N

N

Exploration of the Ionic Conduction Properties of
Porous MOF Materials

Kiran Taksande

» To cite this version:

Kiran Taksande. Exploration of the Ionic Conduction Properties of Porous MOF Materials. Material
chemistry. Université de Montpellier, 2022. English. NNT: 2022UMONS010 . tel-03789646

HAL Id: tel-03789646
https://theses.hal.science/tel-03789646

Submitted on 27 Sep 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-03789646
https://hal.archives-ouvertes.fr

THESE POUR OBTENIR LE GRADE DE DOCTEUR
DE L’UNIVERSITE DE MONTPELLIER

En Chimie et Physico-chimie des Matériaux
Ecole doctorale Sciences Chimiques Balard

Unité de recherche Institut Charles Gerhardt Montpellier (ICGM) - Equipe D3

Exploration of the lonic Conduction Properties of Porous
MOF Materials

Présentée par Kiran Narayan Taksande
Le 23 Mars 2022

Sous la direction de Sabine Devautour-Vinot Directrice de thése
Et de Guillaume Maurin Co-Directeur de thése

Devant le jury composé de

Dr. Georgeta POSTOLE, Maitre de Conférences, IRCELYON Université de Lyon Rapporteure

Dr. Michael BADAWI, Maitre de Conférences, LPCT, Université de Lorraine Rapporteur

Prof Isabelle BEURROIES, Professeur, ENAP Madirel, Aix Marseille Université Examinatrice

Prof. Marc CRETIN, Professeur, IEM, Université de Montpellier Examinateur

Dr. Sabine DEVAUTOUR-VINOT, Maitre de Conférences, ICGM, Université de Montpellier Directrice de thése
Prof.Guillaume MAURIN, Professeur, ICGM, Université de Montpellier Co-Directeur de thése

UNIVERSITE
DE MONTPELLIER













Acknowledgements

I would have not been possible to write this doctoral thesis without the help and support of kind people
around me, to only some of whom it is possible to give particular mention here.

Foremost, | express my sincere gratitude to Pioneers of India education and social reforms, Mrs. Savitribai
Phule and Dr. Babasheb Ambedkar because of whom many like me could complete the formal education.

Above all, I am indebted to Prof Guillaume Maurin for his patience, support and motivation throughout the
course from my first introductory email to him, till this date of my defence. It was very kind of him to agree
to host me in his laboratory and provide me with this opportunity. 1 am also very grateful to him for
introducing me to my advisor Dr. Sabine Devautour-Vinot and agreeing to cosupervise me.

I am short of words to express my gratitude to Dr. Sabine Devautour-Vinot for ther constant support, hard-
work, motivation, enthusiasm and immense knowledge. Her guidance helped me throughout my research
and writing of the thesis. | could have never imagined a better advisor and mentor for my Ph D studies.

Indeed, without the help, support and guidance of Dr. Sabine and Prof. Maurin this journey would not have
been realized.

My sincere appreciation to the jury members, Dr. Georgeta Postole and Dr. Michael Badawi for having
agreed to read this manuscript as reviewers as well as Prof. Isabelle Beurroies and Prof. Marc Cretin for
agreeing to be part of my doctoral thesis committee.

Furthermore, | express my deep gratitude to my employer Government of Maharashtra, my college, my
colleagues of chemistry department and our Principal Prof. Swati Wahval for allocating and allowing me
the study leave to complete PhD.

I also thank my present and former labmates of the ICGM, D3 group Dr. Shyama, Dr. Rocio, Dr. Wahid,
Dr. Carla, Dr. Anusha, Dr. Paul, Mr. Pierre, Dr. Salva, Mr. Patrick, Mr. Ruben, Ms. Hanae, Dr. Linda, Dr.
Amine, Mr. Robin, Dr. Kamal, Dr. Karim, Dr. Amandine for the simulating discussions, support, sleepless
nights, parties and all the fun we had during these years. | express my special thanks to Dr. Renjith Pillai for
his support and my best friend Shweta Sharma for her encouragement and care.

I would also like to give special thanks to my husband Dr. Ranjit Hawaldar for his love and care, my father
Mr. Narayan Taksande, mother-in-law Mrs. Ranjana Hawaldar, sister-in-law Dr. Padmaja Hawaldar and my
family as a whole for their continuous support and understanding.

Lastly, I also extend my gratitude towards all those who directly and indirectly facilitated in my degree and
my stay in Montpellier, whom I could not mention herein.

Finally, 1 would like to dedicate this thesis to my late lovely and affectionate mother late. Prabhavati
Taksande.






Table of Content

GENEIAl INTFOTUCTION ..., 1

Chapter 1 - Overview on the metal organic frameworks as solid-state proton electrolytes.. 7

00 O 1o oo {3 od o o PP PRTR 9
1.2.  Solid-state proton eleCtrOlYLES ..........ccvviieiice e 9
1.2.1.  Solid-state proton conductors-based technology ..........cccccovevveiiiveiieccice e, 9
1.2.2.  Classification of solid-state proton CONAUCLOrS..........c.cccveviiiieieereic e 17
1.3.  Metal Organic frameWOrKS .........ccooiiiiiie e e 20
1.3.1.  Metal organic frameworks (MOFS) .........cccoiiiiiiiiiie i 20
1.3.2.  Applications of Metal organic frameworks .............ccocoiiiriiniininiiic s 23
1.3.3.  Features for creating proton conductivity in MOFS..........ccccocvvieiiininiinenenie e 25
1.3.4. MOFs-based crystalline composite membranes for PEMs applications................. 32
S @0 (o] 1151 o] o PSSRSO 36
REFERENGCES ... .ottt b ettt 36
Chapter 2 - Characterization proton dynamics in MOFS...........ccccooviiiiiiiicnene e 51
/2% O 1 a1« oo [F ) o] o OSSPSR 53
2.2. 10Nnic condUCEION TN SOIIAS .....covveiiiiiiiccc e 53
2.2. 1. 10NIC AIFFUSION ..ottt ens 54
2.2.2. 10NIC CONAUCTION.......iiiiiiiiieiieieieie ettt ens 55
2.3.  Microscopic mechanisms of proton CONAUCTIVILY ...........ccccoiiiriiiiiiiieiesceeeeas 57
2.4.  Characterization of ionic transport in SOlAS ... 60
2.4.1.  Characterization of proton dynamics in MOFS..........ccccocviinininienee e 61
2.4.2.  Complex Impedance SpectroSCopy (CIS) ......covieiiieniiiririeeeee s 64

2.5.  Shaping of MOFs-based solids for recording proton conducting properties from CIS . 71
2.6.  EXPerimental SEL UP ..ottt 75
REFERENGCES ...ttt bbbt s e s st et e b naenbentenbenne e 76



Chapter 3 - Multivariate sulfonic-based Titanium MOFs as super protonic conductors.... 83

KT8 I 1 4 oo [F od o] ISR 85
3.2, Materials and MEthOUS...........oooviiiiiiiiei e 85

3.2.1.  Synthesis Ti-(SO3H-IPA)x-(BTC)1x deriVatiVes...........c.cccoevvniinnnsnnissne, 85

3.2.2.  Characterization of Ti-(SO3H-IPA)x-(BTC)1x derivatives .............ccocevvrvrreivrene. 86
3.3, RESUILS @Nd AISCUSSION.....ccueeuieriiiiieiiesiesii ettt sb bbb sre s 87
I O] o [o] 11 ] o] o BTSSP 105
REFERENGCES ... ..ottt et et e et e e s e e e snb e e e snae e e nneeeenees 105

Chapter 4 -Robust ionic liquid@MOF composite as a versatile superprotonic conductor 107

g I 1 011 oo [ Tox A o] o IS SRS STRORN 109
4.2.  Materials and MEtNOUS..........cooiiiiiiieece e e 110
4.2.1.  Synthesis of MIL-101(Cr)-SOzH.......ccooiiiiiiiieieiesesee e 110
4.2.2.  Preparation of EMIM@MIL-101-SOzH.......ccccceiiiiiiiieiiiiesiee e 111
4.2.3.  Characterization of EMIMCI, MIL-101(Cr)-SOzH, EMIM@MIL-101-SOzH .... 111
4.3, ReSUIt aNd diSCUSSION .......ccuiiiiiiiiiiieiie ettt sb e bbb eneas 113
A4, CONCIUSION.....oiiiiitiiiiie ettt ettt st sbesrenneas 133
REFERENGCES ... ..ottt sttt bt s ettt bt ne et nnens 134
Chapter 5 - Superionic conduction in the Zirconium-formate molecular solid................. 139
TR I 1 01 1 oo [F {1 o] o OSSPSR 141
5.2.  Materials and MethOOS...........ooviiieiieii e 142
5.2.1.  SYNheSIS OF ZF-3 ... .o 142
5.2.2.  Characterization OF ZF-3........ccooii oo 143

5.3, RESUIT aNd ISCUSSION .....covieiiiiieiieeiesie st sie e ste e sseesteeneesreenseaneeas 144
5.4, CONCIUSION ..ottt ettt e be e beetesreesbe et 159
REFERENGCES ... ..ottt ettt bt e et sa ettt ne et e e 160
General Conclusions and PerSPECTIVES..........oiiiiiiiiiiiieie et 163

F AN o] o1 g o SR PPUPRTRROR 169









General Introduction

General Introduction

Page | 1



General Introduction

Page | 2



General Introduction

Since the dawn of the industrial revolution mankind’s hunger for energy has increased with
each passing day. Rapid industrialization globally accompanied by enrichment in standard of
living has further fuelled global energy consumption to a record level. All the energy drawn today
comes mostly from fossil fuels such as oil and natural gas. Over the last few centuries uncontrolled
burning of fossil fuels has led to not only depletion of fossil fuels but also to environmental
damage. To circumvent these issues, concerted efforts are being made to harness clean energy
sources or alternative energy storage/conversion devices like fuel cells, electrolysers,
supercapacitors and batteries.

In this context, proton exchange membrane fuel cells (PEMFC) have attracted great deal
of attention owing to their advantages of zero-emission, efficient energy conversion among others
advantages.[1,2] The key component in a PEMFC is the electrolyte through the proton exchange
membrane, which allows the flow of protons generated at the anode towards the cathode. Till date,
Nafion™ series perfluorinated sulfonic acid membrane is the most preferred candidate. Nafion™
is favoured owing to its high proton conductivity and good chemical stability when compared to
its counterparts. However, Nafion™ has certain disadvantages: (1) optimal operational
temperature for Nafion™ is 343-363 K. Beyond 363 K there is drastic deterioration in the
performance owing to evaporation of H>O; (2) Carbon fuels like methanol have high permeability
with Nafion™ and hence Nafion™ is not suitable for use in direct methanol fuel cells (DMFC);
(3) Lack of high crystalline order makes it hard to deeply study and analyse proton conductivity
mechanisms; (4) Film formation is difficult because synthesis and sulfonation of perfluorinated
compounds is a herculean task, thereby adding to the cost.[3,4] Hence, the development of new
inexpensive proton-conducting materials with outstanding performance has been a subject of
intensive research. The application of crystalline solid-state proton conductive materials in fuel
cells, proton sieving, electrochemical sensing and biochemistry are in the foreground, among
which proton conducting metal-organic frameworks (MOFs) are potentially attractive
candidates.[5,6]

MOFs are porous hybrid crystalline compounds made from an infinite array of repeating
small building units. These units comprise of polydentate organic ligands connected to metal ions
or clusters thereby forming multidimensional networks. They possess large accessible regularly
shaped cages with remarkably high surface area and pore volume, which makes them capable of
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General Introduction

trapping different molecules within these cavities. This makes them suitable for a wide range of
applications including gas storage, separation, catalysis, magnetism, photoluminescence, sensing,
drug delivery and many more. Propitiously, MOFs are attractive candidates for proton conduction
owing to their unique structural features like crystallinity, tailorable porosity, dynamic behaviour
and regular arrangement of voids.[5] Furthermore, their ability to form thin films and mixed-matrix

membranes has increased their viability for industrial applications.[5,6]

Regarding solid-state ionic conducting solids dedicated to batteries purposes, a large panel
of solids have been identified, while many efforts are still being devoted to the development of
new materials. In this field, molecular crystals are rather underexplored versatile materials from
the standpoint of water-assisted ionic conduction similar to zeolites and MOFs. Molecular crystals
offer an extensive opportunity to create a wide range of functional materials due to appropriate
flexibility of component units combined with structural and chemical versatility. They offer finer
control at molecular level thereby giving high degree of freedom to design conduction paths in
their 3D ordered structures for rapid ion diffusion. Till date, only a very few molecular crystals

have been investigated as ionic conductors.[7-11]

In this thesis, the conductivity performances of a new series of chemically stable proton
conducting MOFs as well as a superionic molecular crystal were explored. The selection of the
materials results from a collaboration between our research team and three groups expert in the
synthesis of porous materials: IMAP Paris -Dr. C. Serre & Dr. S. Wang-, ILV-Versailles -N.
Steunou- and Hanyang University -Dr. H. Chun-. Our contribution was to (i) select a variety of
architectures and functionalities of robust MOFs/superionic molecular solids and (ii) characterize
and rationalize their conducting performances over various temperature/humidity conditions.
Noteworthy, quantum- and force-field based simulations carried out in the group were combined
with our experimental conclusions to elucidate the microscopic mechanisms at the origin of the
ionic conducting properties of the studied materials. This fundamental knowledge will further
serve to create novel robust superionic conductors with outstanding performances that will pave

the way towards appealing societal applications for clean energy production.

Chapter 1 describes the main solid-state proton conductor technologies, including a glance of
typical devices like fuel cells, redox-flow batteries as well as the main categories of benchmark
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solid-state proton conductors. Subsequently, detailed insights into MOFs, including their chemical
and structural description and their applications in diverse fields, is provided. The state of the art
regarding their identified key-features that drive their proton conducting performances encloses
this chapter.

Chapter 2 gives a description of basic concepts related to ionic conduction and diffusion in solids.
The various experimental and computational techniques used to characterize this process in MOFs
are enumerated. Afterwards, the fundamental of Complex Impedance Spectroscopy (CIS) and the

experimental set-up employed in the frame of this work are thoroughly detailed.

Chapters 3 and 4 present the exploration of two series of MOFs we designed to achieve promising
proton-conducting performances, using distinct approaches to modulate the concentration of
Brensted acidic sites and charge carriers and further boost the conductivity properties. First, a
multicomponent ligand replacement strategy was successfully employed to elaborate a series of
multivariate sulfonic-based solids MIP-207-(SOsH-IPA)x-(BTC)1x which combine structural
integrity with high proton conductivity values (e.g., 6 = 2.6 x 102 S.cm™ at 363 K/95% Relative
Humidity -RH-). Secondly, a proton conducting composite was prepared through the impregnation
of an ionic liquid (1-Ethyl-3-methylimidazolium chloride, EMIMCI) in the mesoporous MIL-
101(Cr)-SOsH. The composite displaying high thermal and chemical stability, exhibits outstanding
proton conductivity not only at the anhydrous state (o473 x = 1.5 x 102 S.cm™) but also under

humidity (43 kiso%-s0%rH) > 0.10 S.cm™) conditions.

Chapter 5 explores the ionic conducting properties of another class of porous solids, considering
a zirconium-formate molecular solid containing KCI ion pairs (ZF-3). ZF-3 switches from an
insulator (o = 5.1 x 102 S.cm™ at 363 K/0% RH) to a superionic conductor upon hydration (c =
5.2 x 102 S.cm™ at 363 K/95% RH), in relation with the boost of CI- dynamics upon water
adsorption.

Finally, the last section of this manuscript assembles the main conclusions of this work along with

the perspectives it delivers.
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Chapter 1 — Overview on the metal organic framework as solid state proton electrolyte

1.1. Introduction

The objective of this chapter is to introduce the reader to the main concepts of solid-state
proton electrolytes, a brief description of Metal-Organic Frameworks and their ability to act as

proton conductors.

The first part of this chapter deals with the general description of solid-state proton
electrolytes followed by their use for fuel cells, redox flow batteries and resistivity-based humidity
sensors applications. Different classes of proton-electrolytes materials are then listed and
described, including oxo acids, water containing systems, perovskite-like solids and hybrid
materials, depending on their typical operating conditions and their driving forces involved in the

proton conduction process.

The second part of the chapter is devoted to the description of a new class of hybrid porous
materials, namely Metal-Organic Frameworks (MOFs). Even though these materials have been
discovered quite recently, due to their vast diversity of compositions, topologies and pore sizes,
some of pure and composite superprotonic MOF materials have been discovered, with promising
proton conducting performances.

1.2. Solid-state proton electrolytes
1.2.1. Solid-state proton conductors-based technology

The investigation of solid-state proton conductors was initiated early 1900’s when ice was
found as an electrical conductor,[1] and continued specially in the 1950°s with a focus on defective
solids. At this stage, the proton conduction phenomenon was mostly explored from a fundamental
perspective. In the 1960’s NASA began developing Proton Exchange Membrane Fuel Cells
(PEMFCs) in the context of the Gemini and Apollo space programs,[2] which boosted the research
on solid-state proton conductors, further amplified by the discovery of Nafion™, the first
commercial proton conducting material. Thereafter, proton conductors have been envisaged for
several applications including the energy production and storage with the use of fuel cells [3,4]
and redox-flow batteries,[5,6] as well as microionic devices such as humidity sensors [7,8] or in
a less extend as proton pumps in biological systems or in selective catalysis. The following section

is dedicated to a brief description of the three first applications.

Page | 9



Chapter 1 — Overview on the metal organic framework as solid state proton electrolyte

@ Fuel Cells

An electrochemical cell that converts the chemical energy of a fuel, often hydrogen, and
an oxidizing agent, often oxygen from air, into electricity through a pair of redox reaction is
commonly termed as a fuel cell. It efficiently converts oxidant and chemical energy accumulated
in the fuel directly into electrical energy, with heat and water as by-products. These
electrochemical converters generate electricity without involving any moving mechanical part.
Differently from batteries, fuel cells can provide electrical power continuously as long as a fuel
(hydrogen, methanol or light hydrocarbons) and oxygen are supplied. In general, fuel cells
encompass PEMFC, protonic ceramic fuel cell (PCFC), solid acid fuel cell (SAFC), direct
methanol fuel cell (DMFC), alkaline fuel cell (AFC), molten carbonate fuel cell (MCFC) and solid
oxide fuel cell (SOFC). Fuel cells are majorly distinguished into two categories depending on their
operating temperatures, namely those operating i) at temperature higher than 523 K (SOFCs,
MCFC, PCFC) mainly for stationary power application and ii) at temperature lower than 523 K
(phosphoric acid fuel cell (PAFC), PEMFC, DMFC, AFC) for transportation and stationary power
[9-12] applications. Noteworthy, Hydrogen is the most common encountered fuel, involved in
PCFCs, SAFCs, DMFCs and PEMFCs.

2
L
(=%
b
AL
o
a2
@

Bipolar Plate

Figure 1.1 — Schematic representation of the electrochemical conversion of hydrogen in a
PEMFC. Adapted from ref [9].
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As illustrated in Figure 1.1, a fuel cell consists of main components, i.e., an anode, a
cathode, an electrolyte and structural components (e.g., end plates). In PEMFCs, the fuel
undergoes oxidation reaction at the catalyst loaded anode to generate protons and electrons
(equation 1.1). Protons move from the anode to the cathode through the electrolyte.
Simultaneously, electrons flow from the anode to the cathode through the external circuit. At the
cathode, the electrons from the circuit and the protons from the electrolyte membrane promote the
reduction of O. into H2O molecules according to equation 1.2. Thus, a PEMFC responds to the

global equation 1.3.

Anode: 2H, ) — 4H* (3q) + 4e” Eq.1.1
Cathode: Oy, + 4 H* qq) + 4e™ = 2 H,0, Eq.1.2
Global reaction: 2Hy( 4y + O(g) = 2H,0( Eq.1.3

One of the most important parts of the proton-based fuel cell systems is the solid electrolyte
through which the important process of proton transport takes place. Apart from being
mechanically and chemically stable, it should be able to efficiently transfer the proton from the
anode to the cathode, while being electronically insulating to prevent electron transfer. It should
also be thermally robust as well as resistant to the direct passage of gases from one electrode to

the other (cross-over process).

Initially in the 1960’s, polystyrene sulfonic acid-based proton-conducting solid polymer
electrolyte membrane emerged,[13] but suffered from a lack of long-term performance due to poor
chemical stability. Walther Grot of the E.l. Dupont Corporation then developed and patented a
perfluorocarbon sulfonic acid polymer under the tradename Nafion™.[14,15] Despite being
invented in the 1970’s, Nafion™ is still nowadays considered as the benchmark material used at
low temperature (T < 373 K), owing to its high chemical stability and high proton conductivity of
0.1 S.cm™..[16] It consists of a fluorinated hydrophobic backbone side-attached with hydrophilic
sulfonic groups, forming channels (Figure 1.2a).[17,18] The proton conductivity performance is
driven by the hydration level of these channels. At low water content, two hydrophobic and
hydrophilic domains are separated and the material behaves as an insulator. In these conditions,
the water molecules are located only at the vicinity of the sulfonic groups. However, when

saturated with water, well-developed percolated sulfonic-water networks, comprising channels
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Chapter 1 — Overview on the metal organic framework as solid state proton electrolyte

filled with free water molecules, are formed. This results in proton conductivity values
approaching that of bulk aqueous electrolytes, i.e. ~1 x 10! S.cm™ at 353 K (Figure 1.2b).[18,19]
Undeniably, Nafion™ exhibits both a high conductivity and a reasonable chemical stability at low

temperatures.

[i

O:HO
-t

Figure 1.2 - Morphology description of Nafion™ as cluster channels, evidencing the
hydrophobic backbone connected to hydrophilic a) chains and b) clusters. Adapted from
ref.[17].

Though Nafion™ is an excellent proton conductor, it is not free from drawbacks. The
strong dependence of the proton conductivity on its hydration state does not meet the requirements
for its use at temperature significantly over 373 K. Moreover, due to a glass transition, this material
displays poor mechanical stability at T > 398 K.[20] Nafion™ also does not tolerate other cations
than H*, which are known to catalyze the polymer chain decomposition.[21] In addition, the
incorporation of Nafion™ in methanol fuel cells is hampered, because of insufficient resistance to
methanol cross-over.[18] Lastly, the complex manufacturing process makes Nafion™ ridiculously

expensive.

To address the short-comings of Nafion™, typically the poor mechanical and chemical
stability, a number of studies have been reported in the literature to improve the properties of
Nafion™ type membranes through the incorporation of inorganic fillers,[22] or to develop new
partially fluorinated and non-fluorinated acid membranes. In this context, aromatic-based and acid-
base polymers blends and/or composites, including sulfonated poly (ether-ethyl ketone) (SPEEK)
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[23] or poly(benzimidazole) (PBI) [24] membranes, have gathered a lot of attention. However,
these alternatives still show limitations, such as lower conductivity performance than Nafion™ or

long-term durability issues due to the leaching of the acid molecules in the case of composites.

Alternatively, to Proton Exchange Membranes (PEMSs), pure inorganic conductors have
attracted great attention as solid-state proton electrolytes. In this context, polyoxometalates showed
moderate to high levels of conductivity at low temperature (¢ = 10 to 10 S.cm™ at 293 K),[25]
while solid acids, as exemplified by CsHSOs, display a dramatic jump in conductivity to reach
attractive performances (¢ > 102 S.cm™) above a critical temperature depending on the system
(~413 K).[26] However most of these inorganic compounds are highly soluble in water and suffer
from unstability under normal fuel cell operating conditions.[26-28] On the other hand, ceramic-
based proton electrolytes are also mentioned in the literature, while their use is restricted to PCFCs,
as they operate at much higher temperature than the conditions considered for PEMFCs. Table 1.1
summarizes the main types of fuel cells using solid-state proton electrolytes, depending on the

operating conditions as well as their applicable properties.

Table 1.1 — Summary of the main types of solid-state fuel cells based on proton conducting
electrolytes, their respective most common employed electrolytes, operating temperature and
applications.[29-31]

Common Operating o
Type of fuel cell Application
electrolyte temperature (K)
PEMFC 353
or Nafion™ Mobile & transportation power
DMFC 363-393
SAFC CsHPO4 503-553 Transportation & stationary power
PCFC BCY? BCZY" 673-973 Stationary power

4 BCY = yttrium-doped barium cerates. ® BCZY = yttrium-doped barium cerates zirconates.

(b) Redox Flow Batteries (RFBs)

RFBs are attractive candidates for electrical energy storage as they can effectively stabilize

the fluctuating power generation from renewable energy sources. They promise energy storage in
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the range of several kW/kWh up to tens of MW/MWh for stationary applications.[5,6,32]
Moreover, they work at room temperature as the system involves use of liquid solutions to either
store or produce energy according to their operating modes. The reactions involved in the process
are listed in equations 1.4 and 1.5, considering the charging and the inverse discharging modes,
respectively. In these equations, A and B species are placed at the anode and the cathode

respectively.

