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Abstract An attempt was made to increase the ionic

conductivity of novel, heterogeneous, anion-selective

membranes by increasing the porosity of their surface skin.

This was based on the addition of a water-soluble com-

ponent, namely poly(ethylene-ran-propylene glycol), to an

inert polymer matrix, based on low-density polyethylene,

while mixing it with the ion-exchange particles. A series of

membranes was prepared, consisting of 66 wt% of anion-

exchange phase represented by a styrene-divinyl benzene

copolymer matrix with quaternary ammonium functional

groups and an inert polymer matrix in a mixture with

variable amounts of water-soluble component added. The

membranes were subsequently tested with respect to their

morphology, mechanical properties, apparent ion-exchange

capacity, ionic conductivity, and performance under con-

ditions of alkaline water electrolysis. When added in the

appropriate amount, the addition of a water-soluble com-

ponent was found to improve the electrochemical proper-

ties of the resulting membrane efficiently, while at the

same time not reducing its mechanical properties to below

a critical level.

Keywords Water electrolysis � Alkaline environment �
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1 Introduction

In the first part of this study [1], the problem of alkaline

electrolysis as the only recently established industrial water

electrolysis technology was discussed in detail. This

especially concerns its economic competitiveness with

currently used technologies for fossil fuel-based hydrogen

production and the technological challenges that still

remain to be solved. These challenges are mainly con-

nected with an increase in process efficiency and flexibility.

Attention also focuses on the possibility of avoiding the use

of dangerous chemicals, such as concentrated KOH solu-

tion. The motivation for this endeavor mainly consists in

the search for sufficiently reliable, flexible, and easy to

operate technology to stabilize the electricity distribution

grid. This need was initiated by the rapid increase in the

production capacity of the relatively unstable renewable

energy sources connected to the grid [2, 3]. Hydrogen

represents an attractive means of storing excess energy,

which can be converted back into electricity when needed,

e.g., by means of a fuel cell or combustion engine. It can

also be used as a fuel or a raw material in various industrial

processes, thus reducing their CO2 footprint. Of course, the

latter statement only holds if hydrogen is produced from

renewable sources.

Currently, several approaches to electrochemical water

decomposition are being studied. Besides the alkaline

route, the main alternative is proton-exchange membrane

(PEM) water electrolysis. Recently, increasing attention

has also been paid to high temperature water electrolysis

utilizing a ceramic membrane as the electrolyte [4].

Whereas PEM technology is characterized by high process

intensity and flexibility, the high temperature option

benefits from high efficiency and replacement of part of the

electrical energy needed to decompose water by cheaper
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(preferably waste) heat energy [4]. Neither of these tech-

nologies, however, has been sufficiently developed to jus-

tify their application on an industrial scale. In the case of

the PEM process, the limitations are mainly related to the

high demands of this technology on the platinum metal

electrocatalysts. In the case of the high temperature pro-

cess, serious material problems still hinder the wide use of

this approach. Moreover, the latter technology is generally

not flexible and it is intended to be used more for ‘‘level-

ing’’ the distribution grid in the medium to long term. The

alkaline route is currently the only promising technology

for broad practical application on a medium to large scale.

The relatively low efficiency and limited flexibility of the

process are caused by the demands originally made of this

technology. In the first place, this meant robustness. Effi-

ciency was not the main requirement because this tech-

nology was typically used in locations with an excess of

electricity production. This requirement resulted in the

utilization of nickel-based, massive, two-dimensional

electrodes, a thick diaphragm as an electrode compartment

separator, and a highly concentrated KOH solution (typi-

cally 30 wt%) as the electrolyte [5]. The high KOH con-

centration is used to reduce the voltage ohmic drop in the

cell between the electrodes. Such a system is characterized

by relatively low flexibility and insufficient efficiency

(55–76 %) [5, 6]. A significant improvement in this situa-

tion is expected if the diaphragm and also, in an ideal case,

the KOH in the electrolyte solution were to be replaced by

an anion-selective polymer electrolyte. In time, this has to

be connected with the utilization of porous, gas-evolving

electrodes with a suitable electrocatalyst. This change cur-

rently represents an important challenge due to the rela-

tively low stability of this type of material in a strongly

alkaline environment at elevated temperatures [7].

