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Incorporating molecular electrocatalysts into solid support structures combines the best of two 
worlds: their molecular nature allows precise structural tunability for selective and efficient 
conversion of small molecule substrates, while their structural integrity is greatly improved by 
the heterogeneous support matrix to allow for long-term stability and potentially industrial-scale 
applications. Metal-organic frameworks (MOFs) represent a potential class of materials to act 
as viable support scaffolds for hosting molecular catalysts for sustainable energy conversion, 
exhibiting well-ordered porous structures that can support high loading densities of catalyst 
species. The utilization of such heterogeneous electrocatalyst materials then relies on the 
transport of both mass and charge throughout the MOF to sustain electrocatalytic reactions. The 
concomitant transport of charge to activate the embedded catalyst species and mass transport of 
substrate and product molecules, as well as charge-balancing ions, to these activated catalysts 
must all maintain a balance within the framework to optimize the catalytic efficiency of the 
MOF-based material. The aim of this thesis is to explore mass and charge transport behaviors in 
electroactive and electrocatalytic MOF materials to gain insight into the mechanisms for these 
interwoven transport-related processes. 

The first part of this thesis introduces two novel electrocatalytic MOF materials and discusses 
the charge transport behaviors exhibited in each. Potential limitations in mass and charge 
transport processes which could influence the catalytic efficiency of the material are identified 
in each system. The second part of this thesis is centered on discussions of two electroactive 
MOF materials without embedded catalysts to gain a mechanistic understanding of mass and 
charge transport processes. The first of these studies focuses on the influences of imposed 
mass transport properties on the observed charge transport in a MOF, revealing the potential 
for multiple mechanisms of charge transport to be exhibited in one framework. The second 
study presents the mediated charge transport through an electroactive framework to a dissolved 
acceptor species to drive a chemical process, and kinetic analysis of the model pseudo-catalytic 
reaction is discussed. 

The work in this thesis highlights the importance of understanding the influences of mass and 
charge transport in electroactive and electrocatalytic MOFs for understanding the underlying 
mechanisms of these processes. Such knowledge would allow for the optimization of transport 
phenomena and result in more efficient MOF-based electrocatalysts. 
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“We keep moving forward, opening 
up new doors and doing new things, 

because we’re curious… 
and curiosity keeps leading us 

down new paths.” 

-Walt Disney 
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Abbreviations and Symbols 

AcOH acetic acid 
ATR attenuated total reflectance 
bdt 1,2-benzenedithiolate 
BET Brunauer-Emmett-Teller 
bpy 2,2’-bipyridine 
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dcbdt 1,4-dicarboxylbenzene-2,3-dithiolate 
dcpgH2 diphenylglyoxime-4,4’-dicarboxylic acid 
dcphOH-NDI 4,4'-(1,3,6,8-tetraoxo-1,3,6,8-tetrahydro-

benzo[lmn][3,8]phenanthroline-2,7-diyl)bis(3-hydroxyben-
zoic acid) 

DFT density functional theory 
DMF N,N-dimethylformamide 
EDX energy-dispersive X-ray spectroscopy 
EtOH ethanol 
Fc ferrocene 
FT-IR Fourier transform infrared spectroscopy 
FTO fluorine-doped tin oxide 
GC glassy carbon 
H2ase hydrogenase 
HEC hydrogen evolution catalyst 
ICP-OES inductively coupled plasma-optical emission spectroscopy 
LSV linear sweep voltammetry 
MeCN acetonitrile 
MOF metal-organic framework 
NDI naphthalene diimide 
NMR nuclear magnetic resonance 
PCN porous coordination network 
PIZOF porous interpenetrated Zr-organic framework 
PSE post-synthetic exchange 
PSI post-synthetic insertion 
PSM post-synthetic modification 
PXRD powder X-ray diffraction 
SAM self-assembled monolayer 
SBU secondary binding unit 
SEM scanning electron microscopy 
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TEM 
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SA 
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ν 
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sequential linker insertion 
terephthalic acid 
transmission electron spectroscopy 
trifluoroacetic acid 
tetrahydrofuran 
turnover frequency 
turnover number 
University of Oslo 
Uppsala University 
ultraviolet-visible 

initial analyte concentration 
electron hopping diffusion coefficient 
apparent electron hopping diffusion coefficient 
film thickness 
half wave potential 
cathodic peak potential 
peak current 
surface area 
electroactive surface concentration 
reaction-diffusion layer 
scan rate 
dielectric constant 



 

    
  

  
  

    
  
    

    
       

 
  

 
 

  
 
  

   
   

    
 

    
 

     
     

  

  
  

  

 
  

 
  

1. Introduction 

“And what will they burn instead of coal?” “Water,” replied Harding. 
“Water!” cried Pencroft, “water as fuel for steamers and engines! water 
to heat water!” “Yes, but water decomposed into its primitive ele-
ments,” replied Cyrus Harding, “and decomposed doubtless, by elec-
tricity, which will then have become a powerful and manageable force, 
for all great discoveries, by some inexplicable laws, appear to agree and 
become complete at the same time. Yes, my friends, I believe that water 
will one day be employed as fuel, that hydrogen and oxygen which con-
stitute it, used singly or together, will furnish an inexhaustible source 
of heat and light, of an intensity of which coal is not capable[…] Water 
will be the coal of the future.”1 

-Jules Verne, The Mysterious Island 

Written in 1874, Jules Verne envisioned a time where future society would be 
fueled by water, and that the electrochemical splitting of water would provide 
the energy needed for our everyday needs. Almost 150 years later, these words 
are truly resonant when we consider how heavily modern society relies on 
energy, and how our current practices for energy generation and consumption 
affect the integrity of our environment. Energy demands influence nearly all 
aspects of our daily life: transportation, industry, electricity, and heat produc-
tion just to name a few.2, 3 Much of this energy is generated from non-renew-
able fossil fuels, and this poses numerous concerns for the global economy 
moving forward, including: (1) only limited reserves of these fuel sources re-
main4 and (2) their consumption for energy production results in the release 
of greenhouse gases (primarily CO2)5 into the atmosphere, contributing to 
global climate crisis. Our demand for energy is as high as it has ever been, and 
shows no sign of slowing down. Therefore, it is evident that our need for more 
sustainable energy sources (like water split into its constituting elements, hy-
drogen and oxygen) will be vital for society moving forward to both meet our 
burgeoning energy demands while also mitigating deleterious effects to our 
environment. 

To think about how we might meet these energy demands, we may begin by 
examining how the energy needs for natural systems are met. Nature has de-
veloped a host of proteins that are implemented as components in complex 
and intersecting catalytic pathways for the generation and regulation of usable 
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fuel sources. As an example of a system for natural energy production, let us 
consider how plants generate fuels: photosynthesis. During photosynthesis, 
light is absorbed by the plant to drive the conversion of water and CO2 into 
glucose as an energy source6 with the following net reaction: 

6 CO2 + 6 H2O  C6H12O6 + 6 O2 

Several proteins are involved in the photosynthetic pathway which are respon-
sible for the generation and regulation of a number of intermediates and en-
ergy-related products (H+, NADPH, ATP, etc.) as well as the shuttling of each 
intermediate to the next protein in the pathway.6-8 In order to drive these trans-
formations, energy derived from light (photons) and electrons is also required 
with electrons being transported to the appropriate locations via an electron 
transport chain.9 Thus, for photosynthesis to be an efficient system for fuel 
production, both mass and charge transport pathways must be in place to allow 
for delivery of the correct substrates to each protein in the pathway to facilitate 
the necessary chemical transformations that ultimately leads to the production 
of usable energy for the plant. 

Scientists have explored a number of different approaches to find effective 
ways of producing sustainable energy sources.10-15 Some methods focus on 
designing molecular catalysts for energy conversion,16, 17 sometimes inspired 
by nature.18-21 Other approaches focus on solid-state materials such as metals, 
metal oxides, etc. to drive catalytic reactions.22-25 Both of these approaches 
have their advantages and disadvantages: Molecular catalysts are generally 
highly tunable in structure, which makes modifying the catalyst to perform a 
certain (electro)chemical conversion or operate under a particular set of reac-
tion conditions relatively straightforward. However, these molecular species 
tend to be quite fragile and often suffer from poor stability. On the other hand, 
solid-state catalysts are typically rather stable and can be readily employed for 
long-term applications, but are less easily tunable. 

By then designing new materials that combine these two approaches, research-
ers may be able to make use of the advantages presented both by molecular 
catalysts and solid-state catalyst materials. This design strategy presents the 
motivation for the work described in this thesis. Taking inspiration from de-
sign principles presented in natural systems, a blueprint is provided which may 
allow for the preparation of novel synthetic materials that can efficiently cat-
alyze chemical conversions of earth-abundant resources to generate more sus-
tainable fuels, like H2, electrochemically. Interestingly, the development of 
such materials for electrochemical energy production begins to sound like the 
energy future described by Verne almost a century and a half ago. 

14 



 

 
  

   
   

 
 

  

    
  

 
   

   
 

With this intersection of disciplines, however, comes new challenges in how 
to effectively analyze and subsequently tune or improve the new heterogene-
ous platforms. The materials described in this thesis consist of both electroac-
tive and electrocatalytic systems in which both mass and charge transport phe-
nomena may impact efficiencies of either transport behaviors or the catalytic 
performance. This thesis then seeks to understand the relationships concerning 
the functional behavior of these platforms as affected by accompanying mass 
and charge transport phenomena with regard to structural elements (both 
within discrete microdomains and globally) of each unique heterogeneous ma-
terial under consideration. Only through understanding of these transport be-
haviors on a microscopic level will it be possible to recognize how to effec-
tively tune and optimize transport in these and similar systems. It is the goal 
of this thesis to express that having such insight into the behavior all of the 
transport phenomena is necessary for both designing effective heterogeneous 
electrocatalyst materials and tuning all related conditions for sustainable and 
efficient energy production. 

15 



  

 
  

   
    

 

 
 

   
    

   

 
 

    
  

 
 

    

 

  
  

 

 
 

    
  

  
   

 

2. Background 

2.1 Enzymes & Biomimetic Catalysis 

To find inspiration for novel materials for the production of sustainable fuels, 
we need only to look to nature. From the simplest single-cell organisms26 to 
plants27 to mammals28, nature has evolved an ample array of machinery to 
support life by carrying out specific chemical transformations for numerous 
purposes including the synthesis of biological building blocks, storage of en-
ergy, and the generation of usable fuels. 

Nature has created a diverse toolbox of catalysts for producing usable fuels  
for living organisms. These catalysts, proteins called enzymes, house active 
sites that are often located deep within the protein structures. These active sites 
often contain metal centers that participate in catalytic transformations. Catal-
ysis is further influenced by the amino acid residues surrounding the active 
site which are often responsible for directing substrates and products to and 
from the active site. The complexity of these enzymes is vast, but a few key 
features of enzyme structure provide inspiration for beginning to design syn-
thetic catalysts for fuel production: 

1) Enzyme active sites generally employ earth-abundant first row 
transition metals for catalysis. This is ideal as a number of indus-
trial catalysts utilize precious and scarce metals (Pd, Pt, etc.).29, 

30 

2) Catalytic active sites are housed deeply within the enzyme struc-
ture.31 This sequestration provides both a support scaffold for sta-
bility, and helps protect the active site from degradation. Known 
synthetic catalysts generally are developed and studied in homo-
geneous solution conditions, and often suffer from poor long-
term stability. Immobilization in a solid support would likely im-
prove catalyst stability and overall efficiency. This point is ad-
dressed in Chapters 3 and 4. 

3) Substrate access to the active sites is controlled. Channels from 
the enzyme surface to the active sites are lined with specific 
amino acid residues or other chemical functionalities that regu-
late the transport of both substrate and products to and from the 
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catalytic active site.31, 32 This serves to protect the active site from 
degradation or deactivation by exposure to undesired substrates. 

4) The local chemical environment around the active site is very 
well defined by the presence of specific amino acid residues in 
the active site pocket (i.e., the outer coordination sphere32-34). 
Synthetic materials that incorporate biologically-inspired cata-
lysts present the opportunity to control the chemical functionali-
ties located around the ‘active site’ to help tune the catalyst func-
tion, mimicking outer sphere effects. This point is applied for the 
heterogeneous material presented in Chapter 4. 

Points 2) - 4) illustrate the importance of how the environment surrounding 
the catalytic active site, and not just the active site alone, impact the efficacy 
of synthetic biomimetic catalysts. To further corroborate this, much research 
effort has recently focused on mimicking not only the catalytic active sites, 
but also the outer coordination sphere.34-36 By incorporating these synthetic 
catalysts in scaffold materials like hydrogels37, polymers38, and peptidic scaf-
folds39 among various other synthetic organic frameworks, the overall effi-
ciency and stability of the active site models is vastly improved. These results 
indicate for researchers going forward that future synthetic (electro)catalytic 
materials, including those inspired from natural and biologically-derived sys-
tems, must also focus on tuning of the local environment surrounding the cat-
alytic centers to achieve both stable and sustainable platforms for fuel gener-
ation. 