AP 4 xe” = A0+ Eq.1.4

B™+ — ye~ = Bm+y+ Eq.1.5

The four main RFB technologies are the Fe/Cr,[33] the all-vanadium,[34,35] the VV-Br [36]
and the V-0 [37] cells. The representation of the components of each technology is expressed in
terms of A™/B™" pairs incorporated in equations 1.4 and 1.5. They correspond to Cr3*/Fe?*,
V3 VO?*, VBrs/Br and V**/H;0O respectively.[38] In particular, vanadium redox flow batteries
(VRFBs) are promising owing to their long service life, scalability, safety and high output. Using
vanadium as the redox-active material in aqueous solution, the battery generates electricity based
on the potential differences of the VO#/VO, and V#/V3* redox couples separated by a membrane.
Charge carriers are transported through the membrane electrode assembly to maintain the electrical
neutrality of the electrolyte solutions. The membrane itself needs to be mechanically robust and
chemically stable under strongly oxidizing and acidic conditions, while it should prevent the water
transfer and consequent flooding of the half cells and facilitate the crossing of charge equilibrium
species, like protons (H*).[39] Tremendous efforts have been dedicated to develop sustainable and
affordable ion exchange membranes for RFBs.[39] By now, numerous flow battery targeted
membranes for the VRFB exist. Similarly, to PEMs, perfluorinated proton exchange membranes
are popular in view of their high proton conductivity and good chemical stability. In addition to
face the issues encountered by Nafion™ listed in the previous section and to increase the ion
selectivity, the membranes have been modified with inorganic (e.g. SiO2,[40] TiO: [22]) and
organic (e.g. polyethylenimine,[41] polypyrrole [42]) components. Other non-fluorinated
membranes were also employed in RFBs,[43-46] such as (i) pore filled composites, consisting in
ion-exchange resins (e.g., Amberlite CG 400 [47]) or polyelectrolytes (e.g., polystyrene sulfonate
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[48]) introduced in a polymeric matrix, (ii) sulfonated polymers,[49] and (iii) inorganic materials
(e.g., zeolites [50]). Despite being intrinsically more susceptible to oxidation, hydrocarbon-based
membranes have recently been investigated in efforts to lower cost and improve permselectivity
[18,51-53]. Finally, more than 200 membrane samples are sorted into fluoro-carbons,
hydrocarbons or N-heterocycles according to the basic polymer used. Most developments show
improved VRFB performance when compared to VRFB equipped with reference Nafion™-based
membranes. To maximize VRFB effectiveness, it is critical to promote ion selectivity for proton
over vanadium ions, by suppressing vanadium crossover. Because they are all positively charged
ion species, achieving high permselectivity without degrading the proton conductivity is still

challenging.[52]

fon exchange
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€~ (Discharge) ﬁ €~ (Discharge)

Figure 1.3 — Diagram scheme of a redox-flow battery taken from ref.[54] Cylinders represent
the reservoirs where the catholyte and analyte solutions are stored. The width of the space
membrane/cathode and membrane/anode where the charge and discharge reaction that place are
exaggerated for clarity. Usually many of these anode/membranes/cathodes are stacked
adjacently in order to enhance the RFB power density.

Pump

(c) Humidity sensors

Sensors that detect the amount of water vapour present in the environment are of profound
importance. Humidity sensors are capable of providing accurate measurements of absolute

humidity by mixing measurements of temperature and relative humidity (RH). Humidity sensors
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are involved in a wide range of domestic and industrial applications, e.g. building and construction,
food processing, medical and health monitoring, agriculture, fuel, aerospace, automobile and
human comfort.[8,55-60] Depending on the detection mechanism, these sensors are categorized
into capacitive, resistive, piezoresistive, optical, gravimetric or magnetoelastic types.[8,61] In the
case of electrical-based mechanism, humidity sensing is achieved by converting the change in
proton conductivity of a solid electrolyte upon water exposure to an electrical response via ac
impedance spectroscopy measurements. The later yields the electrical capacitance or impedance
of the sample, further transformed as conductivity, as a function of humidity at a given
temperature. Notably, materials suitable for sensor development should meet the following
criteria: exhibit large impedance change with relatively small changes of humidity, wide range of
humidity response, quick response time, reproducibility, selectivity (i.e., minimal response to
gases other than water vapor), chemical resistance to dirt or other gases, stability and long-life

time.

For applications below T < 473 K, various oxide hydrates/hydroxides with two-
dimensional (2D) layered and three-dimensional (3D) network structures, e.g. a-Zr(HPO4)2.H-0,
have been investigated,[62,63] while it is well established that the conductivity in such hydrates
occurs via conductivity of protons in presence of water. Perovskite oxides are also promising
candidates for high temperature (above 573 K) sensing.[64] Some Cerium-based perovskites are
known for humidity sensing above 973 K.[65]

Figure 1.4 presents a schematic representation of a resistivity-based humidity sensor,
resulting from the film deposition of an active porous solid in interdigit electrode support.

protective film

humidity sensitive film \ Ag-Pd interdigital electrodes

ceramic subLtrate

Figure 1.4 — Schematic representation of a humidity resistive-sensor (from ref [66]).
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1.2.2. Classification of solid-state proton conductors

A common thread that connects all the proton-based conducting technologies described above is
the quest to improve their performances. It is therefore of paramount interest to explore the proton

conduction properties of the materials that are foreseen as potential solid-state electrolytes.

Based on their electrical properties, proton conducting materials can broadly be divided
into three groups:[67] (i) those with residual conductivity lower than 10° S.cm™, termed as
insulators, (ii) those with conductivity between 10° and 101° S.cm™ and (iii) conductors that

possess proton conductivity higher than 10 S.cm, termed as superprotonic conductors.[67]

Proton conductivity occurs in materials via different proton conduction mechanisms like
proton transfer, structural reorganization and diffusional motion of extended moieties. Based on
the specific conduction mechanism, Kreuer [68] has identified four main groups of compounds as
fast proton conductors of technological and engineering significance. These four categories are

listed as follows:
@ Hydrated or water-containing systems

Diverse standard materials such as inorganic layered solids,[69,70] oxide hydrates,[71,72]
heteropoly acid,[73] protonic B-aluminas,[74,75] acidic phosphates and phosphonates,[62,69,76—
82] and hydrated acidic polymers [83,84] come under this category. Nafion™ is the most well-
known member of this family, displaying the highest proton conductivity. In these materials, the
water molecules play a prominent role in the proton conduction mechanism, by dissociating and
delocalizing protons from their active sites and by acting as a mediator for the proton transfer

throughout the solid, as described in the following section.

(b) Oxo-acid salts

This group includes the range of salts and acids pertaining to the heteroatom oxo-anions of
sulphate, selenate, phosphate, arsenate, nitrate, etc. In the anhydrous state, these compounds are
able to conduct protons due to self-dissociation and the hopping or jumping mechanism of protons
among hetero-oxo ions (e.g., NOs", Se0s%, SO+%, POs*, AsO4*...) through the rotation of hetero-

oxo ions from one group to the next.[26] Alkali and alkaline earth oxoacid salts with sizeable
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cations (e.g. CsHSO4, RbHSO4) received great attention as superprotonic conductors, due to the
formation of an orientationally disordered phase called as superprotonic phase transition, at
moderate temperatures — usually above 413 K.[85,86] To enhance their thermal and chemical
susceptibilities, oxo-anion systems based on phosphates or complex hetero-polyacids are more
likely to be of practical interest,[87,88] while their use in tandem with intergranular oxides (e.g.,

SiO2, Al203, Fe20s, etc.), allows to improve their mechanical properties.[89]

(© Densely packed oxides

This group of proton conductors is extremely large and encompasses a series of different
classes of perovskite and pyrochlore materials,[90-92] while their specificity relies on their high
thermal stability, allowing their use at much higher temperature than the other classes of proton
conductors. They show a specific proton conduction process by vacancies, either intrinsic or
introduced by the involvement of dopants or chemical treatment.[89] The perovskites such as the
yttria-doped Ba (Ce, Zr)Os (BCY and BCZY) [93,94] oxides are typical examples of this family,
displaying superprotonic behaviour at high temperatures, while efforts are also continually being

made to develop oxides that conduct protons at intermediate temperature ranges (573-973 K).

(d) Organic/Inorganic composites

The fourth category refers to the association of organic and inorganic systems to form
composites with a synergetic effect resulting from both components. As an example, acids like
H>SO4 or H3PO4 are combined to organic systems incorporating basic functions, such as
triethylenediamine or polyacrylamide, or incorporated with various polymers, e.g.
polyacrylamide.[95,96] Acids can be replaced by others protic solvents, such as heterocyclic bases,
pyrazoles, imidazoles and alkyls or ammonium salts, and further immobilized in
meso/microporous materials, including polymers, silica, zeolites, phosphates/phosphonates among
others.[97-99] In this category, the driving force for the proton conduction is the synergy between
the rich source of protons and a structure matrix for the proton transmission provided by the solvent

and the porous material, respectively.[100-102]

Proton conductors can also be classified based on the operating conditions i.e., low,

medium and high temperature, as listed in Table 1.1. Materials that belong to the low temperature
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category operate at T < 373 K. Their proton conductivity is a function of the RH, the higher RH
allowing to ensure a high-water concentration to assist the proton migration. Materials with
coordinated water (e.g., zirconium sulfoaryl phosphonates,[103] SPEEK,[23] acid-enriched poly
diallyl dimethylammonium (PAMA),[104] and PBI [105] maintained at high pressure (e.g. 6 atm))
and porous solids with protic solvents (e.g. imidazole, triazole [97,106]) fall into the second
category, operating at intermediate temperature range, i.e. between 373 and 473 K. Finally,
lanthanum tungstates (LWO [107,108]) or perovskite-like oxides (e.g., SrCeOz, SrTiOz [109])
belong to the third set of materials, as they display efficient proton conductivity at high
temperature, i.e. usually above 673 K. Figure 1.5 displays the temperature dependence of the

proton conductivity for the four categories of proton conducting materials, as classified by Kreuer.

log(sT) (S.cm™'K)

-104

-12

-
-
-
-
-

1000/T (K")

Figure 1.5 — Temperature dependence of the proton conductivity for the 4 different classes of
proton conducting materials (adapted from ref.[68]). In black, water containing systems; in red,
oxo-acids; in blue, densely packed oxides and in green inorganic/organic systems. The materials
considered in this plot are the 1) Nafion™, 2) HaSiW12040-28H20, 3) y-Zr sulfophosphonates,
4) SnO2-nH20, 5) H3UO2AsO4-3H;0, 6) ice, 7) H20 — B-alumina, 8) (Cs, TI)HSO4, 9) CsHSO4,
10) RbHSOs, 11) Nd:BaCeOs, 12) Y:ZrOs, 13) Y:SrCeOs, 14) FeLiNbOgz, 15) Ni:KTaOs, 16)
Y203, 17) polyacrylamide-1.2H>SQO4, 18) poly(ethylene oxide) — NH4CIO4 blend, 19) a-
Zr(HPO4)2/0.75 pyrazole and 20) Zr(PO3(CH2)sCOOH)..
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1.3. Metal Organic frameworks
1.3.1. Metal organic frameworks (MOFs)

Metal Organic Framework, abbreviated as MOFs, are a relatively new class of crystalline
and hybrid porous solids originating from the assembly of inorganic and organic molecular
building blocks by coordination bonds into crystalline frameworks with inherent porosity.
According to IUPAC, a MOF is also defined as “a Coordination Polymer” or alternatively
“Coordination Network”, with an open framework containing potential voids.[110] The inorganic
sub-units, usually termed as Secondary Building Units (SBU), are constituted by metallic nodes
of polyhedrals, clusters, chains or layers. They can be constructed using all the elements of the
periodic table, ranging from alkaline earth metals (Ca, Mg...), p block elements (Al, Ga, In...),
transition metals (Sc, Ti, V...) to lanthanides (Figure 1.6). Similarly, a large variety of multidentate
organic moieties are considered to form MOFs linkers, including aliphatic or aromatic compounds
with anionic or neutral complexing groups such as O and N donors, e.g. polycarboxylates,
polyphosphonates, polysulfonates, imidazolates, polypyrazolates, polytetrazolates (Figure 1.7)...
Therewith, the almost infinite possible organic-inorganic combinations generate crystalline mono,
di or three-dimensional frameworks with a large variety of topologies and compositions (Figure
1.8).[111-114] The abundance of available molecular building blocks in combination with
different topologies gives rise to huge number of possible structures, as exemplified by discovery
of more than 90,000 MOFs and over 500,000 MOFs-based structures predicted.[115,116] As an
illustration, the most famous MOFs are depicted in Figure 1.9.
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Figure 1.6 — Examples of inorganic secondary building units (SBU) commonly occurring in
MOFs a) M2(COz2)s (M = Cu, Zn, Fe, Mo, Cr, Co, Ru), b) Zns0(C0Oy)s, ¢) M30(CO2)s (M = Zn,
Cr, In, Ga), d) ZreOg(OH)4(CO2)12, €) M303(CO2)3 (M = Zn, Mg, Co, Ni, Mn, Fe, Cu), f)
Al(OH)(CO»)..

Figure 1.7 — Examples of organic linkers encountered in MOFs. a) oxalic acid, b) fumaric acid,
¢) 1,4-benzene dicarboxylic acid, d) 1,3,5-benzene tricarboxylic acid, e) 2,6-naphthalene
dicarboxylic acid, f) 2,7-pyrene dicarboxylic acid, g) 1H-imidazole-4,5-dicarboxylic acid h)
3,37,5,5’-azobenzene tetracarboxylic acid. Carbon (grey), hydrogen (white), oxygen (red) and
nitrogen (blue).
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Figure 1.8 — Examples of inorganic secondary building units (SBU) and organic ligands
combination commonly occurring in MOFs.

From a synthesis point of view, MOFs are prepared using different routes, including the
conventional hydro/solvothermal synthesis method, resulting in the combination of the organic
ligands and the cationic sources in a polar solvent.[117] In addition to room temperature synthesis,
conventional electric heating, microwave heating and complementary routes including
electrochemistry, mechanochemistry and ultrasonic methods have been employed.[118] After
activation, one obtains porous hybrid materials stable up to 673 K for some of them, and showing
exceptional textural and structural features: highly regularized pores with very high porosity (up
to surface areas and pore volume of 7000 m2.g™ (BET) and 4.4 cm®.g™* respectively) [119] and
diameters ranging from microporous (a few A) to mesoporous (20-500 A) scales,[120] in
combination with modular structures (rigid and flexible) and high crystallinity with tailorable
topologies and chemical functionalities.[114,120-127] Due to these unique features, MOFs are

very attractive for diverse industrial and societal applications.
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Figure 1.9 - Most iconic MOFs structures a) HKUST-1,[128] b) UiO-66,[129] c) ZIF-8,[130]
d) MIL-53,[131] &) MOF-74,[132] f) MOF-5 [133] and g) MIL-101.[134]

1.3.2. Applications of Metal organic frameworks

In the past three decades, MOFs have emerged as promising candidates versus
conventional porous solids, i.e. zeolites, mesoporous silica or activated carbons, for a wide range
of environmental, health or energy applications.[135] A non-exhausted list of potential

applications is given below:

(@) Gas storage and separation

Significant progress has been made in enhancing the affinity of MOFs for a specific
adsorbate through ligand modification or the design of imperfect structure with open metal sites.
These led to remarkable milestones in the field of H,, CO2 and CH4 storage, CO> capture,
acetylene/ethylene and propylene separation or toxic gas separation such as CO, NOx, NHs, SO
and H»S.[136-138] In the same way, Volatile Organic Compounds (VOCs) were also considered

in this field, as exemplified with the separation of xylene isomers.[139,140]
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(b) Catalysis

MOFs are commonly employed as heterogeneous catalysts considering pristine solids or
post-synthetic modified ones, bearing open coordination sites on the metal nodes or organic linkers
as catalytic sites.[141-144] MOFs can also be considered as hosts to immobilize metal
nanoparticles as catalytic species. In this context, electro- and photo-catalytic reactions were
envisaged. Among the large collection of catalytic reactions using MOFs have used for the
hydrogenation of olefins, oxidation of alcohols, CO oxidation among, CO2 reduction, water

splitting among others...[59,142]

(© Biomedical applications

MOFs have been successfully proposed for different bio-applications,[145-147] more
specifically as cargos encapsulating agents (drugs, nucleic acids, proteins and dyes) for drug
delivery with a controlled release of therapeutically active molecules (drugs, cosmetics, biological
gases) but also as contrast agents for different imaging techniques, such as magnetic resonance
imaging or tomography. In addition, MOFs were also considered for diverse therapeutic strategies,
e.g., photodynamic therapy and radiotherapy, as they can absorb exogenous energy, light or X-

rays, and convert it into local therapeutic effects.

(d) Chemical sensing

Based on the great promises of MOFs for adsorption and separation applications, they were
envisaged as sensitive and selective chemical sensors, using various sensing approaches including
optical, electromechanical, electrochemical, chemoresistive, chemocapacitive sensors,
considering bulk MOFs or as a film coated on various supports (QCM, SAW, IDE...).[148-156]
In this context, MOFs were explored as gas and vapour sensors. The intensive research efforts in
recent years have highlighted their wide applicability range, from oxygen and humidity sensors,
to toxic gases (NHs, H2S, NOy, SOx and COy), VOCs (aromatic and aliphatic hydrocarbons,
ketones, alcohols, aldehydes, BTEX, polycyclic aromatic hydrocarbon), chemical warfare agents

and explosives just to name a few.
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(e Electronic and ionic conduction

In the past two decades, MOFs have proven to be excellent candidates in electrochemical
devices [157-159] dedicated to i) energy conversion, as solar cells, fuel cells, white light emitting
diiodes and ii) energy storage, as supercapacitors or as metal (Zn/Al)-air and metal (Li/Na)-ion
batteries, that require some combination of electronic and ionic conductivity.[160,161] Since
MOFs are typically considered as poor conductors, efforts have been dedicated to induce electronic
conductivity via “through-bond” and ‘“through-space” approaches.[162] Promote electron
delocalization can be achieved by considering conjugated 2D MOFs, redox-active moieties to
provide charge hopping pathways, conductive molecular-scale bridges or guest molecules that can

be engaged in donor-acceptor charge transfer interactions with the MOF.[163]

Regarding ion-conductive MOFs as electrolytes for fuel cells and secondary batteries
applications, porous or channel structures of MOFs are fundamentally suitable for ion-conducting
pathways.[164,165] Various ionic carriers were considered, such as proton (H"), hydroxide ion
(OH), lithium ion (Li*), sodium ion (Na*), magnesium ion (Mg?*), zinc (Zn?*) and aluminium
(APY). For H* and OH" species, MOFs can provide both ions and conducting media, while the
other ion carriers are incorporated considering the counter ions of the framework having opposite
charges or using inclusion with counter ions as its salt. Remarkably, protons are the most widely
investigated ionic carrier, as evidenced by the discovery of a large panel of proton-conducting
MOFs. The following section is dedicated to this field.

1.3.3. Features for creating proton conductivity in MOFs

Over the past decade, the exploration of MOFs as proton conductors have attracted wide
attention.[166-173] Compared with conventional materials, MOFs offer great opportunities to
control the conductivity at the molecular level and tune the proton transport, owing to their
tailorable structure, crystallinity, high porosity, rich chemistry and chemical/thermal stability.
These inherent features allow to load in MOFs a variety of guest molecules as proton carriers and
to systemically modify the proton concentration and mobility within the available space. Beyond
the generation of super-protonic conduction, the crystalline nature of MOFs is also beneficial for
understanding the proton conducting pathway and the corresponding mechanism to control the

structural-conductivity relationships and further design outstanding materials. In order to improve
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proton conductivity of MOFs, efforts have been pushed to increase the concentration and mobility
of the proton carriers. While the overall acidity of the proton sources governs the proton carrier
concentration, the mobility of protons can be promoted by a continuous H-bond network
comprising protic sites, hydrophilic guests, a framework with optimal pore connectivity and also
by creating ordered defects through which proton transfer takes place. Accordingly, different
strategies have been envisaged to promote proton conductivity in MOFs,[174-178] depending on
the operating conditions, i.e. anhydrous or hydrated conditions. The main approaches, illustrated
in Figure 1.10 consist in i) generating proton carriers as counter ions of anionic framework of
MOFs, ii) incorporating acidic functional groups into the host framework, iii) creating open metal
sites to create defects or coordinate functional molecules, iv) loading protic species as proton
carriers into the voids of MOFs, v) inducing structure phase transformations. These strategies are

further detailed below.

Generating
proton carriers
as counter ions

Acidic functional

group
incorporation

Open metal sites to
create defect or
coordinate functional
molecule

Loading protic species

as proton carrier into
voids

Figure 1.10 — Features for creating proton conductivity in MOFs, as detailed in the text.

1.3.3.1. Inherent proton carriers as counter ions into the pores of MOFs

There are several MOFs reported where metal coordination creates anionic framework,
neutralized by various cationic molecules, e.g. NH4", H3O", Me2NH:" and Eto-NH>" trapped inside

the framework.[12,179,180] These trapped cations behave as proton transfer sites and initiate the
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conduction process under humid conditions. The pioneer investigation was reported by Kitagawa
et al.,[181] considering the zinc oxalate-based framework (NHa4)2(adp)-[Zn2(0x)2].3H20. The
proton conductivity of this MOF (c = 8 x 10 S.cm™ at 298 K under 98% RH) is due to the
extended hydrogen-bonded network between ammonium (NH4") cations, adipic (adp) acids and
water (H20) molecules inside the interlayer space of the MOF 2D network. This strategy was also
efficient for designing proton conducting MOFs at the anhydrous state,[182] as illustrated by an
anionic Europium based MOF neutralized by (MezNH)* species, which shows anhydrous
conductivity of 1.25 x 10 S.cm™ at 423 K, and water-assisted proton conductivity of 3.76 x 107
S.cm™ at 373 K and 98% RH.

1.3.3.2. Inherent water assisted proton conducting MOFs

The proton conduction can be efficiency achieved by inherent water molecules inside the
MOF backbone, i.e., H-O coordinated to the metal centre and those trapped inside the open space
of the pore area. The first example relies on a ferrous oxalate dihydrate MOF, which shows proton
conductivity of 1.3 x 102 S.cm™ at 298 K under 98% RH.[183] The H20 coordinated to Fe?*
species, i.e. a Lewis acid site, is more acidic with easier proton donation than free H.O molecules.
The proton is then substracted from the coordinated water molecules in presence of humidity,
while the one-dimensional (1D) ordered array of the coordinated water combined with the self-
organization of the adsorbed water facilitates the formation of the H-bonded network for
transporting protons through the pores. Interestingly, a similar proton transfer mechanism was
further demonstrated by ICGM using a combined experimental/computational strategy [184]
applied on the 2D KAUST-7> MOF (6 =2.0 x 102 S.cm™ at 363 K and 95% RH). As reported, the
adsorbed H>O serves as a bridge, connecting species coordinated to the metallic node, i.e., water
molecules and fluorine atoms, resulting in a continuous cleavage/formation of H-bond interactions
between the adsorbed H.O, F and the coordinated H»O.

1.3.3.3. Organic linker modification

Intrinsic proton sources can be achieved by attracting hydrophilic and acidic functional
groups to the organic ligand of MOFs by predesigned or post-synthetic chemical reactions. This

approach was largely explored to improve the proton concentration and mobility within the pores.
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Shigematsu et al.,[185] reported the first representative example of the acidic group-dependent
proton conductivity, by investigating MIL-53(Al) analogues, whose ligand was functionalized by
-NHz2, -OH or —-(COOH)> groups. They demonstrated that the nature of the attached group affects
the proton transport performances, in correlation with the acidity (pKa) of the framework. A
similar trend was observed by Li et al., in the case of UiO-66(Zr) derivatives.[186] To further
increase the charge carrier density, stronger proton donors than the previous ones were envisaged,
using post-synthetic functionalization of the MOFs backbone by -PO3H and -SOsH groups. It
results in the development of proton conductivity surpassing 102 S.cm™ under hydrous
conditions.[187-190] As a further step, Das et al., demonstrated that the conductivity can be even
more improved up to 1.00 x 10 S.cm™ at 353 K and under 95% RH, by enlarging the alkyl chain
attached to the ligand and bearing acidic group at its tail, due to a better accessibility of the
Bransted acid sited to the adsorbed water molecules.[191]

As an alternative, a multicomponent approach was considered by Shimizu et al., based on
the isomorphous ligand replacement of B-PCMOF-2 to form the mixed ligand MOF B-PCMOF-
2%, via partial substitution of 1,3,5-benzene-trisulfonate by 1,3,5-benzene-triphosphonate
moieties of comparable size and shape.[192] The proton conductivity value of the parent MOF
was improved by 1.5 orders of magnitude to reach 2.1 x 102 S.cm™ at 358 K and 90% RH, due to
the increase of the number of freely available acidic protons from the backbone. This successful
strategy was then extended to other series of organic linkers, considering naphthalene core units
instead of benzene moieties, as exemplified for VNU-15(Fe) [193] and Cu-SAT.[194]

1.3.3.4. Metal node modification

Metal unit manipulations, including the metal ion replacement, the coordinative insert of
functional molecules and the metal-centre missing as a defect site, were explored to generate
proton-conductive MOFs. Accordingly, the impact of metal size, Lewis acidity, electronegativity,

ability to provide unsaturated coordinative site and thermal stability was investigated.

