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ABSTRACT

RuO; is a common active component of Dimensionally Stable Anodes (DSAs) for chlorine evolution that can be used in
wastewater treatment systems. The recent improvement of chlorine evolution using nanostructures of RuO; electrodes to
increase the treatment efficiency and reduce the energy consumption of this process has received much attention. In this
study, RuO; nanorod and nanosheet electrodes were simply fabricated using the sol-gel method with organic surfactants
as the templates. The obtained RuO, nanorod and nanosheet electrodes exhibit enhanced electrocatalytic activities for chlorine
evolution possibly due to the active surface areas, especially the outer active surface areas, which are attributed to the
increase in mass transfers compared with a conventional nanograin electrode. The electrocatalytic activities for chlorine
evolution were increased up to 20 % in the case of the nanorod electrode and 35% in the case of the nanosheet electrode
compared with the nanograin electrode. The RuO, nanorod 80 nm in length and 20-30 nm in width and the RuO, nanosheet
40-60 nm in length and 40 nm in width are formed on the surface of Ti substrates. These results support that the templated
RuO, nanorod and nanosheet electrodes are promising anode materials for chlorine evolution in future applications.
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1. Introduction industry, pharmaceutical, and wastewater treatment
(Schmittinger, 2000). Currently, an electrochemical process

Chlorine is an essential product for the fields of chemical for generating chlorine is commonly used, and efficient

) ) anodes are necessary to meet industrial demands. Especially,
Received 25 July 2017, revised 1 September 2017, accepted 4 September 2017

*Corresponding author: Jeyong Yoon (E-mail: jeyong@snu.ac.kr) dimensionally stable anodes (DSA) are popular as an
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electrocatalyst for chlorine evolution. This type of anode
usually consists of a Ti support and noble metal oxide
catalysts as either RuO,, IrO, or their mixtures (Trasatti
et al., 1984). In the case of the RuO, electrode, it has
excellent electrocatalytic features for chlorine evolution
such as low overpotential, low cost, enhanced selectivity,
and mechanical and chemical stability (Tran et al., 2015).
Roughly, 10-15% of the annual production of Ru goes
into the fabrication of the DSAs (Srinivasan et al., 2006).

Although the electrolytic production of chlorine with
the RuO, electrode is a well-established industrial process,
a few drawbacks regarding the formation of unintended
nanograins or nanoparticles have been reported (Gopiraman
et al, 2013). Recently, to overcome these disadvantages,
heterogenous nanostructure materials with favorable
electrochemical properties have been investigated (Friedirich
et al, 2009; Liu et al, 2011). Especially, one or two
dimensional nanostructured materials of nanorods, nanowires,
nanobelts, and nanosheets were reported to have unique
properties such as a large active surface area, fast mass
transfer, charge/discharge process, and high stability
(Tiwari et al., 2012). However, these methods have a
few limitations including using a lot of energy in the
high temperature (1500°C) vapor-phase processes and low
yields.

Herein, we report the facile synthesis of RuO, nanorod
and nanosheet electrodes with structures templated with
PEG and SDS as surfactant assemblies. Contribution of
the stabilizers such as sodium dodecyl sulfate (SDS) or
polyethylene glycol (PEG) in the sol-gel process to achieve
the desired shape is very important, and proposed as the
basis of the surfactant inducing growth mechanism of
nanomaterials in this study (Inoue et al., 1986; Li et al.,
2003; Xia et al., 2003; Osmana et al., 2004; Dong and
Jiao, 2006; Ananth et al., 2013).

The properties of these RuO, nanorod and nanosheet
electrodes for chlorine evolution are compared with the
conventional nanograin electrode. The microstructures of
the as-prepared electrodes were evaluated with scanning
electron microscopy (SEM), transmission electron
microscopy (TEM) and X-Ray diffraction (XRD). The
electrochemical properties were examined with cyclic

voltammetry (CV), linear sweep voltammetry (LSV), and

total chlorine concentration (DPD) methods.