The problem of identifying a suitable anion-selective

polymer electrolyte is one topic of this series of studies.

Attention is focused on heterogeneous polymer mem-

branes. The motivation for this selection is the greater

robustness of this group of materials. This is, however,

attained at the expense of their ionic conductivity. In the

first part of this study [1], attention is focused on the sta-

bility of the selected anion-selective functional groups in

an alkaline environment at different temperatures and on

the influence of the polymer binder on the electrochemical

properties of the resulting heterogeneous anion-selective

membranes. Besides the properties of the ion-exchange

material, the polymer binder was also found to play an

important role in the resulting behavior of the membrane.

Apart from percolation of the individual ion-selective

particles in the membrane structure, the surface skin

film was found to play an important role. The skin film

generally covering the surface of heterogeneous mem-

branes is a result of a production procedure based on

compression molding of the membrane from a mixture of

melted matrix polymer and ion-exchange resin particles.

The composition of the skin layer is generally different

from that of the membrane core [8–10]. It typically consists

exclusively of inert polymer binder which represents a

barrier to ion transportation. A membrane with a linear

polyethylene (LIPE) matrix showed the highest number of

defects in the skin film covering the membrane surface. At

the same time, this membrane showed the highest ionic

conductivity and the best performance in the water elec-

trolysis cell of the materials tested. Although the ionic

conductivity of this membrane showed a satisfactory value

of 5–6 S m-1, depending on the temperature, its water

electrolysis performance was not as good as expected. The

target of the present study, representing the second part of

this series, is to improve this behavior.

The membrane composition was optimized in the first

part of this study [1]. The only way to further improve its

performance is by artificially increasing the porosity of the

surface skin film, which represents an important barrier to

the transport of ions across the membrane. This effect is

especially important under current load. In the present

study, the surface skin layer was disturbed by the addition

of a water-soluble component to the inert polymer matrix.

It was then washed out of the membrane during its acti-

vation before application. Poly(ethylene-ran-propylene

glycol) was selected as a suitable water-soluble addition.

This polymer possesses the required compatibility with the

matrix polymer, is easy to handle, and is quantitatively

removed from the membrane structure during its activation.

The heterogeneous membrane samples tested consisted of

66 wt% of anion-selective phase represented by a styrene-

divinyl benzene copolymer matrix with quaternary

ammonium functional groups, a variable amount of inert

polymer matrix represented by low-density polyethylene

(LDPE) and a variable amount of the water-soluble com-

ponent. For this work, LDPE was selected instead of LIPE

although the latter material showed the best properties in

[1]. This was because its properties are appropriate for the

desired application. This concerns namely its higher Vicat

softening temperature (93 �C) [11] compared to LIPE

(77 �C) [12], allowing utilization of a membrane based on

this matrix polymer at temperatures up to 90 �C without

any danger of its mechanical collapse and also its high

resistance to an alkaline environment [13]. Moreover,

preliminary experiments showed that the addition of

a water-soluble component resulted in equalization of the

electrochemical properties of membranes based on LIPE

and LDPE matrix polymers (results not shown here).

The activated membranes prepared in this study were

characterized from the point of view of their morphology,

mechanical properties, apparent ion-exchange capacity,

ionic conductivity, and under conditions of alkaline water
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electrolysis. During alkaline water electrolysis, electro-

chemical impedance spectroscopy was used to evaluate the

kinetic parameters of the cell.

2 Experimental

2.1 Materials

Low-density polyethylene (ExxonMobil
TM

, LD 605BA)

and a water-soluble additive poly(ethylene glycol-ran-

propylene glycol) (PEG–PPG) (Sigma-Aldrich, average

Mn = 12,000) were used as received. Milled anion-selec-

tive particles Dowex Marathon A (Dow) with a predomi-

nant particle size of 10–30 lm and ion-exchange capacity

(IEC) of 3.90 meq g-1 of dry particles were obtained from

MEGA Co. (Czech Republic). As a reference, a commer-

cially available anion-selective membrane A201 (developing

code A006, Tokuyama Co., Japan) with IEC of 1.7 meq g-1

[14] was used.