Metal site replacement was firstly documented.[195] As an example, Demadis et al.,
investigated a series of alkali (Li, Na, K and Cs) metal phosphonocarboxylated, and observed a

gradual increase in the dimensionality of the network, from 1D (Li) to 2D pillared-layered (Na)
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and 3D (K, Cs), with the ionic radius of the alkali.[196] The resulting conductivity value is in the
range 3.50 x 10° S.cm™ for Cs to 5.60 x 10 S.cm™ for Na, while the relationship between the

ionic radius of the metal ion and the conductivity is not straight forward, due to structural changes.

Liu et al., proposed a combined strategy applied on MIL-88B, by the replacement in the
Fe3* based metallic nodes by Cr3* analogous to enhance the structural stability of the parent solid,
followed by the subsequent coordinative insertion of 3-pyridine sulfonic acid (PSA) and 2-(4-
pyridyl) ethane sulfonic acid (PESA) as proton sources.[197] At 363 K and 85% RH, Cr-MIL-88B
shows conductivity of 6.00 x 10 S.cm™, while for Cr-MIL-88B-PESA and Cr-MIL-88B ¢ = 4.50
x 102and 1.58 x 101 S.cm, respectively. Alternative species were coordinated to the metal nodes
of various MOFs to create super-protonic conductors, as exemplified by the hydrogen-sulphate
decorated titanium-based MIP-177-SOs-LT,[198] Im-Fe-MOF displaying coordinated imidazole
molecules at the metal centre [100] or more surprisingly by the coordinative urea insertion MOF-
74 without any acidic moiety.[199] In the later case, the highly polarized urea bound to open metal
sites is attractive for the guest H.O molecules, resulting in the formation of an efficient hydrogen
bond network.

Finally, missing metal centre was used to provide local defects and dangling linkers,
expected to act as favourable proton conduction pathways. Intrinsic and extrinsic defects can be
produced by using additive during the MOF synthesis or induced by metal or ligand replacement
after MOF synthesis, respectively. As reported, missing metal linker connectivity in TMOF-2
induces unsaturated metal sites, resulting in an enhanced affinity of the MOF to water molecules,
and consequently an improved proton conductivity by two orders of magnitude compared to its
structural analogue TMOF-1 [200] ((c = 1.23 x 104 S.cm™ and 1.62 x 10® S.cm™ at 363 K and
98% RH for TMOF-2 and TMOF-1, respectively). However, the control of the proton conductivity
properties by introducing defective metal nodes is not straightforward, as evidenced by the
detrimental proton-trapping effect in the case of Zr-based MOFs: the partial defects indeed
decrease the mobile proton concentration, playing the role of an intrinsic buffer.[201]

1.3.3.5. Framework topology or structure change

The network topology and degree of interpenetration was demonstrated to play a key role

for tuning the properties of water-assisted conductive MOFs, by impacting the solvent loading. As
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reported by Xiang and co-workers, the In-based anionic FJU-17 displays higher conductivity (c =
1.08 x 102 S.cm™ at 373 K under anhydrous conditions) than the iso-structural FJU-16, in relation
with the lower degree of interpenetration, i.e. two-fold and four-fold interpenetration respectively,
which favors the accessibility of adsorbed water.[202]

On the other hand, humidity-induced insulator-to-proton-conductor transition was
evidenced in a few series of MOFs, resulting from a structural transition towards a less dense MOF
phase with water uptake.[184,203] When the abrupt change of conductivity is reversible, potential
applications of such MOFs as humidity sensors were suggested.[203] As demonstrated by
Kitagawa et al., the layered MOF, (NHa)2(adp)[Zn2(0x)3]-nH20 (n = 0, 2, and 3) displays a huge
insulator to superprotonic conductor transition (¢ ~10*2 to ~102 S.cm™ at room temperature) with
the atmospheric humidity, resulting from the reversible structural transformations among the
anhydrated and trihydrated phases.[204] These structural transformations modify the hydrogen-
bonding networks consisting of ammonium ions, water molecules and carboxylic acid groups of
the adipic acids inside the 2D interlayer space in the hydrated MOFs, according to the water
content. Interestingly, single-crystal to single crystal (SCSC) transformations can also be induced
by ligand substitution or temperature increase.[182,203—-207] As an example, Bao et al., reported
a layered 3d-4f phosphonate based MOF able to undergo a solid state phase transformation at 318
K/93% RH, accompanied by the release of protons from the intralayer phosphonate groups towards
the interlayer space occupied by lattice water molecule.[205] This results in the formation of
hydronium species, responsible for the 10-fold increase of the MOF proton conductivity. This
insulator to proton conductor transition induced by SCSC transformations was also evidenced for
denser MOFs, as illustrated in the case of the 3D ((CH3)2NH2)2[Li2Zr(C204)4].[203]

Similarly, the phase transition of MOFs from crystal to glass was considered to enhance
proton conductivity, in order to overcome the detrimental effect of grain boundaries among the
crystallites sometimes causing additional resistance, as discussed in chapter 2. In this context,
Horike et al., demonstrated that the glassy state of a phosphonate-based MOF displays better
proton conductivity than the crystalline analogue.[208,209] Owing to the isotropic disordered
nature of the glassy state combined with the less rigid glassy structure, H* dynamics is enhanced

and provides interesting ¢ value at the anhydrous conditions (¢ = 8.00 x 10 S.cm™ at 393 K).
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1.3.3.6. Guest loading into the pores

Owing to their high porosity, MOFs were filled by charge-neutral proton carriers and
functional guest molecules, such as non-volatile acidic molecules, protic heterocyclic organic
molecules, polyoxometalate (POM) or metal-organic polyhedral (MOP) molecules and ionic

liquids, to get high proton conductivity by increasing proton source and/or carrier concentrations.

For acid guest incorporation, e.g. HsPO4, H2SO4, CF3SOsH, TfOH, the mesoporous and
highly stable MIL-101 structure was privileged.[11,210] Excellent proton conducting
performances were recorded under both humid (o = 4.00 x 102 S.cm™ at 353 K and 90% RH) and
anhydrous (¢ =3.00 x 10 S.cm™ at 323 K) conditions. Furthermore, the synergic effect of H2SO.4
impregnation combined with the sulfonic functionalization of ligands on the proton conductivity
of MIL-101 was also established,[211,212] with ¢ value exceeding 1.00 S.cm™ at 343 K and 90%
RH.

Regarding the incorporation of N-heterocyclic compounds into MOFs voids, a large panel
of protic organic molecules was explored, including imidazole, triazole, pyrazole, histamine,
benzimidazole etc.[192,213,214] The resulting composites display a superprotonic behaviour
under anhydrous conditions (¢ > 102 S.cm™ at T > 373 K), resulting from a better control of the

carrier mobility in confined nanospaces of MOFs compared to their motion in the bulk state.

In addition, proton conductive MOP [215] and POM [216,217] have recently attracted a
few attention as alternative functional material inclusions in MOFs. The later acts as a stabilizing
matrix of the guest, promoting the temperature range for recording the proton conducting
performances in a larger extended, while a judicious choice of the MOP, such as bearing sulfonate
functional groups, was demonstrated to modulate the hydrophilicity of the MOF hosting
framework, with beneficial advantages on the proton conductivity performances.[218] Up to now,
the resulting proton conductivity properties of these composites (in the order of 10° S.cm™ at 353
K and 98% RH) are lower compared to those of other MOF-based composites, which calls for
further improvements to satisfy the criteria for applying this category of composites as a solid-
state proton electrolytes. Accordingly, some efforts have been dedicated to fabricate hybrid
membranes by mixing these composites with polymers, even if the proton conductivity gain is still

very small, i.e., only 3-fold increase of the properties.
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As a promising alternative, microporous and mesoporous MOFs were also investigated as
a porous support for the incorporation of various ionic liquids, to tune the intermolecular
interactions of the ions constituting the ionic liquid for a better control of its phase behaviour and
its corresponding conductivity.[219-221] Binary ionic liquids were also envisaged resulting in
Bransted acid-base buffers with the synergetic introduction of both H* -source and H*-defect sites
promoting the transport hopping process.[222—-224] In comparison with the behaviour of the bulk
ionic liquid, the proton transport properties of the confined species were found to be enhanced, as
a result of its optimal spatial distribution within the MOF pores. Noteworthy, these composites
were mostly investigated under anhydrous conditions with proton conductivity reaching 1.00 x 10
2 S.cm? at 343 K,[225] while a few of them were studied under humid conditions, showing
promising performances around 4.40 x 102 S.cm™ at 323 K under 23% RH.[226]

Appendix 1.1 & 1.2 reports the full list of MOFs showing proton conductivity exceeding

10 S.cm™. These MOFs are classified as anhydrous and water-mediated proton conductors.

1.3.4. MOFs-based crystalline composite membranes for PEMs applications

In the context of MOF-based electrolytes for PEMFCs applications, MOFs processing and
formulation are required. Regarding the difficulties to process MOFs in their as-synthesized
microcrystalline form and the lack of their ability to form thick films, some efforts were devoted
to the preparation of MOFs-based mixed-matrix membranes (MMMSs), by the incorporation of
MOFs into polymeric matrix to create composites. The later combine the advantages of both fillers
and polymer membranes, such as good reproducibility, high chemical and thermal resistance and
relatively economical processing. Generally, the polymer stabilizes the mechanical properties of
the system and fill the MOF grain boundaries (cf chapter 2), while the MOFs fillers act to raise
proton conductivity, which is transferred to the composite membranes through MOF/polymer
interfaces. Successful hybridization of MOFs and polymers thus requires i) good compatibility
between the MOF fillers and the polymer matrix to avoid interfacial defects, ii) judicious selection
of MOFs with functional groups able to form H-bonding chains to insure proton transfer in the
polymeric matrix and iii) excellent distribution of the MOF particles inside the polymer to prevent
irregular voids and membrane fragility.[24,227,228] Various proton conducting hybrid

membranes are documented with well-known MOFs e.g., MIL-101s, UiOs, ZIFs..., incorporated
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in polymers basically employed for PEMSs applications, including Nafion™ series,
polyvinylpyrrolidone (PVP), poly(4-styrenesulfonate) PSS, polyvinylidene fluoride (PVDF),
SPEEK, PBI, chitosan (CS) among others. The following section gives a brief overview of the
main strategies developed to get promising MOF/polymer proton conductors. A more complete
list of the best composites, along with their proton conducting performances, is available in

appendix 1.3.

The first MOF/polymer composite was reported by Zhu et al., in 2013 using PVP as the
polymer matrix and a chiral 2D MOF material, bearing protonated tertiary amines as intrinsic
proton carriers and H-bonding chains as proton-conducting pathways.[227] Despite the
unsatisfactory proton conductivity performances of the composited, this study has the merit of
proposing a straightforward and universal strategy for practical utilization of MOF materials as
PEMs for fuel cells applications. Since then, a large series of Nafion™ blended composites were
investigated considering various hydrophilic MOFs, i.e. CPO-27,[229] MIL-53(Al),[229] MIL-
101s,[230] Ui0-66s,[231] Zr-MOF-808,[232] resulting in materials exhibiting a better
conductivity than that of the pristine Nafion™ under high humidity conditions (RH = 95%). Many
efforts were firstly dedicated to the elaboration of MMMs by the incorporation of MOFs showing
inherent proton conductivity. As an example, sulphated functionalized MOFs, e.g. Zr-MOF-808
(SZM) [232] was considered PVP as a filler in Nafion™: the Brgnsted acidic sites significantly
retain water inside the composite and also serve as additional proton source, leading to good
membrane performers. The gain in proton conductivity for MOF-based composites versus that of
the pure polymer is not restrictive to Nafion™ based membranes. Similarly, proton conductivity
recorded at 348 K / 100% RH for the sulfonated MIL-101(Cr)/SPEEK composite (¢ = 3.06 x 10!
S.cm™) is about double to that of the pristine SPEEK membrane (¢ = 1.56 x 10 S.cm™).[233]
Alternatively, to acidic fuctionalized MOFs, amino based MOFs were equally demonstrated as
efficient fillers to boost the hydrous proton conductivity to values exceeding that of the pure
polymer, as reported for MIL-101(Fe)-NH2/SPPO (sulfonated poly (2, 6-dimethyl-1, 4-phenylene
oxide).[234]

As an alterrnative approach, Wu et al., Proposed to incorporate simultaneously inside a
Nafion™ matrix two functionalized MOFs, UiO-66-SOsH and UiO-66-NH..[231] The
corresponding membrane shows exceptional conductivity (2.56 x 10" S.cm™ at 363 K/95% RH),
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which is higher compared to that of Nafion™ and of the single dopped composite. This results
from the synergistic action of the two hydrophilic functionalized MOFs, displaying high water
adsorption capacity: the denser hydrophilic channels of the fillers facilitate the proton migration,
through the interaction between the two UiO-66-SOsH and UiO-66-NH2 MOFs with minor particle
size and the ionic clusters in the membrane. Interestingly, the replacement of the two MOFs by a
single amino-sulfo-bifunctionalized filler was demonstrated to have the same beneficial impact on

the proton conducting performances.[235]

Another strategy to improve the proton conduction performances of MOF/polymer
composites, consists in controlling the shape and morphology of the MOF filler. This was achieved
by incorporating graphene oxide (GO) as a third component.[236-238] The resulting
performances, exceeding 10 S.cm™ at 353 K/95% RH, were attributed to the well-oriented pore
channels and morphology of the MOF in interaction with GO: the homogeneous anchoring MOF
on the GO surface creates a continuous proton transport channel, resulting in the formation of a
very efficient H-bond network in the presence of water. Similarly, Wu et al., proposed to tune the
proton conductivity of MOF/polymer composites via creating more complex architectures of
MOFs at the mesoscopic/macroscopic scale: MOF nanocrystals are used as building units to
construct higher-order superstructures.[239] ZIF-8 was grown on Carbon Nano Tubes (CNT) to
form a hybrid cross-linked network ZIF/CNT, further blended to SPEEK matrix. The resulting
composite corresponds to a 2D cross-linked network constructed from curved nanowires
composed by internal CNT cores and outer ZIF-8 shells. Its proton conductivity is significantly
improved under various conditions as compared to that of the recast SPEEK. It was suggested that
the imidazole-based (Hmim) units issued from ZIF-8 shells acts as proton donors (sharing protons
on N-H) and proton acceptors (through noncoordinated N atoms). Their interaction with the -SOsH
groups of SPEEK via electrostatic interaction, creates efficient sulfonic acid-Hmim pairs at the
filler-SPEEK interfaces. The good compatibility between the MOF and the polymer is then
favoured by the morphology of the system characterized by the interlaced cylindrical nanochannels
of ZIF/CNT.

As mentioned in the previous section, a promising way to alter the chemical composition
of MOFs for improving proton conduction consists in immobilizing inside their pores various

proton carriers to form guest@MOFs. A handful of guest@MOF/polymer composites were then
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designed with very attractive proton conducting performances under high, medium and low
humidity conditions as well. In this context, the conductivity for phytic@MIL-101/Nafion™, at
353 K is 0.23, 6.08 x 10 and 7.63 x 10* S.cm™ at 100% RH, 57% RH and 10% RH
respectively.[230] The phytic acid trapped inside the porosity of the mesoporous MOF is able to
retain large quantity of water: it shows high density of phosphate groups participating to the
hydrogen-bond network with water molecules and sulfuric acid functions of Nafion™. The o
values cited above are 0.5 times, 2.8 times and 11.0 times higher than those of the pristine
membrane, while the mechanical and thermal properties of Nafion™ are maintained. The same
strategy was successfully considered to prepare efficient proton conducting CS based composites:
various acidic molecules (H2SO4, H3PO4, CF3SO3H) were immobilized inside MIL-101 and MIL-
101-SOsH, before their incorporation to CS.[228] In the same way, ionic liquids and imidazole
were also demonstrated as efficient guest molecules to replace non-volatile acid molecules in
guest@MOFs/polymer composites.[240-242] Finally, the DNA biomolecule also showed great
promises as a guest, as it is a proton-rich linear biomolecule with large number of suitable proton
carriers groups.[243] The high conductivity of DNA@ZIF-8/PSS (¢ = 0.17 S.cm™ under 97% RH
at 348 K) illustrates the fast proton transfer resulting from the H-bonded networks formed by water
molecules and phosphate groups of DNA which are optimally oriented once located inside the

ZIF-8 nano channels.

Examples cited above refer to composites with attractive proton conducting performances
under humid atmosphere. However, under anhydrous conditions or at temperature exceeding 373
K, the situation is much rarely satisfactory. To overcome this challenge, Zhang et al., extended the
co-doping strategy developed by Wu’s group, to fabricated dual MOF-cofilled hybrid membranes
using CS as polymer.[244] They created proton conducting membranes able to work under
hydrated conditions as in the case of the Nafion™ based composite,[231] but also at the anhydrous
state, due to the synergistic “acid-base pair” effect of the acidic (UiO-66-SO3H) and alkaline (UiO-
66-NH2) MOFs with isomorphous structures on proton conductivity. As reported, the composite
exhibits the highest anhydrous conductivity value: 6 =3.78 x 103 S.cm™ at 393 K, i.e. a value 29.1
times higher than that of pure CS membrane. The -SO3zH and -NH> units of UiO-66-based MOFs
were evidenced to interact with -OH and -NHs or -NH2 moities of CS to establish efficient H-

bonded networks inside the membrane without the help of water. In addtion, -SOzH and -NH>
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groups of adjacent MOFs particles are able to form acid-base pairs: protons issued from -SOsH
groups can be transfered to NH> units used at transport sites, improving the proton conductivity
under anhydrous conditions. In the meantime, the co-doped strategy was also applied on other
systems to form ZIF-8/ZIF-67/PBI composites, showing exceptional proton conductivity under
anhydrous conditions (6 = 9.1 x 102 S.cm™ at 473 K).[245]

1.4. Conclusion

A handful of reviews has comprehensively enumerated the main proton conducting MOFs
reported in literature.[166,169,249-254,171-173,176,178,246—248] We updated this listing with
the inclusion of novel MOFs recently evidenced. Appendix 1.1 & 1.2 lists the MOFs that display
a superprotonic behavior with ¢ exceeding 10° S.cm™. We deliberatively made the choice to
classify the pure MOFs materials as anhydrous and water-mediated proton conductors, separately
from the MOFs/polymer composites. We can notice that a large series of the reported materials
reach the threshold value of 102 S.cm™ at low temperature and under humidity conditions, making
them very attractive as an alternative solution to the benchmark material (Nafion™), while some

other materials are very promising for applications at the intermediate temperatures.
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2.1. Introduction

The ionic transport in crystalline solids, in particular proton transport in MOFs, can be
evidenced using different techniques coupled with the structural analysis obtained from X-ray
diffraction experiments. These techniques include experimental tools, i.e., complex impedance
spectroscopy, solid state nuclear magnetic resonance or neutron scattering methods, as well as
computational approaches. Combined all together, these complementary techniques were
demonstrated as very efficient to explore proton motions in MOFs over a broad range of length

scale from atomistic to molecular levels.

This chapter is dedicated to a brief description of these techniques, with a peculiar attention
given to the electrical measurements used in the frame of this work. As a starting point, the basic

concepts of ionic conduction and ionic diffusion are firstly discussed.
2.2. lonic conduction in solids

From a microscopic point of view, ionic conduction is driven by a diffusion mechanism,
which is described by ions hopping, due to local defects.[1-3] In an ideal crystal, all ions are
arranged in regular periodic fashion with too little space for ions to diffuse. As a consequence,
they are only subjected to vibrations around their equilibrium position. However, at any non-zero
temperature, defects are created, due to the increase of entropy to minimize the free energy of the
system. Two main types of positional disorders crucial for ion mobility in crystals are ‘Schottky’
and ‘Frenkel” defects. These belong to the class of ‘point defects’ in crystals. Schottky defect refers
to the crystal imperfection in which a pair of ions disappears leaving their positions vacant. The
Frenkel defect results from the missing of a single ion from its regular position towards an
interstitial site. Both Frenkel and Schottky defects result in vacant sites in the crystal and any ion
in the immediate vicinity can jump to one of these vacant sites. Similarly, the ion that moves to
the interstitial site, giving rise to a Frenkel defect, can subsequently jump to a neighbouring
interstitial site and so on, resulting in long distance motion of the ion. These processes can lead to
transport of ions across the solid giving rise to conductivity. Apart from these two mechanisms,

cooperative movements of two or more ions can also be involved in the conduction mechanism.
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2.2.1. lonic diffusion

As discussed above, in ionic conducting solids, the electrical current is transported by the
movement or diffusion of ions of the crystal lattice, either as interstial or lattice ions though a
hopping process. Long-range macroscopic transport of ions is then a consequence of microscopic
ion diffusion, which requires accessible sites, i.e., a concentration gradient. Concentration gradient
leads to the particle current (Jaifr) and for particles with charge g, automatically to an electrical
current, Jelect = q - Jaiff, given by Ficks laws. Considering a flux over one direction, it is proportional
to the concentration gradient along this direction according to:

ac

Jairr = —Da Eg. 2.1

With,

Jaitr = atomic flux per surface area and time units
x = direction along with the diffusion occurs

C = concentration of the diffusing ion

D = coefficient of diffusion

Sign minus deals with the fact that diffusion occurs between areas from high towards low

concentration of ions. When flux and gradient are time dependent, we have:

9C _ _ Olair

= Eg. 2.2
Jat 0x f

Combining Eg. 2.1 and 2.2 and assuming D is independent on C, we got the second Fick law:

aoC 9%C

i D 722 Eqg. 2.3

The diffusion coefficient (D) characterizes the ion mobility (1) through the Einstein-

Smoluchowski relation:
D=——- Eq. 2.4

It obeys to the Arrhenius law:
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E
D =D, exp(—k—; Eq. 2.5

With,
D, = frequency factor
E. = activation energy of diffusion
K = Boltzmann constant
T = absolute temperature
The ionic conductivity of a charge q is defined as follows:
o=C0Cqu Eqg. 2.6
When both ionic conductivity and ionic diffusion follow a random-walk mechanism, the Nernst-

Einstein relation thus gives:

Eq.2.7

2.2.2. lonic conduction

Within a statistical thermodynamic treatment of rate theory,[4,5] the probability of
successful jumps (p) in which an ion can move from one stable site to the adjacent site is given by:
AG,,

p = exp (— e Eqg. 2.8

Where, AGn is the height of the energy barrier of the jump, which is the rate-determining
process (i.e., Gibbs free energy difference between a saddle point and a stable position). lons
vibrate within their lattice site and attempt to overcome the barrier with an attempt frequency (v)
close to 10%3 s%. The ion hopping process is randomly distributed, resulting to a Brownian motion.
The probability for the reverse jump is equal to that of the forward jump. When an electrical field
E is applied to the material of interest, the energy landscape of the system is changed through the
modification of the energy barrier in the forward and backward directions of the field. One

demonstrates that the net velocity of the migrating ions (vm) in the direction of the field becomes:
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2
vqajE AG

Where, q is the charge of the ion, and a, is the jump distance.[6] Since the drift mobility of an ion
(«) and the ionic conductivity (o) are defined as x = vm/Ey and Eq. 2.6 respectively, o becomes:

yCvq*a;
g = —

AG,,
_ QG Eq. 2.10
i P COT f

where, v is a geometric factor linked to the dimensionality of the conduction pathway. The free

energy consumption for the ion migration AGm is separated into the enthalpy (AHm) and entropy
(ASm) of migration (AGm = AHm — TASm), because temperature-dependent conductivity

measurements only provide an enthalpy for the jump:

yCvq?a? (ASm) AH,,
= S—.L Eqg. 2.11
o &Pl )exp ( T q

Noteworthy, a defect formation is also involved for the ion migration and the term of AGr, the
formation energy per defect, needs to be taken into account. As o is usually measured temperature-
dependent, an Arrhenius relation gives the activation barrier and the temperature-independent pre-

exponential factor g, as:

0o AH,,
— %0 oxp (—2m Eq. 2.12
0= 7 &P ("5 o

The enthalpy of migration AHm is often generalized with an activation energy Eg (unit of kJ.mol

Lor eV). According the Eqg. 2.7, o, is defined as follows:

Dyq?C AS

Og =

Where, Do is the frequency factor and ASm corresponds to the entropy of the ion motion.
It is then concluded that fast ion transport requires high carrier densities (C) and a
low barrier for migration (AHm), which is dependent on structural features, i.e., the transport

mechanism and pathway.
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2.3.  Microscopic mechanisms of proton conductivity

Proton is the only ion without an electron shell, which makes it a special case among all
the other cations. As it is small and light, proton is highly mobile and able to polarize its
surrounding environment. Proton possess 36.2 x 10® m2.51.v-t mobility in an aqueous medium,
which is 9 times higher than lithium ion (4.0 x 10® m2.51.v) and 7 times higher than sodium ion
(5.2 x 108 m2.51.v1).[7,8] This is the reason behind its unusual ability to move in condensed

water.

