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ABSTRACT

RuO,-TiO, electrode now becomes popular in the chlor-alkali industry because of high electrocatalytic
and stability with chlorine and oxygen evolutions. Using alternative green method for preparation of
RuO,-TiO, electrode is necessary to reduce the cost, time, increase the electrocatalyst performance,
stability, and environmental compatibility. In this study, the Ti/RuO,-TiO, electrodes were synthe-
sized using sol-gel method under microwave irradiation and investigated for the anodic chlorine
and oxygen evolutions. This method can produce small size and uniform distribution of RuO,-TiO,
nanoparticles with mean diameter of 8-10 nm on the big crack size surface, which contributes for the
increasing of outer active surface area. The chlorine, oxygen evolution efficiency, and stability com-
parisons show considerably higher for microwave-assisted electrodes than for those obtained by the
conventional heating method. Microwave-assisted sol-gel route has been identified as a novel and
powerful method for quick synthesis of RuO,-TiO, electrodes with excellent chlorine and oxygen

evolution performances.
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1. Introduction

Titanium-based anodes nowadays become very important
anodes in the chlor-alkali industry, due to their excellent elec-
trocatalytic activity for the chlorine and oxygen evolutions: low
overpotential, low cost, enhanced selectivity, and mechanical
and chemical stability [1]. This type of electrodes usually con-
sist of a Ti support coated by noble metal oxides as catalyst or
their mixtures with valve metal oxide to prevent corrosion [2].
Mostly, the RuO,-TiO, binary electrode is used in the practical
application [3]. The using of novel green fabrication method
to synthesis RuO,-TiO, electrodes now received a lot of atten-
tion in order to enhance the efficiency and the environmental
compatibility of this process [4]. Beside this, the electrode sta-
bility for a long-time performance also should be considered
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[5]. Various methods for the synthesis of RuO,-TiO, electrodes
were developed, such as sol-gel [6], thermal decomposition
[7], polyol [8], Adams fusion [9], electrodeposition [10], etc.
Despite of its extensive use in industry and potential applica-
tions, the synthesis of RuO_-TiO, electrode by a method giving
high yield at the expense of less amounts of precursors or in
less duration time needs to be considered. In this regard, an
approach based on the attractive sol-gel route for the prepara-
tion of noble metal oxides seems to be promising in both elec-
trocatalytic and stability with chlorine and oxygen evolutions
[11]. The improvement is due to an enlargement of the coat-
ing active surface area, increased contribution of the so-called
geometric catalytic factor, caused by the formation of finely
dispersed oxide particles during the sol-gel procedure. The
microwave heating, which is rapid, easy, and energy efficient,
has been used for synthesizing of nanomaterials over the last
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two decades, especially to improve the capacitance of RuO, for
supercapacitors [12-14]. To the best of our knowledge, until
now no research about microwave-assisted synthesis of binary
RuO,-TiO, electrode for chlorine and oxygen evolutions are
reported yet. In the present study, a novel microwave-assisted
synthesis of RuO,-TiO, electrodes using the sol-gel method is
investigated for chlorine and oxygen evolution performances.
The physicochemical and electrochemical properties of the
obtained electrodes prepared by microwave-assisted are com-
pared with the electrode formed by the conventional heating
procedure. The microstructures of as-prepared electrodes are
evaluated by scanning electron microscope (SEM), transmis-
sion electron microscopy (TEM), and X-ray diffraction (XRD).
The electrochemical properties are examined with cyclic vol-
tammetry (CV), linear sweep voltammetry (LSV), total chlorine
concentration and accelerated stability test (AST) methods.