2.2 Membrane preparation

Anion-selective particles in the Cl- cycle (66 wt%) were

blended with LDPE and a water-soluble additive (0, 1.7,

3.4, 6.8, or 10.2 wt%) in a Brabender Plasti-corder PLE

651 at 140 �C until the mixture became optically homo-

geneous and its torque value constant. The blend was press-

molded between two poly(ethylene terephthalate) films at

140 �C and at 10 MPa for 3 min and then cooled to room

temperature within 4 min to form a flat film. The resulting

membranes were typically 0.30 mm thick.

2.3 Pretreatment of the membranes

Before characterization, the membranes have to be pre-

treated appropriately to remove the water-soluble compo-

nent from their structure and to activate ion-exchange

particles. The membrane activation used in this particular

study proceeded in the following steps:

(1) Immersion in demineralized water for 24 h.

(2) Immersion in 0.1 mol dm-3 solution of NaOH for 2 h.

(3) Immersion in 0.1 mol dm-3 solution of HCl overnight.

(4) Immersion in 0.1 mol dm-3 solution of NaOH for 4 h.

(5) Immersion in demineralized water for 24 h.

2.4 Membrane morphology

The morphology of the prepared anion-selective mem-

branes was investigated using a Hitachi scanning electron

microscope (SEM) S4700. Samples of the membranes were

dried in a desiccator over molecular sieves. To obtain cross

section images, a dry sample was immersed in liquid

nitrogen and broken. Samples were coated with an Au/Pd

layer approximately 20-nm thick by vacuum sputtering.

2.5 Mechanical properties

The mechanical properties of the membranes were tested

using an Instron 3365 mechanical testing instrument.

A sample of the tested membrane with defined dimensions

was placed in a pneumatic holder. The samples were

stretched by 5 mm min-1 until tensile failure occurred.

At the point of tensile failure, the values of tensile strength,

tensile modulus, and energy to break were obtained.

2.6 Apparent ion-exchange capacity

The apparent ion-exchange capacity of the membrane is

relevant to the conductivity of the membrane in the OH-

cycle. This characteristic was evaluated by potentiometry

during the transition of the membrane sample from the

OH- to the Cl- cycle. The potential response of a Ross

combined glass electrode (Orion) was recorded during the

experiment using a Keithley 6514 electrometer with high

input impedance (200 TX). The potential value of the glass

electrode was converted into the concentration of displaced

OH- ions in the solution by a calibration curve. This series

of experiments was performed in 125 ml of 0.1 mol dm-3

NaCl solution in a gas-tight cell under argon atmosphere to

avoid the effect of carbon dioxide. Decarbonized demin-

eralized water was used in the experiments.

2.7 Ionic conductivity (IC)

The in-plane ionic conductivity of the membranes was

determined in a tempered box in gas-tight cell in an

environment of deionized water (i.e., 100 % relative

humidity) by means of electrochemical impedance spec-

troscopy (EIS) in a four-electrode arrangement. A Solar-

tron SI1250 frequency response analyzer and Solartron

SI1287 electrochemical interface were used to accomplish

this task.

2.8 Alkaline water electrolysis

A single alkaline laboratory electrolyzer was used to test

the membranes’ performance under alkaline water elec-

trolysis (AWE) conditions. Ni foam electrodes with an

active area of 2 9 2 cm2 were attached directly to the

membrane surface. The rear side of the electrodes was

washed by a 10 wt% KOH solution at a set temperature.

The performance of the cell was tested within a cell voltage

range of 1.5–2.0 V. To evaluate membrane resistance

during the process of alkaline water electrolysis, EIS was
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used in a two-electrode arrangement with the same

equipment as described in chapter 2.7. A frequency range

of 10 kHz–100 Hz and a perturbation signal amplitude of

5 mV were used.