As discussed in the next section, performance studies on proton-conducting materials are
mainly carried out using electrical measurements, among other techniques. The ionic conductivity
(o) deduced from electrical measurements, is a variable that evaluates the transfer of an ion from
one site to others, through defects or assisted molecule creating a pathway in the solids. During its
pathway, proton moves through condensed matter with help of a charge carrier at the microscopic
level. Variety of charge carriers were extensively studied for their participation through hydrogen
bond formation during the proton conduction mechanism such as water, oxoacid anions,[9,10]
oxo-acids, [11] oxide ions,[7] amine-based molecules (NH3,[12] dimethylammonium
(DMA)[13]), and heterocycles (imidazole family compounds [14,15]). The hydrogen bond refers
to the interaction of a hydrogen atom with light and polarizable atoms, especially N, F, and O.
These interatomic forces mutually organize as three components: a donor (D), hydrogen (H) and
an acceptor (A). A hydrogen bond is highly directional, with the angle D-H-A (Figure 2.1)
normally exceeding 150° in the case of water molecules (Figure 2.1).[16] It is characterized by an
intermediate energy between dispersive and covalent interactions. In the case of water in liquid
state, this energy is 6.3 kJ.mol,[17] whereas the energy of London and covalent interactions lies
around a few kJ.mol? and about 100 kJ.mol?, respectively. The dynamic nature, strength and
number of H-bonds over time are significant features of the typical hydrogen bonds.[18] All these
characteristics help to understand the proton transfer mechanism in homogenous or heterogeneous

systems.
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.

Figure 2.1 — Representation of the hydrogen bonds (dashed lines) in a system containing water
and dimethylamine (DMA). Oxygen, nitrogen, carbon and hydrogen are identified with red,
blue, gray and white colors, respectively. In blue light, atoms that participate to the hydrogen
bond as donor (D), hydrogen (H), and acceptor (A) and the angle (0) they establish.[19]

The proton transport mechanism depends on the nature of the proton charge carriers and
the media via which they travel. The proton conduction mechanism is mainly characterized by two
types of processes: the Grotthuss and the Vehicular mechanisms.[10] In the vehicular mechanism,
a proton is bonded to a small vehicle molecule such as water, ammonia, etc. acting as Brgnsted
base and further travels through the media by molecular diffusion.[20] In the Grotthuss mechanism
encountered in agueous media, the proton transfer occurs from one water molecule to another one,
while the oxygen of water receives and passes the extra proton to the neighboring molecule.[21]
This mechanism was suggested by von Grotthuss in the 19" century while postulating series of
observations for a galvanic cell.[22] A schematic representation of the Grotthuss and the vehicular

mechanisms is shown in Figure 2.2.
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a) Grotthuss mechanism (Proton hopping)
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Figure 2.2 - Schematic representation of a) the Grotthuss and b) vehicular mechanism (taken
from ref [23,24]).

The Grotthuss mechanism further gained a deeper understanding, due to advances in
experimental and theoretical techniques. In contrast to initially proposed, the proton transfer
cannot occur through a proton hopping mechanism from one molecule to the other in a
subsequential hydrogen-bonded molecular chain,[25-29] because of critical electrostatic
polarization of the chain. In aqueous media, the proton transport process is rather based on the
concept of “structure diffusion”. According to Figure 2.3, the solvated excess proton is discussed
in terms of 2 limiting structures, the Eigen cation, a triply solvated hydronium ion (HsO*.3H20 or
Hy04%),[30] and the Zundel ion, a proton equally shared between 2 water molecules (H20.H.OH*
or Hs02").[31] The very small difference in energy between both configurations allows their
interconvection very easily,[32,33] so that the proton rapidly rattles between the oxygen atoms of
two neighbouring water molecules, leading to the proton displacement without moving the
protonic mass. The dynamic between the Eigen ion and a surrounding water molecule, forming
the subsequent Zunder ion is assigned to the “special pair dance” terminology while the global
mechanism is termed as Eigen-Zundel-Eigen (EZE) mechanism. In the EZE model, the excess
charge does not actually move in large extent as its movements are just from the centre of an
elongated bond to a more compact bond, while the centre of charge or “structure” is dislocated by
a much longer distance. The resulting displacement of the protonic charge without moving the
protonic mass, as referred in the Grotthuss mechanism, involves lower activation energy (Ea < 0.4
eV) than that characterizing the vehicular mechanism (Ea > 0.4 eV), which follows the

displacement of bulkier ionic species like H3O" or NH4* with inevitably higher activation energy.
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Figure 2.3 — Microscopic conduction mechanism of a proton in water.[7] The “structure
diffusion” is highlighted in grey, with Zundel and Eigen ions shown respectively in dark and
light grey. A schematic energy barrier assigned to the excess proton between two neighboring
water molecules is also assigned and it shows the adiabatic nature of a proton transfer from a
molecule to another under the context of a Zundel — Eigen transition.

Although being different, both Grotthuss and vehicular mechanisms can act simultaneously
in real situations. As exemplified for bulk water, 22% of the conductivity is through vehicular
mechanism because of self-diffusion of the water molecules.[7] In other homogeneous media, such
as in heterocycle species (e.g. imidazole), the proton conductivity mechanism has been modeled
in a different way: the pathway for the proton displacement occurs along unidimensional hydrogen
bonded chain of molecules with the proton transmitter media in a Grotthuss-like
mechanism.[7,34,35] Interestingly, this mechanism has been shown to be even more efficient

when these molecules are confined in porous materials.[36,37]

2.4. Characterization of ionic transport in solids

According to the previous section, ionic transport in solids is efficiently characterized using
electrical measurements, among them Complex Impedance Spectroscopy (CIS) is the basic
technique we used in the scope of this work. Besides electrical measurements, computational
approaches, Solid-State Nuclear Magnetic Resonance (SS-NMR) spectroscopy and Neutron

Scattering (NS) methods are also used to investigate proton transport in MOFs. This section gives
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the main achievements obtained from these approaches when applied on proton conducting MOFs,

before a description of the main concepts in line with CIS.

2.4.1. Characterization of proton dynamics in MOFs
2.4.1.1. Computational methods

Modelling the proton transport in MOFs is very challenging since this process involves
several concomitant phenomena: the bond breaking/formation associated with the proton motion,
the dynamics of guest molecules, and the global or local structural rearrangements of the host
framework. Accordingly, a few approaches using Density Functional Theory (DFT) calculations,
ab initio molecular dynamics (AIMD) and molecular simulations based on empirical force fields

have been developed in tandem with experimental tools or independently.

First, forcefields based Monte Carlo (MC) simulations were used to i) describe the
preferential conformation/distribution of water and/or guest molecules, their interactions with the
MOFs hosting framework to characterize the structure of the hydrogen-bonded network
connecting guest/guest and guest/host species and ii) further establish the relationships between
the resulting preferential pathway for the proton migration with the proton conduction properties
of wvarious MOFs, including 2D Zn-based MOFs, functionalized UiO-66s, MIL-
163(Zr)...[13,38,39] Quantum calculations were also performed to determine the preferential
arrangement of water by geometry optimization and to further elucidate the proton migration
pathways.[36,40] DFT calculations were combined with IR experiments performed on the
defective NU-1000 to demonstrate the relationship between the proton topology of the Zrs-based
nodes with the acid/base characteristics and the proton conductivity of the system.[41]

In these approaches, the bond topology is fixed, so that information on the bond
breaking/formation associated with the proton motion cannot be handled. To tackle this challenge
and further describe the structure, thermodynamics and dynamics of the hydrated proton in porous
MOFs, a more complex method, based on the Empirical Valence Bond formalism (EVB) was
implemented in MD simulations by Paesani et al.,[42] and later by the group.[43,44] Interestingly,
the interconversion between Zundel and Eigen or more complex cation (H703") species was
evidenced to illustrate the water-mediated proton transfer mechanism in the flexible MIL-53(Cr)

and UiO-66(Zr)-2CO2H. As an alternative, AIMD approaches were further used to get dynamics
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information, through the investigation of the charge transfer and bond breaking/formation
processes occurring in proton conducting MOFs.[45] As an example, the proton hopping process
via imidazole molecules highly aligned but still free to move in the 1D channels of MIL-53(Al)
was successfully evidenced, while the increase of the conductivity with the imidazole loading was
correlated to the increase of the imidazole dynamics within the porosity.[46,47] In the group,
AIMD strategies were adopted to describe the structural rearrangements of MOF frameworks in
the presence of guests. This methodology was applied to various hydrated MOFs or analogous
solids.[48-52] As illustrated for MIP-177-HSOs-LT,[51] these calculations revealed a Grotthuss-
like mechanism initiated by the proton transfer from the acidic hydrogen-sulfate groups of MIP-
177-SO4H-LT towards neighbouring guest H2O molecules subsequently followed by a proton
shuttle over longer distances, through the H-bonded network formed by the guest water molecules
along the channels. Although computational methods are powerful to provide a reliable illustration
of the proton-conduction mechanism in MOFs at the atomic scale, their development is recent with

only limited examples.

2.4.1.2. Solid-State Nuclear Magnetic Resonance spectroscopy (SS-NMR)

SS-NMR measurements are powerful to probe the proton dynamics in solids. Among the
large panel of SS-NMR techniques, the Deuterium ?H NMR and the Pulse Field Gradient PFG-
NMR are optimal modes to provide crucial and complementary information on the conducting

media and its interactions with the MOF framework.

The analysis of the 2H NMR line shape and spin-relaxation times (T1, T2) at variable
temperature allows to characterize the reorientational motions of deuterated species, even if the
later display different mobilities and various H-bonding features. This method is then restricted to
the investigation of proton dynamics at the molecular length scale, i.e. not exceeding several
nanometres [53] corresponding to events of 10°° - 103 s. When combined with conductivity
measurements, it provides a characterization of the limiting step of the proton conduction
mechanism, i.e. the charge transfer, via the exploration of the motional modes associated with
breaking/formation of proton carriers such as H3zO".[54] A few proton conducting MOFs or
coordination frameworks were investigated using 2H NMR technique.[15,55-60] As an example,

Sarango-Raminrez et al.,[59] studied the channel-like MOF-74(Mg) with open metal sites
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coordinated to urea, whose amino groups are able to form H-bonds with adsorbed water molecules.
The analysis of 2H NMR data allowed to evidence that the adsorbed D20 molecules confined inside
the MOF porosity form ice-like tubes in interaction with ND> groups of urea. The later were shown
to flip about their symmetry axis. Upon heating, the dynamical melting of the ice tube was further
evidenced, in agreement with the higher mobility of the protic species: DsO*and DO display fast
internal and uniaxial rotations, attributed to the proton exchange transfer. The corresponding
rotation energy (AE = 0.16 eV) was in good agreement with the value deduced from the
conductivity measurements, supporting the Grotthuss-like mechanism of the proton transfer. It was
concluded that the polarized urea, due to its coordination to the open metal sites, involves strong

H-bonds between water molecules, optimal for stabilizing the hydronium species.

For probing translational motions of protons in conducting solids, PFG NMR, via the
analysis of the attenuated signal intensity decay rate, is an optimal mode. Since it probes dynamical
processes on long time (102 - 1s) and large length scale (1 - 100 um), it provides the diffusion
coefficients (D) of the mobile proton, but without distinguishing the mechanisms in play, i.e.,
hopping versus vehicular processes. In addition, the so-explored length scale requires relatively
large crystallites to prevent the intercrystalline contribution, which can be a main issue for MOFs,
as discussed later. Accordingly, only a few studies is reported on proton dynamics in MOFs using
PFG-NMR.[61-63] As an illustration, Horike et al., evaluated the H* diffusion coefficient in a
Ca-based MOF, post-modified with LiCl to boost the conductivity properties up to 102 S.cm™ at
298 K / 40% RH.[62] They showed that D(H) is comparable to that of Nafion under similar T/RH
conditions. Noteworthy, D(Li") was also evaluated, since both H" and Li* nucleus can be tracked
by PFG-NMR. As both ionic species display similar self-diffusion coefficients, it was concluded
that the excellent conducting performances of the Ca-based MOF results from a synergic effect of
both H* and Li* species. Importantly, electrical measurements cannot provide any information
about the nature of the moving species, while PFG NMR combines quantitative data with the origin

of ionic diffusion.
2.4.1.3. Neutron Scattering techniques (NS)

Proton transport in solids can be addressed using NS techniques through two modes, i.e.,
Inelastic Neutron Scattering (INS) and Quasi-Elastic Neutron Scattering (QENS). The incoherent

scattering cross-section of hydrogen being much larger than that of any other common elements,
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NS techniques allow to probe selectively the vibrational and the molecular (translational and

rotational) motions of hydrogen-containing species in solid systems.

Typically, INS is used to characterize the internal vibrations modes of protic species, via
the analysis of the inelastic features of solids. As a main advantage, it allows to qualitatively but
also quantitatively distinguish different protic moieties relevant in proton conducting solids, such
as -OH groups, H20 molecules and H3O™ ions. However, INS mode is poorly reported in literature
as a tool to characterize the vibrational modes of protic MOFs,[64] because it competes with

optical spectroscopies, much easier to implement as they do not require deuterated systems.

On the other hand, QENS allows to elucidate the proton transport mechanism in solids at
the molecular scale, since it provides dynamical parameters, i.e., diffusion coefficient, correlation
times etc. In complement to PFG NMR, it operates on a shorter length range (0.1 - 3 nm),
corresponding to faster motions (10 - 102 s). A very limited number of proton conducting MOFs
were investigated using QENS,[43,44,65-67] due limitations inherent to NS, as it requires
deuterated materials, the combination with complementary tools to elaborate a starting model for
the analysis of the raw data. In this context, the research group where 1 worked combined electrical
measurements, QENS experiments and a modelling approach to give a microscopic picture of the
proton transport in UiO-66(Zr)-(CO2H)2.[43] Propitiously, QENS experiments evidenced the
presence of two dynamical species: ‘free’ protons performing long-range diffusion and diffusing
and rotating water molecules. The analysis of the self-diffusion coefficients for both species
showed a faster translational motion of protons compared to that of water, suggesting a Grotthuss-
like mechanism, further confirmed by MD simulations.

2.4.2. Complex Impedance Spectroscopy (CIS)
2.4.2.1. Fundamental of complex impedance spectroscopy

CIS is the basic technique to characterize electrical properties of solids or liquids. This
encompasses electronic conduction as well as ionic conduction, electrochemical reactions, bulk
and interfacial polarization among other processes involving motion of charges at short- or long-
range scale. It provides the response of a sample incorporated inside a circuit to an alternating

current or voltage as a function of the applied frequency.
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Impedance (Z) reflects the opposition of a material to the flow of electric current in a
circuit. It corresponds to the equivalent resistance (R) when direct current (dc) is replaced by
alternative current (ac). Considering a linear system, the current response of the system (I(®)) to

the application of an alternating potential U(w) = Uo exp(jwt) is shifted in phase (0) as:
[(w) = lyexp(jwt — 0) Eq. 2.14

Where, Ug and I are the amplitudes of the signal, ® is the angular frequency (® = 2xf, f

being the frequency of the applied electrical field) and t corresponds to time. (Figure 2.4)
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Figure 2.4 — Sinusoidal voltage and current signals versus time at fixed frequency ac power for
a) the input signal and b) the output signal after passing through a hypothetical material.

By analogy with the Ohm’s law, the impedance Z is defined as the ratio between voltage

(U(w)) and current I(w) and is then expressed as follows:

Z(w) = U(w)/I(w)) Eq. 2.15
Z(w) = Zy(cosO — jsinh) Eq. 2.16
Z(w) = ZycosO + —jZysinf Eqg. 2.17
Z(w) = Z' + jz2" Eq. 2.18

According to equation 2.18, the impedance thus corresponds to a complex quantity,
including real (Z’) and imaginary (Z”) parts corresponding to the in-phase and out of phase
components, respectively. The impedance response can be modeled using equivalent circuits to
represent the contributions of the different processes cited at the beginning of this section. Basic

impedance elemental circuits are listed in the following:
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@ Resistor (R):
The impedance of a resistor has no imaginary component and the current is then in phase
with the voltage, i.e., 6 = 0. The impedance is thus independent on the angular frequency:
Z(w) = R Eq. 2.19
(b) Capacitor (C):

The impedance of a capacitor has no real component and the current is - 90° out of phase
with the voltage. According to Eq. 2.20, the impedance of a capacitor tends to zero at high

frequency, whereas it goes towards infinity at very low frequency.
Z(w) = 1/(ij) Eq. 2.20

(© Inductor (L):
The impedance of an inductor has no real component and the current is + 90° out of phase
with the voltage. The impedance is defined as:
Z(w) = jwL Eq. 2.21

The impedance of inductors and capacitors are expressed as a function of the frequency of
the ac signal, and both the magnitude and phase angle of the impedance are frequency dependant.
Finally, the global impedance response (Ziwta) Of a system corresponds to a combination of
individual impedance elements connected in series or parallel. Equations 2.22 and 2.23 represent

the combined impedance for equivalent circuits in both configurations, respectively:

for series configuration

Ziotal = sz Eq. 2.22
k
for parallel configuration

1 1
= E - Eqg. 2.23
Ztotal A Zk q
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2.4.2.2. Data representation

The most usual way of representing the impedance response is the Nyquist plot. In this
graph, the imaginary part of the impedance, mostly represented with the negative sign, is plotted
against its real part. At fixed frequency, the impedance is represented by a vector quantity Z, with
the angle between the vector and the real-axis (Z’) corresponding to the phase shift 6 (Figure 2.5a).
By performing measurements at different frequencies, the Z vector, i.e., the absolute impedance
|Z1, its Z* or Z” components and the phase shift 6 as well, changes resulting in a trace with a
characteristic shape (Figure 2.5b), according to the combination of the equivalent circuits

considered to account for the different dynamical processes involved in the system.

a) b)
+
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z A
Figure 2.5 - a) Nyquist plot of the complex vector Z at fixed frequency, b) trace of complex
vectors recorded at different frequencies of the ac electrical field.

The Nyquist plot is very popular, since specific information can be read directly from the
plot in the case of the most common and simple circuit systems (see next section). However,
Nyquist plot also presents some drawbacks: frequency does not appear explicitly and distinction
between elemental contributions is sometimes difficult due to overlapping because of scaling
effects. More importantly, the physical meaning of the equivalent circuits used to model the

impedance response is not straightforward.

As an alternative to the Nyquist representation, Bode plots can be preferred for a better
interpretation without any fitting procedure using equivalent circuits. The Bode plot basically
represents the evolution of the magnitude (1Z1), the phase angle (0), the real (Z') or imaginary (Z")

parts of the impedance against the frequency in semi-logarithm or logarithm scales (log (f)). The
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selection of the Y axe depends on the electrical properties of the system to be evidenced, i.e., the

capacitive or the resistive properties. Figure 2.6 a, b, ¢ & d illustrates Bode and Nyquist

representations of pure resistor and pure capacitor, based on equations 2.19 and 2.20. Figure 2.6

e, f, g & h gives those representations for a RC equivalent circuit in parallel or in series, taking

into account Equations 2.22 and 2.23. If the connection is serial, the impedance Z cannot be smaller

than R, the capacitor contribution decreases with increasing the frequency. If the connection is

parallel, the current follows the path of the lowest impedance: at high frequency, the impedance

of the capacitor is very low and the major part of the current flows through the capacitor, while

with decreasing the frequency, the impedance of the capacitor increases and a bigger fraction of

the current flows through the resistor.
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Figure 2.6 — Bode representation of the modulus Z (1Z1) and angle shift (6) of the impedance
for a) a pure resistor and c) a pure capacitor along with the corresponding Nyquist
representations b) and d). Bode representation of the modulus Z (1Z1) and angle shift (8) of the
impedance for a resistor and capacitor €) in series and g) in parallel along with the corresponding

Nyquist representations f) and h) respectively.

2.4.2.3.

Nyquist plot of the impedance for real simple cases

From a practical point of view, impedance of a single crystal is recorded by inserting the

material between metallic electrodes. This configuration is firstly modelled by a resistor (Rouik)
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connected in parallel with a capacitor (Couik), as depicted in Figure 2.7. Rpuik and Cpuik represent
the solid resistance to the flow and charge separation, respectively. From the resistance value

(Rouik), the conductivity (o) is calculated as follows:

1
Rbulk S

o Eq. 2.24

Where, | represents the sample thickness and S is the surface area in contact with the electrode.

1

a) —F b)

Figure 2.7 — a) ldeal single crystal of width (w), height (h), and thickness (), modelled as b) a
parallel combination of a resistor (Rouik) and capacitor (Coui).

The total impedance (Zwta) is thus the sum of the reciprocal impedances and therefore is

expressed as a function of Rouik and Chuik,

1 1 1
+

= +jwC Eqg. 2.25
Zcbulk Rbulk J bule q

Ztotal B ZRbulk
By separating the real and the imaginary components, one obtains equation (2.26):

R RZ...C
Zvoral = bulk _—j WRpuik “buik _ Eq. 2.26
(1 + wRpykCouix) (1 + wRpyuikCouik)

Equation (2.26), when plotted over a range of ac frequencies, yields a semicircle in the
Nyquist plot. As shown in Figure 2.8, the resistance of the system is extrapolated from the low
frequency end intercept of the semi-circular arc on the real axis, and the capacitance of the system
is determined at the top of the semi-circle. In this simple case, Rouk and Couk can be extracted

directly from the Nyquist plot, while for more complex systems, e.g., incomplete semi-circles or
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multi-component equivalent circuits, the electrical features are obtained by reproducing the

experimental data with equivalent circuit models.

®, = 1/(RC)

_Z”

Z?
Figure 2.8 - Nyquist plot of the impedance for an ideal parallel RC circuit.

Noteworthy, in the case of real systems, the total impedance is rarely modelled using one
single RC parallel circuit or even a limited or finite number of ideal resistors and capacitors,
because of the contribution of i) grain boundaries for pelletized or powder samples, ii) metallic
electrodes/sample interface, iii) surface roughness, iv) and most importantly distribution of the
dynamical processes in the material. As an example, Figure 2.9a shows the Nyquist plot of the
impedance for an ideal ionic conducting solid as a pellet inserted between metallic electrodes. A
series of various equivalent circuits is needed to reproduce the experimental data in order to
account for the different processes in play, including the impedances of i) the bulk solid, ii) the
grain boundaries and iii) the charge accumulation to the solid/electrode interface resulting from
blocking effects.[68] In addition, due to the surface roughness and the distribution of grains and
ionic hopping sites, the characteristic the Z traces, e.g. capacitive tail or semi-circles assigned to
each elemental component, are flattened and depressed from the real impedance axe (Figure 2.9b).
In that case, constant phase elements (CPE) have to be considered instead of ideal capacitors
(C).[69,70] (Figure 2. 9b).
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Figure 2.9 - Nyquist plot of the impedance for a) an ideal ionic conducting solid and b) a real
corresponding system.

2.5.  Shaping of MOFs-based solids for recording proton conducting properties
from CIS

The proton conductivity of MOFs has been mostly measured using bulk powder or
compacted pellets, in which the transport properties can be critically affected by not just the bulk
structure of the MOF but also the ability of the protons to move between the MOF particles, i.e.,
the grain boundaries (Figure 2.10). As a consequence, MOFs can represent a hybrid in terms of
conduction mechanism as conduction can occur through the bulk crystalline solid, through
hydrated or guest-filled pores in the crystalline particles, and also necessarily across the grain
boundaries. To establish whether interparticle conduction contributes to, dominates or impedes,

proton conduction in MOFs, different alternatives were proposed.

