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Abstract In this review article different systems of dimensionally stable electrodes (DSEs) are pre-

sented with an emphasis on the application of catalytic activated titanium electrodes with a double

layer platinum-group of metals (PGMs). The role of platinum metals mixed oxides (RuO2, IrO2,

TiO2) as excellent catalysts on the surface of dimensionally stable anodes (DSAs) and a wide area

of their application in various technological processes such as electrochemical engineering, wastew-

ater treatment, degradation of pollutants, crotonaldehyde hydrogenation and fuel cells develop-

ment has also been discussed. A method of forming new electrodes by using aqueous solutions

of PGM chlorides which are placed on the surface of titanium substrate is also shown in this work.

Very good bonding properties between the layers and the substrate contribute to the long working

period of the above mentioned electrodes. One of the possible processes of surface modification of

the new titanium DSAs could be the alloying of the above mentioned platinum metals on specific

catalyst supports at low temperatures for the reaction of hydrogenation of crotonaldehyde. The

application of DSAs could enable lower power consumption for obtaining copper and other heavy

metals using electrolysis and could give cleaner deposits. On the other hand, to remove copper and

other heavy metals from mining wastewater using electrolysis results in less environmental pollu-

tion.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Research in the field of the electrochemical and electrocatalytic

behavior of different electrode materials, primarily insoluble
anodes, opens up new possibilities for the application of plat-
inum metals in their production. Bearing in mind the current

knowledge in this area, it should be noted that the variety of
appropriate materials for the production of insoluble anodes
in earlier periods of research related to the use of graphite

anodes (Janssen, 1974), various ferrous alloys, non-ferrous
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alloys (Spasojević et al., 2013), the platinum-group of metal
alloys, lead anodes (McBurney and Gabe, 1979; Bagshaw
and Wright, 1992), and platinum and titanium anodes

(Gabe, 1981). Many electro-catalytic processes, especially
those that take place in extremely unfavorable conditions, such
as wastewater treatment (Krstić et al., 2018; Krstić, 2021),

chlor-alkali electrolysis, electrochemical deposition of non fer-
rous and precious metals, require the development and appli-
cation of a new insoluble and electro-catalytic activated

anode, and this is therefore a new area for the development
of modern electrochemistry. It was found in an earlier period
of research that as platinum, because of its nobility and cat-
alytic ability can withstand working in extremely adverse cor-

rosion conditions, its use as an anode material was in the form
of electrochemically platinised titanium electrodes (Vijh, 1981;
Brauer and Grube, 1981; Brauer and Grube, 1981). Recent

progress in electrocatalysis has attracted extensive attention
for its opportunities in converting chemical energy of fuel cells
into electrical energy (Elezovic et al., 2015; Gojković et al.,

2010). This new knowledge indicates a better way to rationally
design and produce noble metal-based nanostructures and to
optimize nanocatalysts from the viewpoint of surface and

interface engineering, in terms of both cost and performance
(Wang et al., 2015). It is known that the market price of plat-
inum is very high. Therefore the development of new manufac-
turing techniques using a nano catalyst with a reduced Pt

content and good catalytic properties of its surface is the pri-
ority in this area of science (White et al., 2009; Jung et al.,
2010). Today industrial electrochemical processes are increas-

ingly using a corrosion resistant dimensionally stable electrode
(DSE). Titanium electrode surfaces activated with a layer of
mixed platinum metals oxides are among the DSEs. These elec-

trodes have excellent electrocatalytic, electro-mechanical and
corrosion properties (Zhang et al., 2017; Balko, 1991), and
by working with DSEs high efficiency could be achieved and

could yield an excellent quality metal deposit. Modern
research into mixed metal oxides (MMO) anodes for electro-
chemical oxidation of organic pollutants in water include the
use of different types of MMO anodes, different types of sup-

port, and the combination of mixed oxides (Wu et al., 2014;
Krstić, 2021). DSAs based on mixed oxides of the platinum
metals group on the titanium substrate have found wide appli-

cation in wastewater treatment, in organic chemical and phar-
maceutical industries. Various types of recalcitrant organic
pollutants which can be degraded by MMO anodes are pesti-

cides and herbicides (Malpass et al., 2006, Pesovski et al.,
2007), phenolic compounds (Wang and Wang, 2008), plasticiz-
ers (Wang et al., 2010), chelating agents (Pinhedo et al., 2005;
Li et al., 2013a,b,c; Shao et al., 2006) and microcystin toxins

(Shi et al., 2005).
The obtaining of unsaturated alcohols by selective hydro-

genation of a,b-unsaturated aldehyde, such as crotonaldehyde

(CH3ACH‚CHACHO or but-2-enal), is a very important
reaction in industry and attracts much interest for fundamen-
tal research in catalysis (Ponec, 1997; Delbecq et al., 2016;

Marinelli and Ponec, 1995; Claus and Hofmeister 1999;
Mohr et al., 2003; Krstić, 2021). One important step is the
selective hydrogenation of the carbonyl bond (C‚O) to obtain

crotyl alcohol, when the olefin (C‚C) bond remains unaf-
fected. This reaction is good for investigation and controls
the intermolecular ability of catalytic activity and the selectiv-
ity of monometallic catalysts (Bachiller-Baeza et al., 2001;
Bailie et al., 2001; Gutierrez et al., 2012; Ramos-Fernández
et al., 2010; Reyes et al., 2000; Ruiz-Martı́nez et al., 2008),
as well as influencing by the addition of a second metal

(bimetallic or promoter) (Blanco et al., 2008; Delbecq and
Sautet, 2003; Margitfalvi et al., 1998; Merlo et al., 2006;
Silvestre-Albero et al., 2006) in order to improve the catalysts’

selectivity to crotyl alcohol (Claus, 1998; Gallezot and
Richard, 1998). The influence of the support on which the
active catalytic phase is incorporated (Vannice, 1975, 1990;

Tauster et al., 1978; Ruppert and Paryjczak, 2007; Dandekar
and Vannice, 1999; Abid et al., 2006; Serrano-Ruiz et al.,
2006; Vannice and Sen, 1989), also plays an important role
in understanding the catalysts’ function mechanism. Their syn-

thesis and characterization contribute to the function and sta-
bility (Ammari et al., 2004; Blanco-Delgado et al., 2011;
Liberkova et al., 2002; Lin et al., 2015; Ramos-Fernández

et al., 2008a,b; Sen and Vannice, 1988; Sepulveda-Escribano
et al., 1998) as well as a better understanding of the working
mechanisms of the catalytic processes.

Titanium as a support of catalysts and a material with
excellent physical and chemical characteristics and oxide layers
to improve its performance, found an important place in the

study of materials suitable for work in a variety of adverse
conditions. Diebold (2003) has made a significant contribution
to research, working on a comprehensive study that deals with
the TiO2 surface. A review of bioanalysis with mesoporous

TiO2 materials was made by Dai and Ju (2012). They con-
cluded that TiO2 has enormous significance in the field of tech-
nological development in electronic devices because of its

electrical and semiconductor properties. As a semiconductor
material TiO2 offers a wide range of applications, including
biosensors and catalysis (Astuti et al., 2009; Bao et al., 2008;

Fattakhova-Rohlfing et al., 2007; Lu et al., 2006; Jia et al.,
2008; Roddick-Lanzilotta and McQuillan, 2000; Liu and
Chen, 2005). A hybrid supporting material for Pt-based cata-

lysts consisting of TiO2 and nanostructured carbon was devel-
oped to improve the electronic conductivity of Pt catalysts
(Huang et al., 2014). Jiang et al. (2012) has reported that com-
bined TiO2 substrates with carbon materials improved the elec-

trical conductivity of Pt-based catalysts and Pt/TiO2-C
catalysts and showed excellent electrochemical properties when
tested under direct methanol fuel cells (DMFCs) conditions.

