72,
73), although they have profound application in
energy storage and energy devices (38, 40, 74,
75). We found that under optimised differential
pulse voltammetry (DPV) conditions, Gr/ITO
electrode exhibited wide linear ranges, fairly
reasonable stability and reproducibility, as well
as good selectivity for both DA and UA. However,
the Gr/ITO suffered poor sensitivity and high
detection limits (S:N = 3) for DA and UA, with
the limits of detection determined to be 4.23
µM and 5.94 µM, respectively. The promising
electrocatalytic performance was ascribed to
the ‘flat’ 2D structure of the graphene films
due to the abundance of surface carbon atoms
available for electron transfer with both DA and
UA. Thus, the results showed that with further
improvements such as control of the defect
density and the thickness of the graphene films,
Gr/ITO electrodes are promising candidates for
simultaneous determination of DA and UA.

Table I Electroanalytical Parameters for the Detection of DA and UA at Various Electrodes
Modified with Graphene Derivatives
Detection limit, µM

Linear range, µM

DA

UA

DA

UA

PGE/GCE

0.2

1

0.2–8

1–60

(59)

3D-GrF/GCE

0.025

–

0.1–25

–

(60)

ERGO/GCE

0.5

0.5

0.5–60

0.5–60

(61)

3D-RGO/GCE

5

–

5–1000

–

(11)

ERGO/GCE

0.1

–

0.1–10

–

(62)

RGO/SPCE

0.4

0.1

120–500

10–3000

(63)

RGO/GCE

0.1

1

0.1–400

2–600

(64)

Gr/ITO

4.1

5.9

8–190

40–560

(65)

Electrode

a

a

Ref.

Porous graphene electrode (PGE); screen printed carbon electrode (SPCE); graphene foam (GrF)
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(b)

(a)
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1.5

1.8
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1.2
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0.6
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DA
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0.3
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450

600

750
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Potential, mV (vs. Ag/AgCl)

DA
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Potential, mV (vs. Ag/AgCl)

Fig. 1. DPV curves for a system containing; (a) fixed concentrations of UA (10 µM) and different
concentrations of DA; (b) fixed concentrations of DA (10 µM) and different concentrations of UA on Gr/ITO
electrodes at 0.1 M buffer pH 6.02 (65)

3. Surface Modification Approaches
for Graphene-Based Electrodes for
Dopamine and Uric Acid

3.1 Graphene Composite-Based
Electrodes for Dopamine and Uric
Acid

The structural and remarkable properties of
different derivatives of graphene have rendered
them promising and potential candidates for
successful exploitation in electrochemical and
biosensing applications. As sensitive and selective
as the graphene derivatives have proved to be for
the electrochemical sensing of biomarkers such
as DA and UA, a great deal of research effort has
been devoted to further improving the structural
and intrinsic properties of graphene in order
to engineer high-performance graphene-based
electrochemical sensors that stand a chance to
compete with their metal or metal oxide-based
counterparts. As such, a variety of surface
modification approaches have been explored,
including introduction of heteroatoms into the
graphene lattice (48, 76, 77) or formation of
composite materials of graphene with other carbon
nanostructures, polymeric materials, as well as
metal and metal oxides (78–85). This is because
surface modification increases the surface-areato-volume ratio of the graphene-based electrode;
therefore the signal transduction can be amplified,
leading to higher sensitivity compared to the
conventional sensing surfaces. Thus, this section
reviews the recent surface modification techniques
used for the fabrication of graphene-based
electrochemical sensors for DA and UA, with the
focus on highlighting the design of surfactant-free
graphene-based electrodes for DA and UA.

Lately, numerous modified electrodes based
on different graphene derivatives have been
successfully employed for the electrochemical
detection of DA, UA and many other electrochemically
active biomarkers. Such electrodes include,
but are not limited to the modification of
conventional electrodes with GO-metal oxide or
GO-carbon nanomaterial composite, GO-bimetallic
nanoclusters and GO-polymer nanosheets (78–85).
For instance, fabrication of sensors based on
nanocomposites of GO and polymers such as polyL-lysine (PLL) has gained increasing interest due to
their good biocompatibility with amino acids as well
as their flexible structure framework. As a result,
numerous chemically stable and highly sensitive
and selective sensors have been fabricated based
on GO-PLL nanocomposites for the detection
of DA, UA, AA, glucose and hydrogen peroxide
(H2O2) (78–82). The excellent electrocatalytic
performance of the electrodes is largely ascribed
to the excellent synergistic effect of the two
materials for adsorption of electroactive (bio)
molecules. Apart from the use of biocompatible
polymers, Zhang et al. illustrated that modification
of the ITO electrode with a composite of RGO
and carbon nanotubes (CNTs) enhanced the
sensing performance of ITO electrodes for the
simultaneous detection of DA, UA and AA (78).
This was attributed to the excellent performance
due to the high electrocatalytic activity of RGO,
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the combined large accessible surface area of both
RGO and CNTs, as well as the presence of highly
conductive channels of the CNTs which facilitated a
faster mass transfer process.
On the other hand, various reports indicated that
inclusion of the catalytic metal nanoparticles on the
surface of the working electrode can also enhance
the performance of the graphene-based chemical
sensors (65, 80–85). Metal and metal oxide
nanoparticles are the most widely used catalysts
because of their unique chemical, electrical and
catalytic properties. Therefore, the presence of
the metal nanoparticles on the graphene-modified
electrode surface greatly increases the overall
sensing surface area, facilitates faster electron
transfer rate for electrocatalytic oxidation,
thus leading to a sensitive and selective signal
response. For instance, Zhang and coworkers
reported that the excellent synergistic effect
between GO and gold nanoparticles as well as
the combined high electrical conductivity of gold
nanoparticles and the ITO electrode led to high
performance sensors of DA (80). In addition, He
et al. showed that combining the good catalytic
activity of copper oxide (Cu2O) nanoparticles
with the excellent dispersion ability of reduced
graphene, led to a facile fabrication of a sensor
exhibiting rapid response, a low detection limit
and a wide linear range for simultaneous detection
of DA, AA and UA (85). As a result, numerous
reports have shown that fabricating a composite
of the graphene derivatives with either metal
oxide or bimetallic nanoparticles enhanced the
sensitivity and improved the selectivity of such
electrodes for the simultaneous detection of DA,
UA and various analytes (83–92). The excellent
electrocatalytic performance was also attributed
to the synergistic effect between graphene
derivative and the nanoparticles. Specifically, in
terms of the ability of graphene to facilitate good
dispersion of the nanoparticles, the presence of
abundant oxygen functionalities for improved π-π
interaction between the molecules and the edgeand plane-like binding sites on the electrode
surface, as well as the high electrical conductivity
of catalyst nanoparticles. Thus, incorporation of
metal nanoparticles has proven to greatly improve
the electrocatalytic activity of the graphene-based
sensors for DA and UA. However, pre-treatment
procedures such as surface coating or generation
of a carbon paste with surfactants and binders
like SDS, DHP and NafionTM, are mandatory in
order to immobilise the graphene/nanoparticle
composites on the electrodes (66–71). Secondly,
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leaching of the metal nanoparticles into the
electrode, if not immobilised carefully, constitute
one of the major drawbacks of the promising
potential application of electrochemical sensors
based on graphene-metal composites. Moreover,
electrode surface modification with graphene/
nanoparticle composites may result in an increase
in background noise and faster electrode fouling
due to chemical reactions which can occur between
the nanoparticles and surfactants or binders.
To circumvent this issue, we proposed a
protocol for fabricating surfactant-free graphene/
nanoparticle-based
electrochemical
sensors
for detection of DA and UA (65). By using an
electroless deposition procedure, platinum and
palladium nanoparticles were supported on CVDgrown graphene films. Thereafter, the graphene/
nanoparticle composites were used as modifying
material for the ITO electrode for the detection of
DA and UA (Figure 2). Regardless of the different
binding behaviours of Pt and Pd on the surface of
graphene, with Pt showing a weak physisorption
binding energy of <0.5 eV and Pd demonstrating
a strong chemisorption binding energy of >0.8 eV
(42), the electrochemical performances and stability
of these composite-based ITO electrodes were also
found to be dependent on the sizes of the metal
nanoparticles, as reported in literature (65, 83–85).
For instance, modification of the graphene films
with small Pt nanoparticles (5 ± 3 nm) enhanced
the sensitivity of these electrodes for DA and UA,
in comparison to their pristine counterparts and
graphene films modified with large Pd nanoparticles
(22 ± 7 nm). As this was a pioneering study for the
use of electroless deposition of metal nanoparticles
on CVD-grown graphene films for electrochemical
detection of DA and UA, we propose that more
studies should be performed in order to investigate
the influence of same-sized Pt and Pd nanoparticles
as well as the intentionally controlled structural
and electronic properties of graphene films for the
detection of DA and UA.

3.2 P-Block Element Doped
Graphene-Based Electrodes for
Dopamine and Uric Acid
Incorporation of p-block elements, such as
nitrogen, boron, hydrogen, oxygen, sulfur
and fluorine, is currently one of the promising
procedures for intentional tailoring of the electronic
and electrochemical properties of graphene (41,
44–46). Doping is also an effective way to modify
the local chemical activity of graphene derivatives,
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Fig. 2. DPV curves for a 0.1 M buffer solution (pH 6.02) containing: (a) 0.13 mM DA at Pt-Gr/ITO electrodes;
(b) 0.13 mM DA at Pd-Gr/ITO electrodes (c) 0.13 mM UA at Pt-Gr/ITO electrodes; (d) 0.13 mM UA at Pd-Gr/
ITO electrodes (71)
subsequently widening their application in various
technological devices (40, 93, 94). Among the
various dopants, N is the most widely used
for improving the performance of graphenebased electrochemical sensors (42–46) due to
its comparative atomic size (dN = 70 pm vs.
dC = 65 pm) and the extra electron in its outer shell.
For example, Brownson et al. showed that GCE
modified NGr nanosheets exhibited an enhanced
electrocatalytic activity towards the oxidation of
AA, DA and UA in comparison with the bare and
the undoped graphene modified GCE (48). Han
et al. reported that modification of the GCE with
chitosan-functionalised graphene showed excellent
sensitivity and selectivity towards the electrocatalytic
oxidation of DA, UA and AA (42). These research
reports and many more in the literature highlight
that the enhanced biocompatibility and sensitivity
of NGr in electrochemical sensors can be attributed
to the presence of N atoms which provide a large
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amount of edge- and plane-like binding sites
for biomolecules (7, 11–15, 28). This can be
attributed to the various ways in which N atoms
become incorporated into the graphene lattice
(Scheme I) (41), thus providing abundant binding
sites for adsorption of DA and other electroactive
biomolecules (47, 48). Even though the successful
application of the powdered N-doped derivatives
of graphene, as well as other N-doped carbon
nanomaterials, in electrochemical sensors has
been reported by various research groups, little
attention has been paid to the influence and
contribution of the content of each N-configuration
on the electrocatalytic activity of N-graphene
nanosheets towards the oxidation of biomolecules
such as DA.
As such, using large-area N-doped graphene
films with well controlled N-configurations (41), we
developed a platform for studying the influence of
the content of each N-configuration on the inherent
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electrocatalytic activity of the N-graphene films
towards the oxidation of DA and UA, in the presence
of their common interfering agents (95, 96). From
Figure 3, the electrochemical responses of DA, UA
and AA at the different modified NGr/ITO electrode
surfaces are observed to vary due to the different
interactions of the electroactive molecule with the
N-configurations on the NGr/ITO electrode surface.
For example, all NGr/ITO electrodes showed
enhanced voltammetric responses for DA and UA,
suggesting improved sensitivity. Conversely, the
low voltammetric responses of AA at all NGr/ITO
electrodes are due to the electrostatic repulsion of
negatively charged AA molecules (pKa = 4.1) from
the electron-rich NGr-electrode surface. Generally,
the good selectivity and sensitivity of NGr-2/ITO
electrodes were attributed to the good interaction
between the hydroxyl and amine groups on
the DA and UA and the defective N binding sites
(NOx, pyrrolic-N).

Comparison of the electroanalytical parameters
of our fabricated NGr/ITO electrodes with the
reported
N-doped
carbon-based
electrodes
(Table III), indicated that modification of the
surface chemistry of the 2D NGr films supported
on the ITO electrodes, via control of the content
of the N-configurations, led to the development of
electrochemical sensors exhibiting comparable or
better electrochemical performance (7, 95–100).
In particular, the electrochemical performance for
DA and UA at all NGr/ITO electrodes was dependent
on the presence of defective N-configurations,
especially pyrrolic-N and NOx, whereas relatively
high concentrations of graphitic-N configurations
hindered the electron transfer. This was facilitated
through increased hydrogen bonding and improved
π-π interaction between DA and the carbon surface
(74, 97–99). Most importantly, the structure of
the electroactive molecule was also found to be
the major determining factor for electrochemical
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Fig. 3. DPV curves of the electrochemical oxidation of 20 µM DA, 100 µM UA and 200 µM AA at: (a) bare
ITO; (b) NGr-2/ITO; (c) NGr-10/ITO; (d) NGr-20/ITO electrodes (Reprinted from (95), copyright (2018),
with permission from Elsevier)
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Table II Electroanalytical Parameters for the Detection of DA and UA at Various Electrodes
Modified with Graphene Composites
Detection limit, µM

Linear range, µM

DA

UA

DA

UA

PLL-GO/GCE

0.031

–

0.5–20

–

(78)

RGO-CNT/ITO

0.04

0.17

0.2–8

0.2–16

(79)

Au-GO/ITO

0.06

–

10–1000

–

(80)

Pt-Gr/ITO

0.29

0.34

4–36

50–400

(65)

Pd-Gr/ITO

0.76

0.47

6–360

50–480

(65)

Pd3Pt1-PDDA-RGO/GCE

0.04

0.1

4–20

4–400

(83)

Fe3O4@Au-S-Fc/ GS-chit

0.15

0.24

0.5–50

1–300

(84)

Cu2O/RGO/GCE

0.006

–

0.08–50

–

(85)

Pt-Ni/PDA/RGO/GCE

0.07

–

0.2–911

–

(86)

MnO2NR/RGO/GCE

–

0.01

0.05–400

(87)

RGO-poly(Cu-AMT)/GCE

0.004

–

0.01–40

–

(88)

Au-Pt/GO-ERGO/GCE

0.0207

0.0407

0.07–49800

0.13–83000

(89)

MgO/Gr/Ta/GCE

0.1–7

1–70

0.15

0.12

(90)

Electrode

a

Ref.

a

Gold nanoparticles (Au); platinum nanoparticles (Pt); palladium nanoparticles (Pd); poly(diallyldimethylammonium) chloride (PDDA);
GO nanosheets (GO); ferric oxide (Fe3O4); graphene sheet (GS); ferrocene thiolate (S-Fc); chitosan (chit); poly(dopamine) (PDA);
nickel nanoparticles (Ni); copper oxide nanoparticles (Cu2O); manganese oxide nanoribbons (MnO2NR); polymerised copper-2-amino-5mercapto-1,3,4 thiadiazole complex (poly(Cu-AMT)); ERGO nanosheets (ERGO); magnesium oxide nanobelts (MgO); tantalum wire (Ta)

Table III Electroanalytical Parameters for the Detection of DA and UA at Various Electrodes
Modified with N-Graphene Derivatives
Electrode

a

N-configuration

Detection limit,
µM

Linear range, µM

DA

UA

DA

UA

N:C, %

Ref.

NGr-2/ITO

pyrrolic, pyridinic

0.13

0.043

2–240

2–320

4.68

(95, 96)

NGr-10/ITO

graphitic, pyridinic

0.15

0.19

2–150

20–140

3.25

(95, 96)

NGr-20/ITO

pyridinic

0.65

0.096

4–40

6–200

2.84

(95, 96)

3D-NHPC/GCE

pyrrolic

0.020

0.14

0.05–14.5

2–30

2.01

(97)

NCNF/GCE

pyridinic, pyrrolic

0.5

0.992

1–10

5–2000

–

(98)

NGO/GCE

pyridinic, pyrrolic

0.25

0.45

0.5–170

0.1–200

–

(7)

MNC/GCE

pyridinic, pyrrolic

0.001

0.01

0.001–30

0.01–30

12.2

(100)

NHCS/GCE

graphitic, pyridinic

0.30

0.52

1–400

1–420

–

(99)

a

N-doped graphene film (NGr); N-doped RGO nanosheets (NGO); N-doped graphene fibres (NGF); N-doped hierarchically porous carbon
(NHPC); mesoporous N-doped carbon (MNC); N-doped hollow carbon spheres (NHCS); N-doped carbon nanofibers (NCNF)

performance
electrodes.

of

differently

N-doped

graphene

4. Conclusions
In this article, we have illustrated that, although
research on graphene-based electrochemical
sensors for DA and UA started almost a decade
ago, a great deal of effort has been devoted to
improving the electrochemical performance of these
sensors. In our previous studies, we demonstrated
a new strategy of designing surfactant-free
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electrochemical sensors for the selective and
sensitive detection of DA and UA in the presence
of interfering agents. This new strategy is based on
the modification of ITO electrodes with differently
N-doped graphene films. The study indicated a good
correlation between the relative concentrations of
different N-configurations of N-doped graphene
films with the electrocatalytic activity of the NGr/
ITO electrodes towards the oxidation of DA and UA.
Therefore, by combining the highly conductive 2D
structure of graphene with the excellent conducting
properties of ITO electrodes and a careful control
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of the N-configurations, a satisfactory performance
for the electrocatalytic oxidation of DA and UA in
the presence of high concentrations of their most
common interfering agents was established for NGr/
ITO-based electrodes. Finally, the study indicated
that, not only should the correlation between

Johnson Matthey Technol. Rev., 2019, 63, (2)

the N-configurations and the electrochemical
performance of N-graphene-based electrodes be
considered, but also the structure of the electroactive
molecule of interest must be taken into serious
consideration for the development of satisfactory
N-graphene based electrochemical sensors.

Glossary
AA
ascorbic acid
chit
chitosan
CNT
carbon nanotube
CRGO	chemically reduced graphene
oxide
DA
dopamine
ERGO	electrochemically reduced
graphene oxide
GCE
glassy carbon electrode
GO
graphene oxide
GQD
graphene quantum dots
GrF
graphene foam
GS
graphene sheet
ITO
indium tin oxide
MNC
mesoporous N doped carbon
MnO2NR
manganese oxide nanoribbons
NCNF
N doped carbon nanofibers
NGF
N doped graphene fibres
NGr
nitrogen-doped graphene

NHCS
N doped hollow carbon spheres
NHPC	N doped hierarchically porous
carbon
PDC
polymer derived ceramics
PDA
poly(dopamine)
PDDA	poly(diallyldimethylammonium)
chloride
PGE
porous graphene electrode
PLL
poly-L-lysine
poly(Cu-AMT)	polymerised copper-2-amino5-mercapto-1,3,4 thiadiazole
complex
RGO
reduced graphene oxide
S-Fc
ferrocene thiolate
SPCE
screen printed carbon electrode
TRGO	thermally reduced graphene
oxide
UA
uric acid
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This paper provides a database of mechanical
properties for most of the commercially available
platinum alloys currently in use for jewellery
purposes. The alloys were tested for mechanical
properties through tensile and microhardness
testing in the as-cast and hot isostatically pressed
conditions. Microstructural characterisations were
performed using scanning electron microscopy
(SEM).

1. Introduction
There is scant data available in the literature
evaluating fitness for purpose of platinum alloys
used in the creation of jewellery designs (1–8).
Only recently has literature on basic properties
of platinum jewellery alloys been published (9,
10). In an industry steeped in tradition and ruled
by millennia of hands-on experience, this fact is
not surprising. Rather, a substantial body of tribal
knowledge exists concerning what does and does
not work and for many years this was largely
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sufficient. Enter the digital revolution where cast
versus hand-fabricated products now dominate
and tribal knowledge alone is no longer enough.
This is true because the two methods of production
result in very different material properties and
this difference can affect the end consumer’s
experience when it comes to wear resistance. Take,
for example, the common platinum-iridium alloy
Pt90-Ir10. This alloy was used to create much
early 20th century platinum jewellery and a good
amount of this jewellery is still in circulation today.
And though purely anecdotal, there is substantial
evidence that such platinum estate jewellery has
stood up quite well to the test of time, remaining
strong and resilient despite decades of daily wear.
But is this still the case when legacy alloys used
in hand fabrication are used to make jewellery in
a purely cast form? In past eras when the vast
majority of platinum jewellery was hand fabricated,
the metal was bent, formed, twisted, compacted
and hammered into the desired shape. All of these
hand-working methods introduce work hardening, a
mechanism by which the hardness and strength of
the metal is increased through deformation of the
crystal lattice. Consequently, most hand-fabricated
platinum jewellery tends to be inherently strong.
Contemporary jewellery designs, on the other hand,
are almost entirely produced through casting and not
likely to experience the benefits of work hardening.
Therefore, platinum alloys that were once viewed
as robust are now found to be lacking in their cast
forms. Given that today the labour savings achieved
through casting near net-shape jewellery is nothing
less than an economic imperative, it is necessary
to take a closer look at platinum alloy choices to
determine suitable strength levels for cast product.
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In order to reach an understanding of alloys that
meet fitness for purpose, we must first create
data that will characterise mechanical properties
for mainstream alloys used globally. In the
present work we explore the key characteristics
of strength, ductility, microstructure and porosity
levels. Earlier works by Fryé and Fischer-Bühner
(11) and Fryé et al. (12) reported the effects of hot
isostatic pressing (HIP) of platinum alloy castings
on mechanical properties and microstructures.
The present work increases the number of alloys
covered with the goal of building a comprehensive

database for platinum jewellery alloys used
globally. The present data also includes castings
both with and without HIP in order to augment the
comparison of metallurgical quality between the
two conditions.