Bulk®

Grain Boundary
Figure 2.10 - Schematic representation of the bulk (blue) and grain boundary (red) contributions
to the global conductivity measured in MOFs powder. Adapted from ref.[71]

Shimizu’s group investigated the particle size impact on proton conduction, arguing that

the largest particles involve the least amount of external surface area and thus should have the
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lowest grain boundary contribution to the overall conduction.[71,72] They demonstrated that the
conductivity of PCMOF21-AcO slightly decreases as the average particle size is reduced: o is
diminished by roughly one-third order of magnitude for particle size changing from 210 to 38 pum.
The slightly higher conductivity collected on the larger particles supports that the grain boundary
act as a small hurdle to proton conduction rather a main enabler, most probably by degrading
proton mobility due to discontinuous proton transfer pathways. On the opposite, K. Zhang et al.,
investigated proton conduction in UiO-66-NH> particles with different sizes, and concluded that
protons selectively transfer from the faster pathway at the grain surface due to localized defects,
while the bulk phase is supposed to be bypassed by the protons.[73] To further prove that the grain
surface dominates the conductivity in UiO-66-NH: pellets, the particle surface was modified with
organic phosphonic acid. The proton conductivity of the modified particles increases significantly,
due to the specific chemical environment on the particle surface, which provides additional protons
participating to a richer hydrogen bond network with free water located at the grain boundaries.

To minimize the contribution of surface conduction and eliminates grain boundary effects,
which can either improve or hurdle the global conductivity, single crystal MOFs were considered.
Noteworthy, this is still scarce as it requires MOFs crystals with enough size, sufficiently regular
shape or adequate stability. However, it clearly provides several advantages: in addition to
collecting intrinsic proton conduction, valuable information on the proton transport along specific
directions in the crystalline solid can be evidenced, so that one can establish the relationships
between the MOF structure and the corresponding anisotropic proton conduction. In the case of
MOFs single crystal sufficiently large, metallic microelectrodes are connected to specific faces
orientation of the crystal [72,74,83,84,75-82] (Figure 2.11a) or interdigital electrodes (IDE) are
employed to arrange the MOFs single crystal in different positions to avoid the use of conducting
pasted or electric glues, likely to create additional resistive or conductive interfaces [85-87]
(Figure 2.11Db). In the typical example of Co-MOF-74, a MOF displaying one-dimensional (1D)
channels along the c-axis, the directional proton migration in the corresponding single crystal was
evidenced:[84] the conductivity measured along the c-axis is three orders of magnitude higher than
that collected along the a-axis (Figure 2.11c). It is also substantially higher than the response
recorded on the pellet sample, due to the highly anisotropic structure of Co-MOF-74. Noteworthy,

the discrepancy between the conductivity response of the single crystal versus that of the powder
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characterized by random orientation, is obviously less pronounced for 2D and 3D
structures,[72,75,76,83] for which the structural anisotropy is less marked, while it becomes

negligible when measurements are recorded on anhydrous solids.[77,81,82]
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Figure 2.11 - Schematic illustration of a) the microelectrodes-connected Co-MOF-74 single
crystals in (1) c-axis and (2) a-axis directions, b) a single crystal in variable orientations relative
to the IDE substrate. ¢) Schematic representation of the directional proton transport in the 1D
channels of Co-MOF-74. Adapted from refs [85] and [84].

Besides the single crystal samples, glassy state MOFs were equally envisaged to prepare
grain boundary free materials along with flawless interfaces, for proton conduction applications at
the anhydrous state. As reported,[88-93] most of the glassy-state proton conducting MOFs or
Coordination Polymers (CP) show performance superior to that of their crystalline counterparts.
In that case, the elimination of the grain boundary contribution to the global conductivity is not
the main factor impacting the conductivity properties, as the isotropic disordered domains inherent
to the glassy state is also expected to enhance proton dynamics. As an illustration, Kitagawa et al.,
prepared by a solvent-free mechanical milling process a glassy-state cadmium-based coordination
polymer, which preserves the 2D structure of the crystalline material, albeit significant
distortions.[89] The glassy-state material displays higher proton conduction properties compared
to the crystalline state solid, in relation with the disorder and enhanced mobility of ligands in the
glassy structure. Noteworthy, the H* conductivity of coordination polymers can be even more
enhanced via the chemical doping during the mechanical vitrification impacting the thermal
properties of the glass, i.e. the glass transition temperature (Tg) and crystallization temperature
(Tc).[93] Despite some promises, only a few of glassy-state CPs show anhydrous proton

conduction exceeding 103 S.cm™.
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As an alternative to single crystals and glass, the preparation of dense and crystalline
nanofilms of pure MOFs can also be considered to address the grain boundaries issues. However,
this topic is very scarcely documented as MOF processability as a film still deserves improvements
in terms of fabrication, i.e. selection of the substrate and fabrication methods, to improve the films
density, thickness, mechanical/thermal/chemical stability among others.[94,95] As an example,
Chao and co-workers demonstrated that the proton conductivity of HKUST-1 can be adjusted by
its morphology, through the preparation of dense and controllable films, using an in situ substrate
growth approach.[94] The proton conductivity was shown to significantly increase from ~10°

(pellet) to ~10** S.cm™ (microfilm) at 298 K/ 98% RH due to elimination of grain boundaries.

Regarding the difficulties in preparing pure MOF thick films, polymeric binders were
added to MOF particles to create composites and further circumvent the contact and grain
boundaries issues, as illustrated in Figure 2.12. Noteworthy, the efforts devoted to the preparation
of MOFs-based mixed-matrix membranes (MMMs) were indeed mainly motivated by the need to

develop MOF-based electrolytes for fuel cells applications as discussed in Chapter 1.

a) b)
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Gold Electrode Gold Electrode
Pelletized MOF crystals Polymer-MOF composites

Figure 2.12 - Schematic view of a) grain boundary formation during the preparation of compact
pellet of the powder sample and b) polymeric binder and MOFs inside a composite which
reduces the grain boundary and contact resistances. Adapted from ref [96].
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2.6. Experimental Setup

In this work, impedance measurements were carried out using a Broadband Dielectric
Spectrometer Novocontrol alpha analyzer or a Solartron analytical Modulab XM MTS. An ac
voltage of 20 mV was applied over a frequency domain from F = 0.01 Hz to F = 1 MHz, at fixed
temperature in [133 K—473 K] range, according to the apparatus used. The resistance value of the
studied solids was deduced based on the analysis of the Nyquist and Bode representations for
comparison. According to the Nyquist plots features, different procedures were considered to
determine Roui. For the Nyquist plots showing a semi-circle, ZView Software was applied to fit
impedance data sets with equivalent circuits, assembling the bulk resistance R and the bulk non-
ideal capacitance CPE, while a second constant phase element CPE-2 was alternatively added to
take into account for the electrodes if applicable. For the very low resistive solids, the Nyquist plot
results only in the tail end of a semi-circle at high frequency, while at lower frequency a capacitive
tail is observed which prevents the use of the equivalent-fitting procedure. In that case, the
resistance was evaluated from the real-axis intercept of the tails. Once Ryuik elucidated, the sample
conductivity was calculated according to equation 2.24.

Based on a previous study performed in the group, impedance measurements carried out
on powders and pellets are comparable. To avoid the MOF structure collapse under mechanical
pressure likely to occur during the pelletization process, we then considered powder samples in
this work. The powder (~50 mg) was introduced in home-made sample holders (Figures 2.13), i.e.,
between two gold electrodes, in a parallel plate capacitor configuration, with an annular Teflon
spacer to avoid short circuits and insure insulation. This configuration corresponds to the basic
“two-probe” method for the electrical measurements. The sample surface was deduced from the
surface of the smallest electrode, while the sample thickness was evaluated by subtracting the

length of the empty sample holder and that of the filled one using a vernier caliper.
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1L et

Figure 2.13 — Pictures of the sample holder and electrical contacts for measurements carried out
using (a-c) Novocontrol cryostat and (d-f) the climatic chamber for measurements under
controlled RH.

Impedance measurements were collected on anhydrous MOFs, after a preliminary in situ
heating at the activation temperature specific to the studied MOF, for several hours, under nitrogen
flow. This step was required to eliminate water and solvent molecules from the porosity of the
solid. Measurements were equally undertaken on hydrated solids. For that purpose, they were
inserted in an Espec Corp. SH-221 incubator, to control the temperature (298 < T (K) < 363) and
the Relative Humidity (40 < RH (%) < 95). The solid was equilibrated for 24 hours at given T /
RH conditions, to ensure fixed water content before recording the impedance. Water vapor is
created through evaporating liquid water by heating. It is introduced inside the climatic chamber

where it is cooled down at specific temperature to control the total humidity inside the chamber.
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3.1. Introduction

This chapter refers to a multicomponent approach we applied to a robust and eco-friendly
2D MOF architecture with the objective to deliberately conceive a platform of multivariate
sulfonic-based solids MIP-207-(SOsH-1PA)x-(BTC)1x, resulting from the gradual substitution of
the trimesate 1,3,5-benzenetricarboxylate (BTC) moieties by 5-SOsH-isophthalate (SOzH-IPA)
derivatives with their free sulfonic groups pointing towards the porosity. The proton donor
character of the pristine sample was steadily tuned according to the mixed ligands ratio X, as
illustrated by the proton conductivity raise from 8.9 x 10° S.cm™ to 2.6 x 102 S.cm™ at 363 K/95%
RH with x increasing from 0.00 to 0.28. Decisively, this series of MOFs remains stable under
operating conditions, which further evidences that the multivariate strategy is appealing to design
eco-compatible materials which fulfill the target application criteria, i.e., high proton conductivity
coupled to good stability under working conditions. The microscopic proton transfer mechanism
in these functionalized MOFs was further elucidated using AIMD simulations. These calculations
supported that the -SOsH groups act as proton donors and revealed that the proton transfer
mechanism results from the solvation structure of protons through the fast and Zundel/hydronium

interconversion along the continuous H-bonded network connecting the adsorbed water molecules.

3.2. Materials and methods
3.2.1. Synthesis Ti-(SO3H-1PA)«-(BTC);.x derivatives

The sulfonic-based titanium MOFs were synthesized by our collaborators, Dr. S. Wang
and Dr. C. Serre, from the Institute of porous Materials from Paris -IMAP-. The Ti-BTC MOF,
where BTC refers to 1,3,5-benzenetricarboxylate moieties, also labelled as MIP-207, was used as
a building block. This material was prepared by mixing titanium tetraisopropanolate (Ti(iPrO)a.)
with 1,3,5-benzenetricarboxylic acid in an acetic anhydride/acetic acid solution under reflux
according to a procedure detailed in reference.[1] The Ti-(SOsH-IPA)x-(BTC)1-x derivatives were
prepared by mixing into a round bottom flask (50 mL) Ti(iPrO)s, BTC and lithium sulfoisophthalic
acid (5-LiSOs-IPA), whose amounts were adjusted for each sample according to Table 3.1. Acetic
anhydride (10 mL) was added to disperse the solid with stirring at 298 K for 5 minutes, followed
by adding acetic acid (10 mL). The system was heated to 423 K for 24 hours. After cooling down
to 298 K, the reaction system was filtered to collect the crude Ti-(SOsH-IPA)x-(BTC)1-x product.
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Centrifuge was applied when the sample particle was too small to do filtration. The sample was
washed with boiling acetone for activation. All the chemicals were purchased from commercial

sources and used without further purifications.

Table 3.1 - Detailed reaction conditions for preparing the Ti-(SO3H-IPA)x- BTC)1.x products.

MIP-207-(SOsH-1PA)y-(BTC)1x Ti(iPrO),; added BTC added 5-LiSOs-IPA added

/ pL / mg /mg
X =0.00 800 840 0
X =0.06 800 756 101
X=0.16 800 672 202
X=0.28 800 588 303
X=0.44 800 504 403
X =0.66 800 420 504

3.2.2. Characterization of Ti-(SO3H-1PA)«-(BTC);.x derivatives

Powder X-Ray Diffraction (PXRD) patterns of all materials in their pristine forms (Figure
3.1d) and after being maintained in the incubator used for the impedance measurements at 363
K/95% RH for 24 hours (Figure 3.2) were collected on a PANalytical X'Pert equipped with an
X'Celerator detector and using a wavelength, A =1.5406 A from a generator operating at 40 kV
and 30 mA. The structure of MIP-207 was obtained from Rietveld refinement as presented in

reference.[2] The cell parameters for the substituted solids were obtained from Pawley refinement.

The substitution ratio of the prepared solids was evaluated using Scanning Electron
Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDX), Elemental Analysis (EA)
and 'H NMR. SEM-EDX data were collected using a FElI Magellan 400 scanning electron
microscope, EA were obtained using a Flash EA 1112 (Thermofinnigan) apparatus and *H NMR

spectra were recorded on a Bruker Avance 300 spectrometer.

As discussed in chapter 2, Impedance of the Ti-based MOFs derivatives was measured
using a Solartron analytical Modulab XM MTS, over a frequency range from F =0.01 Hzto F =
1 MHz under 20 mV of the applied ac voltage. The temperature [298 K - 363 K] and the relative
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humidity [35% - 95%] were fixed using an Espec Corp. SH-221 incubator. Prior impedance
recording, the solid was equilibrated under fixed T/RH conditions for 24 hours. The measurements
were performed using powders introduced in a home-made sample holder (Figures 2.13a and
2.13d), allowing the use of the “two-probe” method for the electrical measurements. The resistance

value of the studied solids was deduced from the analysis of the Nyquist plot (—Z" = f(Z")).

For the Nyquist plots showing a well-defined semi-circle (Figures 3.4, 3.9 and 3.10),
ZView Software was applied to fit impedance data sets with equivalent circuits, assembling the
bulk resistance R and the bulk non-ideal capacitance CPE, while a second constant phase element
CPE-2 was alternatively added to take into account for the electrodes if applicable. For the very
low resistive solids, the Nyquist plot results only in the tail end of a semi-circle at high frequency,
while at lower frequency a capacitive tail is observed which prevents the use of the equivalent-
fitting procedure (Figures 3.4, 3.9 and 3.10). In that case, the resistance was only evaluated from

the real-axis intercept of the Nyquist plot.

The sample conductivity value was obtained using ¢ = %* é , Where | and S are the

sample thickness and area respectively. According to the Arrhenius Equation (Eq. 2.13, rewrote

as o(T) = %exp[_k—ATE]), the linear fitting of In(aT) versus 1/T allowed us to determine the

activated energy AE characterizing the proton transport process. These data are discussed in the

following section.

3.3. Results and discussion

The starting crystalline Ti-BTC MOF, i.e., MIP-207, corresponds to the following
chemical formula Tis(u2-O)s(acetate)s(BTC)a. It is composed of planar octameric Tis oxo-clusters,
which are interconnected by BTC linkers, thus forming a 2D layer (Figure 3.1b). The layer/layer
cohesion is ensured by van der Waals interactions between acetate groups and between water/water
and water/MOF framework under hydration conditions. The BTC organic ligand behaves
somehow as an isophthalate type linker, with the uncoordinated residual carboxylic function
pointing towards the voids, so that it is able to interact with guest molecules. This ditopic bonding
configuration further offers the opportunity to modify the inner surface of Ti-BTC by substituting
the BTC linker with functionalized isophthalic acid (IPA) of similar molecular size and able to
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form equivalent angles between the two connection sites. Typically, 5-SOsH-IPA was deliberately
selected to impart accessible and highly acidic proton sources to the pristine solid. We thus
systematically prepared a series of mixed-ligand analogous MIP-207 solids, labelled as MIP-207-
(SO3H-IPA)x-(BTC)1-x where x the substitution ratio. According to Figure 3.1d, similar PXRD
patterns were recorded for all MIP-207-(SO3H-IPA)x-(BTC)1x derivatives, evidencing that these
MOFs are isostructural to the pristine MIP-207 with similar cell parameters (see Table 3.2). This
further supports that the partial replacement of BTC linker by similar ligands in terms of dimension
and topology does not impact the crystal structure of the starting material. All these samples were
maintained in the incubator used for the impedance measurements at 373 K and 95% RH for 24
hours and their PXRD patterns were subsequently collected to assess their structural robustness
under operating conditions. The structural integrity was maintained for all samples up to x =0.28
while the materials with x = 0.44 and 0.66 were found to exhibit a significant loss of crystallinity
(Figure 3.2). MIP-207-(SOsH-IPA)o.44-(BTC)o.s6 got semi-pasty, and MIP-207-(SOzH-IPA)o.66-

(BTC)o.34 became liquid under humidity conditions.

Table 3.2 - Unit cell parameters for the MIP-207-(SOsH-IPA)x-(BTC)1.x products.

MIP-207-(SO3H-1PA)x-(BTC)1.x a (A b (A) c(A) Crystal system
X =0.00 24.22 24.22 7.82 Tetragonal
X =0.06 24.08 24.08 7.93 Tetragonal
X=0.16 24.12 24.12 7.94 Tetragonal
X=0.28 24.06 24.06 7.92 Tetragonal
X=0.44 24.00 24.00 7.93 Tetragonal
X =0.66 24.08 24.08 7.79 Tetragonal
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Intensity / a.u.

20/°

Figure 3.1 - Illustration of the MIP-207-(SO3H-1PA)x.(BTC)1x structure: a) viewed along the
c-axis with the following atom color codes: C in grey, O in red, S in yellow, and Ti in pink., b)
2D layered view with each layer highlighted by distinct mono-color, ¢) a zoomed view on the
organization of -SOzH and -CO2H moieties, where BTC ligands and SOzH-IPA substitutes are
presented in blue and green, respectively, and d) experimental PXRD patterns of the solid with

x = (1) 0.00, (2) 0.06, (3) 0.16, (4) 0.28, (5) 0.44 and (6) 0.66.
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Figure 3.2 - PXRD patterns of MIP-207-(SO3H-IPA)x-(BTC)1x after 363 K/95% RH/24 hr
exposure, for x = (1) 0.00, (2) 0.06, (3) 0.16, (4) 0.28 and (5) 0.44.
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The substitution ratio was evaluated to range from 0 to 0.66 as confirmed by EDX, EA and
NMR (see Tables 3.3-3.6). The S/Ti ratio are listed in Table 3.3 for all derivatives, corresponding
to substitution ratios of the prepared solids ranging from 0.06 to 0.66. Data issued from EA are
reported in Table 3.4, while Table 3.5 shows the good agreement between SEM-EDX and EA data.
Finally, the analysis of the *H NMR spectra illustrated in Figure 3.3, further confirms the EA

analysis, as shown by the consistent data reported in Table 3.6.

Table 3.3 - EDX results of MIP-207-(SOsH-IPA)x-(BTC)1x products.

MIP-207-(SOsH-1PA)x-(BTC)1x S/Ti (atomic ratio)
X =0.06 4/96
X=0.16 8/92
X=0.28 15/85
X=0.44 17/83
X =0.66 35/65

Table 3.4 - EA results of MIP-207-(SO3zH-IPA)x-(BTC)1x products.

MIP-207-(SOsH-1PA),-(BTC)1.x

C S
%exp (Wt%) 32.99 0.51
x=0.06
N (C/S) 171.84
Chemical formula Tis(pz-O)s (CHsCOO)s (OH)z (HzO) (BTC)3,72(5-803H |PA)0_28
C S
%exp (Wi%) 31.60 1.09
x=0.16
N (C/S) 77.45
Chemical formula Tis(pz-O)s (CHsCOO)s (OH)z (HzO) (BTC)3,39(5-803H |PA)0_51
C S
X =0.28 %exp (wt%) 32.78 2.02
N (C/S) 43.20
Chemical formula  Tig(pz-O)s (CHsCOO)s (OH)z (H20) (BTC)21(5-SOsH 1PA)100
C S
%exp (Wt%) 31.98 3.29
x = 0.44 N (C/S) 25.95

Chemical formula

Tig(p2-O)s (CH3COO)s (OH)2 (H20) (BTC)2.22(5-SO3H IPA)1.78
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C S
%exp (Wt%) 27.22 4.51
N (CIS) 16.11
Chemical formula Tig(n2-0O)s (CH3COO)s (OH)2 (H20) (BTC)1.20(5-SOsH IPA)2.80

x=0.66

Table 3.5 - Comparison of the substitution degree of MIP-207-(SO3H-IPA)x-(BTC)1x products
deduced from EDX and Elemental analysis.

S/Ti ratio (atomic) S/Ti ratio (atomic)
MIP-207-(SO3H-1PA)x-(BTC)1x from EDX from EA
x =0.06 4.0/96.0 3.4/96.6
x=0.16 8.0/92.0 7.0/93.0
x=0.28 15.0/85.0 11.6/88.4
x=0.44 17.0/83.0 18.5/81.5
x =0.66 35.0/65.0 25.9/74.1

Table 3.6 - Comparison of the substitution degree of MIP-207-(SO3H-IPA)x-(BTC)1x products
deduced from NMR and Elemental analysis.

(BTC/SOsH-1PA) ratio (BTC/SO3zH-1PA) ratio
MIP-207-(SOsH-1PA)x-(BTC)1x

from NMR from EA
x =0.06 1.00/0.07 1.00/0.07
x=0.16 1.00/0.20 1.00/0.18
x=0.28 1.00/0.40 1.00/0.37
X =0.44 1.00/0.80 1.00/0.80
X =0.66 1.00/2.00 1.00/2.33
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Figure 3.3 - 'H NMR spectra of decomposed MIP-207-(SOsH-IPA)x-(BTC)1x samples in
NaOH/D,0O with x = a) 0.06, b) 0.16, c) 0.28, d) 0.44 and e) 0.66.
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The proton-conducting behaviours of MIP-207-(SOsH-IPA)x-(BTC)1x with x up to 0.28
were further explored by ac impedance spectroscopy under varying temperature (T) and 95% RH
(Figure 3.4). The conductivities (o) deduced from the analysis of the Nyquist plots recorded at 363
K/95% RH are listed in Table 3.7 and further illustrated in Figure 3.6. As targeted, ¢ gradually
increases with the SOsH-IPA amount and raises by more than two orders of magnitude, i.e., from
8.9 x 10° S.cm™ to 2.6 x 102 S.cm?, for x varying from 0.00 to 0.28 in MIP-207-(SOsH-IPA)x-
(BTC)1x. This substantial increase confirms the expected benefit of grafting sulfonic functions to
boost the proton conduction performance of Ti-BTC. Importantly, the excellent level of
performance for MIP-207-(SO3H-1PA)o.2s-(BTC)o.72 makes this material among the best proton

conducting MOFs under these T/RH conditions, around 102 S.cm™.[3-22]
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Figure 3.4 - Nyquist plots of the impedance recorded from 363 K to 298 K under 95% RH, for
MIP-207-(SOsH-IPA)x-(BTC)1.x powder with x = a) 0.00, b) 0.06, c) 0.16 and d) 0.28.
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Table 3.7 - Conductivity values deduced from the circuit equivalent fitting or the extrapolation
procedures applied on the Nyquist plots, for the MIP-207-(SO3H-IPA)x-(BTC)1.x powder at

different RH/T conditions.

Ti-BTC

RH = 9506 T/K o/Secm? T/K o/Scm? AE/eV
208  1.8x10° 333  4.2x10°
303  21x10% 343  52x10° 0.25
1 =0.338 cm
S = 0.1256 cm? 313 2.7x10°% 353 6.1 x10°
323  35x10% 363  8.9x10°
M'P'207'(S(F23HH;'gg)}(‘)’“'(BTC)O'g“ T/IK o/Scm?! T/K o/Scm? AE/eV
298 2.0x10* 333 4.1x10*
303 22x10% 343  53x10° 0.25
1 =0.326 cm
S =0.1256 cm?2 313 2.4x10* 353 7.0x10*
323  33x10% 363  9.7x10%
MIP-207-(SOakt 1P M01-(BTChes 7/ grsem®  TIK  o/semt  AE/ev
298  12x10% 333  29x10°3
303  14x10% 343  3.8x10°% 0.25
1=0.285cm
S =0.1256 cm? 313 1.8x10° 353 46x103
323 24x10% 363  6.4x10°%
'V"P'207'(ng_|H;'EQE'ZB'(BTC)"” T/IK o/Scm® T/K o/Scm® AE/eV
208  3.8x10%2 333  8.4x10?
303  42x102 343  1.6x10?2 0.26
1 =0.209 cm
S =0.1256 cm? 313 5.4 x 1072 353 2.0x 1072
323 67x102 363  2.6x102
MIP-207- (S0P (BTCR 1/ g/semt  TIK  o/semt AE/ev
383  1.2x10% 413  12x10%2
1 =0.042 cm 393 26x108 423 27x102 111
S =0.3631 cm? ' : :
403  5.6x1073
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MIP-207-(SOsH-1PA)o.28-(BTC)o.72 RH/% o/Scm? RH/% o/S.cm?

