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A B S T R A C T   

Four commercially available, cost-effective ion exchange membranes (two cationic and two anionic exchange 
membranes, CEMs and AEMs, respectively) were modified to mitigate crossover phenomena of the redox active 
species typically observed in Aqueous Organic Redox Flow Batteries (AORFB) systems. The modification strategy 
was carried out using a pyrrole(Py)-based polymer which successfully reduced the permeation of two redox 
active organic molecules, a viologen derivative (named BP7 throughout this study) and TEMPOL, by an order of 
magnitude. Additionally, modified membranes showed not significant changes in ion conductivity, with negli-
gible effect on the electrical conductivity of the membranes at a given conditions. The morphology, physico-
chemical, mechanical, and electrochemical properties of the membranes were determined to evaluate the impact 
of these modifications. AEMs modified in this manner were found to have optimal properties, showing an in-
crease in ion exchange capacity while maintaining excellent mechanical stability and unaltered permselectivity. 
Additionally, the diffusion boundary layer of these AEMs was slightly extended, which suggests a greater double 
layer stability for ion exchange processes than in the case of CEMs. Our work shows that these modified 
membranes could be an appealing approach for AORFB applications.   

1. Introduction 

Redox Flow Batteries (RFBs) have been a major research interest as a 
large-scale electrical energy storage system due to their well-known 
ability for the efficient utilization of renewable energy. In particular, 
all-vanadium RFBs [1] have been considered the quintessential system 
for energy storage applications. However, their elevated cost compro-
mises their long-term economic viability. In an effort to decrease the cost 
of RFBs and improve their applicability, the HIGREEW (Affordable 
High-performance Green Redox Flow Batteries) project was created to 
provide solutions to these issues by looking at redox active organic 
molecules as aqueous and neutral electrolytes for Aqueous Organic 
Redox Flow Batteries (AORFB). One of the redox couples that have been 
considered in the project are methyl viologen derivative 7,8-dihy-
dro-6H-dipyrido[1,2-a:2′,1′-c] [1,2]diazepine-5,9-diium dibromide, 
henceforth BP7 as anolyte [3], and TEMPOL (4-hydroxy-2,2,6,6-tetra-
methylpiperidin-1-oxyl) as catholyte [4] due to the remarkable elec-
trochemical properties of this pair. The energy of the AORFB is carried 

by charging the BP7 from +2 to +1 cation, while the neutral TEMPOL is 
oxidized to a singly charged cation. The energy is interconverted be-
tween the electrical and electrochemical form by the battery cell or 
stack, where one of the key components is the membrane electrode 
assembly. 

Up to now, Nafion® ionomer is the most used ion exchange mem-
brane for energy-related electrochemical devices which require high 
efficiency and energy density, as well as long term chemical stability 
under changing oxidant conditions [2,5–8]. However, Nafion® is an 
expensive material and exhibits crossover phenomena of redox active 
species which limits its extensive application in electrochemical devices 
such as RFBs [9]. Prior to assess the potential use of a membrane in RFB 
devices, it must exhibit high ionic selectivity and conductivity towards 
counter-ions. Additionally, in the presence of significant crossover 
phenomena the capacity of the battery is diminished, which ultimately 
results in self-discharge. Therefore, an ideal membrane should offer the 
following characteristics: good chemical and mechanical stability, high 
conductivity, low permeability to redox-active species whereas high 
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permselectivity to the charge carriers of the electrolyte solution, low 
cost, and low transfer of water from one compartment cell to the other. 

There are several strategies [10–13] that can be used to improve the 
properties of ion exchange membranes such as the additive in-
corporations to yield specific properties, the surface modifications and 
the performance improvement in terms of permeability. However, most 
of these modifications cause loss in its conductivity [14] which would 
have a bigger impact on the VE. 

In this work, we have explored the immersion of the membrane in 
polymerized pyrrole (Py) as an alternative strategy for efficient mem-
brane modification. This approach has been previously applied to 
Nafion® in VRFBs [15] showing that polypyrrole (PPy) attached to the 
membrane enhances the properties of ion exchange membranes. PPy 
exhibits appreciable ion conductivity in the oxidized state [16] and, 
depending on the doping level, the electronic conductivity is higher 
when the polymerization is performed electrochemically. Also, the 
methodology is environmentally friendly compared with others pro-
cedures based on the organic solvents, e.g. the case of nitromethane 
[17]. 

The effect of incorporating another material to the matrix polymer of 
a membrane changes the microstructure of the membranes [18], which 
may lead to different behaviour in terms of physicochemical, electrical, 
and mechanical properties [19–21]. The permselectivity may also differ 
since the hydrophilic channels and exchangeable sites of the composite 
are affected as well. Thus, ion transport is another element of interest for 
our work. 

Here, four commercially available, cost-effective ion exchange 
membranes (two CEMs and two AEMs) alternative to Nafion® were 
tested to evaluate their physicochemical, ion transport properties, and 
electrochemical behaviour before and after membrane modification to 
determine the impact on membrane properties. Thus, water uptake, ion 
exchange capacity, ion conductivity, mechanical properties, contact 
angle and transport number, permselectivity as well as the electrical 
response of membrane by chronopotentiometry have been studied and 
determined. Furthermore, we introduce a characterization technique for 
PPy modification of ion exchange membranes that provides a deeper 
knowledge of the architecture of these materials, and hence insight into 
their potential application in RFBs. 

2. Experimental section 

2.1. Materials 

FAA-3-50, FAA-3-PE-30, FS-950 and E-630(K) membranes were 
purchased from Fumatech BWT Company. Sodium chloride (99.90%) 
was purchased from Aldo. Sulphuric acid (95–98 % wt) and hexahydrate 
iron chloride(III) (98%) were purchased from Panreac. Pyrrole (98%) 
was provided from Sima-Aldrich (Merck) and was previously distilled 
before use. TEMPOL was purchased from Glentham Life Science and BP7 
was synthetized following the procedure as described in SI (Fig. S1 and 
S2). 

2.2. Membrane pre-treatment 

The as-received Fumatech membranes were all soaked in NaCl 1 M 
solution to promote the exchange of the desired counter-ions. Vertical 
rotating agitation (Intelli mixer) was held for 24 h minimum at room 
temperature. Finally, they are stored in NaCl 1 M before use. The 
membranes selected in this work are under patent protection. As 
consequence, we have performed an extensive characterization to find 
out as much as possible about the chemical structure of the membranes. 

2.3. Preparation of modified membranes 

Modification of pre-treated commercial membranes were done via 
chemical in situ polymerization, as depicted in Fig. 1. Polymerization 

process was developed by soaking the corresponding membrane into a 
1:1 Pyrrole (Py) 0.1 M and H2SO4 0.1 M solution for 6 min. After that, 
membrane was immersed in another solution containing the oxidant for 
18 min (FeCl3⋅6H2O, in this work). Afterwards, membranes were rinsed 
out using DI water and stored in NaCl 1 M. As obtained, membranes 
were denoted as substrate-PPy, where PPy means polypyrrole. 