2. Experimental
2.1 Alloys Tested
The alloys in Table I were selected for testing
based upon their prevalent use in the United States,

Table I Tensile Properties and Hardnessa
Alloy

0.2%
Proof
stress
(YS), MPa

Ultimate
tensile
strength
(UTS), MPa

Elongation
(ef), %

Reduction
of area
(ROA), %

(UTSYS)/
YS, %

Hardness,
HV1

95Pt-5Ir AC

142

241

45

90

70

79

95Pt-5Ir HIP

121

242

47

94

101

81

90Pt-10Rh AC

140

330

37

64

135

89

90Pt-10Rh HIP

144

333

43

89

131

89

95Pt-Cu-Co AC

172

378

33

69

119

111

95Pt-Cu-Co HIP

142

386

35

80

171

110

95Pt-5Cu AC

171

346

15

46

102

112

95Pt-5Cu HIP

143

387

31

69

171

114

90Pt-10Ir AC

219

353

33

90

62

113

90Pt-10Ir HIP

226

358

36

87

58

117

95Pt-5Co AC *

189

449

38

82

138

129±12

95Pt-5Co HIP *

220

452

36

76

105

122

95Pt-5Ru AC *

229

411

30

61

79

129±8

95Pt-5Ru HIP *

235

419

38

89

78

125

95Pt-1.8Au-2.7In-0.5Ru
AC

297

536

19

25

80

165

95Pt-1.8Au-2.7In-0.5Ru
HIP

291

551

35

64

89

163

95Pt-3.5Ru-1.5Ga AC

299

501

22

49

68

166

95Pt-3.5Ru-1.5Ga HIP

299

523

38

86

75

156

95Pt-2Cu-3Ga AC

308

557

27

50

81

166

95Pt-2Cu-3Ga HIP

247

496

29

40

101

156

95Pt-4Co-1In AC

290

575

27

49

98

167

95Pt-4Co-1In HIP

288

590

34

74

105

164

95Pt-2Ru-3Ga+ AC

421

680

14

32

61

207

95Pt-2Ru-3Ga HIP

430

676

22

76

57

190

95.5Pt-2.5Ru-2.0Co AC

204

394

41

68

93

133

95.5Pt-2.5Ru-2.0Co HIP

208

401

42

81

93

121

95.5Pt-3.5Ru-1.0Co AC

220

395

39

73

80

129

95.5Pt-3.5Ru-1.0Co HIP

211

396

41

76

88

128

95.5Pt-3Pd-1.5Co AC

149

265

37

68

78

91

95.5Pt-3Pd-1.5Co HIP

138

273

40

75

98

82

+

a

AC = as-cast; HIP = hot isostatic pressing. Data marked with a * were taken from (18). UTS-YS is defined as the work hardening of alloy
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Europe, China, Japan and India. Pure platinum only
has a Vickers hardness (HV1) of about 50 HV1 and
can be hardened by solid solution hardening when
alloyed. The effectiveness of different alloying
elements in their annealed condition is published
elsewhere (13–15). Gallium containing alloys
are known and have been used for some time.
Recently, indium containing alloys were developed,
such as 95Pt-Au-In (16).
In this work we categorised the alloys according
to the effectiveness of the alloying elements into
three groups for a given platinum content of either
90 mass% or 95 mass%. Soft alloys (<120 HV1
at 5 mass% to 10 mass%) are obtained by
alloying with rhodium, copper, copper-cobalt,
palladium-colbalt and iridium. Medium-hard alloys
(120–150 HV1 at 5 mass%) are possible with the
addition of ruthenium and cobalt. Finally, hard
alloys with a hardness above 150 HV1 at 5 mass%
are achieved by alloying with Ga and In in addition
to Ru, Cu, Co or Au. Actual hardness depends on
the casting condition. Alloys that contain Co are
just at the threshold from soft to medium-hard.
All alloys were cast under comparable conditions
using a flask temperature of 850°C. The casting
temperature was chosen according to the melting
range and varied between 1850°C for the lowest
melting alloy (95Pt-Co-In) and 1960°C for the
highest melting alloy (90Pt-10Rh). Details on the
investment casting and HIP processes are provided
elsewhere (11, 12, 17).

2.2 Mechanical Testing and
Hardness Measurement
Tensile testing was performed according to
DIN EN 10002-1:2001-12 in a universal testing
machine (ZwickRoell Z100HT) at a temperature
of 23±5°C using the test bar geometry shown
elsewhere (18). The preparation of the samples
for testing was done based on the international
standard ISO 22674:2016. The standard describes
the testing of cast alloys for dental applications. It
requires the valid testing of at least four samples
out of a set of six samples. We used four samples
for testing and all samples passed the test according
to ISO 22674:2016. According to ISO 22674:2016
samples should be tested with their as-cast surface
after removal of casting beads and fins. The surface
finish in this work was as-cast with the exception of a
light bead blast for complete ceramic shell removal.
We inspected for any fins or positives and any found
were very lightly touched with emery paper. We
were careful not to work the surfaces very much.
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The strain was measured until fracture using a
strain gauge on a starting length of 15 mm. The
testing speed was 1.5 mm min–1 until the 0.2%
proof stress was surpassed and then increased to
a strain-controlled strain rate of 0.0025 s–1. The
values for 0.2% proof stress (YS), ultimate tensile
strength (UTS), elongation (ef ) and reduction
of area (ROA) were determined on four samples
each in the as-cast and HIP conditions. Vickers
microhardness (diamond pyramid hardness, HV1)
was measured on metallographically polished
plates and half shanks using a load of 1 kg.

2.3 Metallographic Preparation
The test geometry used for this purpose was a
half-shank ring (12). The half-shanks were split
longitudinally along the centreline and embedded
in epoxy resin. The interior surface was then
ground with silica sandpaper in successively
decreasing grit sizes, followed by polishing with
diamond paste at 15 µm, 6 µm and 1 µm. This
process requires considerable operator diligence
due to the softness of some alloys. Soft alloys tend
to smear during grinding and polishing and pores
can be easily closed, which can result in artificially
low porosity values. An example showing the effect
of polishing quality can be seen in a previous
publication (19). To further avoid artefacts from
polishing, an additional ion-polishing step was
done that removed the deformed surface layer to
obtain optimum image quality.
Metallographic samples were investigated by SEM
using the back-scattered electron detector. The
contrast of the image is caused by local differences
in composition and therefore allows segregation
phenomena to be identified.

3. Results
3.1 Microhardness Testing
Results of hardness testing are given in Table I.
Data from earlier work (18) are also included in
Table I for comparison purposes. The alloys
containing Cu-Co, Pd-Co, Rh, Ir, Ru or Co as the
sole alloying elements show only solid solution
hardening and are therefore relatively soft. The
softest and most ductile alloys are those containing
Ir and Rh as alloying elements (95Pt-5Ir,
90Pt-10Ir and 90Pt-10Rh). Alloys containing Co
and Ru are slightly harder because these elements
are more effective hardeners (13). The addition of
elements such as Ga and In results in even more
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effective solid solution strengthening and can
furthermore result in precipitation hardening due
to the formation of Pt3In and Pt3Ga precipitates,
respectively, if a certain amount of Ga or In is
exceeded. Precipitation hardening is very sensitive
to temperature history and requires a two-step
heat treatment for optimum properties, but this
type of heat treatment was not done in the present
study. It may also take place to some extent during
the slow cooling phase (~800°C down to 300°C),
which is distinguished from and follows the rapid
solidification after casting. In any event, cooling
conditions may play a strong role here.
Hardness is generally proportional to UTS values,
but it does not provide information about the
ductility of alloys. Such information is generally
obtained through tensile testing, which comprises
the section that follows.
For two of the alloys (95Pt-5Ru and 95Pt-5Co)
larger data sets from a previous study existed (20).
This allowed a statistical analysis of many as-cast
samples. For 95Pt-5Ru 88 hardness tests on 24 ascast samples were evaluated that provided an
average value of 129 HV1 with a standard deviation
(σ) of 4 HV1. Table I provides the average and
a confidence interval of ±2 σ for these two alloys.
Over 95% of all measurements lie in this range.

3.2 Tensile Testing
Table I provides average values of four tensile
test samples and data on Vickers hardness
measurements. Details on measurement conditions
are provided elsewhere (12). The fracture
surface for each test bar was inspected using
a stereomicroscope to identify casting defects
(shrinkage pores). A limited number of samples
were found to have casting defects and these
test results were excluded from the averaging. It
is worth noting that although material properties
of as-cast platinum alloys are scarcely available
in literature (9, 10, 21), the little data that are
available for 95Pt-5Ru and 95Pt-5Co showed very
good correlation with our data (22).
Work hardening describes the increasing strength
of a material with increasing plastic deformation.
Plastic deformation happens through dislocations,
which are lattice imperfections that allow the
movement of atoms under a plastic strain. With
increasing strain, the number of dislocations
increases and adjacent dislocations hinder one
another’s movement, making the material stronger.
As a consequence, higher stress is required for
further straining. This is reflected by the higher
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level of UTS (the endpoint of uniform deformation)
compared to 0.2% proof stress (the beginning of
deformation).
The elongation (ef ) is the maximum deformation
that a sample can take until it fractures and the
ROA value provides information about the necking
or contraction of the sample once stresses above
UTS have been applied. A detailed description of
these four values determined from tensile testing
is provided in our earlier work (17).
Alloys containing Co, Ga and In show higher
strength and lower ductility. In particular, work
hardening increases compared to the simple binary
alloys containing Ru, Ir or Rh. The alloys containing
Cu, Pd-Co and Ir are the softest and most ductile
of the group and show a lesser amount of work
hardening, making them easier to deform during
bench operations. One curiosity occurs with the Cu
containing alloys that is worth noting: after HIP the
work hardening increases significantly compared
to the as-cast condition. This effect is due to a
reduction in the 0.2% proof stress as hardness and
UTS are unchanged by HIP.
HIP significantly reduces the scatter of results
among the four samples of each series, as
discussed in detail in our earlier paper (11). The
strength values YS and UTS are only slightly
affected by HIP, with a small but negligible increase
observed for most alloys. The effect of HIP is much
stronger on the ductility values εf and ROA and is
most pronounced in the ROA value. This effect of
HIP on ROA is attributed to a reduction in porosity
that results from the process. Some alloys such as
95Pt-5Ir, 90Pt-10Ir, 95Pt-5Co, 95.5Pt-3.5Ru-1Co
and 95.5Pt-3Pd-1.5Co show a lesser effect on ROA
after HIP because they already exhibit lower levels
of porosity in the as-cast condition. The increase of
the ROA was most pronounced for the hard alloys
95Pt-Ru+ and 95Pt-1.8Au-2.7In-0.5Ru (16). Only
one alloy, 95Pt-2Cu-3Ga, shows a reduction in the
strength and ductility levels after HIP, although
this result is based upon limited data due to the
omission of two of the four samples due to casting
defects.

3.3 Microstructures
The objective of the microstructural investigation
was to identify porosity and determine grain size.
For selected alloys the microstructure in the thicker
end of the half-ring shanks is shown, both in the
as- cast and HIP conditions in Figure 1 and Figure 2.
During investment casting the material solidifies
by forming dendrites with a dendrite spacing of
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(a)

(b)

1 mm

1 mm

(c)

(d)

100 µm

100 µm

Fig. 1. (a) and (c) 95Pt-Ru-Ga+ in the as-cast condition; (b) and (d) 95Pt-Ru-Ga+ in the HIP condition.
Dendritic structures inside the grains are visible before and after HIP

(a)

(b)

1 mm

1 mm

(c)

(d)

100 µm

100 µm

Fig. 2. (a) and (c) 90Pt-10Ir in the as-cast condition; (b) and (d) 90Pt-10Ir in the HIP condition
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ca. 40 µm. This forms typical columnar grains
from the surface that meet in the centre of the
part. This appearance is most obvious for the
Pt-Ir alloys (Figure 2). Other alloys show more
globular (often called equiaxed) grains. Whether
globular or columnar grains form depends on alloy
composition, but also on casting parameters such
as melt and flask temperatures. In particular, the
melt temperature is more challenging to control
and may vary from one pour to another. Therefore,
the resulting microstructure (globular or columnar)
may differ from one casting to another for the
same alloy as in Figure 1.
The shape of the dendrites depends on the
alloy chemistry. A detailed documentation of the
microstructure is provided in (17). Alloys containing
low melting additions such as Ga tend to have more
pronounced dendrite formation (Figure 1). As
dendrites grow they come into contact with each
other and isolated volumes of liquid metal remain
in between them. As soon as the solid fraction
reaches 50–60 vol% further feeding by the melt is
no longer possible. The isolated volumes of liquid
metal shrink by 4–5 vol% during solidification (9)
and as a result small scattered pores remain (seen
as micro-shrinkage pores), often referred to as
casting porosities. Such micro-shrinkage porosity
is observed in all alloys that contain Ru, Ga or In
(Figure 1(c)). The porosity is most pronounced in
thicker sections such as the wide end of the ring
shank.
The effect of alloy composition on microshrinkage porosity in 95Pt-5Ru-based alloys is
described in detail in (23, 24). Binary 95Pt-5Ru
showed excessive micro-shrinkage pores located
between the dendrites. The addition of small
amounts of Co changes the segregation direction
from the binary system to the ternary system
and thus results in a reduction of micro-shrinkage
pores. In the case of shrinkage porosity, most
pores are isolated from the surface and do not
contain any appreciable amount of gas, therefore
HIP is a useful mechanism for healing them. The
external gas pressure applied during HIP acts on
material that is soft at high temperature. The
internal pores are collapsed and bonded during
HIP, leaving a fully dense microstructure under
ideal conditions. The effectiveness of HIP is
demonstrated by images of the microstructure
taken following HIP that are essentially free
of pores. This can be seen by comparing
Figure 1(c) with Figure 1(d) and Figure 2(c)
with Figure 2(d).
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A third feature of interest is segregation.
Segregation means a change in the chemical
composition of the melt during solidification.
Under ideal conditions, the cast object should
have
a
homogeneous
composition
after
solidification. However, this involves diffusion
processes that require a certain amount of
time that is not provided for in Pt alloys, which
by nature solidify very quickly under typical
casting conditions. As a consequence, the high
melting elements of the alloy concentrate in
the dendrite cores while the lower melting
elements concentrate in the remaining melt. The
actual segregation can be obtained from phase
diagrams and depends on the cooling rate and
alloy composition. Low melting elements such as
Ga or In that were added to some alloys in this
study showed strong segregation to the liquid
phase. These elements therefore concentrate in
the interdendritic regions. The inhomogeneous
composition of the cast part is shown most clearly
in Figure 1 by the different shades of grey inside
the grains. The dendrites appear bright in backscattered electron images, because they are
rich in elements of high atomic mass, namely Pt
and Ru that precipitate first from the melt. The
elements of low atomic mass that concentrate
in the interdendritic regions make these regions
appear darker. The segregation appears to be
unaffected by HIP (18). It was demonstrated by
thermodynamic simulations that the segregation
depends strongly on the curvature of the liquidus
and solidus surface (24).
The grain size of the alloys was determined by
the SEM images. Grain size depends on the actual
cooling conditions, which might be slightly different
from one casting to another as described above.
Grain size further depends on the exact position
of the metallographic section, especially on the
distance of the section from the surface of the
part. The position might differ by ±0.2 mm from
sample to sample. With this caveat in mind,
general trends in grain size were observed with
most alloys showing a relatively coarse grain size
in the range of 0.5–1 mm. The Pt-Ir alloys tend to
be at the upper end of this range. Smaller grain
size in the range of 100–300 µm is observed for
some alloys including 95Pt-5Ru, the 95Pt-Ru-Ga
alloys and 95Pt-4Co-1In. A general trend that the
addition of Ga or In results in smaller grain size
was not observed. Lastly, it is unknown whether
micro-alloying was used by the manufacturers to
reduce the grain size in some of these alloys.
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4. Discussion

containing alloys show a similar behaviour, but the
eutectic reaction is observed at higher In contents.
For the alloys investigated in this study the
Ga content is far below 4.5%. In any case, the
eutectic reaction can be observed in alloys with
lower Ga content due to segregation of Ga in
the liquid phase. The segregation was calculated
for two alloys with typical Ga content using the
Scheil module of the Thermo-Calc® software
package (Figure 3(b)). The solid lines provide
the maximum segregation, while the dashed lines
show the equilibrium solidification according to
the phase diagram (Figure 3(a)). As can be seen
from the diagram the eutectic reaction is likely to
occur at Ga contents of 2.5%. This would result in
significant hardening, especially after slow cooling
of the flask following casting.
The metallographic images (Figure 1) show the
segregation at higher magnification. Based on the
thermodynamic considerations for segregation it can
be expected that the hardness of the interdendritic
regions, where Ga is concentrated, will be higher
compared to the dendrite cores where Ga content
is low. Due to the size of the interdendritic regions
it is very difficult to make hardness measurements
in different areas. Therefore, a matrix of 10×10
hardness indents with a distance of 50 µm between
indents was measured at a load of 10 g (HV0.01)
and statistically evaluated. Due to the lower
load the absolute hardness numbers are higher
compared to a load of 1000 g. The histogram
(Figure 4) shows different hardness ranges for soft
(95Pt-5Ir) and hard (95Pt-1.8Au-2.7In-0.5Ru and

4.1 Correlation of Hardness and
Microstructure
The alloys containing Ga or In showed significantly
higher hardness and strength compared to the
binary alloys. This is a result of effective solid
solution strengthening and maybe also of age
hardening by the precipitation of the intermetallic
phase Pt3Ga or Pt3In (22). The identification
of precipitates would require high resolution
transmission electron microscopy studies, which is
beyond the scope and possibilities of this study.
However, considerations based on phase diagrams
and thermodynamic simulations were used in order
to assess the possibility of precipitation hardening
in the investigated Pt-Ru-Ga alloys. These results
were linked to microhardness testing results
obtained from dendrites and interdendritic regions
as described below.
Figure 3 shows the temperature-concentration
(isopleth) section of the Pt-Ru-Ga system
at 95 mass% platinum. In Figure 3(a) and
Figure 3(b) the compositions 95Pt-5Ru and
95Pt-5Ga are shown, respectively. The exchange
of Ru by Ga reduces the liquidus and the solidus
temperatures. At Ga content above 4.5% the
binary eutectic reaction L → (Pt) + Pt3Ga is reached
at a temperature of 1356°C. This is slightly below
the binary eutectic temperature of 1361°C (22).
Alloys with Ga content above 2.2% should show
the precipitation of Pt3Ga upon slow cooling from
high temperatures or ageing above 600°C. The In
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Fig. 3. Information obtained by thermodynamic calculations using Thermo-Calc® software and the noble
metal alloys database (SNOB3); (a) Isopleth section of the Pt-Ru-Ga system at a constant content of
95% platinum; (b) Scheil calculation for two alloy compositions (solid lines). The dashed lines show the
solidification under equilibrium conditions (very slow cooling)
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Fig. 4. Hardness distributions for three different alloys with different precipitation behaviour

95Pt-2Ru-3Ga+) alloys. 95Pt-5Ir and 95Pt-1.8Au2.7In-0.5Ru, which do not show precipitation
hardening, show relatively narrow hardness
distributions. Alloy 95Pt-2Ru-3Ga+ shows a very
wide hardness distribution from 194–309 HV0.01
due to the segregation of Ga in the interdendritic
regions. The upper value is within the hardness
range of 280–318 HV0.01 that is achieved for a
precipitation hardened 952Pt-48Ga alloy (22).

4.2 Correlation of Mechanical
Properties and Microstructure
As described above, the additions of Ga or In
increase hardness. The mechanical properties were
found to be dependent on the chemical composition
of the alloys as shown in Table I. The effect of Ga
addition is shown for selected alloys in Figure 5.
If Ru is partially replaced by Ga, it results in a
moderate increase of the strength values (YS and
UTS), both in the as-cast and HIP conditions. If the
Ga content exceeds 1.5% the effect of precipitation
hardening causes a non-linear increase of strength
over Ga content. As shown above, only the
interdendritic regions display sufficiently high Ga
content to allow precipitation hardening and HIP
does not affect the strength levels.
The ductility values (ef and ROA) are much more
sensitive to HIP. As strength levels increase with
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increasing Ga content, a reduction of the ductility
values can be observed at the same time in the
as-cast condition. For Ga contents up to 1.5%,
this reduction can be compensated by HIP. This
means that the reduction in ductility is a result of
increasing micro-shrinkage porosity with increasing
Ga content. This is not surprising as the segregation
tendency significantly increases when Ga is added
to the alloy (Figure 4). HIP closes micro-shrinkage
pores and restores the ductility values of the alloys
with 1.5% Ga to the values for the binary alloy
95Pt-5Ru. If more than 1.5% Ga is added, the
ductility in the as-cast condition decreases further
due to increasing micro-shrinkage porosity. HIP
can restore ductility caused by micro-shrinkage;
however, after HIP the ductility of alloys with 2.1%
Ga does not achieve the ductility of the binary
95Pt-5Ru alloy. This indicates that precipitation
hardening caused an effective reduction in ductility
for the alloys with Ga content over 1.5%. Due to
the similar chemistry of Pt-In alloys it is expected
that these alloys show a similar behaviour. The
actual In concentrations above which precipitation
hardening occurs requires further experimental
evidence.
The effect of the addition of Co to replace Ru in
95Pt-Ru alloy is shown in Figure 5(b). 0.2% proof
stress and tensile strength are hardly affected
by changes in the chemical composition. 95Pt-Co
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Fig. 5. (a) Effect on mechanical properties of 95Pt-5Ru alloys where part of the Ru is replaced by Ga;
(b) effect on mechanical properties of 95Pt-5Ru alloys where part of the Ru is replaced by Co. Closed and
open symbols show the as-cast and HIP conditions, respectively

shows only slightly higher UTS than 95Pt-Ru.
This small difference is rather surprising as the
atomic mismatch of Co to the Pt matrix is about
three times higher than the mismatch of Ru to
Pt. Furthermore, the number of alloying atoms is
larger in the case of Co compared to Ru due to
the lower atomic weight of Co. The small difference
might be attributed to the larger grain size that is
usually observed in 95Pt-Co (12).
As described above, HIP has no effect on the
strength properties. The effect of HIP is only
significant for the ductility values of 95Pt-Ru. The
effect of Co addition to 95Pt-Ru has been discussed
in detail elsewhere (24). According to that study
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small additions (1–2%) of Co significantly improved
form filling and surface quality. This work also
showed that micro-shrinkage could be avoided while
small grain size was maintained. If such findings
can be confirmed, HIP would still be beneficial in
95Pt-Ru-Co alloys, but less important compared
to 95Pt-Ru. The reason for such changes was
also described (23, 24) based on thermodynamic
considerations. The addition of Co to Pt-5Ru lowers
the equilibrium solidus and liquidus temperatures.
Therefore, lower casting temperatures are
required. Non-equilibrium calculation showed a
change of the segregation direction and thereby
a significant increase of the melting interval. The
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improved casting performance of the ternary alloys
can be explained by the alloy thermodynamics,
i.e. the heat release as a function of temperature
during solidification.