In recent years, to improve the characteristics of lead
anodes as electrolytic materials, a significant number of
researchers have been working (Hrussanova et al., 2001;

Huang et al., 2010; Ma et al., 2016; Nidola, 1989; Zhang
and Houlachi, 2010; Zhou et al., 2017; Ivanov et al., 2000a;
Ivanov et al., 2000b). Clancy et al. (2013) gave an overview
of the possibilities for alloying Pb and their electrochemical

influence in electrowinning. The biggest costs in copper pro-
duction are costs of electrolysis. Therefore great efforts are
continuously being made in research to obtain the copper at

a lower price (Haghighi et al., 2013; Nikoloski and Barmi,
2013; Najminoori et al., 2015; Ehsani et al., 2016; Ciumag
et al., 2016).

The aim of this review paper is to propose possibilities to
improve the working parameters in copper electrolysis, as well
as to remove the copper from mining wastewater. For this rea-

son, the results of surface modification, which are the active
form of electro-catalytic anode surface of new DSE, will be
considered. It is shown that surface alloying of platinum met-
als on specific catalysts at low temperatures, is one of the pos-
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sible surface catalytic DSE modifications. Different ways of
titanium surface modification, as the material with excellent
characteristics for use in the copper electrolysis process, would

contribute to obtaining the lower price of copper and its better
quality. In this way, the impact on the environment contami-
nation would be significantly reduced.

2. General characteristics and application of titanium

dimensionally stable anode

Due to its physical and chemical characteristics, titanium is
suitable anode material used as a substrate on thin coatings
and activated titanium anodes. On this point, it is interesting

to note the electrochemistry of titanium, on which a lot of
research was done in the seventies (Vijh, 1981). Titanium is
considered a base metal (Ti2+/Ti, E0 = –1,63 V) in normal

use, but when it is used in the chemical and electrochemical
conditions allowing the formation of a single oxide TiO2, it
may have a noble character, since it is sensitive to modifica-
tions, and therefore is an interesting anode material (Wu

et al., 2014; Diebold, 2003). Potential–pH diagram in Fig. 1
shows that the TiO2 is stable in the full range of pH in the ano-
dic conditions, except for the HF with the catalytic participa-

tion of a minimum amount of platinum in the solution (Gabe,
1981).

When used in electrochemistry, the downside of titanium

electrodes is the high electrode potential of oxygen and hydro-
gen separation (Vijh, 1981). However, the galvanic applying of
a thin layer of anodic platinum protects titanium from corro-
sion in the solutions and provides greater electrical conductiv-

ity of the TiO2 film formed on the surface of the titanium
electrodes. These titanium properties can also be achieved by
adding platinum metals cations in electrolyte and/or alloying

of titanium with platinum metals.
It is known that the platinum ions in the solution may act

as titanium corrosion inhibitors. Studies have shown that

traces of platinum (10-6 g ions L-1) are sufficient to reduce
Fig. 1 Potential–pH diagram for the Ti-H2O system at 25 �C
(Gabe, 1981).
the corrosion of titanium to a negligible degree. For this pur-
pose, initially Pt, Pd and Au were used. In a further phase of
the study it was considered that the alloying of titanium with

platinum and precious metals is the preferred application
method of these metals for titanium processing. The required
amount of alloying metals was 0.1–0.5 wt% depending on

the selected metals (Vijh, 1981; Diebold, 2003; Krstić 2021).
However, as only the surface properties of titanium electrodes
are required, rather than their total mass, the alloying of mass

is proved to be an uneconomical method for protecting tita-
nium anodes.

3. Titanium anodes with mixed metal oxide layers

Modern electrochemical studies in recent decades have opened
the possibility for the development of a special direction for the

study of the mixed metal oxide coatings. This group of elec-
trode materials, known as MMO coatings, was primarily stud-
ied in the processes of chlorine and chlorate electro-synthesis
(Eberil et al., 2000; Hansen et al., 2010; Lassali et al., 1994;

Yi et al., 2007), where high density and current efficiency are
required. Because of their good properties, such as corrosion
and general chemical stability, catalytic power, mechanical

strength and relatively easy fabrication, they are now used in
various electrochemical processes such as wastewater treat-
ment, which also speeds up their further development

(Evdokimov, 2001; Spasojević et al., 2006, 2012, 1987;
Krstajić et al., 1984, 1986; Pavlović et al., 1988).

Beer and Magnetochemie (1970), as explained in his patent,
referred to the composition of the mixed metal oxide coatings.

The essence is in the electrode of conductive metal such as Ti,
Ta, Zr, Bi, Nb, W or their alloys, with oxide film formed on its
surface. The surface of these metals is coated with a crystalline

metal oxide mixture, containing about 50 mol.% of thin film
layer, together with the platinum metals such as Ru, Rh and
Pt, and Cu, Ni and Pb are also possible. In the early period

of their study, a typical method of production involves the
use of titanium chloride (TiCl3) and ruthenium chloride
(RuCl3), which are coated on previously prepared titanium

electrodes by sand blasting, degreasing and etching. This is fol-
lowed by solvent evaporation and by heat treatment for 15 min
to 2 h under different temperature modes from 300 to 800 �C.
Factors that affect the service life of these electrodes are: the

composition of mixture oxide, the size of their particles, the
total thickness of the oxide layer, and calcinations conditions.
The presence of TiCl3 in the mixture is necessary, because TiO2

on the surface increases the adhesion of RuO2 (Vijh, 1981;
Gabe, 1981). In addition to applications in the chlor-alkali
electrolysis (Eberil et al., 2000), today these electrodes are

increasingly used in various galvanic processes, where pure
electrolytes and cleaner cathode metal deposits are needed.
Over-voltage of oxygen separation on these anodes is much
lower, which affects the greater energy savings (Kiros et al.,

2006).
Surface activated titanium anodes are now increasingly

used as a substitute for all other types of dimensionally stable

electrodes, primarily expensive anodes with a coating of plat-
inum, and Ru, Ir, Ti oxide (Barison et al., 2000, 2004). Modern
electrochemistry is still focused on their research using differ-

ent methods and combinations of platinum metals, usually
on a titanium substrate. Bearing in mind the limited resources
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of raw materials, as well as the high price of platinum, aspira-
tions in further research are focused on a more economical
consumption of platinum metals, to achieve the best possible

results for their application. High cost and a limited supply
of Pt, and the reducing of the Pt loadings are a fundamental
requirement for hydrogen and fuel cells production

(Fontelles-Carceller et al., 2017), reduction of nitrate in water
(Soares et al., 2012) etc. Different synthesis methods to reduce
the Pt content have been reported (Vignarooban et al., 2015;

Mukerjee and Srinivasan, 1993).
Electrolysis is an important final reducing phase of electro-

chemical copper production. The basis for this kind of asser-
tion is in enhancing treatment of low copper ores percentage

by leaching on the crowd, followed by solvent extraction and
electrolysis. There is continuing research into bio-
hydrometallurgical processes for the treatment of copper sul-

phide concentrates. These processes will have great advantages
in terms of energy savings and the protection of the environ-
ment. In all these processes electrolysis is an inevitable proce-

dure (Nikoloski and Barmi, 2013; Najminoori et al., 2015;
Ehsani et al., 2016). Numerous improvements to increase cop-
per production ensure the future application of the electrolytic

processes (Haghighi et al., 2013; Nikoloski and Barmi, 2013;
Najminoori et al., 2015; Ehsani et al., 2016; Ciumag et al.,
2016), and therefore the application of new DSAs.