2.1.1 [NiFe] and [FeFe] Hydrogenases 

Nature has developed a collection of enzymes for the efficient and reversible 
transformation of protons and electrons to hydrogen, called hydrogenases. 
These hydrogenases house active sites buried within the enzyme structure40, 41 

that are responsible for the evolution of hydrogen based on the following re-
versible heterolytic mechanism: 

2H+ + 2e- ⇌	 H- + H+ ⇌	 H2 

Hydrogenases are divided into three classes based on the metallic composition 
of their active site: [Fe], [NiFe], and [FeFe].32, 40 The [Fe] and [NiFe] classes 
of hydrogenases are primarily geared towards hydrogen oxidation whereas the 
[FeFe] hydrogenases are very effective proton reduction catalysts.32, 42 The  
aforementioned [Fe] hydrogenase features a mononuclear Fe active site that 
is situated next to a distinct organic cofactor while the latter two feature bime-
tallic active sites located within a specific ligand sphere. These latter two clas-
ses structurally exhibit several similarities. In both classes, the catalytic active 
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site is buried within the enzyme structure in a pocket with specific amino acid 
residues which both coordinate to the active site and control the local chemical 
environment. Substrates and products for catalysis must be shuttled to and 
from the active sites via channels from the enzyme surface. Three such chan-
nels are therefore necessary, and each channel is lined specifically to facilitate 
the transport of electrons, protons, or gas molecules (H2 for example). 

For both the [NiFe] and [FeFe] hydrogenases, a series of iron-sulfur clusters 
shuttle electrons to the active sites32 (Figure 2.1). These clusters are situated 
within the channel at distances of ~11-13Å apart.40 In the case of [FeFe] hy-
drogenases, an additional [4Fe4S] cluster is tethered to the active site via  a 
cysteine linkage at a distance of ~4Å, allowing for fast electron transfer and 
supporting very high turnover rates for H2 evolution. 

Figure 2.1 Structures of a) [FeFe] hydrogenase (Clostridium pasteurianum 
CpI; PDB: 4XDC43) and b) [NiFe] hydrogenase (Allochromatium vinosum; 
PDB: 3MYR44). Active sites and electron transport chain of [FeS] clusters are 
depicted as space-filled models. Structures created with NGL Viewer.45 

Taking hydrogenases as model enzymes for designing new synthetic materials 
for catalysis, it is evident that not only is it important to consider the catalytic 
active site itself, but also the surrounding environment. A substantial amount 
of research has focused on taking synthetic model complexes for both [NiFe] 
and [FeFe] hydrogenases,34 each of which have been studied in homogeneous 
solution, and improve their stability by introducing them into a solid support. 
This strategy presents solutions to two significant difficulties that commonly 
arise when studying the synthetic small molecule complexes alone: 

1) Many of the mimetic model complexes are poorly soluble in water. 
Complex introduction in a support matrix either improves water sol-
ubility or facilitates surface immobilization which ultimately allows 
for interfacial catalytic activity to proceed in aqueous media. 

18 
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2) The activity of native catalytic active sites is modulated by the local 
chemical environment of the outer sphere in the enzyme active site 
pocket. Immobilization of synthetic mimetic complexes allows for 
both catalyst stabilization and chemical control of the local environ-
ment near the catalyst. 

Some examples to introduce synthetic molecular catalysts into support matri-
ces include noncovalent incorporation in hydrogels37 or micelles46, as well as 
covalent integration with resins47, dendrimers48, and polymers38. Furthermore, 
synthetic catalysts have been introduced into peptide scaffolds39 or native hyd-
rogenase apo-enzymes lacking the catalytic active site.49 All of these strategies 
have demonstrated improved H2 evolution activity compared to the molecular 
species alone, highlighting the importance of the outer sphere environment 
around the catalyst for tuning activity and providing stability. 

2.1.2 Transport Phenomena in Nature and Synthetic Materials 
Transport processes are key processes in biological and natural systems to-
wards the production of usable fuel sources. In these systems, electron transfer 
is achieved through electron propagation via a series of redox mediators (for 
example, [Fe-S] clusters in hydrogenases32 and nitrogenases50, quinones and 
cytochrome proteins in plants51 and cyanobacteria52, 53, etc.). Channels in the 
enzyme structure optimized for the mass transport of substrate and product 
molecules also ensure delivery of the designated starting materials to the cat-
alytic active sites and subsequently shuttle the products away. These regulated 
transport events are necessary to both maintain catalytic efficiency as well as 
protect the active site from potentially deleterious interactions that could result 
in deactivation or degradation of the active site complex. Therefore, the influ-
ences of both mass and electron transport should be fundamental factors to 
consider in the design and preparation of novel electrocatalytic materials. 

To facilitate mass and charge transport in synthetic materials, a number of 
different approaches may be considered, starting with the chemical and struc-
tural composition the synthetic platform. The focus of the work presented in 
this thesis primarily centers on charge transport between discrete molecular 
units in a porous synthetic scaffold that also promotes mass transport: metal-
organic frameworks. 
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Metal-Organic Frameworks (MOFs) 
Metal-organic frameworks (MOFs) are a class of highly ordered porous crys-
talline materials that are comprised of polydentate organic linkers that are co-
ordinated to inorganic metal nodes also called secondary binding units 
(SBUs).54, 55 Because they can be prepared from a broad range of different 
nodes and linkers, MOFs represent a class of materials with modular architec-
tures and thus highly tunability.56 Some of the intrinsic characteristics that can 
be finely controlled as a result of MOF modularity include geometry, porosity, 
and local chemical environment.57, 58 This flexibility has made MOFs attrac-
tive materials for a variety of applications including gas storage59, 60, separa-
tion61, 62, imaging63, chemical sensing64, 65, and catalysis.66-69 

For the purpose of this thesis, MOFs represent an ideal class of materials for 
studying the impact of both mass and charge transport in designing novel ma-
terials for electrocatalysis. Because MOFs are highly ordered and porous crys-
talline materials, this indicates that the material architecture has a few inherent 
characteristics that can be well controlled:  

1) MOF pore structures are well defined and can be easily tuned (pore 
space and pore window size) to facilitate the mass transport of both 
substrate and product molecules, as well as counter ions, throughout 
the framework 

2) Individual MOF linkers will be uniformly placed and the distance be-
tween neighboring linkers is known. This also means that the distance 
traveled per electron for charge propagation is known and further in-
formation about the electron transfer kinetics can be deduced 

3) Incorporation of different redox-active species into a single frame-
work is possible, and the potential to drive electrocatalytic processes 
in an otherwise redox-inert system can be realized 

The modularity of MOFs gives rise to a plethora of MOF architectures54, and 
this is demonstrated by the sheer number of literature reports on novel MOF 
materials.70, 71 In this work, four unique electroactive MOF materials are pre-
sented. The first MOF introduced in Chapter 3 is a Zr-based MOF composed 
entirely of H2-evolving cobaloxime catalyst linkers72, the framework of which 
is structurally related to the pyrene-based MOF NU-90173. The second mate-
rial discussed in Chapter 4 is another Zr-based MOF known as PCN-70074 that 
is structurally similar to the UiO-series MOF UiO-6775. This redox-inert scaf-
fold is post-synthetically functionalized with two different redox-active link-
ers: (1) an electron mediator, and (2) a linker that mimics the [FeFe] hydro-
genase active site to generate a dual-functional electrocatalytic MOF. In Chap-
ters 5 and 6, two previously reported electroactive MOFs constructed from 
redox-active naphthalene diimide-based (NDI) linkers with either Zr cluster-
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based76 or Zn2+ SBUs77, 78 are presented as model systems for assessing charge 
transport properties. 

2.2.1 MOF Synthesis and Post-Synthetic Functionalization 
Methods 
In most cases, MOFs are prepared via solvothermal synthesis in which the 
inorganic precursor and organic linker are co-dissolved in an appropriate sol-
vent, sealed in a vial or reaction vessel, and the mixture heated in an oven. 
Generally, a modulating reagent is also added to help control the rate of MOF 
formation by acting as competitive ligands at the metal sites.79, 80 Thus, the 
modulator may have an appreciable effect on MOF crystal formation and 
growth by influencing both the coordination and protonation equilibria.58, 81 

Functional MOFs can often be prepared by direct solvothermal synthesis.73, 82-

84 In this thesis, direct solvothermal synthesis is used to prepare three of the 
MOF materials presented: one composed entirely of cobaloxime linkers as a 
heterogeneous catalyst material for proton reduction72 (Chapter 3), and two 
electroactive NDI-based MOF thin film electrode materials76, 77 (Chapters 5 & 
6). However, some thermally more sensitive functional groups may be incom-
patible with the generally harsh conditions required for MOF preparation 
(high temperature, pH sensitivity, etc.), and therefore cannot be introduced 
directly. Such functional groups can be introduced post-synthetically in a pris-
tine MOF by a number of methods85 including: 

1. Post-synthetic modification (PSM) to a functional handle of a native 
MOF linker. This method may be used to describe the chemical trans-
formation of a pre-existing functional group on a MOF linker, or post-
synthetic metalation of available coordination sites presented on the 
parent MOF linker. 

2. Post-synthetic exchange (PSE) of linkers of similar size in which a 
functional linker replaces a nonfunctional linker in a parent MOF. 

3. Post-synthetic insertion (PSI) of a functional linker into a vacant 
pocket that is already present in a parent MOF structure. 

Schematic examples of each post-synthetic functionalization technique are de-
picted in Figure 2.2. In this thesis, a version of PSI called sequential linker 
insertion (SLI) is used to incorporate two unique functional linkers into one 
parent MOF scaffold to prepare a synthetic material that mimics the structure 
of the [FeFe] hydrogenase active site86, introducing both distinct catalytic and 
electron mediating functions in a single framework87 (Chapter 4). 
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Figure 2.2. Schematic representations for post-synthetic functionalization 
strategies of MOF film structures which also applies to bulk MOF particles. 
Post-synthetic insertion (c) is used for MOF functionalization in Chapter 4. 

2.2.2 Charge Transport in MOFs 
As already expressed, MOFs are an interesting class of materials for catalysis 
for a number of reasons. Their highly regular and modular nature allows for 
precise tuning of various properties, including pore size, topology, and local 
chemical environment. As the individual linker building blocks are molecular 
in nature, each linker unit can potentially host a catalyst,72, 82, 88, 89 contribute 
to the tuning of pore environments,90 or orchestrate charge transport through 
the MOF architecture.76, 77, 83, 84, 91 

Most known MOFs are electrically insulating because they are generally con-
structed from redox-inert components (both linkers and SBUs). To address 
this limitation, much recent work has focused on preparing electroactive 
MOFs that can facilitate charge transport throughout the framework.92-96 
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When preparing electroactive MOFs, two general strategies are employed: (1) 
through-bond approaches in which a continuous path for electron transfer is 
needed, either through designed molecular orbital overlap of the electroactive 
MOF components, or coordination of conducting bridging guest molecules 
(Figure 2.3(a)) and (2) through-space approaches which can be attained 
through π-π stacking of electroactive linkers (Figure 2.3(b)) or electron hop-
ping mechanisms between discrete redox-active centers in the MOF scaffold 
(Figure 2.3(c)). Many electroactive MOFs take advantage of the latter electron 
hopping design (Figure 2.3(c)) which is synthetically the most straightforward 
approach to accomplish with the selection of appropriate redox-active linker 
components.  

Figure 2.3 Examples of some potential approaches to establish charge 
transport routes in the design of novel electroactive MOF architectures. a) 
Through-bond charge transport by coordination of TCNQ (7,7,8,8-tetracyano-
quinodimethane) at open Cu sites in MOF HKUST-1 (Cu3(BTC)2 (BTC3- = 
benzene-1,3,5-tricarboxylate)). b) Through-space charge transport through π-
π stacked linkers in series of MOFs M2(TTFTB) (M = Mn, Co, Zn, Cd; 
TTFTB4- = tetrathiafulvalene tetrabenzoate). c) Through-space transport via 
redox hopping between metalloporphyrin linkers CoTCPP ([5,10,15,20-(4-
carboxyphenyl)porphyrin]Co(III)) in MOF CoPIZA. The electroactive MOFs 
described in this thesis exhibit charge transport via a redox hopping mecha-
nism. Panels a) and b) reprinted with permission from Ref [92]. Copyright 
(2016) John Wiley and Sons. Panel c) reprinted with permission from Ref 
[82]. Copyright (2014) American Chemical Society. 