2.4. Morphology and optical analysis 

2.4.1. SEM and elemental analysis 
Morphology of the membrane surface and cross-section was 

observed using a Hitachi S-300 scanning electron microscope (SEM). 
The membrane samples were investigated in dried conditions. The water 
was removed using vacuum oven at 60 ◦C at 100 mbar for overnight 
(Memmert Vacuum drying oven VO) and then stored in vacuum before 
analysis. Membranes were coated with a thin gold layer under vacuum 
once was clamped in a brass holder. The elemental analysis was deter-
mined with an INCAxsight (Oxford Instruments) energy-dispersive X-ray 
spectroscopy (EDX) coupled to the scanning electron microscope. 

2.4.2. DR and FTIR analysis 
A UV–Vis CCD array spectrometer (BWTEK) couple to a diffuse 

reflectance (DR) module was used to estimate the optical band gap of the 
membranes at room temperature. The optical reflectance was measured 
in the 400–900 nm range. Then, raw DR spectra were treated using 
Kubelka-Munk transformation [19]. 

Fourier-transform spectrophotometer (FT-IR, PerkinElmer Spectrum 
Two) coupled to an ATR (Attenuated Total Reflectance, PerkinElmer) 
was used to identify the main functional groups of the membranes. For 
each IR measurement, the experimental conditions were 16 scans, 2 
cm− 2 of resolution, and 4000–450 cm− 1 spectral range. The spectra were 
normalized to the main absorption band and baseline corrected. To 
assess the degree of oxidation of the semiconductor polymer, the spectra 
of the commercial membrane were subtracted from the modified 
membranes. 

2.5. Mechanical properties 

Mechanical properties of dry membranes were determined by stress- 
strain tests developed at room temperature (ca. 27 ◦C) using a Zwick 
Z010 instrument (ZwickRoell, Ulm, Germany) equipped with a 200 N 
static load cell. Dum-bell test pieces were obtained from each membrane 
according to ISO 37:2011, type 4 shape: 2.0 ± 0.1 and 35.0 ± 0.1 mm for 
the width in the narrow portion and overall length, respectively. At least 
5 test pieces per membrane were analyzed at 10 mm min− 1 crosshead 
speed using a 0.1 MPa preload until break. 

2.6. Membrane fundamental properties 

2.6.1. Water uptake 
After the membranes pre-treatment (section 2.2.), they were washed 

Fig. 1. Scheme of membrane modification procedure.  
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with some DI water and dried in vacuum oven at 60 ◦C at 100 mbar for 
24 h (Memmert Vacuum drying oven VO). Then, weight, thickness, 
length, and width were measured. After that, membranes were hydrated 
by immersion in DI water for 24 h and water on the surface was wiped 
off with tissue paper to conduct the corresponding measurements. The 
water uptake was calculated using Eq. (1) where ww and wd correspond 
to the weight of membranes after and before soaking, respectively. 

Water uptake=
ww − wd

wd
⋅100 (1)  

2.6.2. Ion conductivity and ion exchange capacity 
The through-plane ion conductivity (σ) of the membranes was 

measured in open circuit potential by means of Electrochemical 
Impedance Spectroscopy (EIS) using an AUTOLAB equipment (PGSTAT 
302 N) connected to a Frequency Response Analyzer (FRA) and moni-
tored with NOVA software in the frequency range of 106 Hz–1 Hz using 
an amplitude perturbation wave of 10 mV. The pre-treated membranes 
were cleaned with DI water before ion conductivity testing. σ was 
calculated using Eq. (2): 

σ =
l

RA
(2)  

where l (cm) and A (cm2) are the thickness and area of the membrane, 
respectively. R is the membrane resistance obtained by extrapolation of 
the low-frequency impedance curve onto the real part axis of the Nyquist 
plot. 

The ion-exchange capacity was measured using an UV–Vis spectro-
photometer (PerkinElmer, Lambda 365). Depending on the cationic or 
anionic characteristics of the IEM, the methodology used was different. 
In case of CEMs, the membrane was soaked in HCl 0.01 M. Afterwards, 
the membrane was cleaned with DI water to avoid acid excess on 
membrane surface. Then, it was left into NaCl 1 M solution. UV–Vis 
spectroscopy was used as quantification method. A linear regression was 
built with different basic-phenolphthalein (pink color) standard solu-
tions to determine the number of displaced protons. Thus, this meth-
odology consists of measuring the decreasing absorption produced by 
adding the released protons to a standard solution containing equimolar 
NaOH with phenolphthalein solution. This procedure let to obtain a 
more reliable value than the one provided by standard titration 
methods. 

In case of AEMs, membrane was soaked in NaNO3 1 M solution, 
instead of HCl 0.01 M solution as in CEMs. Subsequently, the membrane 
was washed with DI water and then was immersed into NaCl solution. 
Finally, the number of displaced nitrate ions from the membranes was 
determined similarly to the previous one, by linear regression built with 
different nitrate ion solutions by using a UV–Vis spectrophotometer. 

In both cases, the IEC was calculated using Eq. (3): 

IEC =
ndisplaced ion

wd
(3)  

where ndisplaced ion is the number of exchanged ions from the membrane 
(mmol) and wd is the weight of the dried membrane (g). 

2.6.3. BP7 and TEMPOL permeability 
Permeability measurements of BP7 and TEMPOL molecules, the 

membrane pieces of an effective area (4 cm2) were sandwiched between 
two diffusion half-cells with the same volume. The left compartment was 
filled with 100 mM of the corresponding redox active material in NaCl 1 
M solution (18 mL) and the right one was only filled with NaCl 1 M 
solution (18 mL). The concentration of the supporting electrolyte on the 
right compartment was unmodified since in our conditions osmotic 
pressure between the two solutions was unnecessary to minimize. The 
two solutions were continuously stirred to avoid the gradient concen-
tration profile on the membrane surface. The permeation in the right 
compartment was checked periodically by UV–Vis spectrophotometer 

and calculated according to Fick’s law (Eq. (4)): 

VB
dCB(t)

dt
=

AP
l
(CA − CB(t)) (4) 

Then the permeability (P) can be calculated by Eq. (5): 

P=
VBl
At

ln
(

CA

CA − CB

)

(5)  

where P is the permeability (cm2/s), l is the thickness of the membrane 
(cm), A is the cross-sectional area of the diffusion cell (cm2), t is the time 
(s), CA is the concentration of the redox active species in enrichment side 
(mol/cm3) and CB is the concentration of redox active species in the 
deficiency side (mol/cm3). VB is the volume of the deficiency side. 

2.7. Static contact angle measurements 

Membrane samples were cleaned with DI water and water on the 
surface was wiped off with tissue paper and dried overnight in a sealed 
desiccator attached to a glass slide for static contact angle measure-
ments. Static water contact angle of the films was measured by using a 
contact angle goniometer (KSV CAM200) at room temperature. DI water 
was used, and the average drop size was 8 μL. Equilibrium drop contact 
angles were determined by taking 30 images during 15 and 30 s after the 
drop contacted the membrane surface. The value is obtained by the 
static sessile drop technique and calculated via a device-internal Young- 
Laplace-method fitting the images obtained. Drop contact angles were 
measured as the angle between the baseline of a liquid drop and the 
tangent at the solid-liquid boundary and the average value calculated 
from all the images is taken. At least three angles were measured for 
each sample and then their average value was calculated. 

