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Abstract: Bilayer ion-exchange membranes are mainly used for separating single and multiply charged
ions. It is well known that in membranes in which the layers have different charges of the ionogenic
groups of the matrix, the limiting current decreases, and the water splitting reaction accelerates
in comparison with monolayer (isotropic) ion-exchange membranes. We study samples of bilayer
ion-exchange membranes with very thin cation-exchange layers deposited on an anion-exchange
membrane-substrate in this work. It was revealed that in bilayer membranes, the limiting current’s
value is determined by the properties of a thin surface film (modifying layer). A linear regularity of
the dependence of the non-equilibrium effective rate constant of the water-splitting reaction on the
resistance of the bipolar region, which is valid for both bilayer and bipolar membranes, has been
revealed. It is shown that the introduction of the catalyst significantly reduces the water-splitting
voltage, but reduces the selectivity of the membrane. It is possible to regulate the fluxes of salt ions
and water splitting products (hydrogen and hydroxyl ions) by changing the current density. Such an
ability makes it possible to conduct a controlled process of desalting electrolytes with simultaneous
pH adjustment.

Keywords: bilayer membrane; water splitting; ion transport; electrochemical impedance;
current-voltage characteristic; ion transport numbers

1. Introduction

Ion-exchange membranes are nanoporous polymeric materials, the functional properties of
which are determined by the laws governing the transport of ions and water in pores with charged
walls. Ion-exchange membranes have a large number of applications in the processes of purification,
concentration and separation of substances [1,2], as well as synthesis processes [3—6]. The areas of
application of membrane processes are steadily expanding. One of the new vectors for the development
of electromembrane technologies is the processing of ampholyte-containing solutions [7-9] and the
recovery of nutrients from the waste products of humans and animals [10,11].

Ampholytes are substances capable of attaching and donating protons. As a rule, these are
acidic residues of weak inorganic (phosphoric, carbonic) or polybasic organic acids containing one
or more protons attached to the acid group. Such ions can change their chemical form and/or charge
as a result of a change in the pH of the solution, which means that the composition of the solution
will change during the electrodialysis process. As a result, the transfer of ions and the properties of
ion-exchange membranes in ampholyte solutions differ significantly from those in electrolyte solutions
incapable of protonation/deprotonation. The transfer of ampholyte ions in electromembrane systems is
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complicated by the occurrence of chemical reactions, both in solution and in the membrane itself [12,13].
The interaction of organic ions with the membrane matrix can lead to a significant increase in the
electrical resistance of the membrane [14], fouling of organic substances to the membrane surface [15],
and general degradation of the membrane material associated with the need to clean the membrane
from organic substances [16].

The currently produced ion-exchange membranes are either too expensive or created for
the processing of strong electrolytes, and their characteristics do not meet the new requirements.
The solution to these problems can be the creation of anisotropic ion-exchange membranes by applying
modifying layers to the surface of the substrate membrane, that is, by creating bilayer and multilayer
ion-exchange membranes.

Anisotropic membranes are most widely used in the field of baromembrane processes, where the
selective and transport properties of reverse osmosis and nanofiltration membranes are determined by
a thin active layer on the surface of a porous substrate [17,18]. Such membranes are anisotropic in
the direction perpendicular to the membrane surface (the direction coincides with the direction of the
substance flow through the membrane).

In the field of membrane electrochemistry, anisotropic membranes were first mentioned in the
works of Frilette (bipolar membrane) [19], Leitz (as cationic-anionic) [20]. Both works describe an
ion-exchange membrane consisting of cation-exchange and anion-exchange layers; the difference is
that Leitz proposed a membrane which is capable to carry out the process of desalting of sodium
chloride with simultaneous alkalization or acidification. To achieve this, the thickness of the anion
layer of the bilayer membrane is one-half to one-quarter the thickness of the cation layer [20]. Here,
we should note that the idea of combining the two processes in one electromembrane apparatus was
proposed even earlier by Kollsman [21].

Subsequently, the idea of creating a membrane capable of simultaneously combining two
mechanisms (desalting and changing the pH of the solution) was developed in the works of
Antonov et al. [22] and Shendrik et al. [23]. The authors of [22,23] obtained membranes with a
thin layer of microdispersed ion exchanger electrodeposited from solution onto the surface of the
substrate membrane.

The authors of [22] called membranes capable of simultaneous desalting and shifting the pH
of a solution “semi-bipolar”. The disadvantages of the obtained semi-bipolar membranes include
the complete absence of mechanical stability and destruction of the electrodeposited layer when the
electric field is turned off. Moreover, similar “semi-bipolar” membranes include membranes on the
surface of which surfactants deposit (proteins, peptides, amino acids, etc.). Such deposition results in
inversion of the membrane surface charge [24-27], thus creating a bilayer structure with layers with
opposite charges.

It is possible to obtain mechanically stable “semi-bipolar” membranes if a modifying layer is
made from an ion-polymer film. The authors of works [28-30] successfully solved a similar problem.
The authors of these works used the term “asymmetric bipolar membranes” to describe the obtained
anisotropic membranes. In these studies, to create a modifying layer, the casting of a solution containing
an ionpolymer in a volatile solvent onto the membrane surface was used. At present, in addition to the
casting method, there are several new technologies that allow creating thin layers on the surface of the
substrate membrane: layer-by-layer deposition [31-35], electrostatic bonding [36-38], grafting [39-41],
chemical bonding [42—-45], electrospinning [46].

The deposition of thin layers/films on the surface of the substrate membrane is of the greatest
importance for imparting specific selectivity to the membrane, as a rule, to singly charged ions.
The results of studying such bilayer and multilayer membranes are presented in a large number
of works and are summarized in recent reviews [47,48]. The focus of such works, as a rule, is the
permselectivity coefficient, while other electrochemical characteristics of membranes are not studied.
At the same time, in some works, researchers draw attention to a decrease in the value of the limiting
current on the modified membrane, as compared to the original one [35,49,50].
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According to the published reports, the modification materials for cation-exchange substrates are
mainly focused on the some polyelectrolytes, such as polyethyleneimine (PEI), polyaniline, polypyrrole,
polyallylamine, chitosan etc. [51].

In the case when the charge of the matrix of the modifying layer is opposite to the charge of the
matrix of the membrane-substrate at the point of contact of these layers, a space charge region is formed,
in which the electric field strength can reach values of the order of 10° V/m. In the scientific literature
on bipolar membranes, this area is commonly referred to as the “bipolar border” or “bipolar region”.
Essentially, we can deduce that almost all of the reported membranes with surface modification are
asymmetric bipolar membranes. Zabolotskiy et al. [29] had shown that asymmetric bipolar membranes
can maintain high salt flux at low currents, while their function is similar to bipolar membranes at high
current densities.

Conventional bipolar membranes are bilayer composites in which layers (cation- and
anion-exchange) have ion selective properties. Such membranes can produce protons and hydroxyl
ions from water molecules, under the influence of an imposed electric current. Such properties allow
for creating a series of unique electromembrane processes using bipolar membranes, for example,
adjusting the pH of solutions without the addition of chemicals and the formation of by-products or
wastes, the conversion of salt solutions to acids and bases, the separation of ions, and the continuous
electrochemical regeneration of ion exchangers in the production of ultrapure water [6,52,53].

Unlike acid and alkali production, pH adjustment does not require bipolar membranes with
high selectivity. Moreover, it is convenient to combine the desalination process with a simultaneous
pH adjustment. However, the flux of salt ions through the bipolar membrane is very low [54].
This circumstance limits the use of bipolar membranes in the process of desalting with the simultaneous
adjustment of the pH of the solution. At the same time, the asymmetric bipolar membranes suit this
niche very well.

The key features that determine the possibility of efficient use of bipolar membranes are the overall
potential drop on the membrane and the current efficiency, both depending on the water splitting
reaction kinetics. Improvement of the electrochemical characteristics of a bipolar membrane can be
achieved by the introduction of a water splitting catalyst into the bipolar boundary. Introduction of the
catalyst reduces the overvoltage of the bipolar region and, as a result, overall potential drop of the
bipolar membrane. Such catalysts can be both organic [55-61] and inorganic [53,62-68] in nature.

In our previous works, we managed to achieve some understanding of the laws governing the
processes of ion transfer in bilayer membranes. In [69], we showed the possibility of synthesizing
inorganic catalysts for the water splitting reaction in an asymmetric bipolar membrane. In [29],
we showed that the series-connected Gerischer and finite Warburg elements could describe an
asymmetric bipolar membrane’s impedance spectrum. This nature of the membrane impedance
indicated the presence of electrodiffusion transfer of salt ions through the asymmetric bipolar membrane,
even in the presence of generation of hydrogen and hydroxyl ions. In [30,70], we showed that an
ionpolymer catalyst for the reaction of water splitting in the cation-exchange layer of an asymmetric
bipolar membrane leads to a significant decrease in the potential drop across the membrane. In [71],
a mathematical model of the current-voltage characteristic of an asymmetric bipolar membrane was
developed, which allows one to predict the dependence of the limiting current on the membrane on
the thickness of the cation-exchange layer.

