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Abstract

Abstract

This thesis investigates chemical and morphological effects on ion partitioning and mo-

bility in ion exchange membranes (IEM) in thermodynamic equilibrium with aqueous

environments and discusses consequences for ionic transport including its selectivity

(transference number).

Most experiments are done with Nafion membranes, but also other cation and an-

ion exchange membranes with chemically different fixed-ionic groups are included in

this work. Typically, such membranes show a hydrophobic / hydrophilic phase sepa-

rated morphology with aqueous ionic domains enabling transport of ionic and aque-

ous species. Membranes of this study are chosen such that their average separation

of fixed-ions is well above the Bjerrum length of water as to minimize polyelectrolyte

effects such as Manning’s counter-ion condensation. Nevertheless, electrostatic effects

are included into the discussion of the data.

Electrochemical methods, NMR spectroscopy, and chemical analysis are used for

studying chemical interaction of model ions with fixed-ionic groups and its effect on

ion partitioning. Data from small-angle-x-ray-scattering (SAXS) and pulsed field gra-

dient NMR reveal relations between the mobility of ionic species of different size and

morphological features of IEMs.

For cation exchange membranes, the binding interaction between cation (counter-

ion) and the acidic anion (fixed-ion) increases with increasing electro-positivity of

the cation and increasing Brønsted acidity of the fixed-ionic group. Extending the

Donnan-equation by terms describing the corresponding ion-association equilibria

and the effect ion hydration has on ion activity coefficients allows for a quantitative

description of ion partitioning. This comprises both the uptake of co-ions and the

- 1 -
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selectivity of counter-ion uptake. Selective counter-ion uptake is shown to decrease

total ionic conductivity leaving ionic transference numbers (ion transport selectivity)

virtually unchanged.

Key for obtaining high selectivity of ion conductivity (high transference number) is

“ion sieving”, i.e. the sharp decrease of ion mobility for widths of aqueous ionic do-

mains below the extension of a particular type of mobile ion including its hydration

shell.

Finally, insights obtained on model systems are applied to the more complex situation

of vanadium redox flow batteries (VRFB). Coulomb and voltage efficiencies recorded

for VRFBs with different membranes are explained, and membrane design strategies

for this particular application are provided.

- 2 -



Zusammenfassung

Zusammenfassung

In dieser Arbeit werden die Auswirkungen von chemischen Wechselwirkungen und

morphologische Gegebenheiten auf die Ionenverteilung und Ionenbeweglichkeit in

Ionenaustauschermembranen (IEM) im thermodynamischen Gleichgewicht mit ihrer

Umgebung untersucht. Die Folgen auf ionischen Transport und dessen Selektivität im

Sinne von Überführungszahlen werden erläutert.

Die meisten Experimente wurden an Nafion-Membranen durchgeführt, aber es wur-

de auch der Zugang zu weiteren, teils nicht im Handel erhältlichen, Kationen- und

Anionenaustauschermembranen mit chemisch unterschiedlichen Festionen genutzt.

Typischerweise weisen diese Membranen eine hydrophob / hydrophil phasensepa-

rierte Morphologie auf, wobei der ionische Transport über die wässrige ionische Do-

mäne stattfindet. Die untersuchten Membranen wurden möglichst so gewählt, dass

die durchschnittlichen Abstände der Festionen über der Bjerrum-Länge liegen, um Po-

lyelektrolyteffekte wie Mannings Gegenionenkondensation zu minimieren. Dennoch

werden auch elektrostatische Effekte in die Auswertung der Daten einbezogen.

Elektrochemische Methoden, NMR Spektroskopie und chemische Analyse werden

verwendet, um die chemische Wechselwirkung von Gegenionen und Festionen und

die Auswirkungen auf die Ionenverteilung zu untersuchen. Daten aus der Klein-

winkelstreuung und der Feldgradienten NMR offenbaren Beziehungen zwischen der

Beweglichkeit von ionischen Spezies verschiedener Größe und morphologischen Ge-

gebenheiten von Ionenaustauschern.

Für Kationenaustauscher steigt die bindende Wechselwirkung zwischen Kation (Ge-

genion) und der Säuregruppe (Festion) mit steigender Elektropositivität des Kations

- 3 -



Zusammenfassung

und mit steigender Brønsted Säurestärke des Festions. Das Erweitern der Donnan-

Gleichung durch Einbeziehung des entsprechenden Ionen-Assoziationsgleichgewichts

und der Ionenhydratisierung ermöglicht eine quantitiative Beschreibung der Ionen-

verteilung. Es wird gezeigt, dass die selektive Aufnahme bestimmter Gegenionen bei

gleichzeitig sinkender Leitfähigkeit die Überführungszahl, also die Transportselektivi-

tät, kaum beeinflusst.

Der Schlüssel zu einer hohen Selektivität bei der Ionenleitung ist das “Ionen-Sieben”,

also der starke Abfall der Beweglichkeit von Ionen, wenn die Breite der wässrigen io-

nischen Domäne unterhalb der Ausdehnung des entsprechenden Ions mit seiner Hy-

drathülle sinkt.

Schließlich werden die Einsichten aus den Modellsystemen in der komplexen Sitation

einer Vanadium-Redox-Flow-Batterie (VRFB) angewandt. Die an verschiedenen Mem-

branen gemessenen Coulomb- und Spannungseffizienzen werden erklärt und Design-

strategien für Membranen hinsichtlich dieser Anwendung dargestellt.

- 4 -



Chapter 1

Introduction

Fast and selective transport of a particular type of ion across membranes separating

aqueous media of different composition is key to essential biological and technical

processes such as transmission of electrochemical signals and electrochemical energy

conversion. Nature already achieved the goal of fast, selective transport with semi-

permeable cell membranes, while separators in electrochemical devices are still the

core subject of investigations when it comes to developing more efficient energy con-

version or desalination processes at high rates. Fast transport which is exclusive for a

particular species seems to be a very rare phenomenon. Aqueous electrolytes provide

fast ionic transport but lack selectivity, since the dynamics of the species in these sys-

tems is highly coupled. On the other hand, solid state ionic conductors enable selective

ionic transport by exchanging only one type of mobile ion with its environment and

decoupling the ion’s long range dynamics from the rest of the immobile structure. Un-

fortunately, at ambient conditions, the conductivity of such materials usually remains

well below the conductivity of aqueous electrolytes.

Ion exchange membranes (IEMs) have the chance to combine the best of both worlds.

Having a charged immobile polymeric backbone, they exchange and conduct predom-

inantly ions of opposite charge (counter-ions) with their aqueous environment. They

are called cation exchange membranes (CEMs) if the fixed-ionic groups are charged

negatively (e.g. −SO –
3 or −COO– ) and anion exchange membranes (AEMs) if they

are charged positively (e.g. −N(CH3) +
3 ). Such ionomers hydrate in the presence of

- 5 -



Chapter 1. Introduction

water due to their hygroscopic ionic groups and they phase-separate on the nanome-

ter scale, because of their hydrophobic polymer backbone. The polymeric phase may

even present some crystallinity, i.e. an ordered structure like a crystalline solid, while

the aqueous phase containing the mobile counter-ions provides an environment al-

most identical to an aqueous electrolyte. Still, the decoupling of the counter-ions from

the dynamics of the fixed-ions at simultaneously high mobility comes with restrictions.

Firstly, the exclusive transport of counter-ions is only valid for an infinite dilute elec-

trolyte as adjacent solution, because at higher concentrations ions of the same charge as

the fixed-ions (co-ions) may enter the membrane and also diffuse fast. Secondly, there

is not necessarily a selectivity between different types of counter-ions. The latter, how-

ever, is of major importance for both biological systems and certain electrochemical

applications. Ultimately, the selectivity of ion transport comes down to the partition-

ing and the mobility of the individual species in the membrane. This thesis approaches

the investigation of the origin and relation of these two quantities by discussing respec-

tive data of systematically chosen model ions and ionomers and thereby identifying

controlling parameters. As motivation, electrochemical devices using IEMs are pre-

sented in chapter 1.1 and the importance of selective separators is explained. Ideas

and insights from semi-permeable cell membranes, which can help understanding the

underlying phenomenons, are summarized in the chapter 1.2.

- 6 -



Challenges of electrochemical devices

1.1 Challenges of electrochemical devices

Electrochemical devices which use IEMs either actively separate different ionic species

or gain energy from the potential difference of separated species. In each case the IEM

needs to conduct a specific ion while preventing other species (this may be ions or

neutral species) from crossing the membrane. Conceptional there are several different

ways to classify the type of selectivity of a membrane: i) towards neutral species, i.e.

molecules or ion pairs ii) between oppositely charged ions and iii) between ions that

carry charges of the same sign.

The membrane’s ability to retain neutral molecules (e.g. gas separation in fuel cells)

is a property dominated (among others) by the porosity and the pore geometry of the

membrane. In many electrochemical devices ions are present in high concentrations

and possibly form neutral ion pairs. Hence, the transport selectivity of neutral species

may superimpose the other two selectivities.

Selectivity between oppositely charged ions is based on the fact that the fixed-ions

in IEMs are compensated by (more or less) mobile, oppositely charged ions, whereas

same charged ions are mostly rejected. Applications like the chloralkali process (see

figure 1.1), diffusion dialysis [1] or (reverse) electrodialysis make use of this property

of IEMs.

In the case of a chloralkali electrolysis cell, a CEM is used as separator between the

sodium chloride feed solution on the anode side and the initially pure water on the

cathode side, where sodium hydroxide solution is produced. Chloride anions on the

anode side are consumed and leave as neutral chlorine gas. As a consequence, the

remaining sodium cations pass the CEM to keep the electroneutrality. By hydrogen

evolution from water reduction, hydroxide ions are produced at the cathode. As they

are anions, they are rejected from the CEM and cannot balance the charges instead

of the sodium ions. Also, chloride anions are prevented from moving along the con-

centration gradient which leads to sodium hydroxide as product on the cathode side.

However, with increasing concentrations the CEM property of selective cation trans-

port over anion transport fades, causing severe losses in purity and efficiency. The

challenge of IEMs lies in the ability to keep their characteristic permselectivity up to

- 7 -
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NaClaq

CEM

H2

Cl2

Na+

OH
-

Na+

OH
-

NaOHaq

+ -

Figure 1.1: Scheme of a chloralkali electrolysis cell. At the anode side NaCl solution is fed and

chloride anions are oxidized to chlorine gas while at the cathode hydrogen evolves. The CEM

separating the two compartments is transporting sodium ions from the anode to the cathode

side for balancing the charges, while it rejects the forming hydroxide ions on the cathode side.

high concentrations of the adjacent solutions. An interesting question is, whether such

an ability depends on the chemical nature of the membrane’s functional group and the

corresponding counter-ions or whether it is simply dominated by the fixed-ion con-

centration.

The third kind of selectivity is the discrimination among ions with charges of the

same sign, like ion channels in biology are capable of. This selectivity is relevant

for redox flow batterys (RFBs), a rising application for energy storage. RFBs con-

sist of two compartments containing media with different redox active species (e.g.

Fe2+, Fe3+|Cr3+, Cr2+ or Zn, Zn2+|Br2, Br– or Mn2+, Mn3+|V3+, V2+), which can scale
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in volume (capacity) independently from the separator area (power density). The most

common representative is the vanadium redox flow battery (VRFB):

graphite ∣ V2+, V3+ ∣membrane ∣ VO2+, VO +
2 ∣ graphite

Both redox pairs are dissolved in sulfuric acid adding the ions H+, HSO –
4 , and SO 2 –

4

to the electrolyte. Obviously all involved redox active ions are cations. In order to keep

the charges in the two compartments balanced, either sulfate anions (SO 2 –
4 ) and bisul-

fate anions (HSO –
4 ) or protons (H+) need to cross the membrane while the redox active

species must remain separated, because every crossing vanadium species is directly re-

ducing the capacity of the battery. Due to the high mobility of protons compared to the

available anions, transport of protons is superior for the battery’s efficiency. Therefore,

the challenge lies in finding a membrane providing this selective preference of protons

over other cations as mobile charge carrier.
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1.2 Insights from biological systems

The selectivity of ion transport across biological membranes is mostly the consequence

of the selective uptake of a particular type of ion. For example the selective coordina-

tion of a specific kind of ion by so-called ionophores is key for obtaining selective ionic

trans-membrane transport. This type of ion transport comprises the flux of charged

ion-ionophore complexes with the usually more numerous neutral ionophores drift-

ing in the opposite direction (see figure 1.2). The most prominent ionophore is vali-

nomycin, a cyclodecadepsipeptide which is produced by numerous kinds of strepto-

myces. Valinomycin is a natural antibiotic forming stable complexes with potassium

ions. The lipophilic character of the ionophore allows such complexes to enter and

cross the lipid membrane of bacteria. In this way, they can transport K+ out of the

cell depolarizing the resting potential across the cell membrane which causes the cell

to die. The specificity for this process is orders of magnitude higher for K+ than for

Na+. On the other hand, the conduction mechanism of transmembrane ion conducting

channels is fundamentally different, although the channels are chemically related to

ionophores. The structure was first revealed by the MacKinnon group in 1998 by an x-

ray diffraction study on crystallized potassium channels [2]. As illustrated in figure 1.2

(right), these channels are formed by proteins spanning the entire phospholipid mem-

brane with a width of approximately 3.4 nm, but the part providing the channel with

its selectivity, the so-called selectivity filter, is only 1.2 nm long. As in valinomycin, the

potassium ion coordinates to carbonyl groups of the proteins’ backbone pointing to-

ward the center of the channel. The authors actually state that the binding to carbonyl

groups mimics the stabilizing effect of K+ hydration and that structural constrains keep

the selectivity filter open to coordinate K+ ions but not smaller Na+ ions. As a common

explanation in literature, the preference of K+ over Na+in of both ionophores and ion

selective channels is attributed to the structurally precise fit between the K+ ion and

carbonyl groups lining the rigid and narrow pore [3]. On the other hand it should be

noted, that proteins are relatively flexible structures that undergo rapid thermal atomic

fluctuations larger than the small difference in ionic radius between Na+ and K+ [4, 5]

making steric reasons less likely. Interestingly, valinomycin and and the mentioned ion
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Figure 1.2: Schematics of ion transport in biological systems. Left: Valinomycin dissolved

in the lipophilic interior of a phospholipid membrane where it acts as a mobile carrier for

cross-membrane transport of exclusively potassium ions K+ (red) while being in presence of

sodium ions Na+ (yellow). Also the molecular structure of the ionophore valinomycin with its 6

carbonyl groups coordinating K+ is given. Right: Illustration of the structure of a K+ conducting

channel as revealed by the MacKinnon group [2]. Note, that the narrow hydrophobic selectivity

filter at the top has four sites where K+ can localize by coordinating to 8 carbonyl groups. Both

ends of the selectivity filter are in contact with bulk water.

channel may separate Na+ and K+, but they are also sensitive for other (not common

in biological systems) alkali ions of higher atomic number like Rb+ or Cs+ [6, 7]. The

higher selectivity though comes with less efficient conduction, hinting to a stronger

binding with the carbonyl groups, while e.g. Na+ interacts more strongly with water

molecules. Then, it is not the ion size per se, but the related electrostatic and electronic

properties that make the difference. Along this line, the electrostatic model of Eisen-

man [8, 9] describes the preference of alkali-metal ions binding to ligands of different

field strength (“Eisenman sequences”):

low field strength: Li+ < Na+ < K+ < Rb+ < Cs+

high field strength: Cs+ < Rb+ < K+ < Na+ < Li+

As for high field strength ligands ion affinity is determined primarily by electrostatic

forces, the ion with the smallest radius (highest charge density) will be preferred. For
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low field strengths the sequence is inversed, as the hydration energies become domi-

nating. Long before the first structural analysis, these sequences were used for explain-

ing ion selectivity of biological channels, and also for different ionophores. The impor-

tance of specific interactions compared to steric effects is underlined by the chemically

different nature of the respective ionophore. For example for Li+ selective ionophores

their selectivity is attributed to the aliphatic substituents, which are electron donat-

ing, attached next to the carbonyl group [10]. Various ionophores were discovered

and prospects of their selectivities explored by the group around Simon at the ETH

Zürich (consequently, most ionophores are named after the institute) [11]. They in-

vented the first ion selective electrodes by introducing ionophores into a PVC matrix.

The ionophores as selective carriers enable the formation of stable Nernst potentials

across the membrane corresponding to different concentrations of the respective ion.