Charge transport via redox hopping is best described as a series of electron 
self-exchanges between adjacent redox-active centers paired with the diffu-
sion of counter ions through the framework to maintain charge neutrality.94, 97, 

98 Considering that each redox-active center is periodically spaced throughout 
a MOF architecture, each electron hopping step will occur over an associated 
time step. Also, as a MOF is periodic, the electron can ‘hop’ to any of its 
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nearest neighbors (be it another linker or SBU depending on the MOF com-
ponents). Considering these electron hops do not proceed in a predetermined 
path, the resulting ‘random walk’ behavior then may be formally described as 
diffusion of charges through the framework.94, 95, 99 

For understanding the diffusion of charges in self-exchange reactions, 
 and Ruff101-103 Dahms100 first proposed expressions for the rate of charge 

transport by the diffusional translation of charges between individual molec-
ular units in aqueous and organic solutions, respectively. This was further in-
terpreted by Buttry and Anson104, Andrieux and Savéant105, as well as Bard106, 

107 in relation to charge transport in redox-active polymers in which the place-
ment of the redox-active units are fixed. This situation is heavily analogous to 
the cases regarded for redox hopping in MOFs.93-95 Considering that if a MOF 
is constructed from redox-active linkers, as is the case for the materials pre-
sented in this thesis, the electroactive components should have defined place-
ments in a MOF structure, so the distance an electron must travel for each 
‘hop’ is approximately known. Because MOFs, like redox polymers, are het-
erogeneous materials, the charge transport behavior is most easily assessed 
when the material is immobilized at an electrode surface. The ensuing discus-
sions related to both charge and mass transport are then framed for considering 
transport in surface-immobilized films, but it should be noted that these prin-
ciples still apply for evaluating mass and charge transport phenomena in indi-
vidual MOF particles.108 

Similarly to the cases exhibited in redox polymers, charge hopping through 
MOF films involves both the forward self-exchange of electrons at redox ac-
tive centers from the electrode surface throughout the film coupled with the 
diffusion of counter ions into the film from the solution-film interface to main-
tain charge neutrality.94, 95, 97 The overall observed charge mobility can be de-
scribed as a diffusive process that follows Fick’s Law. As such, the global rate 
of diffusive charge transport via electron hopping can be simply related to an 
associated diffusion coefficient97, 99, 109 ( ): 

    (2.1) 

where ke is the electron self-exchange rate constant, C0 is the concentration of 
the electroactive species, and δ is the distance between redox-active sites. The 
electron hopping behavior exhibited in redox polymer films, as well as redox-
active MOFs, then is quite similar to that of a freely-diffusing species in solu-
tion in which the charged molecules move away from the electrode. The con-
centration change of electrochemically reduced units through the film thus es-
tablishes a gradient that mimics that of freely diffusing species from the elec-
trode surface through the film that obeys Fick’s Laws of diffusion.108 
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To accurately assess the diffusional charge transport behavior of electroactive 
MOF materials, the associated influences of mass transport phenomena must 
also be taken into consideration. Without the presence of counter ions in the 
framework to maintain electroneutrality and stabilize the reduced/oxidized 
linker sites within the MOF architecture, electron hopping would be halted 
and the majority of redox-active linkers could not be electrochemically ac-
cessed.91, 110, 111 Diffusion of ions from the solution-film interface therefore 
supplies the requisite counter ions in the MOF pore spaces to maintain charge 
neutrality and to permit charge propagation. Here, a number of factors can 
contribute to mass transport and affect the observed charge hopping in MOF 
materials, including ion pairing111, 112, rate of ion transport111, and ion concen-
tration110 . Equation 2.1 describes a simplified scenario for globally evaluating 
electron self-exchange reactions by considering that both charge and mass 
transport phenomena are strictly diffusional in nature and that no other molec-
ular interactions (like ion pairing or linker-linker interactions)109, 113 or field 
effects (like electromigration)114 occur. This idealized situation is highly un-
likely under experimental conditions, and as a result, a more detailed picture 
must be considered for evaluating diffusion-like charge transport that takes 
into account these additional external factors. A more thorough explanation 
regarding the influences of certain mass transport properties on the observed 
charge transport is discussed further in the following sections and is the pri-
mary focus of the work present in Chapter 5. 

One of the motivations for designing and understanding electroactive MOFs 
is to be able to prepare effective MOF materials for electrocatalysis. Under-
standing the necessity of both mass and charge transport phenomena addresses 
the need for counter ions in an electroactive film108, 115, but in the case of elec-
trocatalysis, the added electrochemical reaction affords an additional layer of 
complexity. Now, in addition to the diffusion of charges and counter ions, both 
the requisite substrate for catalysis and the product generated from an electro-
catalytic reaction are also present and diffusing in the framework. The added 
mass transport associated with the electrocatalytic reaction then introduces re-
action-diffusion to the MOF system along with the charge transport and coun-
ter ion transport already considered.108, 115 Thus, transport processes consid-
ered for MOF-based electrocatalysts is more complex than the overall mass 
transport observed in solely redox-active MOF systems. This added complex-
ity poses significant challenges in ascertaining kinetic information for cata-
lytic reactions occurring in MOF materials, and to date very little is under-
stood regarding the unique kinetic parameters of MOF-based electrocatalysts. 
These three transport phenomena (charge transport originating from the elec-
trode throughout the framework, substrate/ion diffusion originating from the 
film/solution interface, and reaction-diffusion within the MOF)108, 115-117 must 
all then be considered for any models in which accurate kinetic information is 
to be derived for MOF-based electrocatalysts. A few recent reports of kinetic 
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models for evaluating electrocatalytic films from Costentin and Savéant115, 118, 

119 108 , and more recently for electrocatalytic MOFs from our group , begin to 
touch upon the complexity for determining true and unperturbed kinetic pa-
rameters for these systems. 

Figure 2.4 Schematic illustration depicting charge and mass transport phe-
nomena in an electrocatalytic MOF film. Mass transport may describe the flux 
of counter ion, substrate, and product molecules in the framework.  

A schematic representation of the transport phenomena to be considered in an 
electrocatalytic MOF film is shown in Figure 2.4. Here, a reaction-diffusion 
layer (defined as δrxn) is identified which represents the catalytically-active 
portion of the film.108, 116 Within this layer, two criteria to facilitate catalysis 
must be met: (1) imbedded catalysts are activated by charge transport from the 
electrode and (2) substrate molecules for catalysis are present via mass 
transport from the solution-film interface. With the addition of a reaction-dif-
fusion layer in the MOF, a few additional parameters must be taken into ac-
count when assessing all of the transport phenomena occurring in an electro-
catalytic MOF film. One feature to consider in the case of MOF films is the 
film thickness df.94, 95, 108 In the case of thinner MOF films, the distances for 
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all transport events is relatively small (few charge hopping steps, short dis-
tances for mass transport, etc.) and it is evident that all layers of the MOF film 
could easily be accessible for all transport phenomena. Therefore, for thin 
MOF films, even if electron hopping is slow, the reaction-diffusion layer can 
occupy the entire MOF film (δrxn = df), and all electrocatalyst units incorpo-
rated into the framework can be accessed. For thicker MOF films, it is possible 
that one or more of the transport phenomena can then become limiting such 
that the entire MOF film cannot be utilized for electrocatalysis (δrxn ≠ df). In 
this case, δrxn for the desired electrocatalytic reaction will localize to a fraction 
of the film where there is both sufficient charge supplied by electron hopping 
transport from the electrode and sufficient substrate provided by mass 
transport into the MOF film to drive the electrocatalytic reaction. Therefore, 
for optimizing MOF-based electrocatalyst materials, prudent design and con-
trol of physical material parameters like film thickness is essential to be able 
to access as many of the incorporated catalysts as possible to prepare the most 
efficient MOFs. 

The film thickness dependence discussed above is largely related to the mass 
transport within an electrocatalytic MOF film as this influences the diffusion 
of substrate and counter ion molecules into the film as well as product mole-
cules in the opposite direction back toward the bulk solution. Therefore, con-
sideration for the rate of charge transport in electrocatalytic MOF materials, 
in which the electrons are being utilized to drive a reaction, must also be taken 
into account to determine where the reaction-diffusion layer will be present. 
This characteristic can be probed by altering the scan rate (ν) in an electro-
chemical measurement94, 95, 108, 115, 120, effectively increasing (for slow scan 
rates) or decreasing (for faster scan rates) the timescale for diffusion-like elec-
tron transport in the film to effectively drive a catalytic reaction. Generally, 
for cases in which electron hopping is fast, sufficient charge transport to ac-
cess a majority of the embedded catalysts in a film is more readily attained. In 
this case, mass transport is more likely to be a limiting parameter. Conversely, 
if electron hopping is slow, charge propagation from the electrode through the 
film is sluggish, and the electron hopping diffusion layer is likely confined 
within the film close to the electrode surface. By applying slower scan rates 
under non-turnover conditions, the timescales allowed for electron hopping 
charge transport is extended so that more embedded catalysts can be electro-
chemically accessed to potentially encompass the whole film. More specific 
details regarding the utility of variable scan rate analysis will be discussed in 
the following section centered on cyclic voltammetry applied to the electro-
chemical analysis of MOF-based electrocatalyst materials. 
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2.3 Characterization Techniques & Analysis Methods 
For the characterization of MOFs, a variety of techniques are commonly used 
to analyze various properties. Among these, methods to verify specific physi-
cal, chemical, and functional characteristics are necessary for comprehensive 
characterization. Concerning the physical material characterization, powder 
x-ray diffraction (PXRD) is used to verify crystallinity, Brunauer-Emmett-
Teller (BET) analysis measures both specific surface area and porosity, and 
scanning electron microscopy (SEM) can be used to visually verify MOF mor-
phology. For chemical characterization, 1H NMR of digested MOF samples, 
FT-IR, SEM with energy-dispersive x-ray analyzer (SEM-EDX), and ele-
mental analysis (in this thesis, ICP-OES) are used to determine chemical com-
position of MOF materials. 

For the MOF materials prepared in this thesis, a number of different functional 
linkers with well-defined redox properties are incorporated into MOF archi-
tectures either via direct solvothermal synthesis or by post-synthetic linker in-
sertion. Analysis methods for clearly demonstrating both the presence and 
chemical integrity of all functional linkers incorporated into the MOFs as well 
as investigating the electrochemical behavior of the final functional MOFs are 
thus critical to understand the charge transport. In this thesis, analysis by 1H 
NMR and FT-IR spectroscopy are useful techniques for confirming linker in-
tegrity, and is particularly valuable for both verifying and quantifying linker 
insertions in Chapter 4. In all of the following chapters, electroanalytical 
methods are used to assess the redox behavior of the electroactive and elec-
trocatalytic MOFs discussed, allowing for detailed investigations of both mass 
and charge transport phenomena that occur in these frameworks. The follow-
ing sections describe the principles of the electrochemical methods in further 
detail. 

2.3.1 Electrochemical Analysis 
To gain a deeper understanding of the electron transfer processes in the elec-
troactive MOF materials prepared in this thesis, electrochemical analysis by 
cyclic voltammetry (CV) and chronoamperometry have been used. These 
techniques allow for the evaluation of mass and charge transport in the elec-
troactive MOFs in this thesis, so the next several sections are dedicated to 
describing the specifics for experimental setup and variable parameters as well 
as interpreting experimental results. 

28 



 

 
    

 

 
  

 
  

  

  
  

    
 

 
 

 
 

  

 

 

 
 

 
  

 

CV Experimental Setup and Analysis 

In a typical CV experiment, a three-electrode setup is employed, featuring a 
reference, counter, and working electrode121, 122 (Figure 2.5). A known poten-
tial is then applied to the working electrode and swept linearly towards a sec-
ond known potential. At this point, the potential sweep is reversed and contin-
ues until terminated, often when the potential arrives at the value initially ap-
plied. What is measured during this potential sweep is the current passed at 
the working electrode. The data obtained from this experiment is a plot of the 
applied potential (E) vs. the measured current response (I), called a voltam-
mogram. The peaks observed in the resulting voltammogram correspond to 
the reduction (potential scanned negatively, or cathodically) or oxidation (po-
tential scanned positively, or anodically) of the analyte at the electrode sur-
face. In the most general cases, features in a voltammogram correspond to 
simple reversible one-electron processes that are described by: 

A + e- ⇌	 B 

If both species A and B are stable over the course of the experiment, it is 
expected that the observed current response would be proportional to the con-
centration of B (product) generated by the reduction of A (substrate), consid-
ering a cathodic sweep. 

Figure 2.5 Representation of a standard 3-electrode setup used for electro-
chemical analysis. Note: Figure not drawn to scale. 