2. Materials and Methods

2.1 Electrode preparation

The preparation of the titanium coated RuQO, electrodes
was done with the sol-gel method. This solution phase
method, which is called sol-gel, can be carried out in
soft-environments and appears to have positive effects
on the fabrication of the RuO, electrode in terms of both
a high electrocatalytic activity and stability in chlorine
evolution (Panic et al., 1999; Panic et al., 2005; Osmana
et al., 2008). Titanium foils (dimensions, 30 x 20 x 0.25 mm,
purity 99.7%, Aldrich-Sigma) were used as the substrate
materials, for which the contaminants were removed by
emery paper and then degreased in acetone. Then, they
were etched in boiling concentrated hydrochloric acid
at 86°C for 1 h to produce a gray surface with uniform
roughness. Three different methods were used to prepare
the nanorods, nanosheets and conventional nanograins
of the RuO, electrodes (Burrows et al., 1978; Kotz and
Stuck, 1986). The nanorod structure was synthesized with
SDS as the template. Ruthenium chloride, SDS, urea,
and water were mixed at a molar ratio of 1:2:10:200
and stirred at 40°C for 2 h to obtain a homogeneously
mixed solution. Urea was used to gradually raise the pH
value of the reaction mixture because heated urea above
60°C is hydrolyzed to release ammonia, and then,
precipitation occurred in the quiescent state. After a
reaction time of 10 h, the mixture was immediately cooled
to room temperature to prevent further hydrolysis of the
urea. To fabricate the nanograin type electrode, 0.1 M
RuCl; dissolved in 20 mL of de-ionized water was
transferred into a two neck flat bottom flask and stirred
with a magnetic stirrer. Twenty milliliters of 0.1 M NaOH
were added drop wise over a course of 3 h. For the
nanosheet structures, 0.4 g of PEG (dissolved in 20 mL
of H,0) were added to the nanograin recipe (0.1 M RuCl; +
0.1 M NaOH + 04 g PEG). The temperature of the solution

was maintained at 75°C for all the reactions. At the end
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of each reaction, a black precipitate was formed. After
discarding the supernatant, the precipitates were centrifuged,
washed many times with de-ionized water to remove the
unreacted chemicals, and then dried at 80°C for 5 h. Three
milligrams of sol Ru(OH)x was dissolved in isopropanol
and then coated onto the pretreated Ti substrates. Next,
the electrodes were sintered at 450°C for 1 h to allow
for hydrous removal and the formation of the metal oxides
(Malmgren et al., 2010). One side of the electrode was
covered with epoxy to prevent the exposure of the

electrolytes.

2.2 Microstructure characterization

The microstructure and chemical compositions of the
electrode surfaces were evaluated with field emission
scanning electron microscopy (FE-SEM) coupled with
an energy dispersive spectroscopy (EDS) system (JSM-
6701F, JEOL Co., Japan). The SEM-EDS images were
taken at a working distance of 7 mm with an accelerating
voltage of 10 kV. The samples were positioned horizontally
(Dong and Jiao, 2006). The EDS results confirmed an
almost identical chemical composition of the three RuO,
electrodes prepared. Each mass percentage of Ru loaded
onto these electrodes is similar and suggests a fair
comparison among the three electrode types: 31% for
the nanorod electrode, 32% for the nanosheet electrode,
and 32% for the nanograin electrode.

Crystal images were examined with a transmission
electron microscope (TEM, JEOL 2000EXII, Japan). The
TEM samples were prepared by scraping off the coating
with a sharp knife and then dispersing the powders into
isopropyl alcohol (Xia et al., 2003). A few drops of these
solutions were deposited onto carbon film-coated Cu grids
and analyzed with a microscope. The accelerating voltage
was 110 kV; the vacuum system was 10 Pa, and the
tilting angles were + 25°.

To study the crystallinity of the RuO, electrodes, a
high resolution X-ray diffraction pattern was obtained
with the grazing incidence technique on a D8 Discover
(Bruker-AXS, Germany) diffractometer (CuKa, A =
1.5406 A). A scintillation counter detector scanned between

25° and 1000 in 26; the angle of incidence was 0.5°;
the working distance was 12 mm, and the accelerating
voltage was 25 kV (Ananth et al., 2013).

2.3 Electrochemical measurements

The electrochemical characterizations of the as-prepared
RuO; electrodes were done with cyclic voltammetry (CV,
0.5 M H,SOy) and linear sweep voltammetry (LSV) (Inoue
et al., 2008). The experiments were performed at room
temperature in a conventional single compartment cell
with three electrodes using a computer-controlled potentiostat
(PARSTAT 2273A, Princeton Applied Research, USA).
The volume of the electrolyte solution in the cell was
150 ml. RuO, was used as the working electrode (anode),
Pt (Samsung DSA, Korea) as the counter electrode
(cathode), and Ag/AgCl (in saturated KCl) as the reference
electrode (Kotz and Stuck, 1986).