5. Conclusion and Summary
Extensive testing of fifteen different Pt alloys was
undertaken to determine mechanical properties
and microstructure in the as-cast and HIP
conditions. To the authors’ knowledge, this is the
most comprehensive and publicly available study
on Pt casting alloys to date. The main conclusions
from this study are as follows:
• Based on the solid solution hardening provided
by different alloying elements the alloys were
categorised into the three groups of soft
(<120 HV1), medium-hard (120–150 HV1) and
hard alloys (>150 HV1). Soft alloys typically
contain Ir, Cu, Pd-Co or Rh as alloying additions.
Medium-hard alloys are obtained by alloying
with Ru and 95Pt-Co is just at the threshold
from soft to medium-hard. Hard alloys require
the addition of Ga or In, which are among the
most effective hardeners of Pt.
• Hardness is directly correlated with UTS. UTS
can be estimated by multiplying the hardness
value by the factor of ca. 3.3. This is valid in
the as-cast and HIP conditions and is a typical
value for face centred cubic materials.
• HIP largely eliminates internal micro-shrinkage
pores and thereby restores the ductility of Pt
alloys to their full potential. This is reflected by
a significant increase in ductility and especially
ROA. The effectiveness of HIP on ductility
depends on the level of micro-porosity. The few
alloys with low micro-porosity in the as-cast
condition (e.g. 90Pt-10Ir) show no increase
while those with a higher level of micro-porosity
strongly benefit from HIP.
• The effect of HIP on the strength values (YS and
UTS) is less pronounced. For most of the alloys
UTS is only slightly affected by HIP. 0.2% proof
stress remains constant for most alloys. For
some alloys it decreases by 15–20% without
clear trends. This might be an effect of casting
defects, such as larger pores.
• Increasing
strength
levels
are
usually
offset by decreasing ductility; as UTS increases
ductility and ROA decrease with a roughly
linear correlation between UTS and ROA. Such
decreases are much more pronounced in the
as-cast condition compared to the HIP condition.
• Alloys containing Ga or In show pronounced
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•

•

segregation of these low melting elements
to the interdendritic areas. This increases
the amount of micro-shrinkage porosity
and results in a greater inhomogeneity of
the alloy’s composition and mechanical
properties. HIP shows the most pronounced
effect on ductility in alloys containing Ga or In.
However, neither heat treatment nor HIP was
sufficient to remove chemical inhomogeneities
by diffusion.
The addition of Ga or In results in precipitation
hardening by Pt3Ga or Pt3In, respectively,
if a critical level is exceeded. According
to phase diagram information this level is
about 2 mass%. However, due to the strong
segregation of Ga and In, this critical level
might be locally exceeded in the interdendritic
regions. It is shown that even alloys with Ga
or In contents of 1.5–2 mass% show local
hardening of the interdendritic regions that
can be explained by precipitation hardening.
The actual In concentrations above which
precipitation hardening occurs requires further
experimental evidence.
The partial replacement of Ru in 95Pt-Ru by
Co significantly reduces shrinkage porosity
while maintaining the small grain size that
is beneficial for 95Pt-Ru. The properties of
95Pt-Ru-Co alloys in the as-cast condition
hardly differ from those in the HIP condition.
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In the Lab

Diagnostics Innovation for Targeted and
Effective Antibiotic Therapy
Johnson Matthey Technology Review features new laboratory research

Dr Till Bachmann’s laboratory is interested in
diagnostics innovation in the context of targeted
and effective antibiotic therapy. His research
focuses on rapid point of care diagnostics to enable
personalised approaches to medicine. This involves
research on novel biosensors, molecular diagnostics,
next generation sequencing and biomarkers as
well as factors affecting the development and
implementation of novel diagnostics. A major
goal is to optimise antimicrobial therapy to reduce
antimicrobial resistance and improve patient
outcome in a wide range of diseases and healthcare
settings.
Bachmann is currently Deputy Head of the
Division of Infection and Pathway Medicine, Reader
in Personalised Medicine in Infectious Diseases and
Programme Director of the Clinical Microbiology
& Infectious Diseases MSc at The University of
Edinburgh, UK, as well as Programme Director
of the Dual Award PhD in Integrated Biomedical
Sciences at the Zhejiang University – University of
Edinburgh Joint Institute in Haining, China. He has
a PhD from biosensor research at the University
of Stuttgart, Germany, and The University of
Tokyo, Japan, as well as a German Habilitation
in Analytical Biotechnology. In addition to his
academic positions he has gained commercial
experience as a founding CEO of Namaxx Genomic
GmbH, Germany (2001–2006) and as Scientific
Programme Director for MHC Scotland Ltd, UK
(2013–2015). He also fulfils a variety of industrial
and institutional advisory roles globally.

About the Research
Research at the Bachmann group covers three
major themes: diagnostics research, antimicrobial
resistance and global health. The diagnostics
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research theme explores novel molecular detection
modalities, biomarkers and assay integration
strategies.
Rapid diagnostics is essential for the investigation,
treatment
and
management
of
infectious
diseases. Research in this discipline requires an
understanding of disease pathologies and systems
interaction as well as an interdisciplinary approach
involving biomedical sciences, chemistry, physics,
engineering, data science and social science.
Diagnostics innovation has exciting potential as a
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Fig. 1. The development of an electrochemical biosensor to detect blaNDM, the gene encoding the emerging
New Delhi metallo-beta-lactamase, using label-free electrochemical impedance spectroscopy (EIS).
Reprinted with permission from (6). Copyright 2015 American Chemical Society

method to counter the global threat of antimicrobial
resistance.
One approach is to use antimicrobial susceptibility
testing (AST) to ensure that suitable antibiotics
are prescribed. AST can also be used to monitor
pathogens and identify the emergence of resistant
organisms within an infected patient. However
current AST methods typically take between
12 and 48 hours to produce results, too long
for most clinical settings. Rapid testing, defined
as results within an 8 h period, would allow
results to be applied sooner and hence promote
the optimised use of antimicrobials to prevent
resistance developing. The development of rapid
AST platforms is a complex process requiring
intersectorial
coordination
between
many
stakeholders including industry, academia as well
as the healthcare sector (1).
In the Bachmann Lab low-cost carbon screenprinted electrochemical sensors on ceramic
substrates (2) as well as electrochemical
methods to detect bacterial ribosomal RNA (3)
and of genomic DNA extracted from methicillinresistant Staphylococcus aureus (MRSA) (4) are
being developed. Electrochemical impedance
spectroscopy (EIS) can be used with chemically
functionalised
microelectrode
arrays
aiming
towards designing new tests which will produce
highly sensitive results and rapid diagnosis times
with minimal training for operators (Figure 1)
(5, 6).
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In various collaborations, Bachmann looks
at the development of novel microfluidic tools
for biomedical applications. The growth of
single- use components and disposable ‘lab on
a chip’ technologies brings with it sustainability
considerations. Recent work demonstrates laser
worked poly(lactic acid) sheets as materials for
such applications (7). Microfluidics have potential
to improve detection of blood biomarkers at the
point of care, where current techniques involve
delays caused by the need for complex sample
preparation (8).
Current projects include novel materials for the
preparation of electrodes for label-free molecular
detection of antibiotic resistance; an electrochemical
biosensor for the detection of bacterial quorum
sensing compounds in respiratory diseases; project
DOSA - Diagnostics for One Health and User Driven
Solutions for antimicrobial resistance; and early
diagnosis of drug-induced liver injury using point
of care detection of microRNA, with funding from
industry, the Medical Research Council (MRC),
UK, the Economic and Social Research Council
(ESRC), UK, the Joint Programming Initiative on
Antimicrobial Resistance (JPIAMR) and charities.

References
1.

A. van Belkum, T. T. Bachmann, G. Lüdke,
J. G. Lisby, G. Kahlmeter, A. Mohess, K. Becker,
J. P. Hays, N. Woodford, K. Mitsakakis,

© 2019 Johnson Matthey

Johnson Matthey Technol. Rev., 2019, 63, (2)

https://doi.org/10.1595/205651319X15502379725084

J. Moran-Gilad, J. Vila, H. Peter, J. H. Rex and

5.

D. K. Corrigan, V. Vezza, H. Schulze,
T. T. Bachmann, A. R. Mount, A. J. Walton and
J. G. Terry, Sensors, 2018, 18, (6), 1891

6.

J. M.-Y. Huang, G. Henihan, D. Macdonald, A.
Michalowski, K. Templeton, A. P. Gibb, H. Schulze
and T. T. Bachmann, Anal. Chem., 2015, 87, (15),
7738

7.

A. E. Ongaro, I. Keraite, A. Liga, G. Conoscenti,
S. Coles, H. Schulze, T. T. Bachmann, K. Parvez,
C. Casiraghi, N. Howarth, V. La Carubba and
M. Kersaudy-Kerhoas, ACS Sustainable Chem.
Eng., 2018, 6, (4), 4899

8.

W. S. Mielczarek, E. A. Obaje, T. T. Bachmann and
M. Kersaudy-Kerhoas, Lab Chip, 2016, 16, (18), 3441

W. M. Dunne, Nat. Rev. Microbiol., 2019, 17, (1), 51
2.

E. A. Obaje, G. Cummins, H. Schulze, S. Mahmood,
M.

P.

Y.

Desmulliez

and

T.

T.

Bachmann,

J. Interdiscip. Nanomedicine, 2016, 1, (3), 93
3.

G. Henihan, H. Schulze, D. K. Corrigan, G. Giraud,
J. G. Terry, A. Hardie, C. J. Campbell, A. J. Walton,
J. Crain, R. Pethig, K. E. Templeton, A. R. Mount and
T. T. Bachmann, Biosens. Bioelectron., 2016, 81, 487

4.

D. K. Corrigan, H. Schulze, I. Ciani, G. Henihan,
A. R. Mount and T. T. Bachmann, J. Electroanal.
Chem., 2017, 786, 58

102

© 2019 Johnson Matthey

https://doi.org/10.1595/205651318X15367593796080

Johnson Matthey Technol. Rev., 2019, 63, (2), 103–118

www.technology.matthey.com

Continuous Chlorine Detection in Drinking
Water and a Review of New Detection
Methods
Residual disinfectant in drinking water should be monitored from the plant to
the tap. Sensor fouling remains an obstacle to the development of reliable,
low-maintenance, continuously-operating sensors
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Chlorination is necessary to prevent epidemics of
waterborne disease however excess chlorination is
wasteful, produces harmful disinfection byproducts,
exacerbates corrosion and causes deterioration in
aesthetic qualities, leading to consumer complaints.
Residual chlorine must be continuously monitored
to prevent both under- and over-chlorination and
factors including pH, temperature and fouling must
be considered as these also affect the disinfectant
strength of residual chlorine. Standard methods
used by water utility companies to determine
residual chlorine concentration in drinking water
distribution systems are appraised and found to be
unsuitable for continuous monitoring. A selection
of newly developed methods for residual chlorine
analysis are evaluated against performance
criteria, to direct research towards the development
of chlorine sensors that are suitable for use in
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water systems. It is found that fouling tolerance
in particular is generally not well understood for
these selected sensor technologies and that longterm trials in real systems is recommended.

1. Introduction
The disinfection of drinking water has virtually wiped
out diseases caused by waterborne pathogens such
as cholera and dysentery (1). Globally, the principal
methods of disinfection which are used in public
water systems are chlorination/chloramination,
ultraviolet (UV) radiation and ozonation, which
can be used alone or in combination (2). Chlorine
is a popular disinfectant due to its low cost and
relatively slow rate of decay in distribution systems
or storage which enables proper water hygiene
to be maintained for longer (3). This is possible,
barring the presence of especially chlorine-resistant
microorganisms (such as Cryptosporidium and
Giardia), as long as a minimum level of chlorine
residual (as free and combined chlorine) is present
as water travels from treatment sites and through
water distribution systems. In the United States,
it is a requirement that populations of at least
3300 are served by water treatment works which
chlorinate and have continuous chlorine monitoring
(4). Chlorine disinfects water by disabling or
killing bacteria through oxidation reactions with
cellular components including cell membranes and
proteins, leading to disruption of essential cellular
processes. This damage causes a reduction in the
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rate of respiration, deformation then breaking of
cell membranes, introduction of genetic defects
and disruption of protein synthesis, leading to cell
death and disinfection (5, 6).
Free chlorine (defined as the sum of the
concentrations of solvated chlorine gas (Cl2),
hypochlorous acid (HOCl) and hypochlorite (OCl–))
oxidises organic compounds which can result in
the formation of disinfection byproducts (DBPs)
including trihalomethanes and haloacetic acids
(HAA) (7). All of these compounds are undesirable
in drinking water due to possible carcinogenic and
mutagenic properties, foul odour and taste (8–10)
and accelerated evolution of antibiotic resistant
bacteria (11). It is essential that water is sufficiently
chlorinated to inactivate microorganisms to
prevent disease but not over-chlorinated as this
promotes the formation of DBPs. The World Health
Organization (WHO) recommends not exceeding
5 ppm of free chlorine in drinking water to prevent
toxic effects from chlorination (12, 13) and the
production of excess disinfection byproducts
(14, 15). Corrosion is also more likely to occur
at elevated levels of chlorine as well as higher
temperatures and lower pH (16), resulting in an
increase in chlorine demand (17).
Ad hoc mathematical models are available for
predicting the disinfectant ability of chlorine in
drinking water (18), however real data would
clearly be preferable. In the following section, a
review of practical methods of chlorine residual
analysis is provided. These methods include
standardised, official methods of chlorine
detection and selected emerging techniques which
are evaluated for their use in continuous residual
chlorine monitoring in drinking water distribution
systems.
There is a lack of new residual monitoring
technologies with adequate antifouling measures
for use in water distribution systems. Methods
of improving fouling resistance are based on
established antibiofouling technologies such as
antimicrobial copper tape and antifouling paint
(19) which are not designed to be permanent
solutions. Other suggested methods use nonspecific coatings or filters (20) which by their
nature will require replacement which interrupts
measurements and limits the use of sensors in
non-accessible locations, underground in water
distribution systems for example. This review
aims to appraise newly developed sensors for
use in real world situations, which includes an
analysis of how these sensors would cope with
fouling.
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2. Factors Affecting the Disinfectant
Ability of Chlorinated Drinking Water
and the Implications for Chlorine
Sensing
2.1. Chlorine Demand
Chlorine is added to drinking water either in its
gaseous form (Cl2) or as a hypochlorite-containing
salt, typically sodium hypochlorite (NaOCl), in
the form of a solution or a powder. Chlorine gas
disproportionates in water into hydrochloric acid
and HOCl, the latter disassociates to form ClO–
(Equations (i) and (ii)):
Cl2 + H2O
HOCl

HOCl + HCl, K = 4.2 x 10–4

ClO– + H+, pKa = 7.53

(i)
(ii)

If a hypochlorite salt is added, the hypochlorite
ion speciates in a pH-dependent fashion to form
the oxidising agents HOCl and ClO–; the sum of
these two concentrations, typically expressed in
parts per million (ppm), is known as free chlorine.
It is desirable to maintain a residual concentration
of free chlorine in drinking water to prevent the
proliferation of pathogenic microorganisms. The
WHO recommended level for drinkable water is
0.2–0.5 ppm minimum (14, 15) and 2–5 ppm
maximum (12, 13) free chlorine. With respect
to time, the minimum free chlorine level should
be 0.5 ppm after 30 minutes contact time at
a pH of less than 8 with a turbidity less than
1 nephelometric turbidity unit (NTU) (1). This can
also be expressed as 15 mg of free chlorine per
minute per litre of water. As chlorine is added to
untreated water, free chlorine is not produced until
a breakpoint is reached (21) (Figure 1), after this
point the residual free chlorine rises with added
chlorine. Initially, chlorine oxidises compounds
including hydrogen sulfide (H2S), iron(II) (Fe2+)
and manganese cation (Mn2+). When these are
exhausted, chlorine more readily oxidises ammonia
and organic compounds (22). On reaction with
ammonia, monochloramines are formed (Equation
(iii)). However as excess chlorine continues to be
added and a weight ratio of 5:1 Cl2:NH3-N is reached,
monochloramine disproportionates to dichloramine
and ammonium. Dichloramine in the presence
of excess chlorine reacts with nitrogen gas and
other nitrogen compounds in a series of complex
reactions to form trichloramine. Chloramines can be
used as disinfectants which produce less DBPs than
free chlorine, although the disinfectant strength of
hypochlorous acid is 2000–10,000 times greater
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Total chlorine residual

2.2 Formation of Hypochlorous Acid

Chlorine Chloramination
reduction

Free chlorine
and
disinfection
Chloramine byproduct
generation
decay

Breakpoint
Chlorine dose

Fig. 1. The generation of residual chlorine in
drinking water. Chlorine reduction: oxidising
compounds in drinking water reduce chlorine
until the oxidising compounds have been
depleted. Chloramination: This process takes
place in drinking water containing ammonia
and produces monochloramines. Chloramine
decay: monochloramines are converted into
dichloramines and trichloramines, releasing
increasing quantities of nitrogen gas until a
breakpoint weight ratio is reached. Free chlorine
and disinfection byproduct (DBP) production:
at this point, there is little available ammonia
to produce more monochloramines and so
subsequently added chlorine will produce a
free chlorine residual. Adapted from (21) by
permission. Copyright © (2013) the American
Water Works Association

(12, 13). The contribution to the total chlorine
residual from chloramines and chlororganics
is termed the ‘combined chlorine’ residual; an
important distinction due to a lesser disinfectant
ability than free chlorine. Free chlorine and
combined chlorine are added together to calculate
total chlorine. When the weight ratio reaches 7.6:1
Cl2:NH3-N under standard conditions, the ammonia
content has been exhausted, the chlorine demand
has been met and converted to nitrogen gas as
chloramines decay (Equation (iv)). This is the
breakpoint and subsequent additions of chlorine
will contribute to the free chlorine residual. The
weight ratios used above are dependent on both
pH and temperature (23).
HOCl + NH3
NHCl2 + NCl3

NH2Cl +H2O
N2 + 3HCl + 2HOCl

(iii)
(iv)

The reduced disinfectant strength of combined
chlorine necessitates monitoring of the free chlorine
residual of drinking water during dosing and as
organics or microorganisms leach or infiltrate the
supply during storage or distribution.
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HOCl compounds are greater oxidisers and this can
be seen from their half-cell potential values at 25°C
(Equations (v) and (vi), also shown in Table I)
(24), where HOCl compounds have greater
oxidation potential than ClO– compounds and ions.
Determination of the minimum effective residual
to achieve 3-log inactivation of Escherichia coli, a
waterborne pathogen, of both chlorine products
shows that HOCl (the dominant form of free
chlorine under experimental conditions of 5°C at
pH 7) is 100 times more effective than hypochlorite
(dominant at 5°C at pH 10.7) (27–29).
HOCl + H+ + 2e–

Cl– + H2O, E° = 1.49 V

OCl– + H2O + 2e–

(v)

Cl– + 2OH–, E° = 0.90 V (vi)

Figure 2 shows the effect of temperature and
pH on the percentage formation of hypochlorous
acid. When measuring free chlorine residual, these
parameters must be determined as an increased

Table I Chlorine Half-Reactions for
Amperometric Sensors (25, 26)
E°, V
E°, V (Ag/AgCl,
(SHE) saturated
KCl)

Reaction

HClO2 + 2H+ + 2e– ⇋ HOCl + H2O 1.645 1.448
HClO2 + 3H+ + 3e– ⇋ ½Cl2 + 2H2O 1.628 1.431
HOCl + H+ + e– ⇋ ½Cl2 + H2O
+

–

1.611 1.414

–

HClO2 + 3H + 4e ⇋ Cl + 2H2O

1.570 1.373

ClO3– + 6H+ + 6e– ⇋ Cl– + 3H2O

1.451 1.254

+

–

HOCl + H + 2e ⇋ Cl2 + H2O

1.482 1.285

ClO3– + 6H+ + 5e– ⇋ ½Cl2 + 3H2O 1.470 1.273
ClO4– + 8H+ + 7e– ⇋ ½Cl2 + 4H2O 1.390 1.193
ClO4– + 8H+ + 8e– ⇋ Cl– + 4H2O
–

1.389 1.192

–

Cl2(g) + 2e ⇋ 2Cl

1.358 1.161

ClO2 + H+ + e– ⇋ HClO2

1.277 1.080

ClO3– + 2H+ ⇋ ClO2 + H2O

1.152 0.955

ClO3– +
ClO4– +

+

3H + 2e ⇋ HClO2 + H2O 1.214 1.017
2H+ + 2e– ⇋ ClO3– + H2O 1.189 0.992
–

ClO2(aq) + e ⇋
–

–

ClO2–
–

0.954 0.757

–

ClO + H2O + 2e ⇋ Cl + 2H2O

ClO2– + H2O + 4e– ⇋ Cl– + 4OH–
ClO2– +
ClO3– +

–

0.810 0.613
0.760 0.563

–

–

H2O + 2e ⇋ ClO + 2OH
–

–

–

3H2O + 6e ⇋ Cl + 6OH

0.660 0.463
0.620 0.423

ClO4– + H2O + 2e– ⇋ ClO3– + 2OH– 0.600 0.403
ClO3– + H2O + 2e– ⇋ ClO2– +2OH– 0.330 0.133
© 2019 Johnson Matthey
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2.3 Fouling
Formation of HOCl, %

100
90
80
70
60
50
40
30
20
10
0
6

25°C
5°C

pKa = 7.53
6.5

7

7.5
pH

8

8.5

9

Fig. 2. The effect of temperature and pH on the
speciation of hypochlorous acid. The pKa values
for HOCl at 25°C and the enthalpy of dissociation
(1488 kJ mol–1) were taken from the NIST
WebBook (30). The change in pKa at 5°C and
subsequently the percentage formation of HOCl
was calculated from the Van’t Hoff isotherm. The
formation of HOCl is defined as: % formation of
HOCl = ([HOCl]/([OCl–] + [HOCl])

dose may be required to ensure adequate
disinfection in situations where the temperature or
pH of the bulk water increases as it enters further
treatment steps or into distribution. Standard
physicochemical data for chlorine compounds and
ions is presented in Table II (adapted from (24)).

