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Abstract

Ž .The transport of sodium ions through a sulfonated polysulfone SPSF cation-exchange membrane coated on a rotating disc electrode
Ž .is investigated by means of cyclic voltammetry CV and a.c. impedance spectroscopy. Impedance plots are analyzed by a non-linear

Ž . Ž .least-squares fitting method. The transport diffusion coefficient , interfacial parameters double layer capacitance , and total resistance of
the SPSF membrane coated electrodes are investigated as the function of sulfonic acid group concentration in the SPSF membrane,
membrane thickness, electrolyte concentration, and reduction potential. The diffusion coefficients are found to vary between 1.082=10y12

and 1.136=10y11 cm2 sy1 as the sulfonic acid group concentration is increased from 0.672 to 1.18 mmolrg membrane at open circuit
voltage. The double-layer capacitance depends on electrolyte concentration and reduction potential, and sulfonic acid group concentration,
but not on the membrane thickness. The total resistance depends on sulfonic acid group concentration, electrolyte concentration,
membrane thickness, and reduction potential. q 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

There is a great demand for chemically stable, ion-ex-
change membranes for electro-membrane processes, such
as electrodialysis and polymer electrolyte fuel cells. Up to
now, only a few chemically stable ion-exchange polymers
that withstand the aggressive reaction conditions of some

Želectro-membrane processes high acidic andror strongly
.oxidizing environment have been commercially available,

such as Nafionw or Flemionw. Nafionw has a high price,
however, which hinders the increased commercial applica-
tion of electro-membrane processes.

The essential properties of the membrane for electro-
chemical applications include good permselectivity, high
ionic conductivity, no electronic conductivity, adequate
chemical and thermal stability, and sufficient mechanical

) Corresponding author. Tel.: q82-2-970-6601-6680; fax: q82-2-977-
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strength under operating conditions. Electrodes coated with
thin polymer films have become the subject of consider-

w xable research 1–4 . Investigations of membrane-type coat-
ings are of general technological relevance. For example,
the performance of corrosion-protection coatings is deter-
mined by the permeability and the interfacial behaviour of
the films, which can be investigated with permeable model

w xcoatings on electrodes 5,6 . Membrane equilibria, includ-
ing selectivity properties, can be derived conveniently
from electrochemical experiments with coated electrodes.
For instance, transport process through membrane coated
electrodes have been studied using steady-state, limiting-
current measurements. Also, ion-exchange properties of

w xpolymer coatings have been studied 5–9 using conven-
tional electrochemical methods.

The impedance technique is very suitable for the inves-
tigation of electrode processes. In the field of polymer-
coated electrodes, this technique has been used mostly to
study mass transport through the porous layer on the

w xelectrode 10,11 .
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In this work, a cation-exchange membrane was pre-
pared by the sulfonation of the chemically stable polymer,
polysulfone Udelw. The resulting sulfonated polysulfone
membranes have been characterized in terms of ion-ex-

Ž .change group content and transport diffusion coefficient ,
Ž .interfacial parameters double layer capacitance , and total

resistance have been investigated by means of a.c.
impedance spectroscopy.

2. Experimental

2.1. Chemicals and solutions

Ž .NaCl Junsei Chemical, Japan was used as received.
The electrolytes consisted of 0.005 to 0.5 M NaCl. All
electrolytes were prepared with triple-distilled water and
de-aerated by passing nitrogen. All experiments were car-

Ž .ried out at room temperature 20"0.58C .

2.2. Preparation and properties of sulfonated polysulfone

Ž .The sulfonated polysulfone SPSF was prepared by the
w xfollowing method 12,13 . First, trimethyl chlorosilane,

used as mediate, and chlorosulfuric acid, used as sulfonat-
ing agent, were introduced into the main chain of polysul-
fone for formation of sulfone groups. By changing the
stoichiometric ratio of chlorosulfuric acid and polysulfone,
sulfonated polysulfone with various concentrations of the

Ž .sulfonic acid SO H group was obtained.3

The SO H group concentration was determined from3

measurement of the total ion-exchange capacity by titra-
tion. The membrane was converted into the H-form with
0.1 M hydrochloric acid. The membrane was removed
from the solution and rinsed overnight in distilled water.