At the same time the conductivity of such membranes is rather low, typically in the

µS cm−1 range [12]. The reason for the relatively high conductivities in biological sys-

tems lies in the short range ions need to overcome, as the phospholipid membranes

and especially the selectivity filter are very thin. When it comes to the separator func-

tion in electrochemical devices, membranes need to withstand pressure and mechan-

ical stress. To ensure the mechanical robustness, a certain thickness is required, that

makes the selective transport mechanisms of biological systems not applicable. Still,

their concepts are valuable for considerations in the field of ion exchange membranes.
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Chapter 2

Methodology

This work draws its conclusions from observations of model systems consisting of

distinct ions and polymers, whose choice is presented in chapter 2.1 and 2.2. The mea-

surement techniques used in this work are elemental analysis for characterizing ion

uptake and partitioning in IEMs (chapter 2.3), impedance spectroscopy for conductiv-

ity measurements (chapter 2.4), nuclear magnetic resonance (NMR) for obtaining data

about specific interaction and diffusivity of ions (chapter 2.5), small angle x-ray scat-

tering (SAXS) for information about the morphology of IEMs (chapter 2.6), the Hittorf

method for obtaining transference numbers (chapter 2.7) and Vanadium redox flow

battery testing for measuring the device’s efficiency as a result from selective transport

(chapter 2.8).
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2.1 Model ions

In this work the two ions with the most extreme properties of the alkali metal series,

the end members Li+ and Cs+, are investigated. Li+ is the smallest, hardest ion in the

series, while Cs+ is the largest and softest, which is why they have different proper-

ties in solution (see therefore table 2.1, where some properties are listed). Ignoring the

Table 2.1: Hydration enthalphies ∆H0
hydr. [13], molar conductivities Λ0

m [14], diffusion coeffi-

cients D, and hydrated radii RH of alkali metal ions at infinite dilution (referring to 25 °C).

∆H0
hydr. / kJ mol−1 Λ0

m / cm2 S mol−1 D / 10−5 cm2 s−1 RH/Å

Li+ −519 38.6 1.03 2.38

Na+ −409 50.0 1.33 1.84

K+ −322 73.5 1.96 1.25

Rb+ −293 77.8 2.07 1.18

Cs+ −264 77.2 2.06 1.19

entropy change associated with ion coordination in an aqueous solution, the relevant

measure is the heat of hydration ∆H0
hydr.. Water is a medium with high static dielectric

constant stemming from the large oscillator strength of the Debye relaxation, which is a

collective process comprising reorientation of water dipoles and translational degrees

of freedom such as the polarizability of protons within hydrogen bonds. The interac-

tion of water with ions is therefore governed by electrostatics which naturally explains

the strongly increasing hydration enthalpy with increasing ion charge and decreasing

ion size, both increasing the electric field strength around the ion. For monovalent

alkali metal ions, the hydration enthalpy is largest for Li+ which is twice the heat of

hydration of the least hydrophilic Cs+. The hydration process involves the formation

of a stable hydration shell, which is largest for the small Li+ (see the scheme in figure

2.1). This is why the smallest alkali ion has the largest hydrodynamic radius RH and

the smallest diffusion coefficient D in water. The hydrodynamic radius is the radius

of a hypothetical solid sphere that has the same diffusion properties in a solvent as the
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+Cs+Li RH

RH

Figure 2.1: Schematic of hydrated radii of Li+ and Cs+ comprised of their own radius and their

hydration shell. The large hydrodynamic radius of Li+ results in a lower diffusion coefficient

compared to the less strongly coordinated Cs+.

particle described. It is related with the diffusion coefficient via the Stokes-Einstein

equation:

RH = kBT
6πηD

(2.1)

where D is the particle’s diffusion coefficient and η the solvent’s viscosity (for water at

25 °C the viscosity is η = 0.891 mPa s).

Compared to Li+, Cs+ not only has a lower field strength and therefore a lower hydra-

tion enthalpy, it is also electronically much more polarizable (3.34 Å
3

for Cs+ compared

to 0.03 Å
3

for Li+ [15]) and has a lower electronegativity. Thus, they fundamentally

differ in the way they chemically interact with their corresponding oppositely charged

species. In this work, this specific interaction between the model ions, Li+ and Cs+,

and the functional groups of model IEMs, introduced in the following section, is in-

vestigated.

2.2 Model ion exchange membranes

In general there are two overarching types of ion exchange membranes (IEMs): per-

fluorinated polymers and hydrocarbons. The former, perfluorosulfonic acids (PFSAs),
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are the most common in industry due to their good chemical stability and high con-

ductivity. Its most famous representative is Nafion, whose chemical structure is given

in figure 2.2. Nafion is a long side chain PFSA, while Aquivion is categorized as short

CF2

CF
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O

CF2

CF2

SO3H

F3C
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CF2

CF

CF2

O

CF2
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SO3H

yx

Nafion Aquivion

Figure 2.2: Chemical structure of perfluorosulfonic acids (PFSAs). Left Nafion, right: Aquivion.

side chain PFSA, allowing for higher ion exchange capacitys (IECs), which is the equiv-

alent of functional groups per mass of dry polymer. The fluorine atoms in the side

chain next to the terminating sulfonic acid group withdraw electrons due to their high

electronegativity (−I effect). Thereby they increase the acidity of the functional group

to the level of a super acid with a pKa of around −6 [16]. The hydrophobic backbone on

the one hand and the hydrophilic acid group on the other give rise to a distinct phase

separation on the nanometer scale (see chapter 3.3).

Unless otherwise indicated, measurements with Nafion carried out in this work were

done with the version N117, which has a thickness of 7 mils = 178 µm and an equivalent

weight EW=1100 g mol−1. The equivalent weight refers to the IEC = 1
EW = 0.91 meq g−1.

Hydrocarbons used in this work are sulfonated poly(ether ether ketone) (sPEEK) and

sulfonated poly(phenylene sulfone) (sPSO2). Their structure is given in figure 2.3.

As sPEEK representative a blend membrane from fumatech GmbH is used: fumasep

FKE-50. The exact composition is not known, but the membrane thickness is 50 µm

and the IEC = 1.5 meq g−1. Poly(phenylene sulfone)s are used either as fully sul-

fonated sPSO2-220 (EW = 220 g mol−1; IEC = 4.54 meq g−1) or half sulfonated sPSO2-

360 (EW = 360 g mol−1; IEC = 2.78 meq g−1). The polymers synthesized according to
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references [17, 18] were provided by the working group. Membranes are cast in vari-

able thicknesses from dimethylacetamide solution. Compared to sPEEK, sPSO2 has a

more polar backbone. The ether groups in sPEEKs have an electron donating effect to-

wards the phenyl ring (+M effect), while the sulfone groups linking the phenyl rings in

sPSO2s withdraw electrons, not only improving the chemical stability, but increasing

the acidity of the sulfonic acid group. The morphology of these hydrocarbon mem-

branes shows less nano phase separation when compared to PFSAs. An interesting

S S S

O

O

O

O

O

O

S

HO3S

O

O

SO3H

n

O O

SO3H

O

n

sPSO2

sPEEK

Figure 2.3: Chemical structure of hydrocarbons. Top: sPSO2-360, bottom: sPEEK.

hybrid membrane is the BP-ArF4 provided by the group around Chulsung Bae from

the Rensselaer Polytechnic Institute (Troy, New York). Providing a hydrocarbon back-

bone, the functional group in the side chain is fluorinated as it’s the case for PFSAs (see

figure 2.4). As a consequence of its chemical structure, the morphology on the nm scale

is hydrocarbon like, i.e. poor hydrophobic / hydrophilic phase separation, while pro-

viding the same chemical nature of the sulfonic acid group (super acidity) as Nafion.

The hydrocarbon like structure is proven in chapter 4.3 by measuring the correlation

length.

Previous presented IEMs are all cation exchange membranes (CEMs), on which atten-

tion is focused in this work. On the other hand, a few experiments on anion exchange

membranes (AEMs) are performed, too. The chosen representative is the fumasep
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Figure 2.4: Chemical structure of BP-ArF4, a hybrid of PFSA and hydrocarbon.

FAA-3 from fumatech GmbH, but the exact chemical structure is unknown to the au-

thor. A typical chemical structure is given in figure 2.5.

X

N
+

n

Figure 2.5: Chemical structure of a benzyl group with a trimethlyamine group and various

polymer linking group (X) encountered in typical AEMs.
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2.3 Elemental analysis

Atomic emission spectroscopy is an analytical technique used for the detection of

chemical elements. In this work inductively coupled plasma (ICP) optical emission

spectroscopy (OES) is employed for quantitative analysis of metal cations. The plasma

is first generated in an argon gas stream by a high-frequency electromagnetic field, in

which a sample aerosol can be heated up to to 10 000 K. The atoms excited this way

emit electromagnetic radiation at wavelengths characteristic of a particular element.

The intensity of the emissions from various wavelengths of light are proportional to

the concentrations of the elements within the sample. ICP-OES typically allows the

detection of trace elements at very low concentrations. However, it is not suitable for

all elements as some may have spectral lines outside the detectable wavelength range

of the charge-coupled device (light-sensitive sensor).

A technique to quantitatively determine halide ions is potentiometric titration with a

silver electrode and a silver nitrate solution. The indicator electrode forms an elec-

trochemical half cell with the test solution (containing e.g. Cl– ). When the titrant

(AgNO3) is added, the initial change of the potential difference to the reference elec-

trode is small as the silver cations precipitate:

Ag+ +Cl− ÐÐ→ AgCl ↓

At the equivalence point, where the added amount of Ag+ is the same as the Cl–

amount to be analyzed, the variation of the potential is the steepest. Further halide

ions may also be measured in the same experiment as they differ in their solubility

product.
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2.4 Impedance spectroscopy

In alternating current impedance spectroscopy the frequency dependent potential dif-

ference induced by an alternating current Iω is measured for different frequencies ω

(from the mHz to the MHz range). In contrast to direct current measurements which

only reveal an overall effective resistance and require reversible electrodes to allow

continuous ion transfer with the electrolyte, blocking electrodes suffice for alternating

current impedance spectroscopy. As transport of ionic charge carriers is not instant,

the phase of the induced voltage Uω is shifted by ϕω with respect to the applied cur-

rent. The resulting frequency dependent complex impedance, which is a measure for

the frequency dependent voltage response of an investigated system on the current

stimulus, is given by

Z(ω) = Uω

Iω
= Z′(ω)+ iZ′′(ω) (2.2)

with the phase shift

ϕ(ω) = Z′′

Z′ (2.3)

Z′ is the dispersive real part and Z′′ the absorptive imaginary part of the complex

impedance.

Measured membrane samples are stacked as round disks of the same area A as the

electrodes and a total thickness l resulting in a cell factor of G = A
l . The specific ionic

conductivity σ can be obtained from the measured ionic resistance R:

σ = 1
R ⋅G (2.4)

The ionic conductivity contribution from a single type of charge carrier is related to its

ionic drift mobility which is a function of the diffusion coefficient. According to the

Nernst-Einstein relation for the Diffusion coefficient D of the charge carrier results:

Dσ = kB ⋅ T
c (z ⋅ e)2

⋅ σ (2.5)

where z is the number of charges e per charge carrier and c its concentration.
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2.5 Nuclear magnetic resonance (NMR) spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a spectroscopic method to study

the electronic environment of atoms and the interactions with neighbouring atoms

and enables thereby the elucidation of the structure and dynamics of molecules. The

method allows for electrochemically unchanged samples during the measurement, i.e.

the derived quantities are unaffected by the measurement itself and represent actual

material properties.

NMR makes use of the fact, that nuclei with a spin of I ≠ 0 have a spin magnetic

moment µ with m = 2 ⋅ I + 1 degenerated energy states Em, which split in an external

magnetic field in z-direction B0 (Zeeman effect). The energy splitting is dependent on

the gyromagnetic ratio γ of the nucleus and B0:

Em = −γB0h̷m (2.6)

with the reduced Planck constant h̷. The magnetic moments precess around the z-axis

with a Larmor frequency ω0 of

ω0 = γB0 (2.7)

The local field felt by the magnetic moments of the nuclei may differ from the ap-

plied field B0 because the latter induces an orbital angular momentum, which gen-

erates a small additional magnetic field at the nuclei. The strength of this additional

local field depends on the electronic structure of the molecule in the vicinity of the

nucleus. Therefore, the Larmor frequency is slightly different for nuclei in different

chemical environments. The difference for a nucleus between its own absolute reso-

nance frequency νsample and the absolute frequency for a reference nucleus νref is called

chemical shift δshift:

δshift =
νsample − νref

νref
⋅ 106 (2.8)

A simple NMR experiment consists of a single 90° radio frequency (RF) pulse which

rotates the magnetization into the x,y-plain (transverse direction). The resulting signal,

the free induction decay (FID) of the transverse magnetization, is recorded through an

RF coil.
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2.5.1 Spin relaxation

After an RF pulse the magnetization returns to its equilibrium state M0 with the com-

ponents that are in parallel (longitudinal) and perpendicular (transverse) to the B0 field

determined by the relaxation time T1 and T2 respectively.

After an inversion of the magnetization by a 180° pulse, the magnetization in z-

direction Mz is equilibrating towards M0 with the longitudinal decay constant T1:

Mz(t)− M0 ∝ e−
t

T1 (2.9)

During this relaxation process, energy is released to the environment (the "lattice"),

which gives T1 the name spin-lattice relaxation time. The spin-lattice relaxation is

caused by local magnetic field fluctuations created by the movement of the molecules.

Relaxation of magnetization in the x,y-plain Mx,y (after a 90° pulse) is following the

relation:

Mx,y(t)∝ e−
t

T2 (2.10)

The transversal relaxation time T2 is called spin-spin relaxation time, because for this

process only reorientations of spins among themselves are involved. Local magnetic

moments also influence spin-spin relaxation. If the fluctuations are slow, a molecule

remains in its specific magnetic environment for a relatively long time and the spin

orientations rapidly move towards their random equilibrium distribution. However,

if the molecules change very quickly between different magnetic environments, the

differences between the different environments average to zero: the different spins

then precess at very similar speeds, thus staying in their pack a bit longer and the

spin-spin relaxation is slowed down. In other words, slower molecule motions cor-

respond to small relaxation times T2 and fast molecule motions correspond to large

relaxation times. If the component of magnetization in the x,y-plane decreases with a

time constant T2, this leads to a broadening of the spectral line, whose full width at

half maximum is given by1:

∆ν1/2 =
1

πT2
(2.11)

1Typically, inhomogeneities of the magnetic field lead to further line broadening
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This work makes use of the phenomenon of spin-spin relaxation as just described for

discriminating between fast, mobile ions, and immobilized species in IEMs (see chap-

ter 4.1).

2.5.2 Pulsed field gradient NMR

Pulsed field gradient (PFG) NMR provides a direct and non-destructive method to ob-

tain the tracer diffusion coefficient of a nucleus [19]. Like other NMR techniques it does

not require the information of ion concentration, sample dimension or weight. In com-

parison to the investigation of molecular dynamics by relaxation time measurements,

this method is model free and no presumption about the mechanism of diffusion must

be accounted.

Tracer diffusion or self diffusion is the consequence of a thermally induced motion of

one particle. In the case of a random walk the probability P of finding a molecule at

position r (referenced to its starting position) after a time t is [20]:

P(r, t) = (4πDt)−
3
2 e−

r2
4Dt (2.12)

The Gaussian P(r, t), which depends on the net displacement, expands with time and

is characterized by the self diffusion coefficient D as a material property. In PFG NMR

the displacement associated with diffusion of a nuclei during the diffusion time ∆ is

measured in an pulsed gradient spin echo (PGSE) experiment (see figure 2.6). When

such an echo experiment with an initial 90° RF pulse and a refocusing 180° RF pulse is

conducted in a magnetic field gradient g along the z-axis, the nuclei in the sample are

spatially labeled through different Larmor frequencies according to their position in

the gradient. During the first gradient pulse (with duration δ) the spins dephase along

the z-axis and they refocus during the second gradient pulse of same amplitude and

length if all nuclei stuck to their position throughout the experiment. After the spins

are refocussed the signal can be measured as spin echo. If the nuclei diffuse during the

experiment and change their position, spins do not refocus fully and the signal of the
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Figure 2.6: Schematic diagram of the PGSE pulse sequence (top). a) The phase evolution of

the spins at different locations along the gradient direction in absence of diffusion. The sec-

ond gradient pulse, which is identical to the first one, completely refocuses (orange) the phase

wrap imposed by the first gradient pulse. b) The phase evolution including diffusion within

the sample. Less spins are refocused (orange) after the second gradient pulse, resulting in an

attenuated signal.

echo is attenuated. This attenuation, the ratio of the echo intensity with and without

applied gradient I
I0

, is described by the Stejskal-Tanner equation [19]:

I
I0

= e−γ2δ2g2(∆− δ
3)D (2.13)

By varying the gradient strength g the diffusion coefficient D can be obtained by fitting

the attenuation (see figure 2.7) with equation (2.13).

After the first 90° pulse in a PGSE experiment, spins are precessing in the x,y-plane and

decaying with T2. Hence, the spin-spin relaxation limits the the maximum applicable

diffusion time ∆. As in general T1 ≥ T2, Tanner suggested splitting the 180° RF pulse

into two 90° pulses for storing the magnetization in z-direction, where relaxation oc-

curs with T1 [21]. This sequence is called pulsed gradient stimulated echo (PGSTE) and
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Figure 2.7: Attenuation of an 1H spectrum in a PGSE experiment as a function of the gradient

strength g.

enables measurement of samples with fast spin-spin relaxation or with low diffusion

coefficient.

