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ABSTRACT

The high proton conductivity and hydrothermal stability are common challenges to utilize
porous and non-porous coordination networks in hydrogen fuel cell membranes. Numerous
studies have revealed the vagueness in correlating proton conduction pathways with crystal
structures of metal-organic frameworks (MOFs) and coordination polymers (CPs). This thesis

discusses this subject and provides insight into anisotropic proton conduction mechanism.

Impedance spectroscopy was used to measure the proton conductivity of MOFs and CPs. Two
setups were established to measure the impedance of single crystals (in-plane) and pellets
(through-plane). The experiments were conducted under defined conditions at variable

temperature and relative humidity.

The first part of the thesis is devoted to single crystal studies of a barium-based CP (Ba-CP),
[Ba(HsL)(H20)]-H20, and cobalt-based MOF (Co-MOF), Co-MOF-74. Linear 1-dimensional
pores in Co-MOF possess adsorbed water molecules, whereas channels in Ba-CP contain non-
coordinating water molecules. Both materials show anisotropic proton conductivity and a
hopping mechanism in the channels or pores running along the length of the crystal. The
second part of the thesis is focused on studying proton conductivity in microcrystalline
pressed powder samples of a magnesium-based CP (Mg-CP), [Mg(H20)2(HsL)]-H;0, and a lead-
based MOF (Pb-MOF), [Pbx(HL)]-H,0. Although both materials contain the same linker
molecule, their crystal structures differ significantly. This tended to a remarkable change in
proton conductivity with very low conductivity in Pb-MOF, and moderate conductivity in Mg-
CP. Furthermore, the coordinated sulfonate group in Pb-MOF did not provide a possibility for
extended hydrogen bonding, while Mg-CP demonstrated proton hopping due to dangling

sulfonate group.

This research was a part of the DFG Priority Program 1928 program “Coordination Networks:
Building Blocks for Functional Systems”. The project focused on “Proton-conducting and
hydrophilic coordination polymers - synthesis, spectroscopic investigation and incorporation
into fuel cells”. In this project, the aim of this thesis was to characterize the novel materials
through impedance spectroscopy. Therefore, the materials synthesis and their structural
characterization was done by the collaboration partners. The dissertation is comprised of

three key articles that were published in a systematic sequence.



KURZFASSUNG

Die hohe Protonenleitfdhigkeit und hydrothermale Stabilitdit sind allgemeine
Herausforderungen bei der Verwendung pordser und nicht pordser Koordinationsnetzwerke
in Wasserstoff-Brennstoffzellenmembranen. Zahlreiche Studien haben gezeigt, dass die
Protonenleitwege nicht eindeutig mit den Kristallstrukturen von metallorganischen Geristen
(MOFs) und Koordinationspolymeren (CPs) korreliert werden kdnnen. Die vorliegende Arbeit
befasst sich mit diesem Thema und gibt Einblick in den Mechanismus der anisotropen

Protonenleitung.

Zur Messung der Protonenleitfahigkeit von MOFs und CPs wurde die Impedanzspektroskopie
eingesetzt. Es wurden zwei Versuchsaufbauten zur Messung der Impedanz von Einkristallen
(in der Ebene) und Pellets (durch die Ebene) eingerichtet. Die Experimente wurden unter
definierten Bedingungen bei variabler Temperatur und variabler relativer Luftfeuchtigkeit

durchgefiihrt.

Der erste Teil der Arbeit befasst sich mit Untersuchungen zu Einkristallen eines
bariumbasierten CP (Ba-CP) [Ba(HsL)(H20)]-H20 und eines cobaltbasierten MOF (Co-MOF) Co-
MOF-74. Die linearen, 1-dimensionalen Poren in Co-MOF besitzen adsorbierte
Wassermolekiile, wahrend die Kandle in Ba-CP nicht-koordinierende Wassermolekiile
enthalten. Beide Materialien zeigen eine anisotrope Protonenleitfahigkeit und einen
Sprungmechanismus in den Kandlen oder Poren, die sich (iber die Linge des Kristalls
erstrecken. Der zweite Teil der Arbeit konzentriert sich auf die Untersuchung der
Protonenleitfahigkeit in mikrokristallinen, gepressten Pulverproben eines
magnesiumbasierten CPs (Mg-CP), [Mg(H20)2(HsL)]-H20, und eines bleibasierten MOFs (Pb-
MOF), [Pbz(HL)]-H.0. Obwohl beide Materialien das gleiche Linkermolekil enthalten,
unterscheiden sich ihre Kristallstrukturen erheblich. Dies fuhrte zu einer bemerkenswerten
Veranderung der Protonenleitfahigkeit mit sehr geringer Leitfahigkeit in Pb-MOF und maRiger
Leitfahigkeit in Mg-CP. Aullerdem bot die koordinierte Sulfonatgruppe in Pb-MOF keine
Moglichkeit fiir eine ausgedehnte Wasserstoffbriickenbindung, wahrend Mg-CP aufgrund der

beweglichen Sulfonatgruppe Protonenspriinge zeigte.

Diese Arbeit war ein Teil des DFG-Schwerpunktprogramms 1928 "Koordinationsnetzwerke:
Bausteine fir funktionale Systeme". Das Projekt befasste sich mit dem Thema

"Protonenleitende und hydrophile Koordinationspolymere - Synthese, spektroskopische



Untersuchung und Einbindung in Brennstoffzellen". Das Ziel dieser Arbeit war es, die
neuartigen Materialien durch Impedanzspektroskopie zu charakterisieren. Daher wurde die
Synthese der Materialien und ihre strukturelle Charakterisierung von den
Kooperationspartnern durchgefiihrt. Die Dissertation besteht aus drei Schliisselartikeln, die in

systematischer Abfolge veroffentlicht wurden.



Chapter 1: Motivation

Researchers must read a large number of papers to gain a comprehensive view of their
research topic. The analysis of review articles can offer a valuable insight in understanding the
general trends in the field. In 2021, 12418 and 3782 scientific articles were published on metal-
organic frameworks (MOFs) and coordination polymers (CPs), respectively. In the previous
two decades, the MOFs field has grown exponentially, as shown in Figure 1.1 (a). This is
because MOFs have a great deal of potential in sectors including gas storage and
transportation, gas separation, water sorption, catalysis, drug delivery, luminescence, and so
on.['=3 On the other hand, the growth in CPs publications is divided into two stages: (i) 2000-
2010, which shows a gradual increase; and (ii) 2010-2020, which displays an almost steady
phase. In short, MOFs research has been in full swing for the past decade, and this trend
enables to predict that this number will continue to rise statistically. In respect of proton
conductivity, 190 and 85 research articles were published in 2021 on MOFs and CPs,

respectively.
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Figure 1.1: Chronological advancement on publications of MOFs and CPs: a) in all possible sectors, b) in proton
conductance world (ISI Web of Science, accessed 18.01.2022).

The focus of this work is the implementation of MOFs and CPs for proton conducting
applications, such as proton exchange membrane fuel cells, which plays an indispensable part
in attaining today's green energy demands. The humidity dependence and high cost of
benchmark Nafion membranes led scientists to explore new proton conducting materials.
MOFs as well as CPs are promising systems in this regard.[®! Proton conductivity is frequently
analyzed by impedance spectroscopy. Most of the time, the studies are performed by using

powder samples in a pellet form, which bears some pitfalls, such as grain boundary effects,
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impact of surface-adsorbed water, and difficulty to distinguish between intrinsic and extrinsic
proton conduction mechanisms. These drawbacks can be alleviated by using a single crystal
probe.”l Most conveniently, this also offers an opportunity to study anisotropic effects in
proton conductance. Therefore, in this work, impedance spectroscopic studies of proton
conduction in single crystal as well as in pellets of MOFs and CPs were carried out. In addition
to that, to prevent blockage of pores or channels, the electrical contact between sample and
electrodes was established without using glue or conducting paste. Other approaches in the
literature, particularly in the case of single crystal studies, reported the inclusion of

additives.[814

Concerning single crystals, a Ba-based coordination polymer (Ba-CP) and a Co-based metal-
organic framework (Co-MOF) were examined in different orientations with varying humidity
and temperature. Anisotropy revealed two distinct proton conduction processes in each
crystal. A Mg-based coordination polymer (Mg-CP) and a Pb-based metal-organic framework

(Pb-MOF) were investigated at macroscopic scale (samples in pellet form).



Chapter 2: Background

2.1 Introduction

Population surge, energy dearth and global warming are the dilemma of the 21 century.
These issues are interconnected, and the primary challenge is figuring out how to resolve
them.[*® In mid-2019, the world's population was 7.7 billion people, with projections of 8.5
billion in 2030, 9.7 billion in 2050, and 10.9 billion in 2100.*¢! According to this demographic
prediction, the future energy demands can be fulfilled, if we will have enough energy
resources. Most of today's energy demands are met by fossil fuels, although renewable energy
resources continue to gain prominence. The excessive consumption of fossil fuels is producing

a significant change in the earth's temperature and an increase in greenhouse gases emission.

At the “United Nations Climate Change Conference” held in 2015 in Paris, leaders from 195
countries committed to limiting global average temperature rise to 1.5 °C above pre-industrial
levels. The goal of this agreement was to achieve net worldwide decarbonization of human
activities by the year 2100, as this may be the only way to mitigate global warming effects.[1”!
In 2021, World Energy Outlook provided the details of how far the countries reach to fulfill
the Paris agreement by their clean energy transition. In this regard, they have proposed that
huge push in clean electrification, innovation in clean energy, improvement in energy
efficiency, and leakage control of fossil-fuel operations are the key actions which should be
adopted in next decades to keep the door open for 1.5 °C stabilization. Moreover, the net zero
CO; emissions can be achieved by explosive growth in clean energy technology which only

requires the unparallel clean energy investment.[18]

The combined size of clean energy market is comprised of wind turbine, solar panels, nuclear
energy, lithium-ion batteries, electrolyzers and fuel cells. Currently, the rapid diffusion of
these new energy technologies is impeded by high cost, technical flaws, limitation such as
nuclear fusion, and public normalization. Therefore, the market does not encourage to deploy
their use, even though they offer significant benefits such as minimal carbon emissions. Their
development can be fostered by monetizing the social value they offer instead of putting
prices on greenhouse gases and emissions.l’®l The emphasis in this research work is to
characterize novel functional materials for hydrogen fuel cell membrane, which are described

in the following sections.



2.2 Fuel Cells

Fuel cells are electrochemical cells that convert the chemical energy of a fuel into electrical
energy in a single step without utilizing any moving parts, by-passing all the steps involve in a
traditional energy production unit (see Figure 2.1).2921 They are analogous to batteries, with
the exception that batteries consume their electrodes when producing clean energy, whereas
fuel cells do not use any of their components and produce green energy as long as fuel and

oxidant are accessible.[?2

[Chemical Energy]——[ Thermal Energy ]—'[ Mechanical Energy ]—'[Electrical Energy]

—[ Fuel Cell ]

Figure 2.1: Flow diagram presenting the comparison of energy generation by conventional method and
electrochemical process.

Fuel cells have a sandwich-like structure where an electrolyte is squeezed between two
working electrodes known as anode and cathode. Fuel is supplied to the anode, and an oxidant
to the cathode. The most commonly used oxidant is oxygen because of its abundance in nature
and high reactivity, while the most efficient fuel is hydrogen due to its high electrochemical
reactivity. Fuel and oxidant are supplied in the gaseous form and the electrolyte is used in the
solid or liquid form.!23! Fuel cells are classified according to the substance used as an
electrolyte. Different types of ions can conduct through the electrolyte, which is also
depending on the operating temperature. The two types of fuel cells that can be used above
600 °C are solid oxide and molten carbonate. On the other hand, alkaline, phosphoric acid,
and proton exchange membrane operate below 250 °C. Each type of fuel cell has advantages
and disadvantages, the most significant of which is the use of noble metals as a catalyst. Low
temperature fuel cells require an expensive catalyst to conduct an electrochemical reaction,
and pure hydrogen gas as a fuel. On account of that, they have a rapid start-up time and low
thermal deterioration. High temperature fuel cells, on the other hand, can be used directly
with hydrocarbons without the use of rare metals as a catalyst. Nevertheless, they have a long
start-up time and require a high temperature to commence the electrochemical

process.[2224251 Table 2.1 contains the additional information.



Table 2.1: Characteristics of different types of fuel cells based on electrolyte material.[?®

Fuel Cell Type Electrolyte Material Charge Operating Efficiency
Carrier Temperature (°C) (%)
Solid Oxide Yttria-Stabilized Zirconia 0? 600 — 1000 60 - 65
Molten Carbonate Li/K or Li/Na Carbonates COs572 600 — 650 45 -60
Alkaline Potassium Hydroxide OH" 50 -200 45 - 60
Phosphoric Acid Phosphoric Acid H* 180-210 40 - 45
Proton Exchange Membrane Perfluorosulfonic Acid H* 40-80 40 - 60

Since last decades the proton exchange membrane fuel cell (PEMFC) has got immense
attraction and higher attention than other types of fuel cells due to its compact size, light
weight, low temperature operation range, high efficiency, quick start-up, long life etc. The
practical constraints of low temperature operation led PEMFC to three major categories: low
temperature PEMFC (40-80) °C, medium temperature PEMFC (100-150) °C, and high
temperature PEMFC (120-200) °C.271 A polymer solid electrolyte is fused between the anode
and cathode electrodes in a common structure of single PEMFC (see Figure 2.2). Hydrogen gas
is used as a fuel at the anode, where protons and electrons are released on the catalyst's
surface. Protons go via the electrolyte while electrons travel through an external circuit,
eventually meeting at the cathode. The electrons transform the oxidant into oxide ions, and
the electrochemical process is completed at the three-phase boundary region of the catalyst
on the cathode side, where electrons, protons, and oxidant interact. As a result, green energy
is generated with minimal toxic emissions and heat, as well as water. The excess airflow at the
cathode side washes away the produced water. Equations 2.1 to 2.3 illustrate the chemical

reactions that take place in a PEMFC.[28]

Anode: Hz(g) — 3 2HY+2e” (2.1)
Cathode: ~0y,,+2H* +2¢" — 4 H,0 (2.2)
0] Il: 1 - 5 2.3
vera 202(g>+ HZ(g) H,0 (23)
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Figure 2.2: Schematic diagram presenting the operating principle of single PEMFC.

A single PEMFC can generate a maximum output voltage of 0.8 V. The output can be enhanced
by connecting more cells in series and stacking them like batteries. The primary components
of single PEMFC are endplates and flow-fields, sealing material, gas diffusion layer (GDL) and
catalyst-coated membrane (CCM). The core component of the cell is membrane electrode
assembly (MEA), which is comprised of GDL and CCM and that is where electrochemical
reactions take place. The most common methods to fabricate MEA are the deposition of
catalyst on the membrane (mentioned above as CCM) or the deposition of catalyst over the
substrate, known as catalyst-coated substrate (CCS), where carbon black serves as substrate.
Porous carbon material is used as an electrode that contains highly dispersed platinum (Pt)
nanoparticles in order to improve the surface area to volume ratio and prevent the Pt-
agglomeration.!?®30% pt or Pt-alloys are employed as a catalyst due to its high electro-catalytical
activity, excellent stability, and good electrical conductivity. Pt is recognized a benchmark
material for hydrogen oxidation reaction (HOR) at anode, and oxygen reduction reaction
(ORR) at cathode of PEMFC.[3132l The heart of MEA is a polymer membrane which allows the
protons to conduct and inhibits the electrons to transfer from anode to cathode.
Perfluorosulfonic acid membrane, which is also known as “Nafion”, is the most extensively
used electrolyte material for PEMFC applications because of its high proton conductivity,

strong chemical stability, and outstanding performance under the mild conditions. The outer-
layer of MEA is GDL, which acts as an interface between MEA and flow-fields, distributing

reactant gases from flow-fields to the catalyst layer and transporting generated water, heat,

and electrons from the electrode to the flow-fields. Hence, GDL should have high porosity, low



electrical resistance, and high thermal conductivity.!®3 GDL is made of a carbon fiber paper
(gas diffusion substrate), and a microporous carbon layer. Using a polytetrafluoroethylene
coated fiberglass gasket as a sealing material, GDL and MEA are merged between two flow-
fields. The flow-fields, made of graphite or graphite composites, have precise flow-patterns

machined onto its surfaces that serve as a path for the reactant gases to pass through.

This study is motivated by the objective of discovering new proton conducting materials;
hence a special focus is devoted to PEM materials in the following. In the recent decades,
there has been an exponential increase in the development of new proton conducting
membranes for PEMFCs.3* The promising candidate must satisfy a number of characteristics,
including high proton conductivity (> 0.01 S/cm), chemical and thermal stability, compatibility
with other cell components, thin-film mechanical strength, low permeability to reactant gases

(H2 and 03), and low-cost large-scale production.°

Until now, a significant number of proton-conducting membranes have been synthesized and
characterized, which have been categorized into 3 families.?®! The fluorine-containing
polymers, also known as perfluorosulfonic acid polymers, are the first of them. The benchmark
material for the PEM fuel cell industry "Nafion" belongs to this class.?”) These materials offer
good chemical and thermal stability, as well as high proton conductivity at high relative
humidity and temperatures below 90 °C.[38 Above 100 °C, the PEMFC operation is
advantageous because it enhances electrode kinetics, decreases catalytic poisoning, and
simplifies water and thermal management.°! The loss of water molecules from "Nafion" due
to elevated temperatures causes a decrease in proton conductivity. As a result, contemporary
research has shifted its focus to intermediate and high temperature PEMFCs, limiting the use

of "Nafion", which can only function at temperature (50-90) °C.[?7]

The second group of proton conducting materials is sulfonated aromatic polymers which are
non-fluorinated. The most extensively investigated polymers for fuel cell applications are
sulfonated poly(arylene ether ketone)-(SPAEK), and poly(ether ether ketone)-(SPEEK).
Chemical modifications, such as sulfonation of the aromatic position, improve their proton
conductivity based on enhanced hydrophilicity and acidity.*® SPEEK can be used in
intermediate temperature PEMFCs due to its high thermal, mechanical, and chemical stability.
However, the shorter lifetime of SPEEK than Nafion under the same conditions and drop in
conductivity above 120 °C restrict its use to temperature range (80-120) °C. Interestingly,

7



another polymer, polyphenylene, which belongs to the same class has showed improved

stability under the same conditions.[#1743]

Heterocyclic aromatic compounds, including polybenzimidazole derivatives, constitute the
third group of materials.*# They are a viable contender for high temperature PEMFC because
of their strong thermal stability, and high resistance to inorganic acidic and basic chemicals.!
The materials' low conductivity necessitates doping with an inorganic acid such as phosphoric
acid, which has enabled it to achieve 0.1 S/cm conductivity under dry conditions. The usage
of inorganic acids causes some severe drawbacks, such as acid-leaching which leads to
membrane degradation. Other inorganic acids, which are unable to achieve such high

conductivity, were used as a dopant to mitigate these adverse effects.[#6->1]

The above-mentioned families of materials do not satisfy all the criteria for use as a membrane
in a PEMFC. Many of them fulfill the physical requirements but do not provide adequate
proton conductivity. Therefore, the preparation of mixed-matrix-membranes (MMMs) is a
widely used method, which involves the mixing of polymer matrix with inorganic materials.
The inorganic phase improves the physical properties, water-uptake, and proton conductivity
while the polymer matrix provides flexibility and ion exchange capacity. As inorganic fillers
zeolites, carbon nanotubes, mesoporous inorganic oxides, graphene, and MOFs have been
studied extensively,!?”->2 but only MOFs and CPs are investigated in this study to determine

their proton conducting behavior.