2. Experimental setup
2.1. Electrodes preparation

The preparation of the titanium-coated RuO,-TiO,
electrodes was done using sol-gel method. Titanium foils
(dimensional 30 x 20 x 0.25 mm, purity 99.7%, Sigma-Aldrich
(St. Louis, Missouri, United States)) were utilized as the sub-
strate materials, of which the contaminants were removed by
emery paper, degreased in acetone, and then etched in boil-
ing concentrated hydrochloric acid at 86°C in 1 h to produce
gray surface with uniform roughness. A solution containing
40 mM RuCl, 60 mM TiCl, 0.2 M (NH,),CO,, 0.1 M H,O,
(Sigma-Aldrich (St. Louis, Missouri, United States), 99%)
were employed as the precursor [15]. The metal ratio Ru:Ti
(4:6 mol/mol) chosen depends on the optimization of some
previous reports to obtain highest electrocatalytic and stabil-
ity performances of RuO,-TiO, electrodes [11]. The pH of the
mixture was maintained between 9 and 10. The mixture was
treated under microwave irradiation (oven MARS 5, CEM
Corporation, USA) with the energy intensities of 400 and
800 W for 20 min at the temperature 80°C [16]. For compar-
ison, conventional RuO,-TiO, electrode was prepared using
classical route by heating the mixture to 80°C for 6 h, with
a temperature controlled hot plate. The synthesized metal
oxide nanoparticles were separated from solution by centrif-
ugation under 10,000 rpm. The products were then washed
with deionized water until free of chloride and then dried at
80°C within 5 h. Weight 3 mg of sol mixtures RuO,-TiO,, dis-
solved in isopropanol and then coated on the pretreated Ti
substrates. Next, the electrodes were sintered at 450°C for 1 h
to allow hydrous removal and formation of the metal oxides
[17]. Back side of the electrode was covered with epoxy to
prevent its exposure to the electrolytes.

2.2. Microstructure characterization

The microstructure of the electrode surfaces was char-
acterized by field emission scanning electron microscopy
system (JSM-6701F, JEOL Co., Japan). The SEM images were
taken at a working distance of 7 mm and an accelerating volt-
age of 10 kV. The samples were positioned horizontally [18].

Crystal images were examined using a TEM (JEOL
2000EXII, Japan). The TEM samples were prepared by scraping

off the coating using a sharp knife and dispersing the powders
in isopropyl alcohol. A few drops of these solutions were then
deposited on carbon film-coated Cu grids and analyzed with
a microscope [19]. The accelerating voltage was 110 kV, the
vacuum system was 10 Pa, and tilting angles were +25°.

In order to study the crystallinity of RuO, electrode, high
resolution XRD pattern was obtained with the grazing inci-
dence technique on a D8 Discover (Bruker-AXS, Germany)
diffractometer (Cu Ka, A = 1.5406 A). A scintillation counter
detector scanned between 25° and 100° in 20 with an angle of
incidence was 0.5°, the working distance was 12 mm and the
accelerating voltage was 25 kV [20].

2.3. Electrochemical measurement and chlorine evolution

The electrochemical characterizations of the RuO, elec-
trodes with CV and LSV measurements were carried out
in a conventional single compartment cell with three elec-
trodes using a computer-controlled potentiostat (PARSTAT
2273A, Princeton Applied Research, USA) [21]. The volume
of electrolyte solutions in the cell was 150 mL. RuO,/Ti, Pt
(Samsung Chemicals, Korea), and Ag/AgCl (in saturated
KClI) were used as the working electrode (anode), the counter
electrode (cathode), and the reference electrode, respectively.
The CV curves were measured in a solution of 0.5 M H,SO,
as the electrolyte with the potential ranging between 0 and
1V and scan rate varying from 5 to 320 mV/s. The voltam-
metric charge g obtained by integration of the voltammetric
curve is a measurement for the number of electrochemically
active surface area, which is accessible by the electrolyte.
The inner and outer surface areas were identified by plot-
ting and extrapolating the voltammetric charges according to
infinitely low (0) and fast (e°) scan rates, which was reported
elsewhere [22,23]. The pseudo-capacitive reaction which con-
sists of coupled redox transitions involving proton exchange
with the solution at a broad reversible peak around 0.6 V vs.
Ag/AgCl can be described as [23]:

RuO (OH) +zH*+ze” — RuO_(OH) (1)
x y Xz y+z

LSV measurements were conducted in the electro-
lytes containing 5 M NaCl + 0.01 M HCI (pH = 2), which is
a favored condition for chlorine evolution and H,SO, 1 M
with oxygen evolution [2]. The stability of prepared RuO,
electrodes was examined using the AST [24], with a current
density considerably higher, and an electrolyte solution more
dilute than those usually applied in industrial electrochemi-
cal conditions. It provided information about the electrode
stability and lifetime (via the electrode potential-time depen-
dence at constant current density). The experiments were
performed galvanostatically at the current density of 1 A cm™
in the solution of 0.5 M NaCl, pH = 2 at room temperature
(25°C). The RuO, electrode potential was recorded during the
electrolysis.

Chlorine was evolved by electrolysis in a two electrode
system with the following condition: an acidic NaCl solution
(0.1 M and pH =2) and a current density 16.7 mA/cm? The
aqueous active chlorine concentration was determined by the
N,N-diethyl-p-phenylenediamine colorimetric method [25].
The experiments were replicated three times and the average
value with standard deviation was reported.



T.L. Luu et al. / Desalination and Water Treatment 77 (2017) 105-111 107

3. Results and discussion
3.1. Chlorine evolution

Fig. 1 shows the difference about chlorine concentrations
(@) and LSV (b) of RuO,-TiO, electrodes made by micro-
wave-assisted and conventional heating method. The chlo-
rine concentrations are higher with the RuO_-TiO, electrodes
prepared by microwave-assisted synthesis method compared
with conventional one by the order: convention < MW (micro-
wave)-800 W < MW-400 W. Increase the microwave intensity
from 400 to 800 W leads to decrease the chlorine evolution
efficiency. The chlorine evolution efficiency increases up to
15.6% in case of microwave-assisted RuO,-TiO, electrodes
compared with the one made by conventional method. The
increase of chlorine evolution efficiencies of the RuO,-TiO,
electrodes made by microwave irradiation may be related to
the increase of accessible active surface area, which contributes
to the electrochemical reaction [26]. The decrease in electro-
catalytic activity at high energy intensity may related to the
loss of water molecule in RuO,, which favor aggregation pro-
cess of nanoparticles, leading to decrease in the accessibility
for the active surface sites of the catalyst. Clearly, microwave
irradiation has a positive role on improving the electrocatalytic
performances of RuO,-TiO, electrodes for chlorine evolution.
Chlorine concentrations in Fig. 1(a) are consistent with current
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Fig. 1. Chlorine concentrations (a) and LSV (b) of RuO,-TiO,
electrodes made by microwave-assisted and conventional
heating methods. Experimental conditions: (a) 0.1 M NaCl,
pH=2,1=16.7 mA/cm? t =10 min; and (b) 5 M NaCl, pH =2,
scan rate =15 mV/s.

density in the region of chlorine evolution measured by LSV,
which is shown in Fig. 1(b). At potentials below 1.2 V vs.
Ag/AgCl, no reaction takes place. However, potentials exceed-
ing 1.2V vs. Ag/AgCl cause a steady increase in measured cur-
rent density, which indicates chlorine formation. The current
density in the chlorine evolution region of RuO,-TiO, elec-
trodes higher with the microwave-assisted synthesis method
compared with conventional one.

3.2. Oxygen evolution

The linear sweep voltammetric patterns of RuO,-TiO,
electrodes made by microwave-assisted and conventional
heating methods for oxygen evolution are shown in Fig. 2.
At the onset potential 1.0 V vs. Ag/AgCl, oxygen gas start to
evolve. All of the electrodes are active with oxygen evolu-
tion in the potential range applied, but difference intensity.
The current densities of the RuO,-TiO, electrodes made by
microwave route are higher magnitude than the classical
one. It is mean that the electrodes with microwave-assisted
synthesis also show better catalytic performance with oxy-
gen evolution than the electrode made by conventional heat-
ing method. Increase the microwave intensity from 400 to
800 W also leads to decrease the efficiency with the oxygen
evolution. The chlorine and oxygen evolution efficiencies of
RuO,-TiO, electrodes seem very consistent with each other.
The mechanism of oxygen evolution by metal oxide involves
the discharge of the water molecules at the surface to form
adsorbed hydroxyl radicals.