In the present work, we define asymmetric bipolar membranes and permselective membranes
as bilayer membranes. We specifically refer to them as “bilayer membranes” to emphasize that their
main function is not predetermined at the stage of synthesis but can change depending on operational
conditions. We will show that the transport of salt ions and water splitting products through a bilayer
membrane is complex and is affected by current density, nature and concentration of the solution,
composition of the modifying layer. To do that, we will study the electrochemical characteristics of
bilayer membranes in which a heterogeneous ion-exchange membrane was used as the substrate,
both containing and not containing a water splitting catalyst under different working conditions.
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2. Experimental

2.1. Objects of the Study

The objects of study in this work were bilayer membranes consisting of a thick anion-exchange
layer (AEL) (a commercial membrane Ralex AMH-PES (produced by Mega a.s., Czech Republic) was
used as an anion-exchange layer) and a thin cation-exchange layer (CEL). For research purposes,
the thickness and chemical nature of the cation exchange layer were different. In addition, various
additives were introduced into the cation-exchange layer to act as catalysts for the water splitting
reaction. The size, chemical nature, and method of introduction of these additives also differed in
different experiments.

The electrochemical characteristics of a bilayer membrane with a thick cation-exchange layer
(a commercial Ralex CM-PES membrane) and a thin anion-exchange layer were studied separately.
The anion exchange layer was made of a copolymer of N, N-dimethyl-N, N-diallylammonium chloride
and ethyl methacrylate. The thickness of the anion-exchange layer, in this case, was constant at 80 um.

Conventionally, all the studied membranes can be divided into two categories—membranes with
a thin layer without a catalyst (named as BM-a series) and membranes with a catalyst for the water
splitting reaction (BM-ac series).

Table 1 presents the acronyms and characteristics of the studied membranes.

Table 1. Studied membranes nomenclature.

Membrane Thickness Mass of the Catalyst,
Name Series AEL CEL of CEL/AEL, Catalyst mg/cm?
Microns Deposition Time, min
BM-a-10 10
BM-a-30 sulfonated 30
BM-a-50 polytetrafluoroethylene 50
BM-a70  BMa Ralex 70
- AMH-PES
BM-a-SPEEK sulfonated poly(ether 30
ether)ketone
BM-a-SPS sulfonated polystyrene 30
Ralex "
BM-c-A80 BM-c CM-PES Copolymer 80
BM-ac-0.2K 0.2
BM-ac-2K KF-1 2
- microdispersion
(microdispersion)
BM-ac-6K 6
BM-ac-2dCr ~ Cr(OH); 2
(microdispersion)
BM-ac-2dFe Ralex sulfonated . Feé.OH)S . 2
= BM-ac  AMH-PES  polytetrafluoroethylene 30 (microdispersion)
BM-ac-1Cr 1%
BM-ac-2Cr Cr(OH); 2%
R — (electrodeposition)
BM-ac-10Cr 10 **
e Fe(OH); -
BM-ac-1Fe (electrodeposition) 1
BM-ac-solFe Fe(OH)3 (sol) -

* See Section 2.1.2. ** Here the numbers indicate the deposition time.

Methods for membranes and water splitting catalysts preparation are presented in detail below.

2.1.1. Preparation of Bilayer Membranes with a Thin Cation-Exchange Film (BM-a)

Commercial heterogeneous anion-exchange membrane Ralex AMH-PES (produced by Mega a.s.,
Straz pod Ralskem, Czech Republic) was used as an anion-exchange layer. The BM-a membranes
were obtained by casting of a 5% solution of a sulfonated polytetrafluoroethylene in a solvent on the
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heterogeneous anion-exchange membrane-substrate, followed by evaporation of the solvent at 40 °C for
6 h. The casting solution was prepared by mixing of a 10% vol. of a sulfonated polytetrafluoroethylene
in isopropyl alcohol and pure acetic acid in 1:1 volume ratio.

The casting solution composition was developed previously [71]. The used composition provides
the best mechanical properties of the resulting membrane, while maintaining the maximum volume
fraction of the sulfonated polytetrafluoroethylene.

To produce membranes with a thin sulfonated poly (ether ether) ketone (SPEEK) layer the following
procedure was used: 4 g of granulated poly (ether ether) ketone was placed in 200 mL of concentrated
sulfuric acid, and then left for 120 h at room temperature and intensive stirring (poly (ether ether)
ketone granules were completely dissolved in sulfuric acid). After this time, the resulting solution was
slowly poured into 500 mL of ice water, while the resulting polymer precipitated, which was filtered
off under vacuum and washed with distilled water until the filtrate was neutral. The filtered polymer
was dried in a vacuum desiccator.

The resulting polymer powder was dissolved in anhydrous dimethylformamide to obtain a 10%
by weight solution. Then, acetic acid was added to the resulting solution in a volume ratio of 1:1 to
obtain a casting solution. The resulting SPEEK solution was applied to the surface of the substrate
membrane in an amount enough to form a cation-exchange layer 30 + 2 pm thick.

To obtain a thin cation-exchange layer of sulfonated polystyrene (SPS), a sample of SPS weighing
8.9 g was dissolved in 100 mL of water. The resulting solution was also mixed with acetic acid in a 1:1
volume ratio. The resulting casting solution was applied to the membrane in an amount enough to
obtain a membrane with a cation-exchange layer thickness of 30 + 2 pm.

The thickness of the cation-exchange layer was determined as the difference between the measured
thickness of the bilayer membrane in the swollen state and the thickness of the substrate membrane.
A high-precision micrometer Mitutoyo Absolute Digimatic Quick 0-15/0.001 mm 227-201 (LLC
“Mitutoyo Rus” Moscow, Russia) was used for measurements. The measurement error was + 2 pm.

2.1.2. Preparation of Bilayer Membranes with a Thin Anion-Exchange Film (BM-c-A80)

A membrane with a cation-exchange membrane-substrate was developed to study the properties
of a bilayer membrane with a thin anion-exchange layer. The commercial membrane Ralex CM-Pes
(produced by Mega a.s., Straz pod Ralskem, Czech Republic) was chosen as a cation-exchange layer.
On the surface of a Ralex CM-PES cation-exchange membrane, a sulfonated polytetrafluoroethylene
film with a thickness of 30 micrometers was formed in accordance with the procedure described above.
Next, on the side of the membrane with a layer of sulfonated polytetrafluoroethylene, a 5% solution of
a copolymer of N, N-dimethyl-N, N-diallylammonium chloride and ethyl methacrylate in acetone was
applied in an amount required to obtain a layer of copolymer 80 pum thick, and left at room temperature
for 24 h until the solvent has completely evaporated.

The thickness of the anion-exchange layer was determined in the same way as the thickness of the
cation-exchange layer on the BM-a series membranes.

2.1.3. Bilayer Membranes with Water Splitting Catalysts (BM-ac)

To obtain membranes active in the water splitting reaction, a suspension of catalyst particles
in the casting solution was applied to the surface of the membrane-substrate. In all these samples,
the sulfonated polytetrafluoroethylene with thickness of 30 microns was used as the CEL.

A powder of phosphoric cation-exchanger KF-1 was used as a catalyst. The mean size of the
powder particles was 10 + 2 pm; a small fraction (not more than 5%) of bigger particles up to 100 pm
was also present in the powder.

The cation-exchange resin KF-1 was chosen as an additive to the cation-exchange layer,
since previous studies have shown its high activity as a catalyst for the water splitting reaction [61].
To obtain microdispersion, spherical granules of the resin were ground in an SVM-04 vibration mill
(balls diameter 8 mm, number of oscillations 25 s™!, engine power 0.37 kWh) for 20 min.
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Iron (III) and chromium (IIT) hydroxides were also chosen as highly efficient catalysts for the
water splitting reaction [62,69,72,73].

The microdispersion of transition metal hydroxides was obtained in several stages. Initially,
precipitates of iron (III) and chromium (III) hydroxide were obtained by chemical precipitation from
0.5 M solutions of metal chlorides:

FeClz + 3NaOH — Fe(OH),; | +3NaCl
CrClz + 3NaOH — Cr(OH); | +3NaCl

Then, the resulting precipitate was filtered and washed with distilled water to pH = 7 using
universal indicator paper. Then, the precipitate was dried and grounded in a ball mill under the same
conditions as the powder of the KF-1 cation-exchanger.

The obtained microdispersed powders of catalysts were fractionated on a Fritsch Analysette 3
shaker to determine the fractional composition ( Supplementary Figure S1).

In the case of KF-1, the amount of powder applied to the membrane surface was varied. In the
case of iron (III) and chromium (III) hydroxides, their amount was constant and amounted to 2 mg/cmz.

2.1.4. Electrodeposition of Transition Metal Hydroxides on the Bipolar Boundary

The electrochemical deposition of iron (III) and chromium (III) hydroxides was carried out
in a 4-chamber cell (Figure 1). Electrodeposition was carried out in bilayer membranes with a
cation-exchange layer thickness of 30 um. To form a catalyst layer at the interface between the
cation-exchange layer/anion-exchange layer, the membranes were kept in a 0.1 M NaOH solution
to convert the anion-exchange layer of the membranes into the OH™ form. Electrodeposition was
carried out under the following conditions: the concentration of salt and alkali solutions supplied to
the cell was 0.1 M, the polarizing current density was 3 mA/cm?, the deposition time was 1 min for
iron (III) hydroxide, and varied from one to ten minutes for chromium (III) hydroxides. In the latter
case, a change in the deposition time made it possible to obtain catalyst particles of various degrees
of dispersion.

Ag/AgCl
e T

T e ]

NaOH HCI

Figure 1. The scheme of the experimental cell and ion fluxes through the studied membrane.
C—cation-exchange membrane; A—anion-exchange membrane; AC—bilayer membrane.

The bilayer membranes obtained in this way were kept for 24 h in a 0.01 M sodium chloride
solution to ripen the sediment, which further ensured the stability of the electrochemical characteristics.
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2.1.5. Deposition of Iron (III) Hydroxide Sol

Particles of iron (III) hydroxide sol with a size of 50-500 nm were applied to the surface of an
anion-exchange membrane at a temperature of 100 °C by dipping the anion-exchange membrane into an
iron (III) hydroxide sol for 10 s. After drying the membrane, a film of sulfonated polytetrafluoroethylene
with a thickness of 30 um was applied to its surface.

