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a b s t r a c t
Development of a facile preparation process for dimensional stable anodes (DSA) is an important 
issue to reduce the fabrication cost. During the last three decades, chemical bath deposition (CBD) has 
emerged as one approach which deposits a thin film with a facile method in ambient conditions. In this 
study, RuO2 electrodes were fabricated by the CBD method for electrochemical chlorine evolution. The 
major results show that the CBD method enables the formation of uniform rutile RuO2 nanocrystals 
with an average size of 30 nm. The electrode morphologies were formed with cracks and pores, and 
the RuO2 thin films had good adhesion on the Ti substrates. Thermally treated RuO2 films exhibited a 
high electrocatalytic activity and stability in chlorine evolution satisfying the requirements for a DSA. 
The amount of deposited RuO2 as well as the cracks, electrocatalytic activity, and stability in chlorine 
evolution increased with the deposition time. CBD is an attractive synthesis route to fabricate a RuO2 
electrode for electrochemical chlorine evolution.
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1. Introduction

RuO2, which is one of the dimensional stable anodes 
(DSA), has been widely used in several fields such as the 
chlor-alkali industry, water electrolysis, oxygen reduction, 
organic synthesis, water treatment, electronics, and superca-
pacitors [1–4]. Especially, RuO2 is a desirable electro-catalyst 
for chlorine and oxygen evolution due to its low overpo-
tentials [5–7]. Although the RuO2 electrode has an excellent 
catalytic property and reversibility, the low abundance and 
high cost of the Ru metal are major limitations to its com-
mercial application [1–3]. It is well known that the physical 
and chemical properties of RuO2 are strongly influenced by 
the synthesis routes [8]. RuO2 can be synthesized by var-
ious methods such as thermal decomposition [9–11], sol-
gel [12], electrostatic spray deposition [13], chemical vapor 

decomposition [14], electrodeposition [15], etc. However, it 
is desirable to develop a new simple process for the prepa-
ration of thin film RuO2 electrodes to reduce their cost with 
a high production yield. Chemical bath deposition (CBD) 
has gained much attention over the last few years [16–18] 
because CBD is inexpensive, enables the facile synthesis of 
nanostructured thin films at low temperatures, and can be 
applied to large area deposition [19–26]. The low deposition 
temperature avoids oxidation or corrosion of metallic sub-
strates and does not require a vacuum or applied potential at 
any stage as does chemical vapor deposition and electrode-
position [27–35]. To the best of our knowledge, up until now, 
CBD of RuO2 for electrochemical chlorine evolution has not 
been studied yet. In this study, RuO2 was synthesized with 
the CBD method for electrochemical chlorine evolution. The 
structures of the as-prepared electrodes were characterized 
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with scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), and X-ray diffraction (XRD). The 
electrochemical properties were examined by measuring the 
total chlorine concentration and by using cyclic voltammetry 
(CV), linear sweep voltammetry (LSV), and accelerated sta-
bility test (AST) methods.

2. Experimental setup

2.1. Electrode preparation

All chemicals were fine and high purity (99.7%) from 
Sigma-Aldrich, USA. Titanium foils (dimensions 30 × 20 × 
0.25 mm) were polished with emery paper, degreased in ace-
tone and etched in boiling hydrochloric acid (37 wt%) at 86°C 
for 60 min to produce a uniform roughness, and then used 
as the substrate. An acidic bath (pH = 2) was prepared with 
a mixture of 0.01 M RuCl3 and 0.1 M NH4Cl and stirred at 
200 rpm. The chemical reactions (Reactions (i)–(iii)) in the 
bath can be represented as follows [27–35]:

RuCl3 + 3H2O → Ru(OH)3
+ + 3HCl (i)

Ru(OH)3
+ + NH4Cl ↔ (NH3)Ru(OH)3

+ + HCl (ii)

(NH3)Ru(OH)3
+ + n(OH)− → RuO2.nH2O↓ + NH4OH + H+ (iii)

Slow hydrolysis of RuCl3 occurs by heating in an acidic 
bath (Reaction (i)), and Ru hydroxide further reacts with 
NH4Cl (Reaction (ii)). The Ti substrate was immersed verti-
cally in the solution, and blackish colored particles started to 
precipitate on the Ti substrate (Reaction (iii)) when the bath 
temperature reached 60°C. Adsorption is a surface phenome-
non due to the attractive force between the ions and substrate 
surfaces. After precipitation, the RuO2 film was taken out of 
the bath, washed with DI water, and sintered for 1 h at 450°C 
in air conditions to remove the hydrous content [36]. The 
amount of RuO2 nanoparticles deposited on the electrode 
surfaces was controlled by the deposition time and measured 
by the difference in the electrode weight (mg cm−2) before and 
after the deposition [28].