For analysis of redox-active or electrocatalytic MOFs by CV, the analyte is 
generally a surface-immobilized material. Thus, the concentration of electro-
chemically addressable material is constant over the course of a forward and 
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reverse potential sweep in a CV experiment. As a result, the shape of the meas-
ured CV (i.e. the current response) can be used to determine the chemical re-
versibility of redox-addressable MOF-immobilized species. If the areas under 
the cathodic and anodic peaks are roughly equivalent, this indicates that the 
same concentration of redox-active species participate in the electron transfer 
events in the surface-mounted MOF material, and the redox events are chem-
ically reversible.121 If these two corresponding features are uneven, this sug-
gests either the irreversibility of the redox event in question or the occurrence 
of a few potential scenarios involving additional mass or charge transport in-
fluences.121 In the theoretical case of electron mediation from an electroactive 
MOF linker to another unique electron acceptor (like a catalyst, or substrate) 
either embedded in the MOF or dissolved in the electrolyte solution, this ad-
ditional electron transfer event occurs outside of the simple one-electron re-
duction/oxidation process (additional irreversible reaction or catalysis, for ex-
ample). As a result, a decrease in the current response for the redox couple in 
question would be observed in the return scan.123 

For considering electrochemical reversibility, the behavior of a particular re-
dox event (considering here a one-electron process: A + e- ⇌ B with a formal 
potential Eo’) at equilibrium should obey the Nernst equation121, 122 (2.2): 

ln
| |

 (2.2)
 | | 

Where E is the electrochemical potential of the cell, R is the universal gas 
constant, T is the temperature, F is Faraday’s constant, and |A|, |B| are the 
concentrations of the oxidized and reduced species, respectively. For a freely 
diffusing analyte, the observed peak separation of an electrochemically re-
versible redox pair should be ~57 mV at 25°C.122, 124 For surface-immobilized 
species, as is the case of the MOF materials present herein, no peak separation 
should in principle be observed for redox couples as the analyte cannot phys-
ically diffuse to and from the electrode surface. However, considering that 
MOFs have more 3D architecture that a simple monolayer of adsorbed analyte 
molecules, electron hopping can occur between electroactive sites in a diffu-
sive manner, thus allowing for peak separations to be observed when analyz-
ing these surface-immobilized materials. These peak separations can also be 
affected by the CV scan rate which may be used to diagnose interfacial elec-
tron transfer behavior from the electrode to the immobilized MOF.82, 125, 126 

Chronoamperometry 

Chronoamperometry is another electrochemical analysis technique which is  
defined as a controlled potential experiment. A typical chronoamperometry 
experiment utilizes the same three-electrode setup as for CV experiments, but 
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differs in the applied potential to the electrochemical cell. Here, a known po-
tential is applied to the working electrode and held at a constant potential for 
a defined amount of time while recording the current response as a function 
of time.121 This can be repeated for multiple potential ‘steps’ where the applied 
potential is stepped to a new potential to prompt reduction/oxidation of the 
analyte. These chosen potentials are generally determined from CVs taken of 
the analyte prior to controlled potential experiments to focus on certain redox 
events. Considering a homogeneous analyte O, the recorded response to a po-
tential step generally manifests as a spike in current directly after the potential 
step corresponding to the reduction/oxidation of the analyte near the electrode 
surface. For diffusion-controlled systems like an unstirred homogeneous so-
lution, the current response then begins to decay until no further change in 
current is observed, indicating complete reduction/oxidation of all analyte spe-
cies O accessible in the diffusion layer near the electrode. This time-dependent 
current response (i(t)) can be related to the diffusivity of the analyte O in the 
homogenous system by the Cottrell relationship121: 

 	 
√

√
 (2.3) 

where n is the number of electrons transferred, F is Faraday’s constant, SA is 
the surface area of the electrode,  is the initial concentration of the analyte, 
and  is the diffusivity of the analyte O. When charge transport in a heteroge-
neous material is under diffusion control (as it has been demonstrated for de-
scribing redox hopping charge transport in various electroactive MOFs)72, 76, 

82, 89, 91, 125, 127, 128, adaptations of Cottrell analysis can be used to extract diffu-
sion coefficients related to diffusive electron hopping ( ) in the material.94, 

95 It should be stressed again that under typical experimental conditions, influ-
ences on diffusive charge transport in electroactive MOFs from other non-
diffusion controlled variables (like ion pairing and electromigration) can result 
in deviations from this ideal scenario detailed for determination of diffusivity 
in homogeneous systems. Thus, when considering experimentally determined 
values for electron hopping diffusion coefficients ( ) in MOF-based systems, 
it is more accurate to describe these measured values as apparent diffusion 
coefficients ( ) which take into consideration the influence of these exter-
nal phenomena.108 

Chronocoulometry is an analogous method to chronoamperometry, but relates 
the accumulated charge (i.e. integrated measured current response) with re-
spect to time over the course of a potential step experiment. For surface-im-
mobilized analytes, exhaustive reduction/oxidation can lead to the determina-
tion of the total concentration of redox-addressable species at the electrode.121 

This is an important parameter for both assessing the accessibility of redox 
sites for electrode-mounted MOF materials as well as for determination of 
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redox hopping diffusion coefficients by Cottrell analysis. Determination of 
apparent diffusion coefficients for evaluating charge transport in electroactive 
MOFs by Cottrell analysis has been employed in a number of recent reports72, 

76, 82, 126, 128, 129 and is also applied extensively in Chapter 5. For the sake of 
clarity, a more complete description for determination of  values is elab-
orated on below. 

Electrochemical Analysis of Surface-Immobilized MOF Materials 

When interpreting recorded CVs for electrode-supported solid materials like 
the dropcasted individual MOF particles (Chapter 4) or solvothermally-grown 
MOF thin films (Chapters 3, 5, 6) presented in this thesis, several comparisons 
may be made to the analogous homogeneous species to assess the immobilized 
redox-active units. For example, the midpoint potentials of the recorded redox 
couples for the MOF-immobilized linkers, if they maintain their molecular 
nature when embedded in the MOF, would likely be quite similar to that of 
the linker recorded in homogeneous conditions, allowing for quick diagnostic 
information on the electrochemical integrity of the MOF-supported redox cen-
ters.95 Some small shifts in the observed potentials or peak separation for re-
dox-addressable linkers may be observed relative to the homogeneous species 
due to some electronic effects of the local environment in the MOF pore 
spaces, and indeed this has been observed in several examples of both electro-
active and electrocatalytic MOFs.72, 77, 87, 88 

Though some parallels to the electrochemical behavior of the discrete redox-
active building blocks of a MOF can be made, more prudent electrochemical 
analysis of these materials presents a few added complications. Compared to 
the analysis of the corresponding homogeneous species or even surface-ad-
sorbed monolayers of the same redox-active components, both the physical 
structure and electronic effects imposed by incorporation of redox centers in 
a MOF architecture have a perceivable influence on the charge and mass dif-
fusion behavior as well as the measured electrochemical response of MOF 
materials. To probe these specific effects, a few of the experimental methods 
and parameters employed for analysis of electroactive MOF materials can be 
used to gain a better understanding of the particular influences of both charge 
and mass transport phenomena for a particular MOF system. Some of these 
methods are discussed in the following sections. 

Repeated CV Cycling: Conditioning of MOF Films 

The redox behavior observed in consecutive CV scans of a surface-immobi-
lized MOF material may be used to give some insight into the overall stability 
of the material as well as some of the charge transport characteristics. Con-
cerning stability, this may refer to the strength of the physical attachment of 
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the MOF-material to the electrode (poor or weak attachment may result in 
delamination of the MOF from the electrode surface during CV cycling) or to 
the chemical stability of the redox centers in the MOF material (redox events 
are irreversible, or there are redox features that are present in early scans but 
absent from all subsequent scans, indicating potential deactivation).95 If the 
electrode-mounted MOF material is both well adhered and stable to CV cy-
cling, successive scans should exhibit redox features that overlap with all pre-
vious and subsequent scans. It is often observed that the measured current re-
sponse during a CV sweep of a MOF-modified electrode either increases76, 77 

or decreases77, 125 with each subsequent scan until a plateau is reached. This 
can be explained by considering two different scenarios. In one example of a 
thin film of the Zr-based MOF UiO-67 postsynthetically functionalized with 
[Ru(tpy)(dcbpy)OH2](ClO4)2 (tpy= 2,2’:6’2”-terpyridine, dcbpy = 5,5’-dicar-
boxy-2,2’-bipyridine), a marked decrease in current was observed for the first 
several CV scans before stabilizing to present overlapping CVs for all subse-
quent scans125 (Figure 2.6). It was proposed that this observed initial current 
decrease could be attributed to the detachment of loosely associated MOF par-
ticles during the first few CV scans. Only the well-attached particles would 
then remain at the electrode surface and the observed current response for all 
ensuing scans would remain steady. Considering the opposite trend, it is pos-
sible to also observe a steady increase in current response for redox-active 
MOF materials before a plateau is finally reached. This is the case observed 
for the first 50 CV scans of a Zr-based NDI MOF grown as a thin film directly 
on an FTO surface (Zr(dcphOH-NDI)@FTO)  before reaching a maximum 

Figure 2.6. Example of decreasing current response observed during the first 
CV scans of MOF thin films of UiO-67 on FTO postsynthetically functional-
ized with [Ru(tpy)(dcbpy)OH2](ClO4)2. (a) First few CV scans showing sig-
nificant decrease of RuIII/II couple. CV Conditions: 0.1 M KCl (aq), pH = 6.2 
(b) First 20 CV scans of MOF film coated with Nafion to prevent particle 
detachment during CV cycling and maintain current density. Conditions: 0.1 
M KNO3 (aq), pH = 6.2. Scan rate = 100 mV s-1 for both panels. Adapted with 
permission from Ref [125]. Copyright (2017) Royal Society of Chemistry. 
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current density in all subsequent scans76 (Figure 2.7). This trend, called “con-
ditioning”77, 95, is indicative of slow counter ion diffusion into the film required 
to balance the charges generated by the reduced redox centers under applied 
potential and ultimately to promote further charge propagation. Essentially, 
electron hopping is hindered in the initial CV cycles until electroneutrality at 
the reduced redox sites can be established by the presence of a sufficiently 
high local concentration of counter ions in the pore environment by diffusion-
migration of electrolyte (i.e., mass transport) into the porous framework. 

Figure 2.7. a) Representation of NDI-based MOF Zr(dcphOH-NDI). b) Con-
secutive CVs of a MOF thin film Zr(dcphOH-NDI)@FTO showing increasing 
current response observed during CV cycling. CV Conditions: 0.8 M KPF6 in 
DMF. Voltammogram shows the first several CV scans recorded at a scan rate 
of 100 mV s-1. Adapted with permission from Ref [76]. Copyright (2018) 
American Chemical Society. 

To minimize these conditioning effects, a few potential solutions could be em-
ployed: 1) change the electrolyte to a smaller counter ion which may be able 
to more easily diffuse through the MOF pores, 2) decrease the film thickness 
of the MOF film to shorten the distance for counter ion diffusion to reach all 
layers of the MOF film, or 3) keep the MOF film solvent swelled at all times 
to prevent collapse of the film structure to optimize available paths for diffu-
sion of solvent and electrolyte molecules within the pore spaces, and to avoid 
potentially restricted MOF access by surface barriers that are caused by sur-
face MOF collapse.93-95 

Scan Rate Dependence: Diffusion-Controlled vs. Surface-Confined Processes 

As discussed above, various examples of electroactive MOF materials exhibit 
an electron hopping mechanism to facilitate charge transport. To understand 
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the kinetic behavior of this redox hopping process, analysis of CVs at varying 
scan rates can provide some insight. The relationships observed between scan 
rate (ν) and peak current (ip) for a redox couple may be used to diagnose if 
redox hopping is diffusion-controlled or surface-confined on the timescale of 
the experiment.94, 95 If a linear relationship is observed between the measured 
ip relative to ν 1/2, this is indicative of a diffusion-controlled regime for redox 
hopping, and ip should obey the Randles-Sevcik equation121 (2.4): 

  	0.446  (2.4)
 

Alternatively, if a linear correlation is observed between the measured ip rela-
tive to ν, redox hopping is surface-confined and ip will then adhere to the fol-
lowing relationship121: 

    (2.5) 

where n is the number of electron transferred (generally, n = 1), F is Faraday’s 
constant, SA is the surface area of the electrode,  is the apparent diffusion 
coefficient for electron hopping charge transport, R is the universal gas con-
stant, T is temperature, and ΓA is the amount of electroactive species adsorbed 
onto the electrode (generally describing an adsorbed monolayer, though here 
refers to the electroactive surface concentration). 

An interesting observation in scan rate dependence studies of electroactive 
MOFs is that both of these redox hopping regimes may be exhibited by the 
same MOF material. In one such example, a separate report of MOF thin films 
of UiO-67 functionalized with [Ru(tpy)(dcbpy)OH2](ClO4)2 (tpy= 2,2’:6’2”-
terpyridine, dcbpy = 5,5’-dicarboxy-2,2’-bipyridine) were prepared and stud-
ied as a potential catalytic platform for electrochemical water oxidation.127 

UiO-67 is an inherently insulating MOF, and incorporation of the redox-active 
catalyst [Ru(tpy)(dcbpy)OH2](ClO4)2 improves the overall conductivity. It 
was found that with a lower concentration of the [Ru(tpy)(dcbpy)OH2]2+ com-
plex incorporated (6.3 x 10-11 mol cm-2) in the MOF, surface-confined redox 
hopping predominates and the peak current attributed to the RuIV/II redox cou-
ple is linearly proportional to ν (represented by a double log plot with a slope 
of ~1) (Figure 2.8(c)). This observation is attributed to the fact that when the 
total percentage of redox-active species is small, few potential pathways exist 
for sufficient charge propagation to occur, so uniform diffusion of charge is 
not possible. This also implies that only metallo-linkers in close proximity to 
the electrode surface are electrochemically accessible and Ru-centers located 
more deeply within the MOF crystals/film are likely electrochemically 
dormant. When the total percentage of electroactive species is increased (i.e., 

35 

https://experiment.94


  

 
 

   
 

    
 

    
 

    

 

    
   

    

      
  

 
 
 

 
  

higher loading of the Ru catalyst in UiO-67 films, 3.5 x 10-9 mol cm-2), more 
pathways to facilitate charge transport are present in the film, and diffusion-
controlled charge hopping becomes the predominating regime in which the 
observed peak current is linearly proportional to ν1/2 (represented by a double 
log plot with a slope of ~0.5) (Figure 2.8(d)). Such a scenario may be thought 
of as overcoming a percolation threshold where charge transport between dis-
crete redox-active sites may then exhibit diffusion like behavior.130 The MOF 
materials presented in Chapters 3, 4, and 6 exhibit transitions in peak current 
proportionality from to ν to ν1/2 with increasing scan rates, and these examples 
will be discussed further within these chapters.  