2.2. Electrochemical Measurements

Various methods can be used to study the process of water splitting and ion transport in bipolar
membranes, many of which were first developed and applied to other electromembrane systems.
Among these methods, the most important are voltammetry [74], chronopotentiometry [75], the method
of the frequency spectrum of electrochemical impedance [76], and measurement of the number of ion
transport through membranes.

In the present work, the measurements were carried out in a four-compartment electrochemical
cell (Figure 1) with active membrane area 2.27 cm?. The Luggin-Haber capillaries connected to silver
chloride electrodes were used to study the current-voltage characteristics and monitor the potential
drop on the membrane during measurement of the transport numbers. The frequency spectrum of the
impedance was measured with Pt/Pt electrodes made of platinum wire 0.1 mm in diameter. The large
surface area of the platinized electrodes prevents their polarization when a direct current flows through
the system. Measuring platinum electrodes and tips of the Luggin—Haber capillaries were located at a
fixed distance from the membrane surface equal to 0.2 mm. Auxiliary membranes on both sides from
the membrane under study prevent its contact with products of electrode reactions.

In most parts of the experiments, the membrane under investigation was in contact with
hydrochloric acid solution from the side of the cation-exchange layer, and with sodium hydroxide
solution from the side of the cation-exchange layer. This setup is labeled as “acid-alkali system”.
This membrane setup is favoring the study of the water-splitting mechanism [76].

In other experiments, the membrane was in contact with sodium chloride solution from both
sides. This setup is marked as “salt system”. This membrane setup is used for studying the salt ions
transport across the bilayer membrane.

The solutions feed rate was 2 mL/min. The solutions and the cell were kept at a constant
temperature 25 + 0.1 °C.

2.2.1. Voltammetry

A dynamic method of measuring the current-voltage characteristics was used. The test membranes
were pre-conditioned for 30-40 min in an electrochemical cell (Figure 1), with the pump on and
without current. After that, a linearly increasing current was applied to the cell with the help of
a Potentiostat/Galvanostat/EIS Analyzer Parstat 4000, (AMETEK SI, Oak Ridge, TN, USA) and the
current-voltage characteristic was recorded.

Current sweep rate was set at 2107 A/s.

The effect of diffusion boundary layer thickness on ions transport across bilayer membranes were
studied using a rotating membrane disk. The rotating membrane disk setup and methodology are
explained in detail in a number of publications [77,78].

The method of voltammetry makes it possible to qualitatively study the process of ion transport
through the BPM, in those cases when it is not necessary to know the overvoltage on each of the layers
composing the BPM. The type of the current-voltage characteristic is determined by the structure of the
membrane and by the nature of the processes occurring in it under polarization by an electric current.

Notably, the current-voltage characteristics of studied membranes differ in shape when measured
in the salt system and in the acid-alkali system (Figure 2a). The current-voltage characteristic of a
bipolar membrane in the acid-alkali system at small values of the polarizing current shows a significant
deviation of the potential from zero. The reason for this is the emerging Donnan potential at the
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CEL/AEL interface. This potential shift allows for a qualitative assessment of the membrane’s catalytic
activity towards the water splitting reaction. The closer this potential to the equilibrium, the higher the
catalytic activity, and vice versa.

i, mAlcm?

i, mAlcm?
7 A A
64 2
1
5 4
4 4
3 A § AUdiss
: 1/Rdiss
24
1] f|iml
0 T T T . 1 ! -
0 2 4 6 8 AUpon u,v

(a) (b)

Figure 2. (a) Current-voltage characteristic of a bilayered membrane BM-a-30 measured in a 0.01 M
NaCl solution (1) and in the 0.01 M acid-alkali system (2); (b) schematic current-voltage curve of a
bipolar membrane in a salt solution.

The current-voltage curve of the bilayer membrane with CEL/AEL interface can be conditionally
divided into several sections (Figure 2b) [6], where each section is characterized by specific parameters.
The first section of the current-voltage curve gives the ohmic resistance of the membrane system
(Rohm); the value of the first limiting current (ij,1) characterizes the current density carried by co-ions:
the higher the membrane selectivity towards water splitting products, the lower ij,1. The length of
the second section displays the potential drop at which an intense generation of H+ and OH- ions
begins (Algigs), the so-called water splitting potential drop; the slope of the third section characterizes
the water splitting resistance, (Rgiss), i-e., the ability to intensify water splitting: the smaller Rgjgs,
the higher the catalytic activity towards water splitting reaction [46,58].

The total potential drop on the membrane is the sum of several components: the Donnan
potentials at the membrane-solution boundaries, the ohmic voltage drop across the monopolar layers,
which is determined by the membrane structure and the type of charge carrier; potential drop at the
bipolar boundary.

2.2.2. Transport Numbers

Non-selective transfer of ions through the membrane is caused by two mechanisms: diffusion
and migration. As a first approximation, it was assumed that the electromigration transport number
t;™ is averaged over the thickness of the membrane and does not depend on the current density.
The permeability coefficient P; was also assumed to be independent of the current density. Then,
the effective transport number is the sum of two additives [6]:

P]'AC,*F
= M)

T; ="+

Thus, the calculation of the average value of migration transport number of the hydrogen or
hydroxyl ions through the membrane and the acid or alkali permeability coefficient decreases to
determining the coefficients in the equation of the linear dependence of T; on the inverse current
density i 1.
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In this study, a modified Hittorf method was used. The essence of the method is to determine the
total flux of sodium cations into the acid from alkali and total flux of chlorine anions into the alkali
from acid.

At each investigated current density, the membrane was held for 60 min at a given current density
to achieve a steady state. After that, a sample of acid and alkali solution was taken from the outlet of
the cell. The sampling repeats every 20 min. After two consecutive measurements show a difference,
not more than measurement error, the next current was applied to the cell.

The concentrations of ions in acid and alkali samples were measured using ion chromatography.

Effective transport numbers were calculated by the following equations:

- JWF —
Tyt = (CNa+ iCSNa+) , T = w @)

Tw =1-(To + Tt ®)

For simplicity, we consider the value of the transport numbers for hydrogen and hydroxyl ions
to be the same. However, one must bear in mind that hydrogen ions can pass only through the
cation-exchange layer and hydroxyl ions can pass only through the anion-exchange layer.

2.2.3. Electrochemical Impedance Spectroscopy

Electrochemical impedance frequency spectra measurements were carried out in the frequency
range of alternating current from 3 x 1073 to 1 x 10° Hz, distributed uniformly on a logarithmic scale.
The amplitude of the AC signal was 200 mV.

The ohmic contribution of the total impedance of the cell itself is equal to 4 Ohm-cm? for real and
imaginary parts of impedance. The relative error magnitude of impedance measurements was less
than 1%.

The method of the frequency spectrum of electrochemical allows obtaining the most complete
information on the processes of ion transport through bilayer membranes under conditions when a
direct current flows through the membrane.

In dilute solutions or at high current density, the impedance spectrum of the bilayer membrane
is reduced to the impedance spectrum of the bipolar membrane. An example of the electrochemical
impedance spectrum of the bilayer membrane in the so-called “generation mode” is shown in Figure 3a.

-imZ, Ohm-cm?

150 |

1 kHz
100 N\ * v

3
*
*
SO T 1MHz T v
*
\ ‘00 . 1Hz
0 o Nl

0 50 100 150 200 250 300 /3,;0\3 400

A Y
Ry ReZ, Ohm-cm?
()

Figure 3. Cont.
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-ImZ, Ohm-cm?

600 i
1kHz

400 /

1 MH 7 / / 1Hz

z - IS | —
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* G / Wb *
0 |

’ T
0 \ 200 400 600 800 1000 NOO 1600 1800 2000
A \/ B ReZ, Ohm-cm?

(b)

Figure 3. Electrochemical impedance spectrum of a bipolar membrane under DC polarization with
superimposed AC amplitude. Examples based on the real spectra obtained for the BM-ac-2K membrane
measured in 0.01 M “acid-alkali system” (a) and measured in 0.5 M NaCl solution (b).

The limit of the frequency spectrum on the axis of active resistances at @ — oo is the ohmic part of
total resisitance R« (point A). It includes the resistances of the monopolar layers, solutions between the
membrane surface and the measuring electrode, electrodes themselves and all intermediate resistances
associated with the wires and their connections. The second limit is the point B in which w — 0 and the
active resistance (Rg) includes, in addition to the above, also the resistance caused by the slow chemical
reaction at the bipolar boundary. The emergence of this resistance causes the appearance of the
potential “excess” (overvoltage) of the bipolar region and leads to the deviation of the current-voltage
characteristic from linearity. The resistance of the bipolar region (R;) can be found as:

Ry = Ry — Reo 4)

Integrating the resulting dependence of Ry, from the current density, one can calculate the

i
M = fo Rydi ©)

In the case of a low current density, a thin cation-exchange layer, or a high concentration of
external solutions, the electrochemical impedance spectrum of the bilayer membrane is a combination

overvoltage of the bipolar region (1)

of two distorted semicircles (Figure 3b). The analysis of the impedance of ion-exchange membranes in
electromembrane systems complicated by the course of chemical reactions was carried out in [79,80].
The first semicircle lying in the mid-frequency region (100 kHz-10 Hz), as in the case of bipolar
membranes, is the Gerischer impedance (element G). The second semicircle, which appears at
frequencies below 10 Hz, refers to the diffusion of salt ions through the bilayer membrane. This region
in the spectrum is described by the finite Warburg impedance (element Wy,).