The production of the copper cathode by leaching on the

crowd (mostly oxide ores), using techniques of solvent extrac-
tion and electrolysis with insoluble anodes, has significantly
increased in recent years. By using these methods, about

20% of the total world production of copper is obtained,
and it is estimated that until 2020 this percentage will increase
to 40% (Cooper, 1985; Gilbertson, 2000).

Leaching of large quantities of poor sulphide and oxide ore
on piles, aided by rapid development of bio-leaching processes
of sulphide concentrates by solvent extraction and electrolysis,

contributes to an increase in copper production with certain
advantages, when compared to pyrometallurgical production,
in terms of investment and production costs as well as environ-
mental benefits.

The main and the greatest costs in hydrometallurgical copper
production are the electrolysis costs which are 8 to 10 times higher
thanwith electrolytic refining of copper anodes (2 kWh kg�1 com-

pared to 0.25 kWhkg�1) (Gilbertson, 2000).High consumption of
electric energy in the electrolysis process is a problem for many
researchers who have worked and strive to optimize the process.

The consumption of electricity in electrolysis can be reduced by
the reduction of the voltage on the cell, by reducing the oxygen
over-voltage and/or by changing the anode reaction.

3.1. Dimensionally stable titanium anodes

The industrial success of and the successive rapid development
in the field of fundamental research into the new DSA� mate-

rials is one of the greatest technological inventions of the last
50 years in electrochemistry. Many scientists have contributed
towards the development of these new materials and among

them a significant place belongs to Trasatti (2000). His work
in the field of electrocatalysis, using PGMs for obtaining
dimensionally stable electrode materials, contributes to a bet-

ter understanding of the properties that make these materials
so interesting.
Cornell et al. (2003) has investigated ruthenium based
DSA� in chlorate electrolyte using rotating discs made from
commercial electrodes. The obtained potential and current

density of bending curves has been defined as the critical
potential, Ecr, and the critical current density, icr. New anodes
operate at a relatively high potential, >Ecr. An increase in real

surface area and thereby a decrease in anode potential, has an
effect on the selectivity for oxygen formation at the beginning
of the working process.

Stainless steel is also used as a material for DSAs. For this
reason Olsson and Landolt (2003) have studied the chemistry
of passive films on stainless steels, perfecting in situ methods
for the study of passive films with atomic resolution, obtaining

real time information on film chemistry and their growth. In
situ investigations indicate that charge transfer at the metal/-
film or the film/solution interface limits the rate of film growth

on stainless steels at short times. The passive film growth
occurs in seconds or minutes, but long range film forming is
a slower process which takes several hours. Oxide film compo-

sition confirms the similar rating of in situ techniques with pre-
vious data obtained with ex situ techniques.

Graphite electrode materials also have found their use as

DSAs. Pace and Stauter (1974) examined the electrolysis of
copper from the synthetic electrolyte with a high content of
copper and at the same time they introduced SO2 into the elec-
trolyte in the presence of the graphite electrode. They showed

that the copper cathodes can be manufactured with a higher
current efficiency than a current in a conventional electrolytic
practice from the electrolyte with the copper content ranges

from 1 to 2 mol L-3 in the presence of iron at 10 g L-3. A sig-
nificant reduction in the cell voltage in the electrolysis of cop-
per may occur if the conventional anodic reaction is replaced

with reactions (1) and (2), with the standard reduction poten-
tials in aqueous solution at 25�C:

2H2Oþ SO2 ¼ SO2�
4 þ 4Hþ þ 2e� ðE0 ¼ þ0:2 VÞ ð1Þ

Fe2þ ¼ Fe3þ þ e� ðE0 ¼ þ0:771 VÞ ð2Þ
Oxidation reactions using SO2 and reactions of conven-

tional oxygen separation based on the thermodynamic values

related with (3) and (4) reactions:
cell reaction to - SO2 process:

CuSO4 þH2SO3 þH2O ¼ Cuþ 2H2SO4 ð3Þ
DH0 = –77.28 kJ mol�1 Cu

DG0 = –31.76 kJ mol�1 Cu
cell reaction to - conventional process:

CuSO4 þH2O ¼ Cuþ 1=2O2 þH2SO4 ð4Þ
DH0 = +221.46 kJ mol�1 Cu

DG0 = –172.21 kJ mol�1 Cu
The enthalpy difference between the two reactions in the

copper amount of 298.74 kJ mol�1 is in favor of the SO2 reac-

tion. In this case, the power consumption is less than 1.3 kWh
t�1 of copper for the SO2 process. Based on the free energy
reaction, it can be shown that the SO2 process takes place at
the theoretical potential that is lower for 1.05 V than the con-

ventional electrolysis process. Quite slow oxidation kinetics
using sulfur dioxide, particularly at higher current densities,
do not significantly reduce the anode voltage and do not show

the advantages indicated by thermodynamic analysis. Depen-
dencies of the anodic polarization from agitation electrolyte



Novel multifunctional two layer catalytic activated titanium electrodes 5
by aeration on the anode surface, and mechanical oscillations
of the anode, have made it possible to examine and improve
the transfer of fero ions (Pace and Stauter, 1974).

Devilliers and Mahe (2010) have investigated the selective
electrodeposition of lead dioxide on Ti/TiO2 substrates. They
concluded that there is a drastic decrease of the resistance of

the electrode when a PbO2 layer is electrodeposited onto a Ti/
TiO2 structure of such electrodes. This would enable the prepa-
ration and the application of these electrodes as a cheaper variant

of DSAs. It is known that the presence of the passive layer of
titanium oxide on the DSA surface may cause the corrosion
resistance and surface passivation. Precisely because of this pas-
sive layer, titanium cannot be used directly as the anode material.

Modification of the surface of a Ti/TiO2 substrate may lead to
the formation of new electrode materials such as Ti/TiO2/M or
Ti/TiO2/OX, in which M is a metal such as platinum and the

platinum group of metals and OX a conducting oxide with elec-
trocatalytic properties (Devilliers and Mahe, 2010).

Forty et al. (2001) prepared a new ternary coating of

DSA�-type coatings with nominal composition Ti/Ru0.3-
Ti(0.7�x)SnxO2 deposited on a Ti substrate by thermal decom-
position of RuCl3 and polymeric precursors of Sn and Ti at

400 �C. Compared with a traditional method of thermal
decomposition of the chloride salts, they found that the poly-
meric precursor maintains a good yield between the nominal
and experimental composition and a higher coating stability,

which has been confirmed by accelerated life tests in 1.0 mol
L-3 of aqueous HClO4 and an anodic current of 400 mA cm�2.
Such DSAs, based on ternary oxides show high stability during

the oxygen evolution reaction (OER).
Cestarolli and De Andrade (2003) examined a similar tern-

ary coating electrode system with the nominal composition of

Ti/Ru0.3Pb(0.7�x)TixO2 (0 � x � 0.7), deposited on Ti. They
found that the replacing of Ti with Pb extends the service life
and gives better catalytic activity for OER, and the heat treat-

ment at 550 �C gives a higher coating stability. The new elec-
trode was prepared by the thermal decomposition of Ru, Ti
and Pb inorganic salts dissolved in isopropanol. Electrochem-
ical analyses were conducted in an acid medium containing

HClO4 and H2SO4. They investigated changes in the tempera-
ture of heat treatment, heating time and the supporting elec-
trolyte in order to obtain optimal parameters for application

in electrolysis processes.
Gueneau et al. (2003) investigated the morphology, compo-

sition and the electrical and electrochemical behavior of the

anodic microporous layer which is prepared by the galvanos-
tatic anodisation of Ti, followed by galvanostatic deposition
of Pt or Ir. It was found that Pt is deposited within some of
the micropores of the oxide film, whereas Ir is deposited pref-

erentially on the top surface by forming Ti/TiO2/Ir new elec-
trode. It was also found that the electrochemically formed
hydrated Ir oxide is catalytically less stable, than the iridium

oxide film which is subjected to a heat treatment, and also used
in Cu electrowinning. It has been observed that these elec-
trodes function as DSAs.