Figure 2.8. (a) Structure of UiO-67 with [Ru(tpy)(dcbpy)OH2]2+ complex in-
corporated. (b) CVs at multiple scan rates (from 10 – 1000 mV s-1) of UiO 
film on FTO with [Ru(tpy)(dcbpy)OH2]2+ incorporated showing RuIV/II cou-
ple. CV Conditions: 0.1 M LiClO4 (aq), pH = 3.5 (c) Double log plot of log(ip) 
v. log(ν) for low Ru complex loading. Slope of ~1 indicates linear correlation 
between ip and ν. (d) Double log plot of log(ip) v. log(ν) for higher Ru complex 
loading. Slope of ~0.5 indicates linear correlation between ip and ν1/2. Adapted 
with permission from Ref [127]. Copyright (2017) John Wiley and Sons. 

Electrolyte Medium Influences: Mass Transport and Ionic Effects 

In a typical homogeneous CV or controlled potential experiment, an analyte 
is dissolved in an appropriate solvent along with an excess of a supporting 
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electrolyte.121, 122 The electrolyte serves to both increase the conductivity of 
the solution and also to minimize migration of the analyte species near the 
electrode surface during the time course of a given CV scan.122 For the analy-
sis of electroactive MOF materials, the selection of the electrolyte can have a 
marked impact on the electrochemical response of the MOF.94, 95 For example, 
considering just the choice of supporting electrolyte, the selection of the 
charge-balancing counter ion must be able to permeate the framework to ac-
cess and stabilize the reduced/oxidized redox centers within the discrete mi-
croscopic pore environments throughout the MOF.131 Ideally, these counter 
ions are able to diffuse freely in the MOF and do not exhibit significant inter-
actions with framework components (like ion pairing with the reduced/oxi-
dized linkers) that could hinder mobility. If it is the case that the counter ion 
can engage in such ionic interactions, the extent of this ion association could 
also be affected by the properties of the solvent medium91, 132 and further in-
fluence counter ion diffusion and mobility in the framework.  

To understand the impact of mass transport phenomena on the observed 
charge transport in electroactive MOF materials, it would be prudent to con-
sider an apparent diffusion coefficient ( ) describing the electron hopping 
charge transport behavior with regard to various influences of the mass 
transport properties imposed by the electrolyte medium.108 Considering elec-
troactive MOF films under applied potentials, the diffusion of charge-balanc-
ing counter ions into the film from the film/solution interface as  well  as  
throughout the porous framework is required to support electron transport to 
all electrochemically-addressable redox centers. It follows that the rate of 
counter ion flux in the framework thus will impact the affiliated rate of elec-
tron hopping.93, 111, 131 The rate of counter ion flux can be affected by several 
characteristics, including: 1) ionic radius of the counter ion133, affecting the 
physical ability of the ion to permeate the porous framework, and 2) ion mo-
bility111 by diffusion and/or electrostatic migration (the flux of ions in re-
sponse to an electric field)97 which may be further affected by the magnitude 
of ion-linker interactions (for example, by strong ion-pairing113). These poten-
tially numerous influences on mass transport phenomena can significantly af-
fect the charge transport mechanism such that this process may not be entirely 
diffusional in nature (for example, ion-coupled electron transfer134, 135). Thus, 
an apparent diffusion coefficient includes considerations for potential influ-
ences on the observed charge transport from any non-diffusion controlled pro-
cesses. This allows for a more accurate interpretation of diffusional charge 
transport by considering that not all contributing mass and charge transport 
processes are solely diffusional in nature, thus leading to more detailed inves-
tigations and explanations of the microscopic transfer processes and specific 
mechanistic pathways for electron hopping charge transport. 

37 

https://hopping.93


  

 
  
   

       
  

   
 

  
    

    
   

     
 

 
 

  
   

  

 
 	 	                 
 

  
   

  
 

    
 

   
 

 
     
 

               

 
    

 
   

Potential Step Measurements: Extracting Diffusion Coefficients for Redox 
Hopping Charge Transport 

Understanding diffusional charge transport behavior in electroactive MOF 
films has recently become a subject of interest for functional MOF materi-
als.94, 95, 108, 132 From various recent studies, the  for electron hopping is 
experimentally determined and used to assess the observed charge transport 
behavior of an electroactive MOF. Changes to  for a given MOF material 
can also be used to evaluate influences on charge transport behavior associated 
with a number of variable experimental parameters including: percentage of 
redox-active linkers incorporated in the framework127, 128, 130, film thickness136, 
or changes to the components of the electrolyte solution (i.e. selection of sol-
vent91 or charge-balancing counter ion76, 111, 133, concentration of electrolyte110 , 
etc.).  can be experimentally determined by several methods, including 
chronoamperometry. 

In order to find experimental values of  , the total surface concentration 
of redox-addressable redox centers must be known. This can be achieved by 
exhaustive reduction/oxidation of the film for the redox event of interest 
where the total amount of charge passed (integrated current response) is given 
by121: 

   (2.6) 

where Q is the total charge passed, n is the number of electrons transferred, F 
is Faraday’s constant, SA is the surface area of the electrode, and Γe is the elec-
troactive surface concentration of redox centers. Only Γe is unknown after ex-
haustive reduction/oxidation, and can thus be found for the MOF film. 

Having measured Γe for the MOF sample,  for electron hopping charge 
transport can be determined by considering a plot of the measured time-de-
pendent current density j(t) v. t1/2. For short time transients soon after the po-
tential step, charge transport should be under semi-infinite diffusion condi-
tions95, 121, where the electron hopping diffusion layer is smaller than the total 
film thickness df. Where these condition hold, the resulting plot will display a 
linear trend for of j(t) v. t1/2.  can then be found directly by considering 
the Cottrell relationship: 

 	  (2.7)
√  

where Γe / df = C0 (defined in the analogous homogeneous case in the case of 
Equation 2.3), describing the molar concentration of electroactive species in 
the film. This method for  determination represents a refinement to the 
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simplified expression of assessing diffusional charge transport presented in 
Equation 2.1 by accounting for effects of not strictly-diffusional mass or 
charge transport influences for electron hopping in the framework. Thus, for 
accurate interpretations of experimentally determined  and the electron 
hopping mechanism in electroactive MOFs, an understanding of the local 
transport events is important. For example, Morris et al recently reported an 
analysis method for single MOF particles for determining unique diffusion 
coefficients related solely to either counter ion diffusion or electron hopping 
charge diffusion between incorporated metallocene groups in the pyrene-
based MOF NU-1000.111 Three distinct regimes are reported with different 
limitations related to both mass and charge transport phenomena. Therefore, 
careful assessment and interpretation of data acquired from all electrochemi-
cal analysis techniques is important to paint a more complete picture of the 
microscopic transport events within a porous framework and allude to the spe-
cific transport mechanisms for the system at hand. This understanding ulti-
mately provides the foundation for more precise interpretation of the measured 
values of , leading to a comprehension of how to tune the transport phe-
nomena to optimize these transport events and thus the performance of the 
electroactive MOF material for a chosen application. 

2.4 Outline for Thesis 
In the present landscape of electroactive MOF materials, the influence of in-
ter-related mass and charge transport phenomena on the mechanism of elec-
tron hopping behavior is still not well understood. Furthermore, understanding 
of how these transport phenomena affect the efficacy of MOF materials for 
applications in electrocatalysis is largely unknown. It is clear that a number of 
factors may influence charge transport behavior, including mass transport 
characteristics, the scan rate of applied potential sweeps, and the concentra-
tion, distribution, and spacing of redox-active components in a MOF material 
just to name a few. In this thesis, both electroactive and electrocatalytic MOF 
materials are presented and the charge transport behavior assessed. This thesis 
seeks to understand some of the electron hopping behaviors exhibited in the 
systems presented as well as identify some potential limitations that would 
affect charge transport and, in the case of the electrocatalytic MOF materials, 
catalytic efficiency. 

In Chapter 3 (Paper I), a novel MOF material built entirely from cobaloxime 
linkers for electrocatalytic H+ reduction is described. With a MOF composed 
entirely of redox-active catalyst units, each linker can participate in two func-
tions: 1) electron mediation and 2) electrocatalysis. The electrochemical be-
havior and charge hopping characteristics of MOF thin films is assessed, and 
electrochemical H2 evolution from this MOF material is demonstrated. 
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In Chapter 4 (Paper II), a UiO-type MOF is post-synthetically functionalized 
with two different redox active linkers: 1) a model complex of the [FeFe] hy-
drogenase active site, and 2) an electron mediating linker. The work in this 
chapter represents an example of a synthetic material that mimics the structure 
of the catalytic active site of a native [FeFe] hydrogenase enzyme, but also 
mimics an important outer sphere feature of the enzyme active site by incor-
porating an electron relay to facilitate charge transport to the co-immobilized 
catalyst. This chapter highlights the importance of rational design, which is an 
important consideration for preparing MOF materials geared towards electro-
catalysis and identifies potential mass transport limitations. Though not the 
primary focus of this discussion, electrochemical H2 evolution is also verified. 

Following these discussions of electrocatalytic MOF materials, studies em-
ploying thin films of two different NDI-based MOFs with a focus on investi-
gating charge transport mechanisms are presented: 

In Chapter 5 (Paper III), a thin film composed of a UiO-type MOF also dis-
cussed in the preceding sections (Zr(dcphOH-NDI)@FTO) is used as a plat-
form for assessing the influence of the properties of the electrolyte medium, 
specifically the choice of solvent and charge-balancing counter ion, on the 
observed electrochemical behavior of the MOF material by both CV and 
chronoamperometry. This chapter highlights the importance of mass transport 
influences on the observed charge transport in an electroactive MOF, suggest-
ing the microscopic mechanism for electron hopping is governed by the prop-
erties of the electrolyte solution. 

In Chapter 6 (Paper IV), a thin film of a Zn-based MOF constructed from NDI 
linkers (Zn(NDI-H)@FTO) is used as a platform to mediate electron transfer 
from the underlying FTO electrode through the framework to a dissolved elec-
tron acceptor species in solution to drive a (electro)chemical process. In order 
to attempt to determine undisrupted kinetic parameters applying relevant ki-
netic models for assessing electrocatalytic films, changes to various experi-
mental parameters were performed to establish steady-state conditions. This 
chapter highlights the importance of controlling the transport-related pro-
cesses in an electrocatalytic film to be able to establish defined kinetic regimes 
from which kinetic parameters can be clearly determined. 

In the final outlook of this thesis (Chapter 7), a general summary detailing the 
importance of understanding both mass and charge transport in regard to the 
structure-function relationships for electroactive MOF materials is given. 
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3. Electrocatalytic Hydrogen Evolution from a 
Cobaloxime-Based Metal-Organic Framework 
Thin Film (Paper I) 

In this chapter, a novel Zr-based MOF built entirely from H2-evolving co-
baloxime linkers (UU-100(Co)) is discussed. Structural and functional char-
acterization of the MOF both as a bulk material and as a thin film grown at an 
electrode surface is described. Charge transport characteristics and kinetic 
limitations of MOF thin films are also assessed. Lastly, electrocatalytic H2 

evolution from aqueous media is demonstrated from a thin film of UU-
100(Co). 

3.1 Introduction 
To optimize charge transport in electroactive MOF materials, one potential 
strategy is to construct the MOF solely from redox-active linkers. This ap-
proach results in a framework in which all linkers are able to participate in 
electron propagation, thereby maximizing the potential charge transport path-
ways. The work presented in this chapter (Paper I) adopts this approach for 
the design and preparation of a novel electrocatalytic MOF material con-
structed entirely from electroactive H2-evolving cobaloxime catalyst linkers.72 

With this structure, all of the individual linkers have the possibility to partici-
pate in electron transport and/or catalysis under applied potentials. 

Cobaloximes are a very well-studied class of hydrogen evolution catalysts 
(HECs) that have been shown to perform proton reduction under chemical, 
electrochemical, and photochemical catalysis conditions.16 Though thor-
oughly established as highly active HECs, cobaloximes suffer from low struc-
tural stability under homogeneous catalysis conditions which limits their im-
plementation for extended catalytic studies.137, 138 By designing a tetracoordi-
nate linker featuring a cobaloxime core, a MOF was prepared entirely from 
electrocatalytic linkers, providing a support structure to stabilize the cobalox-
ime center. This material represents the first known example of a MOF com-
posed entirely of electroactive HEC units. 
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Additionally, molecular cobaloximes, though effective HECs, have largely 
been studied in nonaqueous media due to generally poor water solubility.16 

For the generation of sustainable fuel sources such as H2, using water as a 
feedstock and/or solvent is ideal. By incorporation into a solid MOF architec-
ture, the cobaloxime units are stabilized and allow for the use of aqueous me-
dia to promote H2 evolution. To facilitate electrocatalytic H2 evolution, a thin 
film of UU-100(Co) is grown directly at an electrode interface. When im-
mersed in acidic aqueous media, the MOF-modified electrode is able to sus-
tain H2 evolution for up to 18 hours and still maintain the structural integrity 
of the cobaloxime centers throughout electrolysis. 