The range of the scan rate was 5-320 mV/s. The CV
curves were recorded at potentials ranging between 0-1
V. The voltammetric charge (q) obtained by the integration
of the voltammetric curve is related with the number
of electrochemically active surface areas, which are
accessible by the electrolyte. The inner and outer surface
areas were identified by plotting and extrapolating the
voltammetric charges according to infinitely low (0) and
fast (°°) scan rates, which was reported in previous studies
(Klung, 1974; Burrows et al., 1978; Bard, 2001; Malmgren
et al.,, 2010). The pseudo-capacitive reaction, which
consists 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 follows
(Burrows et al., 1978; Bard, 2001):

RuOy(OH)y, + zH" + ze  — RuOx ,(OH)y., (1)

LSV measurements were done in an electrolyte
containing 5 M NaCl + 0.01 M HCI (pH 2) which is a
favorable condition for chlorine evolution. The concentrations
of the total active chlorine dissolved in the solution after
the electrolysis in 0.1 M NaCl (pH 6) were determined
by the DPD (N, N-diethyl-p-phenylenediamine) colorimetric
method. The electrolysis time was 10 min., and the current
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density was 167 mA cm®. In this method, DPD is oxidized
to form a purple product, and the chlorine concentration
was analyzed immediately with a spectrophotometer
(DR/2010, HACH Co., Loveland, US) at 530 nm (Jeong
et al., 2009). The chlorine concentrations were replicated

three times, and their average values were reported.

3. Results and discussion

3.1 Surface analysis
3.1.1 Characteristics of the microstructure

Fig. 1 shows the SEM (a) and TEM (b) images of the
RuO; electrodes with the different morphologies: nanorods,
nanosheets, and conventional nanograins deposited onto
the Ti substrates. As shown in Fig. 1 (a), the one dimensional
nanorod structures grew almost in a random direction.
The rods appear to be stable with a single layer and
were separated from each other. On the other hand, the
RuO; nanosheet electrode consists of hierarchical sheet
nanostructures in an assembly of two dimensional subunits

with a porous network and high interconnectivity. The

Nanosheet

(b)

nanosheet structures are perpendicular to the substrate
and lead to a flower-like projected view with the sheet
thickness approximately 10 nm. The formation of the
pores is explained by the release of volatile gases such
as H,O and CO, during the heat treatment because of
the decomposition of the precursor, in which organic
additives were burnt up leaving behind porous structures.
In contrast, the nanograin electrode consists of crystal RuO,
nanoparticles with zero dimensions. The grains are finely
agglomerated and appear to have a uniform size which
is a characteristic trait of the sol-gel process. Overall, the
RuO; nanorod and nanosheet electrodes have more open
structures and roughness compared with the nanograin
electrode. Clearly, the electrode morphologies are strongly
influenced by the use of difference organic templates. The
morphologies of the templated RuO, nanorod and nanosheet
electrodes prepared by the sol-gel method were somewhat
different with that prepared by reactive sputtering (Music
et al., 2012; Chou et al., 2013; Zhao et al., 2014) or chemical
vapor deposition methods (Han et al., 2010; Neupane et
al., 2011; Lee et al, 2012), which are completely
perpendicular and align to the substrate surfaces

Nanograin

Nanograin

20 nm 20 nm
- -

Fig. 1. SEM (@) and TEM (b) images of the RuO, nanorod, nanosheet, and nanograin electrodes.
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The TEM images in Fig. 1 (b) show the different patterns
of the RuO; nanorods, nanosheets, and nanograins,
respectively. The nanorods present a core shape with a
length of 80 nm and a width of 20-30 nm. The rods
are polygonal prisms and continuous with a smooth
surface, which may be due to the effect of the thermal
treatment at 450°C. Moreover, individual sheets about
40-60 nm in length and 40 nm in width are formed.
The size of the nanosheets is uneven because of the
controlled growth process resulting from the addition of
the PEG. The total length and width of the RuO, nanorod
and nanosheets show good crystallinities. On the other
hand, the nanograins exhibit aggregated nanoparticles with
a diameter size of about 20-30 nm. Undoubtedly, the
organic template precursors have a crucial role in the
shape evolution of the RuO, nanomaterials. These different
morphologies are expected to influence the electrocatalytic
efficiencies for chlorine evolution with the RuO, electrodes.