T=363K
35 11x10° 75  37x10°
| = 0.190 cm 45  68x10° 8  1.0x10?
$ =0.1256 cm? 55  41x10° 95  2.6x10%

65 1.2x10°

Temperature dependence of the conductivity for MIP-207-(SOsH-IPA)x-(BTC)1x was
evaluated at 95% RH from the analysis of the Nyquist plots. All samples demonstrated a significant
increase of conductivity with temperature according to the Arrhenius equation (Figure 3.5). The
corresponding activation energy is 0.25 eV for the pristine Ti-BTC, which refers to a Grotthuss-
like proton transfer mechanism (AE < 0.40 eV), as regularly observed for water-mediated proton
conducting MOFs bearing free carboxylic acid functions.[3,4,15] Notably, AE does not change for
the ligand-substituted derivatives, i.e. neither with the pore walls decoration with the -SOsH groups
nor with the sulfonic groups concentration. This demonstrates that the conductivity enhancement
with the substitution ratio x, as illustrated in Figure 3.6, results from the increase of the
concentration of the strongest proton donor -SO3zH, while the topology of the continuous H-bonded

network providing the H* pathway is likely unchanged.

The best material, MIP-207-(SO3H-1PA)o.2s-(BTC)o.72 was further explored in-depth.
Figure 3.7 depicts the proton conductivity data collected over 24 hours impedance measurements
during a cooling/heating cycle at 95% RH. The deviation between the cooling and heating profiles
is negligible, illustrating the reversible conductive behaviour of the material with any memory
effect as a prerequisite for further processing.
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Figure 3.5 - Arrhenius type plot of the conductivity for MIP-207-(SO3H-1PA)x-(BTC)1-x under

95% RH, for (1) x =0, (2) x =0.06, (3) x =0.16 and (4) x = 0.28. Dashed lines correspond to
the linear least-square fit.
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Figure 3.6 - Evolution of the conductivity (o) for MIP-207-(SO3sH-1PA)x-(BTC)1-x recorded at
363 K /95% RH vs the BTC substitution degree x.
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Figure 3.7 - Arrhenius type plot of the conductivity for MIP-207-(SO3sH-IPA)o.2s-(BTC)o.72

under 95% RH, for repeated cycle 1 (filled square) and 2 (open square), under cooling (blue)
and heating (red). Lines correspond to the linear least-square fit.
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Figure 3.8 - Humidity dependence of the conductivity for MIP-207-(SOsH-1PA)o.2s-(BTC)o.72
recorded at 363 K.
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The role of water vapor on the conductivity performance of MIP-207-(SOzH-IPA)o.2¢-
(BTC)o.72 was characterized by recording variable RH impedance measurements at 363 K (Figure
3.9). Figure 3.8 evidences the conductivity drop from 2.6 x 102 S.cm™ to 1.1 x 10° S.cm™ when
RH decreases from 95% to 35%. This observation strongly suggests that water contributes to the
proton transfer within the material.[3,4,15] This statement is confirmed by the insulating behavior
of MIP-207-(SO3H-IPA)o.28-(BTC)o.72 at the anhydrous state as shown by the characteristic profile
of the impedance Nyquist plot, which mainly results from an incomplete semi-circle combined
with high impedance values (Figure 3.10). For T < 383 K, Nyquist plots show no semi-circle,
while the impedance values are very low, illustrated that the material behaves as an insulator. For
T > 383 K, Nyquist plots show part of semi-circle, evidencing that proton transfer in Ti-BTC
requires high temperature. This means that the H" long-range transfer from -SOsH donors to -
CO:2H or -SO3H acceptors is highly improbable in the dry state as supported by the high activation
energy for the proton conductivity (AE = 1.11 eV, Figure 3.11 and Table 3.7). Accordingly, the
introduction of guest molecules is a pre-requisite to promote the proton transfer into the pores of
the material. This suggests that under RH conditions, the interconnection between SOzH-proton
donors and acceptors is ensured by the water molecules through the creation of a continuous H-

bonded network.
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Figure 3.10 - Nyquist plots of the impedance for the anhydrous MIP-207-(SO3zH-1PA)o.2s-
(BTC)o.72 powder recorded under 0% RH for temperatures ranging from a) 298 K to 373 K and
b) 383 K to 423 K.
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Figure 3.11 - Arrhenius type plot of the conductivity for MIP-207-(SO3sH-IPA)o.2s-(BTC)o.72
under 0% RH. The line corresponds to the linear least-square fit.

Molecular simulations were further implemented by colleagues in the group to gain insight
into the microscopic mechanism describing the proton conduction performance of MIP-207-
(SO3H-1PA)0.28-(BTC)o.72. A structure model for MIP-207-(SOsH-IPA)o.25-(BTC)o.7s was built
considering that 25% of the BTC ligands were randomly substituted by —(SOzH-IPA) and 25% of
the acetates of the Ti—oxo cluster were also replaced arbitrarily by H.O and OH moieties according
to the NMR results (Figure 3.3). This structure model was then geometry optimized at the DFT
level, while the cell parameters were fixed according to the experimental PXRD data for MIP-207-
(SOsH-IPA)o.28-(BTC)o.72 (Table 3.2). Grand canonical Monte Carlo (GCMC) simulations further
evidenced that this structure can host 60 water molecules per unit cell, in agreement with the uptake

deduced from the experimental adsorption isotherm, i.e., 56.7 molecules/u.c. (Figure 3.12).
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Figure 3.12 - Water adsorption isotherm of MIP-207-(SO3H-1PA)o.2s-(BTC)o.72 collected at 298
K using a Micromeritics Tristar instrument at 298 K. The sample was firstly outgassed at 393 K
for 8 hours under dynamic vacuum. The water uptake at the plateau, i.e., 7.4 mmol.g?,
corresponds to the physisorption of 56.7 H20 per MIP-207-(SO3H-IPA)o.2s-(BTC)o.72 unit cell.

This water-loaded structure was then geometry optimized at the DFT-level and used as a
starting configuration for further AIMD simulations. Analysis of the AIMD trajectory over 10 ps
revealed the formation of a persistent 3D percolating hydrogen bonded network which offers an
optimal situation for the long-range transfer of the proton from the -SOsH function throughout the
entire porosity of the solid with the adsorbed water molecules acting as charge carriers. The radial
distribution functions (RDFs) for the Ow-OsosH and Ow-Ow pairs (Figure 3.13) show a main peak
at~2.7 A and 2.9 A respectively, signature of strong hydrogen bonds between the sulfonic groups
and the adsorbed water molecules as well as between the adsorbed species themselves.[23]
Moreover the RDFs for the other Ow-O pairs with O corresponding to the oxygen atoms of the -
COzH and of the terminal —OH and —H,0 groups exhibit a first peak at 2.9-3.1 A (Figure 3.13).
This clearly manifests that these functional groups can act as anchoring sites to ensure the
formation of the percolated hydrogen bond network.
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Figure 3.13 - Radial distribution functions of O-O atomic pairs of frameworks and adsorbed
water molecules within the pore of MIP-207-(SOsH-IPA)o.25-(BTC)o.75, calculated from a 10 ps
MD trajectory. Ocw represents the oxygen atoms of the coordinated water molecules.

An illustration of the resulting Grotthuss-like mechanism illustrating the proton transfer in
this water-mediated proton conducting MOF is provided in Figure 3.14. The process starts with a
disruption of the initial (O—H)sosn---Ocoz2x hydrogen bond formed between the SOsH and CO2H
groups facing each other and there is a subsequent reorientation of the proton of the ~SO3zH group
in order to form a hydrogen bond with an adjacent adsorbed water molecule (Figures 3.14a-b).
This proton is then transferred to the adsorbed water molecule to form a HsO" species (Figure
3.14c). This hydronium ion then migrates towards a second water molecule to form a Zundel
species (HsO2") as shown Figure 3.14d. This HsO2" ion breaks apart to deliver a proton to a second
water molecule which forms a new HzO™ ion as shown in Figure 3.14e that further forms another
Zundel species (Figure 3.14f) and so forth. We evidenced that the release of the acidic protons
from the —SOsH groups occurs as fast as in Nafion™[24] typically after ~400 fs as illustrated in
Figure 3.14. Noteworthy, the same scenario involving the -CO2H group rather than —SOzH as the
proton donor was never observed over the whole AIMD trajectory. This clearly supports that the
proton transfer exclusively proceeds via the -SOsH group since this group is more acidic than the
—COzH. Interestingly, brief disruptions in the extended hydrogen bond networks can happen which

however recover quickly maintaining an ideal pathway.

Page | 102



Chapter 3 — Multivariate sulfonic based Titanium MOFs as super protonic conductors

Figure 3.14 - lllustration of the evolution o

propagation of one proton issued from the -SOzH group of the ligand and its release towards the
pores of MIP-207-(SO3H-IPA)o.25-(BTC)o.75 as captured from the AIMD simulations performed
at 400 K: a) initial OSOzH---OCO2H hydrogen bonded complex, b) formation of a strong
hydrogen bond between the proton of the -SOsH group and an adjacent adsorbed water molecule
observed at 306 fs, c) transfer of the proton to the adjacent water molecule and creation of a
hydronium ion (H3O") observed at 402 fs, d) formation of a Zundel species (HsO2") observed at
465 fs, e) interconversion of a Zundel species to a new hydronium ion observed at 490 fs and f)
subsequent formation of Zundel species with neighbouring water molecule observed at 570 fs.

Notably, depending on the spatial organization of the adsorbed water molecules around the
acidic protons of the —SOsH groups, we observed that the protons of some —SOsH groups show a
spring like shuttle movements featuring interchangeable donor-acceptor hydrogen bond
configurations with the neighboring —CO2H groups (configurations b and ¢ as depicted in Figure
3.15). A very similar behavior can also be observed between two —CO2H groups facing each other
(Figure 3.16). This local motion refers to the dielectric relaxation behavior of the proton, which
locally switches between 2 equilibrium positions. Since this process does not involve any water
molecules assistance, it is likely to occur at the anhydrous state leading to the absence of long-
range proton transport as experimentally evidenced by the incomplete semi-circle profile of the
Nyquist plot in Figure 3.10.
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Figure 3.15 - Illustration of the SOsH proton entrapped in the vicinity of a CO2H group where
SO3H and CO2H exchange their protons and form interchangeable hydrogen bonds (a-d) in MIP-
207-(SO3H-1PA)o.25-(BTC)o.75.

Figure 3.16 - lllustration of the proton exchange between 2-CO2H facing groups forming
interchangeable hydrogen bonds (a-d) in MIP-207-(SOsH-1PA)o.25-(BTC)o.75.
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3.4. Conclusion

A series of proton conducting mixed-linker MOFs was devised with proton conduction
performances tuned by means of a multivariate strategy which enabled a gradual substitution of
the 1,3,5-Benzenetricarboxylate (BTC) ligands of the pristine Ti-based MOF (MIP-207) by SOsH-
Isophtalate (SOsH-IPA) secondary linkers as precursors. MIP-207-(SOsH-1PA)o.2s-(BTC)o.72 Was
identified as the optimal candidate combining a remarkable proton conductivity, i.e., 6 = 2.6 X 10
2S.cm™ at 363 K/95% RH and a very good stability under operating conditions. The corresponding
proton transfer mechanism was elucidated at the microscopic scale by ab initio molecular
dynamics simulations which demonstrated a fast proton release from -SO3H groups to the adsorbed
water molecules and the subsequent formation of a percolated H-bonded network along the
porosity of the MOF. This study paves the way towards the development of alternative proton
conductors incorporating the optimal features to achieve performance as high as the benchmark

Nafion™ while addressing the critical issue of stability under working conditions.
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4.1. Introduction

lonic Liquids (ILs) are organic salts known as efficient charge transfer agents owing to
their low volatility, wide liquid range, good ionic conductivity and high thermal/chemical
stability.[1] They have been successfully incorporated in the MOF pores (IL@MOF) for the
development of conductors applicable to different fields including Li or Na batteries, redox flow
batteries and PEMFC.[2,3,12-20,4-11] Regarding proton conducting IL@MOFs, imidazolium
based-ILs were mainly explored with the consideration of a variety of counter ions, e.g.
halogen,[2,17] sulfonate,[10] dicyanamide [14] and thiocyanate [7] in order to tune their chemical
compatibility with the MOF matrices. Incorporation of binary ILs in the MOF pores were also
envisaged resulting in Bronsted acid-base buffers shown to introduce both H*-source and H*-
defect sites promoting the H* hopping process.[8,10,11] In these previous works, ILs were mostly
impregnated in microporous MOFs, including NH2-MIL-53(Cr),[2] ZIF-8(Zn),[3] UiO-67(Zr)
[4,17] among others,[5-9] while mesoporous MOFs e.g. MIL-101(Cr) [10-13] or PCN-777(Zr)
[14] were considered to enable high IL loadings. In comparison with the behavior of the bulk ILs,
the proton transport properties of the confined ILs were found to be enhanced as a result of the
optimal spatial distribution of ILs within the MOF pores. Notably the MOFs matrices considered
so far do not exhibit any relevant intrinsic proton conductivity. Moreover, it is worth noting that
ZIF-8(Zn) and UiO-67(Zr) do not exhibit a good chemical stability in aqueous solution and/or
water vapor,[21-23] which strongly limits their practical use in PEMFC applications under
hydration conditions. As a consequence, these composites were mostly investigated under
anhydrous conditions with protonic conductivity reaching 102 S.cm™ at 343 K,[14] while only a
very few of them were tested under humid conditions, but restricted to low RH level (RH =~ 25%)
to most probably avoid IL leaching and/or MOF degradation. In the latter case, protonic
conductivity of range [3 x 10 - 4 x 10 S.cm™] were recorded at T < 353 K.[2,3,12,13,17,4-11]

Herein, MOF is aimed to act not only as a host scaffold of IL but also as a source of acidic
protons. Therefore, we selected the mesoporous MIL-101(Cr)-SOzH that combines i) mesoporous
cages to confine a large amount of ILs, ii) sulfonic acid functionalized terephthalate linkers with
Brensted acid functions able to deliver protons and iii) an excellent chemical and thermal stability.
This sulfonic acid-functionalized MOF was previously shown to exhibit high H* conductivity
under humid conditions.[24-26] Regarding the IL, 1-Ethyl-3-methyl Imidazolium chloride
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(EMIMCI) was chosen as its loading in the UiO-67(Zr) pores led to attractive proton conductivity
performance at the anhydrous state.[17] Remarkably the protonic conductivity of the resulting
composite, labelled EMIM@MIL-101-SO3H, was found to be amongst the highest values reported
so far for IL@MOF composites at the anhydrous state (cwa73 k)= 1.5 x 10 S.cm™). Decisively, this
composite also exhibits an unprecedented protonic conductivity under low/mild humidity
conditions (¢ > 1.0 x 10! S.cm™ at 343 K for RH = [60%-80%]). This makes EMIM@MIL-101-
SOsH as an optimal versatile superprotonic conductor for future PEMFC applications operating
under a variety of working conditions for both mobile and transportation power applications.

4.2. Materials and methods
4.2.1. Synthesis of MIL-101(Cr)-SOzH

The synthesis of MIL-101(Cr)-SO3zH was performed by our collaborators, Prof. N. Strunou
from ILV, following the procedure reported previously.[27] 400 mg of Cr(NO3)3-9H,0 (1 mmol)
and 840 mg of 2-sulfoterephthalic acid (3 mmol, BDC-SOzH) were dissolved in 5 mL of 27 mM
tetramethylammonium hydroxide (TMAQOH) solution. This reaction mixture was heated in a 15
mL Teflon reactor under autogenous pressure at 463 K for 24 h. After cooling down to room
temperature and centrifugation, the solid product was washed three times with water and three

times with absolute ethanol. The resulting material was stored in ethanol.

MIL-101(Cr)-SOzH is a mesoporous 3D MOF, isostructural as MIL-101(Cr). It is
comprised of trimeric chromium (111) octahedral clusters interconnected by 2-sulfonic-1,4-benzene
dicarboxylic acid (2-SOsH-BDC) molecules resulting in an MTN zeotype structure (Figure 4.1).
It is comprised of two types of mesoporous cages. As reported,[27] it shows excellent
hydrothermal and chemical stability with highly dense and uniform acidic sites, which makes it
attractive for the immobilization of microperoxidase 8 (MP8) dedicated to heterogeneous

biocatalytic purposes.
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Figure 4.1 — Schematic representation of MIL-101(Cr)-SOsH.

4.2.2. Preparation of EMIM@MIL-101-SO3H

A saturated solution of 1-Ethyl-3-Methyl Imidazolium Chloride (EMIMCI) was prepared
by introducing 6500 mg (44.3 mmol) of EMIMCI in 5 mL of aqueous solution, while the pH was
fixed at 3. 900 mg (1 mmol) MIL-101(Cr)-SOsH was suspended in the EMIMCI saturated solution
and stirred magnetically for 24 h at room temperature. The solid was filtered, washed using 4 mL
of methanol solution and dried at 373 K for 8 hr.

4.2.3. Characterization of EMIMCI, MIL-101(Cr)-SO3H, EMIM@MIL-101-SOsH

The Powder X-ray diffraction (PXRD) patterns of MIL-101(Cr)-SO3H and EMIM@MIL-
101-SOsH were collected on a PANalytical X'Pert diffractometer equipped with an X'Celerator
detector (A =1.5406 A), with an operating voltage of 40 kV and a beam current of 30 mA.

EA of MIL-101(Cr)-SOsH and EMIM@MIL-101-SO3H was performed using a Flash EA
1112 (Thermofinnigan) apparatus.
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Nitrogen sorption measurements were performed at 77 K using a Micromeritics, Tristar
3000 analyzer. MIL-101(Cr)-SOsH and EMIM@MIL-101-SOsH were out-gassed by heating at
393 K for 16 h under vacuum (<107 Torr) before N2 physisorption measurements.

Scanning Electron Microscopy SEM images were recorded on gold coated MIL-101(Cr)-
SOsH and EMIM@MIL-101-SO3H samples using a JEOL JSM-7001F microscope equipped with
an energy-dispersive X-ray (EDX) spectrometer with a X-Max SDD (Silicon Drift Detector) by
Oxford.

Infrared spectra were recorded on EMIMCI, MIL-101(Cr)-SOzH and EMIM@MIL-101-
SOsH using a FTIR Magna 550 Nicolet spectrophotometer using the technique of pressed KBr

pellets at a resolution of 4 cm™.

Thermogravimetric Analysis (TGA) coupled with Mass spectroscopy (TGA-MS)
measurements were collected on EMIM@MIL-101-SOsH using a STA 449 F1 Jupiter - QMS
403D Aéolos Netzsch system, from 298 K to 973 K under heating (q = 2 K.min*) and 100 mL
min of an Argon flow. TGA measurements of EMIMCI and MIL-101(Cr)-SOsH were equally

carried out under O flow.

Differential Scanning Calorimetry (DSC) experiments were carried out on EMIMCI and
EMIM@MIL-101-SOzH using a DSC 1 device from METTLER TOLEDO, in sealed Al-pans (40
mL) under dried N2 atmosphere (250 mL min™?). EMIM@MIL-101-SO3H was in-situ heated at
473 K for 2 h, before recording the signal under subsequent cooling (from 373 K to 150 K) and
heating (from 150 K to 373 K) using a ramp of 7 K.min.,

The water sorption isotherm was measured on EMIM@MIL-101-SO3H using a DVS
gravimetric sorption system (from Surface Measurement systems). The apparatus was
automatically operated to precisely control the water vapor pressure (0-95 RH%) and temperature
(303 K). Prior to adsorption experiments, the samples were dehydrated at 423 K for 8 h under high

vacuum (< 10°® torr).

Impedance measurements of EMIMCI, MIL-101(Cr)-SOsH and EMIM@MIL-101-SO3zH
were performed on a Broadband Dielectric Spectrometer, Novocontrol alpha analyzer, over a
frequency range from 102 Hz to 1 MHz with an applied ac voltage of 20 mV. Measurements were
collected on the anhydrous EMIM@MIL-101-SOsH, after a preliminary in situ heating at 473 K
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for 2 h under nitrogen flow. According to TGA results (see results and discussion part), the solid
is fully dehydrated, while no IL release occurs under these operating conditions. Measurements
were equally undertaken on the humidified solid, which was introduced into an Espec Corp. SH-
221 incubator, to control the temperature 298 < T (K) < 363 and the relative humidity 40 < RH
(%) < 95. The solid was equilibrated for 24 hr at given T and RH values, to ensure fixed water
content before recording the impedance. The measurements were performed using powders
introduced in the home-made sample holder mentioned in Chapter 2. All data are discussed in the

following section.
4.3. Result and discussion

MIL-101(Cr)-SOsH was fully characterized by combining PXRD, Fourrier-Transform
Infra-red (FT-IR), Thermogravimetric Analysis (TGA) and N2 adsorption. According to the
elemental analysis, 68% of the organic linker of the MOF was functionalized by —SOsH groups
(Table 4.1).

Table 4.1 - EA results of MIL-101(Cr)-SOzH and EMIM@MIL-101-SOsH.

MIL-101(Cr)-SOsH

% exp (Wt%) Weight ratio, m(C)/m(S) = 4.34

C 27.93 -SOsH functionalization degree = 68.6%

S 6.43

EMIM@MIL-101-SOsH before PC measurements

% exp (Wt%) Weight ratio, m(C)/m(N) = 3.61

C 34.7

N 9.6

EMIM@MIL-101-SOsH after PC measurements recorded at 298 K-473 K/ 0% RH
% exp (Wt%) Weight ratio, m(C)/m(N) = 3.66

C 374

N 10.2

EMIM@MIL-101-SOsH after PC measurements recorded at 343 K / 80% RH for 6 days

% exp (wt%) Weight ratio, m(C)/m(N) = 3.67

C 35.6

N 9.7

The EMIM@MIL-101-SOsH composite was further prepared at room temperature through
post-impregnation method, using a saturated solution of EMIMCI (see 4.2.2.). As illustrated in
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Figure 4.2, the PXRD pattern of the composite displays the characteristic Bragg peaks of MIL-
101(Cr)-SOsH, thereby showing that the crystalline structure of the MOF is preserved upon
EMIMCI impregnation. Noteworthy, the lower intensity of the Bragg peaks at low angles for
EMIM@MIL-101-SOsH results from the modification of the electron density in the MOF pores
and a disordered distribution of the EMIMCI confined in the mesoporous cages of the MOF,[14—
16,26] as previously reported for CaClo/MIL-101(Cr) and SrBro/MIL-101(Cr) composites.[28,29]

Intensity / a.u.
N

15 20
20/ deg
Figure 4.2 - PXRD patterns of (1) the pristine MIL-101(Cr)-SOzH, (2) EMIM@MIL-101-SOsH
before conductivity measurements, (3) EMIM@MIL-101-SOsH after conductivity

measurements recorded in the temperature range of 273-473 K and (4) EMIM@MIL-101-SO3zH
after conductivity measurements recorded at 363 K and RH ranging from 35% to 80%.

The SEM images of the EMIM@MIL-101-SOsH composite showed that the morphology
of MOF crystallites is not altered after the IL impregnation (Figures 4.3 and 4.4). SEM and SEM-
XEDS confirmed that there is no recrystallized EMIM salt at the outer surface of MOF particles.
This is fully consistent with the PXRD pattern of the composite, showing the absence of any Bragg
peaks that can be assigned to the recrystallized EMIMCI salt. This indicates that EMIMCI is
exclusively confined in the mesopores of MIL-101(Cr)-SOzH. An EMIMCI loading of ~42+5 wt%
was determined by combining elemental analysis and SEM-XEDS. (C = 34.7+0.3 wt%; N =
9.6+0.3 wt%; S = 3.2+£0.3 wt%; Cr = 6.5+0.3 wt%; Cl = 10.5+0.3 wt%).
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Figure 4.4 — a) and b) SEM images of EMIM@MIL-101-SO3H and c¢) XEDS spectrum of
EMIM@MIL-101-SOzH in the case of (b).
N2 sorption isotherms revealed that the composites adsorb only a negligible amount of Na.
This is consistent with the adsorption of a large amount of EMIMCI in both mesoporous cages of
MIL-101(Cr)-SOsH (Figure 4.5).
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Figure 4.5 - Nitrogen sorption isotherms of (1) MIL-101(Cr)-SOzH and (2) EMIM@MIL-101-
SOsH: filled and empty symbols correspond to the adsorption and the desorption branches,
respectively.