If two species of the same nucleus but different chemical environment are exchanging

very fast, the observed diffusion coefficient is the mean average. Is the exchange slow

enough, different diffusion coefficients can be attributed to the different species [22,23].

2.6 Small angle x-ray scattering

The nanometer scale structure of IEMs can be investigated by small angle x-ray scat-

tering (SAXS). The elastic scattering of the x-ray beam occurs at boundaries with con-

trasting electron densities in the sample, which is different for the polymer and the

aqueous phase [24]. The evaluation of the local maxima of SAXS patterns is funda-

mentally based on the Bragg equation [25]:

nλbeam = 2d sin θ (2.14)
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with the order of diffraction n, the wavelength of the beam λbeam, the correlation length

d, and the scattering angle θ. A typical SAXS setup with its resulting diffraction pat-

tern is depicted in figure 2.8. The intensity of the SAXS patterns is usually plotted as
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Figure 2.8: Schematic of a SAXS setup (left) and a typical SAXS diffraction pattern (right).

function of the angle dependent scattering vector q described by

q = 4π

λbeam
⋅ sin θ (2.15)

In comparison to crystalline compounds, the scattering maxima in IEMs are relatively

broad due the disorder corresponding to variations of the separation length. The cor-

relation length d at the local maximum of the intensity qmax, often referred to as the

ionomer peak, can be determined by using equations (2.14) and (2.15) with n = 1:

d = 2π

qmax
(2.16)

For IEMs, the correlation length d is the sum of the aqueous and polymer layer thick-

ness. The intensity of the Porod regime (q−4 behaviour) at higher q contains informa-

tion about the inner water/polymer interface [26]. The small angle upturn is an often

discussed feature at low q, which is supposed to bear information on larger scales, but

the time dependant change in intensity makes interpretations questionable. From a

single SAXS pattern, it’s not possible to distinguish between different models of the

morphology of an IEM (such as spheres, cylinders, ribbons, ...), because they all result

in similar patterns. Water content dependent measurements, on the other hand, eluci-

date the situation and allow at least for falsification of some models implying distinct

scaling behavior of the correlation length (see also chapter 3.3).
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2.7 Hittorf method

The ion transport number or transference number ti is the fraction Ii of the total elec-

trical current Itotal carried in an electrolyte by a given ionic species i:

ti ≡
Ii

Itotal
(2.17)

Differences in transport number of ions arise from differences in their electrical mobil-

ity, i.e. diffusion coefficient. A technique for the determination of transport numbers is

the Hittorf method which is based on measurements of ion concentration changes near

the electrodes. Therefore, electrolysis is carried out in a cell with two compartments,

anode and cathode, separated by a central part. Measurement of the concentration

changes (e.g. by elemental analysis, see chapter 2.3) in the anode and cathode com-

partments yield the transport numbers.

2.8 Vanadium redox flow battery testing

An all vanadium redox flow battery (VRFB) is a device where its efficiency is directly

linked to the property of the employed membrane governing the exclusive transport

of a ionic species which is not part of the redox active couples. A schematic of the

setup of a VRFB is illustrated in figure 2.9. In a VRFB different vanadium species (the

anolyte consists of the pair V +
2 ,V +

3 and the catholyte of VO2+,VO +
2 ) are dissolved in

4 M H2SO4 in order to stabilize vanadium concentrations up to 1.6 M. The electrode

reactions for such a VRFB during discharge are:

Anode: V2+ ÐÐ→ V3+ + e−

Cathode: VO +
2 + 2 H+ + e− ÐÐ→ VO2+ +H2O

Overall: V2+ +VO +
2 + 2 H+ ÐÐ→ V3+ +VO2+ +H2O

When neither SO 2 –
4 , HSO –

4 , or H+ cross the membrane for charge balance, but a redox

active species, the resulting side reactions (e.g. V3+ +VO +
2 ÐÐ→ 2 VO2+) decrease the

capacity of the battery. Thus, the coulombic efficiency (CE) is directly reduced. It rep-

resents the ratio of the charge that is retrieved from the battery during discharging to
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Figure 2.9: Scheme of a vanadium redox flow battery. The IEM as separator needs to transport

protons (alternativeley HSO –
4 or SO 2 –

4 ) for the charge balance while keeping the redox active

vanadium species in their respective compartment.

the charge that enters the battery during charging. A common practice to measure the

CE is to charge and discharge the VRFBs to designated cutoff voltages and record the

corresponding charging and discharging times tc and td for each cycle. The charging

and discharging times are then used to determine CE with

CE = ∫
td

0 Id dt

∫
tc

0 Ic dt
(2.18)

where Id is the discharging current and Ic is the charging current. Usually the currents

are held constant and identical for both charging and discharging, i.e. Id = Ic. In this

specific case, it is:

CE = td

tc
(2.19)

Additional to the self discharge losses by vanadium species crossing the membrane,

electrical resistance losses occur, too. This phenomenon is described by the voltage
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efficiency (VE), determined by the ratio of the average discharge voltage Vd to the

average charge voltage Vc:

VE =
t−1
d ⋅ ∫

td
0 Vd dt

t−1
c ⋅ ∫

tc
0 Vc dt

(2.20)

The resulting energy efficiency (EE) is:

EE = CE ⋅VE (2.21)
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Chapter 3

Theoretical background

This work is focusing on ion partitioning and mobility as key parameters for selective

transport of ionic species through membranes. Ion partitioning, is determined by the

Donnan equilibrium, which in turn depends on the activity coefficients of the involved

ions. Therefore, both theories, the Donnan equilibrium and the concept of activity

coefficients are briefly introduced in chapter 3.1 and 3.2. Ion mobility on the other hand

is predominantly affected by the membrane’s morphology (besides immobilization by

site binding). The current understanding of the morphology of IEMs, especially of the

most prominent representative Nafion, is discussed in chapter 3.3.
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3.1 Donnan equilibrium

An ion exchange membrane consists of an organic or inorganic framework (this work is

limited to organic polymer backbones) bearing fixed ionic groups. The charge of these

immobile fixed-ions is compensated by mobile counter-ions. CEMs have fixed anionic

groups (e.g. sulfonic acid) and conduct cations, while AEMs have fixed cationic groups

(e.g. quaternized ammonium) and conduct anions. When brought in contact with an

electrolyte, the mobile counter-ions of the IEM can exchange with the ions from the

electrolyte. In 1911, Donnan [27] was the first to describe the applicability of thermo-

dynamic relations to systems of restrictedly exchanging ions of two separated phases,

precising it several years later [28]. In consequence it is called Donnan-equilibrium

and the resulting potential between the aqueous phase in the IEM and the adjacent

solution is referred to as Donnan potential φDonnan. The electrochemical potential of

compontent i in a system ηi is defined as:

ηi = µ0
i + RT ln ai + (p − p0)vi + ziFφ (3.1)

where µ0
i is the standard chemical potential, R the gas constant, T the temperature, ai

the activity, p the pressure, p0 the standard pressure, vi the partial molar volume, zi the

charge number, F the Faraday constant, and φ the electric potential. For an electrolyte,

consisting of the same ions as the membrane’s mobile ions (referred to by the subscript

counter) and of ions of the opposite charge, i.e. the same charge as the membrane’s

fixed ionic group (referred to by the subscript co) dissolved in a solvent (here water;

referred to by the subscript w), the relevant electrochemical potentials are according to

equation (3.1):

ηcounter = µ0
counter+ RT ln acounter+ (p − p0)vcounter+ zcounterFφ (3.2a)

ηco = µ0
co+ RT ln aco+ (p − p0)vco+ zcoFφ (3.2b)

ηw = µ0
w+ RT ln aw+ (p − p0)vw+ 0 (3.2c)

These equations are valid for both the solution phase (referred to by the superscript

sol) and the membrane phase (referred to by the superscript mem). In equilibrium, it

holds:

ηsol
i = ηmem

i (3.3)
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Equation (3.3) represents the concept of the Donnan equilibrium and together with

equation (3.2c) for the the pressure difference between both phases Π (osmotic pressure

or swelling pressure) results:

Π = pmem − psol = RT
vw

ln
asol

w

amem
w

(3.4)

In general, the influence of the swelling pressure on the chemical potential of the ions is

rather small compared to the concentration effects and will be neglected from now on

(Π = 0). For an intuitive example calculation see [29]. From equation (3.3) and equa-

tion (3.2a), respectively (3.2b), the Donnan potential difference between both phases

φDonnan can be derived:

φDonnan = φmem
i − φsol

i = 1
ziF
⎛
⎝

RT ln
asol

i
amem

i

⎞
⎠

(3.5)

For an 1,1 electrolyte, from equation (3.5), which is valid for co- and counter-ions, the

result is:

asol
counter ⋅ asol

co = amem
counter ⋅ amem

co (3.6a)

which can be written as

(γsol± )
2 ⋅ bsol

counter ⋅ bsol
co = (γmem± )2 ⋅ bmem

counter ⋅ bmem
co (3.6b)

with γ± being the mean activity coefficient and b the molality. To make predictive

statements about the ion uptake of a IEM in equilibrium, also the condition of elec-

troneutrality needs to be included:

bfixed + bmem
co = bmem

counter (3.7)

with bfixed being the molality of fixed-ions in the membrane. Solving the equation

system of equation (3.6a) and (3.7) leads to equations for the counter- and co-ion uptake

of the IEM:

bmem
counter =

1
2

⎛
⎜⎜
⎝

¿
ÁÁÁÀb2

fixed + 4 ⋅ ( γsol±
γmem±

bsol)
2

+ bfixed

⎞
⎟⎟
⎠

(3.8a)

bmem
co = 1

2

⎛
⎜⎜
⎝

¿
ÁÁÁÀb2

fixed + 4 ⋅ ( γsol±
γmem±

bsol)
2

− bfixed

⎞
⎟⎟
⎠

(3.8b)
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with bsol = bsol
counter = bsol

co being the molality of the 1,1 electrolyte adjacent to the mem-

brane. For a quantitative prediction of the ion uptake the knowledge of the activity

coefficients is required. In a first approximation the activity coefficients within the

membrane can be assumed to be the same as in the external solution. Then, equations

(3.8) simplify to the so called ideal Donnan equation:

bmem
counter =

1
2
(
√

b2
fixed + 4 ⋅ (bsol)2 + bfixed) (3.9a)

bmem
co = 1

2
(
√

b2
fixed + 4 ⋅ (bsol)2 − bfixed) (3.9b)

As long as the concentration of the external solution bsol is low compared to the con-

centration of fixed-ions in the membrane bfixed, co-ions are prevented from entering the

membrane. When the ion concentration of the external solution approaches concentra-

tions in the range of the fixed-ion concentration in the membrane, co-ions together with

the equivalent amount of counter-ions enter the membrane (breakdown of the Donnan

exclusion). A measure for the extent of the Donnan exclusion is the mole fraction x of

mobile ions in the membrane. When perfect Donnan exclusion holds true, the mole

fraction of counter-ions

xmem
counter =

bmem
counter

bmem
counter + bmem

co
(3.10)

is virtually 1, diverging slowly towards 0.5 for increasing external electrolyte concen-

tration (see fig. 3.1). Here, when the breakthrough of co-ions exceeds 10 % of the

mobile ions, it is considered as the breakdown of Donnan exclusion.1 In Figure 3.1

the transition from Donnan exclusion regime to the breakdown regime as a function of

external electrolyte concentration is shown for different fixed-ion concentrations. The

mole fraction of counter-ions within all mobile ions in the membrane xmem
counter may serve

as estimation for the transference number. Typically, for an IEM not the molality of the

fixed-ions bfixed is used, but the number of water molecules per fixed-ion:

λ = 1000
bfixed ⋅ 0.018 kg mol−1 (3.11)

The Donnan equilibrium is the foundation of the theory of Teroell, Meyer and Sievers

(TMS theory), which successfully described transport phenomena in IEMs for the first

1Since no exact definition exists in literature, this limit is eventually chosen discretionary.

- 33 -



Donnan equilibrium

0 1 2 3 4 5
0 . 5

0 . 6

0 . 7

0 . 8

0 . 9

1 . 0
xme

m
co

un
ter

b s o l  /  m o l  k g - 1

b r e a k d o w n  o f  
D o n n a n  e x c l u s i o n

b f i x e d  =  1 0  m o l  k g - 1

b f i x e d  =  3  m o l  k g - 1

b f i x e d  =  1  m o l  k g - 1

D o n n a n  e x c l u s i o n

λ =  5 . 5

λ =  1 8

λ =  5 5

Figure 3.1: Mole fraction of counter-ions in an IEM as a function of the molality of an adjacent

1,1 electrolyte for different fixed-ion concentrations.

time [30, 31]. The TMS theory extends the ion partitioning of the Donnan equilibrium

by the Nernst-Planck equation

J = −D ⋅ (∇c + zF
RT

c∇φ) (3.12)

where J is the ionic flux density.

The TMS theory allows for making statements about transference numbers of ion trans-

port through IEMs.
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3.2 Activity coefficients

In general, the activity of an ion in a solution is not just its molality. The reason lies

in the interactions of the ions with themselves, other ions and the solvent. In dilute

solutions it is predominantly the Coulomb interactions which are responsible for the

deviation of the activity from the molality. In 1923, Debye and Hückel [32] developed

a theory describing this discrepancy. As oppositely charged ions attract each other,

from a viewpoint of a given ion, ions are not distributed equally in a solution. The

solution is electrically neutral overall, there is only an excess of oppositely charged

ions in the local environment of a certain ion on average over time. This spherically

symmetric volume element, which surrounds a central ion and in which there are more

counter-ions than ions of the same charge on a time average, is called an ion cloud.

The total charge of the ion cloud is on average opposite to the charge of the central ion

and the chemical potential is determined by the electrostatic interaction with the ion

cloud is reduced. From this model the Debye-Hückel limiting law (for molalities up to

0.01 mol kg−1) follows:

log10 γ± = −A∣z+z−∣
√

I (3.13)

where I is the ionic strength I = 1
2 ∑i z2

i bi and A = 0.509
√

kg
mol , derived from the Pois-

son equation and the Boltzmann distribution. For molalities up to 0.01 mol kg−1, the

extended Debye-Hückel theory is valid:

log10 γ± = −
A∣z+z−∣

√
I

1+ B
√

I
+CI (3.14)

The parameters B and C should be treated as empirical parameters, where B may be

physically interpreted as shortest distance between two ions. Deviations from these

equations occur due to the model’s oversimplifications, such that ions are not necessar-

ily spherical and may be polarizable. Davies [33] extended the Debye-Hückel theory

considering incomplete dissociation of weak electrolytes. Ion association is considered

to take place when the ion-ion distance is below the Bjerrum length at which the elec-

trostatic interaction between two ions is comparable in magnitude to kT [34]. Also, the

role of solvent is not appreciably accounted for in the theory above. At higher molal-

ities, not only the reduced dielectric constant ε affects the Debye length and thereby
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the parameter A, solvent-ion interactions have a direct effect on activity coefficients.

Stokes [35] suggested in 1948 that the ions may bind solvent molecules in their solva-

tion shell, i.e. reduce the amount of solvent and increase the effective molality. This

"hydration correction to the activity coefficient" [35] is used later in this work. How-

ever, most modern approaches use indirect methods to determine the activity coeffi-

cients using the Gibbs-Duhem equation:

∑
i

nidµi = −SdT +Vdp (3.15)

They first establish a theory for the dependence of the solvent activity coefficient on the

solute concentration and then calculate the activity coefficient of the dissolved species

with the equation above (3.15).

3.3 Morphology of IEMs

The morphology of IEMs has been subject of controversies for the last decades. The

CEM Nafion in particular has attracted attention because of its wide use in electro-

chemical applications. The cluster model, where short narrow channels connect spher-

ical aqueous domains [36], a fibrillar (bundle) model [37], and the parallel cylinder

model [38] were developed from correlation lengths, obtained from the position of

the ionomer peak of SAXS data. The most sophisticated evaluation of this data un-

til 2008 [38], which is strongly in favor of the parallel cylinder model, unfortunately

lacks correct data on the membrane’s water content [39]. Later, in 2013, measurements

of the correlation length of Nafion as a function of water content revealed a linear

dependency of the correlation length and the water volume fraction [39]. This one-

dimensional swelling supports the idea of locally flat water domains (see fig. 3.2).