2.8. Electrochemical properties of ion exchange membranes 

2.8.1. Membrane potential and apparent transport number 
Membrane potential was determined by the concentration cell 

method based on the diffusion potential measurements across a 4 cm2 

effective area membrane which separated two NaCl 10− 2 M and 10- 3 M 
solutions, respectively, using Ag/AgCl as reference electrodes. After 2 h 
the membrane potential steady state was reached. Each experiment was 
repeated three times and the average values were calculated. Mem-
branes were previously equilibrated in the most diluted solution for 24 
h. 

2.8.2. Chronopotentiometry and current-voltage curves 
The cell used for chronopotentiometric measurements consisted of 

two symmetrical compartments between the membranes was sand-
wiched (4 cm2) and two Ag/AgCl plate electrodes, obtained by oxidation 
in NaCl 1 M solution, to apply the desired current density. Two Ag/AgCl 
reference electrodes were used to measure the membrane potential drop 
by using Luggin capillaries. The resulting response was recorded during 
240 s. Different constant currents were applied during 120 s by using 
AUTOLAB equipment (PGSTAT 302 N) and the membrane potential 
drop at the imposed current was registered. 

The current-voltage curves were obtained from the steady-state po-
larization of chronopotentiometries at different applied currents (2–30 
mA). All experiments were carried out with NaCl 0.025 M solution at 
room temperature and without stirring. 

3. Results and discussion 

The extensive use of Nafion® as ion exchange membrane has allowed 
to consider it as the state-of-the-art in energy storage devices both in 
acid and alkaline media [20,21]. Nevertheless, technical, and economic 
barriers related to this membrane must be still overcome. Low cost and 
high-performance membranes are of interest to reach new challenges for 
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all these devices. In this work, to improve cost barrier, some commercial 
membranes were selected as alternative cost-effective materials. The 
specific membranes tested in this work were two CEMs and two AEMs: 
FS-950, E-630(K), FAA-3-50 and FAA-3-PE-30, respectively, the last one 
containing polyethylene (PE) as a reinforcement. The membranes were 
properly evaluated and then modified to reduce the permeation of 
organic molecules. 

The membrane modification proposed in this work consists on a 
chemical in situ polymerization of Py monomer by immersion method 
using FeCl3 as initiator (see Fig. 1) [15]. This procedure has two steps. In 
the first step, the membrane was impregnated with the monomer 
covering all the surface and slipping through the holes of the membrane. 
In the second step, the chemical polymerization takes place immediately 
when soaking in the solution containing the oxidizing agent. Then, the 
polymer formed filled these holes that hindered the redox organic 
molecules crossing through the membrane while enhancing the me-
chanical properties of the composite membrane. Generally, the pyrrole 
polymerization is a sequence of oxidation, deprotonation, and cross-
linking reactions by monomer oxidation. The mechanism of PPy for-
mation is a bit controversial [22,23] but the most widely accepted is: 
initiation step, the coupling of two radical cations produced by the 
oxidizing agent (Fe3+, in this case) followed by a deprotonation yielding 
a bipyrrole [24]. Afterwards, the obtained dimer is easily oxidized again 
and linked to another oxidized fragment. In this way, re-oxidation, 
coupling, and deprotonation are randomly occurred to form larger 
polymer chains in the propagation step. It is known that along the PPy 
chain some structures (polarons and bipolarons) are formed upon 
oxidation [25,26] which provide the electrical properties of this mate-
rial (see Fig. S3 in SI). In general terms, synthetized PPy chains are 
formed by coupling of reduced (benzoid) and oxidized (quinoid) frag-
ments as shown in Fig. 2. The oxidized/reduced ratio could give some 
precious information about the oxidation degree in the PPy chains 
attached into the membranes. 

Regarding the polymerization conditions, two options were tested: 
one with (i) short time of Py impregnation (2 min) and Py polymeriza-
tion (6 min) and the other one with (ii) long time of Py impregnation (6 
min) and Py polymerization (18 min). According with obtained results, 
the second condition was the most efficient to reduce significantly the 
permeation of the redox organic molecules and therefore, this was the 
chosen one for the analysis provided in this paper. 

3.1. Membrane characterization 

3.1.1. Morphology 
The surface morphology of the membranes is rather important since 

modify their microstructure and hence determines the transport of the 
ions as well as the membrane properties [27,28]. Fig. 3 shows that 
modified membranes were dyed with dark blue. CEMs became opaquer 
than AEMs. From the macroscopic point of view, every membrane 
exhibit quite similar and homogeneous characteristic (Fig. 3). The 
micro-phase morphology (both surface and cross-section) of represen-
tative membranes was characterized by scanning electron microscopy 
(SEM) as shown in Fig. 3(a and b). The resulting surface changed from a 
smooth to a rough surface without increasing the membrane thickness. 
Indeed, thickness after modification was checked by a micro-meter and 
no significant changes were observed. SEM images (Fig. 3) of the pristine 

membranes show some micro-pores and cavities throughout the mate-
rial in the membrane microstructure. Thus, favors the permeation of the 
active materials. The membrane modification proposed coats/covers not 
only the surface of the membrane (as demonstrated by mapping of iron 
and nitrogen atoms by SEM technique, Fig. 3) but the pores within the 
membrane, too. Therefore, the diffusion of the redox active species 
would be effectively reduced after the modification. The amount of 
pyrrole that membranes can host is limited to its absorption capacity 
throughout the whole thickness microstructure. Since the membranes 
are chemically different the distribution of the polypyrrole within the 
membrane must be limited to the corresponding microstructure (see 
Fig. 3 of SEM images) and thickness. 

The elemental composition of the modified membranes was inves-
tigated by energy-dispersive X-ray spectroscopy (EDX). Qualitative 
analysis results show that nitrogen (as indicator of the presence of pol-
ypyrrole molecules, PPy) and iron (related to the presence of some iron 
occluded during the polymerization) are present throughout all mem-
branes including the surface and inside the membranes as shown in 
Fig. 3(c and d). This is confirmed by the relative quantitative intensity 
profiles (see Table 1). The composition variations found are closely 
related to the type of IEM employed since a different chemical envi-
ronment is found when performing the modification. This fact may 
explain the differences found (i) membrane colour appearance, being 
the CEMs the opaquest; and (ii) iron contents between CEMs and AEMs, 
being the last one which shows the lowest content. The higher attractive 
electrostatic force existing between the anionic groups in CEMs mem-
branes and Fe3+ supports the results. It is worth mentioning that no 
significant desorption of iron atoms was observed beyond 24 h. 

3.1.2. Mechanical properties 
Good mechanical properties are essential to maintain the dimen-

sional stability of membrane during working lifecycle in order to prevent 
catastrophic failures due to sudden breaking or tears. The mechanical 
properties of the membranes are presented in Table 2 and their graphical 
comparison are depicted in the stress-strain curve of Fig. 4. The Young’s 
modulus, E, was determined from the slope of the initial linear part of 
the curve, i.e., the elastic regime of the membranes which in turn show 
its maximum value in the elastic limit, Le; the ultimate tensile strength, 
σS, was found from the corresponding maximum strength in the stress- 
strain curve; deformation at break, ε, express the percentage of total 
elongation of the membrane at the fracture point referred to the initial 
size of the test-piece. 