It was shown in [29] that the impedance spectrum of an asymmetric bipolar membrane (a particular
case of a bilayer membrane) can be qualitatively described in terms of equivalent circuits as a series
connected ohmic resistance, Gerischer and finite Warburg’s elements (Scheme 1).

The overall system impedance can be represented as:

Z1r = Zohm + Zc + Zw,, (6)

where:
Zohm = Rcer + Ragr, (7)
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_ Ryt 1 o1 1
ZG‘/E[ \/a+a j 7 a} 8
Zw, = 35(1— j) tan h(We fjw), )

In the Gerischer impedance (Equation (8)): a = (%’)2 + 1 and y is the non-equilibrium effective
rate constant of the water splitting reaction.

In the finite Warburg impedance (Equation (9)): W; is the Warburg’s coefficient; W, = \‘/il%c is the
characteristic length (d. is the thickness of the CEL, D is the diffusion coefficient of co-ion (chloride
ion) in the CEL).

To find the magnitude of the overvoltage of the bipolar region in the case of spectra complicated
by the diffusion of salt ions, we used the fitting of the parameters of the equivalent circuit to the
experimental data. The found parameters of the elements of the equivalent circuit were used to
simulate the individual impedance components (Equations (8) and (9)). After finding the bipolar
resistance (Rp), the bipolar overvoltage can be found using Equation (5).

3. Results

3.1. Cation-Exchange Layer Properties Thickness and Chemical Nature

As shown in a number of works [24,28,81], for the formation of a bipolar boundary, it is sufficient
to apply a cation-exchange layer of a very small thickness (10-50 um) to the substrate membrane.

The effect of the cation-exchange film applied to the surface of the anion exchange membrane is
primarily manifested in the electrochemical impedance spectra (Figure 4).

The impedance spectrum of a bilayer membrane in dilute solutions takes the form characteristic
of a spectrum of a bipolar membrane [82,83]. For all the studied bilayer membranes of BM-a series,
a general pattern of their change with increasing current density is observed. The minimum impedance
value at zero current density is explained by the presence of salt ions at the bipolar boundary. With an
increase in the current density, the impedance spectrum of the membrane expands, which is associated
with the removal of salt ions (charge carriers) from the bipolar region and an increase in its resistance
up to a certain maximum. With a further increase in the current density, the spectrum gradually
narrows, since the water splitting reaction proceeding at the bipolar boundary leads to the appearance
of new charge carriers that are hydrogen and hydroxyl ions.

In the absence of a catalyst for the water splitting reaction, the resistance of the bipolar region
can reach several hundred, and at low current densities, several thousand Ohm-cm?2. In this case,
the contribution of the resistance of the monopolar regions (values of the impedance at high frequencies)
is insignificant (about 50 Ohm-cm?), even in dilute solutions.

From the general current-voltage characteristics, it can be seen that despite the small thickness
of the modifying film (Figure 5, curves 1, 2), the value of the limiting current density decreases by
more than an order of magnitude compared with the anion-exchange membrane-substrate (Figure 5,
curve 5).

The increase of the current density higher than the limiting value leads to the formation of
a space charge region at the CEL/AEL interface and the beginning of the water-splitting reaction.
The appearance of new charge carriers (hydrogen and hydroxyl ions) at the bipolar border leads to a
deviation of the shape of the current-voltage characteristic from the linearity of the current limiting
plateau. The following rise of current appears exclusively due to water splitting reaction and can be
addressed to the flux of H* and OH™ ions [84]. For a bipolar membrane close to “ideal”, the potential
at which the water splitting begins can be close to the thermodynamic value of 0.83 V.

Direct measurement of the transport numbers of salt ions and hydrogen and hydroxyl ions through
the studied membranes depending on the thickness of the cation-exchange layer shows that with an
increase in the thickness of the cation-exchange layer, the transport number of chloride-ion decreases
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(Figure 6a). Moreover, when the cation-exchange layer’s thickness is 50 pm or higher, the transport
numbers’ differences become insignificant. Their values are comparable to the values obtained for the

MB-2 bipolar membrane.
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Figure 4. Electrochemical impedance spectra of bilayer membranes BM-a measured in the “acid-alkali
system” (concentrations of the solutions are 0.01 M). The CEL thickness is (microns): (a)—10, (b)—30,
(€)—50, (d)—70. Legends show the DC current density values in mA/cm?. The individual plots are

shifted vertically for better clarity of presentation.
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Figure 5. General current-voltage characteristics of the BM-a membranes in the “acid-alkali system”.
The CEL thickness is (microns): 1-10, 2-30, 3-50, 4-70; 5—unmodified Ralex AMH. Acid and alkali

concentrations are 0.01 M.
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Figure 6. Dependence of transport numbers of chloride and sodium ions (a) and hydrogen and hydroxyl

ions (b) for bilayered membranes BM-a on inverse current density measured in the “acid-alkali system”.
Thickness of the CEL, microns: 1-10, 2-30, 3-50, 4-70. Acid and alkali concentrations are 0.01 M.

The transport numbers of the sodium ions in all cases weakly depend both on the applied current
density and on the properties of the cation-exchange layer. In all cases, its value does not exceed 0.1,
since the transport numbers of the sodium ion are completely determined by the properties of the
anion-exchange layer, and they, in this case, remain unchanged.
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The values of the limiting current density, electromigration transport numbers, and the water
splitting potential obtained in the acid-alkali system for BM-a series membranes are given in Table 2.

Table 2. Transport numbers, water-splitting potential and limiting current value for BM-a membranes
in the acid-alkali system with 0.01 M concentrations.

Membrane BM-a-10 BM-a-30 BM-a-50 BM-a-70
CEL thickness, pm 10 30 50 70
tﬁa 0.05 = 0.03 0.05 + 0.03 0.04 +0.02 0.02 +£0.02
tg_ 0.14 +0.03 0.09 + 0.02 0.06 + 0.01 0.05 + 0.01
fgon* 0.81 +£0.05 0.86 + 0.04 0.89 + 0.03 0.91 +0.03
AlUgiss, V 25 4.1 33 29
ilim, MA/cm? 0.38 0.05 - -

Chemical Nature of the CEL

Let us estimate how the chemical nature of the cation-exchange layer affects the transport of salt
ions and the rate of water splitting. The main issue to be solved is the dependence of the limiting
current (and, accordingly, selectivity) on the chemical nature of the cation-exchange layer. In this
regard, studies were carried out in the “salt system” with a 0.02 M NaCl solution.

The electrochemical impedance spectra of bilayer membranes obtained by applying a thin (30 pm)
cation-exchange layer of various chemical nature to the Ralex AMH substrate membrane are shown in

Figure 7.
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Figure 7. Electrochemical impedance spectra of bilayer membranes with different chemical nature of the
CEL measured in 0.02 M NaCl. (a)—sulfonated polytetrafluoroethylene, (b)—sulfonated polysterene,
(c)—sulfonated poly(ether ether)ketone. Legends show the DC current density values in mA/cm?.
The individual plots are shifted vertically for better clarity of presentation.

Due to the high flux of salt ions in a saline solution, the electrochemical impedance spectra of
bilayer membranes are a combination of two impedances (Gerischer impedance and finite Warburg
impedance), which is why the shape of the spectra is greatly distorted. The obtained spectra were
analyzed using the equivalent circuit fitting method. The obtained values of the resistance of the bipolar
region and monopolar layers of the studied membranes are shown in Figure 8. It can be seen from the
figure that a sharp increase in the resistance of the bipolar region, which corresponds to the moment
when mobile ions (salt ions) are removed from it and the space charge region is formed, increases in the
following row: sulfonated polytetrafluoroethylene < sulfonated poly(ether ether)ketone < sulfonated
polysterene. The formation of the space charge region at higher currents indicates a high permeability
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of the cation-exchange film for salt ions. In the case of an SPS film, this may be due to the instability of
the cation-exchange layer made of a water-soluble polyelectrolyte.
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Figure 8. Dependence of bipolar region and ohmic resistances on current density for bilayer membranes
with different chemical nature of the CEL: 1—sulfonated polytetrafluoroethylene, 2—sulfonated
poly(ether ether)ketone, 3—sulfonated polysterene.

The ohmic part of the resistance of all three membranes is close to each other and is approximately
equal to 50 Ohm-cm? as in the case of the acid-alkali system.
The found values of the effective water splitting reaction rate constants are shown in Table 3.

Table 3. Effective water-splitting rate constant for bilayer membranes with different chemical nature of
the CEL.

Current Density i, mA/cm?

Cation-Exchange Layer

2.0 2.5 3.0

SPTFE 3.9 5.0 54
SPEEK 3.4 42 51
SPS 21 1.7 1.9

The found values of the effective water splitting reaction rate constants in over-limiting current
modes confirm that membrane with a cation-exchange layer made of sulfonated polytetrafluoroethylene
is the most effective in the water splitting reaction, which is associated with the highest selectivity of
this sample in comparison with membranes with other cation-exchange coatings.