In flat structures the accumulation of positively charged ions is reduced compared to

cylinders, lowering electrostatic energy and facilitating the formation of ionic cross-

links, thereby driving the rearrangement of the morphology. Furthermore, the model

allows for an easy calculation of the aqueous domain width daq from the correlation

length d:

daq = d ⋅
Vaq

Vaq +Vpoly
(3.16)
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d

daq

dpoly

Figure 3.2: Illustrated model of the locally flat morphology of Nafion. The polymeric, hy-

drophobic part is green with attached fixed-ions (yellow) directing towards the aqueous do-

main (blue, transparent), containing the counter-ions (red). The correlation length d is marked,

divided into the corresponding aqueous and polymeric phase, daq and dpoly.

where Vaq and Vpoly are the volume fractions of the aqueous ionic domain and the poly-

meric domain, respectively. On larger scales these flat water films show high tortuos-

ity, which could be shown in 2015 by cryogenic transmission electron microscopy to-

mography [40]. When compared to Nafion, hydrocarbon membranes, such as sPEEK,

show a different microstructure. For a hydrocarbon membrane compared to Nafion the

ionomer peak is broadened and shifted towards higher scattering angles [16]. Addi-

tionally, the intensity in the Porod regime of hydrocarbon membranes’ SAXS patterns

is higher, expressing the larger surface-to-volume ratio (see chapter 2.6). Together, this

indicates a smaller characteristic separation length with a wider distribution and a

larger internal interface between the hydrophobic and hydrophilic domain for the hy-

drocarbon membrane (see fig. 3.3). The difference stems from the fact, that the unpolar

fluorinated backbone of Nafion as a PFSA is extremely hydrophobic and tends towards

stronger aggregation. The polymer backbone of hydrocarbons, on the other hand, is

less hydrophobic and less flexible, which leads to a less pronounced hydrophilic /
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hydrophobic phase separation. The resulting high internal surface area between these

domains for hydrocarbons implies a higher average distance of functional groups com-

pared to Nafion.

counter-ion

fixed-ion

Figure 3.3: Schematic representation of the microstructures of Nafion (left) and a hydrocarbon

membrane (right). The less pronounced hydrophobic (green) / hydrophilic (blue) separation

of hydrocarbon membranes corresponds to narrower, less connected hydrophilic domains and

to larger separations between sulfonic acid functional groups.
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Chapter 4

Results and discussion

Data on selective ion transport are discussed in terms of ion partitioning and ion mo-

bility within the different ion exchange membranes (IEMs).

In chapter 4.1, emphasis is laid on the specific interactions of ions with the fixed ionic

groups of IEMs. Relatively small ions with valence +1 or −1 in well hydrated IEMs are

used to exclude other effects as far as possible.

In chapter 4.2, the effect of the absolute value of an ion’s valency on the ion partitioning

between an IEM with its surrounding electrolyte solution is studied.

Finally, in chapter 4.3, morphological effects of IEMs on ion mobility are examined.
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4.1 Specific interactions

In order to separate the effect of chemical interaction between fixed ionic groups and

different counter-ions from other effects, results for the partitioning of counter-ions

(Li+ and Cs+) between dissolved ionomers and their aqueous environment are dis-

cussed first (see chapter 4.1.1). Then, trends are verified for well swollen membranes

(chapter 4.1.2) and quantitatively discussed for Nafion (chapter 4.1.3). Li+ and Cs+

have been chosen as extreme representatives of small, hard cations with high charge

density and large, soft ions with delocalized charge respectively. In addition, their

isotopes 7Li and 133Cs allow measuring their tracer diffusion coefficient by the pulsed

magnetic field gradient NMR technique [41].

4.1.1 Selective ion transport in dissolved ionomers

For dissolved ionomers neither morphological effects nor counter-ion condensation

apply. The latter phenomenon is described by Manning’s theory [42], which assumes

that counter-ions condense onto polyions if the distance between neighboring charges

along a polyion chain is below a certain critical value. This value is the so-called Bjer-

rum length λB, the separation at which the electrostatic interaction between two ele-

mentary charges is comparable in magnitude to the thermal energy:

λB = e2

4πεrε0kBT
(4.1)

While the Bjerrum length in water is 0.7 nm (for εr = 78), for example the average

intrachain distance of functional groups in perfluorosulfonic acids as Nafion is around

2 nm [43].1 Hence, no counter-ion condensation is expected for dissolved ionomers

with "stretched" conformations, because the charge distance within the polymer is well

above the the Bjerrum length.

In this work, different dissolved ionomers with fixed anionic groups are investigated

in terms of selective ion uptake by keeping them in a dialysis tube only permeable

for molecules with a lower molecular mass than 3.5 kDa (see figure 4.1). The fol-

1For Nafion in membrane form, the average distance of charges reduces to 0.9 nm as the sulfonic acid

groups aggregate on the surface of the polymeric phase [39].

- 40 -



Specific interactions
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Figure 4.1: Scheme of the experimental setup for measuring ion partitioning of dissolved

ionomers. The dashed line represents the dialysis tube hosting the dissolved ionomer (green

line as polymer chain with the yellow fixed ionic groups). The counter-ions Li+ and Cs+ (de-

picted in red) are present in a 1:1 ratio in the external solution.

lowing ionomers in descending order of acidity were studied: Aquivion D72, sul-

fonated poly(phenylene sulfone) sPSO2-220, fully sulfonated polystyrene (PSS), and

poly(acrylic acid) (PAA). While the latter exhibits weak carboxylic acid groups (pKa ≈
4), the first three share the same functional group, the sulfonic acid group, which is

attached to different electron withdrawing polymer backbones. The highly electroneg-

ative fluorine atoms of Aquivion for example cause a very low pKa of the sulfonic acid

group of about −6 [16] making it a "super acid". The electron withdrawing sulfonic

group in sPSO2 is increasing the acid strength of the sulfonic acid group, too, even

though to a smaller extent.

For the ion partitioning measurement, the ionomers were dissolved with a concen-

tration of λ ∼ 100 to 120 (which refers to c ≈ 0.5 M) and equilibrated in an aqueous

solution of LiCl / CsCl of the ratio 1:1. The concentration of the solution was subse-

quently diluted starting from an initial concentration of 0.1 M. The ionomer was kept

within a dialysis membrane with a 3.5 kDa molecular weight cut-off (MWCO), i.e. only

counter-ions (Li+ and Cs+) could be exchanged while the charged polymers remained

inside the volume defined by the dialysis tube2. Of course, water molecules may also

2all occurring average molecular weights Mw are well above the dialysis tube’s MWCO: see table 4.1
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enter the inner of the tube diluting the ionomer concentration, because of the osmotic

pressure. However, the volume increase was estimated to be less than by a factor of 2.

Due to the gradual dilution of the external solution electrolyte uptake (uptake of Li+

or Cs+ together with the co-ion Cl– ) can be neglected because of Donnan exclusion.

The resulting counter-ion partitioning of Li+ and Cs+ within the phase of the dissolved

ionomer was measured via elemental analysis. The data obtained from ICP OES are

listed in table 4.1.

Table 4.1: Partitioning data of dissolved ionomers sorted by acid strength in a 1:1 Li+:Cs+ exter-

nal solution. Additional information about the chemical structure and the polymer’s average

molecular weight Mw is provided.

PAA PSS sPSO2-220 Aquivion

formula COO
- SO3

-

SO2

SO3
-

CF2
CF

O

CF2

CF2

SO3
-

Mw 250 kDa 75 kDa 65 kDa >100 kDa

acidity low high "super acidic"

ratio Li:Cs 56 ∶ 44 36 ∶ 64 32 ∶ 68 28 ∶ 72

The parameter controlling ion partitioning appears to be the acidity pKa of the fixed

ionic group, i.e. increasing acidity leads to a relative stabilization of Cs+ compared

to Li+ as a counter-ion compensating for the charge of the conjugated base (−SO –
3 or

−COO– ), which is expressed in the fact that the Li+ : Cs+ ratio decreases from 56 ∶ 44

for the weak acidic PAA to 28 ∶ 72 for the super acidic Aquivion. This actually might be

expected considering the lower electronegativity of the large polarizable Cs+ compared

to the small hard Li+ and the fact that the electronegativity of the conjugated base

increases with the acidity of the corresponding acid. For PAA the partitioning is still

slightly in favor of Li+, an ion similar to the hard ion H+ which hardly dissociates in

case of weak acids. However, with increasing acidity, the binding interaction of the
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fixed ionic group to Cs+ is expected to develop some covalency while with Li+ the

interactions remains essentially ionic. In terms of specific chemical interactions, this

corresponds to the extreme case of a cation (here Cs+) donating some electron density

to the super acidic anion (−SO –
3 ).

The resulting counter-ion binding to the fixed ionic group should not be confused with

the commonly known Manning counter-ion condensation [42] which is a pure electro-

static effect expected to be identical for any monovalent cation provided dielectric con-

stants of the solvent are identical. As mentioned above, for ruling this out, dissolved

ionomers were used with an average charge distance larger than the Bjerrum length.

The present observation that dissolved or highly swollen ionomers with an average

charge distance larger than the Bjerrum length localize Li+ and Cs+ to a clearly differ-

ent extent (see table 4.1) suggests that this is not controlled by electrostatics. It should

also be mentioned that binding of the counter-ion to the fixed ionic group competes

with ion hydration which is more exothermic for Li+ compared to Cs+. The latter fa-

vors Li+ over Cs+ dissociation for all three ionomers. Especially, Pintauro et al. have

modeled the effect fixed-ions have on the orientation of water and how this affects the

solvation of the diverse counter-ions [44, 45]. These purely electrostatic considerations

alone qualitatively yield the right trends with respect to ion partitioning (these authors

have also picked Li+ and Cs+ as counter-ions), but such models miss the effects which

the fixed ion’s acidity has on counter-ion localization.

If ion association occurs, it will have an immediate effect on the ion mobility. In or-

der to check the viability of this implication the diffusion coefficients of Li+ and Cs+

were measured by PFG NMR (see chapter 2.5.2). For better comparability all dissolved

ionomers from above were adjusted to λ = 120 and a Li+ : Cs+ ratio of 1 ∶ 1 by adding

an equimolar amount of a 1 ∶ 1 mixture of Li2CO3 and Cs2CO3 to the H+ form of the

respective ionomer (Li+ and Cs+ are replacing H+, which reacts to H2O, and the pro-

duced CO2 is removed). Under the conditions of the present experiment, i.e. very

dilute ionomer concentration, 7Li and 133Cs NMR lines show a single component only.

Obviously, there is sufficient exchange between bound co-ions and co-ions which are

weakly localized within the diffuse space charge layer charge-compensating for the

residual charge of the partially neutralized fixed-ions. NMR diffusimetry with these
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signals then yield the space/time averaged tracer diffusion coefficients of Li+ and Cs+.

The measured data are shown in figure 4.2 together with ratio DCs+/DLi+ . For refer-

ence, this ratio for a dilute aqueous solution is also given. The corresponding values

are accessible in equivalent conductivity tables in literature [14].

acidity
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Figure 4.2: Average Li+ and Cs+ diffusion coefficients (black downward triangles, respectively

upward) an their ratio (red diamonds), measured by 7Li and 133Cs PFG NMR, of dissolved

ionomers at λ = 120 of different acidity with Li+ and Cs+ as counter-ions in the molar ratio 1 ∶ 1.

The ratio of diffusion coefficients in a infinite dilute aqueous solution is drawn as dashed red

line. Note that DCs+ continuously decreases with increasing acidity of the fixed ionic group

indicating increasing degree of counter-ion binding to the fixed ionic group. For Li+, however,

the trend is reversed with an exception for Aquivion (therefore, see explanation in text).

With increasing acidity, Cs+ diffusion is progressively retarded as a consequence of in-

creasing specific (covalent) interaction with the fixed ionic group. For Li+, however,

the diffusion coefficient increases with acidity from PAA over sulfonated polystyrene

PSS to the very acidic sulfonated poly(phenylene sulfone) sPSO2-220, which simply

indicates an increasing degree of dissociation with increasing acidity. In other words,

the behavior of the small hard heavily hydrated Li+ is closer to that of the proton (H+)

which cannot shift electron density to its conjugated base. For super acidic Aquivion,
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however, the diffusion coefficient of Li+ is slightly retarded against this trend indicat-

ing the onset of specific binding to the conjugated base (−SO –
3 ) also for Li+. Another

possible explanation is, that Aquivion with the alkali counter-ions is not a real solution

anymore, as experimentally, a gelation-like behaviour was observed when the carbon-

ates were added, i.e. all mobilities are retarded to some extent shifting the diffusion

coefficients to lower values. Nevertheless, the trend of the decreasing DCs+/DLi+ ra-

tio with increasing acid strength is maintained. Considering this mobility ratio for

Cs+ and Li+ the highest value (2.54) is measured for the weak acid PAA (see figure 4.2).

This is almost 30 % higher than for the aqueous solution (2.00), essentially reflecting the

slightly weaker dissociation of Li+ compared to Cs+ (ionic behavior). With increasing

acidity the increasing association of the Cs+ to the fixed ionic group through covalent

interaction leads to a drastic decrease of this ratio to DCs+/DLi+ = 0.68 observed for

Aquivion.

The measured diffusion coefficients can be used together with the partitioning data to

determine the relative contribution to the total conductivity. This estimation for the

transference number ti is:

ti =
xiDi

∑ xiDi
(4.2)

which holds when all counter-ions i of the mole fraction xi move independently within

the ionomer solution. It has to be mentioned, that the mobility data was measured for

a 1 ∶ 1 ratio of Li+ and Cs+ counter-ions in the ionomer solution, while the composition

in the equilibrated samples was different, i.e. the transference numbers in table 4.2 are

just estimations.

Although the stronger acidic ionomers preferentially take up Cs+, the transference

number tCs+ only slightly increases from 0.67 for an aqueous solution of LiCl/CsCl

(1:1) to 0.75 for PSS and sPSO2-220. For Aquivion however, where the uptake of Cs+

is pronounced the most, the calculated transference number is even reduced to 0.64,

although not significanty. The severe difference of Li+ and Cs+ uptake appears to be

compensated by the corresponding retardation of ion mobility leaving the transference

numbers almost unchanged. This is in-line with the existing literature, that observes

Nafion’s distinct ion partitioning but is not able to demonstrate the same trend in terms

of selective transport [45, 46]. Concerning the transport/selectivity relationships, the
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Table 4.2: Estimated transference numbers of Li+ and Cs+ in dissolved ionomers equilibrated

in a 1:1 solution of Li+ and Cs+. For comparison the transference numbers in a infinite dilute

aqueous solution is given. The data is a result of the combination of partitioning and mobility

data (from table 4.1 and figure 4.2).

PAA PSS sPSO2-220 Aquivion aq. solution

xLi+ 0.44 0.36 0.32 0.28 0.50

xCs+ 0.56 0.64 0.68 0.72 0.50

DLi+/10−5cm2 s−1 0.43 0.59 0.67 0.50 1.03

DCs+/10−5cm2 s−1 1.09 1.02 0.97 0.34 2.06

∼ tLi+ 0.33 0.25 0.25 0.36 0.33

∼ tCs+ 0.67 0.75 0.75 0.64 0.67

total value of the diffusion coefficients (i.e. ionic conductivity) even decreases against

an aqueous solution without gaining any selectivity for ionic transport.

4.1.2 Ion partitioning in membranes: validating the role of acidity

As next complication, true membranes with a low enough IEC preventing them from

exaggerated swelling or dissolution are considered. For the analysis, the following

membranes are resorted to: the benchmark membrane Nafion (a PFSA as Aquivion),

a low IEC sulfonated poly(phenylene sulfone) sPSO2-360, and FKE-50 from fumatech

GmbH, a sulfonated polyether ketone (sPEEK).

In the case of Nafion, there already exists a data set in literature [46], which is consistent

with the data of this work. In figure 4.3 the Li+/Cs+ partitioning data between dilute

aqueous solutions containing LiCl/CsCl and Nafion is plotted as a function of the

mole fraction in solution. The preference for the Cs+ uptake is even more pronounced

for Nafion, than it is the case for dissolved Aquivion. For a 1:1 ratio in the external

solution, the Li+/Cs+ ratio in Nafion is 12 ∶ 88, while it is only 28 ∶ 72 for Aquivion

(see table 4.1). The measurements were performed by equilibrating the membrane

pieces in <0.1 M solutions of LiCl/CsCl of the respective molar ratio. After washing
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Figure 4.3: Li+/Cs+ partitioning between aqueous solutions containing LiCl and CsCl in dif-

ferent molar ratio (<0.1 M total) and Nafion. Data of this work is consistent with literature [46].

The statistical errors are below 3 %.

in demineralized water, the Li+ and Cs+ ions are retrieved from the membrane and

measured with ICP OES (for more experimental details see appendix).