2.3 Coordination Polymers (CPs) and Metal-Organic Frameworks (MOFs)

Coordination polymers (CPs) are compounds containing metal centers, coordinated by organic
molecules, and linked in at least one dimension to form a polymer. According to IUPAC,
coordinated polymers are compounds that repeat in at least one dimension via coordination
units. In the case of two or three dimensions of linkage, the term "coordination network" is
used. If a coordination network exhibits porosity as part of the crystal structure, they are

usually referred to as metal-organic frameworks (MOFs).[%3!

Hybrid inorganic-organic crystalline materials such as MOFs or porous CPs are formed by
linking two basic building blocks: organic ligands and inorganic metal nodes.> It is an
emerging class of functional materials that have been intensively studied in the last two
decades for gas storage/separation, energy storage and conversion, sensing, catalysis, ionic
conductors, etc.P>%%1 This is due to their porosity, high surface areas, and tunability. In contrast
with conventional proton conductors used in PEMFC, MOFs have several advantages, such as

their designability, tunable properties, and chemical and thermal stability.”]

— \O/O\
Linkage Mode 2D
o+ ~ g
Metal Organic
Center Linker
- @
———p

Figure 2.3: Schematic structure of 1D, 2D and 3D coordination networks.

MOFs can be divided into two categories according to their proton conductivity. The first type
involves proton conducting MOFs that work at low temperatures (20-80) °C. In these MOFs,
water-mediated hydrogen bonding networks provide pathways for protons to pass through.
The second type of MOFs is anhydrous that conduct at high temperatures (100-250) °C. These

MOFs have water-free pathways for the protons to conduct.!®®5% |n MOFs, the concentration
9



and mobility of proton carriers can tune their proton conductivity. The concentration of
proton carriers is determined by the total acidity of proton sources, while proton mobility is
aided by the presence of a continuous H-bond network comprising protic sites. % There have
been three types of sources recently reported in literature that have the potential to improve
the proton conductivity of MOFs: (i) modification of the bridging ligands with functional
groups, such as -OH, -COOH, -POsH;, or -SOsH, (ii) introduction of acidic guest molecules into
the pores, such as hydronium ions, organic and inorganic acids, ammonium cations, and N-
heterocycles, (iii) encapsulation of protic organic molecules into pores, such as imidazole and

histamine.[59-62]

Type 1 (
ﬁ ﬁ

Organic Linker
contain Acidic
Functional Group

o + el @ —

Metal Organic Acidic Guest
Center Linker Molecules

Type 3

Protic Organic
Molecules

Figure 2.4: Schematic illustration of MOFs to regulate proton conductivity.

The fundamental aspect in proton conductivity is the ability of a compound to donate or
accept a proton. The acid dissociation constant (pKa)®3! describes the protonated and
deprotonated forms of a compound at a given pH level and gives an indication of its
equilibrium state.[®*! In MOFs, the acidic functional groups play a key role in hydrophilicity and
proton conductivity. Carboxylic acid (CA), phosphonic acid (PA), and sulfonic acid (SA) serve as
functional groups. The pKa values of these functional groups are as follows: CA (4.2)[%%! < PA
(2.0)[601 < SA (-0.7)1%1. The lowest value for SA implies that it has a high acidity and provides
good proton sources. Each SA contains three oxygen atoms that can coordinate to metal ions

in varying directions, thereby forming a 1D, 2D or 3D structure for a MOF. An alarming feature
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of organo-sulfonates is their poor coordination with several metal ions, which makes them
difficult to introduce into MOFs. Alternately, we can use it in conjunction with other functional
groups, such as CA and PA, and use SA as a dangling acidic chain that participates in proton
transfer. In the dangling SA chain, the three oxygen atoms can accept three protons, allowing

them to form divergent hydrogen bonds to facilitate the proton transport.[6®!

As part of its dissociation mechanism, PA releases one or two protons in a solution.
Phosphonate-based ligands are capable of generating a wide range of metal phosphonates
with diverse structural properties due to their versatility and strong coordination ability. In
comparison to other types of MOFs or CPs, these MOFs have a high thermal stability. As far as
water solubility is concerned, trivalent and tetravalent phosphonate MOFs are highly insoluble

in water.[6%

Based on the pKa values, MOFs which contain CA-based ligands have a lower proton
conductivity than MOFs containing PA- and SA-based ligands. However, CA-MOFs can be used
for proton conduction applications due to their strong coordination, regular structure, and
stable framework. In the framework, the oxygen atom and -OH group of carboxylate unit can
form complex network of hydrogen bonds between themselves or with guest molecules.
Furthermore, the uncoordinated group (-COOH) can donate protons and construct hydrogen

bonding network.[®2!

Practically, a MOF should possess thermal, chemical and water stability under the effect of

applied conditions, such as temperature and humidity.
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2.4 Proton Conductivity

The movement of charge in response to applied electric field is defined as electrical
conductivity (o). When an external force such as potential (U) is applied to a medium, an
electric field is produced (E = -VU). As a result, the current will flow, and the current density
(J = IxA?) through that medium will be equal to the total electric current (/) flowing through
the cross-section area (A). It follows that J and E are directly proportional to one another, with
a proportionality coefficient known as conductivity o (J = oxE). In case of constant applied
potential difference, a static electric field is produced, and a charge (g) experiences a force
(F = gxE). Due to zero sum of forces exerted from all directions, the charge carrier begins to
move in the electric field at a constant velocity (v = uxE), where u represents the mobility. If
the number of charge particles n is moving through a unit volume, then the relation between
current density and mobility is shown in equation 2.4.167] In the above mathematical terms,

the symbols in "bold" indicate that they are vector quantities.

J =nqu (2.4)
In solid conductors, like metals and semiconductors, the electrons or holes are the charges
that can move from a high potential to a low potential, and this is called electronic
conductivity. In contrast, ionic conductivity refers to the movement of ions which, according
to elementary science, is associated with liquid electrolyte solutions. Later, a study by Faraday
showed that fluoride anions move within solid lead fluoride at high temperatures. This type

of ionic conductivity in solids is useful in energy conversion devices and chemical sensors.

Conductivity of an ion is a function of charge, concentration of mobile charge, and mobility of
the charge carrier. A potential difference is applied to cause the proton to move between two

sites and thus generate a current.[®8]

o =nqu (2.5)
Equation 2.5 states that proton conductivity can be improved by tuning the concentration and
mobility of charge carriers while keeping the charge constant. It has been discussed in detail
in one of the preceding sections how proton carriers can be introduced into MOFs to improve
proton conductivity. Concerning to the mobility of proton from an energetic site, an adjacent

energy gradient site should be available, providing an unobstructed pathway.
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The most fundamental and substantial task in developing proton conducting materials is
conductivity evaluation, and complex impedance spectroscopy is a well accepted basic tool to
measure it. By using this method one can determine the resistance of a sample (such as single
crystals or pelletized powders) over a wide frequency range.[>® Proton resistance can be
measured in two different directions, known as in-plane and through-plane mode as labeled
in Figure 2.5. For in-plane measurement, both electrodes make contact with the sample from
the same side, while for through-plane measurement, the sample is sandwiched between two
electrodes.®® Both of these methodologies can calculate the proton conductivity from
equations 2.6 and 2.7, where d is the distance or spacing between electrodes, t is the thickness
of the sample, w is the width of the sample, A is the effective contact area of the electrodes,

and R is the resistance of the sample.l70-73]

in-plane conductivity:

d
= — 2.6
0= P (2.6)

through-plane conductivity:

t
= — 2.7
0= (2.7)

(a) (b)

|
< -
|

Figure 2.5: Schematic representation of impedance measurment methods a) through-plane and b) in-plane.
2.5 Activation Energy

Activation energy refers to the energy required for a proton to jump between two sites. In the
absence of external electric fields, the proton is in its static state between equal energy sites.
By applying an electric field, the energy profile is perturbed, and the proton donor sites

become energetically higher than proton acceptor sites. This provides a driving force with



which a proton can travel in the direction of the electric field. This means that the jump

frequency increases in the direction of the field rather than in the reverse direction.7*

According to equations 2.8 and 2.9, the Nernst-Einstein equation relates ionic conductivity
and mobility to diffusion coefficient (D). These equations are derived using Fick’s law and
Boltzmann’s law. In addition, the dependence of diffusion coefficient on temperature,
according to the Arrhenius equation, provides another form of relation shown in equation

2.10, in which o can be used to calculate the activation energy (Ea).[6:67/68]

nqg?D
o= (2.8)
KaT
u D
k_ Y 2.9
0 TT (2.9)

The proton conduction mechanism can be studied based on the Ea value, which can be
calculated from the Arrhenius equation shown in equation 2.10, where op is the material-

specific factor, kg is the Boltzmann's constant, and T is the temperature of the system.

0o [ Ea
0 = ——=exp'ksT 2.10
iyT p (2.10)
A natural log is applied to both sides of equation 2.10 resulting in equation 2.11, which
represents a linear equation. By plotting the experimental values of conductivities at several

temperatures, In(oT) versus temperature inverse (T), the Arrhenius plot is obtained. The

slope (-Eaks'T) of linear regression is used to calculate Ea.

In =In —] T[ (2.11)

In equation 2.12, Dy is Fick’s law pre-exponential factor and AS is the entropy of proton
motion. The constant (Do) includes the mobile proton density, their jump frequency, path, and

distance.

AS
0o = nq?Dyexp [E] (2.12)
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2.6 Proton Conduction Mechanisms

In MOFs and CPs, proton conduction may occur via one of the following two mechanisms: the
GrotthuB mechanism or the vehicle mechanism.!*®7>7¢] The GrotthuR mechanism model was
proposed by Theodore von Grotthuf} in 1806. He has discovered this mechanism while
studying the proton transfer between water molecules. This model is characterized by high
mobility, and activation energy in solid proton conducting materials between 0.1 eV and 0.4
eV, while E4 values required to break the hydrogen bond in liquid water is 0.11 eV (2-3

kcal/mol).[7577)
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Figure 2.6: Schematic representation of the Grotthul® Mechanism (top), in which protons transfer along
hydrogen bonds, and the vehicle Mechanism (bottom), in which protons travel in solvated form, like H3O*.
General color scheme: O: red, H: blue, H-Bonds: black dotted line arrow.

According to GrotthuB mechanism, the proton transfer occurs via the on-off switch of
hydrogen bonds between water molecules or other vacant adjacent sites available. It is also
known as the hopping mechanism because protons jump from one available site to another
available site. In contrast, Kreuer et al. proposed vehicle mechanism in 1982, which involves
the diffusion of protonated species such as H30*, NHs*, etc. bonded to vehicles like H,0 and
NHs, for the proton conduction.[”8! This mechanism is characterized by low proton mobility
(due to slow diffusion process), and high Ex between 0.4 eV and 0.9 eV (caused by the
migration of large ions).’2791 A schematic diagram of both mechanisms is represented in

Figure 2.6.
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Figure 2.7: Schematic diagram of proton conduction via hydrogen bonds in bulk water. General color scheme:
O: red, H: green (1% H2.0 moelcule), H: blue (2" H.0 moelcule), H: gold (3™ H20 moelcule), H: gray (4" H,0
moelcule), H-Bonds: black dotted line.

Figure 2.7 demonstrates the basic principle of proton conduction in water molecules,
described by Grotthul. Consider a water chain that consists of four water molecules linked by
hydrogen bonds. Protons can move from the first to the fourth molecule as a result of an
electrochemical gradient. Once a proton reaches the oxygen atom of the first water molecule,
it creates a covalent bond OH, and one of the protons that already has a covalent bond with
that oxygen atom is shared with the next water molecule. In this manner, the proton follows
the water wire, as can be seen in the first two rows of Figure 2.7. During this proton jumping
phase, the dipole moment of the donor water molecule reverses. The total dipole moment of
all the water molecules reverses as the proton leaves the fourth molecule of the chain. Figure
2.7 clearly illustrates this in the third row. In the last row, it is evident that all of the water
molecules rotate back to original configuration when another proton is to be transferred in

the same direction.[8
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Chapter 3: Methodology: The Fundmentals and Analysis Approach of
Impedance Spectroscopy

This chapter is divided into two sections: introduction and analysis of impedance spectra. The
objective is to provide a qualitative and quantitative comprehension of impedance
spectroscopy, including its fundamentals and a description of how the concerned parameters

involved can be calculated.

3.1 Introduction

ACimpedance spectroscopy (IS) is an electrochemical technique that has been employed since
decades in a broad range of fields to investigate the properties of electrochemical systems,
solid electrolytes, kinetics of corrosion, etc. IS is a sensitive and non-invasive in-situ technique
which is a cornerstone to develop novel materials and improve their performance.[®%.82
Therefore, it must be used with great caution along other methods to correlate the electrical
properties with physico-chemical parameters. The system whose properties are unknown act
as a “black box” and a question arises what it is. It can be interrogated by subjecting an input
and measuring the output, as represented in Figure 3.1. Consider a case study where a sample
is placed in a dark room. If an electrical current is measured as a response by applying light of
specific wavelength, then the sample absorbs the photons and has photoactive properties and
its kinetics can be further studied by modulating the light intensity. In the same manner,
electric potential can be used as an input and resulting output current can be observed, where
the modulation in electric potential will enable us to study charge storage and kinetics of those
processes that transform the potential X(w) into current Y(w). In such a case, the transfer
function is a parameter which explains the relation between input and output and IS is a tool

which is based on this concept. (8]

/\/\/\/ An Unknown System /\/\/\/
INPUT BLACK BOX OUTPUT

X(w) Y(w)

Figure 3.1: Schematic representation of black box subjected to a sinusoidal signal with frequency (w).

17



Impedance measurements can be performed as a function of time or frequency. The physical
phenomena can happen in different time and frequency domains. In an electrochemical
system, diffusion is a slower process whose response is obtained in long time and it appears
in low frequecy domain. In contrast, charging of electrode-electrolyte interfaces is a rapid

phenomenon which exhibits short time constants and high frequency behavior.[8384

3.2 Basics of Impedance

The property of an electrical circuit element which impedes the flow of current when
periodically subjected to electrical perturbation is known as impedance (Z). It is a complex
number, i.e. it is comprised of real and imaginary parts. The real part corresponds to the
resistance, Re(Z), whereas the imaginary part associates to the reactance, Im(Z). In response
to incident alternating current (AC) frequency, resistance is a static parameter while reactance
is a dynamic parameter. Whenever a capacitor or inductor is present in a circuit, reactance
occurs. According to Ohm's law, at steady state the resistance (R) of an element sourced by
direct current (DC) can be calculated by equation 3.1, where U denotes the DC potential and /

indicates the DC current. (8]

R =

U
- (3.1)

Conversely, the above mentioned resistance is referred to as impedance when being applied
to an AC source. The Ohm's law for AC sources is expressed in equation 3.2, in which U(t) is
the instantaneous potential, and /(t) is the instantaneous current. The term “instantaneous”
implies that variables are dependent on time.[#®!
U(t)
0]

The excitation and response signals are defined by equations 3.3 and 3.4, respectively, where

(3.2)

Uo represents the magnitude of applied voltage in volts, w denotes the angular frequency (w
= 2nf) in radians per second, and f designates the frequency in Herz. In a linear system, I(t)
undergoes a phase-shift, 8, as shown in Figure 3.2. Both the input potential and output current
are sinusoidal at the same frequency, but are phase-shifted. Due to the fact that a resistor
does not undergo a phase change, therefore, € is equal to zero. On the other hand, in a
capacitor, the current leads the voltage by 90°, and in an inductor, the voltage leads the

current by 90°.[86]
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Figure 3.2: Phase diagram between response current /(t) and applied excitation potential U(t). General color

scheme of sinusoidal waves: black: applied potential, green: response current after passing through resistor

(Ir), blue: response current after passing through inductor (1), red: response current after passing through
capacitor (Ic). The dotted lines display the peaks position.

U(t) = U, sin(wt) (3.3)
I1(t) = I, sin(wt — ) (3.4)

Based on the definitions of voltage and current, impedance can be defined as:(®’!

U(t) U, sin(wt) sin(wt)
I(t) Ipsin(wt —06) sin(wt — 6)
where Zp is magnitude of impedance
Euler’s law states that:[8®]
e'® = cosf + isin6 (3.6)
where i = V-1
7=z, __ g e _ g 00 — 7 [cosO + isind] (3.7)
=20 Gntwice) = 20 siwre) = Zoe" = Zolcos isin .
Therefore, impedance in the form of real and imaginary parts is:
Z = ZycosO + iZysin0 (3.8)
Z = Re(Z) + i{lm(Z)} (3.9)
and
1
Zy = [{Re(2)}* + {Im(2)}*]2 (3.10)
Im(Z)
0 =tan ! ———= 3.11
M Re@) (3.11)
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Figure 3.3: Complex plane representing a frequency dependent single data point of Z.

