Electrochimica Acta 54 (2009) 2342-2352

Contents lists available at ScienceDirect

Electrochimica Acta

journal homepage: www.elsevier.com/locate/electacta

Perfluorinated nanocomposite membranes modified by polyaniline:
Electrotransport phenomena and morphology

N.P. Berezina®* N.A. Kononenko?, A.A.-R. Sytcheva® N.V.Loza? S.A. Shkirskaya? N. HegmanP, A. PungorP

a Department of Physical Chemistry, Kuban State University, 149, Stavropolskaya St., Krasnodar 350040, Russia
b Department of Nanometrology, Bay Zoltan Institute for Nanotechnology, Miskolc-Egyetemvdros 3515, Hungary

ARTICLE INFO

Article history:

Received 16 July 2008

Received in revised form 26 October 2008
Accepted 28 October 2008

Available online 5 November 2008

Keywords:

Perfluorinated ion-exchange membrane
Polyaniline

Conductivity

Diffusion permeability

Water transport

Polarization phenomena

1. Introduction

ABSTRACT

This work summarizes results on the modification of perfluorinated sulfocationic membranes MF-4SC by
in situ chemical polymerization of aniline. The investigation of transport properties of polyaniline/MF-4SC
composite membranes after bulk modification - conductivity, diffusion and electroosmotic permeabil-
ity, proton permselectivity — as well as porosimetry and polarization behavior is carried out as functions
of aniline polymerization parameters and acid concentration. The fibrous-cluster model of a composite
membrane is proposed for the estimation of transport and structural parameters, taking into account dif-
ferent mechanism of charge transfer in structural fragments of the composite. The atomic force microscopy
images and curves of water distribution on the effective pore radii in the composite membranes testify to
a morphological transition from the nano- to the microsize of polyaniline inclusions with increasing
the aniline polymerization time. This effect is confirmed by the analysis of two-phase model trans-
port and structural parameters. High values of the “true” proton transport numbers of composites are
obtained and discussed. The dynamic hydration numbers of protons and chloride co-ions are estimated
using the “true” transport numbers of protons and the electroosmotic coefficients of composites. The
current-voltage curves of composite membranes in the “free standing” state after bulk and surface modi-
fication by polyaniline are investigated. The effect of stabilization of limiting current density is observed for
MF-4SC membrane after bulk modification. The effect of current-voltage curves asymmetry is observed
for different orientation of the polyaniline layer towards the current direction for an anisotropic composite

membrane after surface modification.
© 2008 Elsevier Ltd. All rights reserved.

are as follows: first, they provide high proton conductivity between
the cathode and the anode; second, they separate the cathode

The synthesis of composite ion-exchange materials and inves-
tigation of their functional properties are relatively new research
area in membrane electrochemistry and high-molecular chemistry.
Lately, this area has attracted the interest of researches, which is
due to the development of fuel cells and various sensor devices.
Also, there are a number of electrochemical processes done on
the industrial scale, which need advanced materials for the con-
struction not only of electrodes but and separation diaphragms.
Such composites are applied as separation membranes in electro-
dialysis, as solid electrolyte with high proton conductivity in the
membrane-electrode modules of fuel cells, in polymer microelec-
tronics and biosensors [1-10]. The two main functions of polymer
composite materials in fuel cells and other electrochemical reactors

* Corresponding author. Tel.: +7 861 219 95 73; fax: +7 861 219 95 73.
E-mail address: ninel_berezina@mail.ru (N.P. Berezina).

0013-4686/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.electacta.2008.10.048

and anode spaces and, in this way, suppress chemical interaction
between the fuel and the oxidant [11-14]. Perfluorinated sulfoca-
tionic membranes of type Nafion® (Du Pont, USA) [15] and MF-4SC
(Plastpolymer, Russia) [16] possess special properties, such as high
thermal and chemical stability along with good conductivity. These
membranes are used as a template for the synthesis of various
composites. Recently, research has been focused on Nafion® mem-
branes modified by conducting polymers, such as polyaniline that
exhibits unique electrical, electrochemical and optical properties
[1,2,17-20].

The investigation of composites in a “free standing” state based
on perfluorinated sulfocationic membranes and polyaniline is of
special interest because such composite materials can be used to
promote the efficiency of electromembrane separation processes
[21-23]. Most often such materials are obtained by chemical tem-
plate synthesis, where various redox systems are electron acceptors
during the oxidative polymerization of aniline [24-26].
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The aim of this work is to summarize the results of investigation
of composites based on perfluorinated sulfocationic membranes
MF-4SC and polyaniline (the latter is introduced into the original
matrix by chemical synthesis) [27-30]. One of the tasks of this work
is to establish a correlation between the structural characteristics
and transport properties of the composites and to obtain composite
materials with a set of optimal characteristics. The development of
theoretical approach to the description of macroscopic transport
phenomena in the composite membranes is an actual problem in
modern electrochemistry and materials science presented in this
article.

2. Experimental
2.1. Materials

A Nafion type perfluorinated sulfocationic membrane (MF-
4SC) produced by “Plastpolymer” (St.-Petersburg, Russia) was
used as a template matrix for composite membranes preparation.
These composite membranes were obtained by the penetration of
polyaniline (PAni) into the initial (non-modified) membrane. The
oxidative-thermal conditioning technique of perfluorinated mem-
branes includes sequential boiling of the MF-4SC membranes in 5%
HNOs3, 10% H,0, aqueous solutions and distilled water for 3h in
each case [31].