In order to verify the trend of partitioning depending on the acidity of the functional

groups observed for the dissolved ionomers, above mentioned membranes with less

acidic groups than Nafion are added to the data set from figure 4.3. With its electron

withdrawing sulfone groups, sPSO2-360 is a little bit less acidic than the super acidic

PFSA Nafion. The fumapem FKE-50 membrane as a representative of sPEEKs is bear-

ing ether groups which cause a decreased acidity because of the mesomeric effect (here

the electron releasing +M-effect) compared to sPSO2. In figure 4.4 the partitioning data

of these membranes is shown together with the data of dissolved ionomers for a exter-

nal solution with a 1 ∶ 1 Li+/Cs+ ratio (xsol
Li+

= xsol
Cs+

= 0.5). As for the very dilute case, the

selective uptake of Cs+ vs. Li+ increases with acidity of the fixed ionic group, and one

may therefore wonder whether specific interactions between counter-ions and fixed-

ionic groups suggested above for solutions are still the key parameter controlling ion
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Figure 4.4: Li+/Cs+ partitioning between aqueous solutions containing LiCl and CsCl in dif-

ferent molar ratio (<0.1 M total) and membranes of different acid strength. Data of dissolved

ionomer from table 4.1 is included. The statistical errors are below 3 %.

partitioning for membranes. In general the partitioning is more pronounced for the

membranes than for the dissolved ionomers. Nevertheless, the water content λ alone

does not seem to be the dominating parameter: the water content of the membranes in

proton form is

sPEEK(λ = 15) < Nafion(λ = 18) < sPSO2− 360(λ = 28)

while the selectivity order follows the functional group’s acidity sPEEK < sPSO2-360

< Nafion. If electrostatics were responsible for the selectivity, the average distance be-

tween the fixed ionic groups would matter. This average distance depends on the IEC

and the local morphology. Nafion, as a representative of PFSAs, has a very distinct

phase separation compared to hydrocarbon membranes like sPEEK or sPSO2. As de-

scribed in chapter 3.3, a more pronounced separation results in larger internal surface

area of the aqueous and the polymeric phase. The functional groups are distributed on

this interface, i.e. the ion exchange capacity and the degree of separation both affect
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the average distance of functional groups. In order to cover the two parameters, two

membranes were chosen to be compared to Nafion:

• fumapem 1850: basically Nafion with a lower IEC

• BP-ArF4: a hydrocarbon membrane with the same volumetric IEC and super

acidic functional groups as Nafion

The Li+/Cs+ partitioning of the membranes is shown in figure 4.5. The fumapem 1850
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Figure 4.5: Li+/Cs+ partitioning between aqueous solutions containing LiCl and CsCl in differ-

ent molar ratio (<0.1 M total) and membranes with functional groups of the same acid strength.

Compared to Nafion, fumapem 1850 has lower IEC and BP-ArF4 has a hydrocarbon morphol-

ogy. Consequently the latter two have a lower interfacial charge density, but still, they show

virtually the same ion partitioning.

membrane is a long sidechain PFSA just like Nafion, but with less functional groups

(the IEC is only 0.54 meq g−1 instead of 0.91 meq g−1 as it is for Nafion). The BP-ArF4

membrane with its hydrocarbon backbone shows a hydrophilic / hydrophobic phase

separation typical for hydrocarbons (see experimental proof in chapter 4.3) but has at

the same time a partly fluorinated side chain to which the sulfonic acid is attached. This

way, the BP-ArF4 membrane bears functional groups with the same acidity as Nafion

while exhibiting a hydrocarbon morphology. The IEC of BP-ArF4 is 1.4 meq g−1 and

therefore higher than the one of Nafion, but in relation to their volume the concentra-

tions of functional groups are almost the same: 1.96 meq cm−3 vs. 1.91 meq cm−3.3 To

3ρNafion = 2.1 g cm−3; ρBP-ArF4 = 1.4 g cm−3
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summarize the relevant membrane specifications, the 3 membranes in figure 4.5 share

the same acidity of their functional groups, but differ in the average distance of their

functional groups on the aqueous / polymeric phase interface. In case of fumapem

1850, the deviation of this distance compared to Nafion is due to the lower IEC and in

case of BP-ArF4 it is due to the hydrocarbon morphology (larger interface where the

functional groups are distributed). Interestingly, according to the data in figure 4.5,

the Li+/Cs+ partitioning is virtually the same for all 3 membranes. This underlines the

proposition, that the acidity is really the key parameter controlling the ion partitioning.

The subordinate effect of hydration will be discussed as a part of the following chapter

4.1.3.

4.1.3 Ion partitioning in Nafion: ion association

In the previous two chapters it is clearly demonstrated, that ion partitioning in CEMs

depends on the acid strength of the membrane’s functional group. The rational be-

hind this phenomenon is suggested to be counter-ion association. A counter-ion asso-

ciation/dissociation equilibrium may approximately be described by two chemically

distinct states: the fixed-ion/counter-ion pair and the hydrated counter-ion, which is

mobile within the aqueous domain. The very early NMR work on Nafion of Komoroski

and Mauritz already gave clear qualitative indication for such two states [47]. They ob-

served chemical shifting and line broadening of the cation’s NMR signal in membranes

with reduced water content. In the present work, NMR relaxometry provides evidence

for the existence of two states with different mobility, even quantitatively. In the case

of a Nafion membrane in pure Li+ form with λ = 18 a 7Li spin-spin relaxation experi-

ment (a Carr Purcell Meiboom Gill (CPMG) sequence) revealed two different species

with different T2 relaxation times (see figure 4.6). The shorter T2 (3.3 ms) corresponds

to a Li+ ion with lower motion dynamics (see chapter 2.5.1), i.e. an associated species,
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Figure 4.6: Experimental NMR data showing evidence of counter-ion association. Left: 7Li

spin-spin relaxation measurement of a Nafion membrane in Li+ form at λ = 18. Right: 133Cs

spectrum of a Nafion membrane in Cs+ form at λ = 11.8 (expanded). Deconvolution of the

signal yields two Lorentzians of different width.

while the longer T2 (600 ms) is related to the mobile, dissociated species. Their dis-

tribution is also quantitatively accessible from the double exponential fit in figure 4.6:

11 % of the Li+ is associated and 89 % dissociated. Thus, the association equilibrium

−SO −
3 + Li+°

Li+dissociated

ÐÐ⇀↽ÐÐ −SO3Li
´¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¶
Li+associated

is defined by the association constant according to the mass action law:

KLi+ =
bmem

Li+associated

bmem
Li+dissociated

⋅ b−SO −

3

= 0.045 kg mol−1 (4.3)

Unfortunately a 133Cs CPMG sequence cannot be used for the Cs+ membrane, as the

relaxation times are too short, even though an over hydrated membrane was used.

Typically, regular Nafion in Cs+ form just takes up only 7 water molecules per func-

tional group, but when it is boiled in water (optionally under pressure) it may swell

even further. This way, a Cs+ membrane with λ = 11.8 is used for the NMR analysis.

As the spin-spin relaxometry is not available, a line shape analysis was carried out.

The spectral line, whose full width at half maximum is reciprocal proportional to the

T2 (see equation (2.11)), can also give quantitative information about the population of
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the different states, as long as the exchange between the species is in a range, that al-

lows for a deconvolution of the line shape in two separate lines. Such a deconvolution

was performed (see figure 4.6 right) and results in populations of 80.5 % for the "slow"

(associated) Cs+ and only 19.5 % for the "fast" (dissociated) Cs+. With the hydration

level of λ = 11.8, the association constant KCs+ can be obtained:

KCs+ = 4.5 kg mol−1 (4.4)

These values (4.3) and (4.4) then allow calculation of the ion partitioning as a function

of the hydration number λ without any adjustable parameter:

xmem
Li+ = xmem

Li+associated
+xmem

Li+dissociated

= α
Mwλ + 2 (α + β)−√Mwλ (Mwλ + 4 (α + β))

2 (α + β)2
+xsol

Li+

√
Mwλ (Mwλ + 4 (α + β))−Mwλ

2 (α + β)
(4.5)

with α = xsol
Li+

KLi+ , β = xsol
Cs+

KCs+ and Mw = 0.018 kg mol−1 being the molar mass of

water. The calculated values match the experimental data extremely well, when the

following recursive definition of λ is implemented:

λ = xmem
Li+ ⋅ 18+ xmem

Cs+ ⋅ 7 (4.6)

where 18 is the typical hydration number of Li+ form Nafion and 7 of Cs+ form Nafion

(non-expanded). The result is plotted along with partitioning curves for different val-

ues of λ in figure 4.7. Note, that the calculations are not a fit, but the underlying model

is only based on experimentally obtained parameters. Therefore, it seems to be a strik-

ing observation, that the calculations almost perfectly match the experimental parti-

tioning data (from chapter 4.1.2), when λ scales with the respective partitioning. As

expected, the selectivity of ion uptake diminishes with increasing membrane hydra-

tion (swelling). This trend is even supported by the partitioning data of the Aquivion

solution from chapter 4.1.1, which represents essentially extremely swollen Nafion.

The fact that the matching is not perfect anymore reflects the (small) deviations of the

association constants in the diluted case (dissolved Aquivion) from the measured val-

ues in membranes at lower water content.
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Figure 4.7: Experimental data together with the very well fitting calculated Li+/Cs+ partition-

ing in Nafion according equation (4.5) - and (4.6) for the bold line - using experimental values

for KLi+ and KCs+ . The diminishing of selective uptake of Cs+ over Li+ progressively with

increasing membrane hydration is experimentally confirmed by partitioning of the Aquivion

solution.

In literature [29], a suggested partitioning coefficient

SLi+

Cs+ =
bmem

Cs+
bsol

Li+

bmem
Li+

bsol
Cs+

(4.7)

cannot reproduce the ion partitioning satisfactorily (see figure 4.8) It is only possible to

cover the correct partitioning for either low or high xsol
Li+

, but not over the whole range.

Hence, the evidence of experimental data is more in favor of the above suggested two

state model. In order to elaborate how this model accounts for the counter-ion parti-

tioning, the rational behind equation (4.5) can be explained by the idea, that Li+ and

Cs+ ions share the fixed ionic groups of the membrane as counterpart for association
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Figure 4.8: Ion partitioning fits with partitioning coefficients (red lines) and the calculation

with equation (4.5) for comparison (black line).

according to the mass action law. The particular association constant is derived from

membranes in the respective pure cation form and then assigned to the equilibrium

situation with both cations. The concentration ratio of the mobile (dissociated) species

in the aqueous phase is actually assumed to be identical to the corresponding ratio in

solution, while for the bound species, the ones with the highest association constant

(here Cs+) are enriched within the membrane (see figure 4.9). Therefore, increasing

hydration (λ), i.e. increasing dissociation of bound ions, is expected to lead to a more

even distribution of counter-ions between solution and membrane. The partitioning

for xsol
Li+

= xsol
Cs+

= 0.5 as a function of λ is shown in figure 4.9. As in this two state

model, the mobile ion fraction in the membrane is the same as in the external solu-

tion, the transference numbers do also not differ, which is already anticipated from the

partitioning and mobility measurements from chapter 4.1.1.
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Figure 4.9: Fractions of Li+ and Cs+ associated and respectively dissociated from the fixed ionic

group of Nafion equilibrated in dilute aqueous solution containing same amounts of Li+ as Cs+.

4.1.4 Donnan exclusion: extended Donnan equation

So far, the partitioning of different cations (here Li+ and Cs+) between CEMs and so-

lutions of low molality were considered. Under these conditions the concentration

of co-ions within the membrane is negligible, and the electroneutrality condition de-

mands the sum over all counter-ion concentrations in the membrane to equal the con-

centration of fixed ionic groups (IEC). For higher molarities, however, co-ions enter

the membrane to a larger extent and with them an equivalent number of counter-ions

as described by the Donnan equation (see chapter 3.1, equation (3.9)). In the follow-

ing, the focus will be moved from the counter-ion counter-ion discrimination, called

specifity or selectivity [48], to the counter-ion co-ion discrimination, called permselec-

tivity [49], which is the most prominent property of IEMs. First, the validity of the

Donnan equation for two 1,1 electrolytes (LiCl and CsCl) in the concentration range

1 M to 5 M is tested. In doing so, two severe types of deviation reflecting the differ-

ent chemical character of Li+ and Cs+ can be observed (see figures 4.10 and 4.11). The
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effects are accounted for by modifying the input parameters of the Donnan equation,

i.e. the molality of all ions and the molality of electrochemically active fixed-ions. The

actual co-ion (Cl– ) uptake was measured by potentiometric titration with a AgNO3 so-

lution and an Ag electrode after extracting all ions from the equilibrated membrane. In

the case of Nafion being immersed in aqueous solutions of CsCl, the the co-ion uptake

is tremendously higher than anticipated from the Donnan equation, which is shown in

figure 4.10.
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Figure 4.10: Left: Co-ion uptake of Nafion in a CsCl solution, which is higher than expected

from the ideal Donnan equation. Implementing the concept of ion association by the mass

action law, the measured data is described very well. Right: Schematic of the membrane in

equilibrium with the CsCl solution. Association of counter-ions is neutralizing the fixed-ions

(greyed out), allowing co-ions to enter the membrane.

This means that the breakdown of Donnan exclusion (see chapter 3.1, figure 3.1) oc-

curs earlier than expected, and permselectivity drops. The false prediction of equation

(3.9) has its reason in the fact that this ideal Donnan equation assumes the activity co-

efficients in the membrane’s aqueous phase to be the same as in the external solution:

γmem = γsol. In this way, it was possible to make predictions in the first place, since

molalities could be used instead of activities. As a simple trick to improve the predic-

tion tremendously without dealing too much with activities has turned out to remove

the associated (immobilized) ions from thermodynamic equilibrium. Implementing
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the Cs+ counter-ion association with the sulfonic acid group of Nafion, described by

the mass action law (KCs+ = 4.5 kg mol−1), results in the following four equations which

describe the equilibrium and distribution of ions when a CEM is in contact with a CsCl

solution:

bsol
Cs+ ⋅ b

sol
Cl− = bmem

Cs+dissociated
⋅ bmem

Cl− (4.8a)

KCs+ =
bmem

Cs+associated

bmem
Cs+dissociated

⋅ b−SO −

3

(4.8b)

bfixed + bmem
Cl− = bmem

Cs+dissociated
+ bmem

Cs+associated
(4.8c)

bfixed = b−SO −

3
+ bmem

Cs+associated
(4.8d)

where bfixed is directly connected with the water content λ via equation (3.11). It must

be added, that the number of water molecules per fixed ionic group of Nafion sub-

merged in a CsCl solution is dropping from λ = 7 in a dilute solution almost linearly

with the concentration to λ = 5 for a 5 M solution. The agreement of the co-ion Cl–

uptake as obtained from the equation set (4.8) with the experimental data is almost

perfect (see figure 4.10), while the ideal Donnan equation significantly underestimates

the uptake. In fact, the pronounced co-ion uptake is not significantly different from a

diaphragm (e.g. porous membrane without fixed ionic groups), which is evident when

assuming neutralization of almost all fixed-ions.

Interestingly, in the case of Nafion being immersed in aqueous solutions of LiCl the

opposite trend is observed: the co-ion uptake is actually lower than anticipated by

the Donnan equation (see figure 4.11). Inspired by the suggestions of Stokes from

1948 [35], that ions may bind solvent molecules in their solvation shell, which reduces

the available amount of solvent and thereby increases the effective molality (activity),

Glueckauf measured in 1955 the number of water molecules h per Li+ hydration shell

in a cation exchange resin with sulfonic acid groups (since at that time Nafion had not

yet been available) [50]. The value h = 3.3 he obtained in water activity measurements
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Figure 4.11: Left: Co-ion uptake of Nafion in a LiCl solution, which is lower than expected

from the ideal Donnan equation. By implementing the concept of ion hydration shell, which

reduces the amount of solvent, the measured data is described very well. Right: Schematic

of the membrane in equilibrium with the LiCl solution. Hydration shell of counter-ions is

increasing the effective concentrations by decreasing the amount of solvent (relatively more

within the membrane than in the external solution) and thereby increasing co-ion retention.

is used in this work. It reduces the effective molalities b∗ of both the fixed-ions in the

membrane and of the external LiCl solution:

b∗fixed = bfixed

1− h ⋅ bmem
Li+

⋅ 0.018 kg mol−1 (4.9a)

b∗LiCl =
bsol

LiCl

1− h ⋅ bsol
LiCl ⋅ 0.018 kg mol−1

(4.9b)

Relatively, the effect on the external solution is less severe, because in general bmem
Li+

>
bsol

LiCl. It is illustrated in figure 4.11 (left) by the small amount of water molecules avail-

able in the membrane where the subtracting and reassigning of molecules to the hy-

dration shell reduces the remaining amount of solvent molecules severely. As it is

described in chapter 3.1, figure 3.1, the molality of fixed ionic groups effects the co-ion

exclusion. An increased effective molality of the fixed-ions, i.e. a reduced effective λ,

is enhancing the exclusion of co-ions (Cl– ). As Li+ ions are barely associating with the
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fixed-ions, the implementation of the hydrated Li+ as new species alone is able to de-

scribe the co-ion uptake behaviour. The calculations (including the evaluation of the

ideal Donnan equation) were performed with a λ decreasing from 18 (dilute solution)

to 12 (5 M LiCl).