3.2 MOF Preparation and Characterization 
3.2.1 Bulk MOF Synthesis and Characterization 
A tetracoordinate linker featuring a cobaloxime core was prepared and utilized 
for direct solvothermal MOF synthesis (Figure 3.1(A)). A controlled SBU 
synthesis approach was employed where ZrCl4, acetic acid, and DMF were 
heated at 80°C for 1 hour to first form the SBU before adding the cobaloxime 
linker to the synthesis solution. The final mixture was then heated at 80°C to 
form the MOF UU-100(Co) (Figure 3.1 (B)). The resulting material exhibits 
a rod-like morphology with particles lengths of ~1-3 µm. 1H NMR of a di-
gested MOF sample compared to an 1H NMR of the parent linker confirmed 
the structural integrity of the linker in the framework. Elemental analysis to 

Figure 3.1 (A) Structure of UU-100(Co) linker [Co(dcpgH)(dcpgH2)]Cl2 and 
(B) structural model of UU-100(Co). Reprinted with permission from Ref 
[72]. Copyright (2019) American Chemical Society. 
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quantify the metal content in UU-100(Co) via SEM-EDX and ICP-OES re-
vealed a Zr:Co ratio of 2.4 + 0.3 and 2.8 + 0.3, respectively, which closely 
matches the expected ratio of 3:1 for full incorporation of the intact cobalox-
ime linker and further verifies the retention of linker integrity in the MOF. 

Due to the resemblance of their linker structures, UU-100(Co) exhibits struc-
tural framework similarity to the pyrene-based MOF NU-901.73 Transmission 
electron microscopy (TEM) was used to analyze the synthesized framework 
and generate a structural model of UU-100(Co). Density functional theory 
(DFT) was then applied to optimize this model, shown in Figure 3.1(B). The 
model reveals that two different pore sizes are present in UU-100(Co) with 
distances between the cobalt centers across the pore channels at 16.3 Å and 
20.9 Å. These distances should be sufficiently short to allow for electron trans-
fer to occur between Co centers via redox hopping. BET surface area was 
measured by N2 gas sorption, revealing a specific surface area of 902 + 15 m2 

g-1 with a majority of pore widths measuring ~13Å. The high surface area and 
relatively large pore sizes should permit sufficient diffusion of both substrate 
molecules and charge-balancing counter ions throughout the framework to fa-
cilitate catalysis at the discrete cobaloxime centers located in the interior of 
the MOF structure and to further allow for the diffusion of evolved H2 out of 
the framework. 

3.2.2 MOF Thin Films on Electrode Surfaces 
To prepare MOF thin films, the electrode surfaces were first functionalized to 
both initiate MOF film growth and promote strongly adhered films. On fluo-
rine-doped tin oxide (FTO) substrates, a self-assembled monolayer (SAM) of 
the cobaloxime linker was first formed prior to MOF synthesis while glassy 
carbon (GC) electrodes were functionalized with carboxylic acids via diazo-
nium grafting. The modified electrodes were then immersed in the same sol-
vothermal MOF synthesis mixture as used for the bulk material for 5 days at 
80°C. The resulting MOF films are approximately 1 µm thick as determined 
by SEM cross-sectional imaging. 

The PXRD patterns for the bulk UU-100(Co) MOF and thin films on both 
FTO and GC are all in good agreement, indicating the surface-immobilized 
MOF is structurally the same as the bulk material (Figure 3.2(A)). Addition-
ally, SEM imaging reveals the same rod-like morphology as observed for the 
bulk material with MOF particles of approximately 1-3 µm in length forming 
films on both FTO and GC. (Figure 3.2 (B,C)). 
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Figure 3.2 (A) PXRD of UU-100(Co) as bulk material (black) and thin films 
(on FTO: blue; on GC: red), SEM images of thin films (B) UU-100(Co)|FTO 
and (C) UU-100(Co)|GC. Adapted with permission from Ref [72]. Copyright 
(2019) American Chemical Society. 

3.3 Electrochemical Characterization 
For assessing the general electrochemical properties, films of UU-100(Co) 
grown on FTO were used as the working electrode for CV analysis. Voltam-
mograms show a reversible redox feature with an E1/2 = -1.28 V (vs. Fc+/0) 
assigned to the CoII/I couple (Figure 3.3) which is in good agreement with the 
reference CV of the free cobaloxime linker in homogeneous solution. Features 
associated with the CoIII/II couple are not well defined in the first potential 
sweep of UU-100(Co) films and are absent in all subsequent scans. This is 
likely due to exchange of the chloride ligands with solvent molecules during 
cycling which shifts this redox couple outside of the scanned potential win-
dow. Therefore, all electrochemical analyses focus on the CoII/I couple. 

Figure 3.3 CVs of UU-100(Co)|FTO measured at scan rates from 10 mV s-1 

to 100 mV s-1. Conditions: 0.1 M LiClO4 in DMF. Adapted with permission 
from Ref [72]. Copyright (2019) American Chemical Society. 
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Molecular cobaloximes are electrochromic, meaning that when the cobalt cen-
ter is oxidized or reduced, a color change is observed139 (Figure 3.4(c)). This 
property allows for the use of spectroelectrochemistry to both study the sta-
bility of the cobaloxime linkers in the MOF during electrochemical cycling 
and to ascertain some kinetic information regarding the electron transport 
through the MOF film. At an applied potential of -1.50 V vs. Fc+/0, a fresh film 
of UU-100(Co) on FTO turns from a pale yellow in color to blue with new 
absorption bands in the accompanying UV-vis spectrum appearing at ~520 
and 670 nm due to the presence of the CoI species. When the applied potential 
is stepped back to -0.05 V vs. Fc+/0, the cobaloxime linkers are oxidized back 
to the CoII species and the film turns from blue to red in color. This color 
change results in the depletion of the 670 nm absorption band and a slight red-
shift of ~1-2 nm in the 520 nm band (Figure 3.4(a)). This cycling between CoI 

and CoII species is reversible and can be repeated a number of times (up to 10 
in this study) with the consistent observation of electrochromic switching and 
associated absorption changes to the UV-vis spectrum between potential steps 
(Figure 3.4(b)), demonstrating the stability of the cobaloxime centers. 

Figure 3.4. (a) Spectroelectrochemical analysis of UU-100(Co)|FTO showing 
UV-vis absorption spectrum from applied potential switching. (Conditions: 
0.1 M LiClO4 in DMF) (b) Optical transmittance kinetic curve of UU-
100(Co)|FTO from applied potential switching between -0.05 V and -1.50 V 
vs. Fc+/0. (c) Images showing electrochromic switching of UU-100(Co)|FTO 
from applied potential switching between -0.05 V and -1.5 V vs. Fc+/0. 
Adapted with permission from Ref [72]. Copyright (2019) American Chemi-
cal Society. 
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From this spectroelectrochemical analysis, the diffusion coefficient (De) for 
charge hopping in these analysis conditions (0.1 M LiClO4 in DMF) can be 
determined from the modified Cottrell equation82, 121 (3.1): 

ΔA = 2Amax  (3.1)
√  

with t being time (in s). Using the experimental values for the absorbance peak 
at 670 nm (Amax, in cm) for the reduced CoI species along with the measured 
film thickness (df, in cm) from cross-sectional SEM imaging, the calculated

2 -1 (Li+ / DMF) is 4.1 ± 0.8 x 10-8 cm  s , indicating particularly fast redox 
hopping. 

By assessing the relationship between the peak current (ip) and scan rate (ν) 
for the measured CVs, it is possible to gain further insight into the kinetics of 
the redox hopping processes occurring between the cobaloxime centers in the 
MOF film. At slower scan rates (up to ν = 80 mV s-1) a linear relationship 
between ip and ν is observed (Figure 3.5(b)) while at increasingly faster scan 
rates (ν > 100 mV s-1), a deviation from this trend with respect to ν begins to 
appear. Plotting the measured ip v. ν1/2 (Figure 3.5(c)) reveals that a new linear 
relationship emerges at these faster scan rates. 

MOF films of UU-100(Co) thus demonstrate a switch in charge hopping be-
havior depending on the applied scan rate. What gives rise to this transition? 

Figure 3.5 (a) CV of UU-100(Co)|FTO at varying ν from 10 mV s-1 to 250 
mV s-1. Conditions: 0.1 M LiClO4 in DMF. (b) Plot of peak current vs. ν for 
cathodic (black) and anodic (red) sweeps. A linear trend is observed for ν up 
to 80 mV s-1. (c) Plot of peak current vs. ν1/2 for cathodic (black) and anodic 
(red) sweeps. A linear trend is observed for faster scan rates (≥ 100 mV s-1). 
Adapted with permission from Ref [72]. Copyright (2019) American Chemi-
cal Society. 
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Referring to the redox polymer literature, both Savéant105 and Matsuda140, 141 

described the charge transfer processes in redox polymer films. Later, Con-
stentin and Savéant115 further described all of the possible current-potential 
response regimes which could arise in a CV experiment of an electrocatalytic 
film. These models have also recently been extended for considering charge 
transport in electroactive MOFs.108 In these reports, the current-potential re-
sponse in a CV experiment for an electroactive film is dependent on the influ-
ences of mass and charge transport processes. Correlation of these phenomena 
can then be described by two dimensionless parameters: λe (the finite diffusion 
parameter) and Λs (the kinetic parameter). These parameters are defined as: 

λe =  
 

Λs =  
  

where ks is the standard electron transfer rate constant. Practically, λe is a 
length parameter that correlates the film thickness and the diffusion layer 
thickness for charge transport. Also, Λs is a transport parameter that associates 
the rates of interfacial electron transfer at the electrode/film interface and 
charge diffusion within the film. The length parameter λe may be considered 
for addressing the transition of charge transport processes observed in films 
of UU-100(Co). In this case, slow scan rates display a linear correlation be-
tween ip and ν (surface-confined), indicating the electron hopping diffusion 
layer is finite (essentially comprising the film thickness), while fast scan rates 
show a linear correlation between ip and ν1/2 (diffusion-controlled), indicating 
that the electron hopping diffusion layer is smaller than the film thickness and 
charge diffusion is semi-infinite. Then, the point at which these two behaviors 
intersect will occur when the electron hopping diffusion layer is roughly the 
same length as the film thickness, or when λe ≈ 1. Rearranging the above ex-
pression for λe, the following relationship can be applied to determine the ap-
proximate scan rate at which the redox hopping behavior transitions: 

 
  1  ≈  (3.2)

 

Using the experimentally determined values for df and , a scan rate of 100 
± 25 mV s-1 was determined for the switch between finite and semi-infinite 
charge hopping behaviors, which agrees well with the observed experimental 
results. 

Furthermore, from combined ICP-OES and chronoamperometry analysis, the 
total percent of redox-addressable cobaloxime units in the MOF films on FTO 
is ~54 ± 15%. Because most of the discrete linkers are electrochemically ad-
dressable, this suggests that there are many potential pathways for electron 
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hopping to proceed through the framework which also influences the fast 
charge hopping behavior observed for films of UU-100(Co). 

3.4 Electrocatalytic H2 Evolution 
Finally, the utility of UU-100(Co) for electrocatalytic H2 evolution from aque-
ous media was assessed. MOF films formed on GC were used as the working 
electrodes for catalysis studies. From combined ICP-OES and CV analyses95, 
the total concentration of electroactive cobaloxime species in UU-100(Co) 
films on GC is ~1.6 x 10-8 mol cm-2, and 31% of the total cobalt centers are 
electrochemically addressable. 

Determining this value for the amount of redox-addressable catalyst units in a 
MOF film is essential for obtaining more accurate values for turnover fre-
quency (TOF) and turnover number (TON) for electrocatalytic MOF materi-
als.95, 108 If the TOF is calculated based only on the total number of catalyst 
units (determined solely from ICP analysis), then an apparent TOF (TOFapp) 
can be found. This value, however, does not account for the fact that not all of 
the catalyst units embedded are actually participating in catalysis. Thus, using 
the total amount of redox-addressable catalyst units more accurately considers 
the linker units participating in catalysis, so a true TOF (TOFtrue) for the MOF 
material can be determined. These values95, 108 are calculated by: 

 	  
TOFapp = (3.3)

    ∗  

TOFtrue  	  
= (3.4)

 	   ∗  

Controlled potential electrolysis of UU-100(Co)-modified GC electrodes was 
carried out in an aqueous NaClO4 (0.1 M) / acetate (0.2 M) buffer at pH 4 at 
an applied potential of -0.45 V vs. RHE for 5 hours (Figure 3.6(A)). Gas chro-
matography of the gas mixture in the headspace of the electrolysis cell re-
vealed the evolution of 66 µmol of H2 (electrode surface area = 0.5 cm2) with 
a faradaic efficiency of 84 + 5%. From this, a turnover number (TONCo) of 
8250 based on the concentration of redox-addressable cobaloxime linkers was 
found with a corresponding turnover frequency (TOFCo) of 1650 h-1. Post-
electrolysis film analysis showed that both the structure and chemical compo-
sition of the MOF film are generally unchanged. This confirms the structural 
integrity of the MOF after prolonged electrolysis (Figure 3.6 (B-D)) and re-
veals that the cobaloxime units are preserved, demonstrating the improvement 
in catalyst stability imparted by incorporation into a MOF architecture. 
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Figure 3.6 (A) Controlled potential electrolysis of UU-100(Co)|GC electrode 
(B) PXRD of as-synthesized UU-100(Co)|GC electrode (black), electrode af-
ter 24 hour solvent exchange with acetone (blue), and after 5 hours electrolysis 
(red). (C) SEM image of UU-100(Co)|GC after electrolysis and (D) corre-
sponding EDX line scan for Zr and Co, indicating retention of morphology 
and metal content in MOF crystal after electrolysis. Reprinted with permission 
from Ref [72]. Copyright (2019) American Chemical Society. 