3.2. The surface modified DSA based on the mixed metal oxides
layers RuO2-TiO2/Pt-IrO2

Due to the catalytic processes of nucleation and the formation
of oxygen bubbles, the polarization of the anode and oxygen
overvoltage are reduced. Thereby the applying of new DSAs,
based on platinum metals oxides, reduces the charge of the cell
about 0.35 V in comparison with lead anodes (Spasojević et al.,
2012). The analysis of results by Spasojevic et al. (2006, 2012,

2013) and Pesovski et al. (2007), shows that the new anode
with a double layer catalyst of RuO2-TiO2/Pt-IrO2, in addition
to the particular application for chloride ions anodic oxidation

from the concentrated and diluted sodium chloride solution,
could be used in electrowinning of Cu from acid sulphate
solution.

A 10 g m�2 of active film on the first layer consists of a
40 mol.% RuO2 and 60 mol.% TiO2 and was prepared from
the chloride solution of RuCl3�H2O and TiCl3 dissolved in
20% HCl (Spasojevic et al., 2012). The new, two layer elec-

trode, was prepared from the 2% solution of H2PtCl6 and
IrCl3 (referring to pure metals) in 2-propanol, by Spasojevic
et al. (2012), and was deposited onto the second layer. After

deposition of the solution, the electrode was dried at 50 �C
until complete evaporation of the solvent and then was heated
for 10 min at 450 �C. The Pt/Ir ratio was 60/40. Anodes of

RuO2/TiO2 degrade relatively rapidly during anodic oxygen
separation from acid sulphate solution, which prevents their
use in industrial plants. The resulting diffraction patterns, pre-

sented by Spasojevic et al. (2006), showed that the first layer of
the optimal composition active coating consists of a RuO2 and
titanium rutile structure phase of solid solution, as illustrated
in Fig. 2. XRD. Patterns recorded after thermal treatment

forming a second layer, showed that the double layer film con-
sists of RuO2 and TiO2 rutile structure phase of solid solution
(the first layer), and of the Pt and Ir metals solid solution

phase, with Ir content less than 1% in the form of rutile struc-
ture IrO2 (second layer).

From an analysis of their results, Spasojevic et al. (2006,

2012, 2013) suggest that a new anode with a double layer
RuO2-TiO2/Pt-IrO2 catalysts could be used successfully, for
example in the electrolytic process of copper from acid sul-

phate baths, as shown in Scheme 1 Pesovski et al. (2007).
Applying the above mentioned anodes for copper production,
a lower energy consumption per kilogram of obtained metal
could be provided, resulting in cleaner copper and less environ-

mental pollution.
Classical lead-antimony alloyed electrodes have about 350–

400 mV higher oxygen separation overvoltage than new elec-

trodes, which makes them less economical. The use of titanium
anodes with an active RuO2-TiO2/Pt-IrO2 film in the plating
process of precious metals would result in very pure deposits,

Scheme 1.
Use of electrocatalysis with MMO anodes in the electro-

chemical degradation of organic pollutants is one method for
wastewater treatment. Table 1 shows various types for organic

pollutants in wastewater treatment, which have been studied
for oxidation and degradation with different MMO anodes,
based on the combination of Ti-substrate and Ru, Ir or Pt

metal oxides layers. With suitable MMO anodes used in the
appropriate operating conditions for electrochemical oxida-
tion, most organics can be completely removed or be in accept-

able concentration levels for further treatment (Wu et al.,
2014; Anjum et al., 2019).

The catalytic activity of the new double-layer electrode with

RuO2-TiO2/IrO2-Pt catalyst was tested for chlorine evolution
reaction from acid concentrated solutions of alkali chloride.
In the rapid corrosion test it was found that new anodes have
about twelve times greater stability than the anode with RuO2/



Fig. 2 XRD pattern of a: a) first coating layer of the composite electrocatalyst containing 40 mol.% RuO2 and 60 mol.% TiO2, and b)

second coating layer of RuO2-TiO2/Pt-IrO2 (Spasojevic et al., 2012).

Scheme 1 Scheme of two layer catalytic activated titanium electrode for copper obtaining and for Cu contaminated wastewater

treatment.
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TiO2 film (Barison et al., 2000; Devilliers and Mahe, 2010;
Evdokimov, 2001; Spasojeviæ et al., 2013; Spasojević et al.,

1983, 1984). Cost effective application of these electrodes in
industrial cells for chlorine production depends on the ratio
of the price of platinum metal salts on the world market.

4. Surface alloying of platinum metals on specific catalysts at

low temperatures

The effect of temperature reduction on the Ru-Ir/ZnO cata-
lysts for selective hydrogenation of crotonaldehyde was exam-
ined by Yu et al. (2014). Li et al. (2013a,b,c) also examined the

activity and selectivity of the catalyst for this reaction but
using a Ru/ZnO catalyst with a different content of Ru and
bimetallic Ru-Ir/ZnO catalyst. In comparison to the
monometallic Ru/ZnO catalyst, the bimetallic Ru-Ir/ZnO cat-

alyst showed a better performance. They concluded that the
addition of Ir can effectively improve the catalytic properties,
particularly the stability of the catalyst. The improved stability

may be attributed to the changed electronic properties of Ru
and Ir metals, forming RuIr alloy on the surface, as well as
the reduction of surface acidity as compared to the Ru/ZnO

catalyst. The effect of temperature reduction on the catalytic
properties of Ir/TiO2 catalyst for hydrogenation of crotonalde-
hyde was also examined by Chen et al. (2012). It was found
that a lower temperature (300 �C) can cause a significant effect
on the resulting catalytic properties, because the chemical-

physical nature of the catalyst can be modified after thermal
treatment.

Yu et al. (2014) studied the Ru-Ir/ZnO catalyst with the

participation of 3 wt% Ru and Ir, too, at different tempera-
tures in the range of 150 to 400 �C. The catalytic activity
and selectivity were tested for the reaction of crotonaldehyde

hydrogenation in gas phase at 80 �C. Characterization of sur-
face properties was carried out by the different techniques such
as XRD, XPS, NH3–TPD and RS. Li et al. (2013a,b,c) pre-
pared the Ru-xIr/ZnO catalysts by impregnating the support

with aqueous solution of RuCl3 and H2IrCl6. The samples
were dried at 60 �C for 12 h and then calcined at 400 �C for
2 h in air.

Yu et al. (2014) presented XRD diffraction patterns of cat-
alysts at different temperatures, as shown in Fig. 3. The
diffraction peaks of ZnO support for RuIr metal phase are

dominant in all the catalysts. With increasing reduction tem-
perature, the diffraction peak (2h = 44.0�) weakens, because
of the metal Ru0, and peak at about 43.7� for RuIr alloy [JCPS
65–5982, RuIr (110) to 43.7o]. At a higher reduction tempera-

ture, intensities of two peaks become stronger. It can be con-
cluded that an increase in reduction temperature leads to the
aggregation of Ru particles and the possible formation of an

RuIr alloy. Possible forming of this RuIr alloy was verified



Table 1 Some organic pollutants which can be degraded by different catalytic activated titanium MMO anodes.

Compound MMO anode type Curent

density(mA

cm�2)a

Removal

efficiencyb
Current

efficiency

Service

life (h)

Reference

Phenolic

compounds

Phenol Ti/SnO2-Sb-Ru 0.82 [COD] 0.386 34 Xu et al. (2012)

Ti/TaOx-IrOx/

BiOx-TiO2/BiOx-

TiO2

P – 0.6 – Park et al.