In general, modified membranes significantly increase their E and Le 
values compared to the corresponding commercial ones but for the 
Young’s modulus of E-630(K)-PPy, which although a slight decrease is 
observed, both values can be considered not significantly different. 
Therefore, although membranes loss deformation capacity after chem-
ical modification as inferred from the E increasing, they maintain the 
elastic behavior for a higher range of applied strength. Regarding the 
ductility properties, PPy modified membranes show significant differ-
ences in the plastic region, too. So, even though all modified membranes 
reduce their maximum deformation before breaking, ε, compared to 
commercial ones, they can withstand higher stress before integrity loss 
or breaking as given by σS values. 

Therefore, it can be concluded that PPy-modified membranes in-
crease their rigidity while decrease their deformation, i.e., PPy modifi-
cation has a reinforcement effect on original membranes improving their 
mechanical strength by PPy crosslinking in the original pores of com-
mercial membranes. Considering the pursuit AORFB application of these 
membranes where they will perform their functionality under static 
conditions, the PPy incorporation is a positive factor as it enhances the 
membrane physical stability and integrity along time. It is possible to 
contextualize these results by comparing with those of the Nafion® 
membrane which constitutes the reference in energy storage electro-
chemical devices, currently. So, although mechanical properties of 
Nafion® are highly dependent of hydration level, PPy-membranes Fig. 2. Oxidative polymerization of pyrrole.  
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Fig. 3. Membrane morphology of representative membranes. CEM: E-630(K) (left) vs E-630(K)-PPy (right). AEM: FAA-3-50 (left) vs FAA-3-50-PPy (right). (a) 
pristine, (b) modified membrane, (c) SEM/EDX mapping of nitrogen and (d) SEM/EDX mapping of iron. Subscript 1 and 3 correspond to surface membrane images. 
Subscript 2 and 4 correspond to cross-section membrane images. 

Table 1 
Surface EDX analysis of the modified membranes.  

Samples Membrane type Iron content (%) Nitrogen content (%) 

FS-950-PPy CEM 5.30 10.34 
E-630(K)-PPy CEM 3.46 2.24 
FAA-3-50-PPy AEM 0.16 1.91 
FAA-3-PE-30-PPy AEM 1.27 5.08  

Table 2 
Mechanical properties of the commercial and modified membranes in dried 
conditions.  

Samples E (MPa) σS (MPa) Le (MPa) ε (%) 

FS-950 399.6 ± 56.2 16.81 ± 3.4 9.9 ± 3.1 ≈18 
FS-950-PPy 768.8 ± 42.7 23.3 ± 1.3 17.0 ± 0.3 ≈12 
E-630(K) 1097.0 ± 64.0 24.1 ± 0.6 19.3 ± 1.1 ≈8 
E-630(K)-PPy 1031.4 ± 44.5 25.6 ± 1.9 23.9 ± 1.7 ≈6 
FAA-3-50 634.2 ± 37.5 18.1 ± 1.3 15.3 ± 0.3 ≈6 
FAA-3-50-PPy 1093.5 ± 77.1 34.2 ± 3.7 26.0 ± 1.3 ≈4 
FAA-3-PE-30 492.2 ± 78.5 21.8 ± 4.3 11.5 ± 0.7 ≈11 
FAA-3-PE-30-PPy 797.8 ± 77.6 31.9 ± 5.1 17.4 ± 2.5 ≈7  
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exhibit significant improved mechanical strength [28] but, in other 
hand, more brittle behavior, too. 

3.1.3. FTIR and DR analysis 
The functional characterization of the commercial IEMs was carried 

out by FTIR spectroscopy as shown in Fig. 5. The peak intensities around 
1460 (–CH2 δ), 1303 (– CH3 δ) and 2900 cm− 1 (C–H st) are found in both 
AEMs suggesting a similar monomer composition. The presence of these 
bands imply hydrocarbon polymeric chains. The absorption band 
around 3400 cm− 1 can be assigned to the presence of –NH group and/or 
the membrane humidity. Absorption peak that arises at a frequency 
below 3000 cm− 1 in FAA-3-50 and more intense, in FAA-3-PE-30 is due 
to the stretching vibration of the –C–H– bond. Such slightly differences 
are probably caused by distinction of incorporating polyethylene (PE) as 
a reinforcement in the membrane. Absorption peaks at around 1601 
cm− 1 is probably due to –C––C– groups. Additionally, the absorption 
band around 1188 cm− 1 (C–N) suggests that ion fixed groups attached 
on the polymeric chains could be ammonium-type groups. 

In case of CEMs, both membranes FS-950 and E-630(K) showed 
similar composition to N117 membrane since characteristic peaks at 
frequencies around 1203-1147, 1078, 624 and 510 cm− 1 were 

attributed to CF2, –SO3H, C–H and C–F groups [29]. As well as the ab-
sorption peak around 3400 cm− 1 which is due to the presence of –OH 
group. By contrast, the absorption peaks found in E-630(K) below 3000 
cm− 1 and between 1595 and 1470 cm− 1 revealed that E-630(K) mem-
brane is not fully fluorinated polymer membrane as is the case of FS-950 
(Nafion®-like). According to FTIR spectra all the characteristic peaks are 
present in the membrane, revealing the presence of sulfonic-type func-
tional groups in CEMs. 

The infrared absorption spectra of the modified membranes show 
noticeable differences compared to pristine membranes at regions 
around 1700–1520 cm− 1 and 990–890 cm− 1 (highlighted in squares). 
Besides, in case of FAA-3-PE-30 overlapped bands around 2950–2840 
cm− 1 and 740–640 cm− 1 were observed after the membrane modifica-
tion. There is a strong relationship between the oxidation degree and the 
observed vibrational modes with the properties of the semiconductor 
polymer and therefore the membrane properties. 

The different oxidation degree can be explained by the polaron – 
bipolaron model structures which is widely used to explain the prop-
erties of conducting polymers [25]. These PPy oxidized species are 
formed upon doping (oxidation by FeCl3) which generates excess holes 
and therefore, creates a p-type semiconductor. The assignment of the 

Fig. 4. Mechanical tensile strength before and after the PPy modification of (a) CEMs and (b) AEMs.  