It is known that membranes Nafion and MF-4SC have so-called
cluster morphology. Their amorphous zone is characterized by
a number of nanosized structural elements: from narrow chan-
nels of 1.5nm in diameter up to ion-cluster zones (“pores”) of
5-6nm in diameter. The size of crystallites introduced into the
amorphous zone is up to 20nm [32]. The polymer matrix of a
perfluorinated membrane is sort of a nanoreactor for aniline poly-
merization, because the formation of PAni chains occurs in the
restricted nanospace of structural cavities of the matrix. The tem-
plate synthesis of PAni allows to obtain particularly nanostructured
polymer material.

A template synthesis of polyaniline in the MF-4SC matrix was
performed by a chemical method described elsewhere [28,30,33].
A membrane fixed in a vertical position was located between solu-
tions of 0.01 M FeCl3 in 0.5 M H,SO4 (oxidant), and 0.01 M aniline in
0.5 M H,S04. The polymerization was carried out in a two-chamber
cell using a counter diffusion method. After a time period which
depends on the sample pretreatment, the membrane turns blue and
then, rapidly, emerald-green. As a result, composite membranes
(PAni/MF-4SC) with different color intensity could be prepared
varying the time of in situ oxidation of aniline. An emerald-green
membrane (5 h of synthesis) and a black one (30 days of synthesis
with regular change of polymerization solutions) were investigated
in this work. The color intensity depends on the ratio between oxi-
dized (doped) and reduced (undoped) forms of polyaniline, i.e. on
the exposure time in working solutions [34]. Chemical forms of
polyaniline are described in details elsewhere [1,24,35].

Physical and chemical characteristics of the investigated sam-
ples are shown in Table 1.

One can see that the weight fraction of PAni (in the swollen
state of the membrane) increases from 12.4% to 17.2% despite the

Table 1

time of synthesis has increased significantly. In our opinion, after 30
days of synthesis the membrane is fully saturated with PAni. Before
measurements, the obtained composite membranes were held in
acid solutions of a certain concentration.

2.2. Membrane characterization

2.2.1. Equilibrium properties

Several standard techniques have been used to test the mem-
branes [36]. The ion-exchange capacity Q was determined for
H*-form samples by “shifting the equilibrium with titrant excess”.
The samples were kept in a 5% KCl solution in 0.1 M KOH for 24 h.
After the ion-exchange was completed, the excess of KOH was
titrated by a 0.1 M HCI solution in the presence of a mixed indi-
cator and the content of —SO3H groups in the swollen sample was
calculated.

The water uptake of membranes MF-4SC was measured by dry-
ing H"-form samples in the air. The water was evaporated at 105 °C,
and the value of water fraction was obtained as the ratio between
the weight loss and the weight of the wet membrane sample. The
membrane hydration capacity ny, (average number of H,O moles
per 1 mol of functional groups) was calculated from the values of
water content and ion-exchange capacity of the samples; the accu-
racy of determination of n; was as low as 0.1 mol H,O/mol —SO3~
[37]. The characteristics obtained are shown in Table 1.

The method of standard contact porosimetry was used for the
determination of water distribution in membrane “pores” [38-42].
In the standard porosimetry method, the water content is measured
for the membranes equilibrated with standards of a definite porous
structure. For the standards, the integral curves of distribution of
pore volume on the effective pore radii were obtained by indepen-
dent techniques, such as capillary condensation. The “resolution”
of standard porosimetry is about 1 nm (that is, an average molecule
size of the liquids used in this research).

2.2.2. Microscopy measurements

Atomic force microscopy (AFM) [43,44] images were recorded
in the tapping mode using a NTEGRA Spectra AFM instrument (NT-
MDT, Russia) with high-resolution non-contact silicon gold-coated
tips. Before the measurements, the membranes were conditioned
ina 0.5 M H,S04 solution with subsequent rinsing in distilled water
and drying for at least 24 h at a temperature of 105 °C. This method
was successfully applied for the investigation of the surface of
Nafion-117 [45,46] membranes after saturating them with organic
components.

The morphology and microstructure of anisotropic com-
posite membranes were characterized using scanning electron
microscopy (SEM) (Hitachi S-4800, Japan) [47,48]. SEM sam-
ples were dried and sputtered with gold to reduce charging
effects during measurements. Elemental analysis of the membranes
was performed using energy-dispersive X-ray spectroscopy (EDS)
method (Quantax system, Bruker AXS, Germany).

2.2.3. Transport properties
The membrane conductivity k, (S/m) was determined from
the value of membrane resistance measured as the real part of

Physicochemical properties of perfluorinated sulfocationic membranes MF-4SC with and without polyaniline.