The two categories of sensor fouling in drinking
water systems are: (i) fouling by bacteria and
biofilm deposition (biofouling); and (ii) fouling
caused by the accumulation of minerals (mineral
fouling or mineralisation). Trace amounts of bacteria
present in bulk water colonise surfaces within
water distribution systems and concentrate to
form biofilms which disrupt analytical instruments.
The consequences of biofilm formation on
analytical performance are manifold but include:
(i) interference with mass transport to the surface
of electrochemical sensors; (ii) partitioning of
the analyte which can lead to non-representative
concentrations in the vicinity of the sensor;
and (iii) in the case of electrochemical sensors,
electrode reaction kinetics can be impaired if the
electrode material (typically electrocatalytic in
nature) contacts the biofilm. Bacterial metabolism
can affect local pH and oxygen levels, promote
mineralisation and secondary metabolites such
as pyocyanin may directly interfere with sensors.
Other damaging consequences include clogging of
mechanisms (1), microbial-induced corrosion (31)
and covering the surface of optical sensors (32).
Biofilms also increase chlorine demand as water
is pumped through distribution systems and as
such are an important consideration in calculating
chlorine decay (33).

Table II Standard Physicochemical Data Series of Chlorine Compounds and Ions (25)
So(g), J
mol-1 K-1

Cp(g), J
mol-1 K-1

223.1

33.9

105.3

165.2

21.8

120.5

256.8

42.0

–50.3

–51.8

217.9

32.1

14989-30-1

101.8

98.1

226.6

31.5

67.452

17376-09-9

89.1

105.0

263.7

46.0

HCl

36.461

7647-01-0

–92.3

–95.3

186.9

29.1

Hypochlorous acid

HOCl

52.460

7790-92-3

–78.7

–66.1

236.7

37.2

Chloride ion

Cl-

35.453

16887-00-6

–167.2 (aq)

–131.2
(aq)

56.5 (aq)

–136.4
(aq)

Hypochlorite ion

ClO-

51.452

–107.1 (aq)

–36.8
(aq)

42.0 (aq)

Chlorite ion

ClO2-

67.452

–66.5 (aq)

17.2 (aq)

101.3
(aq)

Chlorate ion

ClO3-

83.451

–104.0 (aq)

–8.0 (aq)

162.3
(aq)

Perchlorate ion

ClO4-

99.451

–129.3 (aq)

–8.5 (aq)

182.0
(aq)

Name

Formula

Mol.
wt.

CAS Reg.
No.

ΔHf (g),
kJ mol-1

Chlorine (diatomic)

Cl2

70.90

7782-50-5

0

Chlorine (atomic)

Cl

35.453

22537-15-1

121.3

Chlorine dioxide

ClO2

67.452

10049-04-4

102.5

Chlorine monoxide
(oxygen dichloride)

Cl2O

86.905

7790-89-8

Chlorine oxide

ClO

51.452

Chlorine superoxide

ClO2 (ClOO)

Hydrogen chloride
(hydrochloric acid)

106

14797-73-0

ΔGf (g),
kJ mol-1
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Mineral fouling is commonly seen in the form
of limescale: the deposition of layers of calcium
carbonate (CaCO3) on household appliances. This
occurs in drinking water systems on the inside of
pipes, taps and on sensors (34). A relatively high
pH environment is conducive to mineral fouling;
sensors which use cathodic reduction to detect
free chlorine and other compounds are more likely
to foul than non-electrochemical sensors at least
partly attributed to local rises in pH as hydroxyl
ions are generated (or protons consumed) in the
electrode reaction. This leads to the precipitation
of minerals, including CaCO3 and related materials
on the surface which hinder mass transport, can
impair electrocatalysis and the fixed charge density
can lead to solute partitioning for charged species.
Both mineral fouling and biofouling can occur
simultaneously as biomineralisation. The presence
of particular bacteria can result in increased CaCO3
precipitation (35) and bacteria can exist on the
surface of minerals in order to uptake nutrients
(36) or to avoid destruction by free chlorine (37).

2.4 Summary of Challenges for
Chlorine Sensors in Drinking Water
It is not safe to assume that because free chlorine
concentration is monitored at the water treatment
works that no additional monitoring throughout
the rest of the distribution network is required. As
shown in this section, the breakpoint chemistry of
chlorine in water containing organic compounds
influences the disinfectant strength of water due
to speciation. Drinking water travels through pipes
in varying states of repair and corrosion which
creates different quantities of organic compound
infiltration and can reduce the effective dose of
disinfectant and affect the production of DBPs.
Mathematical modelling may be able to account for
these changes to an extent, however a scientific
approach to the problem would be to use a network
of sensors to ensure consistent water quality from
treatment to the consumer. A network of sensors,
together with existing sensors in water treatment
works would allow for better regulation of chlorine
residual to prevent under- and over-chlorination.
Chlorine sensors must be reliable, suitable for
use in inaccessible parts of water networks and
operating continuously but not only at the point
of disinfection. Distributed, free chlorine sensing is
challenging due to fouling. Water quality sensors
which can reduce the impact of fouling to ensure
longer periods of reliable monitoring without
maintenance would be welcomed by the water
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industry and enable optimisation of distribution
networks for water quality.

3. Chlorine Detection Methods
A critical review of standard tests for residual chlorine
and selected new techniques is presented here. The
new techniques were chosen for this review based
on the novelty of the underlying technology and to
show the range of technologies being developed
for use as water sensors. Performance data for
these methods, including possible interferences,
are summarised in Table III. This is by no means
a comprehensive account of the performance of
these sensors and methods in drinking water as
many are in development. Important factors such
as response time, stability, reliability, lifetime and
cost are not included. This review divides the
chlorine detection methods presented here into
reagent-based and reagentless electrochemical
methods which reflect the two branches of research
into new methods. Limits of detection and linear
ranges of the methods listed here, units of ppm of
chlorine are used (with conversions from original
data where necessary).

3.1 Reagent-Based Methods
Reagent-based methods of assessing water quality
are, in addition to well-established titrimetric
methods, broadly either colorimetric or luminescent/
fluorescent. Colorimetric methods are those which
produce a change in the colour of a solution, the
intensity of which corresponds to the quantity of
chlorine present or indicates the endpoint in a
titration. Luminescent methods produce light where
the intensity is used as an indicator of residual
chlorine, whereas fluorescent methods measure the
re-emission of incident electromagnetic radiation.

3.1.1 Titration with Sodium
Thiosulfate
Titration with sodium thiosulfate is used for
measuring the total chlorine in tap water samples
(38, 39). In the presence of hypochlorite or
combined chlorine, iodine is liberated from an
acidified solution of potassium iodide (Equations
(vii) and (viii)), thus depleting tri-iodide and the
resultant yellow colour (Equation (ix)).
ClO– + 2I– + 2H+
–

I2 + I

2S2O32–

I2 + Cl– + H2O

I–3
+ I2

(vii)
(viii)

–

2I +

S4O62–

(ix)
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Table III Summary of Methods of Chlorine Detection
Method

Signal

Linear
range, ppm

LOD,
ppb

Error, %

Known
interferences

Spectrophotometric DPD
method (38)

Colorimetric

0.01–5

4

4–7

Metal ions, chloramines,
organic compounds,
oxidants

FACTS or syringaldazine
(39)

Colorimetric

0.1–10

100

10

UV light, pH range
6.5–6.8, ≥35 ppm
monochloramine, ≥26
ppm oxidised manganese

Titration with FAS and
DPD indicator (39)

Colorimetric

0.02–5

11

5

Metal ions, chloramines,
organic compounds,
oxidants

Amperometric DPD (39)

Amperometric

0.01–5

4

4–7

Metal ions, chloramines,
organic compounds,
oxidants

Iodometric titration with
sodium thiosulfate (38)

Colorimetric

1–20

150

2–4

Nitrite, oxidants,
transition metal ions

Example of commerciallyavailable platinum
electrode (40)

Amperometric

0–20

5

2

Metal ions, oxidants,
biofilm, scale

ABTS (41)

Colorimetric

0.012–0.7

2

4

Bromine and brominated
organic compounds

BSA-coated gold
nanoclusters (42)

Fluorometric

0.012–0.60

3.5

4.35

Must be refrigerated to
prevent denaturation

Polyluminol-based sensor
arrays (43)

Luminometric

0–1.4, 1.8–28 18

6–10

Not known

Gold film nanotransducers (44)

Amperometric

0.2–5

20

5

Biofilm, must be stored in
inert environment when
not in use

CdSe – ZnS quantum
dots (45)

Fluorometric

0.018–0.18

9

8–11

Not known

Nitrogen and sulfur
co-doped carbon dots
(46)

Fluorometric

0.00035–3.5

0.18

2.5–3.8

Not known

MnO2 nanosheets (47)

Colorimetric

0.007–0.35

2.8

1.1–1.2

pH and temperature
sensitive

Detection with DPD by
evanescent-wave analysis
on optical fibre

Colorimetric

0.005–0.4

1.5

1.59

Microfluidic system,
possibly prone to clogging
in drinking water

Pencil-drawn
chemiresistive sensor

Chemiresistive

1.5–9

0.06

4.5–6.5

Not known

Multiwalled carbon
nanotube/epoxy
amperometric
nanocomposite
sensors with CuO
nanoparticles (48)

Amperometric

0.056–446.2

0.6

2.69–2.77

Not known

Surfactant-modified
Prussian blue sensor (49)

Amperometric

0.009–10

9

4.2

Not known

Azobenzene sensor (50)

Colorimetric

0–2.47

100

Not known Not known

Oxidative cleavage-based
probe (51)

Fluorometric

0.123–1.26

4

1.6

Not known

Boron-doped diamond
electrode (52)

Amperometric

0.1–2

8.3

2.56

Not known

108

© 2019 Johnson Matthey

https://doi.org/10.1595/205651318X15367593796080

The disappearance of the yellow colour is difficult
to detect and so a starch indicator solution, which
forms a deep blue colour in the presence of triiodide, is added. The disappearance of the blue
colour clearly marks the endpoint in the reaction.
Two moles of sodium thiosulfate are consumed by
one mole of iodine which is formed by one mole of
hypochlorite and so from the volume of thiosulfate
consumed (and the concentration of the thiosulfate
solution), the total chlorine residual can be
calculated. The range of application is between
1 ppm and 20 ppm although dilution of samples can
effectively extend the upper limit. There is a bias to
titrate to slightly before the endpoint, leading to an
estimated 10% error in chlorine concentrations in
values from 0.025–1 ppm (38).

3.1.2 N,N-diethyl-pphenylenediamine Methods
N,N-diethyl-p-phenylenediamine (DPD) (Scheme I(b))
is used by water utility companies as a standard
method of chlorine determination (53). At-line,
automatic DPD analysis instruments, designed to
require very little manual input and for minimal
maintenance, can be connected to bypasses and
programmed to periodically sample water from
the chlorination process or at various locations
at treatment works. The self-contained units add
DPD, either as a solution, tablet or powdered form,
to water samples which results in the formation of
a red colour in the presence of chlorine (40). The
reaction produces a doublet peak with maxima at
wavelengths of 512 nm and 553 nm which can also
be judged by eye with the aid of a colour chart. The
chemical basis for this change is the conversion of
DPD into Würster dye by chlorination (54). Würster
dye can be further oxidised to form a colourless
imine and therefore this method is unsuitable for
use in water containing non-chlorous oxidisers –
such as potassium permanganate – and analysis of
the colour change must be carried out immediately
after the initial colour change.
If total chlorine measurements are desired, an
excess of potassium iodide can be added to the
reaction, releasing chloramine to react with sodium
thiosulfate. The combined fraction is then calculated
by subtracting the free chlorine concentration from
the total chlorine concentration. The range of this
method is between 0.02 ppm and 5 ppm for free
or total chlorine and has a maximum allowable
margin of error of 15% (38). Metals can interfere
with results as can non-chlorous oxidising agents,
monochloramine and organic contaminants. Prior
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to testing, ethylenediaminetetraacetic acid (EDTA)
can be added to chelate copper ions (38) or barium
chloride to precipitate chromate compounds. DPD
reagents are also sensitive to light, moisture
and temperature. The doublet peak requires
wavelength measurements to be made between
the peaks – manufacturers of different DPD kits do
not all agree on where exactly the measurement
should be taken. Alternatively, a titrimetric method
using DPD as an indicator and titrating with ferrous
ammonium sulfate (FAS) can be used (39) for
drinking water of chlorine concentration 0.5–5 ppm
with 6–8% error (55). It is relatively toxic compared
with sodium thiosulfate and is consequently, not as
widely used.
Another DPD-based method uses evanescent
waves (EW) sensing in optical fibres in a microfluidic
system containing DPD and water samples (56).
The relationship between the formation of Würster
dye in the DPD reaction with free chlorine and
the resultant intensity of the EW allows for
determination of free chlorine. The limit of detection
(LOD) is reported as 1.5 parts per billion (ppb),
the range is 5–400 ppb with a relative standard
deviation (RSD) of 1.59%. The volume of sample
is very small – 1.2 µl – and the channel diameter is
50 µm. As is the case with many microfluidic-based
devices, this sensor would be prone to fouling and
the principal benefit would appear to be a smaller
overall size than existing DPD systems.

3.1.3 Titration with FACTS
(Syringaldazine)
3,5-dimethoxy-4-hydroxybenzaldazine (syringaldazine)
(Scheme I(c)) in solution with 2-propanol is known
as free available chlorine test with syringaldazine
(FACTS) (39, 57). A purple-red colour is seen on
reaction with chlorine with an absorbance maximum
at 530 nm (Scheme I(c)). Problems with this
method include the instability of the reagent, which
is largely insoluble in water and only partially so in
2-propanol with regular sonication for periods of
several hours. FACTS is also unstable in UV light
and must be prepared at room temperature so as
to not diminish its sensitivity. It is also sensitive to
weak acid solutions and attempts to control this
with buffers are not recommended as this increases
the sensitivity of the test to CaCO3 (200 ppm).
FACTS is applicable in the range 0.1–10 ppm with a
maximum error of 10%. The reagent is sensitive to
other oxidising agents such as manganese ions but
is overall less susceptible to interferences than DPD
or sodium thiosulfate methods.
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Scheme I. Structures and reactions of organic chemistry-based methods of free chlorine detection: (a)
Oxidative cleavage-based probe reacts with free chlorine to produce a colorimetric product which is
detectable at 490 nm. The probe is unstable as subsequent reactions with chlorine produce a colourless
byproduct; (b) DPD produces a red colouration on reaction with free chlorine which produces a doublet peak
with maxima at 512 nm and 533 nm; (c) FACTS or syringaldazine reacts with free chlorine to produce a
product detectable at 530 nm; (d) poly(luminol) produces light on reaction with free chlorine; (e) reaction
scheme for the conversion of Prussian white to Prussian blue on a glassy carbon electrode with a PB/BZTC
film, in the presence of free chlorine; (f) ABTS produces a reaction product which absorbs at 405 nm on
reaction with free chlorine; (g) azobenzene ‘Chemosensor 1’ chelates with copper ions in solution in the
presence of free chlorine, generating a colour change from red (490 nm) to white
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The essentially quantitative and kinetically rapid
reaction between oxidant disinfectants (including
ozone, bromine and free chlorine) and phenolic
compounds has recently been exploited as an
analytical technique (58). The method uses highperformance liquid chromatography (HPLC) to
quantify the 2-chlorophenol and 4-chlorophenol
formed. Other phenolic quenching agents are
proposed for ozone and bromine (cinnamic acid
and 2-bromo-dichlorophenol respectively) enabling
simultaneous quantification during the HPLC step.
These methods have been employed in analysis
of oxidants and disinfection byproducts in saline
ballast water (59, 60).

3.1.4 Amperometric Titrations
The end point of the sodium thiosulfate titration
can also be detected amperometrically. Samples
are titrated with thiosulfate as a constant negative
potential is applied through a platinum electrode
which promotes the reduction of hypochlorite to
chloride as shown in Equation (vi). This produces
an increase in current as the volume of the
titrant increases. When the endpoint is reached,
the rate of change in current will be zero. This
method is used for chlorine analysis in wastewater
samples as the formation of iodine is vulnerable to
interferences (39). A back titration can be carried
out to prevent chlorine decay from interfering with
samples; this is done by adding a known volume
of sodium thiosulfate in excess and titrating the
unreacted thiosulfate with an iodine solution. This
method is sensitive to 0.01 ppm. A high degree of
skill is required to perform this manually although
amperometric analysers with motorised, stepped
titrant pumps are available for fine control of
the titrant volume (61). Testing with standard
DPD methods has several advantages over
amperometric titrations including portability, ease
of use and comparable accuracy (62).

3.1.5 Azobenzene Chemosensor
Copper-based chemosensors exploit the colour
change of red to colourless seen in the oxidation
of Cu+ to Cu2+ in solution. The authors developed
a chemosensor, ‘Chemosensor 1’ (Scheme I(g)),
which is a nitrobenzene moiety with attached
phenyl
iminodiacetate
receptor
(50).
The
compound promotes a colour change at 490 nm
when the receptor binds to Cu2+ which is added
to chlorinated water. The reaction has one clear
peak (λmax = 490 nm), unlike DPD, is linear within
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the range 0.1–2.4 ppm for ClO– and not subject to
interference from a wide selection of compounds.
Several of these ions including NO2–, Br–, OBr– and
IO3– are causes of interference for DPD-based
methods. Selectivity for total or combined chlorine
was not presented. The authors note that the
addition of sodium ascorbate to samples may be
required to prevent Chemosensor 1 degrading in
the presence of oxygen. Further details on reagent
stability are not provided.

3.1.6 ABTS
2,2′-Azino-bis(3-ethylbenzothiazoline)-6-sulfonic
acid-diammonium salt (ABTS) (41) (Scheme I(f))
has been developed to detect hypochlorous acid,
chlorine dioxide and monochloramine in drinking
water. It features improved stability of its reaction
product (λmax = 405 nm), lower range of detection
(2 ppb) and faster colour development than the
DPD method. The reported RSD was found to be
4% with a range of 0.07–0.7 ppm.

3.1.7 BSA-Coated Gold Nanoclusters
Albumin-stabilised
gold
nanoclusters
were
prepared from chloroauric acid (HAuCl4) and bovine
serum albumin (BSA) before use for free chlorine
analysis or storage at 4°C (42). Nanoclusters
have previously been used to selectively detect
heavy metals in water, glucose and amino acids
and have now been adapted for use with chlorine.
Free chlorine selectively oxidises amino acid
residues on the surface of the nanoclusters which
quenches a red fluorescence which is visible at
excitation at 480 nm, 619 nm and 837 nm. The
detection limit is 5.2 ppb. Interference testing
was carried out by addition of various ions at
50 times the concentration of added HOCl and
none was found for monochloramine or for any
of the ions which were tested. Interference from
biofouling or destabilising reactions between BSA
and microorganisms were not examined, although
suitability for use in distribution systems would be
limited by the need for low temperature storage.

3.1.8 Poly(luminol)-Based Sensor
Arrays
Poly(luminol) (Scheme I(d)) is a conductive
polymer
which
was
previously
used
in
several electrochemical applications (63, 64).
Electropolymerisation of luminol on transparent
indium-tin oxide (ITO) electrodes is accomplished
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using cyclic voltammetry. Arrays of electrodes
with microwells for water samples were prepared
to provide a series of one-shot reaction vessels.
Luminol reacts with hypochlorite to form
diazoquinone which then reacts with hydrogen
peroxide to produce aminophthalates that
can be detected by chemiluminescence (65)
(Scheme I(d)). The sensors, once polymerised
with poly(luminol), have a shelf life of at least one
year, far more than some of the reagents used in
the previously discussed colorimetric methods.
The linear range is between 0.03 ppm and 21 ppm
with an error of 6%, which is typical of standard
methods described here. Reagent stability and
pH sensitivity may limit the possible applications
outside of the laboratory.