4.1.5 Transference experiments

In an attempt to verify the deducted implications of the experimental findings on selec-

tive transport regarding the counter-ion counter-ion discrimination and the counter-

ion co-ion discrimination, transference numbers are measured. Since the selectivity

among counter-ions stems from the fact, that the excess of preferably absorbed counter-

ions associates with the fixed-ions and thereby is immobilized, the transference num-

ber is not expected to be different from the solution (chapter 4.1.3). Averaged tracer

diffusion coefficients confirm this anticipation (chapter 4.1.1). The transference num-

bers are measured in a Hittorf cell (see figure 4.12), where at the anode Cl2 and at the

cathode H2 are evolving. The anode side with a 1:1 mixture of 1 M LiCl and 1 M CsCl

is separated by a CEM from the cathode side with a inital 1:1 mixture of 0.1 M LiCl and

0.1 M CsCl. A constant current is applied and draws4 cations from the anode to the

cathode side. The chemical composition of the solution at the cathode side is analyzed

by ICP OES. Since there is already a base concentration it is to note, that the measured

concentration increments ∆c are prone to error. Nevertheless, obtained values show

low variance and transference numbers are calculated according to:

tLi+ =
∆cLi+

∆cLi+ +∆cCs+
(4.10)

The membranes Nafion, sPSO2-360, and the sPEEK FKE-50 are investigated this way

when they are used as separator in the cell. The results are given in table: As ex-

pected, the transference numbers do not deviate much from the ones in a dilute equally

weighted LiCl/CsCl solution. They are close to the values for dissolved ionomers ob-

tained by PFG NMR, too. All together the evidence is clearly in favor of the proposed

ion association model.

4in addition to the concentration gradient
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1M LiCl / CsCl 0.1M LiCl / CsCl

CEM

H2

Cl2

+ +Li , Cs

+ -

Figure 4.12: Schematic of the Hittorf experiment setup for measuring the Li+ and Cs+ trans-

ference number in solutions with an initial 1:1 ratio of LiCl and CsCl. At the anode side Cl–

ions are consumed and chlorine is produced in a 1 M solution, at the cathode side hydrogen is

produced is 0.1 M. The CEM as separator is either Nafion, sPSO2-360, or the sPEEK FKE-50.

Alkali cations from the anode side need to pass the membrane in order to balance the charges.

The Li+/Cs+ ratio at the cathode side is analyzed by ICP OES.

Ion association still matters, when it comes to the co-ion counter-ion discrimination, the

permselectivity. In an attempt to generalize the findings that counter-ion association

lowers the co-ion exclusion, i.e. the permselectivity, here an AEM was investigated for

generalizing the statements made for CEMs. Therefore the fumasep FAA-3 membrane

with trimethylammonium groups, which is known to bind Cl– ions to some extent [51],

is used in a electrolyzer cell (see figure 4.13). When applying a constant current Ic,

Cl– ions are consumed at the anode and Cl2 evolves, while at the cathode Cu2+ is

reduced to Cu by plating. Either protons from the anode side or chloride ions from

the cathode side need to cross the membrane in order to balance the charges. The pH

at the cathode side is measured in regular intervals to track the H+ concentration. A
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Table 4.3: Li+ and Cs+ transference numbers of different CEMs.

tLi+ tCs+

aq. solution [14] 0.33 0.67

sPEEK 0.31 0.69

sPSO2-360 0.36 0.64

Nafion 0.33 0.67

reference measurement at 0 A is performed and together with the total flowed charge

the transference number is calculated:

tH+ =
(10pHIc(t) − 10pH0 A(t)) ⋅Vcathode

Ic ⋅ t ⋅ F−1 (4.11)

With an obtained value of tH+ = 0.74, the transference number appears to be virtually

identical to that of 1 M HCl [52]. In other words, local ionic transport of aqueous so-

lutions entering the neutralized ionomer membrane does not change very much. In

this way, anion exchange membranes in concentrated acids predominantly conduct

protons, a phenomenon which has been recognized qualitatively before [53, 54].

4.1.6 Concluding remarks

When a IEM is in contact with aqueous solutions of strong 1,1 electrolytes such as al-

kali metal halides, both phenomena ion partitioning among counter-ions and Donnan

exclusion (co-ion retention) can be explained by three controlling parameters:

1. specific interactions between counter-ions and fixed ionic groups (association

constant Ki)

2. total water uptake of the membrane (λ), and

3. the extension of all ions’ hydration shell (h)

The counter-ion association and the hydration shell have severe impact on the activity

of the ionic species, which is addressed by using effective molalities5.

5basically the same treatment as introducing an activity coefficient different from 1
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1M HCl 0.5M CuCl2

AEM

Cl2

+
H

-Cl

Cu

+ -

Figure 4.13: Schematic of the Hittorf experiment setup for measuring the H+ and Cl– transfer-

ence number. At the anode side Cl– ions are consumed and chlorine is produced in a 1 M HCl

solution, at the cathode copper is deposited in 0.5 M CuCl2 solution. The AEM as separator is

the fumasep FAA-3 membrane.

I.e. the molecules from the hydration shell are reassigned from the solution to the ionic

species, reducing the amount of solvent and increasing the ion’s molality explaining

the pronounced co-ion retention of the membrane. On the other hand, the associated

(immobilized) ions are considered chemically inactive, reducing the effective molality.

This can also be perceived as reduction of the concentration of fixed ionic groups by

neutralization which leads to a increased co-ion uptake. Additionally, there is no se-

lective counter-ion uptake when considering mobile ions in the membrane only. The

degree of counter-ion association decreases with increasing water uptake and increases

with increasing acidity of the fixed ionic group for polarizable cations with low elec-

tronegativity. It culminates in the extreme case of the super acidic Nafion and the

polarizable Cs+ where co-ion retention almost collapses. Note, that for a lot of ap-

plications, properties like gas separation (not covered in this work) still make IEMs

preferable over simple diaphragms.
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Some of those findings were already discovered in the past, but they were attributed

mostly to electrostatics. Manning’s counter-ion condensation is used for explaining the

failure of the ideal Donnan equation and the increased co-ion uptake in CEMs [55]. A

critical parameter here is the average separation length of fixed-ions and the Bjerrum

length, which again depends on the dielectric constant. The literature in question uses

for their calculations an arithmetic mean of the dielectric constants of water and the re-

spective polymer. This is in conflict with the finding that the local dielectric constant of

water in Nafion is close to the bulk value [56]. However, this work avoids the discus-

sion by using also dissolved ionomers, where the separation length is doubtlessly be-

yond the Bjerrum length. Still, counter-ion association was observed with the relevant

parameter being the specific interaction between counter-ion and fixed-ion. If elec-

trostatics were responsible for the association, respectively condensation, there would

not be a difference in the behavior between different counter-ions (e.g. the actual con-

densation of alkali cations on polyphosphates does not show a trend from low to high

atomic number [57]). Finally, the fact, that ion partitioning is obviously well described

by using mass action laws for the ion pairing process, is in favor of specific chemi-

cal interactions being the major driving force for the observed phenomena rather than

electrostatics. In his seminal paper Manning clearly stated: “. . . thus a conventional

mass-action formulation does not hold for counter-ion binding in polyelectrolyte solu-

tions.” [42].

For the counter-ion counter-ion selectivity, Pintauro et al. have modeled the effect

fixed-ions have on the orientation of water and how this affects the solvation of the di-

verse counter-ions [44,45]. These purely electrostatic considerations alone qualitatively

yield the right trends with respect to ion partitioning (these authors have also used

Li+ and Cs+ as counter-ions), but such models miss the effects which the fixed-ion’s

acidity has on counter-ion localization. Furthermore, their model implies "increasing

the membrane’s pore-wall charge density will increase the cation cation absorption se-

lectivity" [45]. This is contradicting the finding in this work, that Nafion and BP-ArF4

(with different "pore-wall charge density" but the same acidity of their fixed-ions) show

virtually the same ion partitioning.
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One of the unique findings in this work is that the selectivity of ion uptake does not de-

pend on the membrane’s ion exchange capacity (IEC) but very much on slight changes

of the fixed ionic-group’s chemical character. For ion uptake of ionomers with sulfonic

fixed-ionic groups, the Cs+/Li+ preference markedly increases with increasing acid-

ity of the sulfonic group. The Brønsted acidity is affected by the chemical influence

of the polymer that the ionic group is attached to. The PFSA Nafion is a super-acid

which shows not only the most pronounced Cs+/Li+ selectivity but also the lowest de-

gree of dissociation for both ions. This seems counter-intuitive considering the lower

negative charge density on the conjugated base (−SO –
3 ), which is expected to reduce

the electro-static attraction with cations. However, the reduced electric field strength

around the fixed-ionic group also reduces the interaction with hydration water, there-

fore favoring ion association. This effect is part of the electro-static model developed by

Eisenman [48,58] partially explaining the increasing cation association with increasing

Brønsted acidity. The Brønsted acidity increase of Nafion not only goes along with a

decreased negative charge density but also an increased electronegativity of the conju-

gated base (−SO –
3 ) creating a driving force for electron transfer from the highly polar-

izable Cs+ towards the fixed ionic group leading to some coordinate covalent bonding.
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4.2 Electroselectivity

Electroselectivity (according to Helfferich, Bonhoeffer was the first to label it "Elek-

troselektivität" [29]) describes the phenomenon of the purely electrostatic preference

of ions according to their higher or lower valence.

4.2.1 Setting

As a consequence of the diagonal relationship in the periodic table [59], lithium and

magnesium deposits often exist side by side. With the increasing demand of lithium

as a material in the energy and electronics industry, there comes a growing interest

regarding lithium production and the separation processes of lithium and magnesium.

Lake brines, as abundant lithium resources, are exploited largely to extract lithium.

Selective electrodialysis is an emerging technology using electroselective membranes

to recover and separate lithium from brines with high lithium and magnesium mass

ratio [60].

Other applications with the necessity for electroselective membranes are sea water con-

centration for table salt production or reverse electrodialysis, where energy is retrieved

from the difference in the salt concentration between seawater and river water. For

both, cross transport of multivalent ions needs to be suppressed because it decreases

the product’s purity and depreciates the energy efficiency [61, 62]. So-called monova-

lent selective CEMs are established for the mentioned applications. These are typically

traditional CEMs, polymers with fixed anionic groups, with an AEM coating, respec-

tively a thin layer of polycations (see figure 4.14). The purpose of the polycation layer is

to repel multivalent cations over monovalent cations. Monovalent selective AEMs are

designed analogously, i.e. a polyanion layer (CEM layer) is deposited on a AEM. The

rational behind the monovalent selectivity is recently often referred to be the electro-

static rejection of ions towards the same charged polyionic coating, which is stronger

for multivalent ions than the coulombic repulsion imposed to monovalent ions [63–65].

This explanation somehow implies that the AEM layer is charged as a whole, but in

fact, mobile counter-ions (here cations) balance the charge and preserve electroneu-

trality. Nevertheless, the electric potential is high in the AEM layer compared to the
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Figure 4.14: Schematic of a CEM with a AEM layer for selective monovalent cation transport.

adjacent solution according to equation (3.5) (Donnan potential, see chapter 3.1) and

is responsible for the higher retention of multivalent cations compared to monovalent

ones (electroselectivity). In this work, the focus is laid on explaining such effects on

electroselectivity by extending Helfferich’s considerations [29] regarding the Donnan

equilibrium with respect to electroselective ion uptake.

4.2.2 Mono- vs. divalent co- and counter-ions

The separation of monovalent cations and multivalent cations is a current issue (see

chapter 4.2.1), which is not only relevant for many industries but also challenging for

academic explorations. In 1959, Helfferich already described the preferred uptake of

divalent cations over monovalent cations in CEMs [29] backed by experimental data

of cation exchange resins [66]. For a CEM adjacent to an external solution of monova-

lent co-ions (anions) and mono- and divalent counter-ions (cations) of the same charge

equivalent:

(bsol =) bsol− = bsol+ + 2 ⋅ bsol
2+ (4.12a)

bsol+ = 2 ⋅ bsol
2+ (4.12b)

He made following assumptions for the equilibrium situation:
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• no swelling pressure

• activity coefficient ratio within the membrane is the same as in the solution (i.e.

no difference of counter-ions regarding specific interactions)

• perfect co-ion exclusion (no electrolyte uptake)

Due to the latter assumption, the resulting equation for the fraction of counter-ions in

the membrane xmem (normalized to the equivalent charge) is only valid for very low

concentrations of the external solution bsol:

xmem
2+ = 1− xmem+ (4.13a)

xmem+ = 1
4
⋅
⎛
⎜⎜
⎝

¿
ÁÁÁÀ( bsol

bfixed
)

2

+ 8 ⋅ bsol

bfixed
− bsol

bfixed

⎞
⎟⎟
⎠

(4.13b)

At higher molalities, when additional electrolyte uptake is considered, the set of equa-

tions describing the ion partitioning obtained by the equilibrium of equation set (3.2)

for two kinds of cations is the following:

bfixed + bmem− = bmem+ + 2 ⋅ bmem
2+ (4.14a)

bsol+ ⋅ bsol
2+ = bmem+ ⋅ bmem− (4.14b)

(bmem+ )2 = bsol− ⋅ bsol
2+ (4.14c)

These equations can be solved explicitly and the result is plotted in figure 4.15.

For an infinite dilute external solution with equivalent mono- and divalent cations, the

counter-ions in the CEM are just divalent without any monovalent ion. The reason

is simply the fact, that this minimizes the concentration gradient (chemical potential

difference) of mobile cations between the membrane and the solution and the corre-

sponding Donnan potential difference (see equation (3.5)). When the electrolyte con-

centration increases, not only additional monovalent cations enter the membrane, but

also the divalent ion concentration decreases, before it rises again due to the electrolyte

uptake (see figure 4.15).

As a further extension of the electroselectivity according to Helfferich, the considera-

tions made can also be applied to valency-dependent co-ion uptake. In fact, the se-

lective uptake of divalent over monovalent counter-ions is reversed when it comes
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Figure 4.15: Calculated mono- and divalent counter-ion (cation) uptake in a CEM with λ = 20

(bfixed = 2.78 mol kg−1) according to equations (4.14). The dashed line shows the calculation

according Helfferich (equation (4.13)).

to co-ions. For the same reasons mentioned above (Donnan potential), the uptake of

monovalent co-ions is preferred over divalent co-ions. For an AEM equilibrated with

an external solution of monovalent counter-ions and mono- and divalent co-ions of

the same charge equivalent (equations (4.12) from the CEM case still hold true, while

anions and cations just switched their role as co- and counter-ion) the Donnan equilib-

rium is governed by the following set of equations:

bfixed + bmem+ + 2 ⋅ bmem
2+ = bmem− (4.15a)

bsol− ⋅ bsol+ = bmem− ⋅ bmem+ (4.15b)

(bsol− )
2 ⋅ bsol

2+ = (bmem− )2 ⋅ bmem
2+ (4.15c)
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The solution of (4.15) is plotted for λ = 20 in figure 4.16 as blue line. The electrostatic

driving force zFφ for the co-ions is opposite to the driving force for the counter-ions,

and this is higher for divalent compared to monovalent co-ions (cations for AEMs).

Therefore, the membrane selectively takes up monovalent cations from dilute solu-

tions. Of course, the fraction of mobile cations (co-ions) in the membrane is smaller

compared to a CEM, and the decay of this selectivity with increasing salt concentra-

tion of the solution is less pronounced than for the discrimination of counter-ions with

different charge. Note that the blue line (partitioning in AEM) and the red line (parti-

tioning in CEM) in figure 4.16 are not symmetrical, i.e. the latter approaches faster the

asymptote at 0.5.
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Figure 4.16: Fraction of monovalent cation uptake.

The validity of these equations (4.14) and (4.15) is qualitatively checked by equilibrat-

ing a CEM (Nafion N117) and an AEM (fumasep FAA-3) in solutions of LiCl / MgCl2
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mixtures with equivalent charge ratio (i.e. a molar ratio of 2:1). In particular for the

preferred monovalent co-ion uptake, to my knowledge, there does not exist data in lit-

erature yet, even though the effect is already exploited by monovalent selective mem-

branes. The nature of IEMs, in the sense of co-ion exclusion, allows only measuring

significant amounts of cations in AEMs at elevated concentrations of the external equi-

libration solution, while for CEMs they can be measured when the external solution

is dilute. However, for both membranes, the concentration dependent uptake of the

ions is measured by ICPs OES. In figure 4.16 the measured fraction of monovalent ions

within the counter-ions or respectively the co-ions is plotted together with the calcu-

lation from equations (4.14) and (4.15) for a water content fixed to λ = 20, which is

an upper limit, as in reality the water content decreases with higher molality of the

solution.

While the qualitative trends are confirmed, the agreement of measured data and the

calculated estimation is rather poor. Especially, the difference in case of the AEM FAA-

3 seems high. A possible explanation is the counter-ion condensation of Cl– , which

promotes diaphragm-like behaviour (see chapter 4.1). Additionally, there is even a

reversal of the qualitative trend at higher molalities (>4 mol kg−1). This deviation stems

from the fact that both specific interactions and the swelling pressure (with differences

in the partial molar volume) are neglected. Such effects may mask the influence of

electroselectivity, particularly at higher molalities.
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4.2.3 Concluding remarks and outlook

Electroselectivity is an immediate consequence of the presence of fixed-ionic groups.