Membrane Thickness (I) (cm) Saturation degree, Water uptake, Ion-exchange capacity Hydration capacity
g PAni/g wet gH,0/g wet membrane (Q), mmol H*/g wet (nm), mol H,O/mol
membrane (%) (%) membrane —S03~

MF-4SC 0.027-0.028 - 25.2 0.86 16.3

PAni/MF-4SC (5 h of synthesis) 0.028-0.029 124 21.9 0.93 13.1

PAni/MF-4SC (30 days of synthesis) 0.030-0.031 17.2 20.1 1.11 10.0
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membrane impedance [42,49]. We used mercury electrodes oper-
ating at 50-500 kHz AC with a TESLA BM-507 impedance-meter.
The mercury contact method is widely used for studying polymer
films since this technique provides an ideal contact between the
electrodes and the sample. Moreover, this method is not limited by
the concentration of the equilibrium solution or by water content
in the membrane, which may vary for different polymer materials.
Polarization effects in membranes lead to discrepancies
between the conductivity of an ion-exchange membrane measured
under alternating current (kc) and that measured under direct cur-
rent (kpc). A simple equation establishing the relationship between
these characteristics has been derived and confirmed by experi-
mental data for heterogeneous electrodialytic membranes [42]:

Kpc = Kkac - t2 (1)

where t; is transport number of counter-ions in solution; f, is
the volume fraction of equilibrium solution in the membrane.
For homogeneous membranes, when f, — 0, the discrepancies
between kuc and «pc can be neglected. Processing the concen-
tration dependence of membrane conductivity in H,SO4 solutions
within the frames of the two-phase conductivity model allows
to calculate both the volume fraction of free solution inside the
membrane phase (f;) and the value of conductivity at the iso-
conductivity point («j) [42,50,51].

The diffusion of electrolyte through a membrane is described
by several quantitative parameters: the electrolyte diffusion flux
(jm, mol/m?2s), the integral (P, m2/s) and differential (P") coeffi-
cients of diffusion permeability. The relationships between these
parameters are defined by the following equations:

V dc

]mZE'E (2)

. L dc

]m——Pa (3)
fOCP*dc

P = 2 — (4)

v dInjm jm-1  jm-1

P'=Tme o =B o )

where S is the membrane area, dc/dt is the rate of electrolyte accu-
mulation in a compartment of volume V initially filled with water
(in diffusion cell), parameter 8, which characterizes the shape of
the concentration profile in a membrane, is obtained from dou-
ble logarithmic j—c plots, I is the membrane thickness, while ¢ and
co are the solution concentrations at time t and an initial instant,
T, respectively. We studied the diffusion of a H,SO4 acid solution
through a membrane to pure water [36,42]. The rate of increase of
the acid concentration in the chamber filled with water (dc/dt) was
controlled by conductometry.

The electrotransport characteristics of membranes were deter-
mined in a wide concentration range of H,SO4. The experimental
data on the conductivity and diffusion permeability of initial and
composite membranes were used to calculate ion transport num-
bers applying the procedures described elsewhere [29,42]. These
experimental data were also used for the calculation of trans-
port and structural parameters (TSPs) of membranes by applying
a model approach and computer simulations [42,52-54].

Electroosmotic permeability of the membranes in HCl solutions
was defined as the water transport number t,, (mol H,O/F) and
was measured in a two-chamber cell with reversible silver chloride
electrodes by the volumetric method [36,42,55,56]. The values of
tw were calculated from the following relationship:

_VAF
T umS-i-T

(6)

tw

where V' is the volume of water transferred, i is current density, 7 is
time period, vy, is mole water volume (18 cm3/mol), Fis the Faraday
number, S is the effective membrane surface area.

2.2.4. Membrane voltammetry

The membrane voltammetry method is capable of measuring
polarization properties of membranes under conditions approx-
imating those of actual membrane operation. Each portion of
a current-voltage curve (CVC) provides information about elec-
trotransport properties of the membrane. The ohmic portion
helps determine the membrane resistance. The value of limiting
electrodiffusion current (ij;, A/m2) depends on the membrane
permselectivity, concentration and chemistry of the electrolyte
solution as well as on hydrodynamic conditions, which influence
the thickness of diffusion layer on the membrane surface. Back-
ward diffusion of the electrolyte solution can increase the ij;;, value
in accordance with the following equation [57]:

P D.c-F +P*-C-F
I = )8 (-6l

(7)

where D is the electrolyte diffusion coefficient in solution, § is the
thickness of diffusion layer, c is the concentration of solution, t;
and t; are transport numbers of counter-ions in solution and mem-
brane, respectively.

The increase of the current above iy, is caused by the coupled
effects of concentration polarization inducing electro-, thermo- and
gravitational convective flows. These effects are the generation of
H*, OH~-ions and the formation of macroscopic spatial charge in
solution at the membrane/solution interface, and the limiting cur-
rent exaltation [51,58-63]. Hydrodynamic and structural features
of the membrane surface determine the behavior of the membrane
under overlimiting currents.

The distinguishing parameters of CVCs to be used for testing the
membrane materials are as follows: the slope of the ohmic portion,
the limiting current value, the length of limiting current plateau (A,
V), and the potentials, where transitions to the limiting (AEj;;,, V)
and overlimiting (AE, V) states occur. The CVCs of membrane com-
posites PAni/MF-4SC were obtained in the galvanodynamic regime
inacell equipped with platinum polarizing and silver chloride mea-
suring electrodes (Fig. 1) [64]. The hydrodynamic regime used in
this work is characterized by Reynolds numbers from 6 to 4. This
implies that measurements of CVCs for ion-exchange membranes
occur under conditions of the laminar flow of solution. The value of
the electrodiffusion limiting current density ij;,, was found graph-
ically from the voltammetry curves with the aid of the program
Microsoft Excel.

The experiments were carried out at a temperature of 25°C.
The measurement errors for all determined parameters were in the
range of 3-5%.