Fig. 5. FTIR spectra before and after the PPy modification of (a1–a2) CEMs and (b1–b2) AEMs.  
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vibrational bands of polarons and bipolarons [30,31] are well known 
and arises around 1620 cm− 1 (quinoid fragment) whereas the reduced 
form of PPy arises around 1560 cm− 1 (benzoid fragment). Both bands 
correspond to νc=c assignment. Additionally, bands around 925 cm− 1 

(quinoid fragment) and 990 cm− 1 (benzoid fragment) correspond to 
νc− H assignment and are well observed in Fig. 5. By integration of these 
band areas, it is possible to determine the oxidation degree of the cor-
responding PPy-based membranes (see Table 3). FS-950-PPy and 
FAA-3-PE-30-PPy showed high level of oxidation being the 
FAA-3-PE-30-PPy the most oxidized (≈72% of oxidation) whereas in 
case of FAA-3-50-PPy was the lowest (≈37%). In case of E-630(K)-PPy 
was not possible to estimate due to overlapping of bands. These values 
were calculated by the deconvolution of the bands (quinoid and benzoid 
fragments) between the modified and pristine membrane spectra. This 
estimation led us to confirm the presence of different polymeric chains 
along the different materials which may modify the physicochemical 
properties of the membrane composite (see section 3.3). However, 
higher oxidation degree does not necessarily imply larger amount of 
positive charges of PPy, since they evolve towards the formation of 
neutral double bonds and therefore, lose their electronic properties [32]. 

Diffuse reflectance (DR) allows to determine the neutral – polaron – 
bipolaron transitions in the modified membranes as shown in Table 3 
and Fig. 6. The different band gap energies from DR show the coexis-
tence of the vibrational bands associated to quinoid and benzoid frag-
ments, also confirming the presence of different PPy structures in the 
polymeric chain at a given oxidation degree (see also Fig. S4 of the DR 
raw spectra in SI). According to literature [25], high band gap transi-
tions (above 3.2 eV) indicate lower oxidation degree whereas lower 
values (below 1.5 eV) point to elevated oxidation degree. This is related 
to the concentration of positive charges (polarons and bipolarons) along 
the PPy chains that provide the material p-type semiconductor charac-
teristics. However, a concentration excess of positive charges decreases 
the electrical performance due to chemical instability and they evolve to 
degradation. According to the values obtained, transitions between 1.75 
and 2.85 eV suggest low concentration of positive charges in the 
modified membranes. However, according to the estimated values of 
oxidation degree went the opposite trend. This apparent contradiction 
can be explained by the loss in electronic conductivity due to degrada-
tion of the PPy even more in case of FAA-3-PE-30-PPy. Nevertheless, as a 
general conclusion no electronic conductor properties would be ex-
pected in any modified membrane according to the high electronic 
transitions observed. In fact, electronic transitions below 1 eV are 
typical in a good semiconductor material. 

3.2. Membrane permeability 

The crossover of the redox active species through the membranes is 
detrimental to the RFB operation, leading to self-discharge and pro-
gressive capacity decay of the battery. Preventing these transport phe-
nomena would enable more effective battery performance and longer 
lifecycle. Thus, the modification performed in this work is a suggestive 

strategy improve the durability and performance of the battery. Methyl 
viologen and TEMPO derivatives, such as BP7 and TEMPOL in the 
anolyte and catholyte, respectively, both display remarkable electro-
chemical reversibility (see their chemical structure in Fig. S6 in SI). 

In this work, modified membranes were tested in terms of BP7 and 
TEMPOL permeability. As shown in Fig. S7 in SI, permeability of BP7 
and TEMPOL was obtained from the slope of linear relationship of 

ln
(

CA
CA − CB

)

vs. time of the corresponding organic electroactive material. 

Data in Table 4 shows that the permeability effect was successfully 
reduced with all tested membranes when performing the modification. 
In case of TEMPOL molecule crossover is reduced three order of 
magnitude in best case with FAA-3-50-PPy membrane; however, 
permeability reduction was so significant for BP7 molecule. BP7 mole-
cule (Fig. S6a) has two positive charges whereas TEMPOL (Fig. S6b) is 
uncharged under the experimental conditions. Taking into consideration 
the charge properties of organic species and the exchangeable sites of 
the membranes, one may suppose an influence in terms of coulombic 
interactions. Surprisingly the common Donnan effect, which is usually 
observed in this kind of systems, is not as significant in charged com-
pounds (BP7) as in the case of neutral ones, i.e. TEMPOL molecule. 
Additionally, higher concentration of the redox active species and the 
hydrodynamic effect in RFB devices would certainly increase the given 
permeability values. Thus, crossover reduction across the membrane is 
essential and the methodology here described reduces the permeation of 
the active species by filling the pores and cavities of the pristine mem-
branes hindering the diffusional channels of the membrane. 

3.3. Membrane properties 

The differences found in physicochemical properties between pris-
tine and modified membranes are listed in Table 5. It should be noted 
that membrane thickness shown in table below was measured as 
received. Usually, membranes would absorb water depending on the 
hydrophilicity of the backbone polymer and the nature of the ionic 
groups attached in the polymeric chains. On one hand, larger amounts of 
water uptake (WU) would compromise the mechanical properties of the 
membrane materials [33,34]. On the other hand, lower WU would in-
crease the resistivity of the material altering the energy density of the 
battery device. 

Non-modified membranes presented similar water uptake values 
(15.6–19.6%); these would be affordable for battery operation. By 
contrast, water uptake after modification significantly decreases. This is 
concomitant with the values obtained in contact angle measurements in 
Table 5. The water contact angle measurements were obtained accord-
ing to Young’s equation (Eq. (6)) where θ is the contact angle, γSV , γSL 

and γLV are the solid, solid-liquid and liquid surface free energies, 
respectively. This methodology confirmed the presence of PPy in the 
membranes surface. After the modification, contact angles increased 
from 70.0◦–93.0◦–80.1◦–96.5◦ (see Fig. S8 in SI). Thus, the surface of 
pristine membranes became more hydrophobic since water diffusion 
inside the membrane was hindered by the presence of PPy molecules. 

It is worth mentioning that FAA-3-PE-30 possess two different faces, 
one non-containing PE as a reinforcement and the opposite containing 
the PE reinforcement. Once analyzed both faces, the membrane area 
without reinforcement reduces significantly their hydrophilicity 
whereas in the other side containing the PE remains unaltered maybe 
due to a bad interaction between the PE and PPy. 

γSV = γSL + γLV cos(θ) (6) 

Ion conductivity is a crucial membrane parameter since directly af-
fects the energy density of RFBs. Depending on the nature of the mem-
brane, it will exchange positive or negative ions and the ion mobility of 
such species will affect the specific resistivity of the material. In this 
work, CEMs and AEMs exchange sodium and chloride ions, respectively. 

Table 3 
Estimated values obtained from FTIR (degree of oxidation) and DR (absorption 
maximum and band gap energies) spectra of the modified membranes.  