3 Results and discussion

3.1 Composition of the tested membranes

All samples were prepared and tested in the form of

heterogeneous anion-selective membranes. The individual

components used were specified in the experimental part of

this manuscript. The anion-exchange phase, represented by

Dowex Marathon A anion-exchange resin particles, con-

sisted of the styrene-divinyl benzene copolymer matrix

with quaternary ammonium functional groups shown in

Fig. 1. In the previous study, this functional group was

evaluated to be the most stable one under conditions rele-

vant to alkaline water electrolysis [1]. The prepared

membranes always contained 66 wt% of the anion-selec-

tive phase. Inert polymer was the phase represented by pure

LDPE mixed with PEG–PPG. The content of PEG–PPG

was changed in the range of 0.0–10.2 wt% to test

the influence of its content on the resulting membrane

properties. Higher PEG–PPG contents were not tested as

membranes based on a matrix polymer of such a compo-

sition lost their mechanical stability. The composition of

the prepared and tested membranes is summarized in

Table 1.

3.2 Membrane morphology

As discussed above, the addition of PEG–PPG to the LDPE

matrix is aimed to increase the porosity of the skin layer of

the prepared heterogeneous membrane and thus to improve

its performance in the water electrolysis process. This theory

is based on the previous work reported in the first part of this

series [1]. First, the impact of the addition of a water-soluble

component on the morphology of the heterogeneous mem-

branes prepared was closely examined. The development of

the morphology of the surface skin layer of the activated

heterogeneous membrane with the PEG–PPG content in the

polymer matrix is documented in Fig. 2.

As clearly shown in these photographs, the addition of

PEG–PPG to the matrix polymer clearly fulfills expecta-

tions. The number of defects in the skin layer significantly

increased with its increasing content in the matrix polymer.

Whereas for the addition of 3.4 wt% of water-soluble

component, the increase in the membrane surface area

covered by defects is still moderate at 10.2 wt% the area

free of the skin layer becomes predominant. As already

stated, an increase in the porosity of the skin film improves

contact between the environment surrounding the mem-

brane and its ionically conductive phase. It can thus sig-

nificantly improve the conductivity of the membrane and

especially its behavior under current load. On the other

hand, too extensive opening of the skin film may have

a negative impact on the membrane properties. This may

negatively influence its electrochemical properties to

a certain degree because of the loss of ion-exchanger par-

ticles which are no longer fixed in the membrane structure

by the skin layer. Furthermore, the mechanical stability of

the membrane may have deteriorated below an acceptable

level.

It is to be expected that, besides the surface skin layer,

the morphology of the membrane interior is also influenced

by the PEG–PPG addition to the matrix polymer. SEM

pictures of cross sections of the membranes with various

amounts of water-soluble component are summarized in

Fig. 3. Owing to the heterogeneous structure of the mem-

branes, in these photographs, it is difficult to identify any

changes in their morphology connected with the addition of
Fig. 1 Structure of the anion-selective functional group used in this

study

Table 1 Composition of the tested heterogeneous anion-exchange

membranes

LDPE content

in wt%

PEG–PPG

content in wt%

Functional particle

content in wt%

34.0 0.0 66.0

32.3 1.7 66.0

30.6 3.4 66.0

27.2 6.8 66.0

23.8 10.2 66.0
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the water-soluble component. A difference in the cross-

sectional morphology is only visible with the highest PEG–

PPG content in the membrane. The material also seems to

be more porous in its interior; however, at this stage, the

difference cannot be quantified. Moreover, these pores may

act positively on the conductivity of the membrane.

However, in this case, too, an excessive increase in the

porosity of the matrix polymer may cause the mechanical

intactness of the membrane to be distorted. In such a case,

the distance between the ion-selective particles will

increase. Such behavior would have a negative impact on

the membrane conductivity.