3.2. Catalyst Effect on the Water Splitting Kinetics

Figure 9 shows the current-voltage characteristics, and Figure 10 shows the frequency spectra
of the electrochemical impedance of bilayer membranes with different contents of a phosphoric acid
catalyst (KF-1). It follows from the analysis of the current-voltage curves that even small amounts
(0.2 mg/cm?) of the catalyst are sufficient for a sharp decrease in the water splitting potential drop.
At a high catalyst content, a plateau of the limiting current appears on the general current-voltage
characteristics (Figure 9, curve 3). For the same membrane, the distortion of the spectrum appears at
low frequencies due to the electrodiffusion of salt ions (Figure 10c).
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Figure 9. General current-voltage characteristics of the BM-ac membranes with KF-1 catalyst in
“acid-alkali system”. Amount of the catalyst (mg/cmz): 1—0.2, 2—2, 3—6; 4—the BM-a-30 membrane.
Acid and alkali concentrations are 0.01 M.
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Figure 10. Electrochemical impedance spectra of bilayer membranes BM-ac with KF-1 catalyst
measured in the “acid-alkali system” (concentrations of the solutions are 0.01 M). The amount of
catalyst is (mg/cm?): (a)—0.2, (b)—2, (c)—6. Legends show the DC current density values in mA/cm?.
The individual plots are shifted vertically for better clarity of presentation.

The shift of the current-voltage characteristic towards a lower water splitting potential drop with
an increase in the amount of catalyst is apparently associated with an increase in the area of the bipolar
contact between the particles of the catalyst and the anion exchanger.

Measurement of the electrochemical impedance of the BM-ac series membranes shows that,
upon the introduction of a catalyst, the impedance of the bipolar region decreases by almost an order
of magnitude in comparison with the BM-a series membranes. In addition, for these membranes,
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there is no characteristic dependence of the spectrum width on the magnitude of the direct current
superimposed on the membrane. With an increase in the current density, there is no sharp expansion
of the spectrum with its subsequent gradual narrowing. In this case, after expansion, the spectrum
retains its shape in a wide range of current densities, which indicates a high catalytic activity of the
ion-polymer particles and, in particular, that the water splitting reaction occurs when even a small
direct current is applied.

In the region of low currents, a deviation of the spectrum shape from the Gerischer impedance is
observed. Moreover, an increase in the amount of catalyst to 6 rng/(:m2 leads to the formation of the
Warburg impedance at low currents.

The study of the transport numbers of chloride and sodium ions showed that the chloride ion’s
transport numbers are higher in the entire range of current densities. The transport numbers of the
water splitting products are lower than for the membrane without a catalyst (Figure 11).
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Figure 11. Dependence of transport numbers of chloride (a) and hydrogen/hydroxyl (b) ions for bilayer
membranes BM-ac with KF-1 catalyst on inverse current density measured in the “acid-alkali system”.
The amount of catalyst is (mg/cmz): 1—0.2, 2—2, 3—6; 4—the BM-a-30 membrane. Acid and alkali
concentrations are 0.01 M.

The values of the limiting current density, electromigration transport numbers, and the water
splitting potential drop obtained in the acid-alkali system for BM-ac membranes with KF-1 catalyst are
given in Table 4.

Table 4. Transport numbers, water-splitting potential and limiting current value for BM-ac with KF-1
catalyst membranes in the acid-alkali system with 0.01 M concentrations.

Membrane BM-ac-02K BM-ac-2K BM-ac-6K
Amount of catalyst, mg/cm2 0.2 2 6
t§a+ 0.05 +0.01 0.05 +0.01 0.05 +0.01
tgl‘ 0.09 + 0.02 0.13 +£0.02 0.21 + 0.03
fg+ JOH- 0.86 + 0.02 0.81 +£0.02 0.74 + 0.05
AlUgies, V 1.6 0.9 0.75
lim, mA/cm? - - 0.25

3.2.1. Chemical Nature of the Catalyst

Despite the high activity in the water splitting reaction, the use of the ion-polymer catalyst KF-1 is
limited due to a decrease in the transport numbers of hydrogen and hydroxyl ions. The reasons for
this decline will be discussed below in Section 4.
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The introduction of iron (III) and chromium (III) hydroxides into the cation-exchange layer of a
bilayer membrane can significantly reduce the water splitting potential drop (Figure 12), practically
without changing the transport numbers of chloride ions (Figure 13).

u,v

Figure 12. General current-voltage characteristics of the BM-ac membranes with various catalysts
measured in the “acid-alkali system”. Membranes: 1—BM-a-30, 2—BM-ac-2dFe, 3—BM-ac-solFe,
4—BM-ac-2K, 5—BM-ac-2dCr. Acid and alkali concentrations are 0.01 M.
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Figure 13. Dependence of transport numbers of chloride (a) and hydrogen/hydroxyl (b) ions for bilayer
membranes BM-ac with hydroxide catalyst on inverse current density measured in the “acid-alkali
system”. Membranes: 1—BM-a-30, 2—BM-ac-2dCr, 3—BM-ac-2dFe. Acid and alkali concentrations are
0.01 M.
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The weighted average particle size of the catalysts is 10-20 micrometers (Supplementary Figure
S1). The operating voltages across the membranes with catalysts are 1.76, 2.25, and 2.56 V at a current
density of 5 mA/cm? in the series Cr(OH)3;, KF-1, Fe(OH);. Among the three indicated catalysts,
chromium (III) hydroxide shows the best characteristics, which coincides with the extended row of
water splitting activity proposed in [69].

An increase in the iron (III) hydroxide catalyst dispersion due to the use of the sol particles (particle
size 50-500 nm) does not lead to significant changes in the current-voltage characteristic (Figure 12,
curve 3).

3.2.2. Influence of the Particle Size of Chromium (III) Hydroxide on the Rate of the Water
Splitting Reaction

As noted in the previous section, the membrane containing chromium (III) hydroxide showed the
best electrochemical characteristics. At the same time, there is a way to improve the electrochemical
characteristics to reduce the water splitting potential drop and increase the speed of the reaction by
increasing the degree of dispersion of the catalyst particles.

Figure 14 shows that with decreasing deposition time, i.e., an increase in the degree of particle
dispersion, a greater decrease in the working voltage on the membrane occurs. This can be explained
by the fact that, with an increase in the electrodeposition time over 2 min, the catalyst does not form
separate particles, but a continuous layer at the bipolar boundary. The electrical conductivity of such a
layer is lower in comparison with the electrical conductivity of the membrane, and the generating
surface is smaller. The combined effect of these factors leads to an increase in the membrane resistance
and the water splitting potential drop.

u,v

Figure 14. General current-voltage characteristics of the BM-ac membranes with electrodeposited
hydroxides measured in the “acid-alkali system”. Membranes: 1—BM-a-30, 2—BM-ac-1Cr,
3—BM-ac-2Cr, 4—BM-ac-10Cr, 5—BM-ac-1Fe. Acid and alkali concentrations are 0.01 M.

The use of catalysts obtained by electrochemical deposition of particles on the bipolar boundary
makes it possible to improve the characteristics of membranes with chromium (III) hydroxide (at a
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current density of 5 mA/cm?, the voltage drop across the membrane decreases from 1.76 to 1.45 V
compared with membrane with 2 mg/cm2 microdispersion of chromium (III) hydroxide). For the
membrane with electrodeposited iron (III) hydroxide, no significant changes in the operating voltage
between the microdispersed form and the electrodeposited form of the catalyst were found.

Figure 15 shows the results of a study of the electrochemical impedance of membrane samples
with electrodeposited chromium (III) hydroxide. The presented spectra show that the introduction
of chromium (III) hydroxide leads to comparable changes in the impedance of the bipolar region,
regardless of the deposition time. The impedance of the bipolar boundary in all cases is approximately
70-150 Ohm-cm?. In the case when the electrodeposition was carried out for more than 2 min, a decrease
in the impedance of the bipolar region in the absence of polarization (0 mA/cm?) can be observed.
The reason for this can be the loosening of the surface cation-exchange film by a layer of chromium (III)
hydroxide and an increase in the diffusion transfer of salt ions through the membrane.
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Figure 15. Electrochemical impedance spectra of bilayer membranes BM-ac with electrodeposited
Cr(OH)s catalyst measured in the “acid-alkali system” (concentrations of the solutions are 0.01 M).
The electrodeposition time is (min): (a)—1, (b)—2, (c)—10. Legends show the DC current density

values in mA/cm?. The individual plots are shifted vertically for better clarity of presentation.

The formation of a continuous layer of chromium (III) hydroxide with an increase in
electrodeposition time is confirmed by changes of the ohmic resistance of the membrane. Its values
increase with increase of the electrodeposition time, from 50 Ohm-cm? (1 min electrodeposition) to
65 Ohm-cm? and 78 Ohm-cm? (2 and 10 min) under 0 mA/cm? DC polarization.

Distortions in the spectra of membranes deposited for 10 min (Figure 15c) can be attributed to the
diffusion of salt ions across the membrane, as in the case of a membrane containing an ion-polymer
catalyst. However, due to the high activity of chromium (III) hydroxide particles in the water splitting
reaction, the transport of salt ions is suppressed even at low current densities.

3.3. Electrochemical Properties in Solutions with High Concentrations

Since, starting with a cation-exchange layer thickness of 50 um, bilayer membranes acquire
selective properties close to ordinary bipolar membranes; membranes with a cation-exchange layer
30 um thick were chosen to study the transport of ions in concentrated solutions.

The electrochemical impedance spectra of a bilayer membrane with a cation-exchange layer
thickness of 30 um in a 0.1 M acid-alkali system (Figure 16a) do not fundamentally differ from the
spectra obtained in 0.01 M solutions (Figure 4b). In the spectra obtained in 0.5 M solutions (Figure 16b),
a distortion in the low frequency region of the hodograph semicircle appears, which indicates salt ion
electrodiffusion through the CEL.
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Figure 16. Electrochemical impedance spectra of bilayer membranes BM-a-30 (a,b) and BM-ac-2K (c,d)
in the “acid-alkali system”. Concentrations of the solutions are: (a,c)—0.1 M, (b,d)—0.5 M. Legends
show the DC current density values in mA/cm?. The individual plots are shifted vertically for better

clarity of presentation.