This adsorbed hydroxyl radicals are electrochemically
oxidized to oxygen or to higher oxide state of the metal,
which decompose to yield oxygen [16]. The presence of more
active sites on the surface of the metal oxide made by micro-
wave-assisted may determine the better performance of the
catalyst toward the anodic oxygen evolution reaction.

3.3. Surface analysis

Fig. 3 shows the SEM (a) and TEM (b) images of
RuO,-TiO, electrodes made by microwave-assisted and
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Fig.2. LSV with oxygen evolutions of RuO,-TiO, electrodes made
by microwave-assisted and conventional methods. Experimental
conditions: 1 M H,SO,, scan rate 10 mV/s.
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conventional heating methods. Clearly, the electrode surfaces
made by microwave-assisted at energy intensity 400 W, 800
W compared with the conventional heating route are dif-
ferent, which is shown in Fig. 3(a). The morphology of the
electrode made by conventional method seem mudcracks
(average crack width 1.5 pm) and porous, while the elec-
trodes under microwave synthesis show the bigger crack
sizes (average crack width is 2 pm), shaped island-gap and
more compact structure, respectively. Each island on the
microwave-assisted electrode consists of close-packed cata-
lyst nanoparticles. In this case, the size of the cracks can be
regarded as a sort of porosity whose sizes influence mass
transfer into the inner part of the catalyst layer and proton
exchange during the charge uniform assembly of nanopar-
ticles architecture. The formation of the crack structure is
generally attributed to the thermally induced tensile stress
during the stage of solvent evaporation. The shrinkage of
the xerogel body during the thermal processing is restricted
by the underlying Ti substrate. Once the developed stresses
exceed the tensile strength of the gel body, cracks develop to
release the stress [26].

The homogeneous distribution of nanoparticles is
observed from TEM images, which is clearly seen in Fig. 3(b).
Due to the annealing temperature, the water molecules in
hydrous form are removed and well defined crystals of mix-
ing RuO,-TiO, are obtained. The crystal size of RuO,-TiO,
nanoparticles made by microwave synthesis shows more uni-
form and smaller sizes than the electrode made by conven-
tional heating method. The average diameter of RuO,-TiO,
particles with microwave-assisted synthesis at 400 W are
in the order of 8-10 nm, while the conventional heating
method shows a big range from 15 to 20 nm of particles size.

Moreover, the distribution of particle diameter size is bigger
when the microwave energy increases (around 12 nm with
microwave energy intensity 800 W). This can be attributed
to the high energy absorption induce the agglomeration of
nanoparticles by reducing its hydrous. It was reported that
the absence of structural water may result in the coalescence
and growth of RuO,-TiO, nanoparticles to form larger crystal
[16]. The growing of crystal at higher microwave energy is
attributed for the reducing of crack size, which is seen in Fig.
3(a). Note that the present of a clearly lattice spacing on cer-
tain particulates is TiO, crystalline. Ti species are relatively
concentrated in the central portion, whereas the density of Ru
species is slightly higher in the outer portion of this composite
although the distributions of both Ti and Ru are uniform. The
above results suggest that RuO, and TiO, should be formed
independently under the sol-gel hydrothermal environment.
Because crystalline TiO, can be formed in aqueous media at
room temperature but crystalline RuO, could only be formed
at 80°C under the microwave irradiation or thermal heating.
This effect is believed to enhance the exposure of RuQ, in the
electrolyte, leading to high RuQ, catalyst utilization [15]. The
reduce of crystal size and the increase of crack sizes in the
SEM images may increase the outer and total active surface
area of the electrodes made by microwave-assisted synthe-
sis than the conventional method. In general, the microwave
route produces RuO,-TiO, nanoparticle can reduce the syn-
thesis time and a better control of the temperature resulting
in uniform RuO,-TiO, nanoparticles, which could induce
the higher current density observed in chlorine and oxygen
evolutions than the conventional procedure. An understand-
ing of the microwave interaction with materials has been
based on concepts of dielectric heating and of the resonance
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Fig. 3. SEM (a) and TEM (b) images of RuO,-TiO, electrodes made by microwave-assisted and conventional methods.
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absorption due to rotational excitation [12]. The temperature
is raised more uniformly throughout whole liquid volume
(in-core volumetric heating) under microwave irradiation
compared with conventional route is the explanation for this
observation.