3.1.2 XRD spectra

Fig. 2 shows the diffraction patterns of the obtained RuO,
electrodes with the different morphologies: nanorods,
nanosheets and nanograins. There is little difference according
to the crystal structures of these electrodes. The most
pronounced peaks of RuO, were easily detected as follows:
110 and 101 planes at 28" and 35" in all of the electrodes.
However, the peak for the 211 plane was very weak in the
nanorod electrode, and the peak for the 310 plane did not
exist in the nanorod and nanosheet electrodes. Nevertheless,
all of these peaks for RuO, were observed in the nanograin
electrode. It means that the nanograin electrode has a greater
degree of polycrystallinity. The presence of sharp peaks for
RuO, indicate the high purity and crystallinity of the
as-synthesized RuO, nanostructures. The RuO, peaks reveal
the formations of the rutile and solid phases, which are
desirable in terms of electrode stability. The formation
step of the RuO, metal oxide can be expressed as follows:
the addition of NaOH or urea with RuCls-xH,O forms
the precipitate of Ru(OH); at the end of the reaction.
Ru(OH); is unstable and oxidizes in the presence of
air during the initial heat treatment (100°C drying
process) which forms RuO,-nH,O (Osmana et al., 2008).

1400

1200 + Ti

110 . :
1000 1 m1 I'l Ti Ti i  Nanorod

|

800 -

600 + 211 Nanosheet

Intensity (a.u.)

400 -

200 A 310 Nanograin

20 40 60 80 100
20 (degree)

Fig. 2. XRD spectra of the RuO; electrodes with the different
morphologies: nanorods, nanosheets, and nanograins.

Further heat treatment of the samples up to 450°C causes
the complete removal of water molecules and produces
crystalline RuQO,. The catalyst layers are thin so that X-rays
can penetrate through the coating layers, and the absorption
peaks of the Ti metal can be realized. No evidence of
the Ruthenium metallic phase by-product was observed,
which can cause easy corrosion of components in chlorine
electrolysis (Jeong et al., 2009).

3.2 Electrochemical properties
3.2.1 CV and active surface area

Fig. 3 shows the voltammetric charges at different scan
rates (a) and the cyclic voltammograms at a scan rate
of 4 mV/s (b) for the RuO, electrodes with the different
morphologies: nanorods, nanosheets and nanograins. As
shown in Fig. 3 (a), the voltammetric charge decreases
with an increase in the scan rate, which is attributed to
the difficulty of the electrolyte to penetrate into the inner
surface of the electrode due to micropores, microcracks,
and grain boundaries. Because the morphologies of the
electrodes are different, the kinetics of the electrochemical
reactions may vary according to the different areas of
the electrode surface. At a fast scan rate, the protons
do not have enough time to diffuse into the less accessible
areas before the scan direction is reversed. At a low scan
rate, the diffusion processes reach deeper into the oxide
structure. The voltammetric charge is larger and decreases

towards a constant value when the scan rate is increased.
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Fig. 3. Voltammetric charge with varying scan rates (a) and

cyclic voltammetry at 4 mV/s (b) for the RuO, nanorod,
nanosheet, and nanograin electrodes in H,SOy4 (0.5 M).

The values of the voltammetric surface charges of the
templated nanorod and nanosheet electrodes at both high
and low scan rates are higher than that of the conventional
nanograin electrode. The total voltammetric charges of
the nanosheet and nanorod electrodes are 121.3 and 49.2
mC/cm* whereas that of the nanograin electrode is 28.8
mC/cm®. The value of the outer voltammetric charges
of these electrodes are 43.0, 27.5 and 15.1 mC/cm?,
respectively. Due to the characteristics of the RuO,
nanorod and nanosheet electrodes such as highly open
structures, high roughness factor and hierarchical pores
with considerable interstices among them, the electrolyte
easily accesses the inside of the rod or sheet structures

for charge transport and ion diffusion compared to that
of the conventional nanograin electrode. The nanosheet
electrode shows the biggest gap between the total surface
area and outer surface area, which could be attributed
to the porous structure in the nanosheet which may provide
a bigger inner surface area.