The thermal stability of EMIM@MIL-101-SO3H was investigated using TGA coupled
with Mass Spectrometry (TGA-MS) (Figure 4.6). The first weight loss is assigned to the departure
of water in agreement with the increase of the Evolved Gas Analysis signal (EGA) specific to H,O
(m/z = 17 and 18). The sharp weight loss decrease observed in the [500 K — 550 K] temperature
range corresponds to the thermal decomposition of the incorporated EMIMCI, as shown by the
characteristic fragments of the IL (m/z = 15, 29, 50, 52 and 64 for -CH3/NH, C2Hs, CH3Cl from
%CI, CHsCI from 3’Cl and C,HsCl from 3CI respectively, while the m/z = 66 signal assigned to
C2HsCl from *’Cl is negligible in relation with the lower natural abundance of isotope *'Cl versus
%CI).[30,31] Interestingly, the EMIM@MIL-101-SOsH degradation occurs in the same
temperature domain as that observed for the decomposition of the bulk IL and MIL-101(Cr)-SO3H
(Figure 4.7). For 550 K < T < 650 K, EMIMCI degradation occurs concomitantly with that of the
organic linker of the MOF, while the weight loss observed in the [650 K — 750 K] temperature
domain results from the complete degradation of the MOF framework. Remarkably,
EMIM@MIL-101-SOsH, exhibits a higher thermal stability (up to 500 K) than most of the
previously reported IL@MOFs,[3,11,12,14] which makes this composite applicable in the target

intermediate temperature domain. Figure 4.7 (b) represents TGA curves for the pristine MOF.
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Figure 4.6 - TGA plot (wt%) of EMIM@MIL-101-SOsH and the corresponding EGA curves
specific to fragments of water and EMIMCI: lines 1, 2, 3, 4, 5, 6 and 7 refer to m/z = 17, 18, 15,
29, 50, 52 and 64 respectively.
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Figure 4.7 - TGA curve (wt%) of a) bulk EMIMCI and b) MIL-101(Cr)-SOzH.

To further evidence that EMIMCI is confined in the MOF pore, DSC thermogram of the
bulk IL was compared to that of the composite EMIM@MIL-101-SOsH (Figure 4.8). Upon
heating from 183 K to 383 K, the bulk IL exhibits one endothermic peak around 220 K,
corresponding to the glass transition (Tgemimcny), followed by the cold crystallization exothermic
peak centered around 260 K.[32] The endothermic peak observed at 346 K coincides with the
EMIMCI melting point.[30,31,33] In contrast, the DSC signal of EMIM@MIL-101-SOsH shows
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a flat response in the whole temperature range, in line with the absence of a IL phase change due
to confinement effects. This behavior is consistent with that observed for ILs confined in porous
solids [3,17,34,35] and thus confirms the adsorption of IL in the MIL-101(Cr)-SOsH pores and not
at the outer surface of MOF particles as also supported by PXRD and SEM-EDX analysis

discussed above.
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Figure 4.8 - DSC heating profiles of (1) EMIMCI and (2) EMIM@MIL-101-SOzH.

It further supports that the confined EMIMCI behaves as a glassy liquid across the whole
temperature range.[36] The specific electrostatic interactions between EMIM* cations and CI
anions in this glass-like liquid state combined with the EMIM/MOF and CI/MOF interactions
make the IL difficult to be released from the porosity compared with other single molecular
guests.[17] The EMIM@MIL-101-SO3sH composite was also characterized by FT-IR spectroscopy
(Figure 4.9). The complete assignment of the main vibration bands is given in Table 4.2. The FT-
IR spectrum of EMIM@MIL-101-SOsH does not show any significant shift of the vibration bands
in comparison with those of the pure MOF and EMIMCI. This suggests weak Van der Waals and
hydrogen interactions between the two components. However, it is well known that coordinatively
unsaturated Cr sites (CUS) of MIL-101(Cr) can covalently interact with N-donor ligands.[37,38]
In particular, the covalent grafting of methylimidazole onto the Cr CUS of MIL-101(Cr) was

previously demonstrated by combining multiple spectroscopic techniques (EPR, UV-Vis, FT-
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IR).[37] It can thus be assumed that the imidazole ring of EMIMCI is also covalently grafted onto
the Cr site of MIL-101(Cr)-SOzH.

(a)

(c)

transmittance (%)
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Figure 4.9 - FT-IR spectra of a) EMIMCI, b) MIL-101(Cr)-SOzH, ¢) EMIM@MIL-101-SO3H.

Table 4.2 - Main FT-IR vibration bands of EMIMCI, MIL-101(Cr)-SOsH and EMIM@MIL-101-

SOsH with the corresponding assignment.

Vibration bands cm! Assignment
MIL-101(Cr)-SOsH EMIMCI EMIM@MIL-101-SOsH

3151 3148 v(C-H)

3083 3088 v (C-H)
1628 1630 1628 v(C-0) as + §(H-0-H)

1574 1568 Imidazole skeleton
1485 1479 v(C-0)s

1448 1450 Imidazole skeleton
1403 1397 v(S=0) as

1330 Imidazole skeleton
1178 1167 1166 v(S=0) s + Imidazole

skeleton

1077 1077 v(S-0)
1026 1026 v(S-0)
840 840 v(Cr-0)
773 773 v(C-S)
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AC impedance measurements were first recorded on EMIM@MIL-101-SOsH at the
anhydrous state. The composite was preliminary in situ heated for 2 h at 473 K under nitrogen
flow to avoid the IL degradation, as evidenced by TGA (Figure 4.6). The real (Z’) and imaginary
(Z”) parts of the impedance are depicted in the Nyquist plots (Figure 4.10) and listed in Table 4.3.
With increasing the temperature, the impedance drastically decreases and the typical semi-circle
profile in the low temperature domain is dominated by the capacitive tail associated with the
protonic conductivity of the composite. This trend is much more pronounced than that observed
for the bulk EMIMCI (Figure 4.11) and sharply contrasts with the insulating behavior of the MOF
(no semi-circle profile combined with high impedance values, e.g., Z > 10* Ohm whatever T,
Figure 4.12). This observation supports a change of the MOF electrical behavior upon the
adsorption of the IL, which allows the long-range transport of the H* issued from the —~SO3H
functions of the MOF. The total impedance of EMIM@MIL-101-SOsH was extrapolated from the
low frequency end intercept of the arc on the real axis or from the linear region of the capacitive

tail to the real axis, according to the Nyquist plot profile.
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Figure 4.10 - Nyquist plots of the impedance for the dehydrated EMIM@MIL-101-SO3H
powder recorded under 0% RH, at a) 473 K, b) 463 K, ¢) 453 K, d) 443 K, e) 433 K, f) 423 K,
g) 413 K, h) 403 K, i) 393 K, J) 383 K, k) 373 K, I) 363 K, m) 353 K, n) 343 K, 0) 333 K, p)

323K, g) 313 K, r) 303 K, 5) 293 K, 1) 283 K, u) 273 K, v) 263 K and w) 253 K.
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Figure 4.11 - Nyquist plots of the impedance for the bulk EMIMCI recorded under 0% RH, at
a) 323 K, b) 313 K, ¢) 303 K, d) 293 K, e) 283 K, f) 273 K, g) 263 K, h) 253 K, i) 243 K, j) 233
K, k) 223 K, 1) 213 K, m) 203 K, n) 193 K, 0) 183 K and p) 173 K.
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Figure 4.12 - Nyquist plots of the impedance for the dehydrated MIL-101(Cr)-SOsH recorded
under 0% RH, at (1) 393 K, (2) 383 K, (3) 373 K, (4) 363 K, (5) 353 K, (6) 343 K, (7) 333 K,
(8) 323 K, (9) 313 K and (10) 303 K.

Table 4.3 - Conductivity values deduced from the Nyquist plots, for EMIMCI and the anhydrous
EMIM@MIL-101-SOsH powders at different T conditions. | and S are the sample thickness and
surface.

Anhydrous EMIM@MIL-101-SOsH RH=0% (I =0.044 cm, S = 0.3631 cm?)

T/IK o¢/Sem! T/K o /Scm? T/K ¢ /S.cm? T/K ¢ /S.cm?
473 1.6 x 103 463 7.2x10% 453 4.0x10* 443 3.0x10*
433 2.0x10* 423 1.4x10* 413 9.8x10° 403 6.4 x 10
393 4.1x10° 383 2.4x10% 373 1.4x10° 363 7.4x10°
353 3.5x10° 343 1.4x 108 333 5.1x107 323 2.0x107
313 6.6 x 108 303 1.5x 108 293 2.9x10° 283 4.8x10%0
273 6.0x 10" 263 6.0 x 102 253 51x10% 243 59 x 10

Bulk EMIMCI  RH=0%  (1=0.098 cm, S = 0.3631 cm?)

T/IK o¢/Sem! T/K o /Scm? T/K ¢ /S.cm? T/K ¢ /S.cm?
323 3.0x10° 313 2.1x10° 303 1.2x10°% 293 7.9x10*
283 5.0x10* 273  3.2x10* 263 2.1x10°% 253 1.4x 107
243  2.8x10°% 233 25x10° 223 2.8x10°8 213 55x10%
203 1.9x10° 193 6.5x107% 183 8.5 x 10712
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As demonstrated,[39,40] the extrapolation procedure for analyzing Nyquist plots is
perfectly suitable for determining the impedance of the system, as well as the equivalent circuits

fitting approach or Bode representation. The conductivity, o, was furthermore deduced from the
formulac = % * é , Where | and S are the sample thickness and area, respectively. The temperature

dependence of the conductivity for EMIMCI and EMIM@MIL-101-SO3H exhibits distinct
behaviors (Figure 4.13), in agreement with the typical DSC profiles of both respective solids
(Figures 4.9). For bulk EMIMCI, the conductivity increase with the temperature is disrupted in the
[220 K — 270 K] temperature range, consistent with the glass transition and the crystallization of
the IL as shown by the DSC experiments. By contrast, the conductivity of EMIM@MIL-101-SO3zH
steadily rises with the temperature, in line with the absence of phase changes for the confined IL
up to 473 K. The conductivity of EMIMCI in bulk phase is higher than in confined phase in the

whole temperature domain, in relation with the higher viscosity of the system.[36]
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Figure 4.13 - Temperature dependence of the conductivity for EMIMCI (black) and
EMIM@MIL-101-SOsH (red) at the anhydrous state in the temperature range of 180 K-473 K
on heating.
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In addition, the glassy-like liquid behavior of EMIMCI confined in MIL-101(Cr)-SOzH is
evidenced by the huge decrease of the conductivity with decreasing temperature.[36] For IL
localized nearby the MOF pore wall, additional structuring influences arise from the steric
constraints and field effects at the interface, impacting the IL viscosity and the resulting charge
carrier dynamics.[36] Moreover, the temperature dependence of the conductivity for
EMIMCI@MIL-101-SO3zH shown in Figure 4.14 is captured by applying the empirical VVogel-

Fulcher-Tammann (VTF) equation: oT'2 = aoexp—[AE/k(T_To)], where g, is the

conductivity at infinite temperature, k is the Boltzmann constant, AE corresponds to the activation
energy associated with the proton transfer mechanism and To = Tgemimcn-50, with Tgemimen
assessed by the DSC experiments (Tg = 218 K). The VTF model typically considered to describe
the proton dynamics behavior of bulk ILs [33,41] was equally employed for characterizing the
(EMD[N(CN)2]J@PCN-777 composite.[14] The VTF model refers to the inter-relation between the
protonic conductivity and the segmental relaxation of the media in which ions are moving. For
EMIM@MIL-101-SO3H, the cooperative conductivity process results from the H* transport
assisted by the dynamics of the IL involving local motions due to their weak interactions with the
MOF framework, as evidenced from IR analysis. The proton dynamics is rather restricted due to
confinement effects, as stated by the higher activation energy deduced from the VTF fit parameters
for EMIM@MIL-101-SOsH (AE = 0.26 eV) than for bulk EMIMCI (AE = 0.04 eV).[41]
Noteworthy, the contribution of CI" species to the global charge transport process cannot be
completely ruled out. Most importantly, as the temperature increases, the protonic conductivity is
substantially enhanced from 3.3 x 10° S.cm™ at 298 K to 1.5 x 103 S.cm™ at 473 K (Table 4.3), a
level of performance comparable with the best proton conducting IL@MOF, i.e. EMIM@UiO-67
(6 = 1.6 x 10° S.cm™ at 473 K) reported so far as the sole IL@MOF composite stable in the
temperature domain explored herein.[2] The comparable performance is certainly fortuitus, as
UiO-67 and MIL-101(Cr)-SOsH display different features in terms of topology, pore diameter,
strength of the proton source, pore volume occupancy by EMIMCI, impacting the charge carrier
density and mobility. The distinct viscosity of the ionic liquid and specific topology of the H-
bonded network connecting the proton donor/acceptor sites involved in both systems are then
counter-balanced, resulting in a similar conductivity value recorded at 473 K. Notably the others
IL@MOF were not investigated at 473 K due to IL release or MOF degradation.[3,11,12,14] Here
we demonstrate that EMIM@MIL-101-SO3H shows structural integrity and IL retention upon

Page | 125



Chapter 4 — Robust ionic liquid@MOF composites as a versatile superprotonic conductor

heating up to 473 K, as evidenced by similar PXRD patterns (Figure 4.2) and EA data (Table 4.1),

respectively before and after protonic conductivity measurements.
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Figure 4.14 - VTF type plot of the conductivity for the EMIM@MIL-101-SOzH at the
anhydrous state, the solid line corresponds to the linear least-square fit.

Impedance measurements were further recorded under humid conditions to introduce
additional hydrogen-bonded charge carriers, beneficial for the charge transport. As shown in
Figure 4.15, the Nyquist plots of the impedance recorded at 343 K for RH varying from 35% to
80% results from capacitive tails along with very low levels of impedance. The corresponding
conductivity values show a peculiar RH dependence (Table 4.4 and Figure 4.16). The conductivity
substantially increases at low RH by more than 4 orders of magnitude from RH = 0% (c = 1.4 X
10% S.cm™) to RH = 35% (o = 4.8 x 102 S.cm™). Note that this sharp o raise is likely to occur at

even lower RH, but was not measurable due to equipment limitations.
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Figure 4.15 - Nyquist plots of the impedance for EMIM@ MIL-101-SO3H recorded at a) 343
K and b) 303 K and ¢) MIL-101(Cr)-SOzH recorded at 343 K for RH varying from 35% to 80%.
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Figure 4.16 - Humidity dependence of the conductivity recorded at 343 K for MIL-101(Cr)-

SOs3H (black) and EMIM@MIL-101-SO3H (red) in the relative humidity range of 0%-80%,
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Table 4.4 - Conductivity values deduced from the Nyquist plots, for MIL-101(Cr)-SOzH and
EMIM@MIL-101-SOsH powders at different RH/T conditions. | and S are the sample thickness
and surface.

Hydrated EMIM@MIL-101-SOsH

T=343K T=298K
(1=0.186 cm, S = 0.1256 cm?) (1= 0.148 cm, S = 0.1256 cm?)
RH/% ¢ /Scm? RH/% ¢ /S.cm? RH/% ¢ /Scm? RH/% ¢ /S.cm?
80 1.4 x 107 70 1.2x10% 80 3.2x107? 70 2.3x 1072
60 1.0x10% 50 8.4 x 102 60 1.4 x 102 50 9.0x 10
40 6.0 x 102 35 4.8x 102 40 5.0x10° 35 35x10°

Hydrated MIL-101(Cr)-SOsH  T=343K _ (1=0.376 cm, S = 0.1256 cm?)
RH/% o¢/Scm? RH/% o /Scm? RH/% ¢/Scm?! RH/% ¢ /Scm?

80 5.6 x 103 70 5.4x103 60 5.0x103 50 4.2x103

40 2.7x10%
Hydrated EMIM@MIL-101-SOsH  RH = 80% (1=0.270 cm, S = 0.1256 cm?)

T/K ¢ /Scm? T/K ¢ /S.cm? T/IK o¢/Scm?! T/K ¢ /S.cm?
343 1.4x 107 333 1.3x10? 323 1.0x10% 313 8.3x1072
303 6.4 x 102 298 5.5x 1072

Hydrated MIL-101(Cr)-SOzH RH=80%  (1=0.313cm, S = 0.1256 cm?)

T/K ¢ /Scm? T/K ¢ /S.cm? T/K ¢ /S.cm? T/K ¢ /S.cm?
343 5.1x10°% 333 43x10°% 323 35x10° 313 2.8x10°%
303 2.1x10°% 298 1.8x 103

As previously shown for ILs [42,43] the conductivity enhancement under humidity is
related to the decrease of the environment viscosity, resulting from the dissociation of the
anion/cation pairs of the IL, and the solvation of ions by water molecules. With increasing RH
from 35% to 80%, the conductivity increases by a factor 3 (o343 k/ss% rH = 4.8 X 102 S.cm™ and
0343 kiso% RH = 1.4 x 107 S.cm™). Noteworthy this typical ¢ vs RH profile is temperature
independent, as shown by the similar trend recorded at 303 K (Figure 4.17). To explain this water-
dependent protonic conductivity profile, water adsorption isotherm was recorded at 303 K (Figure
4.18). A low water uptake (Mads = 0.07 gr20.gsample*) is 0bserved at very low relative pressure (P/Po
< 0.1) since the composite shows only a limited pore accessibility to H>O due to the high content
of confined EMIMCI.
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Figure 4.17 - Humidity dependence of the conductivity for EMIM@MIL-101-SOzH recorded
at 303 K. The exponential line is a guide for the eyes.
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Figure 4.18 - Water sorption isotherm of EMIM@MIL-101-SO3H recorded at 303 K. Full and

empty squares refer to the adsorption and desorption branches, respectively.
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However, this water amount is enough to boost the protonic conductivity of the composite
observed at low RH. With increasing the relative water pressure from 10% to 80%, the water
uptake exponentially rises and the adsorption and desorption branches perfectly match. Both
features support that the water molecules are adsorbed at the outer-surface of the MOF in the
corresponding RH domain. Assuming that all water molecules behave as charge carriers, the
conductivity should follow the trend of the water uptake with increasing RH, as it is defined as o
= nue, where n, p and e are the charge carriers density, mobility and charge, respectively. On the
opposite, the conductivity increment with RH is negligible compared to the exponential increase
of the amount of adsorbed water molecules. This supports that the conductivity performance of
the composite mainly results from the charge transport at the internal porosity of the composite,
even if the contribution from the water molecules adsorbed at the outer-surface of the material
cannot be totally ruled out.

Figure 4.19 reports the temperature-dependence of the protonic conductivity for
EMIM@MIL-101-SOsH and MIL-101(Cr)-SOzH in the 298-343 K temperature range and RH =
80%, obtained from nyquist plot displayed in Figure 4.20. Both set of data follow the Arrhenius

law, 6T = oyexp — [AE/kT], with comparable low activation energy (AE = 0.22 eV), in line with

an efficient Grotthus-like mechanism of the H* propagation since AE < 0.40 eV, as mainly
observed for water-mediated proton conducting MOFs.[24,40,44-49] As reported in other
MOFs,[45,46] protons are assumed to be released from the acidic groups, i.e. the -SO3H groups,
towards neighboring water molecules adsorbed in the pores at low RH. They are further shuttled
inside the porosity of the MOF, via the H-bonded network connecting -SO3zH, adsorbed water
molecules, EMIM® cations and CI" anions species. This mechanism is assumed to remain the same
at higher RH, since the composition of guest molecules, i.e. IL and water contents in the MOF
pores, is similar all along the RH domain.[50] One notes that the chloride species solvated by water
molecules are likely to contribute to the charge transport mechanism. As previously evidenced for
the proton conducting MIP-202(Zr),[40] CI species are able to participate to the hydrogen-bonded
network resulting from the interconnection of acidic sources, water molecules and chlorine counter
ions. More importantly, AE slightly diminishes upon hydration for EMIM@MIL-101-SOzH (AE
=0.26 eV at the anhydrous state), alongside an increase of the protonic conductivity as described

above.
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Figure 4.19 - Arrhenius type plot of the conductivity for MIL-101(Cr)-SOsH (black) and
EMIM@MIL-101-SOsH (red: cycle 1, blue: cycle 2) under 80% RH, the lines correspond to the
linear least-square fit.

In addition, the conductivity performance is maintained after 2 cycles, corroborating the
absence of any IL leaching in presence of water vapor. Indeed, the exceptional conductivity value
recorded at 343 K and 80% RH (c = 1.4 x 10"* S.cm) is maintained over several days, in line with
the long-term stability of the composite under operating conditions (Figure 4.21). Accordingly, the
comparable PXRD pattern (Figure 4.2) and EA (Table 4.1) of EMIM@MIL-101-SO3H collected
before and after conductivity measurements under humidity state the structural and chemical
robustness of EMIM@MIL-101-SO3H, along with the maintained IL loading under this working
condition. Such results are in line with the efficient confinement of the IL in the mesoporous cages
of MIL-101(Cr)-SOsH, even in the presence of water. This is a clear advantage compared to the
previously reported MIL-101(Cr)/CaClz composites that showed a slight release of the salt.[28,29]
The imidazole group of the IL is most probably covalently grafted to the Cr CUS of the MOF as
it was previously demonstrated for the 1-methyl imidazole@MIL-101(Cr) by combining multiple
complementary UV-vis, FT-IR and NIR spectroscopies.[37]
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Figure 4.21 - Time dependence of the conductivity of EMIM@MIL-101-SO3H recorded at 343

Remarkably, the protonic conductivity recorded at is 20 to 250-fold higher for

EMIM@MIL-101-SOsH than for MIL-101(Cr)-SOsH, for RH = 40% to 80%, respectively (Table
4.4 and Figure 4.15). This reveals the synergistic role played by the water molecules and IL

moieties in participating to the H* transport process throughout the composite. There are only a
few studies on the o-RH dependence of IL@MOFs mostly restricted to the low humidity domain.
Table 4.5 compares the conductivity performance of EMIM@MIL-101-SO3sH with respect to other

existing IL@MOF composites. At low humidity level, the conductivity of EMIM@MIL-101-
SOzH significantly surpasses that of EMIMBr@MIL-53(Al)-NH2 by almost 3 orders of

magnitude,[2] and it competes with that of [BSOsHmMIim][HSO4]@MIL-101,[13] which was
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identified as the best protonic conducting IL@MOF solid reported so far at low humidity level.
Interestingly, our composite outperforms by far other ternary based composites
(IL/MOF/polymer), like (BMIM)BF4/Ui0-67/PAN [4] and
hydroxyethyl(trimethyl)ammonium/ZIF-8/PVA.[51] At higher RH (60% < RH < 80%),
EMIM@MIL-101-SOsH shows outstanding performance (o(as k/e0%-80% rry = 107 S.em™) and
competes with the best performing water-assisted proton conducting MOFs or coordination
polymers which have been investigated at higher RH (> 90%).[24,25,56-58,26,40,45,46,52-55]
Propitiously, EMIM@MIL-101-SOzH is the sole MOF-based system showing excellent protonic
conductivity under moderate RH (35-40%). Decisively, our composite displays only a very small
variation of o between RH = 80% and 40%. This offers a key alternative to the water management
issues, that the benchmark Nafion™ based proton exchanged membranes have to face due to the
membrane dehydration at T > 353 K.[59]

Table 4.5 - Comparison of the protonic conductivity of EMIM@MIL-101-SO3H and other
IL@MOFs composites under low to mild humidity conditions.

Composite ¢/S.cm? T/RH Ref
EMIMBr@MIL-53(Al)-NH; 3.0x10° 353 K - 26% [2]
[BSOsHMIm][HSO4]@MIL-101 4.4 107 323 K- 23% [4]
(BMIM)BF4/UiO-67/PAN 2.5x10* 363 K — 35% [9]
:ni:z:ﬁhgg:;m;t:ﬁ 9.8 x 10 333 K -33% [51]
EMIM@MIL-101-SOsH 4.8 x 102 343 K/ 35% This work
EMIM@MIL-101-SOsH 1.4x10% 343 K / 60%-80% This work

4.4. Conclusion

In summary, the impregnation of EMIMCI ionic liquid in the mesopores of MIL-101(Cr)-

SOsH was demonstrated to boost the intrinsic proton conducting performance of the parent MOF
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under both anhydrous and humid conditions. The good IL/MOF compatibility combined with the
high chemical and thermal stability of the resulting composite led to an efficient confinement of
the IL in the MOF pores up to 500 K, i.e., a temperature rarely explored for MOF-based
composites. EMIM@MIL-101-SOsH shows excellent protonic conductivity at 473 K (¢ = 1.5 x
102 S.cm™), which ranks this material amongst the best anhydrous proton conducting MOFs
investigated in the intermediate temperature domain. Remarkably, this composite equally shows
excellent protonic conductivity under low humidity conditions (o353 k/as% rH = 4.8 X 102 S.cm'Y),
while it displays a steadily and exceptional (343 K) value exceeding 10 S.cm™ under moderate
relative humidity (60% < RH < 80%). The competitive proton conducting performance of
EMIM@MIL-101-SOsH under both humid and anhydrous conditions is unprecedented and makes
this composite as a promising candidate in the field of solid-state proton conductors under versatile

conditions.
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5.1. Introduction

The previous chapters are dedicated to the promotion of MOFs as proton conducting solids.
In the following, we extended the strategy developed above to another class of materials, through
the investigation of a molecular crystal. In that case, charge carriers are no more restricted to

protons, since other ionic species are expected to be involved in the conducting process.