(2012)

Ti/TiO2-BiOx 14.7 0.60 [Phenol] 0.67 – Park et al.

(2009)

Chlorophenol Ti/IrO2/RuO2 39 0.9 [COD] – – Wang and

Wang (2008)

Nitrophenol 4-Nitrophenol Ti/CeO2-RuO2-

SnO2

20 0.86 [COD] 0.336 340 Liu et al. (2012)

4-Nitrophenol Ti/SnO2-Sb2O5-

IrO2

P 0.75 [TOC] 0.468 Chu et al.

(2012)

Pharmaceuticals,

antibiotics,

hormones

Acetaminophen Ti/TiO2/RuO2 24–180 0.90 [COD] de Oliveira et al.

(2011)Ti/Ta2O5/IrO2 0.40 [COD]

Pharmaceuticals Ti/Pt/SnO2-Sb2O4 10–30 0.17–0.82[COD] 0.45–0.88 – Santos et al.

(2013)

Ofloxacin Ti/IrO2/Ta2O5 20 0.30 [COD] – – Carlesi Jara

et al. (2007)

Pesticides

andherbicides

Atrazine Ti/Rux Sn1 � xO2 10 0.21 [COD] Malpass et al.

(2010)

Ti/Ru0.3Ti0.7O2 10–120 0.04–0.46 [TOC] – – Malpass et al.

(2006, 2007)

Carbaryl Ti/Ru0.3Ti0.7O2 40 0.58 [COD] – – Malpass et al.

(2013)

Cyanuric acid Ti/Ru0.3Ti0.7O2 5–50 0.13–0.56[TOC] – – Malpass et al.

(2009)

Glyphosate Ti/(RuO2)0.7

(Ta2O5)0.3

0.81–0.91[COD] 0.20–0.40 – Neto and De

Andrade (2009)

Ti/Ru0.3X0.7O2

(X = Ti, Sn or Pb)

Ti/Ir0.3Sn0.7O2

Chelating agents Humic acid Ti/TiO2-RuO2 20 0.25–0.65 [TOC] – – Pinhedo et al.

(2005)

Humic acid Ti/RuO2-IrO2 13.1–56.3 0.88 [COD] 0.30 Li et al. (2013a,

b,c)

Humic

substances

Ti/TiO2-lrO2-RuO2 100 0.56 [COD] 0.15–0.65 Shao et al.

(2006)

Dyes and

dyeeffluent

Indigo carmine Ti/IrO2-SnO2-Sb2

O5

5–20 0.99 [COD] – – Rodrı́guez et al.

(2013)

Industrial dye

effluent

Ti/RuO2/IrO2 10–25 0.56–1 [COD] – – Raghu et al.

(2009)

Industrial dye Ti/Ru-Ti-O 10–50 0.53–0.83 0.47–0.89 – Basha et al.

(2012)

Methyl orange Ti/IrO2 -SnO2 - Sb2

O5

P 0.98 [Color] – – Chaiyont et al.

(2013)

Reactive Black Ti/RuO2-IrO2 31.7 0.32 [COD] – – Wu et al. (2012)

Reactive Blue Ti/TiO2-RuO2-IrO2 21.66 0.56 [COD] – – Rajkumar et al.

(2007)

Reactive Blue Ti/IrO2/TaO2/

RuO2

16.2 0.44 [COD] 0.04–

0.065

– Karuppiah and

Raju (2009)

Reactive Ti/SnO2-Sb-Pt 125 0.9–0.95 [COD] – 990 del Rı́o et al.

(2010)

Reactive Red Ti/IrO2-RuO2 15–50 0.32–0.43[COD] 0.13 – Panakoulias

et al. (2010)

Reactive Red Ti/Ru0.3Ti0.7 O2 5–89 0.40–0.80[TOC] – – Catanho et al.

(2006)

Selected disperse

dyes

Ti/RhOx-TiO2 30 0.40 [Color] 0.1–0.2 – Szpyrkowicz

et al. (2005)

Selected reactive

dyes

Ti/SnO2-Sb-Pt 125 0.99 [Color] Sala et al., 2012

Selected reactive Ti/TiO2-RuO2-IrO2 72.2 0.735 [COD] – – Rajkumar and

(continued on next page)
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Table 1 (continued)

Compound MMO anode type Curent

density(mA

cm�2)a

Removal

efficiencyb
Current

efficiency

Service

life (h)

Reference

dyes Kim (2006)

Synthetic dye

effluent

Ti/Ti-Pt-Ir-O 5–14 0.55–0.86 0.045–

0.314

– Chatzisymeon

et al. (2006)

Plasticizers Bisphenol-A Ti/TiO2 -RuO2 6.5–30 0.09 [COD] – – Pereira et al.

(2012)

Dietyl phthalate Ti/IrO2/RuO2 39 0.40 [COD] – – Wang et al.

(2010)

Microcystin toxins Microcystin

RRMicrocystin

LR

Ti/RuO2-IrO2 4.44–8.89 0.43–1 [MCRR]

0.43–1 [MLRR]

– – Shi et al. (2005)

a P - Operated at potentiostatic mode.
b Removal efficiency: determined by COD, TOC, Color and pollutant concentration.
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by comparing the diffractograms of Ru-Ir/ZnO-400 with the
Ru/ZnO-400 catalyst. The Ru-Ir/ZnO-400 catalyst shows

overlapping of peaks at 43.7� and 44.0�, respectively. This con-
firms the possibility of alloying, while Ru/ZnO-400 only shows
a weak peak at 44.0o

In a study by Li et al. 2013a TEM images were given of the
reduced catalyst (see Fig. 4). Aggregations of metal particles
are indicated by circles. Size distributions are also listed and

help to understand more fully the possible mechanism of alloy
formations.

Chen et al. (2012), showed XRD patterns of reduced Ru-
xIr/ZnO catalysts at Fig. 5. They concluded that very strong

diffraction peaks corresponding to ZnO catalyst support can
be observed. Weak diffraction peak (2h = 44.0�) to Ru/ZnO
catalyst was observed, because of the metal Ru0. Ru-Ir/ZnO

catalysts were observed as expressed lines at 43.7� and their
intensity becomes stronger with increasing Ir content in the
catalyst. This diffraction peak could mark the formation of

the RuIr alloy [JCPS 65–5982, RuIr (101) to 43.7�]. The con-
Fig. 3 XRD patterns of reduced catalyst: (a) ZnO, (b) Ir/ZnO-

200, (c) Ir/ZnO-400, (d) Ru/ZnO-200, (e) Ru/ZnO-400, (f) Ru-Ir/

ZnO-150, (g) Ru-Ir/ZnO-200, (h) Ru-Ir/ZnO-300 and (i) Ru-Ir/

ZnO-400 (Yu et al., 2014).
tent of RuIr alloys increases with the addition of Ir in the cat-
alyst, as shown in Fig. 5.

Catalysts based on Ru-Ir have shown a very good catalytic
ability for the reaction of hydrogenation of crotonaldehyde.
For example, the Ru-Ir/ZnO-400 catalyst showed 94.6% of

the selectivity to crotyl alcohol for the activity of 43%. The
hydrogenation reaction of crotonaldehyde on ZnO support
was explained by Yu et al. (2014) and Li et al. (2013a,b) in

their work on these catalysts. Their conclusions and methods
of preparation of ZnO-supported catalysts could help obtain
a better understanding of the physical and chemical mecha-
nisms on the surface of activated titanium DSAs, and could

enhance the electrocatalytic properties of the anodes them-
selves. Such or similar methods of producing the surface mod-
ified DSAs affords the possibility of their application in

different technical purposes, such as an application for
wastewater treatment and/or obtaining cheaper and pure cop-
per cathode (Elezović et al., 2010; Gojković et al., 2010). The

links between the surface structure of MMOs and their electro-
catalytic performances are still not clearly established in liter-
ature, and because of this, more such information is required
by careful characterization with different analysis techniques

(Krstajic et al., 2004).