Fig. 1. Water content vs. SO H group concentration.3

Fig. 2. Cyclic voltammograms for SPSF membrane coated electrode in
0.5 M NaCl electrolyte; rotation rate of electrodes1500 rpm; sulfonic
acid group concentrations1.18 mmolrg membrane; geometric electrode
areas0.2826 cm2; membrane thicknesss2 mm.

Subsequently, the H-form membrane was immersed in 2 M
NaCl aqueous solution at 298 K for 24 h and the hydrogen
ions liberated from the membrane were titrated with 2 M
NaOH aqueous solution.

2.3. Cell and electrodes

A conventional three-electrode cell was used, with a
platinum wire counter electrode and KCl-saturated calomel

Ž .reference electrode SCE . The working electrode was a
Ž 2 .platinum disk geometric area 0.2826 cm embedded in a

Teflon holder and coated with SPSF membrane. The work-
ing electrode was mechanically polished with aluminium

Ž .oxide paper a 0.1 mm , chemically etched in 30% HNO ,3

and rinsed in distilled water. Thin membranes of SPSF
were deposited on the surface of a rotating disc electrode
Ž .RDE by spin-coating at a rotation rate of 2000 rpm. The
dry membrane thickness was measured with a thickness

Ž .gauge Peacock, Ozaki, Japan and was 1 to 9 mm.

2.4. Instrumentation and procedure

A potentiostat–galvanostat PAR 273 system and a fre-
quency analyzer were used with a PAR 5210 lock-in-
amplifier. Frequency sweeps were made from 100 KHz to
8.85 mHz using a sinusoidal voltage amplitude of 5 mV.
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Table 1
Peak potentials of SPSF membrane coated electrode

Scan rate Epa Epc E1r2
y1Ž . Ž .mV s mV vs. SCE

50 y180 y342 y261
100 y184 y334 y259
150 y178 y338 y258
200 y176 y348 y262
300 y174 y348 y261
400 y176 y352 y264
500 y170 y350 y260

The SPSF membrane coated electrodes were immersed in
the desired NaCl electrolyte for at least 12 h.

3. Results and discussion

3.1. Properties of sulfonated polysulfone

The water content of various sulfonic acid groups con-
taining the SPSF membranes is shown in Fig. 1. Hy-
drophilicity of the membrane is essential because it en-
ables the transport of counter ions. The water content of
the SPSF membrane increases with increasing concentra-
tion of the sulfonic acid group. The water content of the
SPSF membrane is lower than that of a Nafion 117
membrane.

3.2. Cyclic Õoltammetry

Cyclic voltammetry is one of the most useful techniques
for investigating electrochemical reactions. Typical cyclic
voltammograms for the SPSF membrane coated electrodes
in 0.5 M NaCl electrolyte at a rotation rate of 1500 rpm
are presented in Fig. 2. These cyclic voltammograms
reflect the ion-exchange reactions of sulfonic acid groups
and counter ions. Such curves were recorded before and

Fig. 3. Relationship between peak current, i , and scan rate, n , for cyclicp

voltammograms.

Fig. 4. Complex impedance plots obtained for SPSF membrane coated
electrode at various SO H group concentrations in 0.5 M NaCl elec-3

Ž . Ž . Ž . Ž .trolyte: v 1.18, ` 1.024, \ 0.79, % 0.672 mmolrg membrane.
Ž .q simulation curve. Membrane thickness: f1.0 mm. Rotation rate of
electrodes1500 rpm.

after the a.c. impedance measurements as a check of
electrode condition. The anodic and cathodic current peaks
are symmetrically shaped irrespective of the scan rate, n ,
over the range 50 to 500 mV sy1 and increased with scan
rate. The peak potentials, Ep, of the SPSF membrane
coated electrodes shown in Fig. 2, are listed in Table 1.

Typical i –y relationships obtained from Fig. 2 areP

given in Fig. 3. Good linearity is observed over the scan
y1 Ž .rate range 50 to 500 mV s . In a surface wave xs1 , iP

is proportional to y , and in a diffusion-controlled wave
Ž . 1r2xs0.5 , i is proportional to y . The x-value reflectsP

the mobility of ionic species in the SPSF membrane
matrix. In order words, when xs1, the mobility of ionic
species is high, but when xs0.5, that of ionic species is

w xlow 14 . From Fig. 3, the x-values of the cathodic and
anodic peak currents are 0.8454 and 0.8613, respectively.
Thus, it is concluded that the mobilities of the sodium ions
in the SPSF membrane coated electrodes are high.