The diffraction patterns obtained by XRD analysis for
RuO,-TiO, electrodes made by difference microwave energy
intensities and conventional heating methods are shown in
Fig. 4. The XRD spectra suggest that the oxide nanoparticles
in all case are fine and crystalline structure in a set of broad
and nearly symmetrical peaks. This indicates the formation
of a solid solution, which is desired in terms of electrode
stability. The typical peaks of rutile RuO, metal oxide are
easily detected as: 110, 101 planes at about 28° and 35° in all
of the electrodes. The most intense peak is 110. Because the
catalyst layers are thin, so that X-ray can penetrate through
the coating layers and the absorption peaks of Ti metal can
be realized. TiO, metal oxide crystals are presented in both
anatase and rutile structures. No evidence of ruthenium
metallic phase was observed, which can be found at the
higher microwave energy because of ruthenium reduc-
tion [27]. The width of the RuO, peaks from the diffraction
profiles show very consistent with the crystal size of the
RuO, nanoparticles measured by TEM images, agrees with
Scherrer equation [19].

3.4. CV and active surface area

In order to measure the electrochemically active surface
area, cyclic voltammetric curves were recorded in the pseu-
do-capacitive potential range of RuO,-TiO,. Fig. 5 shows
the cyclic voltammogram (a) and extrapolated voltammet-
ric charge values (b) from a set of RuO,-TiO, electrodes. As
shown in Fig. 5(a), all CV curves are almost symmetrical to
zero potential line. Note that the rectangular shape of the
CV of RuO,-TiO, electrodes remains unchanged with scan
rate, indicating the good reversibility (redox reaction) of the
system resulting from the insignificant iR (ochmic drop) loss.
The currents densities from cyclic voltammograms increase
in case of the electrodes made by microwave synthesis than
the conventional heating method. But the current density
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Fig. 4. XRD spectra of RuO,-TiO, electrodes made by
microwave-assisted and conventional methods.

109

decreases when the microwave energy increase from 400 to
800 W. Fig. 5(b) shows the extrapolated voltammetric charge
g values from a set of RuO,-TiO, electrodes. Since the forma-
tions of electrode’s morphologies are different, an effect on
the total and outer surface area should be visible. The surface
area (voltammetric charge) decrease with the increase of scan
rate, which mean that the difficulty of the electrolyte to pen-
etrate to the inner surface of the electrode like pore, microc-
rack, and grain boundary.

The results show that the g values of the total and outer
surface areaincrease with the order of convention <MW-800 W
< MW-400 W, respectively. This is very consistent with the
current intensities of these electrodes in cyclic voltammo-
grams. The increasing of the crack sizes and decreasing of
crystal sizes with the electrodes made by microwave synthe-
sis are the explanation of this order. The total voltammetric
charges of microwave-assisted electrodes at 400 W, 800 W are
35.38 mC/cm?, 28.92 mC/cm? compared with conventional
electrode 26.07 mC/cm? While the value of outer voltam-
metric charges are 24.86, 22.12, and 15.06 mC/cm?, respec-
tively. Microwave-assisted synthesis method can improve
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Fig. 5. Cyclic voltammetry (a) in 0.5 M H,SO,, scan rate 5 mV/s,
and charge densities (b) at difference scan rates of RuO,-TiO,
electrodes made by conventional and microwave-assisted
methods.
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the total and outer surface area of RuO,-TiO, electrodes
compared with the conventional procedure. However, when
the microwave energy increases, the total and outer surface
areas decrease because of the decreased crack sizes and the
increase of crystal sizes. Note that the outer surface area is
more important that the total surface area in chlorine evo-
lution [28,29]. The order of oxygen evolution efficiency is
convention < MW-800 W < MW-400 W, also match with the
increase total charge density of these electrodes. Oxygen evo-
lution efficiency increases with the increasing of total surface
area [28]. Microwave irradiation strongly has positive effect
to the synthesis process. The electrode made by microwave
synthesis shows the higher outer surface area than conven-
tional heating method, so that the oxygen evolution effi-
ciency is higher.