Impedance is a complex number that is represented in a two dimensional complex plane. In
Figure 3.3, a data point of impedance is illustrated for a typical frequency of applied potential.
By using equations 3.10 and 3.11, one can calculate the magnitude of impedance and phase
angle for this point. A large number of experimental data points can be produced in a suitable

frequency domain, because impedance varies with frequency.

3.3 Impedance of Ideal Circuit Elements

Electrical devices fall into two categories: real and ideal. Real devices are components of a real
system that are measurable and constitute the hardware. Ideal devices are special circuit
elements that have a precise and specific mathematical description. The performance of an
ideal device can be simulated to approximate the real-world structure. For impedance, a
model is developed based on simulated impedance to match the measured impedance of the
real device. This model is referred as an equivalent circuit model (ECM) that mimics a real
device and provides us an ideal electrical description. ECMs are constructed using
combinations of three ideal, two-terminal circuit elements: resistor, capacitor, and
inductor.8! In an ideal resistor, current flow is opposed, while an ideal capacitor stores
electrical energy, and an ideal inductor stores energy in magnetic field by opposing the change
in current flow. A resistor has a real impedance independent of frequency, whereas an
inductor and a capacitor have an imaginary impedance dependent on frequency.’ll The

impedance of these elements is listed in Table 3.1.

20



Table 3.1: Ideal circuit elements with basic description and impedance. %8

Element Expression Unit Symbol Impedance (2)
Resistor R Q — 1 Zr = R
Capacitor C F —A— Zc = [iwC]™?t
Inductor L H —_— Ve Zp = lwL

3.4 Impedance of Ideal Electrical Circuits

This research work did not observe any inductive behavior, therefore here we discuss the
possible combinations of a capacitor and a resistor. R and C can be combined in series or

parallel sequence and their impedance is described below.

3.4.1 RCin Series Combination

In a serial order, the connection and complex plane plot are shown in Figure 3.4 (left). The
observed vertical line can be obtained if charge transfer and diffusion limitations do not occur
at electrode-electrolyte interface. The overall impedance of the circuit is denoted as “Zz.c” and

written as: (8¢l

Zp_c=R+ [ ! (3.12)
k=™ iwC '

Multiply both sides by term " — [iw(C]"

1 —ia)C

Z =R 3.13
R=C + La)C —iwC ( )
or
Zpc =R +[ —loc ] (3.14)
(—iwC)? '
sincei =v-1,theni?=-1,and
P [ 1 (3.15)
R-C = ! wC '
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Figure 3.4: Graphical representation of RC circuits in complex plane: left) serial, right) parallel. The black solid
vertical line and curve show the exemplary data points, and red dotted vertical line and curve depict fittings
produced by ECM.

3.4.2 RCin Parallel Combination

In a parallel array, the connection and complex plane plot are shown in Figure 3.4 (right),
where the diameter of the semicircle belongs to the resistance of the sample. The overall

impedance is labeled by “Zz/c” and expressed as: 3¢

11 s 1
Zpic RO[L (3.16)
iwC
or
t 1 + iwC (3.17)
—=—+iw .
Zpic R
or
1 -1
Zrje = [E* iwC] (3.18)
1+ iwCR7™?
Znje = [T] (3.19)
Z. . =R (3.20)
R/C ™1 +iwCR '

Multiply both sides by term "[1 — iwCR]"
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R 1—iwCR

nip = 3.21
R/C = T 1 iwCR 11— iwCR (3-21)
;o R[1 — iwCR] (3.22)
R/€ ™ 11]2 = [iwCR]? '
Then, we get
;- R — iwCR? (3.23)
R/C™ 1 + [wCR]? '

Table 3.2: Phase angle, real and imaginary parts of impedance derived from series and parallel combination of

RandC.
Circuit Re(Z) Im(Z) tan6
RC R 1 _
wC wRC
R/C R —wCR? CR
-
1 + [wCR]? 1 + [wCR]?

Table 3.2 displays the derived equations from both arrangements, where RC is equal to the

time constant (1).1%¢) The maxima of semicircle in Figure 3.4 labeled by w, = 27tf, is a peak

8[Im(2)]

frequency known as characteristic frequency, and at this data point, = 0. Both

parameters T and wp are inversely proportional to each other.®® In Figure 3.5, various
impedance plots and correpsonding ECMs are laid out, that provide us the information about
circuit topology, and parasitic values of circuit elements under ideal conditions. A process
which has a distinct time constant, shows a clear semicircle in complex plane graph. Moreover,
the two well-separated semicircles replicate the two distinct processes connected in series.
The semicircles overlap when two different processes have the same time constant, therefore

it is essential to distinguish them when modeling and fitting data.
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Figure 3.5: Typical RC circuit arrangements in complex planes and respective ECMs to fit the data.
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3.5 Impedance of Real Systems

The building block of modeling the impedance data is a RC circuit, in which a semi-circle is
characterized by a single time constant t, where the center of the circle lies on x-axis.
However, the real physical samples usually deliver a distributed time constant due to non-
uniform charge transfer, non-homogeneous reaction rate, electrode surface roughness, etc.
In such a case, the center of circle is distorted, and located somewhere below the x-axis. In
other words, a depressed semi-circle is obtained. A counterintuitive circuit element known as
constant phase elements (CPE) has been identified in research on real systems and its

impedance can be defined by equation 3.24:[8®]

1
Z = 3.24
¥ = Qliwl" 524
‘ R  CPE 1
o — ST
n=1.0 n=0.5 n=0.8 n=1.0
n=0.8 R
n=0.6 -Im(2) _@_
-Im(2)
CPE
(0,0) R Re;Z) (0,0) R Re(Z) "
+Im(2) +Im(2)

Figure 3.6: Graphical representation of change in impedance spectra with respect to exponent n in complex
plane when: left) R and CPE are in series, right) R and CPE in parallel.

where n is the exponent, which describes the physical meaning of coefficient Q and
characterizes the phase-shift. A depressed semicircle is obtained if n falls between the range

of 0.5 to 1 (see Table 3.3 and Figure 3.6 for more information).

Table 3.3: Definition of coefficient () based on n.[5®!

n Q
-1 (Inductance)?
0 (Resistance)?
0.5 (Warburg)?
1 Capacitance
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Warburg element appears in the complex impedance plot at low frequencies with a linear
increase in Z at 8=45°, which characterizes ionic diffusion and provides mass transfer

information. 8!

3.6 Representation of Impedance Data

The experimental impedance data can be presented in a variety of ways. The first one is to
construct a complex plane graph, which is a most widely used approach and illustrated in the
previous sections. In this method, real and imaginary parts of impedance are plotted on x-axis
and y-axis, respectively. This graphical representation is known as “Nyquist Plot” which is used
when capacitive effects are dominating over inductive effects. Such a plot is useful to identify
the conduction phenomenon happening inside the sample, which is recognized by a semicircle
in the plot. In real systems, sometimes two or more semicircles are overlapped which makes
the fitting process complex. Therefore, an alternative option is to analyze the impedance data
by a “Bode Plot”, that exposes the dependence of impedance magnitude and phase angle on

frequency.l®

3.7 Relation between Impedance and Dielectric Spectroscopies

Immittance spectroscopy is a class of techniques with which the physical and chemical
properties of the materials, interphases, and multijunction devices can be analyzed.
Impedance, admittance, capacitance, and dielectric spectroscopies are the diagnostic tools
which belong to this group. The properties of an unknown system can be determined by
perturbing the system with applied potential, temperature, illumination, or environmental
stress conditions.[®¥ The charge, electrode-electrolyte interface, and transport properties of
electrolytic materials are extensively investigated using impedance spectroscopy.®¥3! |n the
through-plane measurement, the sample between electrodes mimics a capacitor with area A
and thickness t of the sample. Impedance (Z), permittivity (¢) and AC conductivity (o) are

frequency dependent complex quantities, which are interrelated by:[#3-°]

CO = goé (3.25)
t
€ = Re(¢e) — ilm(¢) (3.26)
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Z =Re(Z) +1Im(Z) = — (3.27)
0

Re(e) = — Im(2) (3.28)
wCo[{Re(Z)}? + {Im(Z)}?] '

Im(e) = Re(Z) (3.29)
wCo[{Re(2)}* + {Im(Z)}?] '

Re(o) = wegIm(e) (3.30)

Im(o) = weyRe(¢) (3.32)

where C, is the vacuum capacitance, g, (8.85 x 102 F/m) is the permittivity of free
space.l®>%7l |t is apparent that permittivity is also an important factor to study along
with impedance, which provides an alternative way to determine the conductivity.

Thus, either equation 2.7 or equation 3.30 can be used to calculate proton conductivity.
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Chapter 4: Experimental Setup

This chapter briefly discusses the experimental setups for measuring the experimental
impedance data; a more detailed description of the setups are not the focus of this
study. Test stations are made up of three main components: impedance equipment,

sample cell, and applied environment control.

A scheme for measuring the proton conductivity of single crystals is illustrated in Figure
4.1. In this case, humidity is controlled using a custom-built setup in which dry nitrogen
is controlled by mass flow controllers (MFCs). To adjust the desired relative humidity,
dry nitrogen gas was mixed with humidified nitrogen gas. Nitrogen was used here as a
carrier gas. It was humidified by passing its partial stream through a deionized water
reservoir. The mixing system was controlled by a LabVIEW program from National
Instruments. The humidified gas was supplied to the sample cell at 50 ml/min to

achieve the desired level of humidity.

Applied Signal

Sensing Signal y Y

Gas Inlet
with

1
1
1
1
T
1
1
1
1
: Controlled Gas dgjgnal
1
1
1
1
1
1
1

y A . outlet |

Humidity
—»‘ﬂ)le Cell Sensor — | PC

A Sensing Signal

—

Output Current

Impedance
Analyzer

I Interface |

Figure 4.1: Schematic diagram of laboratory test bench for single crystal impedance measurement.
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Humidity Sensor

The impedance of single crystals was measured using a commercially available
substrate (UST), which is 3x3 mm? in size and contains an array of interdigital electrodes
(IDEs) mounted on an alumina substrate. IDEs were fabricated with approximately 20
um electrode width and 20 um finger spacing. This substrate was placed inside the
Faraday cage to provide the shielding of samples from the environment. This is
essential in case of sample that have high resistance which, in turn, produce very small

current. In such a case, to measure the impedance at low frequency range is a
28



challenging part. The substrate has a 10 Q Pt heating element that was also used to
record the surface temperature during the measurement. This task was carried out
using a digital multimeter (Model: 34972A from Keysight). Moreover, a card from
Agilent (34902A, 16-Channel Reed Multiplexer) was integrated into the device. A scan
rate of 1 scan/second/channel was used for the measurements, and the range of up to
100 ohms was defined. Finally, the heater resistance was determined by four-point

measurements.

Figure 4.2: Substrate with interdigital electrodes for impedance measurements of single crystals (left); the
measurement is carried out in a Faraday cage (middle) that is placed in a climate chamber with temperature
and humidity control (right).

To maintain the desired temperature, the water reservoir and Faraday Cage were
placed inside an ESPEC climate chamber (SH-242) as shown in Figure 4.2. As humidity
was maintained by the setup described above, this chamber was not used here as a
humidity chamber. As an additional measure to verify the setpoints of temperature and

humidity, a sensor (SHT2x from Sensirion) was installed at the gas outlet of the cage.

Impedance analyzers were used to measure the resistance of the materials
potentiostatically. For these measurements, the Solartron SI1260 impedance
spectrometer with a combination of the Chelsea Dielectric Interface test interface
(frequency: 10 pHz to 32 MHz, AC signal: 30 mV to 3 V), and the Alpha-A mainframe
unit with the ZG4 extension test interface (frequency range: 3 uHz to 40 MHz, AC signal:
100 pV to 3 V), were featured. Both spectrometers were operated in two-wire mode.
A LabVIEW program for Solartron and WinDETA software for Alpha-A analyzer allowed

to capture impedance information, data processing, and fully automatic test sequence.
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Figure 4.3: top) Solartron Sl 1260 with Chelsea Interface, middle) Alpha-A Analyzer setup, and bottom)
2G4 Interface connection to cell placed inside climate chamber.
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Figure 4.4: Schematic diagram of laboratory test bench for pressed pellets impedance measurement.

For the pressed pellet samples, through-plane measurements were performed with a
different sample cell (BDS 1200 sample from Novocontrol). The mounting stage of cell
was removed, and custom-built electrical connections were developed. The cell was
then calibrated with the reference sample (100 Q from Novocontrol), and the material
was sandwiched between the two blocking gold-plated electrodes. In these
measurements, both humidity and temperature were also controlled by ESPEC-242
climate chamber. Figure 4.4 exhibits the scheme of the setup, and Figure 4.5 shows the

different views of sample cell.

Figure 4.5: left) top-view of cell, middle) exemplary sample placed between the electrodes, and right)
cell placed inside the climate chamber.
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Chapter 5: Publications

5.1 Proton Conduction in a Single Crystal of a Phosphonato-Sulfonate-Based
Coordination Polymer: Mechanistic Insight

Ali Javed, Thorsten Wagner, Stephan Woéhlbrandt, Norbert Stock, Michael Tiemann

DOI: 10.1002/cphc.202000102

5.1.1 Outline and Outcome

This research was published as an open access article in the journal “ChemPhysChem” in 2020.
The paper discusses the impedance spectroscopic studies of proton conductivity in a single-
crystalline coordination polymer of composition [Ba(HsL)(H20)]-H,0 that consists of Ba%* ions
connected by organic phosphonatosulfonate linker molecules [HsL = (H203PCH;)2N-
CH,CeH4SO3H]. The results were also presented at 31t German Zeolite Conference, held at TU

Dresden in 2019.

This compound was synthesized and characterized by Stephan Wo6hlbrandt within the
framework of cooperation with Nobert Stock. He has also described the structure of a single
crystal in his article “Permanent porosity and role of sulfonate groups in coordination networks
constructed from a new polyfunctional phosphonato-sulfonate linker molecule”.®® The single-
crystal nature of the specimen used for impedance measurement was confirmed through light
polarization microscope by Xia Wu from Thorsten Wagner group. The remaining tasks

concerning to impedance spectroscopy were performed by the author of this thesis.

The single crystal structure analysis revealed that Ba%* cation formed a mono-capped square
antiprism with nine O atoms. The zigzag chain was generated by the edge sharing of BaOs-
polyhedra, which established a microporous 3D network by bridging with -PO3H; and —SOzH.
Within the framework, the phosphonic acid, the sulfonic acid, as well as the non-coordinated

water molecules provided a platform for investigating proton conduction. %8l

The material crystallites in the form of elongated crystals. Therefore, a single plate-like crystal
was placed on the top of interdigital electrodes (IDEs) array, and impedance was measured by
varying the temperature, relative humidity, and, specifically, the orientation of the single

crystal at applied electrode potential. Interestingly, proton conductivity tended to be
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influenced by the orientation, implied anisotropic conduction channels in the crystal structure.

Moreover, low Ea (< 0.4 eV) along the 1D channels indicated “proton hopping”.
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Proton Conduction in a Single Crystal of a Phosphonato-
Sulfonate-Based Coordination Polymer: Mechanistic Insight

Ali Javed,” Thorsten Wagner,”” Stephan Wéhlbrandt,™ Norbert Stock,*®™ and

Michael Tiemann*®

The proton conduction properties of a phosphonato-sulfonate-
based coordination polymer are studied by impedance spectro-
scopy using a single crystal specimen. Two distinct conduction
mechanisms are identified. Water-mediated conductance along
the crystal surface occurs by mass transport, as evidenced by a
high activation energy (0.54 eV). In addition, intrinsic conduc-
tion by proton 'hopping’ through the interior of the crystal with

1. Introduction

lon-conducting materials have become one of the major topics
in the science and technology of functional materials. They play
a key role in fuel cells, which have become an integral part in
modern and sustainable concepts of energy storage and
conversion. For example, hydrogen (H,) fuel cells of the PEMFC
type (proton-exchange membrane fuel cells) require a proton-
conducting membrane as the electrolyte between anode and
cathode. Perfluorosulfonic acid (PFSA) ionomers, such as
Nafion™ (DuPont), are most commonly used for this purpose.”'~
* However, PFSA membranes exhibit some drawbacks. In
addition to being rather expensive,” they require a delicate
humidity control for reliable and efficient operation. They show
high proton conductivity only in a hydrated state (up to 21
water molecules per sulfonic acid group®), which is achieved
by humidification of the incoming gas streams. This entails a
parasitic power loss, dilution of the gases, and the risk of
‘flooding’ in the system.® Also, operation temperatures are
restricted to ca. 100 °C, while higher temperatures (up to 150°C)
would be beneficial for improved efficiency and less catalyst
poisoning by carbon monoxide.

For the reasons stated above, there is a quest for alternative
proton-conducting materials with robust mechanical and ther-
mal stability and reduced humidity dependency. For this matter,
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a low activation energy (0.31eV) is observed. This latter
conduction is anisotropic with respect to the crystal structure
and seems to occur through a channel along the c¢ axis of the
orthorhombic crystal. Proton conduction is assumed to be
mediated by sulfonate groups and non-coordinating water
molecules that are part of the crystal structure.

metal-organic frameworks (MOFs) and other coordination
polymers (CPs) have been identified as potential candidates.”~
"' However, humidity still turns out to be crucial for proton
conduction in most materials. This raises some questions
concerning the respective proton conduction mechanism in a
given material. It needs to be elucidated whether water-
mediated proton conduction really occurs through the crystal
lattice, such as through channels that accommodate water
molecules. Another, less favorable, possibility is that the
conduction occurs predominantly along the outer surface of
the grains, in which case the specific intrinsic properties of the
material (porosity, taylored organic linkers, etc.) are more or less
wasted. For polycrystalline materials (powders) the distinction
between inherent proton conduction and surface conduction is
difficult. However, when large enough single crystals are
available, a single one of them can be used for proton
conduction studies,>"” which minimizes the contribution of
surface conduction and eliminates grain-grain boundary effects.
This allows to obtain valuable information concerning proton
conduction paths.

Here we present impedance studies of proton conductivity
in a coordination polymer single crystal. The material consists of
Ba’" ions connected by organic phosphonato-sulfonate linker
molecules and contains three acidic protons and two water
molecules per formula unit."® It exhibits a moderate proton
conductivity that is humidity-dependent. Its single-crystallinity
makes it a suitable object of study for our purpose. The results
indicate that proton conduction occurs both though the crystal
lattice and along the grain surface.