Samples Membrane 
type 

Estimated 
oxidation 
degree (%) 

Absorption 
max. energies 
(eV) 

Estimated 
band gap (eV) 

FS-950- 
PPy 

CEM 60 1.8 and 2.5 1.75 and 2.40 

E-630(K)- 
PPy 

CEM – 2.0 and 2.7 1.75 and 2.50 

FAA-3-50- 
PPy 

AEM 37 2.1 and 2.9 1.75 and 2.35 

FAA-3-PE- 
30-PPy 

AEM 72 2.8 and 3.2 2.45 and 2.85  
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For both CEMs, FS-950 and E-630(K), sodium conductivity σNa+ , is quite 
similar, 2.2 mS cm− 1 and 2.6 mS cm− 1, respectively. However, AEMs 
(which are chemically similar) chloride conductivity σCl− , is significantly 
lower for FAA-3-PE-30 (0.3 mS cm− 1) in comparison with FAA-3-50 
(1.1 mS cm− 1). This result can be explained in terms of the PE rein-
forcement presence in FAA-3-PE-30 membrane. Reinforcement plays an 
important role when considering ion conductivity of the membrane 
materials since implies the increasing of non-conducting regions in the 
modified material, although on the other hand it improves the 

mechanical properties. Concerning about membrane modification, one 
may suppose that the incorporation of a polymeric material into the 
membrane would decrease the membrane conductivity since the ion 
conductivity is mainly given by the electrolyte absorbed in the pores and 
cavities in the microstructure of membranes. Nevertheless, all mem-
branes showed an increase of ion conductivity once the modification 
was performed (from 0.3 to 2.6 to 1.5–5.3 mS cm− 1) despite of filling 
partially those pores and cavities responsible for their conductivity. This 
fact was attributed to the different structural PPy molecules formed into 
the ion exchange membrane (confirmed by the infrared and diffuse 
reflectance). It is known that PPy displays a slight ion conductivity at a 
given oxidation state, higher as the oxidation levels increases [16]. In 
this sense, the holes along the PPy chains (polarons and bipolarons) acts 
as conducting centres and favours the mobility of counter-ions present in 
the system (chloride ions, in this case). Additionally, a pristine and 
modified membranes (FS-950 vs. FS-950-PPy e.g.) were dried at 60 ◦C 
during 24 h and the conductivity measured at these conditions was 
1.6⋅10− 4 and 1.7⋅10− 4 mS cm− 1, respectively. At this scenario, the 
conductivity obtained is not due to ion mobility effects. Therefore, the 
values obtained belong to electronic contribution and as it can be 
observed, the modification in the modified membranes is unsignificant 
in terms of electronic contribution. Thereby, the differences in ionic 
conductivity observed (see Table 5) in our experimental conditions are 
attributed to the PPy and/or some iron attached to the membranes. In 
this context, PPy contribution has a beneficial impact in membrane 
conductivity. However, the conductivity obtained was without a 
continuous supply of electrolyte through the pores and cavities of the 
membrane. When analyzing the through plane conductivity of mem-
branes by means of a flow battery cell, we ensure a continuous supply of 
electrolyte into the pores and cavities of membranes through a constant 
flow. By comparing the conductivity obtained from the two-chambers 
and flow battery devices, pristine membranes showed a significant in-
crease from 0.54 to 4.39 mS cm− 1, respectively, whereas the conduc-
tivity increase in modified membranes is just 1.6 times from 0.85 to 1.33 
mS cm− 1, respectively. Both membranes increased their conductivity 
due to the greater supply of the electrolyte solution through their 
microstructure. However, in case of modified membranes the conduc-
tivity is lower since their pores and cavities are partially filled with PPy. 
Thereby, the incorporation of PPy as an ionomer in modified membranes 
have a different contribution depending on the cell conditions. How-
ever, the modification proposed let us diminish the cross-mixing of the 
organic redox active species (see Table 4) that could lead to significant 
losses of capacity and final performance in battery systems to long terms 
of battery operational mode. 

The ion-exchange capacity (IEC) provides information regarding the 
amount of ion groups that possess the material, which is an important 
factor related to the conductivity and therefore, with the transport 
properties of the membranes. The highest IEC values were obtained with 
the thickest membranes, anionic (FAA-3-50 with 1.9 mmol g− 1) and 
cationic (FS-950 with 1.5 mmol g− 1) whereas the thinnest ones show 

Fig. 6. DR spectra of modified membranes. (a) CEMs and (b) AEMs. Detail of GAP calculation for FAA-3-PE-30-PPy membrane is provided (see Fig. S5 in SI for the 
rest of GAP calculations). 

Table 4 
BP7 and TEMPOL permeability of commercial and modified membranes. All 
membranes were evaluated in NaCl 1 M and tested at r.t.  

Samples Membrane 
type 

BP7 permeability (x 
1010 cm2s− 1) 

TEMPOL permeability (x 
1010 cm2s− 1) 

FS-950 CEM 2.49 96.0 
FS-950-PPy 2.49 30.6 
E-630(K) CEM 122.0 1.21 
E-630(K)- 

PPy 
1.45 0.97 

FAA-3-50 AEM 1.26 192.0 
FAA-3-50- 

PPy 
1.26 0.63 

FAA-3-PE- 
30 

AEM 5.41 68.8 

FAA-3-PE- 
30-PPy 

1.39 0.62  

Table 5 
Physicochemical properties of pristine and modified membranes.  

Samples Thickness 
(μm) 

WU 
(%) 

Contact 
angle (◦) 

Ion conductivityc 

(mS cm− 1) 
IEC 
(mmol 
g− 1) 

FS-950 52.0 15.8 84.8 ± 2.0 2.2 1.5 
FS-950- 

PPy 
3.2 93.4 ± 1.0 5.3 0.4 

E-630(K) 34.0 19.6 70.2 ± 2.0 2.6 1.1 
E-630(K)- 

PPy 
6.1 81.4 ± 2.2 3.5 0.9 

FAA-3-50 45.0 15.6 85.3 ± 3.9 1.1 1.9 
FAA-3- 

50-PPy 
6.6 96.5 ± 0.9 3.8 2.3 

FAA-3- 
PE-30 

23.0 17.1 70.0 ±
2.8a/81.0 
± 2.2b 

0.3 1.1 

FAA-3- 
PE-30- 
PPy 

0.8 80.1 ±
2.0a/80.4 
± 2.7b 

1.5 2.0  

a Face area non-containing PE as a reinforcement. 
b Face membrane area containing PE as a reinforcement. 
c Conductivity measurements were performed in a two-chambers cell set-up 

under flowing wetted air at 30 ◦C. 
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1.1 mmol g− 1 for both FAA-3-PE-30 and E-630(K). Additionally, the 
discrepancies found in membranes of the same nature after modification 
could be probably due to the different thickness, which is related to the 
amount of PPy that membranes can host in their microstructure. All 
these materials are chemically and microstructurally different and 
exhibit transport properties, too. Nevertheless, it is worth mentioning 
that AEMs with highly values of IEC usually become unstable depending 
on the pH media and tend to degrade since they have more active sites 
for degradation pathways [35,36]. The values of IEC obtained are in 
good agreement with the battery purposes working at neutral pH. 

However, after PPy modification, IEC changes differently according 
to type of ion exchange membrane. In CEMs the IEC decreased down to 
0.4 and 0.9 mmol g− 1, for FS-950-PPy and E-630(K)-PPy, respectively, 
whereas in AEMs the IEC values were increased up to 2.3 and 2.0 mmol 
g− 1, for FAA-3-50-PPy and FAA-3-PE-30-PPy, respectively. This fact is in 
agreement with spectroscopic results obtained by DR since show how 
different oxidized PPy species in our membranes are present. So, nega-
tively charged membranes (CEMs) may interact with oxidized PPy 
molecules decreasing the IEC by electrostatic interaction and generating 
a sort of bipolar membrane because PPy contains positive charged 
structures; in the other side, in positively charged membranes (AEMs) 
the increasing of IEC could be related to the incorporation of more 
positive charges along the polymeric matrix of the membrane during 
polymerization. It is worth mentioning that the Fe3+ ion kept in the 
membranes after polymerization may influence since can interact elec-
trostatically as well. 