Films of UU-100(Co) showed good stability for even more prolonged elec-
trolysis times. After 18 hours, 309 µmol H2 was evolved with a faradaic effi-
ciency of 79 + 3%. A TONCo of 20875 was reached with a corresponding 
TOFCo of 1171 h-1. Therefore, MOF films of UU-100(Co) display good cata-
lytic efficiency in aqueous media over an extended period of electrolysis. This 
result is a drastic improvement in catalyst performance as compared to the 
homogeneous cobaloxime linker which only gave a TONCo of 10 after 2 hours 
of electrolysis in aqueous media. 

3.5 Summary and Conclusion 
In this chapter, a new electrocatalytic MOF constructed entirely of H2-evolv-
ing cobaloxime units as linkers was described. The cobaloximes serve as both 
electron mediators and catalysts in the MOF architecture, and both structural 
and functional characterizations confirmed the incorporation and integrity of 
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the cobaloxime units. The MOF exhibits electrochemical behavior similar to 
that of the homogenous linkers, verifying the embedded cobaloxime units 
maintain their molecular character in the framework. The charge transport be-
haviors were evaluated by both spectroelectrochemistry and CV. It was found 
that the kinetics of charge transport in UU-100(Co) films is quite fast (De ~ 
10-8 cm2 s-1) and that redox hopping in UU-100(Co)@FTO can exhibit both 
surface-confined and semi-infinite charge transport regimes, further support-
ing the notion of fast charge transport. With pore widths measuring ~13 Å, the 
MOF structure is able to support sufficient counter ion diffusion in the frame-
work to promote concurrent electron hopping transport. Finally, the stability 
imparted to the discrete molecular cobaloxime units via MOF incorporation 
allowed for prolonged electrocatalysis studies (up to 18 hours here) for the 
evolution of H2 from aqueous media. Taken together, this all indicates that 
novel electrocatalytic MOF materials can be inspired from known catalysts 
from the homogeneous catalysis community. 
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4. Mimicking the Electron Transport Chain 
and Active Site of [FeFe] Hydrogenases in a 
Metal-Organic Framework (Paper II) 

In this chapter, the MOF PCN-700 is used as a scaffold material for the incor-
poration of two different functional linkers: one a [FeFe]-H2ase active site 
model for H2 evolution, and the other an electron mediator. Structural and 
functional studies regarding the electrochemical behavior of the resulting 
MOF materials, including a control MOF featuring only the electron mediator 
and an inert analog in place of the catalyst, is detailed herein. Analysis of the 
electrochemical behavior of these MOFs is accompanied by a discussion re-
lating to potential limiting factors for supporting charge transport. These ele-
ments affecting the optimal material performance indicate important consid-
erations for the design of future MOF-based (electro)catalysts. 

4.1 Introduction 
In the previous chapter, a MOF constructed solely from electrocatalyst linkers 
was discussed. In this material, the discrete cobaloxime units fulfilled two 
functions: electron mediation through the MOF and electrocatalysis. Because 
these two roles are not decoupled, not all of the embedded catalyst units are 
able to participate in catalysis. Then, with the hope of improving the efficiency 
of MOF-based electrocatalysts, separating the charge transport and catalysis 
within the material may help to optimize the catalytic efficiency. Such a strat-
egy is implemented in the case of enzymes which nature has optimized to cat-
alyze a variety of chemical transformations. This aspect of enzyme structure 
is applied as the inspiration for the design of a dual-functional MOF presented 
herein. 

In this chapter, the Zr-based MOF PCN-700 (PCN= Porous Coordination Net-
work) is used as a scaffold for engineering a synthetic material that mimics 
some of the structural features of the [FeFe]-H2ase enzyme. PCN-70074, 142 is 
structurally similar to the widely studied UiO-67.75 Representations of both 
UiO-67 and PCN-700 are shown in Figure 4.1. Both MOFs are composed of 
Zr6 cluster SBUs and biphenyl linkers, but the PCN-700 linker has methyl 
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groups on the 2 and 2’ positions of the phenyl rings. This leads to a change in 
the dihedral angle of the phenyl rings in the MOF linker, generating a MOF 
that has 8-connected Zr nodes rather than the fully 12-connected nodes as 
found in UiO-series MOFs. As a result, PCN-700 has four engineered linker 
vacant pockets in its structure, and interestingly, these pockets are of two dif-
ferent sizes: two pockets of ~7Å, and two pockets of ~16.4Å.74 This presents 
the opportunity to introduce two different functional linkers into one parent 
framework by post-synthetic linker insertion. 

Figure 4.1. Crystal structure of UiO-67 (a,c,e) and PCN-700 (b,d,f). Unit cell 
of UiO-67 (e) depicts structure with 12-coordinate Zr nodes while unit cell of 
PCN-700 (f) shows 8-coordinate Zr nodes, leading to the linker vacant sites 
(highlighted in red and yellow). Adapted with permission from Ref [74]. Cop-
yright (2015) American Chemical Society. 

For preparing a biomimetic MOF material that mirrors the characteristics of 
the [FeFe]-H2ase enzyme, two linkers were chosen for incorporation. First is 
a synthetic model complex of the catalytic active site of the [FeFe]-H2ase. The 
second is a redox-active naphthalene diimide-based (NDI) linker to serve as 
electron mediator. The intended purpose of this mediator is to both improve 
the conductivity of the MOF and to provide an energy-matched electron 
source for the catalyst linker. In this role as an electron wire for the co-immo-
bilized catalyst, the presence of the NDI linker begins to mimic the outer 
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sphere functions observed in an enzyme’s catalytic active site by introducing 
an electron transport function that simulates the [4Fe4S]-cluster-based elec-
tron transport chain in [FeFe]-H2ases.32 This is a necessary feature in enzyme 
architectures that both sustains efficient enzyme function and retains catalyst 
stability. A schematic representation of the target biomimetic MOF compared 
to the [FeFe]-H2ase active site is shown in Figure 4.2.  

Figure 4.2. (a) Crystal structure of [FeFe] hydrogenase (Clostridium pasteur-
ianum CpI; PDB: 4XDC43) active site pocket and molecular structure of cata-
lytic active site. (b) Schematic representation of PCN-700_NDI_FeFe in 
PCN-700 MOF scaffold (CCDC deposition number: 1036874)74. The red and 
blue circles highlight (a) enzyme structures ([4Fe4S] clusters comprising an 
electron transport chain and [2Fe2S] active site) and (b) the corresponding 
NDI and [FeFe] MOF linkers. H2ase structure prepared in NGL Viewer.45 

Adapted with permission from Ref [87]. Copyright (2021) American Chemi-
cal Society. 

In this chapter, both catalyst and electron mediating linkers are incorporated 
into PCN-700.87 The materials are extensively characterized to confirm both 
successful linker incorporation and structural integrity of the MOF. The func-
tional properties of the final MOFs are assessed electrochemically to confirm 
retention of the redox activity of the discrete molecular units when immobi-
lized in the MOF architecture. Careful analysis of CVs of these MOFs reveal 
some restrictions in redox behavior due to mass transport limitations. This 
difference in performance of this MOF from the natural enzyme analogue of-
fers some insights for designing future biomimetic MOF-based materials that 
can mitigate these restrictions. 
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4.2 Functional Linkers for Biomimetic MOF Design 
To prepare a MOF which mimics the more complex environment of the active 
site of a native enzyme, two functional linkers were selected to be incorpo-
rated into the PCN-700 MOF scaffold: [FeFe](dcbdt)(CO)6  (X), a synthetic 
model complex of the active site of [FeFe]-H2ase for proton reduction, and a 
naphthalene diimide-based (NDI) linker (Y), an electron mediator. The struc-
tures of both linkers are shown in Figure 4.2 (b). 

The catalyst X has previously been studied in the group, and has been found 
to have similar electrochemical behavior to the uncarboxylated analog 
[FeFe](bdt)(CO)6, a well-studied synthetic model complex of the [FeFe]-
H2ase catalytic active site.143 This complex has additionally been immobilized 
in other MOF scaffolds (UiO-6686, 136, 144 and MIL-101-NH2

145 (in the latter  
case using the mono-carboxylated catalyst [FeFe](mcbdt)(CO)6). In the pres-
ence of both a sacrificial electron donor and a photosensitizer, both heteroge-
neous catalyst materials have successfully demonstrated photochemical hy-
drogen evolution. However, electrocatalytic proton reduction from MOF-im-
mobilized catalyst X could not be shown for these materials. Furthermore, 
attempts at electrochemical analysis of the MOF–immobilized complex X in 
UiO-66 have proven challenging.146 One possible explanation could be that 
the parent MOFs employed are generally quite insulating. The parent linker 
for UiO-66 (terephthalic acid) is redox-inert, and the amount of catalyst incor-
porated (~14%) in the earlier work was relatively small.86 To address this, in-
corporation of additional electroactive linkers in the MOF structure may help 
to improve the conductivity of these materials and thus their potential for ap-
plications in electrocatalysis. 

To help enhance the conductivity of the PCN-700 scaffold, an electron medi-
ating NDI-based linker (Y) is also installed. The NDI functionality has been 
widely used in various applications including organic electronics and photo-
voltaics.147 Electroactive MOFs composed of NDI-based linkers have also 
been prepared76, 77, 148, 149, exhibiting similar redox behavior to the discrete mo-
lecular units in homogeneous cases. This approach of incorporating NDI units 
into a MOF structure addresses the challenge of facilitating charge transport 
through an otherwise redox-inert MOF. Electrochemically, NDIs exhibit two 
reversible one-electron reductions, with the more negative of these occurring 
at a similar potential as the [FeFe] H2ase model complex. This energy match-
ing is a prerequisite for electron transfer from the doubly reduced NDI2− spe-
cies to the proton reduction catalyst when both linkers are incorporated into 
PCN-700. 

The catalyst linker X and the NDI linker Y were prepared according to proce-
dures illustrated in Scheme 4.1. 
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Scheme 4.1. Synthesis of redox-active linkers incorporated into PCN-700 
MOF scaffold. a) [FeFe] hydrogenase active site model complex86 and b) NDI 
electron mediator. 

Carboxylic acids protected with methyl groups and t-butyl groups were both 
used for NDI linker preparation, though only the preparation conditions for 
the t-butyl protected linker are shown in Scheme 4.1. It was found that the 
conditions required for the removal of the methyl protecting group (base 
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cleavage with significant excess of KOH) not only cleaved the methyl protect-
ing group, but also decomposed the NDI core functionality. Thus, the t-butyl 
protecting group is preferred for MOF linker preparation as this moiety is acid 
labile and is efficiently removed in the presence of TFA with no degradation 
of the NDI core as confirmed by 1H NMR. The methyl protected linker (NDI-
OMe) was used for electrochemical analysis of the homogeneous NDI linker 
discussed herein. 

4.3 Installation of Functional Linkers in PCN-700 
As described previously, a number of post-synthetic methods exist to intro-
duce complexity to a pre-formed MOF structure. In the case of PCN-700, the 
parent MOF structure exhibits four linker vacant pockets: two pockets of ~7Å 
in length, and two pockets of ~16.4Å in length.74 Thus, the two different func-
tional linkers can be installed into the same MOF structure through a method 
called sequential linker insertion (SLI). As the name suggests, this involves 
first installing one linker, characterizing to confirm incorporation, and then  
sequentially installing the second linker into the remaining vacant pocket to 
generate the desired dual-functional MOF. A schematic for the SLI of the 
functional linkers introduced in the chapter is shown in Figure 4.3. 

Figure 4.3. Schematic representation of SLI into PCN-700 MOF scaffold. 

A number of linker insertion conditions were tested, but the following proto-
col describes the optimized procedure used for SLI in this thesis87: the order 
of linker insertion was reversed from the reported literature procedure,74 and 
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the larger NDI linker was installed first. Fresh PCN-700 was suspended in a 
DMF solution of the NDI linker (Y) (5 equivalents per vacant site) at 75°C for 
24 hours and washed thoroughly by soxhlet extraction with acetone. 1H NMR 
of a digested sample of one batch of the resulting PCN-700_NDI MOF re-
vealed the ratio of the parent PCN linker to NDI linker to be 8:1.56 (78% NDI 
incorporation). SLI of terephthalic acid (ta) into PCN-700_NDI was then per-
formed by suspending PCN-700_NDI in a DMF solution with ta (2 equiva-
lents per vacant site), and the solution stirred at room temperature for 24 hours. 
The resulting MOF was then thoroughly washed by soxhlet extraction with 
acetone. 1H NMR of a digested sample of the resulting PCN-700_NDI_ta 
MOF revealed that the amount of NDI linker incorporated was largely re-
tained, and the amount of ta sequentially installed was as expected. In one 
example, when a sample of PCN-700_NDI (78% NDI installed) was treated 
with the above conditions for SLI of ta, the resulting ratio of PCN  
linker:NDI:ta as determined by 1H NMR was 8:1.52:1.80 (76% NDI, 90% ta). 
1H NMR spectra of all digested MOFs from for this batch of material is shown 
in Figure 4.4. 