3.1.9 Cadmium Selenide-Zinc Sulfide
Quantum Dots
Quantum dots
(QDs) are
semiconducting
nanocrystals that exhibit quantum properties.
Their electronic behaviour is dependent on
the size of the nanocrystals and nanoclusters
produced and is considered to be between that
of individual molecules and bulk semiconductors
(66). Yan et al. (45) developed water-dispersible
cadmium selenide (CdSe)-zinc sulfide (ZnS)
dots with conductive layers for free chlorine.
As with gold nanoclusters, the dots produce a
fluorescence (λmax = 590 nm) on excitation with
a 405 nm laser which is quenched on reaction
with free chlorine and so the degree of quenching
allows calculation of free chlorine concentration.
The LOD is 0.002 ppm. The sensitivity and
selectivity of QDs is at the top end of the range
approached by the other techniques listed here.
The standard error of 8–11% is also typical of
existing chlorine detection methods. The toxicity
of CdSe is a significant barrier to adoption, given
that relatively low toxicity methods (such as
DPD-based methods) are readily available.

3.1.10 Nitrogen and Sulfur
Co-Doped Carbon Dots
Carbon dots are composed of sp2 hybridised carbon,
rather than the heavy metals used in QDs, to reduce
toxicity. Carbon dots produce a blue fluorescence at
420 nm when excited at 345 nm in solution. Added
chlorine quenches this reaction thus free chlorine
can be determined fluorometrically. Interference
from 0.1 mM Fe3+ was substantial (40% of the
fluorescence intensity of hypochlorite at 10%
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of the hypochlorite concentration). However,
since 3.6 µM of iron is the maximum permitted in
England’s drinking water (67) this does not seem
critical in this application. The limit of detection of
this method is the lowest of the methods reviewed
(46). The impressively wide linear range is
0.35 ppb to 3.5 ppm, with an error of 2.5–3.8%
though between 10 minutes and 1 hour is required
for the quenching reaction to stabilise.

3.1.11 Oxidative Cleavage-Based
Probe
Whilst intended for monitoring the activity of
myeloperoxidase in neutrophils, the CY-FPA nearinfrared (NIR) fluorescent probe is nonetheless an
interesting method of detecting hypochlorous acid
by fluorescence quenching (51). CY-FPA is based on
an existing cyanine dye-based probe (CY-Cl) which
has been modified by addition 1-(furan-2- yl)N-(pyridin-2-ylmethyl)-methanamine
(FPA)
to
enhance stability and for selective detection of
hypochlorous acid (Scheme I(a)). Free chlorine
added to the probe at pH 7.4 quenches fluorescence
(λex = 700 nm) of CY-FPA at 774 nm.
This probe is intended for studies of the enzymatic
activity of myeloperoxidase in cells, however the
authors have shown that it may be used for free
chlorine analysis in water. The linear range for
this method is 0.123–1.26 ppm with a 1.6% error.
Interference from several common ions was not
detected.

3.1.12 Manganese Dioxide
Nanosheets
Two-dimensional
(2D)
nanostructures
of
manganese
dioxide
(MnO2)
nanoparticles
(nanosheets) have been investigated for analytical
applications, various colorimetric assays and highcapacity capacitors (68–70, 47). MnO2 nanosheets
fluoresce at 370 nm. When dissolved in ascorbic
acid, dehydroascorbic acid and Mn2+ are produced
leading to fluorescence quenching. In solutions
with free chlorine and nanosheets, ascorbic acid
is oxidised by free chlorine thus inhibiting the
dissolution of the nanosheets and reducing the
extent of quenching. The LOD of this method is
5.7 ppb and the linear range is 0.041 ppm to
0.7 ppm. The authors also tested for selected
possible
drinking
water
contaminants
at
concentrations of 0.7 ppm, in several cases higher
than emitted levels, and found no significant
interference (67) and an estimated error of 1.2%.
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3.1.13 Summary of Reagent-Based
Methods
With the exception of the special case of online
automatic DPD analysers, the reagent basedmethods discussed here are not automated.
Trained staff are typically required to carry out the
procedures, the reagents are often unstable or toxic
and the samples cannot be retested after analysis:
these are ‘single shot’ methods. Interferences from
temperature and pH changes, transition metal ions
and oxidisers are also common to some methods.
These methods have errors of at most 10% and
most have ranges of application that cover the
crucial 0.2–2 ppm range. The detection limits
of these methods generally outperform what is
required for drinking water analysis however the
barriers in using reagents for remote monitoring
and continuous analysis remain problematic.

3.2 Electrochemical Methods
Electrochemical methods for continuous chlorine
analysis in water are well established (71, 72).
Several factors can influence the performance
of electrochemical sensors including salinity,
specificity, pH, temperature and electrode material.
Membranes were developed to improve specificity
and prevent fouling (73). Electrochemical detection
by oxidation or reduction are both possible
(74–76): the standard reduction potentials for
free and elemental chlorine (HOCl, OCl– or Cl2) are
given in Table I. Clear (though pH-dependent)
diffusion-limited plateaux can be observed for the
reduction of free chlorine species on platinum (77)
and gold electrodes (78) where Pletcher reports
diffusion limited reduction currents at neutral pH
at potentials more negative than 0.5 V and 0.4 V
respectively (versus saturated calomel electrode
(SCE)) (78). Interference from concomitant O2
(aq.) reduction is a potential problem, although van
den Berg reported (for a thin film microfabricated
Pt device) a potential window between +0.3 V and
+0.4 V (vs. SCE) where the free chlorine reduction
wave is essentially independent of potential and
O2 reduction does not significantly contribute to
the current (79). The strong pH dependency of
the wave positions for both electrodes does not
rule out interference in all samples, however.
This is addressed by del Campo by exploiting the
larger overpotential of Au, compared with Pt, for
O2 reduction (80). Jović et al. report free chlorine
reduction on inkjet printed silver AgCl/AgO2
electrodes, allowing customisation of the electrode
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shape to potentially fit into any part of water
distribution systems (76).
The relative merits of Au, Pt and glassy carbon
electrodes for sensing in the anodic mode have
been compared (74), where the authors favoured
Pt electrodes for drinking water analysis. New
materials are also being investigated to address
the flaws with conventional electrodes (81).

3.2.1 Platinum Electrodes
Platinum sensors are well established as the most
reliable electrochemical technology available for
continuous monitoring. An example commercially
available instrument can be used for chlorine
concentrations of 0.05–1 ppm with a 10%
RSD (61). Electrode fouling, or mineralisation
and biofouling, is a common problem, even in
treated drinking water (31, 82). To mitigate this,
online amperometric free chlorine analysers
use filters, mechanical wipers, copper tape and
other antifouling measures which require regular
replacement as a precaution (19). The electrode
may have to be serviced or recalibrated if the
fouling is particularly damaging. After five days of
continuous free chlorine measurements in tap water,
oxide layers form on Pt sensors in a process that
is not well understood and potentially aggravated
by the presence of trace organics (83). The most
reliable of continuous online chlorine sensors are
susceptible to fouling, which necessitates regular
replacement of filters or electrodes and limits their
use in areas of drinking water systems that are less
accessible than treatment works.

3.2.2 Gold Thin-Film Transducers
Recent
advances
in
microfabrication
have
allowed for the development of gold thin-film
microelectrodes which are integrated within a flow
cell to extend their lifetime for practical use in
the field. Such devices have been used to detect
chlorine in drinking water (44). The authors use
an analytical potential of 0.350 V for the anodic
detection of free chlorine which was chosen after a
period of optimisation (44). The range of the device
is between 0.2 ppm and 10 ppm with a 5% error.
The researchers note that biofouling of
the electrode decreased the accuracy of the
measurements and that cleaning with sulfuric
acid is recommended. While these devices report
absolute values for chlorine within an acceptable
range, the problems of biofouling and storage
remain which makes the deployment of such
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devices for continuous chlorine detection difficult.
The authors expressed concern that gold electrodes
degrade in solutions of chlorine however no longterm testing in drinking water was carried out. The
authors propose adding a protective film or filter
to prevent biofilm from covering the electrode,
an approach which is currently used on existing
amperometric sensors, or by storing the device in
an inert atmosphere when not in use.

3.2.3 Multiwalled Carbon Nanotube/
Epoxy Nanocomposite Sensors with
CuO Nanoparticles
This is an amperometric sensor technology that
incorporates conductive copper oxide (CuO)
nanoparticles in a three-dimensional (3D) epoxy
matrix to maximise sensitivity by maximising the
available electrode surface area (48). The particles
are incorporated from a powdered form which is
subsequently added to epoxy that is allowed to
harden on the surface of the sensor. The catalysts
did not show degradation in response to repeated
use and the authors emphasise that whilst CuO
nanoparticles were used in this sensor, other
nanoparticles could be used to catalyse specific
reactions and produce specific responses. The
sensitivity to fouling is not known. The linear range
was reported as 0.056–450 ppm with 2.7% error
and a LOD of 0.6 ppb. This sensor uses an analytical
potential of –0.35 V.

3.2.4 Surfactant-Modified Prussian
Blue Sensor
This sensor was prepared by electrodeposition
of successive layers of Prussian blue (PB) and
benzethonium chloride (BZTC) onto a glassy
carbon electrode. BZTC is a cationic surfactant
which is used to increase the electrochemical and
electrocatalytic response of PB immobilised on the
surface of glassy carbon electrodes (49). PB is
commercially available, easily prepared and in this
instance was electrodeposited onto the electrode
surface along with BZTC to form a film. The reduced
form of PB is Prussian white (PW) which catalyses
the reduction of hypochlorous acid to chlorine
gas (Scheme I(e)). Therefore, the intensity of
blue colouration decreases and turns to white
with increasing chlorine concentration. Although
PB acts as a colorimetric agent, the free chlorine
concentration is determined by the resultant
current when a constant reducing potential of
–0.2 V is applied. It is reported that the sensor is
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intended to be used continuously in drinking water
systems however the authors have not ascertained
the effects of biofouling or interferences on the
electrode (49). The linear range is 0.09–1 ppm
with an error of 4.2%.

3.2.5 Boron-Doped Diamond Sensor
Boron-doped diamond (BDD) is a synthetic
diamond, doped with boron to produce a material
which is corrosion-resistant, fouling-tolerant and
sufficiently conductive to be used as an electrode
in place of less stable precious metal electrodes
(84, 85). BDD sensors are being developed for use
in drinking water for disinfection by production of
oxygen radicals from water (86) and for chlorine
detection (74, 52), separate methods which
when combined could result in a reagentless
chlorine sensor that can remove microfilm and
mineral deposits from the sensor surface. In situ
surface regeneration would allow BDD electrodes
to operate continuously without maintenance,
cleaning or the use of disposable membranes. BDD
sensors that are capable of surface cleaning have
been developed for biomedical applications (87).
Murata et al. report that they have developed a
BDD sensor with a linear range of 0.1–2 ppm, a
LOD of 0.083 ppm and an error of 2.56%. The
authors carried out their analysis, using anodic
oxidation, with a fixed potential of 1.1 V (52). An
in situ regenerating BDD-based free chlorine sensor
has been developed and tested in drinking water
samples (88), although further testing is required
to meet water industry standards of reliability and
accuracy.

3.2.6 Gold-Graphite Chemiresistive
Sensor
Chemiresistive sensors use a conducting material
bridge, situated between two electrodes, which
chemically interacts with analytes resulting in
a change in resistance between the electrodes.
Graphite is a commonly-used electrochemical
sensor material, however graphite originating
from a pencil is less conventional (89). The study’s
authors claim that the advantage of such a device
is the low cost of the pencil when compared
with other electrochemical sensors. Their sensor
was constructed from two gold electrodes
connected by a conductive phenyl-capped aniline
tetramer (PCAT)-graphite film bridge, where the
graphite used originated from a pencil. The PCAT
oligoalanines are oxidised in the presence of chlorine
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and other oxidising compounds, which changes the
resistance between the gold electrodes and allows
for quantification of the chlorine residual.
The authors showed that the addition of PCAT to
the graphite bridge increases the recorded error
for free chlorine detection without interferences
originating from wastewater from about 3.5% to
6%. The paper shows a concentration range of
0.06 ppm to 60 ppm with an error ranging from
about 2.5–25%. In a separate figure, a range of
1.5–9 ppm with an error of about 4.5–8.5% is
also presented. The authors tested for the effects
of biofouling, however this trial was limited to
30 minutes duration. Further testing of this
sensor should be carried out in drinking water
infrastructure over longer periods.

3.2.7 Summary of Electrochemical
Methods
Reagentless, amperometric methods promise to be
automatic, remote, accurate and low-maintenance.
With no reagents to replace and without any
requirements for trained personnel to maintain
and operate them, electrochemical sensors
would appear to be the ideal free chlorine sensor.
However, degradation of precious metal electrodes,
microfouling by organisms attached to the sensor
surface and mineralisation limit widespread use for
long-term applications. Of the new novel electrode
materials, BDD looks like the most promising
candidate due to fouling resistance, chemical
inertness and mechanical stability. The problems
of reproducibility, identification and optimisation of
electrochemical parameters and high cost remain,
but these are likely to be addressed by improved
processes. Biofouling, mineralisation and instability
in long-term use are the principle obstacles that
will have to be overcome if electrochemical sensors
are to replace existing reagent-based systems.

4. Conclusion
This paper has discussed the factors which affect
measurements of free chlorine and a review of
standard and newly-developed methods of chlorine
detection. The development of new online chlorine
analysis has been shown to be challenging due to
fouling, maintenance and problems associated with
the use of reagents. An analysis by Hach in 2002
(61) concludes that the colorimetric and titration
DPD methods, developed in the 1950s, remain
the two preferred methods for chlorine analysis.
The stability, cost effectiveness and relative ease
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of automation set these techniques apart from all
others.
Technologies that have been developed over the
past decade centre on the upgrading of existing
methods and equipment. Replacing DPD with ABTS
or other reagents, coating ABTS or poly(luminol) on
existing electrodes, embedding electrode materials
in polymer matrices or developing new films or
add-on polymers that are specific to chlorine are
approaches used in the methods presented here. As
tried-and-tested techniques for chlorine detection
remain in constant use and continue to be held
as standard methods, it remains to be seen if the
approaches taken by the majority of researchers in
this area will be effective in addressing the problems
discussed above. Other methods, such as the use
of QDs, are entirely novel but are more suitable for
medical imaging and other niche applications.
Few of the newly-developed methods discussed
consider the need for continuous online analysis in
drinking water distribution systems. The problem
of biofouling or how sensors will be physically
integrated are rarely discussed. Existing methods
use probes which emerge from the walls of pipes
or are connected to bypass systems for the
delivery of reagents to drive reactions or to control
flow conditions. These methods have inherent
complications which are not taken into account,
however the use of flow injection analysis (FIA)
and flow cells has been discussed for some of the
amperometric methods. A true evaluation of the
performance of chlorine sensors must involve real
samples and field trials, however the proposed
new technologies are carried out in laboratory
conditions, with few exceptions using real water
samples instead of prepared hypochlorite solutions.
None were tested in distribution systems where
conditions such as pressure, dissolved oxygen
and mineral composition fluctuate in the long and
short term. More radical methods could include
the development of new electrode materials, seen
in the development of BDD-based amperometric
sensors, as precious metals degrade in hypochlorite
solution and coatings have limited lifespans or
potentially toxic components. BDD is a promising
sensor material as it can be configured to carry out
chlorine analysis and localised disinfection however
it remains to be seen if this is effective when used
in water distribution systems.
This review attempts to stress that unless fouling
tolerance is seriously considered from the onset,
other innovations such as miniaturisation, reliability
over short periods in laboratory conditions, cost and
detection limits in non-representative solutions are
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less useful. The ideal chlorine sensor is one which
combines the simplicity and reagentless operation
of electrochemical sensors with the robustness of
offline methods. Such a sensor would be deployable
anywhere in a drinking water distribution network
with minimal manual operation and maintenance.
This would ensure that drinking water supplies
are continuously monitored, which removes
the guesswork of modelling, to better protect
consumers from potentially harmful fluctuations in
disinfectant concentration.
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Graphene & 2D Materials: From
Research to Applications
Characterisation and understanding of 2D materials is key to developing
new applications in sensors, electronics and more

Reviewed by Richard A. P. Smith
Johnson Matthey, Blounts Court, Sonning
Common, Reading, RG4 9NH, UK
Email: richard.smith@matthey.com

Introduction
The meeting was held at the National Physical
Laboratory, Teddington, UK, on 9th and 10th
October 2018. This was the fourth such meeting,
with the general aim of bridging the so‐called
‘valley of death’ in translating research on
graphene into meaningful products. The speakers
were primarily academics and those from
companies manufacturing graphene. One or two
manufacturers of Raman spectroscopy equipment
were also present.
The talks split broadly into two groups in terms
of potential applications: electronic properties
and semiconductor‐type applications plus ‘other’
applications, largely consisting of adding graphene
to existing concepts.
In terms of materials, graphene featured heavily
but there was also discussion of transition metal
dichalcogenides (TMDC) such as molybdenum
disulfide (MoS2), tungsten diselenide (WSe2)
and tungsten doped molybdenum disulfide
(MoxW1–xS2). There was also one talk about what
may be called two-dimensional (2D) metal-organic
frameworks (MOF).
A key point throughout, regarding “graphene” is
the uncertainty about what is actually meant by
the term – this should be borne in mind whenever
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reading about the material. Few talks really
did discuss a single layer of carbon atoms, the
theoretical material.

Applications and Materials
James Hone (Columbia University, USA) gave an
interesting talk on ‘van der Waals heterostructures’
for electronics applications, focusing a little on the
problems associated with purity of the materials as
made and during transfer of single-layer graphene
from one substrate to a device assembly.
A representative of Graphenea, Spain, discussed
the company’s manufacturing capabilities for
graphene and graphene oxide; the concentration is
on chemical vapour deposition (CVD) for electronics.
The talk mentioned the use of optical microscopy
and Raman and terahertz spectroscopies for
characterisation. Applications mentioned included
a broadband photosensor (infrared (IR) to
ultraviolet (UV)).
Rand Elmquist (National Institute of Standards
and Technology (NIST), USA) discussed quantum
conductance standards and made an interesting
comment on adsorbates and their effects on
measurement.
Andrew Pollard (National Physical Laboratory (NPL),
UK) discussed various aspects of standardisation
and measurement of graphene. He highlighted a
few standards that have been published or are in
progress and gave a description of differential
centrifugal sedimentation and its application in
particle characterisation.
Raul Arenal (Instituto de Nanociencia de Aragón
(INA), Universidad de Zaragoza, Spain) discussed
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transmission electron microscopy (TEM) and
electron energy loss spectroscopy (EELS) of TMDC.
Jonathan Foster (University of Sheffield, UK)
discussed metal‐organic nanosheets (‘2D MOFs’).
This was a more chemistry‐based talk looking at
the tunable nature of chemical functions of MOFs.
The possibility of chemical sensing was given
(changing UV‐visible response on adsorption of
imidazole) and some claim of enhancing organic
solar cells was made.
A representative of Silson Ltd, UK, discussed
a collaboration with Iceni Labs, UK, to develop
graphene microphones.
Jonathan Coleman (Trinity College Dublin, Ireland)
gave an interesting talk on some possible methods
of production and application of dispersions of
layered materials (around ten atomic layers) by
liquid‐phase exfoliation (which in crude terms
means using a Silverson laboratory mixer). The
most interesting aspect was the discussion of
composites. These layered materials are perhaps
best considered as additives in mixtures. One
particularly interesting idea was a mix of nanotubes
and graphene to impart improved electrical and
mechanical properties of TMDC layers; the idea is
that the one-dimensional (1D) tubes form a carbon
fibre‐like network imparting physical robustness
and the contact of the 1D tubes and 2D graphene
affords improved electrical performance. The basic
concept of mixing the various aspect ratios and
properties to give an overall enhanced performance
was noted as being applicable elsewhere. Other
applications included printed transistors, strain
sensors (graphene‐’silly putty’ composite able to
detect spider and even ant footsteps) and filters
for water purification.
Liam Britnell gave a talk on the new Graphene
Engineering & Innovation Centre (GEIC), University
of Manchester, UK.
Zlatka Stoeva from DZP Technologies Ltd,
UK, gave a talk on TMDCs and their use in
lithium ion batteries. There was a focus on the
company’s range of inks (that incorporate MoS2)
for lithium ion battery applications with some
claims of good results and a promising future
in applications to batteries more generally and
supercapacitors.
Cameron Day from William Blythe Ltd, UK,
discussed the use of graphene oxide as a
performance enhancer in lithium ion batteries.
There were slides with units and numbers removed
showing how good one energy storage material
was compared with ‘standard’ technology.
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Fig. 1. Scanning Kelvin probe microscopy (SKPM)
image of graphene grown on silicon carbide (SiC).
Image courtesy of the National Physical Laboratory
(NPL), UK
Jong‐Hyun Ahn from Yonsei University, South Korea,
gave a fascinating talk on wearable devices which
showed how far technologies have come, including
such items as a glove with multiple touch points
that was used as a remote control for a toy car and
wearable organic light-emitting diode (OLED) displays
(completely transparent, only glowing numbers
visible) with the capability using the properties of
metal-organic chemical vapour deposition (MOCVD)
MoS2. There was also a discussion on implanted
MoS2 sensors for pressure measurement purposes,
possible due to biocompatibility of both elements.
Professor Andrea C. Ferrari (Cambridge Graphene
Centre, University of Cambridge, UK) was an
entertaining speaker and discussed the meaning of
‘2D material’ and the possibilities of single-photonemission devices afforded by Cambridge Graphene
Centre.
Peter Hansen from Haydale Graphene Industries
Plc, UK, gave a discussion on various proof-ofconcept ‘nano‐enhanced’ materials, where graphene
(for example) was mixed with a standard formulation
of a variety of polymer products.

Conclusions
One useful outcome of this meeting was something
of a definition. ‘2D materials’ could mean various
things: it can mean 2D physics but that is actually
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rather limited in scope, just idealised graphene and
perhaps hexagonal boron nitride. A second class
is sheet‐like materials where the physics of interest
is based on the sheets having limited interactions
(van der Waals in nature), molybdenum disulfide

is an example. A third is less clear and refers
simply to aspect ratio of particles, the 2D MOFs
perhaps fit here. In the field of graphene, the need
for clarity in what is actually of interest and useful
is crucial.