3.4. Membrane permselectivity 

The coulombic and energy efficiency of electrochemical devices 
based in the use of ionic exchange membranes are significant dependent 
of the charge carriers mobility across the membrane. In this study, so-
dium and chloride ions are the charge carriers of the RFB. Transport 
number considers the fraction of total current carried by counter-ions 
crossing through ion exchange membranes. The apparent transport 
number has been obtained in this work by potentiometric method. A 
static concentration potential is generated from the inter diffusion of the 
counter-ions across the ion exchange membranes using a diffusional cell, 
measuring the potential difference originated in the vicinity of the 
membrane (see experimental section 2.8.1). The value can be calculated 
by Eq. (7) where a1 and a2 are the mean activities of electrolyte 
solutions. 

Em =
(

2tm
app,i − 1

)RT
nF

ln
(

a1

a2

)

(7) 

Indeed, not all the membrane materials have the same ability to 
exchange the counter-ions and this requires evaluation. This analysis 
can be performed looking at the ion selectivity which can be obtained by 
the permselectivity (Ps) parameter. Ps provides information regarding 
the ease of counter-ion migration through this kind of systems con-
cerning about the number of exchangeable sites and the effectiveness of 
the process. Ps can be calculated using Eq. (8): 

Ps=
tm
app,i − ts

i

1 − ts
i

(8)  

where ts
i is the transport number of the counter-ion in free solution at 

infinite diluted conditions. One may suppose that the effect of PPy 
growth into the membrane would restrict the movement of bulkier ions 
across the membranes. However, it was evidenced that the transport 
number and the permselectivity of the membranes before and after PPy 
modification has a negligible influence in ion exchangeable effective-
ness and thus in ion selectivity (see Fig. 7). 

3.5. Membrane microstructure 

Despite chemical homogeneous polymer in ion exchange membranes 
can be obtained, it is known that there is some micro-heterogeneity in 
ion exchange groups distribution [37,38]. Then, two different type of 
IEMs can be distinguished: homogeneous and heterogeneous, in which 
ion exchange groups are attached to the matrix polymer regularly (hy-
drophilic part) or irregularly distributed over the material containing 
inert regions (hydrophobic regions), respectively. Then, a membrane 
consists of ion conducting and non-conducting regions. Therefore, from 
the microstructure point of view some mechanisms for ion motion 
should be considered in the membrane phase. In this work, we wanted to 
evaluate how transfer processes occur in the membranes before and after 
modification and study the corresponding effects by means of chro-
nopotentiometry. It is necessary to consider that even the so-called ho-
mogeneous membranes, such as Nafion®, present non-conductive 
regions due to the microheterogeneities found at sub-microscopic scale 
[39]. 

3.5.1. Determination of membrane conducting area: effect of heterogeneity 
When a direct current is applied through a membrane the polariza-

tion concentration can be developed and if this is up to the point that the 
counter-ion concentration at the membrane depleting surface approach 
to zero an increase of Em is shown. The chronopotentiometric curves (Em 
vs time) obtained in NaCl 0.025 M solution by applying current densities 
from 2 to 30 mA cm− 2 for both pristine and modified membranes are 
shown in Fig. S9 in SI. The curve has distinct four parts as shown in 
Fig. 8). At t = 0 no current is applied and solution concentrations at both 
sides are equal being the measured potential zero. In region 1, at fixed 
current density, the potential drop corresponds to the ohmic resistance 
of membrane-electrolyte system. In region 2, the membrane potential 
slightly increases up to an inflection point (region 3). The inflection 
point is known as transition time (τ) and it is related to the surface 
electrolyte concentration near the membrane/solution interface that 
drops to zero because the membrane is permselective to the counter-ions 
and thereby reaches its maximum potential differences. τ can be ob-
tained by plotting the first derivative of the curve with respect to time. It 
only occurs at current densities above the limiting current density. 
However, τ decreases when applying current densities larger than 
limiting current density. After inflection point, alternative mass transfer 
mechanisms (mainly convection) take place. Finally, the potential 
growth decreases to zero and stabilize with time (region 4). The regions 
5 and 6 are due to after switching off the current and the subsequent 
relaxation of the system, respectively. 

The transition time is determined from the maximum of the deriva-

Fig. 7. Apparent transport number (filled columns) and permselectivity 
(dashed columns) of membranes. 
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tive of the Em vs t obtained from Fig. 8. Transition time is given by Sand’s 
equation (Eq. (9)) and its mathematical model assumes that diffusion of 
ions takes place homogeneously in one dimension and in the absence of 
any forced or natural convection in the membrane surface. 

iτ1 /

2 =
(πDs)

1 /

2

2
C0ziF
tm
i − ts

i
(9) 

According to this equation: Ds is the diffusion coefficient of NaCl; the 
transport numbers of the counter ion in the membrane and solution are 
defined as tm

i and ts
i , respectively; C0 concentration in the bulk; zi is the 

charge of the counter-ion; i is the current density; and F is the Faraday 
constant. According to Sand’s equation, this expression implies iτ1 /

2 

constant values at different current densities at a given membrane 
transport number. In this work, it was evidenced that permselectivity of 
membranes was approximately the same when performing the modifi-
cation (see Fig. 6). However, the experimental results shown in Fig. 9 
(a1–a2) showed some differences in iτ1 /

2 values between pristine and 
modified membranes suggesting another effect on microstructure. 

Choi et al. [38] implemented a method to estimate the fraction of 
conductive region (ε) of IEMs by chronopotentiometry. Based in a 
non-ideal behaviour of Sand’s model, this method would assess differ-
ences in ion conducting and non-conducting regions. Thus, Sand’s 
equation depends on the transition time at a given applied current 
density and can be expressed for a semi-infinite diffusion phenomenon 
considering no influence of forced or natural convection and thus an 
unlimited growth of the diffusion layer of the membrane. By incorpo-
rating the ε parameter, information regarding to the conducting area of 
the ion exchange membranes can be obtained by using Eq. (10). 

τ= ε2πDs

4

(
ziF

tm
i − ts

i

)2(C0

i

)2

(10) 

By plotting the obtained transition times (see Fig. 9 (b1–b2)), τ, as a 

function of 
(

C0
i

)2

, for currents above limiting current, the conducting 

region of membranes can be determined from the slope of the straight 
line using Eq. (10) and considering a sodium and chloride transport 
number of 0.385 and 0.615 in the bulk solution [40], respectively, and a 
sodium chloride diffusion coefficient value of 1.61⋅10− 5 cm2 s− 1 [41] 
which were found in literature. The fractions of conducting region were 
calculated and listed in Table 6. 