2. Results and Discussion

The coordination polymer [Ba(H,L)(H,0)]-H,O was synthesized
from barium chloride (BaCl,-2H,0) and (4-{[bis(phosphonometh-
yl) amino]methyl}benzene-sulfonic acid, HsL) under solvother-
mal reaction conditions employing a water/ethanol mixture as
the solvent."® The linker molecule HiL (Figure 1) was prepared

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 1. The linker molecule 4-{[bis(phosphonomethyl)amino] methyl}
benzene-sulfonic acid ((H,0;PCH,),N—CH,—C;H,—SO;H, H:L).

by sulfonation and subsequent phosphonomethylation of
benzylamine, as indicated in the Experimental section. Details
about the syntheses are provided in reference [18]. The
coordination polymer crystallizes in the orthorhombic space
group Ama2, as shown in Figure 2. The asymmetric unit
contains one barium ion, two oxygen atoms assigned to water,
and two linker molecules at a special position. Ba is surrounded
by nine oxygen atoms, resulting in a mono-capped square
antiprism. The BaO,-polyhedra are connected via edge-sharing
into a chain along [001]. One linker molecule connects a total of
six Ba ions by both (PO;H™)-groups as well as the (SO;7)-group,
thus forming a microporous, three-dimensional network. Due to
charge balance considerations, the linker is twofold deproto-

b)

Figure 2. Detailed structural view at [Ba(H,L)(H,0)]-H,0. a) BaO, polyhedra
and chain along [001], b) coordination mode of the linker molecule, and ¢)
network of [Ba(H;SPP)(H,0)]-H,0, view along [001] (Ba green, P magenta, S
yellow, O red, C black). Hydrogen atoms omitted for clarity. Adapted from
Ref. [18].

Figure 3. Transmission polarized light microscopic images (top: co-polarized,
bottom: cross-polarized) of a single crystal. (Assembled from 36 single
images; 36 x objective lens. The small arrow indicates the edge of an
underlying glass plate at the left-hand side.
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nated. The three remaining acidic protons are located at the
hydrogen phosphonate groups and the nitrogen atom, thus
forming a zwitterion. Crystallographic and experimental details,
extended structure discussion and comparison is provided in
reference [18].

For the investigation of the proton conductivity, we have
chosen a single crystal. Polarized light microscopic images
confirm the single-crystalline nature of the specimen (Figure 3);
its dimensions are 1.50 mmx0.22 mm. The thickness of the
plate-like crystal is ca. 14 um, as determined by light micro-
scopy. Characterization of the conductivity was done by
impedance spectroscopy, which is the standard method for this
purpose." The crystal was placed on top of an electrode array,
as shown in Figure 4 and described in the Experimental Section.
The contact area between electrode array and crystal was
calculated based on geometric considerations (see below),
assuming a smooth and planar contact area (as verified by
microscopy).

This method of contacting the crystal bears a significant
advantage over commonly used methods that employ gold
paste or other additives for contacting:">'® The crystal can be
shifted and turned in its position which allows for stepless
change of its orientation relative to the electrodes; hence,
assessment of anisotropy in the proton conductivity is possible
in a very straightforward way, as will be shown below.

Figure 5 shows a Nyquist plot (i.e. imaginary part vs. real
part) of the impedance Z in the single crystal arranged in an
orientation perpendicular to the electrodes (as shown in
Figure 2) at a temperature of 22°C and relative humidity of
90%. The lower left part of the diagram corresponds to the
high frequencies and exhibits a depressed semicircle-like
behavior. An equivalent circuit comprising two resistors (R, R')
and a constant-phase element (CPE) parallel to R was fitted to
that high-frequency data region (between 361.22Hz and
1 MHz). R then represents the proton resistance (while R’ is
attributable to extrinsic resistances, such as the contact
resistance). The proton conductivity o is calculated by taking
into account the geometric properties of the electrode array by
Equation (1), where A is the contact area between the sample
and the electrodes, n is the number of spacings between
electrodes, D is the inter-electrode distance (20 um), d is the
electrode width (20 um), and a is the width of the crystal:

o=n- /R A) =

n-[D/(R-a-d)

m

Figure 4. Schematic (left) of the electrode array used for contacting the
single crystal and microscopic image (right) of the sample on top of the
electrodes (the contours of the transparent crystal are visible).

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 5. Nyquist plot of the impedance of the single crystal oriented
perpendicular to the electrodes (22 °C, 90% r.h.) and equivalent circuit used
for fitting (R, R": resistors, CPE: constant phase element).

The proton conductivity is 6=1.15-10"* Scm ™' (at 22°C and
90% r.h.) for this crystal, which is a moderate value within the
range typically observed in proton-conducting MOFs
(1072-+107° Scm™"®)), Measurements with three different crystals
under the same conditions (1.14-10*Scm™', 1.40-10™*Sem ™',
1.15-10*Scm™') resulted in a mean value of 1.23:10*Scm™'
with a standard deviation of 1.21-10° Scm™', which is approx-
imately 10%. This will be considered as the approximate error
to all data in the following. (Since each measurement requires
an equilibration time of 12 hours, multiple measurements were
avoided for reasons of time limitations, unless stated other-
wise.)

We have then investigated the proton conductivity of a
single crystal in variable orientation relative to the electrode
structure under otherwise identical conditions (Figure 6). When
the long crystal axis is in perpendicular position to the

parallel (0°)

angled (60°) perpendicular (90°)

Figure 6. Schematic of a single crystal in variable orientation relative to the
electrodes.

Table 1. Proton conductivities of a single crystal in variable orientation, as
indicated by the schematic (22°C, 90% r.h.).

Orientation Proton conductivity o [Scm™']
parallel (0°) 1.174-10°
angled (60°) 8924-10°°
perpendicular (90°) 1.142.10°*
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electrodes, the conductivity is greater than in parallel position
by one order of magnitude (Table 1). This anisotropy allows two
conclusions: (i) Proton conduction is an inherent property of the
crystal, i.e. it occurs — at least partially - inside the crystal lattice,
rather than exclusively at the outer surface (such as through
surface-adsorbed water layers). In the latter case, the same
conductivity would be expected for all orientations. (i) Inherent
proton conduction seems to occur preferentially in the direction
along the long crystal axis. This second conclusion is further
supported by the fact that the angular orientation (60°) leads to
a conductivity value much closer to the perpendicular than to
the parallel orientation; a conduction path along the long
crystal axis can still contribute substantially in this orientation.

The data presented so far were obtained at a relative
humidity of 90%. However, water turned out to have a strong
impact on proton conduction. To test this impact in more detail,
we have varied the relative humidity between 70% and 95 % at
a constant temperature of 22°C, as shown in Figure 7
(logarithmic scale). The conductivity increases approximately
exponentially with the relative humidity, as frequently observed
in proton-conducting coordination polymers or MOFs."" Fig-
ure 5 also confirms that the conductivity is generally higher for
the crystal orientation perpendicuar to the electrodes than for
the parallel orientation.

Further, we have studied the impact of the temperature on
the conduction properties. In theory, the proton conductivity o
is related to the temperature T by Equation (2),” where E, is the
activation energy, o, is a material-specific factor, and kg is the
Boltzmann constant:

0 = [0/(ksT)] - exp[—Ea/(ksT)] ()

Figure 8 shows the Arrhenius plots (In(T-0) vs. T") for a
single crystal in both perpendicular and parallel orientation (at
a constant relative humidity of 90%). Linear fits allow to
calculate the activation energies (from the slopes, —E,-kg),
which are clearly different for the two orientations. In the

0.001
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TTTTTmr
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/
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o——*"”'o//A

Il L ! L I I
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Figure 7. Proton conductivities of a single crystal in perpendicular and
parallel orientation at variable relative humidity (22°C).
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Figure 8. Arrhenius plots of the temperature-dependent proton conductiv-

ities of a single crystal in perpendicular and parallel orientation (r.h.=90%).
The slopes of the linear fits allow to calculate the activation energies for the
proton conduction (perpendicular: 0.31 eV; parallel: 0.54 eV).

perpendicular orientation a fairly low activation energy of E,=
0.31 eV is found, while for the parallel orientation the value is
E,=0.54¢eV. A low value (<0.4 eV) suggests that the proton
conduction occurs by a proton 'hopping’ mechanism, such as
between sulfonate groups and/or water molecules (similar to
the Grotthus mechanism in bulk water).”’ This is what we
observe for the crystal orientation perpendicular to the electro-
des. A high value (>0.4 eV), on the other hand, is typical of a
mass transport-based conduction mechanism, i.e. by diffusion
of ions, such as H;0".?” This seems to apply to the crystal
orientation parallel to the electrodes.

The experimental findings can be summarized as follows:
The [Ba(H;L)(H,0)]-H,0 coordination polymer exhibits an
altogether moderate proton conductivity. This conductivity is
anisotropic with respect to the crystal axes. Along the long
crystal axis (in perpendicular orientation to the electrodes) the
conductivity is generally higher and marked by a low activation
energy (0.31eV) that indicates a conduction mechanism by
proton 'hopping'. In the direction perpendicular to the long axis
(parallel to the electrodes), the conductivity is lower and
accociated with a higher activation energy (0.54 eV), which
suggests a conduction mechanism marked by mass transport.
In both cases an increase in humidity results in higher
conductivity. To explain these findings, we propose that two
distinct proton conduction phenomena occur: (i) An inherent,
anisotropic conductivity through the crystal (rather than along
its surfaces) exists in the direction of the long crystal axis. This
conductivity occurs by proton 'hopping'. (ii) In addition, proton
conduction also occurs at the crystal surfaces. This conductivity
is isotropic and based on mass transport, apparently by surface-
diffusion of adsorbed water molecules; it is observed for both
orientations of the crystals, which is why the conductivity is
always humidity-dependent.

To interpret the inherent (anisotropic) proton conduction
mode, a closer look at the (orthorhombic) crystal structure of
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the coordination polymer is useful. It exhibits two distinct types
of channels in the direction along the c axis, as shown in
Figure 9. The first type of channel is flanked by the phenylene
groups (with the aromatic planes in perpendicular orientation
to the channel axis) and by phosphonate groups. The width of
this channel is too small as to accommodate water molecules; it
will therefore not contribute to water-mediated proton con-
duction. The second type of channel is spanned by the Ba’*
cations and by sulfonate groups. It is reasonable to assume that
proton conduction via proton 'hopping’ occurs through this
channel, in which case the crystallographic ¢ axis likely
corresponds to the long axis of the elongated single crystals.
(Crystal structure determination revealed that the two axes that
run parallel to the large faces of the plate-like crystals, are the a
and c axes; however, they cannot be unambiguously distin-
guished here.) The channel contains a non-coordinating water
molecule that is quite strongly localized, which is evidenced by
its small anisotropic displacement parameters. This localization
is caused by H bonds to the adjacent amino group N (N--O
distance: 2.74 A) and phosphonate groups (O--OP: 2.95 A and
2.97 A). This water molecule and the sulfonate groups may
contribute to proton "hopping’ along the channel.

3. Conclusions

In summary, we have identified two distinct proton conduction
mechanisms in the [Ba(H;L)(H,0)]-H,0
(HsL=H,05PCH,),N—CH,—C,H,~SO;H) coordination polymer by
measuring the impedance at variable temperature, relative
humidity and crystal orientation. One proton conduction mode
occurs at the crystal surface and is apparently dominated by

Figure 9. View along the c axis of the crystal structure (Ba green, P magenta,
S yellow, O red, C grey, H white). Two types of channels in ¢ direction are
apparent especially in the stick (top) and ball-and-stick representation
(bottom left). The arrow indicates the oxygen atom of the non-coordinating
water molecule. The space-filling representation (bottom right) shows the
small diameters of the channels.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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mass transport in water adsorbate layers. The other mode is
governed by a proton 'hopping’ mechanism that takes place
though the interior of the crystal; it is anisotropic with respect
to the crystal structure and likely occurs through a sulfonate-
lined and water-containing channel along the ¢ axis of the
crystal.

Experimental Section

The linker molecule HsL was prepared as described in reference
[18]. In short, benzylamine was para-sulfonated by reaction with
concentrated sulfuric acid. Phosphonomethylation of the amino
group was achieved with phosphonic acid and formaldehyde in
half-concentrated hydrochloric acid (¢ = 5.2 mol L'). For the
synthesis of the coordination polymer [Ba(H;L)(H,0)]-H,0, the linker
(6 mg, 16 umol) was introduced into a 250 pl autoclave as a solid.
Subsequently, 100 pl EtOH, 75 ul deionized water and 25 pl of a
1.28 mol/I solution of BaCl,-2H,0 in deionized water were added in
the given order. The reactor was closed and heated within 6 h to
the reaction temperature of 150°C. After 24 h the reactor was
slowly cooled down to room temperature within 12 h. The crystals
were collected via filtration and dried at ambient conditions.
(Elemental analysis (%) - calculated: C 19.70, H 3.49, N 2.55, S 5.85;
found: C 20.07, H 3.04, N 2.44, S 5.71.1"%)

Impedance spectra were measured by using a Solartron SI 1260
frequency response analyzer with a Chelsea 1296 Dielectric Inter-
face. Data were recorded in the frequency range 10 Hz - 1 MHz
with an input voltage amplitude of 0.1 V. An alumina substrate
with a 3mmx3 mm interdigitated Pt electrode array and an
electrode width and spacing of 20 um each (UST GmbH, Germany)
was used for contacting the sample. A single crystal was placed on
top of the electrode array and shifted in position with the tip of a
needle under a microscope. The device was placed inside a custom-
built Faraday cage to shield the sample and improve the signal-to
noise-ratio. The whole setup was arranged in an Espec SH-242
climate chamber for temperature control. A constant gas stream
(50 mL/min~") with defined humidity was achieved by using a
custom-built gas mixing equipment based on mass flow controllers.
A dry N, stream (50 mL/min) was humidified by flowing through a
washing bottle containing deionized water. Temperature and
humidity of the gas stream were verified at the outlet of the cage
by a Sensirion SHT2x sensor. The system was allowed to equilibrate
for 12 hours after each change in temperature and/or humidity. The
temperature of the substrate was further recorded by measuring
the resistance of the Pt10 heater integrated in the alumina
substrate, using an Agilent 34972 A digital multimeter. Impedance
data were fitted by using ZView software. Crystal structure visual-
ization in Figure 9 was made with VESTA software.?"
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Fig. S1. Nyquist plots of single crystal oriented in parallel direction relative to interdigital electrodes

at several setpoints of relative humidity (temperature 22 °C).

40



300

O At70%r.h O At80%rh
—— RC fit —RC fit
o
“ ]
2004 > 8
, © 200
[=]
g g
=3 N = PLIPEY-S
= 000
8100 = 3 ° a§’ .
£ E ° Qoo” o007 °
" 100 28°
°
04
04
50 0 50 100 150 200 250 300 350 400 450 0 5 100 180 200 250 300 350
Re(Z)/ MQ Re(2) I MQ
14
O At90%rh h
—RC fit
12 RC fi )
Ooc
5
1 S 124
10 o0 &
&
a el 104
g: 4 :
8 4] w‘i 508 4
E S 5 4
- = 06 4
4 y
0.4 4
24 é
02
04
T T T T T T T T 0o T T T T T T T
2 0 2 4 8 8 10 12 14 18 18 00 02 04 08 08 10 12 14 16

Re(2) / MQ Re(Z) I MQ

Figure S2. Nyquist plots of single crystal oriented in perpendicular direction relative to interdigital
electrodes at various setpoints of relative humidity (temperature 22 °C).
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Figure S3. Nyquist plots of single crystal oriented in parallel (left) and perpendicular (right) direction
relative to interdigital electrodes at variable temperature (relative humidity 90%).
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5.1.3 Published Data Details

5.1.3.1 Fittings Parameters and Proton Conductivity

Table 5.1.1. Summary of fittings produced using the equivalent circuit model for Ba-CP, and the calculated
proton conductivities at distinct setpoints of relative humidity and temperature, and in particular at different
orientations of crystals relative to IDE.

sample :J;teonrl rh chi- R’ n Q R o
name direction [°C] [%] sqr. [Ql [Ql [S/cm]
# 22 90 0.032 27023 091 1.22E-11 7.09e6  1.17E-5
Pt /" 22 90 0.038 24823 0.89 1.54E-11 6.00E6  8.92E-5
= 22 90 0.041 23979 0.88 1.69E-11 5.38E6  1.14E-4
= 22 70 0.084 32260 0.96 5.11E-12 3.44E8  1.56E-6
Ba_2 = 22 80 0.057 31849 095 5.69E-12 2.26E8  2.73E-6
= 22 90 0.037 23851 0.88 1.71E-11 4.41E6  1.40E-4
= 22 95 0009 21136 0.82 5.04E-11 5.42E5  1.14E-3
= 22 90 0.028 32564 094 7.04E-12 1.06E7  1.15E-4
= 26 90 0.031 32027 0.94 7.56E-12 8.85E6  1.38E-4
Pa3 = 30 90 0.035 30248 0.92 8.74E-12 7.59E6  1.61E-4
= 35 90 0.043 28085 091 1.04E-11 6.56E6  1.87E-4
# 22 75 0077 34008 097 4.45E-12 3.93E8  1.11E-7
# 22 80 0032 33679 097 4.69E-12 8.62E7  5.09E-7
# 22 85 0.022 33194 096 5.22E-12 1.48E7  2.95E-6
Ba_4 # 22 90 0.020 31890 095 6.81E-12 4.75E6  9.23E-6
# 22 95 0020 27000 0.73 1.83E-10 7.48E5  5.87E-5
# 24 90 0021 30690 094 7.76E-12 3.90E6  1.12E-5
# 26 90 0.023 30507 093 8.06E-12 3.75E6  1.17E-5
# 28 90 0027 27914 091 1.07E-11 3.06E6  1.43E-5
where, “=": along c axis; “#”: along orthogonal; “//”: along angular orientation (here 60°).