The Reviewer
Dr Richard Smith is a Principal Scientist at Johnson Matthey, Sonning Common, UK.
Previously responsible for surface analysis after joining Johnson Matthey in 2006, his
current work is the investigation of the potential use of graphene within Johnson Matthey.
This follows a long period of developing understanding of carbonaceous materials, starting
with a PhD from the Surface Science Research Centre at the University of Liverpool, UK,
where the focus was on electron spectroscopy of graphite and ion-irradiated graphite. After
postdoctoral work in Vienna, Austria, he returned to the UK to work at Johnson Matthey
where among other research and development projects he developed understanding of
carbon in Johnson Matthey products and science.
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The present article reviews the synthesis routes
and applications of platinum-based nanoparticles
in emerging fields such as energy harvesting,
health care applications and sensors. Increasingly,
more useful, novel and multifunctional materials
are needed with fewer side effects. This article
provides an overview of Pt-based nanoparticles
along with recent applications in electrochemistry,
photochemistry, biosensors and gas sensors. In
particular, platinum dioxide (Adams’ catalyst) has
been used in many chemical reactions including
hydrogenation, oxidation and reduction.

1. Introduction
An enormous number of metal oxide nanoparticles
are utilised and appreciated for their unique
properties and applications in the disciplines of
nanoscience. Due to their distinct behaviour PtO2
nanoparticles have significant catalytic activity.
They were first prepared by Adams and are labelled
Adams’ catalyst (1). Adams’ catalyst, or PtO2, has
been prepared mostly by colloidal techniques. The
metal precursor produces an enhanced form of
Pt catalyst after reduction with hydrogen. Finally
there is the formation of stable Pt(0) in the form
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of nanoparticles. This catalyst is used for further
applications in chemical reactions.
PtO2 has two different stable states: α-PtO2
and β-PtO2; α-PtO2 has a hexagonal system at
ambient pressure and β-PtO2 has an orthorhombic
system at high pressure (2). The β-PtO2 displays
more than one structure due to the presence of
a larger amount of Pt3+ ions leading to the higher
volume of β-PtO2 and a smaller amount of oxygen.
Pt4+ ions exhibit a tetragonal rutile structure in
β-PtO2 due to the maximum number of coulombic
communications. Additionally, Pt3+ ions display
an orthorhombic structure in β-PtO2 due to the
occurrence of high cationic interactions (3).
Nanosized PtO2 particles have revealed identical
physical and chemical properties. Nano platina
has been used to prepare novel materials for
magnetic, high conductance, optical and thermal
requirements for various specifications (4).
Obviously, nanomaterials are currently of great
interest, due to their potential physicochemical
properties such as optoelectronic, electrical
conductivity,
mechanical
strength,
excellent
magnetic and thermal properties. Materials having
such properties might be introduced for various
applications such as photocatalytic degradation,
electrochemistry and biosensor applications and
these factors are briefly described in this review.

1.1 Platinum Nanoparticles in
Nanomaterials
Pt
nanoparticles
incorporated
with
tin(IV)
oxide nanomaterials were investigated for
their electrocatalytic properties through the
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electrochemical
oxygen
reduction
reaction
(ORR) (Pt/SnO2 vs. glassy carbon electrode).
Electrochemical assessment showed that the Pt
loaded electrode exhibited good activity for the
ORR due to its high surface area (5). Pt supported
on carbon having a large surface area is used as the
cathode in polymer electrolyte fuel cells (PEFCs).
However, Pt/SnO2 nanowires have produced higher
ORR activity than Pt/C, due to the low surface area of
Pt/C as a reference catalyst in the ORR (6). Recently,
galvanic exchange reactions have been used to
synthesise different types of nanomaterials such
as alloys, bimetallic nanoparticles and noble metals
like Pt, gold and palladium with heterostructural
morphology (7). Cobalt nanoparticles have acted
as structure-inducing agents to achieve various
kinds of morphology in metals and metal oxide
nanomaterials including nanotubes, nanorods,
nanowires and nanospheres (8).
Novel Pt-based nanoparticles having excellent
physicochemical properties have been prepared with
metals such as Pd, lead and iron. Pt nanoparticles
were combined with Pd to form a ‘dandelion like’
surface morphology of core-shell nanoparticles.
These Pt@Pd core-shell nanoparticles have been
used as a highly active catalyst for olefin reduction
reactions (9). The Pt@Pd core-shell nanoparticles
have also been encapsulated with reduced
graphene oxide (rGO) by microwave techniques.
The resulting catalyst (Pt@Pd/rGO) had good
physicochemical properties and has been used as
a catalyst for dehalogenation in aromatic reactions
through reduction of olefins with 98% improvement
in yield and selectivity. The catalyst was further
reusable more than five times in dehalogenation and
reduction reactions of olefins. Noble metal-based
nanoparticles such as Au@Cu, Au@Pd and Pd@Cu
have comparatively good catalytic activity due to
their size, surface area and morphology (10) and
have been used as catalysts in organic reactions
(11, 12). Pt nanoparticles incorporated into
other materials have exhibited potential catalytic
improvements (13) and can be easily synthesised
through physical methods. There has been much
focus on graphene oxide (GO) and rGO based
core-shell nanomaterials including metal/GO and
metal/rGO catalysts for methanol oxidation, metal
salt reduction and electrocatalysis, due to their
high activity, large surface area, superior electrical
conductivity, high stability and recyclability (14).
The modification of graphene into GO and rGO
through oxidative exfoliation can lead to inadequate
surface functionality due to its hydrophobic nature.
Because GO and rGO are hydrophilic in nature, the
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stability of core-shell nanomaterials is maintained.
In Pt@Pd/rGO core-shell nanoparticles, a tendency
for dehalogenation reactions has been observed
with dehalogenation reaction following the order
F << Cl < Br < I (15).

1.2 Structural Properties
PtO2 structures were established as tetragonal
PtO, Pt3O4, Pt5O6, Pt3O8 and PtO2 as determined
by X-ray diffraction (XRD) spectroscopy (16). The
structural elucidation of PtO2 as β-PtO2 (cadmium
iodide type, space group Pnmm) (17) and α-PtO2
was confirmed to be a hexagonal close packed
structure (CdI2 type, space group P-3m1) (18).
XRD was used to determine the lattice parameter
of α-PtO2 film: a = 3.113 ångström (Å), c = 4.342 Å
and lattice parameter of α-PtO2 powder: a = 3.10 Å
and c = 4.29–4.41 Å (19). β’-PtO2 has a rutile type
structure (space group P42/mnm) (3). PtO2 has an
octahedral structure, formed from amalgamation
of Pt in six-fold axis and oxygen in three-fold axis.
The oxidation state of PtO2 has been found to be
+4 and PtO is considered to be +2 which implies a
GeS-type structure, even though the Pt atom was
six-fold. The Pt-Pt bond length in Pt2 was found
to be 2.33 Å (20). Vacancy produces magnetism
from oxide combined materials such as calcium
oxide (21), zinc oxide (22), magnesium oxide
(23), titanium dioxide (24), tin(IV) oxide (25) and
hafnium(IV) oxide (26) to group III-nitrides (for
example, gallium nitride and boron nitride) (27)
and magnetic behaviour has also been established
in diamond, graphite and graphene (28). Generally,
oxides and nitrides of Pt occupy 2p orbitals or an
open d shell with cation/anion vacancies, therefore
PtO2 (β-PtO2) has vacancies which stimulate
intrinsic magnetism due to the occurrence of the
β phase.
The β-PtO2 structure was found to be similar to
the calcium chloride type crystal structure and to
the TiO2 type crystal structure with distortion (29).
The Vienna Ab initio Simulation Package (VASP)
was used to calculate the vacancy sites in the
crystal system through plane wave and projector
augmented wave method (PAW) potential. The
plane wave energy was more than 600 electron
volts (eV) (30). Coulomb repulsion (Ueff) plays an
important role in band gap energy and β-PtO2 has
higher resistivity compared to α-PtO2 with resistivity
values of 106 Ω cm and 104 Ω cm respectively
(31), however two different oxygen vacancies
corresponding to PtO1.958 and PtO1.986 were
δ = 0.042 and δ = 0.014 respectively. The energy
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value between Fermi levels is an unoccupied state
at approximately 31 megaelectron volts (meV)
and clearly depicts the transformation of electrons
from one system into another vacancy state of
a and b crystal system (32). There are numbers
of planes of α-PtO2 with area identified using the
Joint Committee on Powder Diffraction Standards
(JCPDS) card, with the planes (0001) and (1010)
found to be more stable (33). When excited, the
oxygen vacancy in α-PtO2 (0001) and changes in
surface area lead to distortion structure as shown
in Figure 1(a), Figure 1(b) and Figure 1(c).

an unsaturated double bond (C=C) or triple bond
(C≡C) (37). PtO2 as a heterogeneous catalyst
for the hydrosilylation reaction can be easily
removed compared to homogeneous catalysts.
Homogeneous catalytic reactivity was first carried
out by Karstedt using H2PtCl6 and Pt (PPh3)4 after
which it was labelled as Karstedt’s catalyst (38).
The hydrosilylation reaction was studied using
proton nuclear magnetic resonance (1H-NMR)
spectroscopy with the ratio of the Si-H singlet of
silane at 4.7 ppm and the Si-CH3 singlet of the
product at 0.5 ppm (39).

1.3 Chemical Reactivity

1.4 Effects of Temperature and Air

Heterogeneous catalysts have higher catalytic
activity than homogeneous catalysts due to the
presence of a large surface area. Additionally,
sintered particles of PtO2 possess different
activation energies of 3.77 eV to Pt (bulk material)
and –2.05 eV to Pt (gas), which depend upon
the size of the nanoparticles. High sintering
temperatures greater than 427°C provide more
entropic driving force for vaporisation due to the
low pressure of unstable particles (34). In recent
research, the reaction of oxygen on metals such
as cobalt, nickel, zinc, copper, Pt and Pd has
been used to reduce atmospheric pollution. PtO2
increases the chemical reactivity of CoO/CoAl2O4.
The percentage of three capping materials has
shown good reactivity in CoO/CoAl2O4, (CoO +
1.0% PtO2)/CoAl2O4 and (CoO + 1.0% Rh2O3)/
CoAl2O4, whereas time of reduction reaction was
reduced by the addition of PtO2 (35). PtO2 has
been applied to a wide range of chemical reactions
such as hydrosilylation of olefins (alkenes) (36),
defined as the addition of silicon and hydrogen on

There are many factors affecting the chemical
reaction of metal oxides, such as atmospheric
oxygen, the presence of impurities and time.
Temperature is one of the most important factors
and PtO2 dissociates at a temperature of around
427°C (3). At 400°C, PtO2 decomposes to Pt and O2.
A mixture of PtO2 and carbon in helium decomposed
at 550°C, as determined by differential thermal
analysis (DTA), the same as PtO2/He. When heated
to 750°C Pt oxide lost weight as determined by
thermogravimetric analysis (TGA), whereas Pt/C
produced an exothermic reaction in the presence
of He and air at high temperature enhanced by
oxygen (40). Normally, transition metals easily
corrode during oxidation reactions due to the
presence of atmospheric oxygen in air. In a similar
way Pt undergoes structural changes at the surface
in the presence of air at pressure 0.025 bar to
1000 bar (41, 42). Hence, Pt metal can be treated
in air or oxygen at high temperature of 400°C to
500°C to convert directly metal into gas using
critical temperature which leaves the vicinity of the

(a)

(b)

(c)

c

b
a

α-PtO2 (1010)

α-PtO2 (0001)

Fig. 1. (a) Crystal structure of PtO2; (b) α-PtO2 (1010); (c) α-PtO2 (0001)
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metal (43). In the presence of air with Na2O-PtO2
composition a monoclinic cell, space group C’2/c,
with a = 5.411 Å, b = 9.386 Å and β = 99°39’ and
orthorhombic and monoclinic cell structure with
general formula A2BO3 were determined by XRD
spectroscopy (44).

2. Applications
2.1 Effective Catalyst in Organic
Reactions
Pt is a transition metal with heterogeneous
catalytic activity for specific chemical reactions
such as removal of hydrogen, transfer of hydrogen
and addition of oxygen, as shown in Equations
(i)–(iii). In addition, Pt nanoparticles have high
surface area and well defined catalytic performance
(39). The transition metals Ni and Pd have similar
characteristics to Pt nanoparticles. 0.05–2 wt% Pt
nanoparticles were mixed with mesoporous silicas
(SBA-15 and KIT-6) and aqueous ammonium
tetrachloroplatinate(II) and calcined at 500°C
to achieve Pt nanoparticles (45, 46). The same
size nanoparticles were produced with different
crystal systems due to the presence of catalyst to
modify their structure (46). The catalytic activities
of reaction sites for nanoparticles are dependent
on both shape and crystalline facets in different
orientations. Some facets exhibit higher catalytic
activity than others, due to the involvement of
oxygen on the Pt(100) plane and reduction on
the Pt(111) plane (47, 48). Pt nanoparticles have
been used as a catalyst in reaction with γ-Al2O3 to
form nanoparticles of diameter around 0.2–0.8 nm
before the elimination of polymer in O2 at 375°C
following the deposition and annealing process,
as determined by scanning transmission electron
microscopy (STEM) and extended X-ray absorption
fine structure (EXAFS) (46). Supported Pt
nanoparticles exhibit enhanced catalytic properties
in the electro-oxidation of methanol due to increase
in surface area of the Pt catalyst, which undergoes
annealing to form smaller nanoparticles (49–51).
OSMe3
Me

Si

[Pt]

H+

OSMe3
Me

OSMe3
CH3

Si
OSMe3

CH3

H2/Pt

CH3
CH3CH = CHCH3 + H2
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(i)

(ii)

CH3
[Pt/C]

CH3CH2CH2CH3(iii)

Supported Pt nanomaterials have been used in
heterogeneous catalysts, with increased catalytic
activity in the oxide phase (18). γ-Alumina doped
with 1.5 wt% Pt is susceptible to poisoning by
reactants such as nitric oxide, sulfur dioxide and
hydrocarbons that could be eliminated at high
temperature. The Pt nanoparticles were used
as material dopant with Al2O3 for preparation of
2-propanol by an oxidation route, while the same
kind of doped substance has produced conversion
of more than 80% for the formation of acetone,
carbon dioxide and water (46, 52, 53).

2.2 Photocatalysts
Generally, photocatalyst materials are considered
to retain their own lifetime efficiently. Photocatalytic
degradation of alcohols was studied using a
PtO2/TiO2 nanocomposite (54–56). Transition
metals ensure high electron capture between the
conduction and valence band gap for photocatalytic
performance (57). PtO2 has been used to improve
the photocatalytic activity of Ti-based materials.
With increased Pt content of 1 wt% to 2 wt%
the degradation was 61% and 51%, respectively.
PtO2 nanoparticles instead of Pt improved the
degradation of phenol using sunlight efficiently
(58). XRD study confirmed the percentage of
phenol degradation for the given samples and the
results showed that PtO and PtO2 nanoparticles
produced 67.5% and 32.5% of photodegradation
respectively. The oxidation states of the metal
play a vital role in photocatalytic degradation due
to the presence of oxidation states such as Pt0,
Pt2+, and Pt4+ (57) and the stability of the metal
oxide depended on the number of oxygens present
(18, 59). The order of photocatalytic activity and
stability of PtO2 are given below in (a) and (b)
respectively.
(a) Photocatalytic reactivity order Pt0/PtO2/TiO2 >
TiO2 > PtO2/TiO2
(b) Stability of PtO2 order Pt3O4 > Pt2O3 > PtO2 >
PtO
The photocatalytic performance of PtO2 has
been investigated with Pt0 formed during the
CO oxidation reaction and positive potential of
α-PtO2. It has twenty times greater catalytic
activity compared to Pt0/TiO2 in the presence of
sunlight (60). Two different forms of PtO2, α-PtO2
and β-PtO2, were prepared by various techniques
but the physicochemical properties of α-PtO2 are
still not well understood (2). α-PtO2 nanoparticles
suspended in ethanol have been maintained
for 20 days without interruption and the sample
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was examined by gas chromatography to find
the chromatographic peaks. α-PtO2 nanoparticles
showed outstanding durability for months at
ambient temperature without a stabiliser (61).
Pt/PtO2 metal nanoparticles have exhibited activity
for catalytic application in several reactions
including reduction of organic substrates such as
substituted phenol, pyridine derivative, methyl
ethyl ketone, vanillin and salicylaldehyde (62).
Recent research has presented easy ways to identify
the photocatalytic efficiency of PtO2 compared with
TiO2 and PtO2/TiO2 based materials (57, 63–65).

in bipolar electrochemistry. It can be used for
fluorescence
in
electrochemical
microscopy.
Bipolar electrochemistry is an important aspect
of electrochemistry. A reaction is placed between
two electrodes. One electrode works as an anode
to oxidise the molecules and the other electrode
acts as the cathode responsible for the reduction of
molecules (69, 70). There are two types of bipolar
cells in electrochemistry, open and closed bipolar
cells (71). Such bipolar systems are prepared using
nanomaterials such as nanoparticles, nanowires,
nanorods and nanofilms (72). Pt nanoparticles
were used to construct a nanoporous electrode by
a focused ion-beam driven deposition technique
and Pt nanoparticles were used in a coupled
electrochemical cell prepared by focused ion-beam
deposition. The supported Pt nanoparticles acted as
the electrodes in electrochemical reaction with the
help of a potentiostat which is shown in Figure 2.
Pt nanoparticles and nanoporous materials
were reacted with gallium ions to fabricate
nanoelectrodes with precise size and shape by a
high focused beam technique and milling process.
Conducting materials such as carbon, gold and
tungsten were used to prepare electrodes for
electrochemical reactions in which Pt acted as a
highly efficient electrode due to its high stability,
surface activity and electrocatalytic activity
(73–75). Pt nanoparticles showed enhanced
activity in the methanol oxidation reaction and
have been used with supporting oxide materials
in various fields such as catalytic supports (76),

2.3 Catalysts in Electrochemistry
Pt/PtO2 catalysts can be applied in the field
of electrochemistry. PtO2 has a high electron
density compared to Pt metal, which can act as
a nucleophile and react with electrophiles. Pt/PtO2
has very strong stability in acidic medium during
electrolysis at high potential, as studied by mass
spectrometry (66). Pt/PtO2 nanoparticles with
particle size of 8 nm showed high catalytic activity
compared to bulk Pt/PtO2 due to their high surface
area (67) and showed enhanced catalytic activity
for the hydrogen evolution reaction (HER) with
improved particle size control (66). Pt nanoparticles
have been used as electrocatalysts in a wide range
of applications such as chemical and petrochemical
industries, automobiles and fuel cells (68). Pt
nanoparticles were used for the manufacture
of supported nanopore materials particularly

(a)

(c)
Potentiostat

Focused
ion beam

Platinum
organometallic
molecules
Nanopore
membrane

Pt
H+
+

Fc

(b)

Pt

R

O

+

Fc

H2

Outside electrode

Pt
–
R

O

Fig. 2. (a) Construction of nanopore for focused ion-beam driven deposition technique; (b) coupled
electrochemical focused ion-beam deposition; (c) supported Pt nanoparticles in electrochemical reaction
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magnetic materials (77), photocatalysts (78, 79)
and electronic systems (80).
Fe2O3 nanoparticles were found to perform well as
catalysts due to their physicochemical properties.
Fe2O3 supported by Pt (Fe2O3/Pt) materials have
been used as an electrocatalyst for ORRs because
of their high surface area, as shown in Equations
(iv)–(vi) for the methanol electro-oxidation
reaction (81, 82). Figure 3 depicts the formation
of Fe2O3 nanoparticles with supported Pt core-shell
structure.
Pt + CH3OH → Pt-COads + 4H+ + 4e–

(iv)

CH3OH + H2O → CO2 + 6H+ + 6e–

(v)

Pt-COads + H2O → Pt + CO2 + 2H+ + 2e–

(vi)

with Pt to form stable metal alloys such as Pt-Fe,
Pt-Co and Pt-Ni with different physical and chemical
properties such as magnetic anisotropy for use in
biosensor applications (85). Biosensor materials
should maintain a pH range of 5.0–9.0 in dispersed
solution and simultaneously the temperature should
be kept at 95°C (86). Sensors can be used for
applications such as measurement of blood sugar
levels for diabetic patients, removal of pollutants in
water, food production and biotechnology (87, 88).
Immobilised glucose oxidase has been used to
predict the concentration of glucose with the help
of electrochemical biosensors due to its superior
suitability and excellent sensitivity (89). In recent
years fibre optic sensors have been fabricated
with the help of Pt nanoparticles using localised
surface plasmon resonance (LSPR). This principle
has mainly focused on chemical sensors and
biosensors and is shown in Figure 4. LSPR sensing
properties are based on size and shape. Therefore,
sensitivity was increased with decreasing particle
size and sensitivity was decreased with increasing
particle size (for example 10 nm to 50 nm).