5. Some important applications of platinum electrocatalysts and

discussion

The catalytic electrode system presented, with double-layer
platinum catalysts RuO2-TiO2/Pt-IrO2 could be used for a

variety of industrial electrochemical processes such as direct
ethanol fuel cells (DEFCs) and degradation of phenols. Its
application, with a further adjustment of operating parameters

in a given electrochemical process, could significantly con-
tribute to environmental protection. For example, DEFCs
are very important as a power source in numerous applications

due to ethanol non-toxicity and high density energy carrier,
and wide availability from various kinds of biomass (Song
and Tsiakaras, 2006; Antolini, 2007). In research by Camara
and Iwasita (2005) it was shown that the complete electro-

oxidation of ethanol is a very complicated reaction because
of relatively slow reaction rate on Pt, and the production of
partially and incompletely oxidized acetaldehyde and acetic

acid as the main products in acidic media, instead of com-



Fig. 4 TEM images of reduced catalysts: (a) Ir/ZnO-200, (b) Ru/ZnO-200, (c) Ru-Ir/ZnO-150, (d) Ru-Ir/ZnO-200, (e) Ru-Ir/ZnO-300

and (f) Ru-Ir/ZnO-400 (Yu et al., 2014).

Fig. 5 XRD patterns of Ru–xIr/ZnO catalysts (Chen et al.,

2012).
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pletely oxidized CO2. Therefore the development of novel cat-
alysts with high catalytic activity for the complete oxidation of

ethanol, especially anode electrocatalysts, is an important
research topic for the use of ethanol as a fuel for DEFCs.

The addition of a secondary element such as Ru, Sn or Rh

to Pt can enhance the ethanol oxidation reaction (Rousseau
et al., 2006; Wang et al., 2007; Jiang et al., 2005; de Souza
et al., 2002; Li et al., 2010), but these kinds of alloys usually

show relatively low selectivity for CO2 formation compared
with Pt alone (Rousseau et al., 2006; Wang et al., 2007). de
Souza et al. (2002) studied the electrochemical behavior of
the ethanol on Pt, Rh, and Pt-Rh electrodes. They found that

Rh has a relatively low electrocatalytic activity to ethanol oxi-
dation. Compared with Pt73Rh10, pure Pt electrodes show sim-
ilar electric current density, but this alloy has high CO2
production activity. Li et al. (2010) found that the addition
of Rh in Pt-SnO2/C enhances the catalyst capacity to break

CAC bonds, and in the same time enhances the electric current
for ethanol oxidation.

Many researchers describe the use of Ir in catalysts for etha-

nol electro-oxidation. Cao et al. (2007) found that Ir based cat-
alysts such as Ir3Sn/C gave improved catalytic performances
for the ethanol oxidation reaction (EOR) compared with Pt3-

Sn/C. This might be due to the formation of IrO2 on Pt, bear-
ing in mind that Pt-IrO2 has been reported to be a good
catalyst for the EOR (Calegaro et al., 2006). Ribeiro et al.
(2007) informed that Ir and Sn co-doped catalyst Pt68Sn9Ir23/

C has also been an excellent EOR promoter. Fatih et al. (2010)
synthesized a series of quaternary PtRuIrSn/C catalysts and
found that Pt30Ru30Ir10Sn30/C catalyst gave the best perfor-

mance for the complete oxidation of ethanol and excellent
long-term stability. Zhao et al. (2011) prepared a series of
Pt-Ir-SnO2/C electrocatalysts by the modified Bönnemann

method (Bönnemann et al., 1991; Higuchi et al., 2011). The
role of each element in these catalytic activities has not been
well investigated because of the complexity of the catalytic sys-
tem. However, it was found that the Pt-Ir0.07-SnO2/C electro-

catalyst showed both higher EOR current density and
selectivity for CO2 formation at 0.5 V compared with those
of Pt/C and Pt-SnO2/C at 25 �C. Adding a suitable amount

of Ir to the binary Pt-SnO2/C catalyst enhances catalytic activ-
ity during ethanol oxidation, contributing to Pt-Ir-SnO2/C
becoming an efficient catalyst for the cleavage of C–C bond

of ethanol in a relatively low potential region, therefore the
Pt-Ir-SnO2/C catalyst may be an ideal catalyst for the direct
ethanol fuel cells (Zhao et al., 2011; Fontelles-Carceller

et al., 2017).
Examining the electrochemical degradation of 2-

chlorophenol using Ti/b-PbO2 and Ti/a-PbO2/b-PbO2 elec-
trodes, Zhang et al. (2015) found that the removal rate was

100% after 180 min of electrolysis under optimal conditions.
As noted, the oxygen evolution potential of a cauliflower-
structured Ti/a-PbO2/b-PbO2 electrode is 3.1 V, which is much

higher than that of Ti/b-PbO2 (1.6 V), or 1.8 V on Ti/PbO2

electrode that some researchers also considered (Li et al.,
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2011). Anodic oxygen evolution leads to losses of electrical
energy in organic wastewater treatment, because the oxygen
evolution is supporting a reaction that reduces the current effi-

ciency of the organic oxidation, and oxygen evolution is an
undesirable concurrent reaction (Calegaro et al., 2006). Thus,
the use of an anode with high oxygen evolution overpotential

favors the electrochemical oxidation of organic components.
Ti/a-PbO2/b-PbO2 electrodes are an example of new non-
platinum electrode materials that can be successfully used in

wastewater treatment and environmental protection.
Conventional DSAs with a thin active layer of rutile-

structured 40 mol.% RuO2 and 60 mol.% TiO2 nanocrys-
talline solid solution, coated on a titanium metal substrate

by thermal deposition, have a wide use in cells for active chlo-
rine production and in chlor-alkaline and chlorate elestrolysis
(Cornell et al., 2003; Kiros et al., 2006; Yi et al., 2007; Khelifa

et al., 2009; Hansen et al., 2010). These electrodes also have a
high catalytic activity for oxygen evolution from acid sulphate
solutions, but they are corrosion unstable and dissolve in these

solutions. A titanium oxide layer, simultaneously formed on
the titanium metal–coating interphase has a poor conductivity
and cannot be used in metal electrowinning and in proton

exchange membrane water electrolysis (Chen et al., 2011).
Modern research into DSAs is focused on coatings contain-

ing nanocrystals of metallic platinum, iridium and ruthenium
dioxides, and oxides of some non-precious metals such as

SnO2, Sb2O5, and Ta2O5. The new DSAs were showing a high
corrosion stability and high catalytic activity for oxygen evolu-
tion from acid sulphate solutions and therefore they have been

suitable for electroplating and metal electrowinning of various
non-ferrous metals, and in proton exchange membrane water
electrolysis (Chen et al., 2002; Yao et al., 2007; Ye et al., 2010).

Modern research in the field of elecrolysis with insoluble
anodes has achieved significant progress. Overall, the results
are related to the increase of current density and reducing volt-

age on the cell, by using alternative types of anodes. Thus, the
problem of high power consumption can be reduced by using
new DSAs in electrocatalytic reactions on the surface which
cause changes in anodical reactions.

Only a few examples of the use of new very significant cat-
alytic systems have been presented, however the scope of their
potential applications is very wide, indicating the need for fur-

ther research on their development and for their implementa-
tion (Jović et al., 2016; Lačnjevać et al., 2015; Krstić and
Pešovski, 2019) as an important link in environmental and

social responsibility (Lončar et al., 2019).