3. Results and discussion

3.1. Transport and structural parameters of original and
composite membranes

3.1.1. Model approach to membrane characterization

In a number of works we described an approach to the character-
ization of ion-exchange membranes, which is based on the model
of structural and electrochemical inhomogeneity of the material.
When the membrane is modified, its structure becomes more com-
plex due to the appearance of a new structural element, polyaniline,
which has the polaron mechanism of charge transfer in the doped
state [1]. At present, there is no model approach in literature to the
description of transport properties of membrane composites based
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Fig. 1. Schematic view of setup for current-voltage curve measurements: (1) mea-
suring cell; (2) near-electrode compartments; (3) platinum polarizing electrodes;
(4) near-membrane compartments; (5) membrane under investigation; (6) probes;
(7) auxiliary membranes; (8) silver chloride electrodes; (9) pH-meter-ion meter
“Expert-001"; (10) potentiostat PI-50-1.1; (11) computer; (12) solution vessels; (13)
multichannel peristaltic pump “Zalimp pp. 1-05". The hydrodynamic scheme is in
solid lines, while the electric circuit is in dashed lines.

on electroactive polymers. In this work, an emphasis is made on
the characterization of composite membranes of type “polymer in
polymer” from the viewpoint of a modified two-phase model of the
membrane material structure.

The well-known Nernst-Planck equation

Ji=—Lj grad p; (8)
can be used as a differential transport equation for i-type ions
that move under electrochemical potential gradient (grad p}). j;
characterizes the ion flux and L} is the coefficient of propor-
tionality between the ion flux and the force acting on the ion.
Phenomenological coefficients L} are electrodiffusion characteris-
tics of the ion mobility in a heterogeneous medium. It has been
suggested [65] that these factors are functions of conducting prop-
erties of membrane “pseudo-phases” and of membrane geometry
(packing factors of conducting phases). The theory of generalized
conductivity for a heterogeneous system [51,42,65] provides a basis
for quantitative characterization of electrochemical properties of
membranes. The effective properties are defined as characteris-

tics of separated phases by the interpolating equation proposed
independently by K. Lichtenecker and N.P. Gnusin:

Ly = [ALY +HL51* (9)

In this equation L, is the coefficient of generalized conductivity
(conductivity or diffusion permeability coefficient); Lq, L, are prop-
erties of individual phases; f; and f, are the volume fractions of
phases; « is a parameter characterizing the space orientation of
phases in the material. Parameters fand « are related to the geom-
etry of dispersion.In the case of 1:1 electrolyte (such as NaCl), the
resulting membrane conductivity and diffusion permeability coef-
ficient can be expressed as follows:

Km = L1k, + f?]® (10)

P* = [f,(Ge)* + f,D*]'/* (11)

Here ks, and « are specific conductivities of phase I and of solution,
respectively; c is solution concentration; D is the electrolyte diffu-
sion coefficient in solution. G is a complex parameter [42] which
contains the Donnan constant (kp), the co-ion diffusion coefficient

in phase I (D_) and the membrane exchange capacity:

_](D-i
SQ

Parameter G plays the same role in diffusion as parameter ks, does
in conductivity. kjs, is a characteristic of the counter-ions transport
and G is that of the co-ions transport in phase I.

The proposed model of a composite membrane PAni/MF-4SC
preserves the selection of two conducting “pseudophases”. We
use the term “pseudophase” in this model because all structural
fragments have no visible phase boundaries. A simplified model
of the composite membrane is shown in Fig. 2. Pseudophase I
is considered to consist of ion-cluster zones of the base mem-
brane with either ion or proton (in acid solutions) conductance
and of polyaniline aromatic chains. The contribution of the polaron
conductance of polyaniline depends on the degree of doping of
quinone-imine fragments [1]. All non-conductive fragments (fluo-
roethylene chains, microcrystallites and uncharged PAni units) are
included in pseudophase I of a volume fraction of f;. The second
pseudophase includes either inner electrolyte solution or water
being dispersed in the bulk of the composite, outside the electric
field of charges on polymer chains. It is supposed that the inner
electrolyte solution has the same characteristics as the outer equi-
librium solution. The volume fraction of the inner solution is f5,
while f; +f,=1. In Fig. 2 different cases of conducting phase ori-
entation are presented: o — +1 for parallel orientation, o — —1

G (12)

Fig. 2. Simplified two-phase model of a membrane MF-4SC incorporating polyaniline and schematic presentation of “pseudophases” space orientation towards the current
direction: (1) fluoroethylene chains; (2) ion-cluster zone; (3) polyaniline chains; (4) inclusions of inner electrolyte solution.
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Table 2

Transport and structural parameters of membranes in a H,SO4 solution.

Membrane £ Kiso (S/m) o G x 106 m>/
(mols)

MF-4SC 006 423 0.30 156.3

PAni/MF-4SC (5 h of synthesis) 0.08 4.38 0.27 107.5

PAni/MF-4SC (30 days of synthesis) 0.16 1.14 0.10 2.2

for serial orientation and o — 0 for random phase distribution,
respectively.

Taking into account the fact that under certain conditions PAni
forms nanosized fibrils [25,66-68], let us call the model in question
as a fibrous-cluster one. This model is simplified because it does not
consider chemical and cooperative interactions between the struc-
tural fragments. Parameters o, f>, k5o, G for a composite membrane
are calculated by the same equations as for the base membrane
without modifying component [42,52-54]. In works [42,52] we
suggested to supplement this set of TSPs by the dynamic hydra-
tion numbers of counter- and co-ions in the membrane, h% and
h*. In order to calculate these characteristics, the measurement
of membrane electroosmotic permeability and “true”, or electro-
migration, counter-ion transport numbers as functions of solution
concentration is required.