2.4 Biosensors
Pt nanoparticles are extensively used in biosensor
applications, due to their wide range of magnetic
properties (83, 84). Transition metals like Fe, Co
and Ni, having magnetic characters, can be alloyed

2+

Fe

Reduction

Air

Pt2+ reduction

298 K

333 K

298 K

Fe nanoparticles

Fe2O3 nanoparticles

Fe2O3@Pt nanoparticles

Fig. 3. Formation of Fe2O3 nanoparticles with supported Pt core-shell structure

L
Cladding

θ zero

Sensing medium
Pt nanoparticles layer

θ

Core

D

Cladding

Incident light
Surface plasmon wave

Fig. 4. Diagram for fibre optic sensor based on LSPR
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Surface plasmon resonance (SPR) techniques
have been used to investigate surface contact and
sensing of liquids as well as other materials (90).
Optical fibre was used for various purposes such
as simplified and flexible optical design, remote
sensing, continuous analysis or monitoring all
based on SPR (91). Smaller size metal particles
have comparatively high sensing and optical
properties (92). Hence Pt metal is not only used
in sensor applications but is also applicable in
diverse fields such as optoelectronic devices, solar
energy, jewellery (93), sensor materials, fuel
cells, automotive applications, petroleum refining
processes, hydrogen production and biomedical
applications (94, 95).
Bisphenol A (BPA, 2,2-bis(4-hydroxyphenyl)
propane), is used to manufacture polycarbonate
and epoxy resin based plastics for food containers,
water packets and plastic based medical
containers. The nil effect concentration of BPA
presented in drinking water and sea water values
has been reported as 1.5 μg l–1 and 0.15 μg l–1
respectively (96, 97). BPA has been implicated
in human health problems such as breast cancer,
birth defects, infertility, diabetes and obesity
(98, 99). Electrochemical sensors have been
used to detect BPA through the oxidation reaction
(100), by the presence of certain materials such as
carbon (101), metal oxides and metals to activate
electrodes (102–104). There is a need to find
catalytic materials to increase the sensor activity

(a)

by direct oxidation with no electrode side effects
using materials such as carbon and metals such as
Pt (105–107).
A new electrode system has been prepared with a
porous dual-Pt leaf inside the outward top scanning
electrode and inward bottom scanning electrode.
A simple arrow indicates the dissemination
transportation in the direction of the actively
scanning electrode in Figure 5. A membrane
between the Pt leaves is used to prevent short
circuits during the redox process, as shown in
Figure 6 (108). Various factors play an important
role for the enhancement of sensing capability,
although surface area was found to be the main
feature to increase sensor activity. For example,
soft Pt provides low sensitivity and reduced
selectivity for an enzymatic glucose sensor (109).

2.5 Functionalised Materials in
Gas Sensor
Generally, sensors can detect nearby objects.
Sensors are classified based on the nature of
materials. The first type are physical sensors based
on energy sources such as thermal, magnetic and
mechanical energy. The second type are chemical
sensors which can detect chemicals present in the
body, atmosphere or environment. Gas sensors
are an essential part of present day life due to the
presence of various harmful or easily explosive
gases such as isopropanol (IPA), methane, ethanol,

(b)
A

Ag/Cl

A

Top scanning electrode
Pt leaf

Membrane

A

Ag/Cl

A

Bottom scanning electrode

Lamination pouch

Fig. 5. (a) Dual-Pt leaves in outward top scanning electrode; (b) dual-Pt leaves in inward bottom scanning
electrode. Reprinted from (108), with permission from Elsevier
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Fe

Fe

Reduction
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Fe+
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Fig. 6. (a) Diagram of top scanning electrode; (b) diagram of bottom scanning electrode. Reprinted from
(108), with permission from Elsevier

methanol, formaldehyde, hydrogen, ammonia,
hydrogen sulfide, nitrogen dioxide, sulfur dioxide
and carbon monoxide, which cause health issues
to human beings such as chronic bronchitis,
emphysema and irritation, while high level
concentrations can produce effects on the central
nervous system, nausea and interior haemorrhage.
Pt functionalised SnO2 sheets have been used to
detect IPA with a range of response values of 190.50
for 100 ppm of IPA at a controlled temperature of
220°C. It has excellent physicochemical properties
and low cost, easy fabrication, high sensitivity and
environmental safety (110).
In 2010 almost 665 gas leakages were recorded
in Japan, including over 50 explosions. 60% of gas
leakages were in residential areas. Therefore, gas
sensors are essential to measure the gas and there
are several materials already in use. These include
platinum oxide (PtOx) on graphene quantum dots
on titania (GQDs/TiO2) nanocomposite which
behaves as a gas sensor to detect the highly
aromatic volatile organic compound IPA with
a sensor response range of more than 4.4 for a
minimum concentration of 1 ppm and response
within 9 seconds at room temperature. In addition,
TiO2 nanoparticles exhibit good surface area,
unique optoelectronic properties, are easy to
synthesise and have a narrow band gap. It can
be coupled with graphene quantum dots as the
composite materials acting as the gas sensors. Pt
modified GQDs/SnO2 thin film shows a transition
from P-type to n-type sensing behaviour to sense

129

acetone gas at room temperature with excellent
results (111). Therefore, conjugated materials
with the addition of metals and metal oxides such
as Pt, Pd, Ni, PtO2 and SnO2 respectively can be
used to enhance the gas sensing ability. A simple
schematic diagram for a gas sensor which contains
an alumina tube, sensor and test circuit are shown
in Figure 7 (112, 113).

3. Conclusions and Future Work
Nanomaterials play an important role in the
fields of materials science, the medical industry,
engineering and the polymer industry. This
review article has covered selected applications
of photocatalysts, electrochemical catalysts,
biosensors and gas sensors. Further research
work on nanosized Pt/PtO2 will study areas like the
stability of Pt materials, environmental aspects,
biocompatibility,
non-toxicity,
suitability
for
various applications, electrochemical activity and
chemical reactivity. There is currently interest in
Pt/PtO2 materials for emerging energy applications
as it can produce excellent power conversion
in various electrochemical applications such as
fuel cells, batteries, capacitors, supercapacitors
and solar materials, which were not covered in
detail here. In fuel cells Pt plays a crucial role in
electrochemistry as a counter electrode, due to no
or minimum loss of energy conversion. Nanoscale
Pt/PtO2 is being used for removal of pollutants like
sulfur and methane from industry and residential
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(a)

Au electrode

Pt wire

Sensing materials
Ceramic tube

NiCr heater

(b)

(c)
Vh

R load
Gas sensor

Fig. 7. Schematic diagrams of (a) alumina tube; (b) sensor; (c) test circuit. Reprinted from (112), with
permission from Elsevier

areas and of CO2 from the polymer industry and
heavy-duty vehicles. In addition, it is used for the
elimination of toxic and heavy metals such as lead,
chromium and arsenic from the environment and
from sewage or other waste waters, which can
be purified by bio-sensing and electrochemical
purification techniques for further usage including
drinking if it meets water level recommendations
and for agrochemical processes. Pt and PtO2 based
nanomaterials are also of great interest for future
applications in spacecraft engines and low weight
material applications due to their high ductility
and thermal resistance properties. Pt and PtO2
nanomaterials also behave as active catalysts in
various chemical reactions, due to large surface
area and porosity, particularly in the oxide form
PtO2 which is also under investigation for doping
with other metals and alloys such as PtO2-Pt,
PtO2-Fe and PtO2-Co.
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Introduction
The
Americas
International
Meeting
on
Electrochemistry and Solid State Science was
a joint international conference of the 234th
Meeting of The Electrochemical Society (ECS),
the XXXIII Congreso de la Sociedad Mexicana de
Electroquimica (SMEQ) and the 11th Meeting of
the Mexico Section of the Electrochemical Society.
It was well attended with worldwide representation
including industrial organisations such as BASF
(Germany), Toyota (Japan), Umicore (Belgium),
Tanaka (Japan), Johnson Matthey (UK) and a wide
range of academics. The conference contained up to
twenty-five parallel sessions. The original searchable
conference programme is available online.
This selective review discusses some of the talks
presented in the following sessions:
•
•

•
•
•
•
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A01 Battery and Energy Technology Joint
General Session
A02 Challenges in Novel Electrolytes, Organic
Materials, and Innovative Chemistries for
Batteries
A04 Lithium-Ion Batteries
A05 Beyond Lithium-Ion Batteries
A06 Electrolytes and Interfaces in Lithium-Ion
Batteries
I02 Solid State Ionic Devices

Batteries and Battery Materials
‘Open-Software Tools for the Analysis of
Electrochemical Impedance Spectra’ by M.
D. Murbach and D. T. Schwartz (University of
Washington, USA), presented electrochemical
impedance spectroscopy analysis via open source
Python code. The code is available from GitHub
(USA) to be freely pip installed as ’impedance.
py’. Within the new code there are functions that
have been created which simplify coding and
the analysis allows new user impedance models
to be integrated using ’.fit’ and ’.predict’. Altair
declarative visualisation in Python was used to
aid understanding of data and prepare graphics.
Furthermore,
a
web-based
physics-based
electrochemical impedance model is currently
under development and the current version is
freely accessible as ’Impedance Analyzer’ (1).
‘Multiphase Porous Electrode Theory’ by R. B.
Smith and M. Z. Bazant (Massachusetts Institute
of Technology, USA), presented the open source
software multiphase porous electrode theory
(MPET). Non-equilibrium thermodynamics models
of porous electrodes (2) previously described
in the literature were considered for generating
an active material model. This was expanded to
allow addition effects such as stress effects and
other variables beyond merely the concentration
parameter. The Newman model was compared
with the phase field model. The phase field model
suggests that surface concentration remains high for
a phase segregating particle and provides different
predictions about failure modes such as lithium
plating at carbon anodes. Reaction rate models
such as Butler-Volmer and Marcus-Hush were
compared next (3). It was proposed that some use
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of ’film resistance’ may otherwise be attributable
to a Marcus-Hush-Chidsey (MHC) mechanism.
To illustrate this the graphite thermodynamic
model using Butler-Volmer model with film
contributions was applied to single particle realtime delithiation experimental data (4). This work
was subsequently applied to Samsung electrodes
with data collected by Samsung (South Korea) and
Samsung Advanced Institute of Technology (SAIT,
South Korea). This model accurately described
the surface concentrations measured. Although
the timescales with the Butler-Volmer film model
were also shown to match experiment for lithium
iron phosphate (LFP) polarisation, Marcus type
kinetics were able to more accurately match the
polarisation curvature. Thus, although metallic like
materials can be modelled with Butler-Volmer filmtype model, MHC kinetics extended to concentrated
solutions should be considered for non-metallic
materials.
‘Use of Lithium Iron Phosphate (LFP) Batteries as
Piezoelectrochemical Materials to Increase LowFrequency Mechanical Energy Harvesting’ by J. I.
Preimesberger, S. Kang and C. B. Arnold (Princeton
University, USA), described the ideal concept device
which is anticipated to provide a flat voltage profile
with suitable expansion of at least one electrode to
provide the necessary voltage effect due to strain.
Having a low change in potential with respect to
charge helps with energy harvesting though LFP
is not initially the obvious choice if based on the
resulting comparison of coupling constants with
lithium nickel manganese cobalt oxide/silicon
(NMC/Si) or lithium cobalt oxide/graphite (LCO/G)
batteries. Cycling was performed at 8 MPa
mechanical energy harvesting at 28 µHz and
10 hours per cycle. Actual output was on the order
of 0.1–0.4 mV using a 10 Ω resistor. Higher K yields
a higher potential output whereas lower differential
voltage (dV/dQ) yields a longer power output. The
author utilised commercial cells for ease of set up.
‘Solid State Organic Ionic Plastic Crystals and
Composite Materials for Energy Storage’ by
P. C. Howlett et al. (Deakin University, Australia),
demonstrated the use of organic ionic plastic
crystals (OIPCs) as solid electrolytes compatible
with lithium metal. Typically, OIPCs use similar
anions to those of ionic liquids, though the anions
are usually symmetric. An archetypal OIPC is
P1224+PF6- in which differential scanning calorimetry
showed four solid phases with 1 mS cm–1
conductivity in phase one at 120–150°C just prior
to melt. Addition of an anion matched lithium salt
resulted in two-phase formation with a liquid phase
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that percolates through the solid with similar high
conductivities observable as low as 20°C. This sort
of material was applied to a lithium ion battery
construction to yield reasonable performance (5).
Unfortunately, these materials are too soft to serve
as a standalone solid separator so ceramic particles
were added to improve mechanical strength
however lithium ion mobility was hindered due to
particle surface confined lithium concentration.
The lithium transference number in these systems
was measured between 0.1–0.44. Polymer
(polyvinylidene fluoride) particles were coated with
OIPC and used to construct LFP and NMC cells with
improved lifetime under normal and accelerated
test conditions (6, 7). This work was also extended
to sodium-doped OIPCs.
‘A Route to High Energy Density Co-free Cathode
Materials’ by G. Ceder (University of California,
Berkeley, USA) discussed rock-salt materials as
Li-ion cathodes which can percolate at only 10%
lithium excess. The probed metal chemistries
included manganese, iron, vanadium, nickel with
molybdenum, niobium, titanium, zirconium used
for charge compensation. The deformation modes
of the octahedra into normal modes showed that d0
elements are most suitable due to accommodating
distortion (8). For example with Li(Ni0.5Ti0.5)O2 vs.
Li(Ni0.5Mn0.5)O2, the Ti-based material was claimed
as impossible to make ordered while the Mn-based
material was very difficult to make disordered.
Excellent transmission electron microscopy (TEM)
micrographs were shown which visualised the
diffusion channels for a disordered rock-salt
material. However, lithium excess and disorder
can lead to oxygen redox activity. By fluorinating,
the same lithium excess could be utilised while
maintaining a higher level of transition metal thus
reducing the oxygen redox capacity. For example
(Li1+xM1-x)(O2-yFy) was successfully prepared at up
to y = 0.2 and differential electrochemical mass
spectrometry data showed less than 25% oxygen
loss (9). The author utilised an interesting approach
for materials design by ab initio calculation of
ternary phase diagrams of lithium fluoride, metal
oxides and charge compensators (i.e. lithium
niobite). High energy ball milling was used to
prepare Li2Mn2/3Nb1/3O2F which gave negligible
oxygen evolution on charging up to 5 V (10). This
approach was anticipated to provide up to 1000
Wh kg–1. When queried on mobility of d0 elements
during operation, the author noted that dissolution
issues were seen with Mo6+ but not Ti4+ or Nb5+.
‘Multiscale Simulation of the Fabrication Process
of Lithium Ion Battery Electrodes’ by A. A. Franco
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et al. (CNRS, France) presented results from
the European Research Council (ERC) Project
‘ARTISTIC’. Slurries are challenging to model
as one should include electrostatic forces, Van
der Waals, steric, hydrodynamic and Brownian
forces, as well as multiple size scales from 1 nm
to 100 nm to 10 µm. Coarse grained classical
molecular dynamics was applied (LAMMPS 1/1000
in volume) to construct an ’equilibrated slurry’
containing NMC, carbon, binder and solvent.
Artificial intelligence was utilised to parametrise
the force fields to match experimental results such
as viscosity as a function of shear rate. Drying of
layers was simulated which interestingly showed
higher porosity for near maximised active material
content at 95% (11). Subsequently, the dry layer
was ’meshed’ in order to solve the Newman model
related equations to explicitly solve the battery
electrochemical performance. Capacity cycling
was predicted and confirmed to yield capacity
ranking 85%>90%>95% active material content.
Excellent results with fine grained resolution of
lithium concentration in the active material were
determinable at any state of charge with less than
10% uncertainty. The model is anticipated to be
published open source sometime during 2019.
‘New Battery Chemistries enabled by Advanced
Aqueous, Non-aqueous and Hybrid Electrolytes’
by K. Xu (US Army Research Laboratory, USA)
identified fluorosolvents, sulfones and bisalt
ethers as useful groups to enable new electrode
materials. The battery materials interfaces
(solid electrolyte interphase (SEI) and cathode
electrolyte interphase (CEI)) were attributed as
extending the electrochemical stability window
of a given solvent by better matching the lowest
unoccupied molecular orbital (LUMO) at an SEI and
the highest occupied molecular orbital (HOMO)
at the CEI. To manipulate the interphase, super
concentration could be used or a HOMO/LUMO
affecting additive. Fluorine source for interphases
can be derived from fluoroethylene carbonate
(FEC), 3,3,3-fluoroethylmethyl carbonate (FEMC)
or 1,1,2,2-tetrafluoroethyl-2′,2′,2′-trifluoroethyl
ether (HFE). Using 1 M LiPF6 in FEC:FEMC:HFE
performance cycling with symmetric lithium metal
revealed greater than 99.2% coulombic efficiency
(CE) over 500 cycles with ultra-low overpotential.
The same electrolyte was used in a Li/NMC 811 cell
with 90% capacity retention at 450 cycles with
99.93% CE. With lithium cobalt phosphate/lithium
(LCP/Li) the electrolyte enabled 93% capacity
retention over 1000 cycles and greater than
99.9% CE. Investigation of these interfaces was
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published recently. Next the author considered
the high voltage conversion material iron(III)
fluoride (FeF3) showing very high CE with greater
than 400 mA g–1 capacity over 1000 cycles (12).
Next sulfolane data exhibited greater than 75%
capacity retention at the 1000th cycle for a few
battery chemistries (13). Water and non-aqueous
electrolyte hybrid mixtures have been employed
which enable a 4 V electrochemical stability
window (14).
‘Dual Coatings, Triple the Benefit: A Study in ALD
Surface-Modifications to Nickel-Rich Architectures’
by B. K. Hughes et al. (Forge Nano, USA) provided
examples based on improvements on the state of the
art. Data for improved LCO was demonstrated with
niobium coating. Coated NMC was demonstrated
to obtain lifetime and high potential operation. The
cell total lifetime benefited further with an atomic
layer deposition (ALD) coated graphite anode
(cycled 6C:1C). Metal dissolution analysis was used
to show that though little effect was seen during
the first 25 cycles, much less dissolved cobalt was
found after 100 cycles. Comparison of coated NMC
vs. pristine NMC found no change to manganese
and nickel dissolution.
‘LiNi0.6Mn0.2Co0.2O2 Dry-Coated with NanoAlumina as Positive Electrode Material’ by L. Zheng
and M. N. Obrovac (Dalhousie University, Canada)
presented a coating method designed to modify
surface chemistry, to suppress transition metal
dissolution and to scavenge fluoride ions. The dry
coating method was referred to as mechanofusion. It
is designed to impact small particles onto the surface
of larger particles (15). NMC 622 was coated with
a dense layer of 3% aluminium oxide (Al2O3)
for 30 minutes at 1400 rpm mechanofusion.
The process reduced the material density from
4.78 g cm–3 to 4.34 g cm–3 and reduced the
Brunauer, Emmett and Teller (BET) surface area
by half. Scanning electron microscopy (SEM)
results illustrated that the surface coating was
retained after ink and electrode processing. Cycling
performance showed 100% capacity retention after
60 cycles (16).
‘Rational Design of 3-D Current Collectors and
Interfaces for Stabilized Li Metal Anodes’ by K. H.
Chen, A. J. Sanchez and N. P. Dasgupta (University
of Michigan, Ann Arbor, USA), the goal of this work
was to suppress dendrites by high surface area
deposition of lithium metal. Carbonised electrospun
polyacrylonitrile was shown as an example of a
three-dimensional (3D) current collector concept
from prior literature (17). In this work, copper pillars
were grown by electrodeposition via polycarbonate
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membrane masking with pillars of differential
sizes. 10 µm pillars with 25 µm spacing showed
an improvement in residual dead lithium however
2 µm pillars with 5 µm spacing gave a compact
layer. At 0.2 µm pillars with 0.5 µm spacing there
was very non-uniform surface lithium plating with
a large amount of residual lithium when stripped.
Cycling data showed up to double the lifetime for
the 2 µm pillars compared to flat copper. Further
work investigated lithiophilic coatings to reduce
the nucleation barrier. The first example chosen
was ALD zinc oxide (ZnO) coating on flat copper
which exhibited a smoother surface after lithium
stripping. The same coatings were applied to 2 µm
and 0.2 µm pillared samples. The cycle life for the
2 µm sample was extended to triple that of the flat
copper foil. With 10 µm long and 2 µm diameter
pillars the CE of 99.3% was retained when cycled
to 2 mAh. Data on the results from 0.2 µm was not
provided. X-ray photoelectron spectroscopy (XPS)
results showed that all of the lithium was plated on
top and the zinc was kept at the copper surface. In
a following presentation from Dalhousie University
(Canada), zinc was also successfully used to
reduce the lithium plating nucleation barrier, downselected from a wide range of other metals, with
gold having been the only better option found.
‘Electrolyte Studies Centred Around a Substituted
Lithium Cobalt Phosphate Cathode Material’ by
S. A. Delp, J. L. Allen and T. R. Jow (US Army Research
Laboratory, USA) showed data demonstrating
that vinyl carbonate is not an option for high
voltage cathodes due to poor oxidative stability.
Various options were identified for discussion
such as lithium difluoro(oxalato) borate (LiDFOB);
tris(trimethylsilyl) borate (TMSB); tris(trimethylsilyl)
phosphate (TMSP); fluoroethylene carbonate (FEC);
and 1,1,1,3,3,3-hexafluoro-2-propanol (HFPiP).
LiDFOB was confirmed to react on both electrode
surfaces as well as most of the other compounds.
Interestingly,
lithium
hexafluorophosphate
(LiPF6) was found to help passivate the anode to
mitigate continuous electrolyte decomposition. The
passivating effect did not exist in the presence of
some of the additives. Upon full charge cycle and
lifetime analysis, TMSB was found to enable the
most stable charge profile and CE.