Fig. 3 (b) shows all the CV curves of the as-prepared
electrodes. The CV curves of the RuO, electrodes showed
rectangular shape. The redox proton exchange between
the electrode and the acidic solution presents a broad
reversible peak at 0.6 V vs. Ag/AgCl. The response current
densities in the cyclic voltammograms for the nanorod
and nanosheet electrodes are higher than those for the
conventional nanograin electrode. Among these electrodes,
the nanosheet electrode shows the highest response current

density and electrochemical property.

3.2.2 Chlorine evolution efficiency

Fig. 4 shows the chlorine concentrations (a) and LSV (b)
of the RuO, electrodes with the different morphologies:
nanorods, nanosheets, and nanograins. As shown in Fig, 4 (a),
there are differences in the chlorine evolution efficiencies
of the as-prepared electrodes. The RuO, nanorod and
nanosheet electrodes have higher chlorine concentrations
than that of the conventional RuO, nanograin electrode.
The chlorine evolution efficiency increases up to 35%
and 20% in the case of the nanosheet (210 mg/L) and
the nanorod electrodes (180 mg/L), respectively, compared
with the conventional nanograin electrode (150 mg/L).
At this chlorine measurement condition, oxygen evolution
is suppressed by the increase of the oxygen overpotential
and selectivity for chlorine evolution (Chen et al., 2012).
The results of the chlorine concentrations are also
supported by the LSV results in brine solution (5 M NaCl,
0.01 M HCI), which is shown in Fig. 4 (b). At potentials
below 1.2 V vs. Ag/AgCl, no reaction takes place, but
at potentials exceeding 1.2 V vs. Ag/AgCl, steady increase
of current density was observed indicating chlorine
formation. The steady state current of the nanorod and
nanosheet electrodes appears to be more linear compared
with the interrupt line of the nanograin electrode at 1.8 V,
which can be affected by chlorine gas bubbles. Overall, the
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Fig. 4. Chlorine concentrations (a) and LSV (b) of the RuO,
nanograin, nanorod, and nanosheet electrodes (0.1
M NaCl, pH 6, 16.7 mA/cm?).

RuO; nanorod and nanosheet electrodes have a higher
current density in the region of chlorine evolution compared
with the nanograin electrode. This result implies that
the nanorod and nanosheet RuO, electrodes possess
higher chlorine electrocatalytic activities compared with
the nanograin electrode. This result is explained by the
higher outer surface areas of the nanorod and nanosheet
electrodes. The outer surface area is the main working
part for chlorine evolution because of the high
reversibility and fast reaction, while the inner surface
is blocked by adherent chlorine gas bubbles on the
surface becoming partially inactive (Arizzone et al.,

1990; Jeong et al., 2009; Chen et al., 2012). Undoubtedly,
these nanorod and nanosheet structures do not only provide
more outer electroactive sites which are effective
electrolyte-accessible channels for ion transportation but also
substantially improve the chlorine electrocatalytic

performance.

4. Conclusions

This study showed that templated RuO, nanorod and
nanosheet electrodes can be used as efficient electrocatalysts
for chlorine evolution reactions when compared with that
of the nanograin electrode. The RuO, nanorod and
nanosheet electrodes were synthesized with a tailored
architecture using organic templates and compared with
the conventional nanograin electrode. The organic
template precursors, the PEG or SDS surfactant, had
a major role in controlling the morphology of the RuO,
electrodes. The chlorine evolution efficiencies increased
up to 20% and 35% in the case of the nanorod and
nanosheet electrodes, respectively, compared with the
nanograin electrode. These results are explained by the
better mass transport of the RuO, nanorod and nanosheet
electrodes due to more effective surface areas
participating in the chlorine evolution reaction
compared with that of the conventional nanograin
electrode. This study supports that the templated RuO,
nanorod and nanosheet electrodes are promising
materials for higher electrocatalytic performance and
the less energy consumption in the future chlor-alkali

industry.
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extrapolating the surface area according to infinitely low
(0) and fast (°°) scan rates, it is possible to separate the
inner and outer surface. The following equations are
used (Burrows et al., 1978 ):

(total = Cinner + Jouter (Sl)
q(¥) = Qouer + AL/ V1) (s2)
lq(v) = 1/q + BVv (s3)

where v is the scan rate; q(v) is the voltammetric
charge at the scan rate v; qtotal is the voltammetric
charge obtained at an infinitely low (0) scan rate; qouer 1S
the voltammetric charge obtained at a high (°°) scan
rate; Qimer 1S related to the voltammetric charge of the
inner surfaces, and A and B are constants.
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