High valency counter-ions and low valency co-ions are preferred in ion uptake due to

the Donnan potential. Still, the implications for the separation of ions with different

valence state are actually not straightforward. Other works suggest that the fractions

of ions with different valence state in the membrane are also functions of current den-

sity and boundary conditions [65]. E.g. a CEM preferentially contains and conducts

divalent cations rather than monovalent cations in dilute solutions only for very low

current density. With increasing current density, divalent cations progressively deplete

in a near-surface layer of the contacting solution at the anode side. This depletion pro-

cess is not only the consequence of the preferred transport of divalent cations by the

ionic current, it is also due to a less efficient transport of divalent cations6 from the

bulk of the solution into the near surface layer. Therefore, an increasing fraction of

monovalent cations incorporate and conduct in the membrane [67, 68].

This monovalent cation transport in CEMs may be even enhanced by coating the

anode-side of the CEM with a very thin layer of an AEM (see figure 4.14). As shown

above theoretically and experimentally, AEMs preferably take up monovalent over

multivalent co-ions, which are counter-ions for a CEM. The considerations of Helf-

ferich regarding electroselective ion uptake in IEMs (exclusively for counter-ions) are

extended for higher concentrations beyond Donnan exclusion and the discrimination

among co-ions of different valency is newly implemented, explaining the experimen-

tally observed trends satisfactorily. Nevertheless it is to be mentioned that this work

refers to systems in equilibrium and the situation in dynamic systems may differ while

trends are covered correctly.

6the rather extended and robust hydration shells of higher valency ions generally reduce their diffusion

coefficient in water
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4.3 Impact of morphology

So far, morphological effects have been deliberately excluded by considering relatively

small ions in well-swollen IEMs. For larger ions or other dissolved species within

ionomers with narrow aqueous ionic domains, however, steric effects on ion mobility

may emerge [69–71]. After a short presentation of the state of the art regarding ex-

ploitation of ion sieving in RFBs in chapter 4.3.1, such effects are studied in chapter

4.3.2 on the basis of the model system Nafion - tetrakis(hydroxymethyl)phosphonium,

where the diffusion coefficients of a small and a large species in the same sample are

measured at different water contents. Following, in chapter 4.3.3 ionic mobility of H+

and VO2+ in IEMs is investigated by conductivity measurements in dependence of the

hydration level of the membrane. Aqueous domain widths of IEMs in VRFBs are ex-

perimentally determined by SAXS measurements in section 4.3.4 and implications on

the VRFB efficiency are discussed and underpinned by experimental data.

4.3.1 Setting

Effects regarding steric restrictions on a species’ mobility are known occurring for

molecular transport through the open defined structures of zeolites [72]. For technical

zeolites, also the term molecular sieve is used referring to the observations that molec-

ular diffusion coefficients are high provided the molecule is smaller than the morpho-

logical bottleneck along the diffusion pathway. Such sieving effects were also demon-

strated for the mobility of ionic species [73], and zeolite membranes have been used in

VRFB applications for rejecting large electrochemically active vanadium species [74].

The fact, that also nano-filtration membranes perform reasonably well in VRFBs [75]

and polymeric nano-porous membrane coatings improve performance for this appli-

cation [76, 77] qualitatively demonstrates ion sieving also for this type of porous poly-

mers. As for such uncharged polymeric materials, the structure (morphology) of most

IEMs is ill-defined, and hence, reported transport/morphology relationships are, to

date, at best qualitative [78].
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4.3.2 Sieving effect in an IEM

The IEM with the most distinct morphology is prototypical Nafion. The available in-

formation about its locally flat morphology, where the aqueous domain width scales

linearly with the water content, allows one to reveal quantitative relations between

this morphological feature and the mobility of ionic species in Nafion. A suitable

counter-ion for such investigations is an ion of distinct dimension: e.g. the tetrakis-

(hydroxymethyl)phosphonium cation (see figure 4.17). The cation’s diffusion coeffi-

~ 0.62 nm

Figure 4.17: Chemical structure tetrakis(hydroxymethyl)phosphonium.

cient in dilute chloride solution is experimentally determined by PFG NMR (where

both can be used, the 1H or 31P signal) to D = 7.9× 10−10 m2 s−1. The hydrodynamic di-

ameter of the phosphonium ion is calculated with equation (2.1) to be 0.62 nm, which

coincides with the geometrical extension of this cation. This means that the ion does

not have a pronounced hydration shell and its radius in an IEM is not affected by the

level of hydration.

The CEM Nafion with tetrakis(hydroxymethyl)phosphonium counter-ions now serves

as model system, where the diffusion coefficients of a small (water molecules) and a

large species (phosphonium ions) in the same sample are measured at different water

contents. In figure 4.18 an exemplary PFG NMR echo attenuation is shown, from which

both diffusion coefficients can be obtained. The diffusion coefficients of the phospho-

nium cation are crosschecked by 31P NMR. Since diffusion coefficients strongly depend
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Figure 4.18: Echo attenuation of a 1H PFG NMR experiment on Nafion in tetrakis-

(hydroxymethyl)phosphonium form at λ = 5.3. The peak from water protons (δshift = 4.8) is

attenuating faster with increasing field strength than the signal stemming from the protons of

the phosphonium ion.

on the water content (especially at low values), and experimental data of water con-

tents are usually flawed with large errors, only measurements on identical samples

yield high accuracy when comparing small and large species. The measured diffusion

coefficients of water D1H and the large phosphonium cation D31P in Nafion are shown

in figure 4.19 as a function of the water volume fraction Φaq including data for a dilute

aqueous solution (Φaq = 1). The diffusion coefficient of neutral water represents the

mobility of hydronium ions (H3O+) which is known to be close to the water diffusion

coefficient [79]. The choice of a neutral species also avoids mixed ion effects, which are

small in liquids but still may introduce further complications. At high water content,

the diffusion coefficients of both species are similarly affected by the reduction of the

water content, i.e. the narrowing of the aqueous domain, while they diverge for lower
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Figure 4.19: Diffusion coefficients of water and tetrakis(hydroxymethyl)phosphonium in

Nafion as a function of water volume fraction Φaq. Also the values in a dilute aqueous tetrakis-

(hydroxymethyl)phosphonium chloride solution are given (Φaq = 1).

water contents. The aqueous domain width can be calculated based on the fact that

it scales linearly with the water content (also for other cations than H+ [39]) while the

polymeric phase width is constant at 2.8 nm. In figure 4.20, the ratio of the diffusion

coefficients of water and tetrakis(hydroxymethyl)phosphonium is plotted as a func-

tion of the width of the aqueous ionic domain daq. Coming from high water content

(i.e. large daq), the uniform decrease of both diffusion coefficients (water and phospho-

nium) with decreasing water content is expressed with the initial constant diffusion

coefficient ratio. The mobility reduction is mostly a long-range percolation effect as a

consequence of increased tortuosity affecting both species similarly. The sharper de-

crease in diffusion coefficient recorded for phosphonium compared to water diffusion

at low water content indicates a blocking effect on a local scale. This is clearly visible in

the ratio diverging when approaching daq = 0.62 nm, which is the geometric extension

of tetrakis(hydroxymethyl)phosphonium. At the corresponding water content (λ ≈ 3)

the diffusion of phosphonium cations comes to a standstill while water (hydronium)

still shows reasonable diffusion.
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Figure 4.20: Ratio of the diffusion coefficients of water and tetrakis(hydroxymethyl)-

phosphonium in Nafion as a function of the width of the aqueous ionic domain daq. The dashed

line marks the diameter of the phosphonium cation.

As it is shown in the following chapters, this size discrimination (sieving) is even more

pronounced for ions with a larger size difference and ionomers with better defined

morphology.

4.3.3 Ionic transport of VRFB electrolyte in IEMs (VO2+ vs. H+)

Redox flow batteries are among the technologies that provide the potentially lowest

cost of stationary electrical energy storage per unit installed capacity [80], because of

their potentially long lifetime. As described in chapter 1.1, ion conducting membranes

in such batteries have to efficiently separate the electrochemically active ionic species

while conducting other ionic species for mediating the electrochemical reactions at a

sufficiently high rate. The feasibility of the diverse types of redox-flow batteries there-

fore highly depends on the availability of separator membranes with high ionic con-

ductivity and appropriate selectivity profile. The latter mainly controls the battery’s

lifetime, which is still critical for most types of redox-flow batteries [81]. An important

exception to this behavior is observed in the vanadium redox flow battery (VRFB).
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The reason for this is that both electrolytes of VRFBs contain vanadium ions as redox

active species (V2+, V3+ in the anolyte and VO2+ and VO +
2 in the catholyte). Hence,

any vanadium transport through the membrane reduces the CE, but it does not lead to

irreversible mutual chemical contamination of anolyte and catholyte.

Both electrolytes of VRFBs contain their redox active vanadium species dissolved in

a 4 M H2SO4 solution. As long as predominantly protons and not vanadium species

mediate through the CEM separating the electrolytes, the CE is high. Typically, the

transport selectivity of vanadium species versus protons, is investigated with vanadyl

sulfate (VOSO4) dissolved in sulfuric acid as representative of the VRFB electrolyte.

Interestingly, the vanadium uptake of a Nafion membrane equilibrated with a dilute

solution of a model electrolyte (0.05 M VOSO4, 0.05 M H2SO4) is hardly detectable. Un-

der these conditions, Donnan exclusion is very effective, and the membrane exchanges

only cations (counter-ions) with the solutions. The fact that Nafion remains in its pure

proton-form therefore suggests that the VO2+ concentration in the electrolyte is very

small. Indeed, aqueous solutions of VOSO4 behave as very weak electrolytes [82, 83],

and VO2+ is mostly present as neutral VOSO4. At higher concentrations as common

in VRFBs (e.g. 1.6 M VOSO4 and 4 M H2SO4), vanadium species will still enter the

membrane.

A common ex-situ method for measuring vanadium crossover is by analytically deter-

mining vanadium arriving at a e.g. 1 M MgSO4 / 2 M H2SO4 electrolyte separated from

a vanadium containing feed electrolyte through the membrane in the absence of any

osmotic pressure difference across the membrane [84]. This method yields the ambipo-

lar diffusion coefficient for e.g. VO2+/Mg2+ interdiffusion only, and the membrane’s

water content cannot be controlled during the experiment. Unfortunately, vanadium

diffusion coefficients are not accessible by NMR techniques (like phosphonium diffu-

sion in Nafion, see section 4.3.2), but conductivity data bear information about diffu-

sion, since tracer-diffusion and ionic mobility are controlled by the same elementary

processes.

Conductivity is easily measured at controlled hydration level, and membranes can be

converted into the pure VO2+ form (standing for all vanadium containing species).
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Although VO2+ strongly associates with SO 2 –
4 in aqueous solution, it does not asso-

ciate with sulfonic acid groups of CEMs. Hence, the total conductivity of CEMs in their

VO2+ form provides direct information about the molar conductivity Λm of dissociated

vanadyl species. Figure 4.21 (left) shows Λm;VO2+ as well as the molar conductivity of

protons Λm;H+ for the two types of membrane in their pure VO2+ and H+ forms as a

function of water volume fraction Φaq.
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Figure 4.21: H+ and VO2+ molar conductivity Λm in Nafion and sPSO2-360 as a function of

water volume fraction Φaq.

The values obtained from extrapolation at Φaq = 1 coincide with the molar conductivity

of both species in aqueous solution [85]. The data also clearly show that the mobility of

both ions is significantly reduced in the less phase-separated hydrocarbon membrane

sPSO2-360 (IEC = 2.78 meq g−1) compared to Nafion (IEC = 0.91 meq g−1) with well-

developed hydrophobic/hydrophilic separation. When plotting the data against λ, the

data almost equal at high water contents, but they not only decrease faster for the less

phase-separated ionomer once the water content falls below a certain limit (see figure

4.22), the onset of fast decrease is also at higher water contents for the larger species

(VO2+
aq.) compared to the smaller hydrated proton.

In other words, the ratio σH+/σVO2+ (selectivity) starts increasing below this hydration

level (Figure 4.22 right), and this behavior can be exploited for suppressing transport

of vanadium species while keeping proton conductivity relatively high. For a given
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Figure 4.22: Left: H+ and VO2+ conductivity σ in Nafion and sPSO2-360 as a function of of

hydration number λ. Right: Ratio of H+ and VO2+ conductivities as a function of hydration

number λ. Note that the ratio is not calculated from identical samples, but from interpolated

data at comparable λ instead.

degree of phase separation, the controlling parameter is the level of hydration, i.e.

for less phase separated ionomers higher selectivity is achieved even at higher water

content.

Since the hydration level for a given polymer structure strongly depends on IEC, IEC

variations is a means to optimizing selectivity. It should also be noted that the onset of

the increase in selectivity occurs at a width of the aqueous domain close to the hydro-

dynamic radius of VO2+
aq.. This value of 0.7 nm is consistently obtained from its molar

conductivity [85] and from density functional theory calculations, and it is similar for

all other vanadium species present in VRFB electrolytes [86–88].

Consequently membranes with a width of the aqueous domain below 0.7 nm at equi-

librium with the relevant electrolyte solution should be interesting for VRFBs due to

their selectivity for small protons over VO2+
aq..
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Figure 4.23: Schematic illustration of a morphological bottleneck at the onset of selectivity

increase.

4.3.4 Aqueous domain width of membranes in VRFB environment

In the preceding two chapters, the sieving effect in IEMs was visualized by artificially

reducing the aqueous domain width by drying the samples. In real applications, the

membrane is permanently in contact with electrolyte and equilibrated with its envi-

ronment to a certain width. For anticipating a membrane’s performance in a VRFB,

it is necessary to know the aqueous domain width of the membrane in equilibrium

with the respective electrolyte. Therefore, SAXS is deployed to measure the correlation

length in membrane samples equilibrated in 1.6 M VOSO4 / 4 M H2SO4, representing

the vanadium species containing electrolyte in VRFBs. A PFSA (Nafion) and a hydro-

carbon membrane (BP-ArF4) are chosen to be compared as their chemical structure

only differs in their backbone (as explained in chapter 4.1.2). Nafion in different ion

forms is known to have a large, a pronounced phase separation. On the other hand for

BP-ArF4 a typical hydrocarbon morphology (poor hydrophilic / hydrophobic phase

separation) is expected, created by the polymer structure of rigid biphenyl backbone

(see figure 2.4). In fact, the ionomer peaks of the BP-ArF4 membrane are systematically

at higher q values than for Nafion (shown in figure 4.24).

Together with measurements of the water or electrolyte content waq the aqueous do-

main width can be calculated with equation (3.16). The measured data is summarized

in table 4.4.
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Figure 4.24: SAXS patterns of Nafion and BP-ArF4 in H+ form in water and in VRFB electrolyte

(1.6 M VOSO4 / 4 M H2SO4).

Due to the lower water activity in the VRFB electrolyte compared to pure water, the

water uptake of both membranes is lower and the aqueous domains narrower. Still, in

case of Nafion the aqueous domain width is rather large (1.20 nm) even when equili-

brated in 1.6 M VOSO4 / 4 M H2SO4. The aqueous domain width of BP-ArF4 is with

its 0.63 nm actually below the hydrodynamic diameter of VO2+
aq.. The narrow aqueous

ionic domains should efficiently block the transport of vanadium species, while still

being wide enough for high proton conductivity (provided they are well connected).

Another polymer also has shown vanadyl rejecting properties: the polybenzimidazole

PBI-O [89]. The structure is given in figure 4.25.

NH

N

NH

N

O
n

Figure 4.25: Chemical structure of the polybenzimidazole PBI-O.
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Table 4.4: Position of ionomer peak in q-space and calculated values for the average width of

aqueous ionic domain daq of membranes in contact with different solutions. Polymer density

ρpolymer and mass fraction of aqueous phase waq is used to calculate daq.

density H+ form in water in 1.6 M VOSO4 / 4 M H2SO4

sample ρpolymer/g cm−3 q/nm−1 waq/% daq/nm q/nm−1 waq/% daq/nm

Nafion 2.1 1.24 25 2.10 1.49 21 1.20

BP-ArF4 1.4 1.56 28 1.41 1.90 19 0.63

PBI-O is actually not a true ionomer, i.e. it is a neutral polymer, albeit with a high den-

sity of weak basic sites (IEC ≈ 5 meq g−1 ). In the presence of highly acidic VRFB elec-

trolytes, basic nitrogen sites get protonated, hence the polymer is positively charged

keeping anions (here HSO –
4 and SO 2 –

4 ) adsorbed. The position of the ionomer peak

of a PBI-O sample (figure 4.26) equilibrated in 1.6 M VOSO4 / 4 M H2SO4 yields an

aqueous domain width of daq = 0.36 nm.
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Figure 4.26: SAXS pattern of PBI-O in VRFB electrolyte.
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4.3.5 Review of VRFB performances of several membranes

The two important properties of membranes for VRFBs are a high conductivity and an

appropriate selectivity profile. The former brings a high voltage efficiency VE and the

latter avoids self-discharge, i.e. yields in a high Coulomb efficiency CE. As for several

different current values the charge and discharge currents are held constant and the

same, the efficiency can be plotted as function of the current density J, which is the

charging (or discharging) current divided by the area of the membrane in contact with

the solutions. In figure 4.27 both the CE and VE of the membranes Nafion and BP-ArF4

as function of the current density J are compared.
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Figure 4.27: Coulomb efficiency (CE) and voltage efficiency (CE) of a VRFB with Nafion and

BP-ArF4 as a function of current density J.