It is interesting to note that with an increase in the concentration of external solutions,
the electromigration transport numbers through the membrane practically do not change, and the
voltage of the beginning of water splitting and the value of the limiting current increase (Table 5).

Table 5. Transport numbers, water-splitting potential and limiting current value for BM-a-30 and
BM-ac-2K membranes in the acid-alkali system with various concentrations.

Membrane BM-a-30 BM-ac-2K
Concentration, mol/L 0.01 0.1 0.5 0.01 0.1 0.5
tﬁa+ 0.05+0.03 0.02+0.02 0.03+0.02 005+003 0.01+0.02 0.01=+0.03
tg, 0.09+0.02 0.17+0.04 0.15+005 0.13+0.04 0.08+0.04 0.39+0.04
tﬁ*/OH’ 0.86+0.04 081+0.04 082+007 082+0.04 091+004 0.60=+0.04
AUgies, V 37 5.0-5.5 9-10 12 1.8 2.3
ifim, MA/cm? 0.05 0.6 3.1 - 1.8 15




Membranes 2020, 10, 346 22 of 37

The transport number of water splitting products decreases with an increase in the concentration
of solutions from 0.01 M to 0.5 M and from 0.86 to 0.82 for the BM-a-30 membrane. Considering
that the main ions that lower the membrane selectivity are chloride anions, it can be concluded that,
at sufficiently high current densities, the concentration of the external solution does not matter, and the
main transport process is water splitting. At the same time, the current density, at which the water
splitting plays a significant role in the overall mass transfer, increases with the increasing concentration
of the solution. At low current densities, water splitting does not occur at the bipolar boundary,
and the bilayer membrane behaves as a monopolar one, at the same time capable of selective transport
of monovalent ions. In solutions with a concentration of 0.5 M at a current density of 10 mA/cm?,
the transport number of hydrogen and hydroxyl ions is 0.4, while in more dilute solutions, at the same
current density, it is 0.7-0.9.

When the water splitting reaction in the form of KF-1 microdispersed powder is introduced into
the cation-exchange layer, a trade-off is observed between the water splitting voltage and limiting
current (selectivity). Thus, the water splitting potential drop on the BM-ac-2K membrane increases
from 1.2 to 2.3 V with an increase in concentration from 0.01 to 0.5 M. For the BM-a-30 membrane
in the same solutions, the voltage increases from 3.7 to 10 V. However, at 0.5 M in the acid-alkali
system, the limiting current on the membrane with a catalyst is five times higher than on the membrane
without a catalyst (3.1 mA/cm? for BM-a-30 and 15 mA/cm? for BM-ac-2K). At certain systems (when
the transport of salt ions and simultaneous water splitting is required), this fact leads to a preferable
use of membrane with catalyst.

Thus, the membranes under study, when operating in moderately concentrated solutions,
are capable of simultaneous desalination of the solution and the generation of water splitting products.

3.4. Thin Anion-Exchange Layer

When an anion-exchange film is applied to the surface of a cation-exchange membrane, the same
effects are observed as in the case of the BM-a series membranes (Figure 17). The value of the limiting
current decreases sharply. At the CEL/AEL interface, as in the case of BM-a bilayer membranes,
the water splitting reaction proceeds, as evidenced by the nature of the change in the electrochemical
impedance spectra of the obtained membrane (Figure 18).
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Figure 17. General current-voltage characteristics of the membranes measured in the “acid-alkali
system”. Membranes: 1—Membrane-substrate Ralex CM, 2—BM-c-A80. Acid and alkali concentrations
are 0.01 M.
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Figure 18. Electrochemical impedance spectra of bilayer membranes BM-c-A80 measured in the
“acid-alkali system” (concentrations of the solutions are 0.01 M). Legends show the DC current density
values in mA/cm?. The individual plots are shifted vertically for better clarity of presentation.

From the results obtained, it can be concluded that the regularities of ion transfer obtained
for membranes with a thin cation-exchange layer will also be fulfilled for membranes with a thin
anion-exchange layer and a cation-exchange substrate membrane.

3.5. Comparison with Commercial Bipolar Membranes

A direct comparison of membranes with high activity in the water-splitting reaction (BM-ac, MB-3,
BP-1) in this paper is not possible, since the conditions in which curves 3 and 4 were obtained from the
conditions for curve 5 are significantly different (Figure 19).
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Figure 19. General current-voltage characteristics of bilayer and bipolar membranes. 1—BM-a-30
(0.01 M acid-alkali); 2—BM-ac-2K (0.01 M acid-alkali); 3—BM-ac-2K (0.5 M NaCl), 4—bipolar membrane
MB-3 (0.01 M acid-alkali); 5—bipolar membrane BP-1 (2 M NaCl (adapted from [28])).
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The introduction of the catalyst (Figure 19, curve 2) significantly reduces the operating voltage
on the bilayer membrane. The current-voltage characteristic of the BM-ac membrane is close to
the current-voltage characteristic of the MB-3 membrane. Both membranes contain phosphoric
ion-exchange groups in the cation-exchange layer, which explains the similarity of their features. In the
case of an MB-3 membrane (Figure 19, curve 4), the ohmic region and the plateau of the limiting
current are absent, due to high activity towards water splitting, especially in dilute solutions. In case
of solutions with a high concentration (1 M and higher), the current limiting plateau can manifest even
for the very selective BP-1 membrane (Figure 19, curve 5).

As already mentioned, the presence of an ohmic section on the current-voltage characteristic
of a bipolar membrane indicates the transfer of salt ions. In the case of the standard application
of bipolar membranes (production of concentrated acid and base), the transfer of salt ions is an
undesirable process, because it reduces the current efficiency of the electrodialysis process and leads to
contamination of the product. We can see that when the concentration of the external solution is 0.5 M,
the ohmic region for the BM-ac-2K membrane is significantly higher than for the common bipolar
membranes like MB-3 and BP-1 (Figure 19, curve 3). This fact makes this membrane not very attractive
for the direct production of alkali and acid. At the same time, for operations in which simultaneous
desalination and pH correction are required, such membranes may be preferable to bipolar membranes.

In the diluted solutions, these membranes show characteristics comparable to the conventional
bipolar membranes [30]. They can find application in the processes where acid and alkali concentration
are not the main criteria. The production of deionized water is one example.

4. Discussion

In this section, we will focus on the two most interesting phenomena, which are derived from the
experiments. The first one is the nature of the limiting current density found for bilayer membranes.
The second one is the kinetics of the water-splitting reaction in the system with bilayer membranes.

4.1. The Nature of the Limiting Current on Bilayer Membrane

The found values of the limiting currents (ij;,,) are significantly lower than the values found for
the substrate membrane. Moreover, with an increase in the thickness of the cation-exchange layer from
10 to 30 pm, this discrepancy increases.

Let us consider the studied BM-a series bilayer membranes as a special case of bipolar ones.
The concentration profiles for salt ions in the underlimiting current mode are shown in Figure 20.

| CEL| AEL |
| Q| A |

o] Cr

Figure 20. Schematically drawing showing concentration profiles under direct current polarization.
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The membrane is in contact with two solutions with equal concentrations and chemical nature
from the side of the CEL and the AEL. When the system is in the underlimiting mode (i < ij;,), the only
charge carriers are salt ions. In the sodium chloride solution, the chloride ion is transported from the
left solution into the CEL, and the sodium ion is transported from the right solution into the AEL.

Due to the nature of the bilayer membrane, the concentration of ions is depleted on both sides of
the membrane. In the case of a conventional isotropic membrane, the concentration of ions is depleted
on one side and is enriched on the other.

The chloride anions penetrate the cation-exchange film as co-ions; hence, their concentration in
the CEL will be substantially lower than the solution; usually, it is at least an order of magnitude lower.
As a result, the concentration of chloride ions at the CEL/AEL interface reaches zero at currents much
smaller than in the anion-exchange membrane-substrate. Thus, the control of the electrodiffusion
kinetics passes from the diffusion layer in the solution to the thin cation-exchange layer.

Neglecting the water splitting reaction at the cation-exchanger/anion-exchanger interface,
the limiting current density for a bipolar membrane can be expressed as the sum of electrodiffusion
limiting currents in each of the layers [85]:

.9 &
Uim = ﬁ_ + ﬁ_r (10)
C a
where: 40
D,
Bec = d”—Q“——l-dC—QC/ﬁﬂ =1-p, (11)
a DC

The reduced current density (which has the dimension of concentration in a square) in Equation
(10) is related to the current density, which has the dimension A/m?, by the following relationship (for
a binary 1-1 electrolyte):

i:

i(daQa | 4Q ) a2

F\ D, D,

In the case of a bilayer membrane, the thickness of the cation-exchange layer is much less than the

thickness of the substrate membrane; therefore, we will consider 3. — 0, then substituting Equations

(11) and (12) into Equation (10), we obtain the full expression for the limiting current of the bilayer
membrane with one thin layer:

2D 2(D. + D
illm — F( 1 ¢ CT( c + ﬂ) ]. (13)

deQc  daQuDc +dcQcDy

Because we consider that, the AEL is thicker than the CEL (d, > d.), the second term on the
right side of the Equation (13) becomes at least an order of magnitude larger than the first one. Then,
only the first term will have a key contribution to the limiting current value. Therefore, for a bilayer
membrane with a thin cation-exchange layer, we can write:

‘ FD.c}
cx(C

For the membrane with the thin anion-exchange layer, the notation in the Equation (14) should be
changed to ¢, D,, d; and Q,, while the above reasoning will also be valid.