3.1.2. Transport properties: conductivity and diffusion
permeability

Concentration dependences of conductivity and diffusion flux
of base and composite membranes in H,SO,4 solutions are shown
in Fig. 3a and b. In order to characterize the membranes more
fully, these results are complemented by calculated dependences of
“true” proton transport numbers through the membranes (Fig. 3c)
and experimental dependences of water transport numbers in HCI
solutions (Fig. 3d).

From Fig. 3, it can be seen that the conductivity and diffusion flux
of the composite membrane after 5 h of synthesis (weight fraction
of PAni is 12.4%) are practically the same as of the base MF-4SC
membrane. TSPs calculated on the basis of these data are given in
Table 2, where of it can be concluded that the set of TSPs (¢, f>, kiso )
does not change substantially. An exception is parameter G, which
decreases by 1.45 times [29]. Polyaniline in the membrane exists
in the form of emeraldine (the color of samples is green), which is
confirmed by spectroscopic measurements in the UV-vis range in
paper [28]. Despite there is no synergetic effect of increase of the
composite conductivity, the electron conductivity of emeraldine
compensates for the decrease of proton conductivity, which is due
to the appearance of phenylammonium ions during the template
synthesis [30]. Such behavior of the composite can be explained by
the nanometric size of emeraldine inclusions.

For the membrane after 30 days of synthesis being saturated
with PAni (its weight fraction is 17.2%) a decrease of conductivity
and diffusion flux by 3-4 times in the whole range of acid con-
centration is observed (Fig. 3a and b, curve 3). The calculation of
TSPs has shown a two-fold increase of parameter f, and a three-
fold decrease of parameter « (Table 2). Within this model such a
change of these parameters indicates the increase of number of
structural cavities filled with solution (increase of parameter f5)
and the orientation of pseudophases becomes more chaotic, i.e.
dispersity of the system increases (Fig. 2). Due to the fact that PAni
fibrils can ramify during growth [69], being penetrated into amor-
phous, cluster zones, they block transport paths for ion transfer
through pseudophase I. In fact, parameter k5, characterizing the
proton conductivity in pseudophase I decreases by 3.5 times. The
drop of parameter G is much more significant: it decreases by 72
times compared to the base membrane and by 50 times compared

to the composite membrane in the emeraldine form. The effect
of strong deceleration of co-ions is due to the influence of rigid
aromatic PAni chains and their more chaotic orientation.

3.1.3. Permselectivity

The results of calculation of electromigration or “true” transport
numbers [51,70], which characterize portion of current transferred
by protons without hydration shell, are shown in Fig. 3¢ for all the
membranes investigated. These dependences were calculated from
the data on conductivity and diffusion permeability according to
the equations shown in Fig. 3. In these equations, L+ and L_ are
electrodiffusion coefficients of counter- and co-ions, respectively;
they are dependent upon the concentration of the equilibrium solu-
tion [71,72]. The non-ideality of the solution is taken into account
by a parameter 7+ calculated by the following equation:

dlﬂ)/i
dInc

It can be seen from Fig. 3¢ that the composite membranes are
highly selective to protons (curves 2 and 3). This is an unusual effect
because “loosening” of the structure of MF-4SC membrane after 30
days of PAni synthesis and blocking of transport paths by polyani-
line segments would lead to a decrease of selectivity. A reason for
high selectivity of the composite membranes is compacting of the
membrane cluster zones, which is due to “cross-linking” of the per-
fluorinated matrix by PAni chains, and decrease of the diffusion
coefficient of acid anions in pseudophase I. It is a morphological
effect which leads to the decrease of co-ions transport.

Another explanation for high selectivity of polymers contain-
ing imine groups was given by Riande and co-workers [73]. They
assumed that a positive charge on the nitrogen atom of an imine
group causes electrostatic interaction with co-ions. This leads to
a decrease of the portion of current transferred by co-ions, while
the portion of current transferred by protons increases. This effect
may occur in the case of polyaniline containing composites as well
[74]. Interaction of acid anions with positively charged imine groups
leads to a decrease of co-ions contribution to the current transport.
It is an electrostatic effect due to the ion pair formation in pseu-
dophase . Therefore, these effects are responsible for high proton
permselectivity of both emeraldine and pernigraniline (dark-green
or black color) composite membranes.

ﬂi(C) =1+

(13)

3.14. Electroosmotic permeability and dynamic hydration
numbers

The dependences of calculated “true” proton transport numbers
upon concentration are complemented by independent measure-
ments of electroosmotic permeability in HCl solutions. It can be
seen from Fig. 3d that transport numbers of water with proton are
weakly dependent upon the acid concentration and time of poly-
merization of aniline in the membrane. The mechanism of water
transport in the composites is discussed in paper [75].

The data on H* transport numbers were used for the estimation
of dynamic hydration numbers of ions in the membranes. As it is
shown in works [42,52], the equation presented in Fig. 3 is used for
this purpose after modification taking into account that t+ +t_=1:

tw =t (b} +h*)—h*, (14)

where t. is “true” transport number of counter-ion, h%, h* are
dynamic hydration numbers of counter- and co-ions, respectively.
The latter parameters are not related to the two-phase model; their
physical sense is effective hydration characteristics of ions in the
membrane as a whole.