3.3. Impedance spectroscopy measurements

Impedance spectroscopy measurements were conducted
to characterize the SPSF membrane coated on the RDE as
the function of sulfonic acid concentration, membrane

Fig. 5. Equivalent circuit for SPSF membrane coated electrode.
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Fig. 6. Complex plane plots of capacitance for SPSF membrane coated
Ž . Ž . Ž .electrodes in 0.5 M NaCl electrolyte: v 1.062, % 0.79, ` 0.672

mmolrg membrane. Rotation rate of electrodes1500 rpm. Membrane
thicknesss1 mm.

thickness, electrolyte concentration, and reduction poten-
tial. Also, determination was made of the total impedance
of the electrode coated with SPSF membranes with vary-
ing SO H group concentrations.3

Complex plane impedance plots obtained on the SPSF
membrane coated electrode are shown in Fig. 4 as a
function of the sulfonic acid concentration in 0.5 M NaCl
electrolyte at open-circuit. The absence of any semicircular
arc at high frequencies implies that heterogeneous electron
transfer at the electrode-membrane interface is rapid and

w xthat the membrane resistance is low 15 . The total resis-
tance decreases with increasing SO H group concentration.3

Ž .A non-linear least-squares analysis NLLS was per-
formed to fit the impedance of the equivalent circuit to the

w xdata 16 . The equivalent circuit of the SPSF membrane
coated electrodes employed in this study is illustrated in

y1 r2 Ž .Fig. 7. Imaginary parts of complex impedance plot vs. v : v 1.18,
Ž . Ž . Ž .I 1.024, % 0.723, B 0.672 mmolrg membrane. Membrane thick-
nesss1 mm.

Fig. 8. Diffusion coefficient vs. SO H group concentration in 0.5 M NaCl3

electrolyte. Rotation rate of electrodes1500 rpm. Membrane thickness
s1 mm.

Fig. 5. The equivalent circuit consists of R , R and CPE,S l

connected as shown in Fig. 5; R and R represent theS l

electrolyte resistance and the resistance related to the
polymer resistance and the redox reaction resistance, re-
spectively. The total resistance is R qR . The impedanceS l

w xof the constant phase element is given by 17 :
yn

Z s jv Q 1Ž . Ž .CPE

and
1yn1rQs 1rR C 2Ž . Ž .S

where: Q is a constant representative of CPE; v is the
angular frequency; n is a dimensionless parameter, be-
tween zero and unity, which is a measure of the rotation of
the impedance spectrum in the complex-plane given by

Ž .908 1yn ; C is the capacitance.
The resulting curves from fitting parameters in Fig. 4

show that the simulation curve is in quite good agreement
with the experimental impedance data.

Complex plane plots of capacitance in 0.5 M NaCl
electrolyte and 1500 rpm are shown in Fig. 6. The com-
plex plane plot of capacitance shows one well-defined
semicircle and the values of the double-layer capacitance,
C , are calculated from these plots. C and C are thedl re im

real and imaginary components, respectively. The double-

Table 2
Values of parameters of equivalent circuit obtained from fitting experi-
mental data: membrane thickness dependence in 0.5 M NaCl electrolyte
at open circuit. Rotation rate of electrodes1500 rpm

4 12Membrane R R Q=10 n C D=10S T dl
2 y1Ž . Ž . Ž . Ž . Ž . Ž .thickness mm V V mho mF cm s

1 6.73 7664 0.8981 0.8044 37.22 2.5642
2 18.88 10878 1.2525 0.83658 42.35 2.9659
3.5 28.77 18800 1.1761 0.7623 39.44 3.6378
9 32.28 23416 1.3792 0.79037 42.77 5.1257
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Table 3
Values of parameters of equivalent circuit obtained from the fitting of
experimental data: electrolyte concentration dependence at open circuit.
Rotation rate of electrodes1500 rpm. Membrane thicknesss1 mm.
Sulfonic acid group concentrations1.024 mmolrg membrane