In the general case, when a direct current flows in a solution, concentration polarization is
observed and the ion concentrations at the membrane/solution interface depend on the current density
and cannot be specified exactly. Thus, the properties of the bilayer membrane become dependent on
convective-diffusion processes in the external solution.

(14)
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As an approximation, let us assume that Nernst diffusion layers are formed at the
membrane/solution interface (linear concentration profile). Then, the concentration of the binary 1-1
electrolyte at the membrane surface at a certain current i will be equal to:

o 1 o
" 2FDg’

=c (15)

Note that, in the general case, the current (i) in Equation (15) is not equal to the limiting current that
is observed experimentally (i, in Equation (14)), since the limiting current in the bilayer membrane
is determined by the concentration profiles of ions inside the cation-exchange layer. Substituting
Equation (15) into Equation (14), we get:

2
i 0 0
11"12:1— O+ ol - (16)
FDC(C?) FDsolCl ZFDSOICZ
dCQC
Let’s introduce the notation:
2
FD.(c%) 2FDg 0
igzm N ,ii.m — l, (17)
dcQc o

where 77 is the limiting current determined by a thin cation-exchange layer, i‘i.m is the limiting current
determined by the electrodiffusion of ions in the solution in the absence of a film on the surface of the
substrate membrane. Equation (17) for iZ?m differs from Equation (14) in that there is no dependence on
the electrolyte concentration at the membrane/solution interface, and the value of the limiting current
is determined only by the properties of the cation-exchange layer and the concentration of ions in the
depth of the solution.

After substituting Equation (17) into Equation (16) and for i = ij;,, we obtain:

. . 2

% = (1 - l;ﬁ] : (18)
The solution to the resulting expression will be:

_(20(+1— V4a+1),d

Uim = 2w lim’ (19)

where a is the ratio of the values of the limiting currents in the membrane and in the diffusion layer:

. + 0
— @ - 16D—Ccl (20)
i 2d:Dgo1Qc
lim

where Dy is some effective diffusion coefficient in a thin layer of a bilayer membrane.

If « takes values less than unity, then we should talk about the limiting current controlled by the
membrane. If o takes values greater than unity, then it should be said that the determining mechanism
for the occurrence of the limiting state is the electrodiffusion of the electrolyte in the diffusion layer.

As shown in Section 3.1, for membranes with a thin cation-exchange layer, there is an explicit
dependence of the transport number of chloride ions, not only on the current density, but also on the
thickness of the cation-exchange layer. Earlier, we showed the dependence of the limiting current
on the thickness of the cation-exchange layer, calculated theoretically and found experimentally [71].
In this case, for BM-a bilayer membranes, there is practically no dependence of the limiting current
on hydrodynamics (the thickness of the depleted diffusion layer), as evidenced by the fact that the
membrane samples studied using a rotating membrane disk [77] do not obey the Levich equation
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(Figure 21). The limiting current values calculated using Equation (17) are also much larger than the
experimentally observed values.

fiim> MA/CM?2
- - 14
0.9 -
- 12
0.8 -
0.7 - 10
0.6 - 5
0.5 - E—
0.4 - 6
0.3 - L 4
0.2 -
L2
0.1 -
0 T T T 0
0 20 40 60 80
o, ym

Figure 21. Dependence of the limiting current density on the diffusion boundary layer thickness.
1—calculated using Equation (17), 2—calculated using Equation (19) for BM-a-10, 3—calculated using
Equation (19) for BM-a-30, 4—experimental data for BM-a-10, 5—experimental data for BM-a-30,
6—calculation using the modified Levich’s equation [86].

The use of Equation (19) gives satisfactory agreement between the experiment and the calculated
values, provided that the value of D}, is of the same order of magnitude as the diffusion coefficient of
the electrolyte in solution (Dgc). As a rule, the diffusion coefficients of ions in the membrane are taken
to be an order of magnitude lower than in the solution. It should be noted that the obtained equations
do not consider the real physical state of both the cation-exchange layer and the substrate membrane.
Violations of the integrity of the cation-exchange film, uneven thickness of the film on the surface of
the substrate membrane, a large fraction of the intergel solution through which diffusion of co-ions
proceeds—all these factors can lead to “overestimated” diffusion coefficients of chloride ions through
the cation-exchange layer.

If DDS & taken equal to about 0.1 (from the results shown in Figure 6, as well as from independent
experiments [87], it was established that the diffusion coefficient of the chloride ion in a cation-exchange
layer 30 microns thick is 9.8:1077-1.4-107 cm?/s), then the values of the limiting currents for the
studied membranes will be 0.01 mA/cm? for the BM-a-10 membrane and 0.004 mA/cm? for the BM-a-30
membrane. Note that in real experiments, such values of limiting currents in solutions of corresponding
concentrations were not encountered. The reason for such a significant discrepancy between the
observed value of the co-ion diffusion coefficient and the limiting current has not been established.
In this regard, in Equation (20), the value of the diffusion coefficient (D,) is replaced by some effective
diffusion coefficient (D).

From the obtained Equation (20), it is possible to estimate the thickness of the cation-exchange
layer at which the limiting current in a system with a bilayer membrane is controlled by diffusion,
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and at which values of the limiting current in the solution and in the film will coincide. For this, the &
value must be greater than unity:

1 0DcC) ) o
—— L >
2 chsoch ( )
0
If & ~ 0.01 (for ¢ = 0.01 M); £ ~ 0.1 we obtain:
5
de. > = x0.001. (22)

2

Thus, the limiting current on a BM-a series bilayer membrane is practically independent of the
hydrodynamic conditions in the depleted diffusion layer at a cation-exchange layer thickness of about
25 nm (provided that 6 = 50 microns, C? = 0.01 M). Even if we take into account the aforementioned
condition that 155 il = 1, then the CEL thickness should be less than 250 nm thick to change the nature
of the limiting current from membrane-controlled to be diffusion-controlled. Since the thickness of the
diffusion layer depends on hydrodynamic conditions and, as a rule, is tens of micrometers, the only
effective way to increase the limiting current on the bilayer membrane is to increase the concentration

of the external solution.

The Co-Ion Leakage through Membranes BM-ac

In the case of BM-ac series membranes with KF-1, the calculations made above cannot be applied,
since the structure of such a membrane is much more complicated; in addition, due to the high catalytic
activity of KF-1, the flow of the water splitting reaction cannot be ignored even at low currents.

The apparent reason for the appearance of a sufficiently high limiting current (higher than for the
BM-a series membranes) is the loss of membrane selectivity. The decrease in the selectivity to hydrogen
and hydroxyl ions observed for the BM-ac membranes with 0.2 and 2 mg/cm? of catalyst compared
with BM-a membranes (Figure 11) is associated with the complex structure of its cation-exchange
layer. The cation-exchange layer of the BM-ac contains microscopic catalyst particles. The presence
of mechanical dispersion in the cation-exchange film can lead to the appearance of mechanical
irregularities in the cation-exchanger layer, a decrease in the thickness of the film over the catalyst
pellets. The presence of large catalyst particles is also important. Those particles may serve as paths
for the non-selective transfer of anions. It is known that phosphoric acid ionogenic groups, on the
one hand, have high catalytic activity in the water splitting reaction, and on the other, lose their
selectivity (the ability to retain anions) when they enter the acid medium [88], due to the protonation
of phosphoric acid groups at low pH values, according to the reactions:

k=101 +103s1
-PO;” + H,O -POsH™ + OH™ (23)
k_1=108+1010L/ (mol-s)

ky=510"3+5.10"1s71
-POsH™ 4+ H;O -POsH; + OH™ (24)
k_1=108+1010L/(mol-s)

Because of the Reactions (23) and (24), the selectivity of the cation-exchange layer decreases and a
non-selective transfer of chloride ions from the acid chamber to the alkaline chamber occurs. At the
same time, the thick membrane-substrate prevents the transfer of sodium ions.

In the case of a membrane containing 6 mg/cm? of catalyst, the main source of non-selective
transfer is the physical inhomogeneity of the cation-exchange film. About a third of all particles have
a size larger than the thickness of the cation-exchange layer. This leads to its breakthrough by large
particles or catalyst agglomerates, the emergence of new pathways for the electrodiffusion transport of
chloride ions directly to the surface of the anion-exchange membrane and through it.
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4.2. The Water Splitting Reaction Kinetics

The resistance of the bipolar region in Equation (8) is [79]:

RTt
R, = HY (25)

FZ(CH+)x=O \lDHJrX'

Taking the logarithm from both sides of the Equation (25) leads to a linear dependence of 1gR;
onlgy:

RTty+

1
18R, = —3lgx +1g , (26)

F2(cp+)x—o VDpr+
with the slope equal to %

We obtained the values of the non-equilibrium effective rate constants of the water splitting
reaction () and the reaction layer’s resistance (Rp), depending on the current density and the nature of
the membrane by numerical fitting of the impedance parameters, according to Scheme 1 to the spectra
of the electrochemical impedance of bilayer membranes presented in Section 3. The results are shown
in Figure 22.

— Rohm Zs Zwb —

Scheme 1. The equivalent circuit of the electrochemical impedance of an asymmetric bipolar membrane.
Rohm is the ohmic component of the resistance of an electromembrane system, Zg is the Gerischer
impedance, Zyy, is the finite Warburg impedance
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Figure 22. Logarithmic dependence of bipolar region resistance on non-equilibrium effective
water-splitting rate constant for bilayer and bipolar membranes. Data for aMB-3 membrane were
acquired by the authors, data for MB-2m were processed from [61], other points are from data presented
in Section 3.