The parameters n and Q were generated using constant phase element CPE instead of using capacitor C. In
software Z-View, n and Q are denoted by P and T, respectively.
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5.2 Humidity-Mediated Anisotropic Proton Conductivity through the 1D Channels
of Co-MOF-74

Ali Javed, Ina Strauss, Hana Bunzen, Jirgen Caro, Michael Tiemann

DOI: 10.3390/nano010071263

5.2.1 Outline and Outcome

In 2020, this research was released as an open access publication in the journal
"Nanomaterials". The article deals with proton conductivity in a single crystalline MOF known
as Co-MOF-74. The compound is composed of Co(ll) ions that are connected by 2,5-dioxido-
1,4-benzenedicarboxylate linkers.®® The findings were also presented at 32" German Zeolite

Conference, held online in 2021.

Dietzel et al. invented Co-MOF-74 in 2005, and the material is also termed as CPO-27-Co.
This compound was synthesized by Ina Strauss within collaboration with Jiirgen Caro for this
study. She employed characterization techniques such as XRD, SEM, IR spectra, and Raman
spectrum to evaluate its structure and morphology. Hana Bunzen verified the hydrothermal
stability up to 60 °C and 93 % relative humidity. The author of this thesis conducted the rest

activities relating to impedance spectroscopy.

The crystal structure characterizes 3D network having honeycomb topology which is
comprised of linear 1D micropores (1.1 nm). The micropores have a hexagonal cross-section
and run parallel to the c-axis. Six oxygen atoms are coordinated to the Co(ll) ion; five are
coupled to the linker, and the sixth is exposed to the pore interior, where it is coordinated by
the water molecule.® This readily accessible coordinating site gave us the opportunity to

examine its proton conductivity.

Here, the crystals were smaller in size than those in Ba-CP. As a result, dealing with individual
crystals and building electrical contact proved to be the most challenging. On the surface of
the IDE array, a rod-like crystal was placed, in a Faraday cage positioned in a climate chamber,
with humidity control by a custom-built gas mixing equipment using mass-flow controllers.
The impedance was measured by varying the orientation of the crystal and relative humidity,
as well as its temperature. As expected, high proton conductivity was observed at high value
of humidity and along the c-axis. Moreover, Ex (< 0.4 eV) along c-axis suggested a proton

conduction mechanism that is based on “proton hopping” in this case.
43


http://dx.doi.org/10.3390/nano10071263

5.2.2 Manuscript

P )
s @l 4 7
@S nanomaterials ﬂw\o\py
LN o Z
Article

Humidity-Mediated Anisotropic Proton Conductivity
through the 1D Channels of Co-MOF-74

3 1

Ali Javed 1*(, Ina Strauss 2*, Hana Bunzen 30, Jiirgen Caro 2 and Michael Tiemann

1
2

Department of Chemistry, Paderborn University, 33098 Paderborn, Germany; michael.tiemann@upb.de
Institute of Physical Chemistry and Electrochemistry, Leibniz University Hannover,

30167 Hannover, Germany; juergen.caro@pci.uni-hannover.de

Institute of Physics, University of Augsburg, 86159 Augsburg, Germany;
hana.bunzen@physik.uni-augsburg.de

*  Correspondence: alijaved@uni-paderborn.de (A.].); ina.strauss@pci.uni-hannover.de (.S.)

check for
Received: 19 May 2020; Accepted: 21 June 2020; Published: 28 June 2020 updates

Abstract: Large Co-MOF-74 crystals of a few hundred micrometers were prepared by solvothermal
synthesis, and their structure and morphology were characterized by scanning electron microscopy
(SEM), IR, and Raman spectroscopy. The hydrothermal stability of the material up to 60 °C at 93%
relative humidity was verified by temperature-dependent XRD. Proton conductivity was studied
by impedance spectroscopy, using a single crystal. By varying the relative humidity (70-95%),
temperature (21-60 °C), and orientation of the crystal relative to the electrical potential, it was found
that proton conduction occurs predominantly through the linear, unidirectional (1D) micropore
channels of Co-MOF-74, and that water molecules inside the channels are responsible for the proton
mobility by a Grotthuss-type mechanism.

Keywords: metal-organic framework; Co-MOF-74; single crystal; impedance spectroscopy; proton
conductivity; anisotropy; fuel cell

1. Introduction

The predicted increase of the world’s energy consumption until 2050 is expected to be almost
50%, due to a higher industrial output, e.g., in the food or metal production sector, which comes with
economic growth and an increasing world population [1]. Therefore, there is a rising demand for
more efficient and sustainable energy conversion approaches. In this context, fuel cells, which allow
the direct conversion of chemical energy into electrical energy, have been studied within the last
few decades [2-8]. The most frequent type of fuel cells is the proton-exchange membrane fuel cell
(PEMEFC), in which protons are transported from the anode to the cathode through a proton-permeable
membrane. The latter is usually made of Nafion, a sulfonated fluoropolymer, or of ionic polymers,
which all suffer from high cost and only moderately efficient performance [9,10]. A promising approach
to improve fuel cells is the incorporation of proton-conducting crystalline porous materials, such as
metal-organic frameworks (MOFs) or coordination polymers, to replace amorphous polymers [11-15].
MOFs are hybrid inorganic-organic compounds, which have been vastly explored for more than two
decades. Due to their modular design at the molecular level, a large number of MOFs (close to 70,000
already in 2017 [16]) exist nowadays; they can be further tailored by post-synthetic modification [17].
Their structural characteristics, such as high porosity, large specific surface area, controllable pore size,
and well-defined channel systems, open doors to many potential fields of application [18-22].

Co-MOF-74, also known as CPO-27-Co, consist of Co(Il) ions that are connected by 2,5-
dioxido-1,4-benzenedicarboxylate linkers (Cop(dobdc)) [23,24]. The crystal structure (trigonal space
group 148, R-3) is marked by linear micropores (1.1 nm) with a hexagonal cross section that

Nanomaterials 2020, 10, 1263; doi:10.3390/nan010071263 www.mdpi.com/journal/nanomaterials
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runs parallel to the ¢ axis of the crystals, as verified by sorption uptake studies with in-situ IR
microscopy detection [25] (see Figure 1). The Co(Il) ion is penta-coordinated by the linkers, and its sixth
coordination site is exposed to the interior of the pore channels, usually coordinated by a water molecule.
These structural features make Co-MOF-74 a highly interesting system with respect to host-guest
interaction, e.g., for catalysis [26], gas adsorption [27,28], or gas sensing [29]. Moreover, water-mediated
proton conduction is possible through the channels [30]. Here, we present a fundamental study on
the proton conductivity of Co-MOF-74 for potential future utilization in proton-exchange fuel cell
membranes. By applying impedance spectroscopy to a single crystal specimen, we investigate the
anisotropy of proton conductance, as well as the impact of relative humidity.

Figure 1. Crystal structure representation of Co-MOF-74 (Co—blue, C—grey, O—red); view along
the crystallographic ¢ axis. The structure is shown for the solvent-free state, i.e., the Co centers are
penta-coordinated; under ambient conditions (humid air), the sixth coordination sites will be occupied
by water ligands. (Crystal structure data taken from ref. [23], CCDC 270293; drawing made with
VESTA software [31]).

2. Materials and Methods

Co-MOF-74 crystals were prepared according to a slightly modified procedure previously
published by one of our labs [29]. A total of 750 mg cobalt nitrate hexahydrate (Co(NO3),;-6H,0,
99% Sigma-Aldrich, Taufkirchen, Germany) was dissolved in a 60 mL mixture of EtOH, DMF and H,O
(1:1:1); afterwards, 144 mg 2,5-dihydroxy-terephthalic acid (DHBDC, 98% Sigma-Aldrich, Taufkirchen,
Germany) was added. The suspension was ultrasonicated until the solids were dissolved completely,
and subsequently heated to 131 °C for 24 h in a 60 mL Teflon-lined autoclave (Parr Instruments,
Fankfurt, Germany). After cooling down to room temperature, the resulting crystals were washed and
solvent-exchanged with MeOH. Then, the crystals were dried under reduced pressure and activated
under vacuum at 160 °C overnight.

Scanning electron microscopy (SEM) images were obtained with a JEOL JSM-6700F NT microscope
at 2 kV acceleration voltage and an emission current of 10 pA. IR spectra of a powder sample were
measured with an Agilent Technologies Cary 630 FTIR spectrometer. Raman spectroscopy of single
crystals was performed with a Bruker Senterra Raman spectrometer, and a laser excitation wavelength
of 532 nm. Temperature-dependent X-ray powder diffraction (XRPD) data at relative humidity of 93%
were recorded on a Panalytical Empyrean diffractometer, equipped with a CHC plus+ chamber in a
transmittance Bragg-Brentano geometry, employing Cu-radiation. The patterns were recorded in a
temperature range of 2060 °C in 5 °C steps (each followed by a 15 min isothermal step), in the 5-50°
20 range.
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Impedance measurements were carried out with a Solartron SI 1260 Impedance/Gain-Phase
Analyzer and a Novocontrol Alpha-A Analyzer. An experimental setup, as described previously by
one of our labs, was used [32]. In short, one individual single Co-MOF-74 crystal was placed on
an array of interdigitated Pt electrodes (20 um electrode width and spacing; UST GmbH, Geratal,
Germany) inside a custom-built Faraday cage that was placed in an Espec SH-242 climate chamber.
The contact area between the crystal and the electrodes was estimated by confocal laser microscopy
(Olympus LEXT OLS 3100, Hamburg, Germany), as shown in the Supplementary Materials section
(Figure S1). The humidity was controlled by streaming dry N, through a washing bottle containing
deionized water using mass flow controllers. Temperature and humidity of the gas stream were verified
by a Sensirion SHT2x sensor. The system was allowed to equilibrate for 12 h after each change in
temperature and/or humidity.

3. Results and Discussion

The Co-MOF-74 crystals were characterized by SEM, Raman, and IR spectroscopy. Figure 2a
shows the SEM image of an exemplary Co-MOF-74 crystal with a representative length of 550 pm
and a width around 100 um. The Raman spectrum (Figure 2b) is in good accordance with previously
published MOF-74 Raman data [28]. The peak at 572 cm™! corresponds to the benzene ring vibration
(ring deformation mode), the peak at 818 cm™! can be assigned to the C-H bending in the benzene
ring, the peak at 1281 em™! correlates with the C=0 stretching, and the O-C-O stretching of the
carboxylate group of the organic linker is situated at 1417 cm™~! [33]. Figure 2c shows the IR spectrum,
with characteristic peaks at 1401 cm™! and 1546 cm™!, corresponding to the symmetric and asymmetric
v(COO) stretching of the carboxylic acid group [34]. The measurement was performed under humid
air; therefore, the IR spectrum shows a broad band between 2700 cm™! and 3600 cm™!, which can be
assigned to adsorbed water.

(b)

intensity / a.u.

600 800 1000 1200 1400
Raman shift / cm™

absorbance [ a.u.

1000 1500 2000 2500 3000 3500
wavenumber /[ cm?

Figure 2. (a) Scanning electron microscopic (SEM) image of a Co-MOF-74 crystal (ca. 0.6 mm length);
(b) Raman spectrum; (c) IR spectrum.

Hydrothermal stability is one of basic prerequisites regarding potential application of Co-MOF-74
as a proton-conducting material at elevated temperature and under humid conditions. Therefore,
we carried out a temperature-resolved powder XRD analysis at a relative humidity of 93%. Figure 3
shows that the material is stable under the tested conditions. We did not observe any changes in the
peak positions over the studied temperature range of 20-60 °C. The diffraction patterns are consistent
with literature data [25,35]. Some minor changes in the intensity of the first diffraction peak at 6.7° can
be attributed to the different solvent content (here water) occupancy inside the pores, as also reported
for other MOFs [36,37].
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Figure 3. Temperature-resolved powder XRD patterns of Co-MOF-74 (at 93% relative humidity).
(a) Data range (20) from 5° to 50°; (b) most intense reflections (110 at 6.5°, 300 at 11.6°). Data are shifted
vertically for clarity.

The proton conductance of Co-MOF-74 was studied by AC impedance analysis. The real part of the
complex impedance Z corresponds to the resistance R, i.e., the reciprocal conductance. The availability
of large single crystals made it possible to investigate the material in form of one single crystal, instead
of a powder. This eliminates potential difficulties that arise from grain boundary effects or from the
impact of surface-adsorbed water in bulk powder or pressed pellets. Most importantly, single-crystal
specimens also offer an opportunity to study the anisotropy of proton conductance [30,32,38-41].
Prior to measurement, the material was dried and activated at 160 °C, to remove adsorbed molecules
from the micropores. A color change from red to black is observed upon activation. This effect is
reversible; subsequent exposure to air at room temperature (with ambient humidity) turns the color
back to red. This observation is attributed to de-coordination/coordination of water ligands to cobalt at
the ‘open’ coordination site exposed to the interior of the pores [25].

A single crystal was placed on top of an electrode array, as described in the experimental section.
It is notable that this method of establishing electrical contact avoids the use of any conductive pastes.
Figure 4 shows example Nyquist plots of the impedance Z (i.e., imaginary part, -Im(Z) vs. real part,
Re(Z); frequency range from 10 Hz to 1 MHz, applied potential of 0.1 V) of a Co-MOF-74 single
crystal at a temperature of 25 °C and relative humidity of 92%. The crystal with an elongated shape
was placed in two distinct orientations relative to the electrodes, perpendicular and parallel. Hence,
the proton resistance R was measured both along the direction of the crystallographic c axis (blue)
and in an orthogonal direction a axis (red). The Nyquist plots exhibit depressed semi-arcs in the high
frequency range that can be modeled by a circuit equivalent consisting of a resistor and a parallel
constant phase element, as depicted in the inset of Figure 4. The fit parameters, as well as plots
of both the real and imaginary parts vs. the frequency, are shown in the Supporting Information
section (Table S2 and Figure S3). Even if the proton conductivity turns out not to reach the values of
Nafion [9,10], the data still reveal some interesting findings. A relatively high proton conductivity of
0 =123 uS cm™! (calculated by Equation (S1), Supplementary Materials section) is observed along the
¢ axis, which corresponds to the direction of the micropore channels in MOF-74 [23]. By comparison,
the conductivity in the orthogonal direction is only ¢ = 11.7 uS cm™!. This is a clear indication that the
mobility of the protons is substantially higher along the micropore axis than in the orthogonal direction.
Figure 5 shows a plot of the (real part of) the conductivity ¢’ versus the frequency w. The graphs
each exhibit a plateau region (near-zero slope in log-log representation) in the frequency region up
to ca. 10 kHz. This (nearly) frequency-independent region marks the material-intrinsic conductivity,
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often referred to as ‘dc conductivity’. The respective plateau values of ¢’ (ca. 100 pS cm™! along the
pore channel axis, ca. 10 uS cm™ in orthogonal direction) correspond to the ¢ values calculated from
Equation (S1).

16| micropore channel axis
b (crystal ¢ axis)

-
~

orthogonal to
micropore axis

am (2)/ MO

0 4 8 12 16 20 24 direction of AC voltage
Re(2) / MQ
(a) (b)

Figure 4. (a) Example impedance spectra (Nyquist plots) of a single Co-MOF-74 crystal in two different
orientations relative to the contacting electrodes (25 °C, 92% r.h.). Measured data are plotted as scattered
points; the lines represent fits by the circuit equivalent shown in the inset. (b) Photographs of the
crystal on top of the interdigitated electrode structure. (Pt electrodes appear as white lines on the green
substrate background) and schematic of pore channel orientation.

10?
£
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~
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10*
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Figure 5. Real part of the conductivity (0”) as a function of frequency (w) for the same data as in Figure 4.

In addition to proton mobility, the protonic conductivity also depends on the number of mobile
protons. Since water molecules turn out to be responsible for the proton conduction mechanism (as will
be shown below), we varied the relative humidity (r.h.) between 70% and 95%, at 21 °C and 30 °C
(along the ¢ axis). Figure 6 shows a clear impact of humidity; an exponential increase in conductivity
(linear increase at logarithmic scale) is observed up to 90% r.h. (data shown in Table S2, Supplementary
Materials section). The very strong increase at 95% r.h. is likely attributable to the formation of a
continuous liquid water phase, either inside or outside the pores (bulk water condensation). This effect
would be tantamount to ‘short-circuiting’ the sample and, therefore, pose a significant risk to the
investigation of intrinsic proton conduction in the MOF material. To avoid such a distortion of the
measured data, we used a maximum relative humidity of 90% for all other measurements in this study.
(A generally higher conductivity is observed at 30 °C than at 21 °C. The impact of the temperature will
be discussed in more detail below.) These findings confirm that the presence of water in the micropores
of Co-MOF-74 facilitates protonic conductivity, as frequently observed in MOF materials [30,38,40].
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Figure 6. Proton conductivity of a Co-MOF-74 single crystal along the crystallographic c axis at 21 °C
and 30 °C. (Lines connecting the data points are drawn as a guide to the eye.).

To elucidate the mechanism of proton conduction in more detail, we varied the temperature at a
constant relative humidity of 90% (data shown in Table S3, Supplementary Materials section). This offers
an opportunity to determine the activation energy E4 for the proton conduction. The conductivity o is
related to the temperature T by

0= i exp (2] M
where ¢ is a material-specific factor and kg is the Boltzmann constant [13]. A linear regression of
In(To) vs. T~ (Arrhenius plot) delivers E4 (from the linear slope), as shown in Figure 7. From the data
in the temperature range between 21 °C and 30 °C, an activation energy of E4 = 0.37 eV is obtained
for the proton conduction in the direction along the micropore axis (c axis), while a higher value
of E4 = 0.87 eV is found for the orthogonal direction. Further data were measured in the ¢ direction
between 30 °C and 60 °C, resulting in E4 = 0.32 eV, although, for these measurements, a different
crystal was used. These findings strongly suggest that proton conduction in the direction along the
micropore axis occurs by a Grotthuss-type mechanism, involving water molecules inside the micropore
channels; this is typically associated with activation energies below ca. 0.4 eV [13,42]. In the orthogonal
direction, the higher value of E,4 indicates a different mechanism, most likely the diffusion of H;O* ions.
We assume that such diffusion occurs through surface sorbate layers at the crystal surface, rather than
inside the crystal.