4 12Concentration R R Q=10 n C D=10S T dl
2 y1Ž . Ž . Ž . Ž . Ž . Ž .moler ll V V mho mF cm s

0.005 285.15 97424 1.2512 0.7303 73.85 2.4598
0.01 177.24 92474 1.0245 0.7052 62.35 2.3372
0.05 22.096 48211 1.5081 0.78389 47.29 2.87977
0.1 17.096 42204 1.3529 0.7646 45.39 3.17776
0.5 5.299 5928.6 1.1579 0.84055 43 6.9098

layer capacitance decreases with increasing SO H group3

concentration.
The general solution for a.c. impedance due to diffusion

w xin a thin film has been given by Ho et al. 18 , and by
w xArmstrong 19 . From an electric point of view, the be-

haviour is equivalent to that of a finite transmission line.
Ž 2 .At high frequencies v4Dr l , the limiting behaviour

is equivalent to that of a Warburg impedance plot, i.e., a
Ž .linear 458 branch in the complex plane plot, given by:

Z ssvy1r2 1y j 3Ž . Ž .D

where, at equilibrium potential:

2 2 1r2 0'ss2 2 RTrn F D C 4Ž .
where: C 0 is the concentration of the diffusing species; n
is the number of electrons involved in the electrochemical
processes: R, T , and F have their usual meaning. The
diffusion coefficient in the high-frequency domain, D, can
be readily determined in the semi-infinite range by apply-

Ž . Ž .ing Eqs. 3 and 4 to the points on the 458 linear
branches. The imaginary part of the impedance is propor-
tional to vy1r2, as shown in Fig. 7. The Warburg coeffi-
cient, s , slightly decreases with increasing SO H group3

concentration. The dependence of the diffusion coefficient

on SO H group concentration is given in Fig. 8. The3

diffusion coefficients, D, vary from 1.082=10y12 to
1.136=10y11 cm2 sy1 as the sulfonic acid group concen-
tration is increased from 0.672 to 1.18 mmolrg mem-

w xbrane, at the open-circuit potential. Rubinstein et al. 20
reported that the apparent diffusion coefficient of sodium

Ž .3yr2y Žions for the system PtrNafion, Ru bpy using a3

model which assumes two parallel diffusion paths in the
film and with values obtained by curve fitting to experi-

. y10 y11 2ments are D s1.5=10 and D s2.3=10 cm1 2

sy1. Hence, in this case, the diffusion coefficients in the
SPSF membrane system are about an order of magnitude
smaller than the diffusion coefficients in the Nafion film.

The dependence of the total resistance, diffusion coeffi-
cient, and double-layer capacitance on membrane thickness
and electrolyte concentration is given in Tables 2 and 3.
From Table 2, the total resistance and diffusion coefficient
increase but the double-layer capacitance at the electrode-
membrane interface displays no dependence on the mem-
brane thickness. From Table 3, the diffusion coefficient
increases but the total resistance and double-layer capaci-
tance decrease with increasing electrolyte concentration.

Ž .At larger polarizations highly charged electrode or with
more concentrated electrolytes, the charge in electrolyte
solution becomes more tightly compressed against the
boundary at the outer Helmholtz plane in metal–membrane

w xinterface 21 . Hence, as the electrode becomes more highly
charged, the diffuse layer should become more compact
and C should rise. As the electrolyte concentration rises,dl

there should be a similar compression of the diffuse layer
and a consequent rise in capacitance.

After applying various reduction potentials to the SPSF
membrane system, the total resistance and capacitance
were measured, see Fig. 9. At potentials less than y330
mV, the total resistance decreases, while at potentials more
than y370 mV, the total resistance increases with increas-
ing potential. Thus, low and high values of total resistance
can be expected to correspond to high and low current

Fig. 9. Total resistance and double-layer capacitance of SPSF membrane coated electrodes as a function of reduction potential in 0.5 M NaCl electrolyte.
Rotation rate of electrodes1500 rpm. Membrane thicknesss6 mm.
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Ž .values in cyclic voltammograms Fig. 2 . When an exter-
nal potential is applied to the membrane system, counter
ions transfer from the bulk electrolyte to the sulfonic acid
groups attached to the membrane and completely oxidized
sulfonic acid groups will be insulators. This phenomena is

w xconsistent with the findings of other studies 11 .