Both polymers have a similar volumetric IEC, but the BP-ArF4 membrane is cast thin-

ner (55 µm) as the commercial Nafion membrane (195 µm in the soaked condition). In

consequence the area resistance of the BP-ArF4 is lower, i.e. the VE is higher. What

strikes one now is that, at the same time, the CE is higher, too. Hence, despite the

smaller thickness the crossover of vanadium species is lower for the BP-ArF4 mem-

brane than for the almost 4 times thicker Nafion membrane. In fact, this was already

anticipated in the previous chapter, as the aqueous domain width of BP-ArF4 under
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VRFB conditions is below 0.7 nm (the approximate hydrodynamic diameter of vana-

dium species).

Furthermore, sPSO2-360, PBI-O, and Nafion of different thickness were tested in

a VRFB. Interestingly, the CE approaches always 100 % for high current densities.

Apparently, there is no significant electric field driven transport of ionic vanadium

species, i.e. most of the vanadium crossover is occurring through diffusion of neutral

vanadium containing species (e.g. VOSO4) entering the membrane as part of excess

electrolyte. From the dissociation constant of VOSO4 [85] it is known that the degree

of dissociation of a 1.6 M VOSO4 is lower than 5 % and the addition of sulfuric acid is

expected to further decrease this number. The observation that Coulomb efficiencies of

VRFBs approach 100 % for high current density even highlights that other vanadium

species with different oxidation states are similarly forming neutral ion pairs.

The crossover of neutral vanadium containing species can be expressed by a current

independent diffusional flux JD. This constant value is specific for each membrane and

can be obtained from the current dependence of the Coulomb efficiency:

CE(J) = J
J + JD

(4.16)

For membranes of various thickness d, JD turns out to linearly decrease with increasing

membrane thickness d as expected for a pure diffusional flux (respective data is plotted

in figure 4.28). This results in the specific diffusional flux jD as material property:

jD = JD ⋅ d (4.17)

VRFBs therefore constitute a special case of a flow battery whose energy efficiency is

controlled by the crossover of neutral vanadium species at low current density and

by ohmic losses at high current density. Hence, the two intrinsic materials properties

describing the membrane behavior in this application are the specific diffusional flux

jD and the specific conductivity σ. While jD determines the Coulomb efficiency CE, σ

determines the voltage efficiency VE according to:

VE(J) = 1− 2 ⋅ J
OCV ⋅ σ

d
(4.18)
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Figure 4.28: Current dependent Coulomb efficiency CE(J) of a VRFB with sPSO2-360 (left)

and Nafion (right) membranes of various thickness including fits according equation (4.16).

The insets show JD as a function of d−1 with a slope corresponding to the specific vanadium

crossover current density jD.

where OCV is the open-circuit voltage of the battery. This equation (4.18) is idealized,

because the ohmic loss stems from the membrane alone (other resistances of the setup

are not included). The overall energy efficiency is calculated as EE = CE ⋅VE.

The four different membrane materials, which are measured, are each standing for a

certain class of ionomers. Their properties and importance for VRFBs is discussed in

the following. Therefore, vanadium crossover jD and membrane specific conductivity

σ were determined in operando with the non membrane contributions of the ohmic re-

sistance subtracted. As a semi-quantitative measure of suitability for VRFBs the figure

of merit f om as ratio of conductivity and vanadium crossover is introduced:

f om = σ

jD
(4.19)

The evaluated data is summarized in table 4.5 and the resulting theoretical energy

efficiencies for two different membrane thicknesses are plotted in figure 4.29.

Surprisingly, the polybenzimidazole membrane PBI-O has the highest f om (3621), i.e.

the best balance of conductivity and vanadium crossover. As PBI-O is actually not

a true ionomer, the conductivity then mainly stems from a significant amount (43 %)

of absorbed excess sulfuric acid with contributions from protons (H3O+) and sulfate

- 85 -



Impact of morphology

Table 4.5: Molecular structure and width of aqueous domain daq under VRFB conditions of

different membrane materials. Specific vanadium crossover current density jD and membrane

specific conductivity σ are calculated from VRFB test data. The figure of merit f om = σ
jD

is also

given.

polymer daq / jD / σ / f om /

nm µA cm−1 mS cm−1 V−1

Nafion

CF2

CF

CF2

O

F2C

CF

O

CF2

CF2

SO3H

F3C

CF2 yx

1.2 37 25 655

sPSO2-360 S S S

O

O

O

O

O

O

S

HO3S

O

O

SO3H

n
- 49 62 1258

BP-ArF4

CF3

O CF2

CF2
O

CF2
CF2

SO3H

n

0.63 5.3 15 2755

PBI-O
NH

N

NH

N

O
n 0.36 0.58 2.1 3621

anions. One of the reasons why this conductivity (≈ 2.1 mS cm−1) remains well below

the conductivity of typical ionomer membranes is that the electrolyte is highly dis-

persed within the polymer corresponding to very narrow electrolyte domains. The

clear advantage of this morphology is very low specific vanadium crossover (jD =
0.58 µA cm−1) and presumably low electroosmotic water drag (not measured).

Complementary behavior is observed for a true ionomer with high IEC, sPSO2-360.

The high concentration of counter-ions, which are mainly protons in VRFB environ-

ment, and high swelling give this membrane the highest conductivity, which is the

main reason for its high f om. Compared to PBI-O, its aqueous phase is less dispersed,

but compared to Nafion, the hydrophilic/hydrophobic separation of sPSO2-360 is less

developed [90] explaining the higher f om of this high IEC hydrocarbon membrane

(1258) compared to Nafion (655). Because of its hydrophobic backbone and soft side

chain architecture Nafion has the best developed phase separation, and even at low
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Figure 4.29: Theoretical energy efficiencies of VRFBs with different membranes based on ma-

terial properties of table 4.5. Since VRFB data were experimentally obtained using membranes

of different thickness, energy efficiency values are calculated for two membrane thicknesses d

(10 µm and 100 µm) (only losses originating from the membranes included).

electrolyte content (21 %) its aqueous domains are wide enough (1.2 nm) to allow for

significant vanadium crossover current jD = 37 µA cm−1.

The first rationally designed ionomer membrane is BP-ArF4. Its relatively rigid hy-

drocarbon backbone and flexible perfluorinated side chains lead to the development

of narrow and well-defined aqueous domains with an average width just below the

extension of hydrated vanadium species (0.7 nm). The f om of BPArF4 (3621) is actu-

ally higher than this of sPSO2-360, but both transport coefficients σ and jD are about an

order of magnitude lower than for sPSO2-360. Therefore, VRFB performance of a BP-

ArF4 membrane is similar to the performance of a ten times thicker sPSO2-360 mem-

brane in the covered range of current densities (see calculated energy efficiencies in

figure 4.29), and the higher f om of BP-ArF4 is reflected in a progressively superior per-

formance for the thin BP-ArF4 membrane for higher current density (J > 200 mS cm−2).

However, jD and σ do not decrease in the same way when the thickness of the aqueous
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domain is reduced. This is clearly evidenced by the very high f om of PBI-O and the

trends for absolute conductivity and selectivity as a function of hydration (see chapter

4.3.2 and 4.3.3). One may therefore decide for a very thin membrane with highly dis-

persed electrolyte, but there are surely practical limits to this approach. The highest

energy efficiency is expected for a thin 10 µm membrane of PBI-O, indeed (figure 4.29),

but only for low current density. For current densities higher than about 100 mA cm−1,

the higher conductivity of BP-ArF4 makes this ionomer the preferred membrane ma-

terial.

As explained above, the choice of a suitable membrane material depends on operating

conditions (especially current density) and on how thin membranes can be fabricated.

However, there is also room for optimizing membrane materials: an obvious flaw of

PBI-O is that no protons are present as counter-ions contributing to conductivity, and

for sPSO2-360 swelling is too high for efficiently preventing vanadium crossover. With

respective mitigation strategies there is reasonable hope to see membranes with such

enhanced functionality soon.
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Summary

In this thesis, selective transport of ionic species (ions and their associates) through

membranes in contact with aqueous media is investigated. Experimental results on

ion partitioning and mobility are discussed, and the effects of

• valency of ions

• specific interactions between counter-ions and fixed ionic groups (ion associa-

tion)

• domain width of the aqueous phase

on these properties are separated and quantified.

Cation / anion selectivity is shown to be the consequence of Donnan-exclusion, i.e.

co-ion rejection, and the preferred uptake of counter-ions to be of statistical (entropic)

reasons. For the same reasons uptake of high valency counter-ions is preferred. For

high concentrations of the external solution, i.e. for the case of significant co-ion up-

take, the commonly used equations for describing ion partitioning in dilute solution

are extended in the present work. This allows for a quantitative prediction of preferred

uptake of low valency co-ions, which is experimentally confirmed for the first time.

Effects of specific interactions between counter-ions and the fixed ionic group on se-

lective transport are demonstrated by varying both the kind of fixed ionic groups and

counter-ions. The more acidic the fixed ionic group is, the more pronounced is the

interaction with soft, polarizable ions like Cs+. The observed ion association not only
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reduces Donnan-exclusion (because of fixed-charge neutralization), but also leads to

preferential uptake of this type of counter-ion compared to others. Consequently, ion

immobilization reduces the total conductivity but leaves ionic transference numbers

virtually unchanged. NMR relaxation experiments reveal quantitative data on the de-

gree of ion association and the corresponding association constants for different types

of ion. These association constants are used to quantitatively calculate ion partitioning

in Nafion using simple mass actions laws.

Especially under high ionic strength / low water activity conditions, the most impor-

tant selectivity mechanism for transport through IEMs is shown to be ion sieving. PFG

NMR data disclose that with decreasing hydration level, i.e. with decreasing width

of the aqueous ionic domains, the diffusion of ionic species is progressively restricted

through steric effects. These effects depend on size of the hydrated species, i.e. the

transport of large species may even come to a standstill while smaller species are still

reasonably mobile.

With respect to technical applications, vanadium redox flow batteries constitute a spe-

cial case. It is shown that vanadium crossover is mostly a diffusional process rather

than driven by ionic current. The combination of coulombic efficiency data with SAXS

measurements on the aqueous domain width unveil a critical width of 0.7 nm (exten-

sion of most hydrated vanadium species). As long as this width is not exceeded it en-

sures low vanadium crossover. High IEC cation exchange membranes with hydropho-

bic / hydrophilic phase separation on a small scale and low swelling are shown not

only to meet such requirement but also to provide high proton conductivity. For high

current density applications high conductivity is favorable, while at low current den-

sity, the barrier properties of poorly phase separated membranes are demonstrated to

be decisive for the performance (energy efficiency).
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Appendix A

Experimental details

NMR measurements

PFG NMR measurements were carried out on a Bruker Avance III 400 MHz (9.4 T) spec-

trometer. It is equipped with a Bruker Diff60 diffusion probe head providing gradients

up to 2960 G cm−1 in z direction. For each investigated nucleus (1H, 7Li, 31P, and 133Cs)

a special radiofrequency coil from Bruker was inserted. A stimulated echo pulse se-

quence with a diffusion time of 20 ms and a sine shaped gradient pulse with effective

length of 1 ms was used.

In the case of ionomer solutions, the samples were simply filled into 5 mm NMR glass

tubes (Deutero D400) and sealed by melting the open end. Membranes were investi-

gated by being punched into discs of 4 mm diameter and stacked to a total height of

around 2 cm in a 5 mm NMR glass tube (inner diameter 4 mm). The tubes are sealed

with Teflon plugs minimizing the free volume.
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Elemental analysis

Membranes equilibrated in chloride solutions were weighed, dried in an vacuum oven

at T = 120 °C, weighed again and submerged in 1 M NaNO3 solution (24 h) for extract-

ing all Cl– ions. The solution was then titrated with 0.01 M AgNO3 using an Ag se-

lective electrode (Ag-Titrode, Metrohm AG) attached to the 877 Titrino plus (Metrohm

AG).

For the determination of Li+, Cs+, and Mg2+ ions, the equilibrated membranes were

soaked in 1 M KCl after being weighed as described above. After dilution and addition

of HCl (1 %) the exact amount of the extracted ions was determined by inductively

coupled plasma atomic emission spectroscopy (Spectro Ciros CCS, SPECTRO Analyt-

ical Instruments GmbH). Dissolved ionomers only needed to be diluted and acidified

before being measured by ICP-OES.

Transference experiments

Two compartments filled with electrolyte each with a volume of 330 ml were separated

by a membrane with an area of 6 cm2. Constant current (100 mA cm−2) was applied for

90 min and the composition of both electrolytes was analyzed every 30 min (3 times),

and transference numbers were calculated from the compositional changes. For the

Li+/Cs+ transference experiment, a 1 M mixture of LiCl and CsCl of the ratio 1:1 was

used at the anode side with graphite as an electrode material. The cathode compart-

ment with a nickel cathode was filled with 0.1 M solution of the same LiCl/CsCl ratio

(1:1). A CEM were used as a separator. Electrolyte compositions were measured by ele-

mental analysis (ICP-OES) of small samples (0.5 mL each). The compositional changes

were linear with time indicating that the chosen current was below the limiting current

of the device. The concentration change of the electrolyte in both compartments was

of the order of 0.1 M at the end of the experiment.

For the H+/Cl– transference experiment of an anion exchange membrane (fumasep

FAA-3), the anode side with a graphite electrode contained a 1 M HCl solution and

the other compartment a copper cathode in a 0.5 M CuCl2 solution (pH = 3.3). The
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proton concentration on the cathode side was determined by measuring the pH value

directly within the electrolyte during brief (about 1 min) interrupts (at a current of 0.6 A

(100 mA cm−2)), the pH dropped linearly to a value of 1.0 after 90 min. The background

flux of protons (couples diffusion with Cl– and Cu2+) was determined in the same way

under OCV (open circuit potential) condition and found to be about 24 % of the total

proton flux. The ratio of the potential driven proton flux and the applied current then

is the proton transference number tH+ .

SAXS

The SAXS measurements were carried out using using a rotating anode (Bruker FR591-

Nonius) operating at 3 kW with a source of Cu−Kα radiation (l = 1.5418 Å). The x-

ray optics consists of a set of two horizontal and vertical 16 cm long Ni-filtered to-

tal reflection mirrors (Kirkpatrick-Baez mirrors) positioned at 180 cm from the x-ray

source. The beam line is equipped with a set of 4 beam defining slits (close to mirror

optics) and a set of 4 anti-scattering slits in front of the sample position (Xenocs motor-

ized non-scattering slits). Scattering patterns were recorded using a two-dimensional

14 cm× 14 cm area (Bruker VANTEC-2000) mikrogap detector. The sample detector

distance was placed at 1 m and 3.5 m to explore q values from about 0.01 Å up to 0.4 Å.

The sample-detector distance was calibrated using silver behenate as the standard.

After equilibration in pure water or in a 1.6 M VOSO4 / 4 M H2SO4 aqueous solution

respectively, between two and four membrane samples (discs of 4 mm diameter with

total thickness around 300 mm) were placed in a brass cell between 5 µm thick Mylar

sheets serving as windows. The mass difference of the membranes in the dry proton

and the soaked state was attributed to electrolyte uptake. For calculating the volume

fraction of vanadium electrolyte in the membrane, its density was taken to be identical

to that of the 1.6 M VOSO4 / 4 M H2SO4 aqueous solution (1.4 g cm−3).
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VRFB tests

The VRFB single cell tests were recorded by Tongshuai Wang at the University of Illi-

nois in the department of chemical engineering led by Prof. Sangil Kim.

Two graphite felts (MTI, 30 mm× 30 mm× 4 mm) were used as electrodes. The test-

ing membrane had an active area of 9 cm2. The total vanadium concentration was

1.6 M (V2+, V3+ as anolyte and respectively VO2+, VO +
2 as catholyte) dissolved in 4 M

sulfuric acid. The electrolytes were circulated by peristaltic pumps with aflow rate

of 60 mL min−1. The cell operation was controlled by a Landt battery testing system

(CT2001A-5V1.8A, 8 Channels) with cut-off voltages of 1.65 V (charge process) and

0.8 V 0.8V (discharge process).
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