3 o 4
g o) B\KA ]
wv
SE
~
5 T T
b
= QO along caxis (30 ... 60 °C)
A along c axis (21 ... 30 °C)
-8+ <> perpendicular (21 ... 30 °C) 4
1 Y

00030 00031 00032  0.0033  0.0034
Tt

Figure 7. Arrhenius plots of the temperature-dependent proton conductivity of Co-MOF-74 single
crystals along the crystallographic c axis and in the orthogonal direction (90% r.h.). The lines show the
linear regression.
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4. Conclusions

In summary, we have measured the proton conductivity in Co-MOF-74 single crystals and found
a strong anisotropy. High conductivity (123 uS cm™ at 25 °C) with a low activation energy (0.32 eV) is
observed along the direction of the micropore axis (crystallographic c axis). In the orthogonal direction,
lower conductivity (11.7 uS cm~!)and a high activation energy (0.87 eV) are measured. The proton
conductivity is strongly humidity-dependent. These findings suggest that proton conduction occurs
predominantly through the micropore channels and that water molecules in the channels provide a
proton-conducting path by a Grotthuss-type mechanism.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/7/1263/s1,
Figure S1: Microscopic images; Figure S2: Powder XRD diagram; Figure S3: Data vs. frequency: Table S1:
Dimensions of single crystals; Table S2: Fit results; Table S3: All measured data; Equation (S1): Calculation of
proton conductivity
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Figure S1. Microscopic images of two Co-MOF-74 crystals for the evaluation of the contact area in
equation S1.
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Figure S2. Experimental and simulated powder XRD pattern of Co-MOF-74 [1].

[1] Strauss, I; Mundstock, A.; Hinrichs, D.; Himstedt, R.; Knebel, A.; Reinhardt, C.; Dorfs, D.; Caro, J. Angew.
Chemie Int. Ed. 2018, 57, 7434-7439.
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Table S1. Dimensions of Co-MOF-74 single crystals and contact lengths/widths with
underlaying flat substrate, determined from Figure S1. The values are used as correcting
factors for the assessment of the contact area in equation S1.

crystal # length contact length width contact width
1 456 um 341 pm (74.8%) 1909 um 95 pum (49.8%)
2 141.2 um  105.0 um (74.8%) 57 um 26 um (45.6%)

Equation S1. Calculation of the proton conductivity o from the measured proton resistance R and the
contact area with the Pt electrodes (A: contact area between sample and the Pt electrode array;
n: number of spacings between electrodes, D: inter-electrode distance (20 pum), d: electrode width (20 um),
a: width of crystal) [2].

o=n(D/(R-A))=n(D/ (Rad)) (S1)

Table S2. Fit results for the spectra in Figure 4.

along micropore axis _orthogonal to axis

2 0.015 0.014
CPE-T 1.8753x10-11 1.4715x10-11
CPE-P 0.88579 0.89969
R/Q 1.278x107 2.072x107
20 6 30 10
5L
15
o 14 o 20r )
S 8 g 8§
2 s 1?E &t E
st 12
0 Jo
of q0
10' 102 10° 10* 10° 10° 10’ 10° 10° 10 10° 10°
log f (Hz) log f (Hz)

Figure S3. Real and imaginary parts of the impedance vs. frequency of a single Co-MOF-74 crystal in two
different orientations relative to the contacting electrodes (25 °C, 92% r.h.): along (left) and orthogonal
(right) to the micropore axis.

[2] Javed, A.; Wagner, T.; Wohlbrandt, S.; Stock, N.; Tiemann, M. ChemPhysChem 2020, 21, 605-609.
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Table S3. All measured proton conductivity values of Co-MOF-74 crystals
under variable conditions.

Co74_1 = 25 92 123
# 25 92 11.7
= 21 75 0.732
Co74.2 = 21 80 2.29
= 21 85 7.38
= 21 90 20.4
= 22 90 34.4
Co-74_3 = 26 90 455
= 30 90 49.6
# 21 90 0.862
Co-74_4 # 24 90 1.46
# 27 90 1.85
# 30 90 2.40
= 30 70 0.27
= 30 75 1.18
= 30 80 4.48
= 30 85 15.7
Co-74_5 = 30 90 498
=) (30) (95) (2590)2
= 40 90 52.3
= 50 90 T,
= 60 90 137

1"=": along c axis; "#": orthogonal ? (presumed bulk water condensation)
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5.2.3 Published Data Details

5.2.3.1 Fittings Parameters

Table 5.2.1. Description of the fittings produced using the equivalent circuit model for Co-MOF-74, at different
setpoints of relative humidity and temperature, specifically for crystal orientation with respect to IDE.

proton

sample current rh chi- n Q R
name direction [°C] [%] sqr. [Q]
Co-74_1 = 25 95 0.015 0.88 1.87E-11 1.27E7

# 25 95 0.014 0.89 1.47E-11 2.07E7
= 21 75 0.070 0.95 5.79E-12 1.62E9
Co-74_2 = 21 8 0.072 0.86 6.75E-12 5.18E8
= 21 8 0.077 0.86 9.14E-12 1.60E8
= 21 90 0.064 0.86 1.33E-11 5.80E7
= 22 90 0.081 0.95 6.44E-12 1.16E7
Co-74_3 = 26 90 0.091 0.95 6.37E-12  8.64E5
= 30 90 0.081 0.94 7.65E-12  7.93E5
# 21 90 0.018 0.93 8.03E-12  4.18E7
Co-74_4 % 24 90 0.019 0.92 1.07E-11  2.46E7
# 27 90 0.019 0.91 1.15E-11  1.94E7
# 30 90 0.021 0.91 1.28E-11  1.50E7
= 30 70 0.030 0.98 3.67E-12  7.65E9
= 30 75 0.067 098 3.92E-12 1.78E9
= 30 80 0.044 098 4.14E-12 4.62E8
= 30 8 0.029 097 4.14E-12 1.33E8
Co-74_5
= 30 90 0.022 096 5.18E-12 4.21E7
= 30 95 0.013 0.80 7.97E-11  8.09E5
= 40 90 0.019 093 8.12E-12 4.03E7
= 50 90 0.015 0.92 1.08E-11 2.71E7
= 60 90 0.017 091 1.28E-11 1.52E7
where, “=": along c axis; “#”: along orthogonal

The parameters n and Q were generated by using constant phase elements CPE. Z-View software identifies n and
Q with P and T, respectively.
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5.2.3.2 Nyquist Plots
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Figure 5.2.1. Nyquist plots for single crystal Co-MOF-74 samples (a) Co-74_2: along c-axis at 21 °Cand 70 % ...

90 % rh (b) Co-74_3: along c-axis at 90 % rh and 22 °C ... 30 °C temperature (c) Co-74_4: along orthogonal
direction at 90 % rh and 21 °C ... 30 °C temperature.
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Figure 5.2.2. Nyquist plots for single crystal Co-MOF-74 sample, Co-74_5 along c-axis (a) at 30 °Cand 70 % ... 95
% rh (b) zoom-in view of (a), and (c) zoom-in view of (b), and (d) at 90 % rh and 30 °C ... 60 °C temperature.
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5.3 The Role of Sulfonate Groups and Hydrogen Bonding in the Proton
Conductivity of Two Coordination Networks

Ali Javed, Felix Steinke, Stephan Wohlbrandt, Hana Bunzen, Nobert Stock, and Michael

Tiemann

DOI: 10.3762/bjnano.13.36

5.3.1 Outline and Outcome

Recently, this article was published in an open access journal "Beilstein Journal of
Nanotechnology". In hunt for novel crystalline materials, this study demonstrates the proton
conductivity of two coordination networks which differ in their metal centers, such as Mg and
Pb, and use the same linker molecule as that used in studying Ba-CP. Felix Steinke followed
the procedure published by Stephan to synthesize and characterize both compounds.® Hana
Bunzen verified the hydrothermal stability up to 50 °C at 90 % relative humidity. The author

of this thesis accomplished the remaining activities associated to impedance measurements.

The crystal structure analysis of [Mg(H20)2(HsL)]-H20 (Mg-CP) uncovered the layered structure
in which inside the interlayer spacing, the uncoordinated sulfonate group of the linker is
pointed which offers high degree of hydrogen bonding. In contrast, this sulfonic acid group is
coordinated to Pb*? ions in [Pb2(HL)]-H20 (Pb-MOF), which exhibited 3D-framework structure.
This is due to lower linker connectivity of Mg-CP as compared to Pb-MOF. Moreover, the
permanent porosity (2x4 A°) of Pb-MOF made it first porous phosphonato-sulfonate based
MOF. Another feature of this found by vapor sorption measurement was the reversible uptake
of water.l®® Using these structural differences as a basis, the proton conductivity of both

compounds was examined in this study.

The samples were obtained as very small colorless crystals. Therefore, the single crystal
investigation was hampered, and through-plane impedance measurements were performed
with pressed pellets. Both samples featured water-mediated proton conductivity, with Mg-CP
having two orders of magnitude higher conductivity than Pb-MOF. Surprisingly, a grain-
boundary effect was noticed with Mg-CP that was eliminated by the thermal activation
treatment. Furthermore, reversible water uptake was observed in Pb-MOF. Concerning to Ea

before and after thermal activation, Mg-CP expressed the “proton hopping” based on non-
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coordinated sulfonate group between the layers. However, results from Pb-MOF identified no

long-range hydrogen bonding since no free sulfonate sites were present.
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The proton conductivity of two coordination networks, [Mg(H,0),(H3L)]-H,0 and [Pb,(HL)]-H,O (HsL = (H,O3PCH;),-NCH,-
CgHy4-SO3H), is investigated by AC impedance spectroscopy. Both materials contain the same phosphonato-sulfonate linker mole-

cule, but have clearly different crystal structures, which has a strong effect on proton conductivity. In the Mg-based coordination

network, dangling sulfonate groups are part of an extended hydrogen bonding network, facilitating a “proton hopping” with low ac-

tivation energy; the material shows a moderate proton conductivity. In the Pb-based metal-organic framework, in contrast, no ex-

tended hydrogen bonding occurs, as the sulfonate groups coordinate to Pb2*, without forming hydrogen bonds; the proton conduc-

tivity is much lower in this material.

Introduction

Recent achievements in the synthesis of advanced functional
materials with tailored, structure-related physical properties
have stimulated the development of new concepts and devices
for energy storage [1,2] and energy conversion [3,4]. Among
these, proton-conducting solid materials show significant poten-
tial in the development of novel membranes for proton
exchange membrane (PEM) fuel cells, PEM electrolyzers, and
for humidity sensors [5-7]. The goal is to overcome the restric-

tions of state-of-the-art proton-conducting membrane materials
such as Nafion. Despite its high proton conductivity of
ca. 0.1 S-cm™! at 80 °C and 98% relative humidity (r.h.), Nafion
exhibits some shortcomings, including high cost, sophisticated
manufacturing processes, and stringent operating conditions [8].
Therefore, a variety of new functional network materials are
currently being discussed as potential alternatives. These
include coordination polymers (CPs), covalent organic frame-
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works (COFs), polyoxometalates (POMs), hydrogen-bonded
organic frameworks (HOFs), and mesoporous organosilica ma-
terials (MPOs) [3,9-11]. In particular, proton-conducting coor-
dination polymers (CPs), such as (porous) metal-organic frame-
works (MOFs) and (non-porous, yet cross-linked) coordination
networks [12], may offer alternatives to Nafion because of their
structural controllability and high crystallinity [13].

The quest to develop new proton-conducting network materials
is associated with the requirement to understand conduction
mechanisms and to identify the necessary characteristics of the
crystal structures of the materials [14]. This will offer new
options to design structures with appropriate functionalities,
such as (i) by introducing or replacing functional groups of the
bridging ligands, for example, ~-OH, ~-COOH, -PO3H; or
—SO3H, (ii) by filling pores or channels with acidic guest mole-
cules, such as oxonium ions, organic or inorganic acids, or am-
monium cations, or (iii) by ligand substitution to increase the
mobility of proton carriers [13-16]. Here we report an investiga-
tion of proton conductivity in two coordination networks that
contain the same phosphonato-sulfonate linker, but different
metal nodes, namely Pb2* and Mg2* [17]. The materials exhibit
different crystal structures, and both show a certain, though
moderate, proton conductivity that is strongly humidity- and
temperature-dependent. We discuss how differences in the
conduction behavior may be related to the respective structural

properties.

Results and Discussion

The compounds [Mg(H20)2(H3L)]-H20 and [Pby(HL)]-H,0
were synthesized using the linker molecule HsL (see Support-
ing Information File 1, Figure S1) and magnesium chloride
hexahydrate (MgCl,-6H,0) or lead acetate hydrate
(Pb(OAc)3-H;0), respectively, under solvothermal reaction
conditions, employing mixtures of water and ethanol as solvent.

Beilstein J. Nanotechnol. 2022, 13, 437-443.

In the case of [Mg (H,0)>(H3L)]-H,0, sodium hydroxide was
used as an additive [13]. Crystallographic and experimental
details, as well as an extended structure characterization and
discussion is provided in [17]. In brief, both compounds crystal-
lize in the same monoclinic space group (P2;/c, Nr. 14) but ex-
hibit fundamentally different crystal structures (Figure 1).
[Mg(H,0)5(H3L)]-H,0 is a 2D coordination network (1209
network following the classification by Cheetham et al. [18]),
with a 2D inorganic building unit consisting of corner-sharing
CPO5 and MgOg polyhedra. Each MgZ* ion is surround by four
different phosphonate groups and two aqua ligands, with the
phosphonate groups bridging two metal ions, resulting in the
formation of layers. This way, each phosphonate group is coor-
dinating with two oxygen atoms, while the third one is proto-
nated. The —C¢H4-SO3 group points into the interlayer space. A
network of hydrogen bonds between the sulfonate residues and
coordinated water molecules as well as crystal water intercon-
nect the layers into a three-dimensional network consisting
of interlocked layers. In contrast, in the structure of
[Pby(HL)]-H,O0, each sulfonate group is coordinating to several
Pb2* ions. A 2D inorganic building unit is observed and the
coordination of the sulfonate groups results in the formation of
a 3D coordination network (I20') exhibiting ultramicropores
(2 x 4 A) [17]. Therefore, in contrast to the magnesium-based
compound, [Pby(HL)]-H,O can be denoted as a metal-organic
framework [12]. It is noteworthy that solely H bonds with
adsorbed water molecules are found. Crystallographic and ex-
perimental details, as well as an extended structure discussion is
provided in [17].

The proton conductivity of [Mg(H,0),(H3L)]-H,O (in the
following: Mg-CP) and [Pb,(HL)]-H,O (in the following:
Pb-MOF) was investigated by AC impedance analysis [19,20].
For this purpose, the materials were pressed into pellets and
placed between plate electrodes without further auxiliary

Figure 1: Crystal structures of [Mg(H20)2(HsL)]"H20) (left) and [Pba(HL)]-H20) (right). General color scheme: Mg: green octahedra, Pb: dark grey
polyhedra, P: violet tetrahedra, S: yellow tetrahedra, C: light grey, N: blue, H: white, H bonds: red dotted lines.
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measures, such as the usage of conductive paste. A potential of
0.1 V was chosen for the entire study, after making sure that
lower or higher potentials do not affect the measurements in any
significant way (see Supporting Information File 1, Figure S2).
Figure 2 shows the Nyquist plots of the impedance spectra (i.e.,
imaginary vs real part of the impedance Z) for both materials at
22 °C and 90% r.h., before and after thermal activation. The
term “thermal activation™ here stands for exposure to 80 °C at
ambient pressure for 24 h in dry air. This process is supposed to
remove surface-adsorbed water, such as residues from the syn-
thesis process or from exposure to humid conditions. Powder
X-ray diffraction confirmed that this process does not affect the
crystallinity of the two materials, and no phase transformation
was observed (see Supporting Information File 1, Figure S3 and
Figure S4). The Nyquist plots show depressed semicircles in the
high-frequency region (i.e., region of low Re(Z)) that allow for
the determination of the proton conductance by fitting an appro-
priate equivalent circuit model. Here, the model consists of a
resistor and a parallel constant phase element (Supporting Infor-
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mation File 1, Figure S5a). However, in case of the non-acti-
vated Mg-CP sample, a second pair of resistor and parallel con-
stant phase element, serial to the first pair (Supporting Informa-
tion File 1, Figure S5b), was found to be necessary, as will be
discussed below. The proton conductivity o is then calculated
from the resistance R by accounting for the thickness L and
contact area A of the sample pellet between the two electrodes
(0 =R""L-A7") [21]. The results are shown in Table 1. Further
conductivity values at 22 °C are plotted in Figure 3 for r.h.
values between 70% and 90%. A strong impact of humidity is
observed for both materials; obviously, proton conduction is
strongly mediated by water, as frequently observed for similar
materials [22,23].

The Pb-MOF sample shows an overall very low proton conduc-
tivity. The value increases from 4.9 x 10710 S.em™ at 70% r.h.
102.0 x 1078 S.cm™! at 90% r.h. (non-activated sample, 22 °C).
Activation only leads to a very slight change in conductivity
(9.9 x 1072 S-em™" at 90% r.h., see Table 1). These findings

5 T T T T T
(b)
4t .
5
~ after activation
£ 2F /” 1
-
1k
I before
0 <——_ activation
0 1 2 3 4 5

Re(2)/ MQ

Figure 2: Nyquist plots (imaginary vs real part of impedance Z) of (a) [Mg(H20)2(HsL)]"H20 and (b) [Pba(HL)]-H20, before and after thermal activa-
tion. Measurements were conducted at 22 °C and 90% r.h.; lines represent the fit results from using the equivalent circuits described in the text.

Table 1: Proton conductivity of [Mg(H20)2(HaL)]H20 (Mg-CP) and [Pba(HL)]-H20 (Pb-MOF), before and after thermal activation.

before thermal activation

after thermal activation

o/S-cm~! EpleV
Pb-MOF 2.0 x 10-8 0.17£0.02

3.0 x 1078 0.40 +0.05
Mg-CP (1.40 x 10-7)2 (0.64 +0.01)2

o/S-cm! EpleV
9.9 x107° 0.36 + 0.04
3.6 x 108 0.38 +0.05

2The second values correspond to the conduction mode that is irreversibly erased by thermal activation.
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Figure 3: Proton conductivity (dashed lines as a guide to the eye) of
[Mg(H20)2(HaL)]*Ha0 (Mg-CP) and [Pba(HL)]-H20 (Pb-MOF) at vari-
able relative humidity (22 °C, before thermal activation). *The lower
values for Mg-CP (gray) correspond to the conduction mode that is
irreversibly erased by thermal activation.

suggest that proton mobility is mostly governed by the (revers-
ible) uptake of water, either inside or outside the pores of
Pb-MOF.