6. Conclusions and future perspectives

The production of new electrodes presented in this review is
based on the use of aqueous solutions of platinum metals chlo-
ride salts. The work of developing new DSA production meth-
ods will allow the use of more contemporary materials with a

direct application in industrial processes, with a decrease in
cost operations, an increase in product quality and affording
better environmental protection. The above mentioned fea-

tures of the new electrocatalytic activated anodes provide their
direct application in electro-metallurgical processes, where cor-
rosion resistant DSAs and clean electrolytes are required.

These anodes could be used for the purposes of wastewater
treatment, electro-plating of rhodium, chromium and heavy
metals, copper, gold, in the industry of chlorine, iodine, bro-
mine, mercury, and for membrane and hydrogen cells. Their
excellent electrocatalytic properties could allow the selective

cathode deposition of metals from complex electrolytes. Gen-
erally, the role of the expensive platinum and platinum group
of metals in the preparation of these electrodes is of particular

importance, and therefore future investigations should be
directed towards their rational use.

For all these reasons, further research should be directed

towards the study of the surface modification of titanium, with
a special emphasis on the study of the electrocatalytic mecha-
nisms on the surface, to discover the best solution for their
application in different technologies. Contribution to this area

of research will also involve studying the possibility of surface
alloying of platinum metals such as Ru and Ir, on specific cat-
alysts at low temperatures, which would further clarify the

mechanisms of surface reactions of new catalytic systems.
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Krstić, VPešovski, B.,, 2019. Reviews the research on some dimen-

sionally stable anodes (DSA) based on titanium. Hydrometallurgy

185, 71–75. https://doi.org/10.1016/j.hydromet.2019.01.018.

https://doi.org/10.1016/j.jelechem.2014.12.033
https://doi.org/10.1016/j.jelechem.2014.12.033
https://doi.org/10.1023/A:1016669821615
https://doi.org/10.1023/A:1016669821615
https://doi.org/10.1002/adfm.200600425
https://doi.org/10.1016/j.jpowsour.2010.05.038
https://doi.org/10.1016/j.jcat.2017.01.012
https://doi.org/10.1016/S0013-4686(01)00791-5
http://refhub.elsevier.com/S1878-5352(21)00116-7/h0290
http://refhub.elsevier.com/S1878-5352(21)00116-7/h0290
http://refhub.elsevier.com/S1878-5352(21)00116-7/h0290
https://doi.org/10.1016/S0010-938X(03)00111-2
https://doi.org/10.1016/S0010-938X(03)00111-2
https://doi.org/10.1080/01614949808007106
https://doi.org/10.1080/01614949808007106
https://doi.org/10.1016/j.jelechem.2009.12.004
https://doi.org/10.1016/j.jelechem.2009.12.004
https://doi.org/10.1016/S0013-4686(02)00824-1
https://doi.org/10.1016/S0013-4686(02)00824-1
https://doi.org/10.1016/j.apcata.2012.06.011
https://doi.org/10.1016/j.apcata.2012.06.011
https://doi.org/10.1016/j.hydromet.2012.12.004
https://doi.org/10.1039/B917459A
https://doi.org/10.1039/B917459A
https://doi.org/10.1016/j.jpowsour.2010.10.008
https://doi.org/10.1016/S0304-386X(00)00190-0
https://doi.org/10.1016/S0304-386X(00)00190-0
https://doi.org/10.1016/S1003-6326(10)60012-X
https://doi.org/10.1016/j.electacta.2014.10.102
https://doi.org/10.1016/j.electacta.2014.10.102
https://doi.org/10.1016/0013-4686(74)85076-0
https://doi.org/10.1016/0013-4686(74)85076-0
https://doi.org/10.1016/j.elecom.2008.01.044
https://doi.org/10.1016/j.elecom.2008.01.044
https://doi.org/10.1016/j.electacta.2005.03.018
https://doi.org/10.1016/j.apcatb.2012.04.040
https://doi.org/10.1016/j.apcatb.2012.04.040
https://doi.org/10.1016/j.jelechem.2016.01.038
https://doi.org/10.1007/s11814-010-0402-5
https://doi.org/10.1021/ie801291h
https://doi.org/10.1021/ie801291h
https://doi.org/10.5004/dwt.2009.706
https://doi.org/10.1016/j.electacta.2005.10.024
https://doi.org/10.1016/2115/25149
https://doi.org/10.1016/0304-5102(86)87051-1
https://doi.org/10.1016/0304-5102(86)87051-1
https://doi.org/10.1016/j.ces.2018.07.022
https://doi.org/10.1016/j.ces.2018.07.022
https://doi.org/10.1016/j.hydromet.2019.01.018


Novel multifunctional two layer catalytic activated titanium electrodes 13
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A., Rodrı́guez-Reinoso, F., 2010. Effect of the metal precursor on

the properties of Ru/ZnO catalysts. Appl. Catal. A: Gen. 374, 221–

227. https://doi.org/10.1016/j.apcata.2009.12.014.

Reyes, P., Aguirre, M.C., Pecchia, G., Fierro, J.L.G., 2000. Croton-

aldehyde hydrogenation on Ir supported catalysts. J. Mol. Catal. A

164, 245–251. https://doi.org/10.1016/S1381-1169(00)00329-0.

Ribeiro, J., dos Anjos, D.M., Kokoh, K.B., Coutanceau, C., Léger,
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ture of new composite electrocatalyst and its anodic behavior for

chlorine and oxygen evolution. Ceram. Int. 38 (7), 5827-5833.

https://doi.org/10.1016/j.ceramint.2012.04.032.

Tauster, S.J., Fung, S.C., Garten, R.L., 1978. Strong metal-support

interactions. Group 8 noble metals supported on titanium dioxide.

J. Am. Chem. Soc. 100, 170–175. https://doi.org/

10.1021/ja00469a029.

Trasatti, S., 2000. Electrocatalysis: understanding the success of

DSA�. Electrochim. Acta 45, 2377–2385. https://doi.org/10.1016/

S0013-4686(00)00338-8.

Vannice, M.A., Sen, B., 1989. Metal-support effects on the

intramolecular selectivity of crotonaldehyde hydrogenation over

platinum. J. Catal. 115, 65–78. https://doi.org/10.1016/0021-9517

(89)90007-9.

Vignarooban, K., Lin, J., Arvay, A., Kolli, S., Kruusenberg, I.,

Tammeveski, K., Munukutla, L., Kannan, A.M., 2015. Nano-

electrocatalyst materials for low temperature fuel cells: A review.

Chin. J. Catal. 36, 458–472. https://doi.org/10.1016/S1872-2067(14)

60175-3.

Vijh, A.K., Oxide and Oxide Films - Volume 6, ed., Marcel Dekker,

Inc., New York, 1981.

Wang, Q., Sun, G.Q., Jiang, L.H., Xin, Q., Sun, S.G., Jiang, Y.X.,

Chen, S.P., Jusys, Z., Behm, R.J., 2007. Adsorption and oxidation

of ethanol on colloid-based Pt/C, PtRu/C and Pt3Sn/C catalysts: In

situFTIR spectroscopy and on-line DEMS studies. Phys. Chem.

Chem. Phys. 9, 2686–2696. https://doi.org/10.1039/b700676b.

Wang, H., Wang, J.L., 2008. The cooperative electrochemical

oxidation of chlorophenols in anode–cathode compartments. J.

Hazard. Mater. 154, 44–50. https://doi.org/10.1016/j.

jhazmat.2007.09.102.

Wang, H., Sun, D.Z., Bian, Z.Y., 2010. Degradation mechanism of

diethyl phthalate with electrogenerated hydroxyl radical on a Pd/C

gas-diffusion electrode. J. Hazard. Mater. 180, 710–715. https://

doi.org/10.1016/j.jhazmat.2010.04.095.
Wang, C., Bai, S., Xiong, Y., 2015. Recent advances in surface and

interface engineering for electrocatalysis. Chin. J. Catal. 36, 1476–

1493. https://doi.org/10.1016/S1872-2067(15)60911-1.