Fig. 2 SEM images of the surface skin layer of the activated anion-

selective heterogeneous membranes. a 0 wt% PEG–PPG, b 3.4 wt%

PEG–PPG, c 10.2 wt% PEG–PPG addition

Fig. 3 SEM images of the cross section of the activated anion-

exchange membranes with: a 0.0 wt% PEG–PPG, b 3.4 wt% PEG–

PPG, and c 10.2 wt% PEG–PPG addition
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3.3 Mechanical properties

As discussed in the previous chapter, the mechanical sta-

bility of the membrane is important not only from the point

of view of the electrolysis cell construction, but also with

respect to its electrochemical properties. In this study, the

influence of the water-soluble addition on the membrane’s

tensile strength (Fig. 4a), tensile modulus (Fig. 4b),

and energy necessary to break (Fig. 4c) was tested. As

expected, in all cases, the mechanical properties rapidly

decreased with increasing amounts of water-soluble com-

ponent added to the structure of the membrane. This is

clearly due to the decreasing content of the inert polymer

phase which insures the mechanical stability of the mem-

brane [15]. Nevertheless, even this deterioration is rather

rapid, membranes with a water-soluble additive content up

to 3.4 wt% seem to have promising properties. An acti-

vated membrane with this addition shows a decrease in

tensile strength of only approximately 40 % and energy to

break even less significantly of 22 % compared to the

original membrane. The decrease in tensile modulus is

more significant, but still satisfactory. These results have to

be borne in mind for a final evaluation of the optimal

water-soluble addition to the matrix polymer during

membrane production.

3.4 Apparent ion-exchange capacity

This value represents the number of OH- ions exchanged

from the unit of mass (or volume) of the membrane to the

surrounding solution for suitable anions in the present case

for Cl-. Owing to the pH equilibrium inside the membrane,

this value does not correspond to the concentration of all

ion-exchange sites inside the membrane. For a more

detailed discussion of this phenomenon, see [1]. Never-

theless, this situation corresponds to the membrane in the

alkaline water electrolysis operation because this process is

based on the transportation of OH- through the electrolyte.

For this reason, this was also followed in the present case.

The results obtained for the series of membranes studied

are summarized in Fig. 5.

From this figure, it follows that IEC is not significantly

affected by the addition of PEG–PPG. A value of

approximately 2 mmol gdry membrane
-1 was found for all

membranes. The variation observed is within experimental

error. A slight IEC increase for the membrane with an

addition of 10.2 wt% of the water-soluble component is

related to a reduction of the amount of inert phase in the

membrane structure, not to essential changes in the mem-

brane properties. Such behavior stems from the fact that the

total amount of anion-exchange particles and functional

groups was not primarily affected by the addition of the

water-soluble component, see Table 1. The second, more

important reason, is that the IEC measurement is an equi-

librium one. The final amount of exchanged ions is not

evaluated until the steady state is reached, i.e. all replace-

able ions have been exchanged. The observed values of the

IEC are comparable with those published in the literature

Fig. 4 Dependencies of a tensile strength, b tensile modulus,

c energy to break of the activated membrane on the amount of

water-soluble component added to the matrix polymer during

production
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either for heterogeneous or homogeneous anion-exchange

membranes [16–18].

3.5 Ionic conductivity

The ionic conductivity of the membranes in dependence on

temperature is shown in Fig. 6 for the samples with five

different PEG–PPG contents together with the reference

membrane. For all samples, the IC increases with the

temperature. This has two reasons. The primary one is the

decrease in the viscosity of the pore fluid with increasing

temperature, and thus in higher mobility of the ions in the

membrane. The second is connected with the mechanical

properties of the membranes. With increasing temperature,

the mechanical strength of the two polymer backbones

decreases, thus allowing additional swelling of the anion-

exchange particles, which positively influences their

conductivity.

In contrast to IEC, the IC is evidently positively influ-

enced by the addition of PEG–PPG to the matrix polymer.

The IC of all the membrane samples with water-soluble

additive even exceeded that of the reference membrane

A201. To illustrate IC dependence on the addition of PEG–

PPG more clearly, it is shown for three different temper-

atures in Fig. 7. It is evident that the most pronounced IC

increase occurs with the first addition of PEG–PPG. The

impact of further additive content is related to the opera-

tional temperature. Whereas at 30 �C no significant effect

of the increased additive content was observed, at 50 and

70 �C the situation is different. Since, from the viewpoint

of the intended application, elevated temperatures are

especially of interest. The following discussion will mainly

focus on them. At a temperature of 70 �C, the highest ionic

conductivity of 7.2 S m-1 was achieved in the case of the

membrane with an addition of 6.8 wt% of the water-soluble

component. This value is higher than the IC of many other

heterogeneous [17, 19, 20] or homogeneous [18, 21, 22]

anion-exchange membranes reported in the literature.

