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a b s t r a c t

Since most of the water source on the earth surface is saline in nature, hydrogen generation from saline 
water is of great importance. In this paper, we have developed a membrane protected anode, using 
anionic backbone of sulfonated polystyrene-block-(ethylene-ran-butylene)-block-polystyrene polymer 
(S-PSEBS) over the anode (IrO2/Ti) which is capable of electrostatically repelling the chloride ions (Cl�)
from the electrode surface and thereby enhancing the oxygen evolution rather than the chlorine evolu- 
tion. The electroche mical behavior of both polymer modified and bare IrO 2/Ti electrodes were character- 
ized by electroche mical polarization studies and the gas evolution efficiencies were calculated. The 
surface morpholog y of the electrodes was investigated usi ng scanning electron microscope (SEM). The 
results suggest that nearly 95% oxygen evolutio n efficiency could be achieved when the surface of
IrO2/Ti electrode was modified with a permselective membrane.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction 

Hydrogen has great potential as an environmental ly clean en- 
ergy fuel. When hydrogen is utilized as fuel (either in fuel cells 
or internal combustion engines) the only by-product generated 
will be water. Hydrogen is available in both renewable (water)
and non-renewa ble (fossil fuel) forms. However, the existing 
hydrogen production from non-renewable sources is inadequate 
to sustain its extensive use for energy purposes. Hence, effective 
generation of hydrogen from renewable sources is essential for 
the so-called hydrogen economy [1,2]. While hydrogen can be pro- 
duced by several methods, water electrolys is is a clean and simple 
way of producing hydrogen from renewable energy sources such as
solar, wind and hydroelectric power. Water electrolys is can be
classified based on their electrolytes, namely, alkaline, acidic 
(using proton exchange membran e {PEM}) and solid oxide electro- 
lyte. Alkaline electrolysis is a well established method for produc- 
ing hydrogen and research and developmen t efforts are focused to
improve the efficiency of such electrolyzers to minimize the use of
electricity and to increase the current density to reduce the invest- 
ment cost [3–6]. PEM electrolys is is less common and normally uti- 
lizes expensive materials such as noble metal catalysts and 

sulfonated polymers as electrolyte [7–10]. PEM based steam elec- 
trolysis could also reduce the energy cost compared to liquid elec- 
trolysis [11]. Solid oxide electrolysis is operated at elevated 
temperat ures, and it is too premature to compare it with other sys- 
tems [12]. The main obstruction for the development of solid oxide 
electrolyzer is poor stability of the electrolys is cell [13] and re- 
search and developmen t is focused to minimize the electrolyte 
aging and electrode deactivation.

Recently , manganese dioxide coated IrO 2 anodes for saline 
water electrolysis that preferentiall y evolve oxygen over chlorine 
have been developed [14,15–17]. The reason for the selective oxi- 
dation of water by the mangane se dioxide coated electrode is yet 
unclear. However, it appears that the MnO 2 film may act as a dif- 
fusion barrier layer for chloride ions. Therefore, we speculated that 
if we could prevent chloride anions from accessing to the electrode 
surface by electrostatic repulsive forces, this might be effective in
enhancin g oxygen evolution and suppressi ng chlorine evolution.
This could be possible by applying a cation selective (i.e. anionic 
back bone) coating on the electrode surface. In this paper, we have 
explored the anionic backbone of the sulfonated polystyrene -
block-(ethylene-ran-bu tylene)-block-polystyrene (S-PSEBS) poly- 
mer as a permsele ctive layer on IrO 2/Ti anode to prevent chloride 
anions to the anode surface. The performanc es of both polymer 
coated and uncoated IrO 2/Ti anode have been compared for saline 
water electrolysis.
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2. Experimental 

2.1. Preparation of sulfonated PSEBS polymer 

Polystyrene- block-(ethylene-ran-butylene )-block-polystyrene 
(PSEBS) was obtained from (Aldrich, Germany ) and sulfonated 
form of the polymer was synthesized by adopting our previous 
method [18]. Briefly, PSEBS polymer was sulfonated using chloro- 
sulfonic acid (CSA) as a sulfonating agent. The required amount 
of polymer was dissolved in chloroform and the solution was al- 
lowed to cool in an ice bath. The required amount of tri-butyl phos- 
phate (to moderate the reaction) was added. Then CSA was added 
drop-wise with continuous stirring. The reaction was carried out in
nitrogen atmosphere for 3 h, and it was terminated using metha- 
nol. The polymer was dried by solvent evaporation method. The 
ion exchange capacity (IEC) of the polymer was estimated to be
about 0.01–0.02 meq/g (Ion conductivity-1 0�3 S/cm). The degree 
of sulfonation (DS) was found to be 13%. The structure of the poly- 
mer is shown in Fig. 1.