4. Conclusions

The transport of sodium ions through a SPSF cation-ex-
change membrane coated on a rotating disc electrode has

Ž .been investigated by using cyclic voltammetry CV and
a.c. impedance spectroscopy. Various concentrations of the
sulfonic acid group can be introduced into the polysulfone
without degrading its physical strength. The resulting SPSF
shows enhanced hydrophilicity and electrochemical prop-
erties for use as an ion-exchange membrane. Studies with
CV indicate that the anodic and cathodic current peaks are
symmetrically shaped irrespective of the scan rate over the
range 50 to 500 mV sy1 and the mobility of sodium ions
in the SPSF membrane matrix is high.

Diffusion coefficients are obtained by curve fitting to
experimental results and increase from 1.136=10y11 to
1.082=10y12 cm2 sy1 as the sulfonic acid group concen-
tration is increased from 0.672 to 1.18 mmolrg membrane
in 0.5 M NaCl electrolyte at open-circuit. The double-layer
capacitance is found to depend on sulfonic acid group
concentration, electrolyte concentration, and reduction po-
tential, but not on membrane thickness. The total resis-
tance depends on sulfonic acid group concentration, elec-
trolyte concentration, membrane thickness, and reduction
potential.

References

w x1 C. Deslouis, T. El Moustafid, M.M. Musiani, B. Tribollet, Elec-
Ž . Ž .trochim. Acta 41 718 1966 1343.

w x2 R.D. Armstrong, B. Lindholm, M. Sharp, J. Electroanal. Chem. 200
Ž .1987 379.

w x Ž . Ž .3 R.A. Bull, F.F. Fan, A.J. Bard, J. Electrochem. Soc. 129 5 1982
1009.

w x Ž .4 I. Rubinstein, E. Sabatini, J. Rishipon, J. Electrochem. Soc. 134 12
Ž .1987 3078.

w x5 J. Weber, D. Janda, L. Kavan, A. Jegorov, J. Electroanal. Chem. 200
Ž .1986 379.

w x Ž .6 K. Doblhofer, R. Range, J. Electroanal. Chem. 229 1987 239.
w x Ž .7 C.R. Martin, K.A. Dollard, J. Electroanal. Chem. 159 1983 127.
w x Ž .8 K. Niwa, K. Doblhofer, Electrochim. Acta 31 1986 549.
w x Ž .9 R. Lange, K. Doblhofer, J. Electroanal. Chem. 216 1987 241.

w x Ž .10 K. Doblhofer, Electrochem. Acta 25 1980 871.
w x Ž .11 I.D. Raistrick, Electrochim. Acta 35 1990 1579.
w x12 R. Nolte, K. Ledjeff, M. Bauer, R. Mulhaupt, J. Membr. Sci. 83

Ž .1993 211.
w x13 B.C. Johnson, I. Yilgor, C. Tran, M. Iqbal, J.P. Wightman, D.R.

Ž .Lioyd, J.E. McGrath, J. Polym. Sci.: Polym. Chem. 22 1984 721.
w x Ž .14 T. Shimidzu, A. Ohtani, K. Honda, Bull. Chem. Soc. 61 1988

2885.
w x15 M. Sharp, B. Lindholm-Sethson, E. Lind, J. Electroanal. Chem. 345

Ž .1993 223.
w x Ž .16 B.A. Boukamp, Equivalent Circuit EQUIVCRT. PAS Users Man-

ual, University of Twente, Twente, The Netherlands, 1988r1989.
w x17 S. Biallozor, T. Zalewska, A. Lisowska-Oleksiak, J. Appl. Elec-

Ž .trochem. 26 1996 1053.
w x Ž .18 C. Ho, I.D. Raistrick, R.A. Huggins, J. Electrochem. Soc. 127 2

Ž .1980 343.
w x Ž .19 R.D. Armstrong, J. Electroanal. Chem. 216 1987 241.
w x20 I. Rubinstein, J. Rishpon, S. Gottesfeld, J. Electrochem. Soc. 134

Ž . Ž .12 1987 3078.
w x21 A.J. Bard, L.R. Faulkner, Electrochemical Methods: Fundamentals

and Applications, Wiley, New York, 1980.