Solid State Ionic Materials
‘Safe, High-Energy-Density, Solid-State Li Batteries’
by E. D. Wachsman (Maryland Energy Innovation
Institute, USA) used aluminium ALD coating to
prevent lithium carbonate (Li2CO3) formation by
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having formed lithium aluminate which was wetted
well with lithium metal. Silicon partially coated
on a pellet showed spontaneous wetting with
contact on liquid lithium (18). Also, two other ALD
coatings were shown to work. Li2MMn3O8 was used
as the cathode material for samples manufactured
using a solid oxide fuel cell tape-casting method.
The work is currently being scaled from coin cell
to 30 cm2 cell. 10 mA cm–2 cycling was recently
achieved and it was demonstrated that operational
cell failure can occur if the cell is driven beyond the
lithium loading limit. The US Department of Energy
(DOE) Advanced Research Projects Agency-Energy
(ARPA-E) Integration and Optimization of Novel
Ion-Conducting Solids (IONICS) programme and
the DOE Vehicle Technologies Office (VTO) fastcharge programme goals for current density were
achieved in this work. 100% CE was demonstrated
over 480 cycles. A new line of research is now
investigating Li-sulfur. Sulfur loading has been
increased from 1 mg cm–² to 8 mg cm–² with
100% CE over 300 cycles with 700 mAh g–1
capacity. A pouch cell was demonstrated to
continue to operate after having been cut in half
and left exposed to air. The modal pore size of
the Li7La3Zr2O12 (LLZO) porous anode is 5 µm and
50–60% porous. 70% porosity was achievable
by tape casting. 3D printing has enabled up to
85% porosity. Maintaining flatness during the
scaling process is currently being investigated.
‘Chemical and Electrochemical Stability of Fast
Lithium Ion Conducting Garnet-Type Metal Oxides
in H2O, Aqueous Solution, CO2, Li and S’ by
V. Thangadurai (University of Calgary, Canada)
discussed the drive to move away from LiLaTiOx
due to the lithium instability of the titanium.
Initially niobium and tantalum were utilised,
subsequently materials utilised substitutions of
scandium, yttrium, indium or full replacement
such as zirconium, tin, hafnium. For LLZO further
substitutions
were
investigated.
Increasing
octahedral sites in this structure drive lithium ion
conductivity. However, there is a lower activation
energy profile for conductivity through the route of
octahedral→tetrahedral→octahedral as compared
to conduction through purely octahedral sites.
Safety and stability in the presence of water,
carbon dioxide and sulfur have been studied in
detail (19). These materials can either rapidly or
very slowly degrade in water depending on the
B site metals. Proton transport evidence has been
observed however further work is still necessary to
understand the physics (20). Li6.5La2.5Ba0.5ZrTaO12
(LLBTZ) was shown to increase in conductivity
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after exposure to water. Exposure to CO2 forms
Li2CO3 in all garnet materials. Garnets were shown
to be stable in the presence of sulfur (21). A wet
solution method for ZnO coating using surfactants
was exhibited which has provided similar results
for lithium metal wettability as ZnO by ALD (22).
‘First-Principles Models of Phenomena at LiMetal/Anti-Perovskite Li3OCl Solid Electrolyte
Interfaces’ by K. Kim and D. J. Siegel (University of
Michigan, Ann Arbor, USA) used density functional
theory (DFT) work to predict a 6.39 electron volt
(eV) bandgap. SEM data suggests that lithium
metal wets the surface and is stable in contact
with Li3OCl. Bulk structures were modelled via
Murnaghan equation of state. Gibbs free energy
and chemical potential were calculated at 300 K
and 1 atmosphere. Six surface models were used
and the (100) plane appeared the most stable and
the lithium metal (100) plane matches it well.
The oxygen terminated sites have a calculated
contact angle of 52.6 degrees whereas the
chlorine terminated sites had a contact angle
above 120 degrees. Interfacial interactions
narrow the electrochemical window by 2 eV.
Consequently, lithium metal does not reduce
Li3OCl though it is unstable with respect to many
cathode materials.

Conclusions
Interesting electrochemical analysis modelling and
first principles modelling work was exhibited, some
of which has been provided as open-source tools
or will be soon provided. Key battery themes that
were attended included lithium metal anodes, solid
state conductive materials, interface engineering
and electrolyte additives for stability. In relation
to lithium metal anodes, there has been a surge
of ’anode free’ research and some consolidated
understanding of lithium dendrite formation and
control. Solid state conductor battery related
sessions exhibited modelling work illustrating
mechanistic detail for different materials. Interface
engineering discussions included ALD coatings,
mechanofusion and chemical routes to coatings.
Electrolyte additives were well discussed by
US Army Research Laboratory representatives
amongst others, mainly focused on wholly
fluorinated solvents or additives for good SEI
stability and optimised overcharge protection.
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Non-Enzymatic Glucose Sensing based
Hierarchical Platinum Micro-/Nanostructures

on

T. Unmüssig, A. Weltin, S. Urban, P. Daubinger, G.
A. Urban and J. Kieninger, J. Electroanal. Chem.,
2018, 816, 215
Stable and selective sensors at neutral pH are
required for non-enzymatic glucose monitoring
in the biomedical industry. Hierarchical platinum
micro-/nanostructured electrodes show promise
in such applications. For instance, amperometric
glucose measurements demonstrated a 10,000fold increase in sensitivity in comparison to
unmodified electrodes. The hierarchical electrode
morphology provides a selectivity mechanism
depending on the reaction kinetics, leading to a
2000-fold improvement in the selectivity of glucose
in the presence of interferants. Selectivity was
further enhanced by low-frequency electrochemical
impedance spectroscopy and signal stability
was improved by the implementation of
chronoamperometric protocols.
Industrial Computational Catalysis and its Relation
to the Digital Revolution

Determination of Molybdenum Species Evolution
during
Non-Oxidative
Dehydroaromatization
of Methane and its Implications for Catalytic
Performance
M. Agote-Arán, A. B. Kroner, H. U. Islam, W. A.
Sławiński, D. S. Wragg, I. Lezcano-González and
A. M. Beale, ChemCatChem, 2019, 11, (1), 473
Operando X-ray absorption spectroscopy and highresolution powder diffraction were used to study
Mo/H-ZSM-5, focusing on the evolution of Mo
species. Isolated Mo-oxo species attached to the
zeolite framework at the straight channels were the
most abundant species present after calcination.
Mo partially carburised to intermediate MoCxOy
species during reaction and fully carburised
during longer reaction times, detaching from the
zeolite and aggregating to form Mo1.6C3 clusters.
These clusters then grew on the outer zeolite
surface, leading to catalyst deactivation. Carbon
deposition on the outer shell of the zeolite crystals
also contributes to deactivation.
Simultaneous Chemical Vapor Deposition and
Thermal Strengthening of Glass

G. Jones, Nature Catal., 2018, 1, (5), 311

P. Sundberg, L. Grund Bäck, R. Orman, J. Booth
and S. Karlsson, Thin Solid Films, 2019, 669, 487

The modern world is on the cusp of a digital
revolution. Computational materials chemistry
has been widely researched in the industrial
sector over the last couple of decades and this
area of research will be of importance to the
field of catalysis. This article considers where
computational catalysis has taken us thus far
and how it fits into the digital revolution. An
intrinsic link is made between computational
catalysis and the future of digital materials
development. It is noted that these methods
will be implemented both for large-scale
product development and at the local level of
the specialist field.

Flat glass was thermally strengthened by heating
for up to 20 minutes. During this process,
transparent and amorphous Al2O3 thin films
were applied via in situ metal organic chemical
vapour deposition. Using the surface ablation cell
employed with inductively coupled plasma atomic
emission spectroscopy, it was determined that
the Al2O3 content at the surface had doubled.
During the surface reaction, sodium was shown
to migrate to the surface to create a hazy layer
which could be washed away with water. Increased
crack resistance and increased surface hardness of
the tempered glass at low indentation loads was
achieved through the application of the Al2O3 films.
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Catalyst-Based BS VI Stage 2 Emission Control
Solutions for Light Duty Diesel
S. Sumiya, A. Kumar, J. Wylie and D. Bergeal,
'Catalyst-Based BS VI Stage 2 Emission Control
Solutions for Light Duty Diesel', SAE Technical
Paper 2019-26-0141, 2019
Various after-treatment systems for the light
duty diesel market are being assessed for India
BS VI Stage 1. The requirements for Stage 2 of
the standards are still being discussed, but it is
understood that real driving emission assessments
will be introduced. It’s likely that more robust
emission control systems, such as those being
developed for Euro 6d, will be required. Euro 6d
system designs such as newly developed lean NOx
trap (NSC) coatings used with selective catalytic
reduction filters (SCRF®) are described. They
show potential as light duty diesel solutions for
India BS VI Stage 2.
Operando and Postreaction Diffraction Imaging of
the La–Sr/CaO Catalyst in the Oxidative Coupling
of Methane Reaction
D. Matras, S. D. M. Jacques, S. Poulston, N.
Grosjean, C. Estruch Bosch, B. Rollins, J. Wright,
M. Di Michiel, A. Vamvakeros, R. J. Cernik and A.
M. Beale, J. Phys. Chem. C, 2019, 123, (3), 1751
X-ray diffraction computed tomography was used
to study a La–Sr/CaO catalyst operando during
the oxidative coupling of methane (OCM) reaction.
The evolving solid-state chemistry was tracked
during the temperature ramp, OCM reaction and
after cooling using full-pattern Rietveld analysis.
The main catalyst components (La2O3, CaO–SrO
mixed oxide and SrCO3) demonstrated stability
in the initial reaction. The spatial distribution of
the catalyst components is shown in Figure 1. A
second CaO–SrO mixed oxide was formed by the
decomposition of SrCO3 to SrO after doubling the
gas hourly space velocity. Vegard’s law was applied
during the Rietveld refinement to demonstrate
the spatial variation of Sr occupancy in the mixed
CaO–SrO oxides (Figure 1(c)). Increased catalyst
basicity and an enhancement of the lattice oxygen
diffusion are some of the benefits gained from
Sr-doped CaO species formation.
Ion Exchange and Binding in Selenium Remediation
Materials Using DNP-Enhanced Solid-State NMR
Spectroscopy
M. Mais, J. Torroba, N. S. Barrow, S. Paul and J. J.
Titman, Solid State Nucl. Magn. Reson., 2019, 98,
19
Dynamic nuclear polarisation (DNP) enhanced
solid-state NMR was used to investigate selenateloaded selenium water remediation materials.
In comparison to conventional carbon-13 NMR
spectra, DNP was shown to significantly reduce the
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Fig. 1. (a) spatial distribution of the La-Sr/CaO
catalyst components at room temperature; (b)
spatial distribution of the La-Sr/CaO catalyst
components at 780ºC in He; (c) spatial distribution
occupancy of Sr in mixed CaO-SrO (1) oxide.
Reprinted with permission from D. Matras et al., J.
Phys. Chem. C, 2019, 123, (3), 1751. Copyright
2019 American Chemical Society. Further
permissions related to this material should be
directed to the American Chemical Society

experiment time for carbon-13. This reduction
enabled the efficient acquisition of {1H}-77Se
heteronuclear correlation spectra, even at relatively
low Se concentrations. This demonstrated the nature
of the binding of the remediated selenate ions. A
supramolecular interaction with the functionalising
polymer side chain is suggested.
Emission Control System Designing to Meet China 6
Q. Zhang, X. Ren, X. Wu, J. Li, C. Chen, J. Wang, Y.
Sun, H. Ji and S. Chen, 'Emission Control System
Designing to Meet China 6', SAE Technical Paper
2018-01-1706, 2018
China 6, consisting of China 6a (similar to Euro 6d)
and China 6b, will be implemented from 1st July
2020. This presents a challenging situation for
emission control system design. Three TWC systems
with different pgm loadings were tested and the
engineering target was met under fresh and aged
conditions for systems with pgm loading >40 g ft–3
for the front brick and 10 g ft–3 for the rear brick.
Particle emissions were further reduced by using a
coated GPF, which achieved 56% filtration efficiency
under fresh conditions and 92% under aged
conditions. This enabled the test vehicle to meet
the China 6b requirements. Soot deposition and
regeneration in the coated GPF were also studied.
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Investigation of ZSM-5 Catalysts for Dimethylether
Conversion using Inelastic Neutron Scattering
A. Zachariou, A. Hawkins, D. Lennon, S. F. Parker,
Suwardiyanto, S. K. Matam, C. R. A. Catlow, P.
Collier, A. Hameed, J. McGregor and R. F. Howe,
Appl. Catal. A: Gen., 2019, 569, 1
Inelastic neutron scattering (INS) spectroscopy was
used to analyse zeolite ZSM-5 catalysts used for
the conversion of dimethylether to hydrocarbons.
When INS was combined with NMR, it was shown
that deactivation in dimethylether conversion
occurred more rapidly than deactivation in methanol
conversion. Lower levels of water present during
dimethylether conversion is thought to be the
cause of this rapid deactivation and is associated
with the formation of less methylated aromatic
coke species. This work demonstrates the ability of
INS to probe lower frequency vibrational modes in
a working catalyst without sample preparation.
Tunable Binding of Dinitrogen to a Series of
Heterobimetallic Hydride Complexes
S. Lau, A. J. P. White, I. J. Casely and M. R. Crimmin,
Organometallics, 2018, 37, (23), 4521
Ruthenium main-group heterobimetallic complexes
are generated via the reaction of [Ru(H)2(N2)2(PCy3)2]
with β-diketiminate stabilised hydrides of Al, Zn and
Mg. The degree of binding of the diatomic ligand
can be altered by changing the main-group
fragment of M·Ru-N2 (M=Al, Zn, Mg) complexes
in the order Al<Zn<Mg, which leads to a small
decrease in the νN≡N stretch. This is due to the
increased ionic character of the metal-hydride
bonding within the M·Ru-N2 complex, which
is more prevalent with a less electronegative
metal. The increased ionic character leads to
destabilisation of the frontier molecular orbitals
of ruthenium, which in turn allows for increased
Ru(4d) → π*(N–N) back-donation.

142

Johnson Matthey Technol. Rev., 2019, 63, (2)

Polyvinylidene Fluoride Membrane Modification
via Oxidant-Induced Dopamine Polymerization for
Sustainable Direct-Contact Membrane Distillation
N. G. P. Chew, S. Zhao, C. Malde and R. Wang, J.
Membr. Sci., 2018, 563, 31
Accelerated oxidant-induced polydopamine (PDA)
deposition on the inner and outer surfaces of a
porous hydrophobic polyvinylidene fluoride (PVDF)
membrane was used to fabricate a composite PVDF
membrane with sandwich structure. The PDAdecorated membrane was evaluated by bench-scale
direct-contact membrane distillation experiments.
The membrane demonstrated flux enhancement up
to 70% in 3.5 wt% NaCl solution at 333 K. The
PDA-decorated membrane also maintained a stable
flux and high salt rejection rate when used for
seawater desalination and exhibited good foulingand wetting-resistant properties. A potential
application for the membrane would be water
recovery from industrial wastewater containing low
surface tension substances.
MnPO4-Coated Li(Ni0.4Co0.2Mn0.4)O2 for Lithium
(-Ion) Batteries with Outstanding Cycling Stability
and Enhanced Lithiation Kinetics
Z. Chen, G.-T. Kim, D. Bresser, T. Diemant, J.
Asenbauer, S. Jeong, M. Copley, R. J. Behm, J. Lin,
Z. Shen and S. Passerini, Adv. Energy Mater., 2018,
8, (27), 1801573
The authors propose MnPO4-coated LiNi0.4Co0.2Mn0.4O2
(MP-NCM) as a cathode material for use in lithiumion batteries. The MnPO4 coating was chosen
to physically prevent contact between the NCM
active material and the electrolyte by acting like
a protective layer. This protective layer helps
to stabilise the electrode/electrolyte interface
and prevents the occurrence of detrimental side
reactions. This results in enhanced rate capability
and outstanding cycling stability.
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Introduction
“Nanotechnology and Biosensors” is published by
Elsevier, The Netherlands, under the Micro and
Nano Technologies series of the Materials Science
subject area. The text is a collection of fourteen
collaboratively authored chapters which have been
edited by father and daughter, Dimitrios P. Nikolelis
and Georgia-Paraskevi Nikoleli, affiliated with the
University of Athens, Greece.
This text discusses progress made in the fields
of nanotechnology and chemical sensing to give
a concise picture of the combined application of
nanobiosensors in health screening, food safety and
environmental analysis over the past 20 years. It
highlights the unique properties of nanomaterials,
which impart enhanced biosensing performance
such as very low limits of detection and potential
for small, portable and cost-effective point-of-care
devices with rapid results. Within the fourteen
chapters, the reader finds information relating to
chemical receptors and signal output transducers
including: materials preparation, device design,
sample preparation, detection mechanisms, signal
processing and output. Each chapter discusses
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a nanomaterial, a transducing technology or
sensing application and can therefore be read
individually, although those looking for a general
overview of nanomaterials and biosensors will
need to read the entire text to fully appreciate
the scope of the application of nanotechnology
in the field of biosensors. The contents of each
chapter are summarised in the preface which is
available online (1).

Nanomaterials
Nanotechnology encompasses synthesis, analysis
and manipulation of materials which have a
dimension in the range of 1–100 nm. There is
great interest in nanomaterials because the
physicochemical properties differ greatly from
those of the bulk materials. This text discusses
how the unusual properties of these materials can
be exploited to develop small, portable, highly
sensitive (down to atto- or zepto-molar), rapid and
inexpensive biosensors that can be used by the
untrained person.
Nanomaterials discussed in the text include
metals (silver, gold and platinum) and metal
oxides (iron(II,III) oxide, zinc oxide, nickel(II)
oxide and titanium dioxide) but carbon features
most prominently. Carbon occurs in many forms
and feedstocks are abundant and inexpensive.
Carbon
nanomaterials
discussed
include:
graphene, graphite, carbon nanotubes, diamond
and boron doped diamond, dendrimers, polymers
and conducting polymers. Chapters 3, 4, 9 and 10
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introduce the many forms of carbons as well as
how they are made, processed and functionalised
with sensing moieties. Surface structure, size,
defect and doping of carbon nanotubes and
graphene have been shown to impart crucial
properties such as kinetics of charge transfer
or efficacy of functionalisation which in turn
influence the performance of the biosensor as
discussed in Chapters 3 and 4. In Chapter 9, the
authors highlight the ease of functionalisation
and discuss how the increased surface area
of carbon nanomaterials is key to enhanced
biosensing performance while emphasising in
their conclusion the lack of breakthrough to
commercial scale due to difficulties in fabrication
and reproducibility.

related to the change in mass of this piezoelectric
material utilising nanomaterials. Intracellular
biosensors, Chapter 2, are also discussed as a
new technology that could bring fundamental
changes to measurements and understanding of
biological processes in healthcare and treatment of
diseases. The benefits and potential applications of
nanomaterial functionalised optical fibre biosensors
are discussed in the final chapter.

Selectivity in Biosensors
Techniques used to impart specificity of the
various types of biosensors are discussed for
labelled and label-free biosensors. The methods
for functionalisation of the different nanomaterials
are discussed for specific receptors or recognition
modalities, either synthetic or natural such as
enzymes, antibodies or DNA. Different strategies
are also discussed in various chapters from
covalent bonding to electrostatic interaction.
Often, the increased specificity of biosensors based
on nanomaterials is attributed to the high surface
area available for attachment of the biorecognition
moieties. Chapters 11 and 12 describe very well
the methods used for DNA functionalisation of
gold and graphene nanomaterials (Figure 1).

Biosensor Form
The output mechanism for most of the biosensor
applications discussed in the text are typically
electrochemical or optical. The pros and cons of
amperometric and impedimetric electrochemical
sensors are compared and examples of optical
and fluorescent biosensors are provided. Other
signal transduction methods discussed include
the use of quartz crystal microbalance where the
enhanced sensitivity of the vibratory frequency is
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Fig. 1. Functionalisation of an electrochemical biosensor electrode for: (a) direct electrochemical gene detection; (b)
labelled electrochemical gene detection. Reproduced with permission from Elsevier, copyright (2018) Elsevier
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Microfluidics
The penultimate chapter in the book discusses
the integration of microfluidics into biosensors
not only for sample preparation but also in the
context of lab-on-a-chip biosensors where a
range of complex processes can be carried out on
a very small sample size to give qualitative and
quantitative results in the field.

Applications
The text relates the advances made in nanomaterials
and biosensing to real-world applications including
environmental and food toxicant detection as well
as healthcare. It is perceived that the scope for
application of nanobiosensors in healthcare is
enormous, simply because of the breadth of this
subject and setting. For example, nanobiosensors
could be used to detect and monitor medical
conditions in many environments including:
domestic, GP surgery, emergency care, hospital
wards and nursing homes. Chapter 1 presents
a broad overview of nanomaterials and their
incorporation in the design of devices for
chemical or microbiological sensing of food and
environmental toxicants and some examples
in healthcare applications. It is concluded that
although nanotechnology shows promise for rapid
detection in real-time applications, some technical
challenges remain before its potential is fully
realised. Many chapters discuss the application
of nanomaterials to healthcare ranging from
glucose sensing in Chapter 2 to cardiac and cancer
biomarker detection in Chapter 9.

Therapeutic Nanomaterials
Chapters 5 and 6 are slightly differentiated from the
other chapters in that they discuss the application
of nanomaterials in so-called theranostics where
nanoparticles can be used as a sensor to locate a
specific target or be navigated to a target whilst
simultaneously delivering a therapy. Chapter
5 discusses how the plasmonic resonance of
gold nanomaterials can be tuned as a function
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of size and shape and this can be exploited in
photothermal and photodynamic therapy where
the particles accumulate in cancerous tissue and
the specific plasmon resonance frequency can be
controllably excited to impart thermal energy which
is then transferred to the accumulative tissue,
destroying it. The tracking and manipulation of
magnetic nanomaterials to encapsulate and deliver
pharmaceuticals to target areas within the body is
discussed in Chapter 6.

Fibre Optic Sensors
Chapter 14 discusses how the functionalisation
of optical fibres with nanomaterials can lead to
development of optoelectronic biosensors which
are sufficiently more sensitive than existing
spectroscopic imaging and sensing optical fibre
technologies such that they can be smaller and
more portable for application outside of the
specialist environment. A particular benefit of
optoelectronic
sensors
over
electrochemical
biosensors is the ability to detect and characterise
species directly in biological samples or even noninvasively without the need for sample preparation,
such as in transdermal blood glucose monitoring.

Conclusion
This text covers a lot of ground and will be
of interest to those wishing for a general
overview of the range of nanomaterials used for
biosensing in environmental, food and medical
sensing applications. There is some repetition
of introduction and technical detail between the
chapters which allows them to be read in isolation
and all are well referenced for those looking for
more detail in a particular application.
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