2.2. Preparation of IrO 2/Ti and S-PSEBS/IrO 2/Ti electrodes 

IrO2/Ti electrode was prepared by etching titanium anode in
boiling aqueous oxalic acid (10 wt.%) for 10 min and then de- 
greased with isopropa nol. Chloroiridic acid (0.1 mol/dm 3) in pro- 
panol was applied on this pretreated titanium substrate (area
2.0 cm2). The solvent was evaporated by heating at 90 �C and the 
resulting electrode was calcinated at 450 �C for 10 min under air 
stream. The polymer coated iridium oxide (S-PSEBS/IrO 2/Ti) elec- 
trode was prepared by dissolving S-PSEBS (concentration
2.7 � 10�2 mol/dm3), in tetrahydrofu ran (THF) and 250 lL of this 
solution was coated on prepared IrO 2/Ti electrode and dried for 
10 min.

2.3. Electrochem ical characteri zation of IrO 2/Ti and S-PSEBS/IrO 2/Ti
electrodes

The electrochemi cal behavior of the electrode s were examined 
by cyclic voltammetr y and potentiod ynamic polarizati on method 
in a three electrode cell assembly using Ag/AgCl as reference elec- 
trode and platinum foil as counter electrode respectivel y. Electrol- 
ysis was performed in an undivided glass cell of 100 mL volume 
using IrO 2/Ti and S-PSEBS/IrO 2/Ti electrode s as anodes and plati- 
num gauze as the cathode in 0.5 M sodium chloride electrolyte 
maintained at 30 �C and pH 8.3 for 30 min for various current den- 
sities. The oxygen evolution efficiency was determined by subtrac- 
tion of the chlorine evolution efficiency from 100% and was 
estimated by conventional iodometri c titration method [19].

3. Results and discussion 

The surface morphology of the prepared electrodes was exam- 
ined by scanning electron microscope [SEM; Hitachi model 
S-3000H]. Fig. 2 shows SEM image of polymer coated IrO 2/Ti before 
electrolysis. As can be seen the polymer coating is uniform since 

cracks are not to be observed, IrO 2 surface is completely covered 
with S-PSEBS polymer layer.

Fig. 3 shows a typical cyclic voltammogr am recorded at a scan 
rate of 50 mV/s for IrO 2/Ti and S-PSEBS/IrO 2/Ti electrodes. The vol- 
tammetr ic curves of both the electrode s show two broad humps 
due to the redox processes of Ir(III)/Ir(IV) and Ir(IV)/Ir(V) as de- 
tailed in reference [20]. The marginal decrease in current was ob- 
served with S-PSEBS/IrO 2/Ti electrode is due to the electrical 
resistance offered by the S-PSEBS film on IrO 2/Ti electrode . Except 
decrease in current the electrochemical behavior of the S-PSEBS 
polymer coated electrode was similar to bare IrO 2/Ti electrode .
Therefore, the redox behavior of the IrO 2 was not affected by
S-PSEBS coating. Fig. 4 shows the potentiodynam ic anodic polari- 
zation curves of IrO 2/Ti and S-PSEBS/IrO 2/Ti electrodes. It is ob- 
served that the polarization current density of a bare IrO 2
electrode (IrO2/Ti) is higher than S-PSEBS coated IrO 2 electrode
(S-PSEBS/IrO 2/Ti). The decrease in current density of the S-PSEBS 
coated electrode is due to the intercalation of ions being impeded 
from the solution [below the thermodynam ic water splitting po- 
tential (1.23 V)] [21–22]. However, gas evolution in the case of
polymer modified anode is predominantl y oxygen. In the case of
bare iridium oxide coated electrode, evolution of oxygen and chlo- 
rine take place. The chlorine and oxygen evolution efficiencies of
IrO2/Ti electrode as a function of operating current densities is
shown in Fig. 5. The oxygen evolution efficiency of IrO 2/Ti is 26%

Fig. 1. The structure of sulfonated polystyrene-block-(ethylene-ran-butylene)-
block-polystyrene (S-PSEBS) polymer.

Fig. 2. SEM image of S-PSEBS coated IrO 2/Ti electrode (S-PSEBS/IrO2/Ti).

Fig. 3. Cyclic voltammogram curve of IrO 2 electrodes (a) IrO 2/Ti (black solid line)
and (b) S-PSEBS polymer coated on IrO 2/Ti electrode (black dashed line) in 0.5 M
H2SO4 recorded at a scan rate of 50 mV s�1.
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