Based on the obtained results, most of the pristine membranes 
showed higher contents of non-conducting regions but for E-630(K) 
membrane which was about 95%. After PPy modification, the con-
ducting regions were markedly decreased except of FAA-3-PE-30 which 

Fig. 8. Characteristic shape of chronopotentiometry curve obtained (black 
line) at a given current density above the limiting current density for a repre-
sentative membrane (FAA-3-PE-30-PPy at 3.000 mA cm− 2) and its derivative 
(dashed blue line) to obtain τ value. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 9. The iτ1 /

2 values for different (a1) CEMs and (a2) AEMs as a function of current density supplied. Transition time, τ, as a function of 
(

C0
i

)2 
for different (b1) 

CEMs and (b2) AEMs in contact with a NaCl 0.025 M solution. 
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remained practically unaltered. Probably, the PE layer that contains this 
membrane may have had some influence during polymerization. All 
these effects are in agreement with SEM/EDX and permeability data, 
since membrane surface changed and the PPy film deposited into the 
membrane hindered the diffusion of the redox active species while 
increasing the heterogeneity of the membrane surface at microstructure 
level. 

3.5.2. Effect of membrane heterogeneity on limiting current densities 
Simultaneously to the fraction of conducting regions, information 

regarding to the limiting current density can be obtained from chro-
nopotentiograms. The limiting current is the region where concentration 
polarization becomes predominant and the ions motion over the mem-
brane surface are limited by diffusion. Polarization curves are built from 
the steady-state membrane potential in the chronopotentiograms. Three 
main regions can be distinguished: an ohmic region (region 1) where the 
system obeys the Omh’s law; followed by a plateau, which defines the 
value of current density (region 2), and a subsequent, increase of the 
current density (region 3). This increase of current is due to several ef-
fects such as possible water splitting, electro-convection and formation 
of space charges in the polarization layer [42]. Fig. 10 shows the 

obtained polarization curves of membranes. It was observed that in re-
gion 1, the PPy modified membranes showed less ohmic resistance when 
compared with the corresponding pristine ones especially in case of 
FAA-3-PE-30-PPy membrane. This data suits with the through-plane ion 
conductivity values obtained. In general trends, two different electro-
chemical behaviors were observed depending on the type of ion ex-
change membrane. On one hand, the plateau length of CEMs was slightly 
shortened when performing the modification especially the E-630 
(K)-PPy which was practically non-existent. In fact, the plateau length is 
a measure of the energy requirements to eliminate the diffusion 
boundary layer [43]. Therefore, the lower the plateau length, the lower 
the stability on the boundary conditions and this may affect long-term 
exchange efficiency since the double layer is continuously destroying 
leading to convective processes. And on the other hand, the plateau 
length of AEMs was slightly extended when performing the modification 
suggesting a greater double layer stability on boundary conditions. The 
limiting current density (LCD) was determined by the intersection of the 
two slopes belonging to the ohmic and plateau regions. The LCD value 
can be calculated using Eq. (11). 

ilim =
ziFC0Ds

δ(tm
i − ts

i )
(11)  

where ilim is a limiting current density and δ is a diffusion boundary layer 
thickness. However, since membranes are not homogeneous, the het-
erogeneity on surface promotes higher local current densities through 
the regions with good conductivity. Therefore, the ion concentration 
over the membrane surface at these regions is lower in comparison with 
the ones at homogeneous membrane surface at a given current. Conse-
quently, tangential diffusion may occur in well-conducting regions to 
counterbalance that effect [40]. The diffusion boundary layer thickness 
(δ) is influenced by the hydrodynamic state of the electrolyte solution, 
thus stirring-less solution was performed during analysis. Diffusion 
boundary layer thickness was calculated according to the fraction of 
conducting regions following Eq. (11). The superficial and local LCD as 

Table 6 
Values and fractions of conducting region of membranes before and after the PPy 
modification.  

Samples slope x 104 s⋅(A⋅cm)2 mol− 2 ε  

FS-950 37.54 0.77 
FS-950-PPy 20.63 0.57 
E-630(K) 48.02 0.95 
E-630(K)-PPy 30.66 0.73 
FAA-3-50 100.19 0.67 
FAA-3-50-PPy 28,45 0.34 
FAA-3-PE-30 166.98 0.69 
FAA-3-PE-30-PPy 142.19 0.66  

Fig. 10. Polarization curves before and after the modification of ion exchange membranes soaked in NaCl 0.025 M solution. (a) FS-950 vs. FS-950-PPy, (b) FAA-3-50 
vs. FAA-3-50-PPy, (c) E-630(K) vs. E-630(K)-PPy and (d) FAA-3-PE-30 vs. FAA-3-PE-30-PPy. 
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well as δ for each membrane are reported in Table 7. As a result, greater 
limiting current density values were obtained in case of CEMs and the 
reciprocal of diffusion boundary layer thickness, just the opposite for 
AEMs but for FAA-3-PE-30-PPy. In this membrane, the high degree of 
oxidation and the reinforcement of PE could have an influence on 
transport properties. 

Thus, this analysis led us to confirm a different chemical behavior at 
microstructure level increasing the non-conducting regions while 
keeping the effectiveness of the ion exchange after PPy modification. 
These results demonstrate that the microheterogeneity has an impact on 
limiting boundary conditions depending on the type of ion exchange 
membrane being the AEMs the most stable to long-term exchange. 

4. Conclusions 

In this work, we have studied the effect of pyrrole polymerization on 
four different, commercially available ion exchange membranes, two 
cationic (CEMs) and two anionic (AEMs). From a physicochemical point 
of view, this report presents a fundamental approach to improve the 
performance of low-cost membranes used in aqueous organic redox flow 
battery application. The symbiosis of electrochemical and novel spec-
troscopic investigation, coupled to the PPy modification is an excellent 
approach to pursuit better understanding of these materials. In partic-
ular, our studies show that pyrrole polymerization successfully reduces 
the permeation of two redox active organic molecules, viologen deriv-
ative BP7 and TEMPOL, and gives a plausible explanation of the role of 
PPy in IEMs. SEM/EDX mapping analysis confirmed the presence of PPy 
on the membrane surface as well as inside it, blocking diffusion channels 
of redox active species. In the perspective to use these modified mem-
branes as separators for AORFB applications, the effect of doping 
membranes with a well-known p-type semiconductor will not have 
electrical effect in battery application. 

The modification performed has an impact on chemical and elec-
trochemical properties of ion exchange membranes. While the effec-
tiveness of exchange of ions was not altered, IEC was decreased in the 
case of CEMs, whereas in AEMs it was increased due to the slightly 
different concentration of positive charge PPy structures into the 
membranes that interact with the chemical structure. The electro-
chemical response of modified ion exchange membranes further high-
lighted the effect of using CEMs or AEMs on membrane transport 
properties in relation to the membrane characteristics. CEMs showed 
lower diffusion double layer stability against modification strategy. 

As a conclusion, this approach to membrane modification with pol-
ypyrrole translates into lower crossover in ion exchange membranes, 
enabling cost-effective AORFBs for grid scale energy storage. We believe 
this work will inspire future studies in ion motion, as well as other 
chemical details of the interacting membrane and solution. 
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