A further increase in the PEG–PPG addition resulted in

a decrease of the IC.

The reason for the difference between the behavior of

IEC and IC consists in the character of these values.

Whereas IEC represents an equilibrium parameter, as

discussed in the previous chapter, IC is, in principle,

a parameter limited by the mobility of the ions in the

environment and by their concentration. As follows from

the IEC experiments, in all samples the concentration of

Fig. 5 Dependence of the apparent ion-exchange capacity on the

amount of water-soluble component added to the structure of the

membrane

Fig. 6 Dependence of the ionic conductivity of the tested sample

with different amounts of water-soluble additive on the temperature.

0 wt% of the additive—solid circle symbol; 1.7 wt% of the additive—

square symbol; 3.4 wt% of the additive—diamond symbol; 6.8 wt% of

the additive—inverted triangle symbol; 10.2 wt% of the additive—

open circle symbol. Open square symbol—reference membrane A201

(Tokuyama, Japan)

Fig. 7 Dependence of the ionic conductivity on the amount of the

water-soluble component measured for three different temperatures.

Temperatures are indicated in the top left-hand corner

J Appl Electrochem (2012) 42:545–554 551
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the charge carriers is constant within experimental error.

Thus, their mobility is decisive. Increasing porosity of the

surface skin layer as well as the polymer binder phase in

the membrane interior most probably improve this aspect,

thus resulting in enhanced membrane conductivity. The

decrease observed for the membrane samples with the

highest content of water-soluble additive may be related to

the deteriorated mechanical properties of the membrane.

Once the matrix polymer loses a decisive portion of its

original mechanical strength, this allows a more significant

opening of its structure. This leads to a loss of mechanical

contact among a certain portion of the ion-exchange par-

ticles. As a consequence, the ionic conductivity decreases.

This process is enhanced by the increasing temperature due

to the related change of the mechanical strength of the

LDPE with increasing temperature. Therefore, this reduc-

tion in conductivity was not observed at 30 �C. The rigidity

of the matrix polymer at 30 �C also most probably explains

the fact that the IC value of the membrane was not

observed to have been influenced by the higher content of

the water-soluble addition in the matrix polymer.

3.6 Alkaline water electrolysis

Final testing of the membranes was performed in a labo-

ratory alkaline water electrolyzer at a temperature of

70 �C. The electrolysis load curves measured for the

membrane samples tested are shown in Fig. 8. From the

dependencies shown, it is possible to see a significant

increase in process efficiency with the addition of PEG–

PPG up to 3.4 wt% (40 % at 1.9 V). A further increase to

6.8 wt% only resulted in an insignificant improvement in

the system performance (10 % at 1.9 V). It should be noted

that, in the case of the membrane with 6.8 wt%, a current

load value of 0.26 A cm-2 achieved at 1.9 V is compara-

ble with values achieved in industry despite the fact that in

industry up to 30 wt% of potassium hydroxide is used [5].

With a 10.2 wt% of PEG–PPG, the load curve decreases

due to the deterioration of the mechanical properties dis-

cussed earlier in this work.

To obtain greater insight into this behavior under con-

ditions of alkaline water electrolysis, an analysis of the EIS

was carried out and the corresponding Nyquist and Bode

diagrams are shown in Figs. 9 and 10, respectively. It is

possible to see that, in the frequency range of 10 kHz–

100 Hz with a perturbation signal amplitude of 5 mV, there

is only one semicircle visible in the Nyquist diagram for

the voltage range studied of 1.5–1.9 V. One maximum,

visible in the dependence of the phase shift shown in the

Bode diagram, confirms the existence of just one kinetic

rate constant in the system, or its dominance. This obser-

vation implies that one of the electrode’s reactions plays

the role of the rate-determining step in the system. With

regard to the electrode materials used and the conditions of

alkaline water electrolysis, it is possible to suspect that this

electrode reaction is related to anodic oxygen evolution.