Similarly to proton conducting solids, solid state ionic conductors have attracted
considerable attention owing to their great potentials in the field of electrochemical devices for
energy storage/conversion (fuel cells, electrolysers, supercapacitors and batteries) as well as in the
environmental monitoring area (humidity/gas sensors or electrochromic windows).[1,2] Compared
to liquid analogues, they show many advantages, including long cycle life, short charging time,
environmental safety, low internal corrosion, flexibility in packaging and ability to miniaturize
devices. Plethora of ion conducting materials have been identified and are classified according to
their intrinsic vs extrinsic disorder, amorphous vs crystalline structure, bulk vs interfacial control,
cationic vs anionic conduction and ionic vs mixed ionic—electronic conduction.[3,4] Ag*, Na*, Li",
0%, H* and F are the most common mobile ions present in the iconic ionic conductors,[3,4] e.g.,
a-Agl, B-alumina, Nasicon, Lisicon, fluorite based oxide (doped zirconium dioxide), perovskite-
type oxide, polymers (Nafion™), etc. Refining known solid-state ionic conductors or developing
new ones with enhanced performances is still the subject of intense activity in the field of material

science.

Molecular crystals are a versatile functional-material platform that might be of interest in
the area of solid state ionics. Their structural/chemical versatility combined with appropriate
flexibility of component units offers an opportunity to create a broad range of functional materials
with a fine control of their 3D ordered structures at the molecular level, giving a high degree of
freedom to design conduction paths for rapid ion diffusion. So far, only a very few molecular
crystals have been envisaged as ionic conductors.[5-11] Typically, supramolecular solid
electrolytes with Li* as mobile species have been mostly considered,[5-10] however their ionic
conductivity performances are too low to rival with the traditional inorganic or polymer-based
electrolytes benchmark materials.[12—-14] Furthermore, the associated charge transport mechanism
remains to be elucidated and this lack of fundamental understanding clearly hampers further

development of this family of materials as ionic conductors. This calls for a more systematic
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exploration of this class of materials to assess the real potential of these solids as well as a deeper
fundamental understanding of the microscopic mechanism which is expected to promote molecular
crystals at a higher level in terms of ionic conductivity. Moreover, water was demonstrated to play
a pivotal role in guest-assisting ionic conduction for diverse families of solids including zeolites,
clays and MOFs via the formation of an extended hydrogen bond network that makes the ion
transport more efficient.[15-19] However, this latter strategy has never been applied so far to boost

the ionic conductivity performances of molecular crystals.

Therein, we explored the ionic conductivity of ZF-3, a zirconium-formate molecular solid
containing KCI ion pairs in a stoichiometric amount.[20] Remarkably ZF-3 switches from an
insulator (6 = 5.1 x 10° S.cm™ at 363 K/0% RH to a superionic conductor upon hydration (¢ =
5.2 x 102 S.cm™ at 363 K/95% RH). This material retains the integrity of its crystal structure under
operating conditions and maintains this high level of performance over time. Molecular
simulations revealed that the presence of water considerably boosts the dynamics of CI- species
consecutive of the creation of CI/H20 core-shell structures throughout the pores of ZF-3. This
favourable scenario is at the origin of the excellent water-assisted ionic conductivity of ZF-3.

5.2. Materials and methods
5.2.1. Synthesis of ZF-3

The ZF-3 material was synthesized by our collaborator, Prof. Hyungphil Chun, from the
University of Hanyang, Republic of Korea. It was prepared according to the procedure detailed in
reference.[20] All the chemicals were purchased from commercial sources and used without

further purifications.

To a DMF-CH3CN (10 mL, 1:1 v/v) solution containing ZrCls (507.4 mg, 2.18 mmol),
KNO3 (73.3 mg, 0.725 mmol) and 14 M HNOs (1.825 mL, 26.2 mmol) were added. The turbid
mixture was vigorously stirred for 1 hour and then directly filtered into four screw-capped vials
(Wheaton) with Teflon rubber liner. After heating to 383 K for 1 d, colorless cube-shaped crystals
were collected (180 mg). The as-synthesized product was thoroughly washed DMF, CH3CN and
CH3OH-CH3CN mixture, and evacuated at 323 K before subjected for measurements. X-ray single
crystal crystallography establishes the following formula [Zr3sO24(OH)4(HCO2)4s].3KCI.
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5.2.2. Characterization of ZF-3

The XRPD patterns of the solids before and after conductivity measurements were
collected on a PANalytical X'Pert equipped with an X'Celerator detector and using a wave-length,
L =1.5406 A with an operating voltage of 40 kV and a beam current of 30 mA. Data are discussed

in the section dedicated to results and discussion.

Impedance measurements were performed on the anhydrous and hydrated solids on a
Broadband Dielectric Spectrometer Novocontrol alpha analyzer and a Solartron analytical
Modulab XM MTS respectively, over a frequency range from F = 0.01 Hz to F = 1 MHz with an
applied ac voltage of 20 mV. Measurements were collected on the anhydrous ZF-3 after a
preliminary in situ heating at 373 K for 2 hours. Measurements were equally undertaken on the
hydrated solid, which was introduced into an Espec Corp. SH-221 incubator, to control the
temperature 298 < T (K) < 363 and the Relative Humidity 35 < RH (%) < 95. The solid was
equilibrated for 24 hours at given T and RH values, to ensure fixed water content before recording
the impedance. The measurements were performed using powders introduced in the home-made
sample holder shown in Figures 3.13d and 3.13f, allowing the use of the “two-probe” method for
the electrical measurements. The resistance value of the studied solids was deduced using different
methods depending on the Nyquist plot (-Z” = f(Z”)) or the Bode representation (cac = f (F)).

For the Nyquist plots showing a well-defined semi-circle (Figures 5.3 and 5.9), ZView
Software was applied to fit impedance data sets with equivalent circuits, assembling the bulk
resistance R and the bulk non-ideal capacitance CPE, while a second constant phase element CPE-

2 was alternatively added to take into account for the electrodes if applicable. As previously
detailed, the sample conductivity value was obtained using o = % * é where | and S are the sample

thickness and area respectively. Resistance obtained from the semi-circle extrapolation to the real-
axis was also considered. Both procedures converge towards comparable values of o, supporting

that both approaches can be equally considered (see Table 5.1).

For the very low resistive ZF-3 (Figures 5.5), the Nyquist plot results only in the tail end
of a semi-circle at high frequency, while at lower frequency a capacitive tail is observed which
prevents the use of the equivalent-fitting procedure. In that case, the resistance was only evaluated

from the real-axis intercept of the Nyquist plot.
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Alternatively, the bulk conductivity of ZF-3 was also extracted from the dc plateau of the

Bode representation, following the formula o,. = =x*-. Typically, oa results from the

l
S

NI~

combination of 3 contributions: cac(F,T) = omws(F,T) + cda(T) + o’(F,T). The polarization
component o’(F,T), corresponding to the increasing part of the signal at high frequency, arises
from the local rearrangement of charges or dipoles causing dipolar reorientation. The dc
conductivity plateau oqc(T), resulting from the long-range distribution of charge, dominates the
intermediate frequency region and is frequency independent. In the case of highly conductive
materials, the Maxwell Wagner Sillars contribution omws(F,T) due to the ionic charge
accumulation to the sample/electrode interface is observed at low frequency. In insulators,

omws(F,T) = 0 and o4¢(T) = 0, so that only the polarization conductivity is detectable.

Table 5.1 lists the conductivity values data obtained from the Nyquist plot analysis, using
either the extrapolation or the equivalent circuit approaches, and those deduced from the Bode
representation. As shown, results are consistent, further evidencing that the data analysis can be

carried out by either of these methods.

As shown in chapters 3 and 4, the AE activated energy associated with the proton transport

process was deduced from the linear fitting of in(aT) versus 1/T, according to the Arrhenius

equation (cf Eq. 2.13, rewrote as o(T) = %exp[_k—ATE])-

5.3. Result and discussion

ZF-3, with the following chemical formula [ZrzsO24(OH)s8(HCO2)48].3KCI, was
solvothermally synthesized following the procedure previously reported (see section V.2.1).[20]
ZF-3 is composed of 6 cyclic molecular hexamers of [ZreOs(OH)4] units interconnected by
bridging formate ligands, resulting in a molecular structure with a hexagonal shape (Figure 5.1).
The zirconium-formate macrocyclic molecule consists of two types of u-OH hydroxyl groups: i)
us-OH groups belonging to the Zre cluster, similar to UiO-66 type MOFs and ii) bridging po-OH
groups (Zr-O(H)-Zr) as detailed in Figure 5.1. These hexagonal disc-like macromolecules self-
assemble into a superstructure with hollow supercages. The cohesion of the system is ensured by
ion-dipole interactions, involving three K*, CI- ions pairs located between adjacent hexameric

[Zrs6] clusters as well as by van der Waals interactions between formate ligands.
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Figure 5.1 — a) lllustration of a single Zirconium-Formate macrocycle in which the position
of hydrophilic p2-OH, pz-OH sites as well as K™ and ClI- ions are highlighted in blue, green,
magenta and yellow spheres, respectively. b) Unit cell representation of ZF-3, with
macrocycles presented in random mono colors (except one) for an easy distinction of
intermolecular arrangements.

The ionic conductivity of ZF-3 was measured by complex impedance spectroscopy under
anhydrous conditions at temperatures ranging from 283 K to 373 K (Figure 5.2a and 5.3). In the
bode representation of the conductivity vs frequency, the electrical signal is mainly dominated by
the polarization conductivity o’(®), while the dc conductivity plateau is only observed for the
highest temperature domain (T > 333 K). This observation combined with a measured low
conductivity value (< 10° S.cm™) is a signature of an insulating behavior for the pristine ZF-3.
This means that the dynamics of the ionic species is restricted to local relaxations, while the
condition for the ion diffusion over long range is adverse. The ion hopping required for charge
transport does not happen since the potential conductive ions occupy crystallographic sites that are
quite far from each other. To support these experimental findings, force field Molecular Dynamics
(MD) simulations, carried out by colleagues in the group, were performed in the NVT ensemble
at 400 K starting with the DFT-optimized empty ZF-3 structure to determine if any free motions
of K* and CI" are possible. A 10 ns MD run clearly ruled out this possibility, both ions showing
only tiny displacements around their original positions as demonstrated by their corresponding
Mean Square Displacement (MSD) profiles averaged over the whole MD trajectory (Figure 5.4).
This restricted dynamics of both K™ and CI" ions, resulting in very local motions, is consistent with
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the existence of strong ion-dipole interactions between these ions and the oxygen/hydrogen atoms

of the u-OH groups and the formate groups, responsible for the self-assembly of the hexameric

clusters of ZF-3 (Figure 5.1).[20]
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Figure 5.2 — Bode diagram of the conductivity for the ZF-3 powder recorded at various
temperature under a) 0% and b) 95% RH.
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Figure 5.3 - Nyquist plots of the impedance for the anhydrous (RH = 0%) ZF-3 powder
recorded at a) 373 K, b) 363 K, c¢) 353 K and d) 343 K. The filled symbols are the measured
impedance data and the line corresponds to the fit of the data using e) the equivalent circuit
model. NOTE: For data recorded at T < 343 K, the resulting semi-circle is incomplete,
preventing any analysis with the equivalent circuit model.
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Figure 5.4 - Mean square displacement (MSD) of K*, CI" ions calculated from the NVT-MD
simulation performed at 400 K for ZF-3 phase in this dry state.
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Impedance measurements were further recorded under humidity (95% RH), for
temperatures varying from 363 K to 298 K. Figure 5.2b shows that the scenario drastically
contrasts compared with the behavior recorded at the anhydrous state. Under 95% RH, the
conductivity profile of ZF-3 is dominated by the dc conductivity plateau (odc), preceded by the
conductivity drop in the low frequency domain which is assigned to the Maxwell Wagner Sillars
response (omws). The omws contribution, due to the charge accumulation to the sample/electrode
interface, reflects the ionic features of the charge carriers, while K*, CI- and/or H" are likely to be
involved in the ionic transport process. The conductivity values recorded at the dc plateau,
consistent with those deduced from the Nyquist plots analysis (Figure. 5.5 and Table 5.1), increase
from 8.0 x 10 S.cm™ t0 5.2 x 102 S.cm™ when heating from 298 K to 363 K at 95% RH. These
very high o values (¢ > 10 S.cm™) relate to the superconducting behavior of the hydrated ZF-
3.[21]
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Figure 5.5 - Nyquist plot of the impedance for the hydrated (RH = 95%) ZF-3 powder
recorded from 363 K to 298 K.
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Table 5.1 - Conductivity values deduced from the circuit equivalent fitting and the extrapolation
procedures applied on the Nyquist plots, as well as from the conductivity plateau in the Bode
diagram for the ZF-3 powder at different RH/T conditions.

¢/S.cm?
Anhydrous .
o Nyquist plot: 6/S.cm?
Conditions T/IK )
Equivalent Bode plot
RH =0% o
circuit
373 1.7 x10° 1.8x10°
I=0.17cm 363 5.7x10° 5.1x 101
S =0.36 cm? 353 1.9x 101 1.6 x 1010
343 7.1x 101 5.7x 101
Humid ¢/S.cm?
. ) ¢/S.cm?
Conditions T/K Nyquist plot:
Bode plot
RH =95% Extrapolation
363 5.2x102 5.2x102
353 3.4x102 3.4x102
343 2.6 x 1072 2.7x1072
=0.33cm 333 2.1x1072 2.1x1072
S=0.12 cm? 323 1.6 x 102 1.6 x 10
313 1.2x10? 1.3 x10%?
303 9.2x10° 9.3x10°3
298 7.9x103 8.0x 103
Isothermal o /S.cm? ¢/S.cm?
o ) ) 6/S.cm?
Conditions RH /% Nyquist plot: Nyquist plot:
] o ] Bode plot
T=363K Equivalent circuit Extrapolation
95 - 5.2x 1072 5.2x 102
85 1.6 x 103 1.5x103 1.6 x 103
75 1.6 x 10* 1.6 x 10* 1.6 x 10*
1=0.33cm
65 9.0x 10° 8.9x10° 8.9x10°
S=0.12cm?
55 1.2x10° 1.2x10° 1.2x10°
45 1.0x10° 9.9 x 107 9.7 x 107
35 6.4 x 107 6.4 x 107 6.5 x 107
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The excellent level of performances for the hydrated ZF-3 is unprecedented for a molecular
crystal and makes this solid as a very attractive ionic conductor under these T/RH conditions. This
range of conductivity values is similar to that observed for the best proton conductive
MOFs.[18,19,30-39,22,40-42,23-29] Noteworthy, this very high conductivity is maintained over
several days, i.e., at least 4 days (Figure 5.6), while the structural integrity of the solid is preserved
under operating conditions (363 K/95% RH), as confirmed by the good agreement between PXRD
patterns collected for the sample before and after conductivity measurements (Figure 5.8). This
emphasizes the robustness of ZF-3 upon adsorption of water vapor, which interestingly contrasts
with its high solubility in liquid water.[20] This supports that the macrocycles are not separated
upon adsorption of water vapor, which is in line with the reversible water adsorption behaviour of

this molecular solid as evidenced by cyclic measurements in reference.[20]
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Figure 5.6 — Time dependence of the conductivity recorded at 363 K and 95% RH for the
ZF-3 powder. The dashed line is a guide for the eye, and corresponds to ¢ value at infinite
time, i.e., 6 =0.056 S.cm™,
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Figure 5.7 — Arrhenius type plot of the conductivity of ZF-3 powder under 95% RH. The
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Figure 5.8 - PXRD patterns of the ZF-3 powder a) before and b) after impedance

measurements recorded at 363 K/95% RH/96 hr.
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The Arrhenius plot of the conductivity measured at 95% RH (In(oxT) = f(1/T)) is
illustrated in Figure 5.7 and results to an activation energy AE of 0.28 eV. This relatively low
energy value suggests an efficient transfer of the ions within the pores of the material. Impedance
measurements were further carried out at 363 K under increasing RH (Figure 5.9). A RH-
conductivity dependence is clearly evidenced with values increasing from 6.5 x 10" S.cm™ to 5.2
x 102 S.cm when RH raises from 35% to 95% (see Table 5.1). The significant increment of the
conductivity with increasing humidity unambiguously reveals that the water molecules assist the

ion transport in ZF-3.

As a further stage, AIMD and force field MC/ MD/ simulations were performed to shed
light into the microscopic origin of the water-assisted ionic conductivity of ZF-3. MC simulations
were first performed to unravel the preferential distribution of water molecules in the pores of ZF-
3. As a first stage, the reliability of the force-field we used to describe the water/host interactions
was confirmed by the excellent agreement between grand canonical MC adsorption enthalpy (-
62.0 kd.mol ™) and the experimental isosteric heat of adsorption (-64.9...-63.7 kJ.mol™).[20] The
DFT-optimized ZF-3 structure was thus loaded by ~20 wt% of water corresponding to the
saturation capacity determined previously by adsorption measurements.[20] Analysis of the
minimum energy MC snapshots demonstrated that water molecules preferentially form a
percolated hydrogen-bonded network throughout the entire porosity of ZF-3, as illustrated in
Figure 5.10, with a corresponding mean Ow—Ow distance of 2.78 A as seen in the RDF plotted for
the corresponding atom pairs (Figure 5.11). This hydrogen-bonded network connects the

hydrophilic us-OH and p2-OH groups of the macrocycles as well as the free CI ions (Figure 5.12).
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Figure 5.10 - Illustration of an extended hydrogen bonded network formed by the adsorbed
water molecules, K*, C1™ ions, and within the porosity of ZF-3 system. A small portion of a
typical configuration of water arrangement near the hydrophilic x2-OH, and u3-OH sites is
magnified for a clear view. Except one, Zr-formate macrocycles are presented in random

mono colors for an easy distinction of intermolecular arrangements.
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Figure 5.11 - Radial distribution functions of intermolecular O-O pairs of water-water,
water—120H, —usOH moieties on the pore wall of the ZF-3-KClI structure, as well as the
intermolecular O-Cl, O—K pairs calculated from the Monte Carlo simulations performed for
the hydrated ZF-3.
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Figure 5.12 - Radial distribution functions characterizing: a) intramolecular O-H bond distance
of 4-OH moieties and b) intermolecular H(p-OH)..Ow pairs separation distance derived from the
6 ps AIMD trajectory obtained at T = 600 K.

The RDFs calculated for diverse water/atom pairs evidenced that the water molecules
interact more preferentially with CI” (higher intensity of the RDF peak for the corresponding Ow—
Cl pair) than with K™ and both p3-OH and p2-OH functions (Figure 5.11). AIMD simulations were
further conducted for the hydrated system to envisage the possible proton migration from the p-
OH functions to either H>O or CI". Typically, proton release from an acidic function grafted to a
material is a relatively fast process which usually happen in a few picoseconds timescale. A careful

inspection of the AIMD trajectory corresponding to a 10 ps-run clearly ruled out any proton
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transfer. This was confirmed by the analysis of the RDF plotted for different atom pairs revealing
that the O-H bond length for both p3-OH and p2-OH moieties fluctuates by only +0.15% around
its mean value ~1.0 A while the u-OH...Ow distance is never found shorter than 1.3 A. These
calculations deliver a proof that the conductivity of ZF-3 is not of protonic nature but rather

originates from the mobility of the free K" and CI" present in the pores.

d & e < f
Figure 5.13 — Illustration of representation motions of K*, CI- and H2O captured at 0-4 nsina 1
ns interval (a-e) from the NVT-MD simulation performed at 400 K for the hydrated ZF-3. f) A
typical molecular arrangement of Ow-H..Cl..H-Ow water-bridge configuration where a single CI
ion participates up to 7 hydrogen bonds with neighbouring water molecules, is presented in the
sub fig- f. K*, CI" and Ow atoms are represented in purple, yellow, and green spheres,
respectively. The Ow atoms lying within the 4 angstroms vicinity of Cl™ ions are highlighted in
red and encapsulated with a transparent sphere.

Force field MD simulations were then carried out for the hydrated ZF-3 system at 400 K
to probe the dynamics of both water and K™ and CI- at longer time scale. These calculations were
performed starting with a minimum energy MC configuration and using the same microscopic
models and parameters used in the MC simulations. It appears that upon hydration, CI~ ions
undergo a translational motion while K* ions show only local displacements around their mean
positions. This is illustrated in Figure 5.13, which reports the positions occupied by these ion
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species over a typical 4 ns range. This is further unambiguously demonstrated by the MSDs plotted
for each ionic species over the MD trajectory (Figure 5.14), which show more significant motions
of CI'vs K*, ~ 200 A% and 10 A? respectively for 4 ns MD run. Furthermore, a moderate magnitude
of the MSD for CI- combined with its non-linear profile over time prevents the assessment of its
self-diffusion coefficient. Indeed, such a dynamics refers to a medium-range mobility rather than
a diffusion process as defined in the Fickian formalism. On the other hand, a quite fast long-range
reorganization of the confined water molecules was evidenced. The corresponding MSD plot
shows a linear regime over time (Figure 5.14). The derived self- diffusivity, Ds of 5.6x10° m2.s™
at 400 K using the Einstein relation [43] is significantly faster than the values usually encountered

for water confined in porous materials.[44-46]

— K

0 500 1000 1500 2000 2500 3000 3500 4000
time / ps

Figure 5.14 - Mean square displacement (MSD) of K*, CI- and Ow atoms calculated from NVT-
MD simulations performed at 400 K for ZF-3 phase in its hydrated state.

A careful analysis of the MD trajectory further revealed that water preferentially forms a
core-shell type configuration assembling up to 7 water molecules hydrogen bonded to a single CI
ion (Figure 5.13). Noteworthy, the chlorine hydration shell is substantially similar to that reported
in solution.[47] This H2O/CI" core-shell reorganizes on very short time scales, ~50% of the water
molecules in the coordination sphere of CI” being exchanged within a 2 ps range (see Figure 5.15).
The dynamics of the Ow...Ow and Ow...Cl" pairs were further assessed in terms of their hydrogen
bond intermittent life times (ti) calculated from the corresponding time correlation functions.[48]
As depicted in Figure 5.16, ti (Ow...Ow) was found to be about twice longer than ti (Ow.. CI") (26
ps vs 10 ps). Interestingly, ti (Ow...Ow) is faster than the value we previously reported for water
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confined in a microporous MOF (47.9 ps for Y-shp-MOF-5 [49]). Such a relatively fast

reorganization of water contributes to the high ion mobility within the ZF-3 porosity.
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Figure 5.15 - Survival probability of core-shell like complexes formed by water molecules
around 4 A of CI ions calculated for 5 ps windows derived from the NVT-MD trajectory
obtained for the ZF-3 hydrated phase at 400 K.
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Figure 5.16 - Comparison of the intermittent hydrogen bond autocorrelation functions for
Ow..Ow and Ow..CIl~ complexes calculated for 100 ps windows derived from the NVT-MD
trajectory obtained for the ZF-3 hydrated phase at 400 K.
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5.4. Conclusion

Besides a good ionic conductivity under humidity, ZF-3 might be a promising candidate to
be integrated in impedance-based humidity sensors. From an electrical point of view, ZF-3 is very
sensitive to water, as shown by the 8 orders of magnitude gap between conductivity values
recorded at the anhydrous and the hydrated states (see Table 5.1, ¢ (363 K/0% RH) = 5.1 x 1010
S.cm™ vs ¢ (363 K/95% RH) = 5.2 x 102 S.cm™). This sharp conductivity change with RH
converges or even more surpasses that recorded for other zeolite or MOFs based devices already
reported in the literature.[28,50-53] Furthermore, the conductivity dependence with RH perfectly
follows the water uptake profile obtained from the volumetric adsorption isotherm (gnFigure
5.17).[20] The excellent correlation between conductivity and volumetric measurements
highlights the good linearity response of ZF-3, one of the characteristics along with the sensitivity,
to be fulfilled for considering ZF-3 with great promises for humidity sens