3.5. Accelerated stability test

In the electrochemical production of chlorine, it is
undoubtedly the stability that plays the most important role.
The sustainability of the electrode’s electrocatalytic capability
strongly relies on high electrode stability. Vigorous gas evo-
lution takes place in the solution used in the AST. The applied
conditions favor oxygen evolution, which makes the investi-
gated coating less stable than under conditions convenient
for chlorine evolution [11]. AST supply the fast information
about the electrode’s stability. The electrode lifetime in the
stability test is defined by the time at which the potential of
an anode suddenly escalates under galvanostatic conditions
in simultaneous oxygen and chlorine evolution reactions.
Fig. 5 shows the time dependencies of the electrode potential
and the appropriate differential curves for the anodes pre-
pared by the microwave-assisted and conventional heating
methods. The lifetime of the RuO,-TiO, electrodes made by
microwave synthesis (up to 230 min) show the longer service
life than the electrode made by conventional heating method
(150 min). The working life of RuO,-TiO, electrodes made
by microwave at 400 W is longer than 800 W under the same
electrolysis condition.

The reason for this observation could either be the larger
surface area of the microwave-assisted prepared anodes or
the different mechanisms of the catalytic activity loss or both.
Two paths for the loss of the electrocatalytic activity have
been suggested [11]:

(1) The erosion of the coating: simultaneous electrochemical
oxidation of Ru species in the coating forming the soluble
products move to the electrolyte.

(2) The penetration of the electrolyte through pores and
cracks toward the substrate, which produces insulat-
ing TiO, grains on the interface by oxidation of the
substrate.

The morphology of the coating may favor any or all of
them together. The oxide particles size is smaller and the
distributions are more uniform in the case of the microwave
synthesis procedure, which produces a larger surface area
than in the conventional method. The smaller nanoparticles
sizes help the stronger coalescence and connectivity of each
nanoparticle, increase the stability. Consequently, the rate of
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Fig. 6. The AST of RuO,-TiO, electrodes prepared by the
microwave-assisted and conventional heating methods.
Experimental conditions: 0.5 M NaCl, pH = 2, t = 25°C, current
density =1 A/cm?

dissolution of the Ru species on the anode obtained by the
microwave-assisted procedure is lower. In the same manner,
the structures of the catalytic coating of the microwave
synthesis prepared anodes are more compact and penetration
of the electrolyte toward the titanium substrate is limited. Then
it allows less non-conductive intermediate TiO, layer forma-
tion as compared with the conventional heating anode. Then
the erosion of the microwave-assisted electrodes is lower than
the conventional heating electrode. It should be noted that the
service life mentioned above was obtained in the accelerated
life test. Under normal operating conditions (e.g., at current
density below 1 A/cm?), the thick electrode would be stable for
several years according to many reports [11,25] (Fig. 6).

4. Conclusions

The novel microwave-assisted synthesis RuO,-TiO, elec-
trodes by sol-gel method show considerably higher chlorine,
oxygen efficiency, and stability than for those obtained by the
conventional heating method. The most important improve-
ment of microwave-assisted synthesis is the increase of outer
active surface area compared with the conventional method.
Microwave-assisted synthesis method is rapid, clean, cheap,
resulting in uniform, small crystalline size, compact structure,
and big crack size RuO,-TiO, nanostructures. Increasing of
microwave energy intensity reduces efficiency, stability with
oxygen and chorine evolutions because of the increasing crys-
tal size. This research proposes a new approach for synthe-
sis the most popular RuO,-TiO, electrode for chlor-alkaline
industry in the future.
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