2.2. Microstructure characterization

The microstructures of the electrode surfaces were char-
acterized with field emission scanning electron microscopy 
(FE-SEM, JSM-6701F, JEOL Co., Japan). The SEM images 
were taken at a working distance of 7 mm with an accelerat-
ing voltage of 10 kV. The samples were positioned horizon-
tally [37].

Crystal morphologies were examined with TEM (JEOL 
2000EXII, Japan). The TEM samples were prepared by scrap-
ing off the coating using a sharp knife and dispersing the 
powders in isopropyl alcohol. A few drops of these solutions 
were deposited onto carbon film-coated Cu grids and ana-
lyzed with a microscope [38]. The accelerating voltage was 
110 kV, the vacuum system was 10 Pa, and the tilting angles 
were ±25°.

To study the crystallinity of the RuO2 electrodes, the 
high resolution XRD pattern was obtained with the grazing 

incidence technique on a D8 Discover (XRD, Bruker-AXS, 
Germany) diffractometer (CuKα, λ = 1.5406 Å). A scintillation 
counter detector scanned between 25° and 100° in 2θ with an 
angle of incidence of 0.5°, the working distance was 12 mm, 
and the accelerating voltage was 25 kV [39].

2.3. Electrochemical measurement

The electrochemical characterizations of the metal oxide 
electrodes were examined using CV and LSV measurements 
[40]. The experiments were performed at room temperature 
in a conventional single compartment cell with three elec-
trodes using a computer-controlled potentiostat (PARSTAT 
2273A, Princeton Applied Research, USA). The volume of the 
electrolyte was 150 mL. RuO2 was used as the working elec-
trode (anode), Pt (Samsung Chemicals, South Korea) as the 
counter electrode (cathode), and Ag/AgCl (in saturated KCl) 
as the reference electrode [41].

CV was measured in the 0.5 M H2SO4 electrolyte. The range 
of the scan rate was 5–320 mV/s. The CV curves were recorded 
over a range potential of 0–1 V vs. Ag/AgCl (KCl saturated). 
The electrochemical active surface area of the RuO2 electrode 
was calculated by measuring the voltammetric charge (q) 
which indicates the number of electrochemical active sites 
[42]. The voltammetric charge (q) at 0–1 V vs. Ag/AgCl (KCl 
saturated) can be described by the pseudo-capacitive reaction 
(Reaction (iv)) which consists of coupled redox transitions 
with a broad reversible peak around 0.6 V vs. Ag/AgCl [42]:

RuOx(OH)y + zH+ + ze− → RuOx − z(OH)y + z (iv)

Total or outer active surface areas can be obtained by 
varying the scan rate of the applied potential. For example, 
the total active surface area, which includes both the inner 
and outer active surface areas, can be obtained at the low 
scan rate. On the other hand, the outer active surface area can 
be obtained at the high scan rate [42]. This is explained by 
the fact that both the inner and outer active surface areas can 
exchange protons with the solution at low scan rate while the 
inner active surface area fails to participate in this reaction at 
the high scan rate. Then, the total or outer active surface area 
can be estimated by extrapolating the voltammetric charge to 
an infinitely low (0) or high (∞) scan rate as in the following 
equations (Eqs. (1)–(3)) [42]:

qtotal = qinner + qouter (1)

q(v) = qouter + A(1/ v ) (2)

1/q(v) = 1/qtotal + B v  (3)

where v is the scan rate; q(v) is the voltammetric charge at the 
scan rate v; qtotal is the voltammetric charge obtained at the 
infinitely low (0) scan rate; qouter is the voltammetric charge 
obtained at the infinitely high (∞) scan rate; qinner is related to 
the voltammetric charge of the inner surfaces, and A and B 
are constants.