The Mg-CP sample shows a more interesting behavior. Its
conductivity lies in the range between 6 x 1078 S-cm™!
(70% r.h.) and 3 x 107 S-em™" (90% r.h.), which are still only
low values, but approximately two orders of magnitude higher
than those of Pb-MOF. (A brief survey of proton conductivity
values in other coordination networks containing sulfonate
groups, extracted from literature, is shown in Supporting Infor-
mation File 1, Table S1) For the non-activated Mg-CP sample,

it turns out that a satisfying fit of the Nyquist plot data is

10° T T r T - -
(a) {0
1 @ after
10°F activation .15 g
activation o
o 10°t _ 1303
> 121 before activation S
~ 45 2
R g
-60 &
102 121 after activation .&
-75
103 . L . L L L 90
10° 10* 10° 10° 10* 10° 10° 10’
frequency f / Hz
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obtained by using a modified equivalent circuit model, as
mentioned above. A second semicircle, superimposing the first
one, needs to be accounted for, though this is hardly distin-
guishable by the naked eye. This finding suggests that, in this
case, proton conduction occurs by two distinct processes. The
second one is irreversibly erased by thermal activation; the ad-
ditional semicircle is no longer observed and, hence, the stan-
dard equivalent circuit model can be applied once the sample
has been activated. This is further illustrated in Figure 4, which
shows the Bode plots (i.e., impedance Z and phase angle ® vs
frequency f) of the measurements from Figure 2. For the non-
activated Mg-CP sample, the phase angle shows two distinct
features, namely a maximum at ca. 102 Hz and a shoulder at ca.
105 Hz, corresponding to two distinguishable conduction
modes. After thermal activation, only a single broad maximum
in the region from 10? to 10* Hz remains. The phase angle for
the Pb-MOF sample shows only one maximum (at ca. 102 Hz)
both before and after activation. We conclude that the second
conductance mode in the non-activated Mg-CP material may be
caused by interparticle water adsorbate layers that are success-
fully and irreversibly removed by activation. These findings are
quite helpful, as they allow us to conversely conclude that the
remaining mode of proton conductance is probably not caused
by such adsorbate layers, but more likely occurs within the
crystalline material, as will be elaborated in more detail below.
(We did not observe any semicircular behavior in the absence of
humidity, neither before nor after thermal activation, from
which we conclude that other phenomena, such as relaxation of
electric dipoles, do not significantly contribute to the charge
mobility.)

Another way to depict the conductivity is to plot the real part of
conductivity Re(o) vs frequency f [20], as shown in Figure 5.
All samples show reasonably constant values in the frequency

10? T - - - : :
(b) {0
1L
10 Jas @
oo
(7]
o 10°F 1302
g S
~ {453
N0t g
- o
@ before activation -4-60 §
102} - ]
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103 L L ' L ' N -90
10° 10' 10 10° 10* 10° 10° 10’

frequency f / Hz

Figure 4: Bode plots (absolute value of impedance Z and phase angle ® vs frequency f) of (a) [Mg(H20)2(HsL)]-H20 and (b) [Pba(HL)]-H20, before
and after thermal activation. Measurements were conducted at 22 °C and 90% r.h.
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ranges that correspond to the maximum phase angles from
Figure 4. These values are consistent with the conductivity
values in Table 1.

5
107 Mg-CP after

activation
.,E 10°F E
o
2 Mg-CP before
B activation
I 107 E
S=Pb-MOF after
10® activation 4

Pb-MOF before activation

. A . . A A
10° 100 100 10° 10* 10° 10° 107
frequency f / Hz

Figure 5: Real parts of the conductivity values of
[Mg(H20)2(H3L)]-H20 and [Pby(HL)]-H20 obtained by conversion of
impedance into permittivity (22 °C, 90% r.h.). Highlighted regions
(blue) correspond to the values obtained from the Nyquist plots (see
Table 1).

Finally, we measured the proton conductivity at different tem-
peratures between 22 and 35 °C (at 90% r.h.), as shown in
Figure 6a. As expected, both materials show an increase in
conductivity with increasing temperature; this applies to sam-
ples both before and after thermal activation. The relation be-
tween conductivity and temperature can be used to estimate the
activation energy E of proton mobility by using the Arrhenius
equation (Equation 1), where o is a material-specific factor and
kg is Boltzmann’s constant [22-24]:

10° p—
(a) A
- /\- Mg-CP before activation
-/\- after activation
10°F 4
ir - Mg-cp
% befor
g -V
v =
% e
107 F v .
- O- Pb-MOF before activation|
EO- after activation

temperature / K

Beilstein J. Nanotechnol. 2022, 13, 437-443.

c =K
o=—Lexp| —2 |. M
kgT kgT

Figure 6b exhibits the Arrhenius plots, that is, In(T-0) vs Tl
The activation energy is obtained from the slope (=Ex/kg) of
the linear regression; the resulting values are shown in Table 1.
For the activated samples, low values (0.4 eV) are observed,
which indicates that proton conduction occurs predominantly by
a “hopping” mechanism, that is, by formation and simultaneous
cleavage of covalent bonds and hydrogen bonds between adja-
cent molecules, without mass transport [25]. For bulk liquid
water, this is known as the Grotthufl mechanism, with reported
activation energy values of 0.10-0.11 eV [26,27]. In the
materials studied here, proton hopping can occur between
H,0/H30™" and/or deprotonated/protonated sulfonate groups
(-SO37/-SO3H) within the crystals. Spatial confinement may
hinder proton hopping to some extent, which is why activation
energies larger than in bulk liquid water are frequently ob-
served in such materials (up to 0.4 eV) [25]. In contrast, when
proton conduction occurs by mass transport (i.e., by cation
diffusion of, e.g., H30™), activation energies higher than 0.4 eV
are expected [28]. This mechanism seems to dominate the addi-
tional conduction mode in the non-activated Mg-CP sample,
where an activation energy of 0.64 eV is observed. This is
consistent with our above assumption that this additional
conduction occurs within interparticle water adsorbate layers;
these liquid-like layers may facilitate molecular diffusion to
some extent.

To explain the differences in proton conductivity between the
(activated) Mg-CP and Pb-MOF materials, the respective
crystal structures need to be considered regarding the chemical

T T T T T T T

-6 |- 1
(b) %
/\ Mg-CP before activation

after activation

8t J

/ Mg-CP
before activation*

(O Pb-MOF before activation
QO after activation
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In[Ta/(KScm™))
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3.30 3.35 3.40
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Figure 6: (a) Proton conductivity (dashed lines as guide to the eye) of [Mg(H20)2(HsL)]"H20 (Mg-CP) and [Pby(HL)]-H20 (Pb-MOF) at different tem-
peratures (90% r.h.). (b) Arrhenius plot (with linear regression) of the same data. *The lower values for Mg-CP (gray) correspond to the conduction

mode that is irreversibly erased by thermal activation.
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environment of the sulfonate groups and the hydrogen bonding
networks of coordinating and non-coordinating water mole-
cules. The Mg-CP network shows a clearly higher proton
conductivity than Pb-MOF. As stated above, the sulfonate
groups do not coordinate to Mg2", but point into the interlayer
regions of the layered structure, forming hydrogen bonds, both
with coordinating (two per formula unit) and non-coordinating
(one per formula unit) water molecules. This extensive hydro-
gen bonding network offers good conditions for proton hopping
from one partner (H30%, =SO3H) to another. In the case of the
Pb-MOF material, in contrast, no such hydrogen bonding
network is present. The sulfonate groups coordinate to Pb2*,
and no hydrogen bonds other than between pairs of non-coordi-
nating water molecules are observed, which explains that long-
range proton hopping cannot occur to any significant extent in
this network.

Conclusion

The two coordination networks [Mg(H,0),(H3L)]-H,O (Mg-
CP) and [Pby(HL)]-H,0 (Pb-MOF) exhibit significantly differ-
ent crystal structures, although they contain the same linker
molecule, (H203PCH:):—NCHTC6H4-SO3H (HSL). Mg-CP
shows a clearly higher (though altogether low) proton conduc-
tivity than Pb-MOF (by two orders of magnitude), which can be
explained by said differences in crystal structure. In Mg-CP the
sulfonate group does not coordinate to Mg?* but is available for
being part of an extended hydrogen bonding network that also
includes coordinating and non-coordinating water molecules.
This hydrogen bonding network seems to offer good conditions
for a proton “hopping” mechanism, as confirmed by the low ac-
tivation energy of the proton conductance. In Pb-MOF, on the
other hand, no extended hydrogen bonding occurs, as the sulfo-

2+

nate groups coordinate to Pb=", without forming hydrogen

bonds.

Experimental

The linker molecule (H;O3PCH;),-NCH,-CgHy-SO3H (HsL,
see Supporting Information File I, Figure S1) was prepared
following a published route [17]. Benzylamine was sulfonated
by reaction with oleum in a first step, followed by phospho-
nomethylation of the amino group using phosphonic acid,
formaldehyde, and hydrochloric acid. The synthesis of the
compounds [Mg(H,0),(H3L)]-H,0 and [Pby(HL)]-H,O
was achieved following published procedures [17]. For
[Mg(H;0)2(H3L)]-H,0, an aqueous solution of MgCl,
(6 mmol, 1218 mg in 2 mL H,0) was added to a mixture of the
linker molecule (564 mg, 1.5 mmol), 1.5 mL of an aqueous
solution of NaOH (¢ = 2 mol/L), 6.5 mL water, and 10 mL
ethanol in a 30 mL Teflon insert, which was placed into a steel
autoclave. For [Pby(HL)]-H,O, Pb(OAc)3 (0.5 mmol, 189 mg in
2 mL H;0) was added to a mixture of the linker molecule

Beilstein J. Nanotechnol. 2022, 13, 437-443.

(188 mg, 0.5 mmol), 8 mL water and 10 mL ethanol in a 30 mL
Teflon insert, which was placed into a steel autoclave. Both
reactors were closed and heated within 6 h to the reaction tem-
perature of 150 °C. After 24 h, the reactors were slowly cooled
down to room temperature within 12 h. The compounds were
collected via filtration, dried under ambient conditions, and
identified by powder X-ray diffraction. [Mg(H,0),(H3L)]-H,O
was obtained as colorless needles (240 mg, 36%) and
[Pba(HL)]-H,0 as small colorless crystals (152 mg, 38%).

PXRD data at a relative humidity of 90% were recorded on a
Panalytical Empyrean diffractometer equipped with a CHC
plus+ chamber in a transmittance Bragg-Brentano geometry
employing Cu radiation. The patterns were recorded at a
temperature of 25 °C before and after the activation of sample
at 80 °C and 10% relative humidity. For impedance spectrosco-
py. samples of the materials were pressed into cylindrical
pellets using a weight of 10 t. The pellets had thicknesses of
ca. 1.8 mm ([Mg(H,0),(H3L)]-H,0) and ca. 0.5 mm
([Pby(HL)]-H,0), respectively; their external surface area was
ca. 130 mm?2. Impedance measurements were carried out using
a Novocontrol broadband dielectric spectrometer (Alpha-A
High Performance Frequency Analyzer). The samples were
mounted between two Novocontrol BDS1200 based blocking
gold-plated electrodes, and two-wire mode measurements were
made, as described in earlier studies [21,29]. The impedance
data was recorded in the frequency range from 1 Hz to
4.61 MHz at an applied voltage of 0.1 V. Temperature and
humidity were controlled by an Espec SH-242 climate chamber.
Prior to each measurement, samples were allowed to equili-
brate for 24 h.

Supporting Information

Supporting Information File 1
Supplementary data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-13-36-S 1.pdf]
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Figure S2: Exemplary Nyquist plots at various applied potentials for (a) [Mg(H,0),(HsL)]-H,0
(22 °C, 70% r.h.) and (b) [Pb,(HL)]-H,0 (22 °C, 90% r.h.).
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Figure S3: Powder XRD patterns of (a) [Mg(H,0),(HsL)]-H,0 and (b) [Pb,(HL)]-H,0. All
measurements were performed at 25 °C and 90% relative humidity (r.h.). No significant
change is observed after activation of the samples (i.e., exposure to 80 °C for 24 h).
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Figure S: Powder XRD patterns of (a) [Mg(H,0)2(HsL)]-H,0 and (b) [Pbz(HL)]-H,0 at variable
temperature and humidity.
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Figure S5: Equivalent circuit models used: (a) Activated [Mg(H,0),(HsL)]-H,0 and for activated/non-
activated [Pb,(HL)]-H0, (b) non-activated [Mg(H,0),(HsL)]-H,0.

Table S1: Some proton-conducting coordination networks containing sulfonate groups [1,2]

sample name conditions o(S/cm)  Ea(eV)
{[zn(bpeH)(5-sip)(H20)]-(H.0)}x 65°C,95%r.h. 2.5x10° 0.54
{[Cu(pyz)(5-Hsip)(H20),].(H20)}» 65°C,95%r.h. 3.5x10°  0.35
{[Cu(bpee)o.s(5-sip)(H20),]-(H20)a(bpeeH:)os}n 65°C,95%r.h. 9.9x10®  0.40
{[Cu(bpy)(5-Hsip)(H20)]-(H.0)2}x 65°C,95%r.h. 5.8x10° 0.43
{[Cu(bpy)a(5-H:sip)2]*(H20)s}n 65°C,95%r.h. 1.4x10° 0.45
{[Cuy(sha),(bpg)2(H.0)s]_5H,0}, 80°C.95%r.h. 9.4x10° 0.64
Cus(5-sip)2(OH),(DMF), 95°C.95%r.h. 7.4x10" 1.32
Ui0-66(S0sH), 80°C.90%r.h. 8.4x107 0.32
MIL-101-SOsH 70°C.90%r.h. 4.3x10°  0.27
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5.3.3 Published Data Details

5.3.3.1 Fittings Parameters and Proton Conductivity

Table 5.3.1. An overview of fittings produced using equivalent circuit models for compounds Mg-CP and Pb-

MOF, as well as calculations of proton conductivities at multiple temperatures and relative humidity setpoints.

sample T rh chi- Q R c (n)* (Q* (R)* (o)*
name [°C] [%] sqr. [Ql [S/cm] [Ql [S/cm]
70 0.019 094 263E-11 2.27E6 6.00E-8 0.83 1.89E-10 4.95E7 2.73E-9
75 0.014 094 3.03E-11 9.69E5 1.39E-7 0.81 2.48E-10 1.98E7 6.81E-9
Mg-CP 22 80 0008 093 3.71E-11 3.63E5 3.73E-7 0.80 3.19E-10  6.56E6 2.06E-8
(before 85 0.005 0092 451E-11 1.32E5 1.02E-6 0.77 4.99E-10 2.39E6 5.66E-8
activation) 90 0.005 0.94 4.80E-11 4.48E4 3.00E-6 0.73  1.01E-9  9.68E5 1.40E-7
26 90 0.004 094 4.71E-11 3.37E4 4.02E-6 072 1.11E9  6.71E5 2.01E-7
30 90 0004 0096 3.87E-11 2.73E4 4.95E-6 0.73  1.07E-9  5.00E5 2.70E-7
35 90 0003 098 272611 2.37E4 5.71E-6 0.74  8.6E-10  3.42E5 3.96E-7
Mg-CP 22 90 0005 0.82 1.55E-10 3.72E4 3.60E-6 - - - -
(after 26 90 0004 0.82 1.93E-10 2.51F4 4.78E-6 - - - -
activation) 30 9p 0004 0.82 2.40E-10 1.88E4 5.80E-6 - - - -
35 90 0002 081 250E-10 1.55E4 6.49E-6 - - - -
70 0128 0.80 1.30E-10 7.61E7  4.94E-10 - - - -
75 0236 0.78 2.58E-10 3.17E7 1.18E-9 - - - -
Pb-MOF 22 80 0115 079 160E-10 1.11E7 3.38E-9 - - - -
(before 85 0.015 0.86 9.80E-11  3.98E6 9.44E-9 - - - -
activation) 90 0016 0.85 1.12E-10 1.89E6 2.00E-8 - - - -
26 90 0010 0.85 1.22E-10 1.72E6 2.18E-8 - - - -
30 90 0010 090 1.33E-10 1.55E6 2.42E-8 - - - -
35 90 0011 0.84 1.39E-10 1.50E6 2.51E-8 - - - -
Pb-MOE 22 90 0015 085 1.12E-10 3.81E6 9.90E-9 - - - -
(after 26 90 0012 085 1.17E-10 2.94E6 1.27E-8 - - - -
activation) 30 90 0010 0.85 1.17E-10 2.49E6 1.50E-8 - - - -
35 90 0015 0.86 1.04E-10 2.17E6 1.73E-8 - - - -

where, (R)* corresponds to resistance and (o)* denotes the computed proton conductivity of second conduction
mode that was appeared at low frequency region solely for Mg-CP, which was erased irreversibly by thermal

activation.
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5.3.3.2 Nyquist Plots for Mg-CP
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Figure 5.3.1. Nyquist plots for compound Mg-CP before and after thermal activation of sample at (a) 22 °C and
70 % rh (b) 22 °Cand 75 % rh (c) 22 °C and 80 % rh (d) 22 °C and 85 % rh (e) 90 % rh and 22 °C ... 35 °C before
thermal activation (f) 90 % rh and 22 °C ... 35 °C after thermal activation.
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5.3.3.3 Nyquist Plots for Pb-MOF

50
al
G
s 30F
€20
£ )
10F
U L
Re (Z) I MQ
(a)
2.0 5
O 22°C O 22°C
O 26°C O 26°C
O 30°C ar O 30°C
15} O 35°C O 35°C
5 )
Nt
E
1F
OF
[¢] 1 2 3 4 0 2 4 4] 8 10
Re (Z) | MQ Re ()| M
(b) (c)

Figure 5.3.2. Nyquist plots for compound Pb-MOF before and after thermal activation of sample at (a) 22 °C
and 70 % ... 90 % rh before activation (b) 90 % rh and 22 °C ... 35 °C before thermal activation (c) 90 % rh and 22
°C ... 35 °C after thermal activation.
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5.4 Studies on a Fringing Electric Field Sensor (Unpublished)

In addition to the studies presented in sections 5.1-5.3, further (unpublished) work was
dedicated to the fabrication of a fringing electric field (FEF) sensor. The purpose of this sensor
is the in-situ investigation of proton exchange membranes (PEMs) with respect to relative
humidity and proton conduction. The sensor design comprises concentric, planar ring
electrodes that create an electric field in any material placed on top of it (such as the PEM), as

depicted in Figure 5.4.1. The field can be modulated for impedance measurements.