On the basis of this discussion, a simple Randles equivalent

circuit was used to evaluate the solution resistance in the

cell. In this case, the RC element of this equivalent circuit

Fig. 8 Dependence of the current density measured on cell voltage.

The measurement was made at a temperature of 70 �C in 10 wt%

KOH solution with Ni foam used both as anode and cathode

(geometrical area 4 cm2). 0 wt% of the additive—full circle symbol;
1.7 wt% of the additive—square symbol; 3.4 wt% of the additive—

diamond symbol; 6.8 wt% of the additive—inverted triangle symbol;
10.2 wt% of the additive—open circle symbol

Fig. 9 Nyquist diagrams obtained by EIS under conditions of

alkaline water electrolysis in a two-electrode arrangement, frequency

range of 10 kHz–100 Hz, perturbation signal amplitude 5 mV,

membrane with 6.8 wt% PEG–PPG addition. Line 1 1.5 V, line 2
1.6 V, line 3 1.7 V, line 4 1.8 V, line 5 1.9 V
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corresponds to the anodic reaction. An ohmic resistance

connected in series to this element then corresponds to the

electrolyte, i.e., the anion-selective membrane used. Since

electrode reaction kinetics is not the subject of this work,

the results of the polarization resistance of the electrode

reaction are not presented here. Attention focuses on the

electrolyte resistance.

The dependencies of the individual membranes’ resis-

tance on the cell voltage are shown in Fig. 11. With regard

to the fact that the concentration of the liquid electrolyte

was always identical, any change in the membrane resis-

tance detected is thus related to its properties. The highest

IC under conditions of alkaline water electrolysis was

achieved in the case of the membrane originally containing

6.8 wt% of water-soluble additive. These results are thus

consistent with the IC data as well as with the load curves

under conditions of alkaline water electrolysis. The fact

that the membrane resistance is independent of the cell

voltage proves the correctness of the experimental

arrangement. A change in the membrane resistance with

the changing voltage would indicate penetration of the gas

phase into the space between the electrodes. This would

mean that the electrodes were not in direct contact with the

membrane. Such a result would not be reliable with respect

to an evaluation of the membrane properties.

4 Conclusion

A series of heterogeneous anion-selective membranes

with increased porosity of the surface skin was prepared

and tested from the point of view of their mechanical and

electrochemical properties. The addition of different

amounts of a water-soluble additive was used to increase

the porosity of the surface skin and consequently the

electrochemical properties of the membrane, mainly the

ionic conductivity. This was achieved at the expense of

the resulting mechanical stability of the membrane. How-

ever, deterioration of this factor did not reach a critical

level from the point of view of the reliability of the elec-

trolysis cell. The positive effect of the increased porosity of

the surface skin on the membrane properties was also

proven in the laboratory water electrolysis cell.

The development of an anion-selective polymer elec-

trolyte with satisfactory properties represents a necessary

prerequisite for further development of the alkaline water

electrolysis process. The connection of a stable and con-

ductive polymer electrolyte with a corresponding binder

will allow a membrane electrode assembly similar to the

acidic process to be produced and thus to significantly

improve the intensity and flexibility of the process.

Fig. 10 Bode diagrams obtained by EIS under conditions of alkaline

water electrolysis in a two-electrode arrangement. The range of the

frequencies 10 kHz–100 Hz. Maximal amplitude 5 mV. A membrane

with 6.8 wt% of PEG–PPG was used. Line 1 1.5 V, line 2 1.6 V, line
3 1.7 V, line 4 1.8 V, line 5 1.9 V

Fig. 11 Dependence of membrane resistance on the water electro-

lysis cell voltage, temperature 70 �C, 10 wt% KOH solution, Ni

foam used both as anode and cathode (geometrical area of 4 cm2). 0

wt% of the additive—solid circle symbol; 1.7 wt% of the additive—

square symbol; 3.4 wt% of the additive—diamond symbol; 6.8 wt% of

the additive—inverted triangle symbol; 10.2 wt% of the additive—

open circle symbol
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