As it follows from Eq. (14), the concentration dependences
shown in Fig. 3c and d can be used for graphic determination of
dynamic hydration numbers of both counter- and co-ions. It can be
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Fig. 3. Concentration dependences in acid solutions of conductivity (a), diffusion flux (b), “true” proton transport numbers (c) and water transport numbers (d) of a MF-4SC
membrane (1), composites PAni/MF-4SC after 5h (2) and 30 days (3) of aniline polymerization, and calculation equations.

seen from Table 3 that the values of h’ for protons are in the range
of 3.3-4, which is close to the experimental values of t,,. However,
the hydration numbers of CI~ anions h* decrease significantly with
increase of the aniline polymerization time. In an electric field, Cl~
co-ions transport the water molecules being closest to themselves
(1-2mol)[76,77] and involve in movement an additional volume of
water. In composite membranes the diameter of transport channels
decreases due to PAni inclusions. These morphological changes of

the composite lead to distortion of the “dynamic” hydration shell of
ions. The decrease in the transport number of water together with
Cl~ ionis in agreement with the decrease of its kinetic characteris-
tics, such as diffusion coefficient and ion transport number. At the
same time, proton, which transports water in the form of strong
hydroxonium complexes [75,78] and is capable of transport by the
relay mechanism, retains practically constant values of effective
dynamic hydration numbers.
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Table 3

Dynamic hydration numbers of ions in ion-exchange membranes.

Membrane h h*
MF-4SC 33 114
PAni/MF-4SC (5 h of synthesis) 33 8.8
PAni/MF-4SC (30 days of synthesis) 4.0 43

Therefore, the analysis of TSPs showed that the evolution of PAni
oxidation state and its morphology in the perfluorinated membrane
leads to the compacting of pseudophase I and to decrease of its
volume fraction f; at the expense of the volume fraction of inner
solution f; (fi +f, =1). This process is accompanied by changing of
space orientation of conducting phases (Fig. 2). Based on the analy-
sis of TSPs, it is possible to conclude that the nanometric size of PAni
inclusions in particular makes the composite membrane after 5h
of synthesis retain its conductive properties. The absence of syn-
ergetic effect in the membrane overall conductivity indicates that
PAni does not form a percolation path for electron conductance in
the membrane [30]. The increase of PAni content in the membrane
and of its oxidation degree (in the case of PAni/MF-4SC after 30 days
of synthesis) leads to re-organization of the structure of transport
channels. This is accompanied by a transition from nanosized to
microsized PAni inclusions, which results in a change of all TSPs
and is confirmed by independent measurements of the composite
morphology.

3.2. Structure of composites investigated by AFM and standard
porosimetry methods

The advantage of AFM over SEM is that AFM can probe the sur-
face of the membrane without using a radiation source, which can
burn the surface, and without adding a gold layer, which could
slightly alter the topography of the membrane. Moreover, AFM
imaging can be performed in a partially dried state in ambient
environment, whereas the conventional SEM technique used in
this work requires drier samples and scanning occurs in a vac-
uum environment of about 103 Pa (in the chamber). Drying can
also introduce changes into the surface morphology of the poly-
mers and may alter or obscure the features of interest. Note that,
for SEM a magnification of 50,000 times using 10kV acceleration
voltage was limiting for membrane samples. Higher magnification
leads to strong local heating of the sample by the electron beam
and subsequent melting of the membrane area under investiga-
tion. Therefore, low-voltage operation in the specimen chamber
sacrifices resolution. In addition, unlike SEM, the AFM can measure
in all three dimensions (x, y, and z) including height information
with a vertical resolution of <1 nm. The three-dimensional nature
of the AFM can be used to estimate changes in roughness and sur-
face area variations. At the same time, SEM has the ability to image
very rough samples due to its large depth of field and large lateral
field of view. And we used this advantage of SEM to visualize the
microrelief of rough PAni layer for surface modified composites,
which will be discussed later.

3D images of the membrane surface topography (scan size
5 wm x 5 wm) obtained by the AFM method are presented in Fig. 4.
Fig. 4a shows that unmodified membrane has a relatively flat sur-
face. After modification, a change in surface topography is observed.
It can be seen from Fig. 4b that after 5h of synthesis PAni forms
on the surface particles of no more than 20-30 nm in height and
40-100nm in diameter. PAni microdomens in the form of gran-
ules or hemispheres with a diameter of 200 nm up to 1.4 wm and a
height of up to 300 nm are characteristic of the membrane PAni/MF-
4SC surface after 30 days of synthesis (Fig. 4c). The “germination”

Fig. 4. AFM images of MF-4SC (a), PAni/MF-4SC after 5h (b) and 30 days (c) of
synthesis.

of PAni to the membrane surface is also observed during the elec-
trochemical synthesis of polyaniline, where its formation owing
to electrons from the electrode surface occurs [27]. The change
of the surface topography in Fig. 4 demonstrates the transition of
PAni from a nanosized to a microsized morphology; as a conse-
quence, transport properties of the samples under investigation
change.

The change in the inhomogeneity degree of the composite mem-
branes is confirmed by the data on standard porosimetry. Water
distribution (v, cm3/g) inside the composite membrane samples is
shown in Fig. 5. Fig. 5a shows that, if the polymerization time of ani-
line in the base matrix does not exceed 10 h, there is no essential
change in the porosimetry curves, which indirectly confirms the
formation of nanosized inclusions of PAni inside the membrane.
After 5-10 h of polymerization (emeraldine form and green color)
the effective pore radius is not bigger than 80 nm. The porosimetry
method has shown earlier [38,39] that the effective pore radius
of structural cavities in the swollen perfluorinated membranes,
Nafion and MF-4SC, is equal to 100-200 nm. Pores of this radius dis-
appear when the implantation of PAni chains occurs. This confirms
the nanosized character of PAni inclusions.
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Fig.5. Integral (a) and differential (b) functions of water distribution on the effective
pore radii for a MF-4SC membrane and composites after various times of aniline
polymerization.