FEF sensor

v. (sensing electrode)
&

(driving electrode)

PEM
.

H*
(H,0)

membrane

__________________________________

driving and sensing
electrodes

electrode distance

Figure 5.4.1: Conception of a fringing electric field (FEF) sensor.

To gain insight into the sensitivity of an in-plane probe, simulation was performed with the
help of Finite Element Method Magnetics (FEMM) software. Figure 5.4.2 shows the voltage
density and direction of electric field lines. The potential of 1 V was applied at the middle ring
which originated the electric filed lines. These potential lines terminate at the outer ring. It
can be seen in Figure 5.4.2(a) that these lines pass through and below the printed circuit board
(PCB). These are in fact undesirable electric field lines whose contribution can be reduced by
using a grounded backplane as shown in Figure 5.4.2(b). The backplane blocks those lines
which reach the outer ring below the PCB. Moreover, one more ring is introduced in between
the higher potential and lower potential electrodes named as guard electrode. This electrode
is also grounded, which acts as an obstruction for the direct path of field lines. This effect is
exhibited in Figure 5.4.2(c). The color change in the pictures represents the voltage density
where we can see that near the electrodes the potential is high and with the increase in

distance it reduces.
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Figure 5.4.2: Simulation results of probe (a) without backplane (b) with backplane (c) with backplane and
additional guard ring between electrodes. The simulation is done with empty probe in the presence of air as an
environment.

FEF sensors were developed in four different layouts, as shown in Figure 5.4.3. The electrodes
were printed on non-conducting FR4 epoxy laminate substrates of 1 mm thickness ('circuit
board' design). They consist of copper (thickness: 35 um), covered with layers of nickel (3-
6 um) and gold (0.05-0.1 um). The inner and outer diameter of the outer ring electrode (and,
thus, the inter-electrode distance) were varied (layouts 1-3). Either of the two electrodes can
be used as the driving or as the sensing electrode. In addition, a third, grounded ring was
placed between the driving and sensing electrodes in layout 4, to block the direct path of
electric field lines. The rear sides of the FR4 boards are grounded to shield the electric field in

the opposite direction.
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layout 1 layout 2

Figure 5.4.3: Photographs of layouts of FEF sensors.

As a first test of feasibility, the capacitance of dry air, teflon, and deionized water was recorded
at variable alternating voltage frequency, as shown in Figure 5.4.4 for the sensor with layout
1. As expected, the capacitance is low and nearly frequency-independent for air and Teflon
and increases drastically at low frequencies in case of water. Table 5.4.1 compares the results
for the sensors with different layouts. Lower capacitance values are measured with sensors
that possess larger inter-electrode distances and, in particular, with the sensor that features
the above-mentioned grounded ring between the electrodes. Using Teflon as a reference
material of known relative permittivity & (€-(refion) = 2.1),11°%1%1 we can determine the so-called
empty electrode capacity constant Ce, which, in turn, allows for calculation of the relative
permittivity of the substrate material, &rsub). The respective values are shown in Table 5.4.1.
The value obtained with the sensor of layout 4 is the closest to the literature value for the FR4

epoxy resin (grrra) = 4.6)1°2, which is why this sensor was used in further studies.

Table 5.4.1: Dimensions of layouts, empty electrode capacity constant Ce and permittivity &isub) of the substrate
material of the FEF sensor, calculated from measured capacitances.

dimensions / mm capacitance* / pF
layout r1 rs dryair teflon water Ce/PF Ertun
1 10 15 25 0.616 0.852 4.488 0.215 1.90
2 10 20 25 0.316 0.423 0.704 0.097 2.30
3 10 20 30 0.485 0.608 0.735 0.112 3.38
4 10 20 30 0.504 0.621 0.699 0.106 3.85

where, * stands for capacitance at 0.133 MHz
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Figure 5.4.4: Capacitance values of pure water, Teflon, and dry air, measured with the FEF sensor.

The FEF probe (layout 4) was then used to characterize proton exchange membranes (PEMs)
developed at the University of Oldenburg (group of Prof. Dr. Wark) within this project. They
are composed of proton conducting coordination polymers in a PVDF/PVP (2:8) matrix. The
respective membrane was placed on the sensor in a humidified (i.e. mechanically flexible)
state, as shown in Figure 5.4.5. The humidity of the gas atmosphere was subsequently
equilibrated at defined level. Figure 5.4.6 shows an example impedance spectrum (Nyquist
plot) of a membrane containing the coordination polymer Ca-Etidronate,%3!
([KCa(HOsPC(OH)(CH3)-P0O3)(H20)]-H20), measured at 23 °C and 90 % relative humidity. A fit of
the indicated equivalent circuit to the high-frequency part of the plot results in a proton

conductivity of 1.32x10°S cm™.

Figure 5.4.5: Mixed matrix membrane placed on the FEF probe.
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Figure 5.4.6: Impedance of the membrane (Nyquist plot; 23 °C, 90 % rh, 11 Hz - 1 MHz, 0.5 V).

The further impedance measurements of the membrane with the FEF probe were carried out
at different relative humidities between 80 % and 95 %, as well as at variable temperature (23
°C and 30 °C). After each change in humidity, the membrane was allowed to equilibrate for 12
hours. Unfortunately, a significant humidity dependence is observed with this membrane (see

Figure 5.4.7); future work will aim at developing membranes that are more moisture

independent.
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Figure 5.4.7: Proton resistance of the membrane at variable relative humidity and temperature.
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Chapter 6: Synopsis of Thesis

6.1 Summary of Findings

In this research work, the proton conductivity of coordination polymers (CPs) and metal-
organic frameworks (MOFs) was successfully studied by impedance measurements. These
materials stated moderate to low conductivity because of their large resistance (10* Q to 10°
Q). As a result, contact resistance was excluded, and the two-wire mode for impedance
measurements was preferred. A noteworthy achievement is the establishment of effective

electrical contact between the sample and the electrodes without the use of additives.

The compounds of composition [Ba(HsL)(H.0)]-H.0 (Ba-CP), Co-MOF-74 (Co-MOF),
[Mg(H20)2(HsL)]-H20 (Mg-CP), and [Pb2(HL)]-H,0 (Pb-MOF) were investigated in this regard.
The same linker molecule, (4-[bis(phosphonomethyl)amino]methyl benzene-sulfonic acid),
was used to synthesize Ba-CP, Mg-CP, and Pb-MOF, where the large size of Ba-CP enabled us
to measure impedance of a single crystal on an in-plane arrangement of interdigitated
electrodes. Mg-CP and Pb-MOF were measured in through-plane configuration using pressed

pellets. Also, the proton conductivity of Co-MOF was determined in a single crystal form.

The impedance measurements were conducted under several conditions, including variations
in relative humidity (rh) and temperature. Moreover, change in orientation was an additional
parameter to examine anisotropy in single crystal measurements. The rh was controlled up to
a maximum of 90 % to eliminate the contribution of condensed water inside the system, which
offered better understanding of proton conduction mechanism. Figure 6 in section 5.2.2

clearly describes a massive rise in proton conductivity at 95 % rh.

The experimental impedance data was represented using a Nyquist plot, with a depressed
semicircle in the high frequency range, and a tail in the low frequency domain. A semicircle
denotes proton resistance, while a tail indicates proton blockage at the interface between the
electrode and the sample. The resistance of the semicircle was determined by fitting it with
an equivalent circuit model (ECM). Essentially, the model consists of a parallel combination of
an ohmic resistor (R) and a constant phase element (CPE), which delivers a fitting whose x-

intercept with Re(Z) at low frequencies confers us the protons' resistance.

According to Table 3.3, the parameter Q and the shape of the semicircle are defined by the

exponent n. Fitting results mentioned in Tables 5.1.1, 5.2.1, and 5.3.1 indicate that n lies
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between 0.7 and 1.0, and Q is between 101° and 102, implying that the samples between
two electrodes function as a capacitor with a depressed profile. For this reason, a CPE was

used instead of a capacitor in ECM.

At 22 °C and 90 % rh, the proton conductivities for Ba-CP are 1.14 x 104Scm™*and 1.17 x 10
S cm? for c-axis (along length of crystal) and orthogonal direction, respectively. This
conductivity is anisotropic, with a difference of around one order of magnitude. The higher
conductivity corresponds to the axis which exhibits channels inside the crystal. This
demonstrates that protons conduct inside the crystal lattice, and it is an inherent property.
After that, the proton conductivity of Co-MOF was measured in the same environment. It is
worth noting that the above-mentioned results in two different orientations were attained
with single crystals of this compound at 25 °C and 92 % rh. Under the condition of 21 °C and
90% rh, the conductivities in both directions are 2.04 x 10> S cm™ and 8.62 x 107 S cm™},
respectively. This indicates anisotropy of more than one order of magnitude and, as expected,
lower conductivity. Furthermore, a 1°C increase in temperature along the c-axis increased
conductivity to 3.44 x 10 S cm™. Consequently, the c-axis, which contains the adsorbed water
molecules inside the micropores, shows a higher conductivity. Both materials, in comparison,
conducted protons at a moderate level and with anisotropic behavior. In contrast to Co-MOF,
Ba-CP is a better proton conductor because it contains non-coordinated water molecules, and
sulfonate group inside the channels. Sulfonate groups inside the channels enhance its surface
hydrophilicity. As well as that, it facilitates H-bonding network formation by providing proton

donors. This leads to an increase in proton conductivity.

Furthermore, the proton conductivity of Mg-CP and Pb-MOF materials as pressed pellets was
recorded to be below moderate (3.0 x 10° S cm™) and low (2.0 x 10 S cm™), respectively, at
22 °C and 90% rh. This clearly demonstrates two orders of magnitude change, which
corresponds to the presence of the free sulfonate group into the interlayer regions of layered
structure of Mg-CP. An additional semicircle was observed as a grain boundary effect in Mg-
CP, which was overlapped by a high frequency semicircle. Then both samples were thermally
activated at 80 °C for 24 hours to explore the role of non-coordinated water, and the
measurements were repeated later under the same conditions. Pb-MOF activation resulted in
a slight change in conductivity (9.9 x 10° S cm?), indicating reversible water uptake. Water-

sorption measurements revealed the same response. The activation of Mg-CP eliminated the
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grain boundary effect, resulting in a conductivity of 3.6 x 10® S cm™. By comparison, the
anisotropy in proton conductivity was reported in single crystals testing, and powder samples
exhibited lower conductivity than them, which could be attributed to stochastic distribution
of crystals inside the pressed pellets. Thus, preferred pathway for protons to conduct inside

the crystal structure is along the direction of H-bond extension.

To elucidate the influence of humidity on conductivity, the relative humidity was modulated
at a fixed temperature, and plotted the data points on a logarithmic scale. According to the
experimental data of Ba-CP, conductivity along the direction of channels measured at 22 °C
and 70 % rh was 1.56 x 10® S cm™. An exponential increase in conductivity was observed as
the rh was increased, indicating a linear behavior on a logarithmic scale (see Figure 7 in section
5.1.2). As the rh approached 90%, this number increased by a factor of about 100.
Furthermore, in the orthogonal direction at 22 °C and 75 % rh, 1.11 x 107 S cm™ conductivity
was determined. And at 90 % rh, this figure also multiplied by a factor of about 100. In short,
conductivity was found to be strongly mediated by humidity. In addition to that, it validated

anisotropy at various setpoints of rh, with higher values along the c-axis.

Co-MOF was examined when the humidity was increased at two different fixed temperatures.
7.32 x 107 S cm™ conductivity was quantified at 21 °C and 75 % rh. As rh encountered 90 %,
this value surged around two orders of magnitude. 1.18 x 10® S cm™ conductivity was
valued at 30 °C and 75 % rh. At 90 % rh, a conductivity increase of around two orders of
magnitude was marked once more. In short, high conductivity was obtained at high rh and,

more precisely, at high temperature (here 30 °C, see Figure 6 in section 5.2.2).

Mb-CP showed a significantly large value of conductivity (6.00 x 108 S cm™) than Pb-MOF (4.94
x 10°S cm™) at 22 °C and 70 % rh. Upon the exposure to high humidity levels (here 90 % rh),
both materials revealed strong increase in conductivity (approximately two orders of
magnitude). Nonetheless, Pb-MOF had a poor conductivity, while Mg-CP had a moderate

proton conductivity.

To summarize, the adsorption of water molecules by rh plays a crucial part in the proton
conduction. More water molecules adsorbed can create prevalent hydrogen bonded
networks to build proton conducting routes, as seen by an exponential rise in conductivity
when humidity increased. This shows that water contents in the conduction channel play a

vital role in proton transport.
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A temperature dependent proton conductivity study was also conducted for all samples under
90% rh. The increase in temperature boosted proton mobility, which provided insight into the
proton conduction mechanism. Using equation 2.10, activation energy (Ea) was calculated via

linear regression on the Arrhenius plot.

For Ba-CP single crystal (see Figure 8 in section 5.1.2), Ea is 0.31 eV along the c-axis (22-35) °C,
and 0.54 eV in orthogonal direction to c-axis (22-28) °C. This reveals the anisotropic behavior
by implying that the conducting mechanisms in the two orientations of the crystal are
different. The hopping mechanism is followed by the low Ex in the direction of the long crystal
axis. A distinct process is indicated in the orthogonal direction, which suggests surface water
sorbate layers allow diffusion to occur at the crystal surface, most probably due to oxonium
(H30%) ion. Moreover, the crystal structure analysis also confirms the presence of channels

along the c-axis that can accommodate the water molecules (see Figure 9 in section 5.1.2).

Similarly, the proton conduction mechanism was investigated for Co-MOF single crystal in the
two orientations in the temperature range (21-30) °C. The crystal structure study exposes the
presence of 1-dimensional hexagonal micropores along the long axis of the crystal named as
c-axis (see Figure 1 in section 5.2.2). As anticipated, the proton conduction along the c-axis
has Ex of 0.37 eV, while the orthogonal direction to the c-axis has Ex of 0.87 eV. A different
crystal, measured in the c direction at (30-60) °C, showed again Ea of 0.32 eV (see Figure 7 in
section 5.2.2). Both Ea values along the micropores fall within the experimental error range.
The evidence from this study signifies that proton conduction along the c-axis is mediated by
the hopping mechanism (similar to the GrotthuR mechanism). The large value of Ex in the
direction perpendicular to the long crystal axis is due to water molecules adsorption on the

crystal surface, which follows the proton diffusion mechanism.

Finally, the pressed pellets of Mg-CP and Pb-MOF were subjected to temperature increase
(22-35) °Cto visualize the proton conducting mechanism. Prior to and after thermal activation,
Mg-CP has Ex of 0.4 eV and 0.38 eV, respectively. This finding points to the mechanism in
which non-coordinated sulfonate groups form dense H-bonding network with coordinated or
non-coordinated water molecules, resulting in proton hopping. The second additional
conducting mode, which emerged at ca. 10 Hz frequency only before activation (see Figure 4
in section 5.3.2), has a diffusion mechanism (Ex = 0.64 eV), confirming our grain boundary
effect hypothesis. In case of Pb-MOF, the difference in E4 from 0.17 eV to 0.36 eV, as well as
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the presence of coordinated sulfonate group (no free sulfonate chain available because it is
coordinated to Pb*?), suggest that H-bonding network exists exclusively between non-

coordinated water molecules (see Figure 1 and 6 in section 5.3.2).

6.2 Challenges and Perspectives

This research eradicates some of the major issues that the proton conducting materials
community is dealing with. Although the requisite proton conductivity of 102S cm™ was not
achieved at room temperature, significant efforts have been dedicated to meet the urgent
need for single crystal proton conducting mechanism research. The use of a high-quality
crystal of an acceptable size, its handling, and establishing electrical contact without additives
are key issues when conducting these types of experiments. In this regard, two papers were
successfully published. Because current impedance response is taken into consideration in the
steady state, a large number of samples could not be analyzed. Because of this, it took many
hours between measurements for equilibrium to become established. Furthermore, a dust-
free atmosphere can improve the probability of data reproducibility, and here is reported a

10% standard deviation in reproducibility.

Another primary issue is to use a suitable ECM to produce accurate impedance data fitting.
Due to the same time constant in complex systems, two separate phenomena can sometimes
superimpose. As a result, two separate semicircles are difficult to discern with the naked eye.
This phenomenon was demonstrated in this investigation, when employed pressed pellets. As
a result, the Bode plot was adopted as another option for confirming the number of
semicircles in a measurement. Furthermore, the DC conductivity determined by this method
was corroborated by AC conductivity, which showed a plateau in the same range as the

conductivity determined by the prior method.

In my view, the sample's stability under operating conditions, such as water stability, should
be given specific attention. Secondly, sample decomposition must be considered. These two
aspects are noticeable during impedance measurements with a significant shift in
conductivity. Furthermore, a postmortem assessment of samples using PXRD and elemental
analysis can recognize whether or not sample dissolution or phase transformation have
occurred. Another strategy, employed in this research work, was to examine the samples prior

to impedance measurements using the PXRD technique under the same conditions.
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Based on the experimental results of this study and recent advancements in proton
conducting MOFs and CPs materials, following are some of the vital factors to boost their

proton conductivity:

e by molecular design of organic ligands that include several sulphonate groups and
produce hydrophilic pores of suitable size

e through post-synthetic modification by introducing more free sulfonic acid groups and
non-coordinated water molecules into the crystal lattice, which will increase proton
carrier concentration

e via adding other additional functional groups to the organic ligand to increase the
water stability of sulphonate-based compounds

e using those metal centers having high coordination number and hydrophilic

characteristics

Mixed matrix-membrane is the only method to use these materials in real-world applications,
such as PEM fuel cell membranes. Therefore, one of the most important demanding
characteristics of these composites is their robustness. MEAs should be prepared and tested
in PEM fuel cells in massive volumes. Furthermore, under hydration and dehydration regimes,
these novel membranes must be able to withstand temperature range (22-80) °C. An ideal
membrane or material that meet all the requisite parameters must function at room

temperature without humidity, which is a future goal.
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