LSV measurements were conducted in electrolytes con-
taining 5 M NaCl + 0.01 M HCl (pH = 2) which are favorable 
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conditions for chlorine evolution. Chlorine generation was 
conducted with a 0.1 M NaCl (pH = 2) electrolyte, and the 
total chlorine concentration was determined by the DPD 
(N,N-diethyl-p-phenylenediamine) colorimetric method. In 
this method, DPD is oxidized to form a purple product by the 
reaction with chlorine, and the chlorine concentration was 
analyzed immediately using a spectrophotometer (DR/2010, 
HACH Co., Loveland, USA) at 530 nm [43]. The chlorine con-
centrations were replicated three times and the average val-
ues were obtained.

The stability of the prepared anodes was examined using 
the AST [12,44] with a current density considerably higher 
than that of industrial conditions. The time at which the 
potential of the anode escalates suddenly under chlorine evo-
lution conditions was measured [45]. The experiments were 
performed galvanostatically at a current density of 1 A cm–2 
in 5 M NaCl (pH = 2) at room temperature (25°C). The anode 
potential was recorded during the electrolysis.

3. Results and discussion

3.1. Surface analysis

3.1.1. Amount of deposited RuO2 

Fig. 1 shows the weights of the RuO2 thin films depos-
ited onto the Ti substrates according to the deposition 
time. As shown in Fig. 1, the weights of RuO2 increase with 
the increase of the deposition time. The highest amount 
of RuO2 (0.60 mg cm–2) was deposited after 2.5 h. The 
deposited weight did not significantly increase with fur-
ther deposition times to 3 h. A higher amount of RuO2 was 
deposited than in a previous study [28]. This result could 
be due to the higher roughness of the etched Ti substrate 
compared with glass or stainless steel substrates. CBD can 

deposit well a thin film of RuO2 nanoparticles onto the 
titanium substrate.

3.1.2. Morphology

Fig. 2 shows the SEM images of the RuO2 electrodes with 
different deposition times. As shown in Fig. 2, the Ti substrates 
were well covered with RuO2 nanoparticles. The roughness, 
porosity, and crack size increased as the deposition time was 
increased which is consistent with the increasing amount of 
RuO2. It is expected that the total and outer surface area of the 
electrodes could be increased with the deposition time. The 
crack morphology is typical for DSA and advantageous for 
electrochemical chlorine evolution [46]. 
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Fig. 1. Weights of the RuO2 nanoparticles at different deposition 
times (0–3 h).

Fig. 2. SEM images of the RuO2 electrodes with different deposition times (0–3 h).
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3.1.3. Crystal pattern

Fig. 3 shows the high resolution scanning electron 
 microscope (HRSEM) (a) and TEM (b) images of the RuO2 
nanoparticles deposited on the Ti substrate after a 2-h deposi-
tion. Spherical particles of RuO2 and three-dimensional porous 
nanostructures were clearly seen in HRSEM. The average 
crystal size of the RuO2 nanoparticles was 30 nm in diameter.

3.1.4. XRD spectra

Fig. 4 shows the XRD spectra of the RuO2 electrodes made 
by the CBD route with different deposition times (1, 2, and 
2.5 h). The XRD spectra suggest that the oxide nanoparticles 
in all cases are crystalline structures. The typical peaks of the 
rutile RuO2 metal oxides were detected with high intensity of 
the 110 and 101 planes at about 28° and 35° for all of the elec-
trodes. Because the catalyst layers were thin, the X-ray pene-
trated the coating layers and the Ti metal peak was detected. 
There was no detection of the ruthenium metallic phase, 
which is an undesirable phase for chlorine evolution while 
Ru metal was found in the electrodeposition method [15]. 

The intensity of the RuO2 peaks from the diffraction profiles 
increases with increasing the deposition time, consistent with 
the amount of RuO2 catalyst. CBD can deposit well polycrys-
talline RuO2 nanoparticles onto the Ti substrates.