The results obtained both for bilayer membranes with and without a catalyst for the water splitting
reaction, as well as for bipolar membranes aMB-3 and MB-2m [61], generally fall on one straight line in
logarithmic coordinates, but the slope of this straight line is 0.60 + 0.05, which is slightly more than the
expected value of %
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To compare the efficiency of different catalysts with each other, authors of [89] suggested using
the value of the effective water-splitting rate constant in the absence of an external electric field (kg).
The ky is independent on current and shows the water splitting efficiency under thermodynamic
equilibrium, while y is dependent on current. The ks, can be found using the experimentally obtained
dependence of the partial current by the water splitting products on the magnitude of the overvoltage
of the bipolar region (a detailed derivation of the equation can be found in [71,89]):

. k .
it o~ = ergoeﬁfsm -7 o 27)

In Equation (27) E,; is a function of bipolar region overvoltage (1) [89].

Based on the obtained experimental data, using the Equation (27), the effective water splitting
rate constant (ky) was calculated by minimizing the residual dispersion of the experimental points
with respect to the calculated curve.

The calculated values of the effective rate constants of the water splitting reaction for the studied
membranes are shown in Table 6.

Table 6. Effective rate constants of the water splitting reaction for the studied bilayer membranes.

BM- BM- BM- BM- BM- BM- BM- BM- BM- BM- BM- BM-
a-10 a-30 a-50 a-70  ac-0.2K ac-2K ac-6K ac-2dCr ac-1Fe ac-1Cr ac-2Cr ac-10Cr

kg, 57 3.29 2.68 4.47 6.14 16.9 18.3 19.0 38.3 9.72 92.2 38.3 4.30

Membrane

As can be seen from the table, for the BM-ac series membranes with the KF-1 catalyst, regardless
of the amount of catalyst, the value of the effective constant ky, changes insignificantly. Despite the
apparent discrepancy with the voltammetry data, where, with an increase in the amount of catalyst,
the voltage drop on the membrane decreases (Figure 9), this effect is easily explained by the dependence
of the transport numbers on the amount of catalyst (Figure 11). The decrease in selectivity caused
by the physical inhomogeneity of the cation-exchange layer leads to a local decrease in the electric
field strength in the space-charge region and to a decrease in the effective generating area of the
bipolar contact.

In the case of electrodeposited catalysts of chromium (III) hydroxide, it can be concluded that only
a small fraction of the area of the heterogeneous catalyst is active in the water splitting reaction, namely,
that part that is localized in the space charge region, where the reaction takes place. This is evidenced
by the decrease in the effective constant kX as the deposition time increases. The part of the catalyst
that is outside the space charge region does not participate in catalysis. Since the thickness of the space
charge region is about 1-5 nm [76,90], only particles deposited directly on the bipolar boundary, even in
small amounts, have a significant effect on the voltage drop across the membrane. This conclusion
coincides with the conclusions made in [90]; however, in our work, it is shown experimentally.

4.3. Future Perspectives for Bilayer Membranes

The strong dependence of the current efficiency of hydrogen and hydroxyl ions on the asymmetric
bipolar membrane on the current density makes it possible to vary the ratio of salt ions and
water-splitting products fluxes by changing the current.

From measurements of the effective transport numbers of ions across bilayer membranes, they can
find application in three different modes.

The first one, the “selective” mode, is the separation of monovalent and polyvalent ions [41].
This mode is realized when the current is less than the limiting current and salt ions are charge carriers.

The second mode is the “mixed” mode, when salt ions are transported while the water splitting
reaction proceeds. In this mode, the water splitting reaction current is in the range 0 < 7, < 0.95;.
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The third mode is controlled by the kinetics of the water splitting reaction, and here the bilayer
membrane performs the same functions as the bipolar membrane. In this mode, the main charge
carriers are hydrogen and hydroxyl ions and the water splitting reaction current is i,,> 0.95;.

The different modes are shown schematically in Figure 23.
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Figure 23. General and partial by ions current-voltage curves of BM-a-30 membrane measured in 0.1 M
NaCl. Schematically, the main processes in each mode are shown as well.

The ability to regulate the transport numbers of salt and hydrogen and hydroxyl ions by changing
the current density makes it possible to conduct a controlled process of desalting solutions of electrolytes
with simultaneous pH adjustment.

5. Conclusions

In this work, we studied a complex of electrochemical characteristics of bilayer membranes
that differ in the structure and properties of the layers (a thin modifying layer and a substrate
membrane). The obtained characteristics were compared between both the studied bilayer membranes
and well-known commercial bipolar membranes. The latter can be considered as an extreme case of
bilayer membranes, in which the layer thicknesses are of the same order of magnitude.

The results obtained can be classified into several categories:

1.  When a thin layer of an ion-polymer is deposited onto a membrane-substrate with a matrix charge
opposite to that of a matrix of the membrane-substrate, an abrupt change in the electrochemical
behavior of the resulting bilayer membrane occurs. There is a sharp decrease in the value
of the limiting current, which is caused by a change in the nature of the limiting current in
electromembrane systems with bilayer membranes. The limiting current in a system with a bilayer
membrane is determined not by diffusion restrictions in the solution, but by the electrodiffusion
of co-ions (relative to the charge of the thin layer matrix) in the ion-polymer film deposited on
the substrate membrane. Previously, we observed such changes only for membranes with a
thin cation-exchange layer; however, the same effects are also caused by the deposition of a thin
layer of anion-exchanger on the surface of the cation-exchange membrane-substrate. The second
important feature is a complete transition to the “generation mode” in an overlimiting state,
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while for the original Ralex membranes, a mixing of the modes of electroconvection and generation
of H*/OH™ ions is noted [91].

2. Itis shown that irrespective of the nature of the catalyst or its absence, as well as the thickness
of the layers forming the membrane, the process of water splitting in the bipolar region gives a
linear relationship between IgR;, and Igx. At the same time, for all studied membranes, a slight
deviation of the slope of dependence from the theoretical value of % is observed, which may
indicate an incomplete correspondence of modern theoretical concepts of the electrochemical
spectrum of the impedance of a bipolar (bilayer) membrane as the Gerischer impedance.

3.  Water splitting catalysts of different chemical nature have different effects on the transport
properties of bilayer membranes. The use of non-conductive materials (iron (III) and chromium
(IIT) hydroxides) does not lead to a significant flux of salt ions, compared with the original bilayer
membrane without a catalyst, which, together with the high catalytic activity of these substances,
allows the use of bilayer membranes instead of bipolar in solutions, with a concentration of
up to 0.5 M. At the same time, the use of a phosphoric acid ion-polymer catalyst leads to
voltage/selectivity trade-off: on the one hand, the potential drop across membrane significantly
decreases, on the other, the limiting current increases.

4. Under certain conditions for bilayer membranes, it is possible to achieve a significant transfer of
salt ions. These effects are especially pronounced in membrane samples with a phosphoric acid
catalyst for the water splitting reaction. The significant contribution of the transport of salt ions,
simultaneously with the intensive water splitting, makes it possible to use such membranes in
processes that simultaneously require the transfer of salt ions and a change in pH. For example,
when processing fruit juices, preparing water for heat power engineering, and carrying out the
kinetic separation of inorganic and organic electrolytes. Studying the functioning of bilayer
membranes in mixed-mode processes seems to be the most interesting in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0375/10/11/346/s1,
Figure S1: Size dispersion of catalyst particles.
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Abbreviations

Subscripts ¢ and a refer to the parameters of the cation-exchange layer and the anion-exchange
layer respectively.

AEL anion-exchange layer
CEL cation-exchange layer
BM-a bilayer membranes with thin cation-exchange layer and without a water splitting catalyst
BM-ac bilayer membranes with thin cation-exchange layer and with a water splitting catalyst
SPEEK sulfonated poly (ether ether) ketone
SPS sulfonated polystyrene
SPTFE sulfonated polytetrafluoroethylene
Parameter Dimensions Description
b; L/s permeability coefficient of acid or alkali
difference in concentration of acid or alkali in the depth of the solution on
Ac; mol/L .
both sides of the membrane
S cm? membrane area
oD mol/L concentrations of sodium and chloride ions in the solution, at the outlet
Na™ /€, "Na*/C1- the cell, and in feed solution
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effective transport number of sodium or chloride ion

effective transport number of H" and OH™ ions

volume flow rate of a solution

current density

limiting current density

Resistances of the bipolar region, ohmic resistance and total resistance of
the bilayer membrane

overvoltage of the bipolar region

angular frequency

non-equilibrium effective rate constant of the water splitting reaction
concentration of electrolyte on the membrane/solution boundary to the
left and to the right of the membrane

bulk concentration of the electrolyte on the left side of the membrane
characteristic thicknesses of the CEL and AEL layers respectively
thickness of the CEL and AEL layers respectively

ion-exchange capacity of the CEL and AEL layers respectively

co-ion diffusion coefficient inside the CEL and AEL layers respectively
salt diffusion coefficient in the solution

diffusion boundary layer thickness

limiting current determined by a thin cation-exchange layer

limiting current determined by the electrodiffusion of ions in the solution
in the absence of a film on the surface of the substrate membrane

ratio of the values of the limiting currents in the membrane and in the
diffusion layer

electromigration transport number of hydrogen ion in the CEL
concentration of hydrogen ion at the CEL/AEL interface

hydrogen ion diffusion coefficient inside the CEL

current carried by the hydrogen and hydroxyl ions

current of the water recombination reaction in the absence of an external
electric field

empirical parameter, which can be related to a characteristic length

total effective rate constant of the pseudomonomolecular water splitting
reaction in the space charge region in the absence of an electric field
electric field strength at the CEL/AEL interface

relative permittivity of the space charge region

absolute dielectric constant of vacuum

universal gas constant

temperature

Faraday constant
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