Changes in structural characteristics of the composite mem-
branes are observed after 26 h and become very significant after
30 days of synthesis. Fig. 5a also shows that the maximum value
of water content decreases by 8-15% as the polymerization time of
aniline increases. This is in agreement with the data of indepen-
dent gravimetric measurements of water uptake (Table 1) and data
of paper [79].

It can be seen from the differential porosimetry curves (Fig. 5b)
that after 26 h of polymerization of aniline, where emeraldine
transforms to pernigraniline, the formation of structural cavities
with a pore radius of 300nm is detected. For a membrane sam-
ple, where PAni was synthesized for 30 days, a small peak at
about 10 wm pore radius is observed, which corresponds to a water
bonding energy of 1]/mol or below. This weakly bonded water is
removed from the membrane during its drying first because, most
likely, this water is localized in defects on the membrane surface.
The increase of the volume of large pores in the composite after
30 days of synthesis is in agreement with the increase of structural
parameter f, of the model (Table 2).

Fig. 6. Current-voltage curves of a MF-4SC membrane (1) and composite PAni/MF-
4SC after 5 h of synthesis (2) measured in a 0.025 M H,SOj4 solution.

3.3. Polarization characteristics of composite membranes

3.3.1. Current-voltage curves of composite membranes

In order to investigate the polarization behavior of the compos-
ites PAni/MF-4SC, their current-voltage curves were recorded. As
one can see from Fig. 6 and Table 4, the slopes of the ohmic part
of CVCs for the original membrane and for the composite one after
5h of synthesis are the same. It is in agreement with the results
on the conductivity of these composites measured under alternat-
ing current [29,30]. The values of the limiting current density are
also practically the same for the two membranes, which agrees
with their TSP values [80]. The close values of ij;;, before and after
modification (Fig. 6) can be explained by mutual compensation of
two opposite factors: increase of ij;;, due to solution electroconvec-
tion (which, in turn, is due to the surface microrelief growth) and
decrease of ij;;, due to the growth of the surface area.

The effect of a longer plateau of the limiting current was
observed in the CVC of the PAni/MF-4SC composites (curve 2). The
potential of transition to the overlimiting state for the compos-
ite membranes is above 3V, whereas for the original membrane
this value is AE.~0.85V. Such an effect was observed for com-
posites based on both industrial and pilot samples of the MF-4SC
membrane [80]. It has been shown that the plateau length depends
on the nature and concentration of solution, characteristics of the
original membrane and PAni oxidation degree. We assumed that
the water energy state in the composite membrane is a key factor
determining the potential of transition to the overlimiting state.
Our assumption is confirmed by recording CVCs with simultane-
ous registration of the pH value of solution in membrane vicinity
[80].

Table 4
Parameters of the current-voltage curves of different membranesina0.025 M H,SO4
solution.

Membrane ilim (AfM?)  AEjm (V) AEq (V) A (V)
MEF-4SC 145 £ 9 0.039+ 0011  0.84+010  0.80 = 0.09
PANi/MF-4SC (5h 147 + 1 0.032 £ 0.001 329+018  3.25+0.18

of synthesis)
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3.3.2. Asymmetry of current-voltage curves of anisotropic
composites

It was of interest to investigate CVCs of composites contain-
ing PAni in the surface layer. Such composites were synthesized
according to the method proposed in work [79] for Nafion-based
composites. In this case, the original membrane being saturated
with aniline is placed between two compartments of the cell
with a 0.1 M (NHy4),S,0g solution (polymerization initiator) and
water respectively. Polyaniline was obtained by the diffusion of the
(NHg4)2S,0g solution through the membrane for 2 h.

Fig. 7. SEM images of a MF-4SC membrane (a) and of an anisotropic composite
PAni/MF-4SC (b, c): (b) is the side with PAni layer on it and (c) is the opposite side.

The SEM images shown in Fig. 7 may be an indication of the
composite anisotropy. Images of the original “bare” MF-4SC mem-
brane surface, of the composite membrane surface being in contact
with the initiator solution during synthesis and of the surface being
in contact with water are shown in Fig. 7a-c respectively. These
images were taken with a magnification of 30,000 up to 50,000
times in the secondary electron mode, i.e. bright and dark areas
in the image are characteristic of the sample topography. The PAni
coating (Fig. 7b) seems to be friable; displaying some aggregates
along with some structural cavities. But obviously, a portion of PAni
chains could grow through the membrane to the other side since the

Fig. 8. (a) Current-voltage curves of a MF-4SC membrane (1) and of an anisotropic
composite PAni/MF-4SC (2) in a 0.05M HCI solution; curves in the top right sec-
tion correspond to position I of the membrane, while curves in the bottom left
section correspond to position II of the membrane; (b) schematic presentation of
a perfluorinated membrane MF-4SC after surface modification by polyaniline.
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Fig. 9. Concentration profiles formed under currents below limiting for PAni/MF-4SC composite membranes being in position I (a) and position II (b) Co - concentration of
H* ions in the external solution; Cs - concentration of H* ions on the membrane surface; C; - concentration of H* ions at the internal membrane/modified layer interface.

diffusion transport of polymerization solutions occurs. As a result,
we can observe PAni grains (40-100 nm in diameter) on the side
of the composite membrane being in contact with water (Fig. 7c).
Also, this image shows some cracks on the surface of the gold layer
covering the membrane, which appear during image acquisition.
These cracks formed most likely due to water removal from the
membrane and burning effects. It should also be noted that SEM
probes a few micrometers deep and the image acquired is actually
an image of the first few micrometers of the sample. And we can
conclude that PAni grain-like structure is possibly present both on
the surface of the membrane and in its bulk [68].