3.2. Electrochemical analysis

3.2.1. Cyclic voltammetry and active surface area

Fig. 5 shows the CV at a scan rate of 320 mV/s (a) and 
voltammetric charge (b) of the RuO2 electrodes at different 
deposition times (1, 2, and 2.5 h) in 0.5 M H2SO4. As shown 
in Fig. 5(a), all the CV curves are almost symmetrical to the 
zero potential line. Note that the rectangular shape of the 
CV of the RuO2 electrodes remains unchanged with the scan 
rate, which indicates the good reversibility (redox reaction) 
of the system resulting from the insignificant iR (ohmic drop) 

Fig. 3. HRSEM (a) and TEM (b) of the RuO2 nanoparticles on the 
electrodes after a 2-h deposition.
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Fig. 4. XRD spectra of the RuO2 electrodes with different deposi-
tion times (1, 2, and 2.5 h).

Fig. 5. CV at a scan rate of 320 mV/s (a) and voltammetric charge (b) of the RuO2 electrodes with different deposition times (1, 2, and 2.5 h).
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loss. The current densities of the electrodes increase with the 
increase of the deposition time in the CVs.

The surface area (voltammetric charge) in Fig. 5(b) 
decreases with the increasing scan rate, which means that 
it is difficult for the electrolyte to penetrate the inner sur-
face of the electrode. The total voltammetric charges of the 
electrodes deposited after 1, 2, and 2.5 h are 10.0, 24.9, and 
28.1 mC/cm2, while the outer voltammetric charges are 4.5, 
9.0, and 12.7 mC/cm2, respectively. The results show that 
the total and outer voltammetric charges increased with the 
deposition time. The explanation for this observation is the 
increase in the crack size with the increasing deposition time.

3.2.2. Chlorine evolution

Fig. 6 shows the LSV (a) and chlorine concentration (b) 
of the RuO2 electrodes prepared at different deposition times 
(1, 2, and 2.5 h). As shown in Fig. 6(a), no reaction takes place at 
potentials below 1.17 V vs. Ag/AgCl. This behavior is expected 
because 1.17 V vs. Ag/AgCl represents the thermodynamic 
minimum potential for chlorine evolution under the studied 
conditions. However, potentials exceeding 1.17 V vs. Ag/AgCl 
cause a steady increase in the current density, which indicates 
chlorine and oxygen formation. The oxidation current is greatly 
influenced by the deposition time, while there is no apparent 
change in the onset potential of chlorine generation. The cur-
rent density in Fig. 6(a) is supported by the chlorine concentra-
tion in Fig. 6(b). The current density and chlorine concentration 
increased with the increase of the deposition time. This order 
is consistent with the increased surface area of these electrodes 
(Fig. 5(b)). A previous study also suggested that chlorine evolu-
tion increases with an increase of the crack size [46].

3.2.3. Accelerated stability test

Fig. 7 shows the AST for the RuO2 electrodes prepared 
with different deposition times (1, 2, and 2.5 h) for the CBD 

method. The lifetime of the RuO2 electrodes increases with 
the deposition time under the same electrolysis condition. 
The electrode with a 1 h of deposition time has a lifetime of 
90 min, while the lifetime of RuO2 electrode with a 2 and 2.5 h 
deposition time is 170 and 190 min, respectively.

4. Conclusion

RuO2 electrodes for chlorine evolution were successfully 
synthesized using the CBD method which is done in a sin-
gle step, and is simple, easy, and efficient. The CBD method 
is useful for the preparation of large surface area RuO2 elec-
trodes with a rutile crystal structure, and a porous, crack 
morphology with an average grain size of 30 nm. The RuO2 
electrodes show a high electrocatalytic efficiency and stabil-
ity for chlorine evolution. The amount of deposited RuO2 as 

Fig. 6. LSV (a) and chlorine concentration (b) of the RuO2 electrodes prepared at different deposition times (1, 2, and 2.5 h). Experimental 
conditions: (a) 5 M NaCl, pH = 2, (b) 0.1 M NaCl, pH = 2, t = 10 min.
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Fig. 7. The AST of the RuO2 electrodes prepared at different 
deposition times (1, 2, and 2.5 h). Experimental conditions: 5 M 
NaCl, pH = 2, t = 25°C, I = 1 A cm–2.
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well as the crack sizes, electrocatalytic activity and stability 
increased with the deposition time. CBD is an attractive syn-
thesis route to fabricate promising RuO2 electrodes for elec-
trochemical chlorine evolution.
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