White, R.J., Luque, R., Budarin, V.L., Clark, J.H., Macquarrie, D.,

2009. Supported metal nanoparticles on porous materials. Methods

and applications. J. Chem. Soc. Rev. 38, 481–494. https://doi.org/

10.1039/B802654H.

Wu, W., Huang, Z.-H., Lim, T.-T., 2014. Recent development of

mixed metal oxide anodes for electrochemical oxidation of organic

pollutants in water. Appl. Catal. A: Gen. 480, 58–78. https://doi.

org/10.1016/j.apcata.2014.04.035.

Wu, J., Liu, F., Zhang, H., Zhang, J.H., Li, L., 2012. Decolorization

of CI Reactive Black 8 by electrochemical process with/without

ultrasonic irradiation. Desalination Water Treat. 44, 36–43. https://

doi.org/10.1080/19443994.2012.691739.

Xu, H., Li, A.-P., Qi, Q., Jiang, W., Sun, Y.-M., 2012. Electrochem-

ical degradation of phenol on the La and Ru doped Ti/SnO2-Sb

electrodes. Korean J. Chem. Eng. 29, 1178–1186. https://doi.org/

10.1007/s11814-012-0014-3.

Yao, W., Yang, J., Wang, J., Nuli, Y., 2007. Chemical deposition of

platinum nanoparticles on iridium oxide for oxygen electrode of

unitized regenerative fuel cell. Electrochem. Commun. 9, 1029–

1034. https://doi.org/10.1016/j.elecom.2006.12.017.

Ye, F., Li, J., Wang, X., Wang, T., Li, S., Christensen, E., 2010.

Electrocatalytic properties of Ti/Pt–IrO2 anode for oxygen evolu-

tion in PEM water electrolysis. Int. J. Hydrogen Energy 35, 8049–

8055. https://doi.org/10.1016/j.ijhydene.2010.01.094.

Yi, Z., Kangning, C., Wei, W., Wang, J., Lee, S., 2007. Effect of IrO2

loading on RuO2–IrO2–TiO2 anodes: A study of microstructure

and working life for the chlorine evolution reaction. Ceram. Int. 33,

1087–1091. https://doi.org/10.1016/j.ceramint.2006.03.025.

Yu, Q., Zhang, X., Li, B., Lu, J., Hu, G., Jia, A., Luo, C., Hong, Q.,

Song, Y., Luo, M., 2014. Effect of reduction temperature on Ru–Ir/

ZnO catalyst for selective hydrogenation of crotonaldehyde. J.

Molec. Catal. A: Chem. 392, 89–96. https://doi.org/10.1016/

j.molcata.2014.04.022.

Zhang, W., Houlachi, G., 2010. Electrochemical studies of the

performance of different Pb–Ag anodes during and after zinc

electrowinning. Hydrometallurgy 104, 129–135. https://doi.org/

10.1016/j.hydromet.2010.05.007.

Zhang, W., Ghali, E., Houlachi, G., 2017. Review of oxide coated

catalytic titanium anodes performance for metal electrowinning.

Hydrometallurgy 169, 456–467. https://doi.org/10.1016/j.

hydromet.2017.02.014.

Zhang, Q., Guo, X., Cao, X., Wang, D., Wei, J., 2015. Facile

preparation of a Ti/a-PbO2/b-PbO2 electrode for the electrochem-

ical degradation of 2-chlorophenol. Chin. J. Catal. 36, 975–981.

https://doi.org/10.1016/S1872-2067(15)60851-8.

Zhao, L., Mitsushima, S., Ishihara, A., Matsuzawa, K., Ota, K.,

2011. Electrocatalysts for Ethanol Oxidation in Acidic Media.

Chin. J. Catal. 32, 1856–1863. https://doi.org/10.1016/S1872-2067

(10)60297-5.

Zhou, H., Su, M., Lee, P.-H., Shih, K., 2017. Synthesis of submicron

lead oxide particles from the simulated spent lead paste for battery

anodes. J. Alloys Compounds 609, 101–107. https://doi.org/

10.1016/j.jallcom.2016.08.094.

https://doi.org/10.1016/2115/25150
https://doi.org/10.1016/2115/25150
http://refhub.elsevier.com/S1878-5352(21)00116-7/h0775
http://refhub.elsevier.com/S1878-5352(21)00116-7/h0775
https://doi.org/10.1016/j.jallcom.2012.10.187
https://doi.org/10.1016/j.jallcom.2012.10.187
http://refhub.elsevier.com/S1878-5352(21)00116-7/h0790
http://refhub.elsevier.com/S1878-5352(21)00116-7/h0790
http://refhub.elsevier.com/S1878-5352(21)00116-7/h0790
https://doi.org/10.1016/j.ceramint.2012.04.032
https://doi.org/10.1016/j.ceramint.2012.04.032
https://doi.org/10.1021/ie049444k
https://doi.org/10.1021/ja00469a029
https://doi.org/10.1021/ja00469a029
https://doi.org/10.1016/S0013-4686(00)00338-8
https://doi.org/10.1016/S0013-4686(00)00338-8
https://doi.org/10.1016/0021-9517(89)90007-9
https://doi.org/10.1016/0021-9517(89)90007-9
https://doi.org/10.1016/S1872-2067(14)60175-3
https://doi.org/10.1016/S1872-2067(14)60175-3
https://doi.org/10.1039/b700676b
https://doi.org/10.1016/j.jhazmat.2007.09.102
https://doi.org/10.1016/j.jhazmat.2007.09.102
https://doi.org/10.1016/j.jhazmat.2010.04.095
https://doi.org/10.1016/j.jhazmat.2010.04.095
https://doi.org/10.1016/S1872-2067(15)60911-1
https://doi.org/10.1039/B802654H
https://doi.org/10.1039/B802654H
https://doi.org/10.1016/j.apcata.2014.04.035
https://doi.org/10.1016/j.apcata.2014.04.035
https://doi.org/10.1080/19443994.2012.691739
https://doi.org/10.1080/19443994.2012.691739
https://doi.org/10.1007/s11814-012-0014-3
https://doi.org/10.1007/s11814-012-0014-3
https://doi.org/10.1016/j.elecom.2006.12.017
https://doi.org/10.1016/j.ijhydene.2010.01.094
https://doi.org/10.1016/j.ceramint.2006.03.025
https://doi.org/10.1016/j.molcata.2014.04.022
https://doi.org/10.1016/j.molcata.2014.04.022
https://doi.org/10.1016/j.hydromet.2010.05.007
https://doi.org/10.1016/j.hydromet.2010.05.007
https://doi.org/10.1016/j.hydromet.2017.02.014
https://doi.org/10.1016/j.hydromet.2017.02.014
https://doi.org/10.1016/S1872-2067(15)60851-8
https://doi.org/10.1016/S1872-2067(10)60297-5
https://doi.org/10.1016/S1872-2067(10)60297-5
https://doi.org/10.1016/j.jallcom.2016.08.094
https://doi.org/10.1016/j.jallcom.2016.08.094

	Novel multifunctional two layer catalytic activated titanium electrodes for various technological and environmental processes
	1 Introduction
	2 General characteristics and application of titanium dimensionally stable anode
	3 Titanium anodes with mixed metal oxide layers
	3.1 Dimensionally stable titanium anodes
	3.2 The surface modified DSAbased on the mixed metal oxides layers RuO2-TiO2/Pt-IrO2

	4 Surface alloying of platinum metals on specific catalysts at low temperatures
	5 Some important applications of platinum electrocatalysts and discussion
	6 Conclusions and future perspectives
	Acknowledgements
	References