The presence of PAni on both sides of the composite membrane
is confirmed by the data of elemental analysis. The EDS quantitative
in-depth microanalysis was effective in measuring approximate
concentration ratios of the elements in 50-100 wm width areas
of membranes before and after surface modification by PAni. The
volume which is penetrated by the multiply scattered primary elec-
trons and exited to produce X-ray radiation reaches 5 pm in depth.
It was shown that in the original membranes main elements of a
perfluorinated sulfoacid appear. An essential decrease of fluorine
content was observed for all composite membrane samples. It con-
firms the presence of another component in membrane, which does
not contain fluorine. The characteristic X-ray intensities of nitrogen
were detected on both sides of surface modified membrane.

The anisotropic structure of these membranes was confirmed by
independent measurements of their diffusion permeability in HCI
solutions. The coefficient of asymmetry of diffusion permeability
Ap for different orientations of the composite membrane towards
the acid flux was calculated:

Ds

Ap = w (15)
where Ps is the integral coefficient of diffusion permeability of
membrane in position I (PAni layer towards the acid solution), Py,
is the integral coefficient of diffusion permeability of membrane in
position II (PAni layer towards water). The value of A, is 0.78.

Effects of transport properties asymmetry for the modified
membranes with anisotropic structure including polarization char-
acteristics were studied in a number of works [81-84]. For the
composites obtained in this work CVCs were measured in a 0.05M
HCl solution (Fig. 8a). When the composite membrane is in position
[ a drastic increase of the resistance (by 2 orders of magnitude) and
decrease of the limiting current are observed in comparison with
the initial membrane. In contrast to bulk-modified membranes,
a limiting current plateau is practically not observed in the case
of anisotropic composites. A polyaniline layer imparts electrical
heterogeneity to the membrane surface, which is due to the devel-
opment of a microrelief (Fig. 8b). The presence of a microrelief may
also result in the appearance of laminar microflows, which change
the thickness of the diffusion layer. As a result, the limiting state
does not set in simultaneously on the whole membrane surface,
which is displayed by coupled effects of concentration polariza-

tion. Thus the area of a CVC after the ohmic part corresponds to a
“pseudo-limiting” state of the system.

When the composite membrane is in positionII, the CVC changes
essentially. The total resistance of the system in the ohmic part of
a CVC in this case is more than 10 times as low as for the initial
membrane. It allows to conclude about asymmetry of conducting
properties of the composite membrane. The sharp growth of the
current in a CVC (instead of the appearance of a limiting current
plateau) does not allow to register the onset of the limiting state.
This effect is related to the presence of polyaniline both on the
surface and in the bulk of the membrane.

We can explain the decrease of PAni/MF-4SC composite resis-
tance in position Il based on the analysis of concentration profiles
formed in the course of polarization (Fig. 9). It is known that under
polarization of an electromembrane system the concentration of
H* ions at the external membrane/solution interface decreases,
whereas inside the membrane it increases. Under these conditions,
the accumulation of H* ions at the internal membrane/modified
layer interface may occur. Therefore an increase in the slope of
the ohmic part is observed in the CVC. This phenomenon could
be related to the doping of polyaniline macromolecules by the pro-
tons accumulated and configurational changes of the former [67].
However, changes in water energy state are not excluded, which
might take place in anisotropic composites as well. But this question
requires additional research.

4. Conclusions

Transport properties of PAni/MF-4SC composite membranes
(after bulk modification) — conductivity, diffusion and electroos-
motic permeability, proton permselectivity — as well as porosimetry
and polarization behavior have been investigated as functions of
aniline polymerization parameters and acid concentration. The
fibrous-cluster model of a composite membrane has been pro-
posed for the estimation of transport and structural parameters,
taking into consideration different mechanism of charge transfer in
structural fragments of the composite. The atomic force microscopy
images and curves of water distribution on the effective pore radii
in the composite membranes testify to a morphological transi-
tion from the nano- to the microsize of polyaniline intercalations
with increasing the aniline polymerization time. This effect is con-
firmed by the analysis of two-phase model transport and structural
parameters. High values of the “true” proton transport numbers of
composites have been obtained and discussed. The dynamic hydra-
tion numbers of protons and chloride co-ions have been estimated
using the “true” transport numbers of protons and the electroos-
motic coefficients of composites.

The current-voltage curves of composite membranes in the
“free standing” state after both bulk and surface modification
by polyaniline have been investigated in acid solutions. New
polarization effects depending on the oxidation degree of polyani-
line and morphology of the composite membrane have been
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discovered. The effect of stabilization of limiting current density is
observed for MF-4SC membrane after bulk modification. The effect
of current-voltage curves asymmetry is observed for different
orientation of the polyaniline layer towards the current direction
for an anisotropic composite membrane after surface modification.

It has been shown that polyaniline intercalations allow to opti-
mize the structure and properties of composite membranes.
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