Figure 4.4. 1H NMR of digested MOFs PCN-700 (blue), PCN-700_NDI 
(green), and PCN-700_NDI_ta (red). All spectra taken of 5 mg MOF digested 
in 50 μL 35% DCl in D2O / 550 μL DMSO-d6. 
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These conditions for SLI of the ta linker are much milder than the previously 
reported procedure requiring elevated temperatures.74, 142 Not only is this fa-
vorable for the linker retention of the installed NDI which was shown to be 
removed from the framework applying the originally reported conditions, but 
the milder conditions are also advantageous for the introduction of X into the 
PCN-700 framework. The catalyst X is sensitive to heat, and it is possible that 
its linker incorporation at elevated temperatures could result in catalyst de-
composition. Furthermore, the reversal of order for linker insertion from the 
literature protocol also favors catalyst insertion by allowing for X to be intro-
duced as the second linker, minimizing exposure to harsh immobilization and 
washing conditions that may degrade the catalyst. 

To prepare the final dual-functional MOF PCN-700_NDI_FeFe, PCN-
700_NDI was suspended in a degassed aqueous solution of catalyst X (2  
equivalents per vacant site). The suspension was stirred under an inert atmos-
phere in the dark for 24 hours. The resulting MOF was thoroughly washed at 
room temperature in the dark by suspending in degassed water and acetone 
until no color remained in the wash solvent. ICP-OES was performed on di-
gested MOF samples to quantify the incorporation of the catalyst X by ana-
lyzing the Zr to Fe content. This analysis indicated the [FeFe] complex X oc-
cupied 65-78% of the total vacant pockets for this smaller linker. 

ATR-FTIR spectroscopy was used to further confirm the presence of the in-
stalled linkers (Figure 4.5). The ATR-FTIR stretches for the free functional 
linkers and corresponding MOF-immobilized samples are detailed in Table 
4.1. For the free NDI linker (Y), characteristic cyclic imide stretches can be 
observed at 1332 cm-1 (C-N stretch) and 1703 cm-1 (C=O stretch).150 When  
NDI is immobilized to produce the PCN-700_NDI MOF, new peaks not pre-
sent in the parent PCN-700 spectrum appear at 1334 cm-1 and 1705 cm-1, cor-
responding to the newly incorporated NDI linker. 

The ATR-FTIR spectrum of the unincorporated [FeFe] complex X displays  
peaks at 1998, 2034, and 2076 cm-1, assigned to the stretching vibrations of 
the C≡O ligands at the Fe centers. When X is installed in PCN-700_NDI to 
yield PCN-700_NDI_FeFe, the characteristic peaks of the NDI linker (1341 
cm-1 and 1706 cm-1) remain present with the appearance of new peaks at 2000, 
2041, and 2077 cm-1 corresponding to the C≡O ligands on catalyst X.86 Thus, 
the presence and integrity of both functional linkers can be confirmed in the 
PCN-700_NDI_FeFe MOF structure. 

When ta is installed to prepare PCN-700_NDI_ta, a feature at 1506 cm-1 ap-
pears in addition to the characteristic peaks for the installed NDI linker. ATR-
FTIR of solid ta exhibits a sharp peak at 1509 cm-1 which literature sources 
have assigned to a benzene vibration.151, 152 Additionally, IR spectra of the 
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MOF UiO-66, which is composed entirely of ta linkers, also displays a sharp 
feature at this position which likely arises from ta.153 Thus, the appearance of 
this peak at ~1509 cm-1 in addition to the NDI peaks confirms the incorpora-
tion of both NDI and ta to produce the mixed linker MOF PCN-700_NDI_ta. 

Figure 4.5. ATR-FTIR spectra of PCN-700 (black), PCN-700_NDI (red), 
PCN-700_NDI_ta (blue), and PCN-700_NDI_FeFe (green). IR bands related 
to characteristic stretches of all MOF linkers after SLI are highlighted. Re-
printed with permission from Ref [87]. Copyright (2021) American Chemical 
Society. 

Table 4.1. ATR-FTIR bands of all linkers and functional MOFs 

Compound 

ta 
NDI-COOH (Y) 
[FeFe](dcbdt)(CO)6 (X) 
PCN-700_NDI 
PCN-700_NDI_ta 
PCN-700_NDI_FeFe 

Wavenumbers (cm-1) 

1509 
   1332, 1703 
   1998, 2034, 2076 
   1334, 1705 
   1346, 1506, 1706 
   1341, 1706, 2000, 2041, 2077 
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4.4 Electrochemical Characterization of Functional 
MOFs 
The redox behavior of the resulting MOF materials was assessed electrochem-
ically in DMF with 0.5 M KPF6 as the supporting electrolyte. The unincorpo-
rated linkers were characterized in homogeneous solution (1 mM) while the 
MOF samples were surface-immobilized by dropcasting on GC disk working 
electrodes with carbon black and Nafion. CVs of the individual electroactive 
linkers in homogeneous solution overlayed with representative CVs of the 
functional MOFs are shown in Figure 4.6. 

Figure 4.6. Normalized CVs of dual-incorporated MOFs overlayed with cor-
responding functional linkers in homogeneous solution. (a) PCN-700_NDI_ta 
(black), NDI-OMe (blue) and (b) PCN-700_NDI_FeFe (black), NDI-OMe 
(blue), [FeFe](dcbdt)(CO)6 (red). Scale bar corresponds to current response of 
indicated MOF CV. CVs recorded in DMF with 0.5 M KPF6 as supporting 
electrolyte; ν = 50 mV s-1. Adapted with permission from Ref [87]. Copyright 
(2021) American Chemical Society. 

The homogeneous NDI analyte is the methyl ester protected version of the 
linker used for MOF insertion (NDI-OMe) (Figure 4.6 (a), blue). NDI-OMe 
exhibits two reversible features with formal half wave potentials at E1/2= -0.92 
V and -1.35 V vs. Fc+/0. These redox waves correspond to the sequential one-
electron reductions of the NDI core (NDI0/•− and NDI•−/2−, respectively) and 
match well with literature-reported values for these redox events.76, 154 For the 
catalyst X, a single redox feature is present at E1/2 = -1.33 V vs. Fc+/0 that is 
attributed to the two-electron reduction of the complex (Figure 4.6 (b), red). 

When immobilized in PCN-700, it is anticipated that the functional linkers 
retain similar electrochemical behavior as displayed in homogeneous solution. 
In the case of PCN-700_NDI_ta (Figure 4.6 (a)), two redox features are visible 
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at E1/2 = -0.99 V and -1.27 V vs. Fc+/0 which correspond to the two one-elec-
tron reductions of the NDI core. These features match with the assignments 
for the homogeneous linker, but it should be noted that both features are 
shifted and occur in a smaller potential window than is observed for the ho-
mogeneous linker alone. 

Figure 4.7. Scan rate analysis of PCN-700_NDI_FeFe (supporting electro-
lyte: 0.5 M KPF6 / DMF). (a) CVs of PCN-700_NDI_FeFe at scan rates from 
5 mV s-1 to 1000 mV s-1. (b) Closer look at CVs of PCN-700_NDI_FeFe at 
slower scan rates from 5 mV s-1 to 100 mV s-1. (c) Plot of cathodic peak cur-
rents for first (black) and second (red) reductive waves vs. ν. (d) Plot of ca-
thodic peak currents for first (black) and second (red) reductive waves vs. ν1/2. 
Reprinted with permission from Ref [87]. Copyright (2021) American Chem-
ical Society. 

For the dual-functional MOF PCN-700_NDI_FeFe (Figure 4.6 (b)), there are 
two clear redox features observed at E1/2 = -0.94 V and -1.34 V vs. Fc+/0. The 
first feature corresponds to the one-electron reduction of the NDI linker 
(NDI0/•−) and agrees with the same feature in the homogeneous linker. Inter-
estingly, the shape of the cathodic peak for this redox wave is quite spiky when 
recorded at a scan rate of 50 mV s-1. Examples of similar behavior have been 
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observed in CVs of redox polymer films and have been described as ‘attractive 
interactions’ between discrete redox centers in the polymer matrix.106, 155 From 
these reports, the interaction of both reduced and oxidized species that are 
sufficiently close together within the polymer film disrupt the typical diffu-
sion-controlled response on the timescale of the CV experiment. Due to the 
fixed position of these redox centers within the film, the microdomains around 
the redox centers experience a variable composition of the surrounding media 
(solvent, electrolyte, neighboring redox centers) under applied potentials, and 
a typical diffusion-like Nernstian response is not observed. Such behavior can 
be altered by changing the timescale of the experiment.106, 155 When the scan 
rate is increased, the shape of this cathodic peak begins to broaden, restoring 
more usual diffusion-like behavior by effectively outrunning attractive inter-
actions at the discrete redox sites (Figure 4.7 (a,b)). This is a result of affecting 
the solvation around the individual molecular linkers such that on the time-
scale of the experiment, the discrete redox centers all experience a similar 
solvation environment. This is further supported by the observation that when 
analyzed at faster scan rates, the peak current is proportional to ν1/2 (Figure 4.7 
(d)), indicative of a semi-infinite current response which is diffusion-con-
trolled while at slower scan rates, the peak current is proportional to ν (Figure 
4.7 (c)), indicating a finite (or surface-confined) diffusion regime. 

The second redox wave of the MOF is more complicated considering that the 
homogeneous linkers both exhibit redox events at nearly the same potentials. 
Thus, the second redox feature for PCN-700_NDI_FeFe represents a three-
electron process: the one-electron second reduction of the NDI linker 
(NDI•−/2−) and the two-electron reduction of the catalyst X (Fe2

0 to Fe2
2−). In 

the MOF, this reductive peak is visibly broader than observed for either of the 
homogeneous linkers alone, and slight shoulder features can be distinguished. 

The amount of charge passed during the second redox feature of PCN-
700_NDI_FeFe does not correspond to three electrons as would be expected. 
At very slow scan rates (5 mV s-1) integration of the two reductive waves in-
dicate a similar amount of charge is passed for both features whereas at a 
higher scan rate (500 mV s-1), the amount of charge passed for the second 
wave is approximately twice that of the first wave (Figure 4.8). This observa-
tion that not all expected reductions can be observed points to a critical con-
cept that must be considered for the preparation of electroactive or electrocat-
alytic MOFs. For every reduction/oxidation of a functional linker in the MOF 
architecture, a charge-balancing counter ion must be taken up from the elec-
trolyte solution.82, 93, 94, 156 Considering here that complete reduction of PCN-
700_NDI_FeFe would require the uptake of four cations, it seems likely that 
the framework may not be able to accommodate the inclusion of all these req-
uisite ions to achieve complete reduction of all electroactive linkers. 
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Figure 4.8 CVs of PCN-700_NDI_FeFe at (a) 5 mV s-1 and (b) 500 mV s-1 

with shaded areas depicting the integrated current response corresponding to 
the amount of charge passed for each reductive feature. CVs recorded in DMF 
with 0.5 M KPF5 as the supporting electrolyte. Adapted with permission from 
Ref [87]. Copyright (2021) American Chemical Society. 

Considering that the exhaustive reduction of PCN-700_NDI_FeFe could be 
hindered by limitations in mass transport related to the transport of cations to 
the reduced linkers, it is instructive to revisit a slightly adapted Equation 2.1 
describing the electron self-exchange rate between neighboring redox-active 
linkers in the MOF structure to understand the effects of mass transport on the 
observed charge transport: 

    (4.1) 

where  is the apparent diffusion coefficient describing charge transport, 
ke is the self-exchange rate constant, Cp

0 is the total concentration of the elec-
troactive linkers, and δ is the average linker-to-linker distance. If the requisite 
charge-balancing counter ions are not able to reach and stabilize the reduced 
or oxidized linkers due to mass transport limitations, the activation energy for 
electron transfer between the electroactive linkers would increase, effectively 
slowing down electron transport and lowering the electron self-exchange rate 
ke.109 This ultimately results in a decrease to  for the redox couple of 
interest, essentially slowing the observed charge transport for the associated 
redox event(s). 

By again considering the CVs and integrated current responses of PCN-
700_NDI_FeFe at differing scan rates in Figure 4.8, we see that for slower  
scan rates (like 5 mV s-1, Figure 4.8 (a)), more charge is accumulated on the 
timescale of the experiment. This buildup of charges likewise requires the up-
take of more charge-balancing cations to stabilize the reduced linkers, which 
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appears to be beyond what the MOF can accommodate as the charge passed 
for the second reductive feature is lower than expected when compared to the 
charge passed during the first reduction wave (approximately a 1:1 ratio). Es-
sentially, as a result of reduced counter ion transport within the framework, 
the associated rate of charge transport, or apparent diffusion coefficient  , 
is also reduced for this second reduction, leading to a decrease in the expected 
current response (and charge passed) to the second reduction of PCN-
700_NDI_FeFe. When the scan rate is increased to 500 mV s-1 (Figure 4.8 
(b)), the timescale of the experiment is effectively decreased, resulting in less 
charge accumulation. As a result, less charge and counter ion uptake is 
amassed during the first reduction of PCN-700_NDI_FeFe. This lessens the 
impact on both ion and charge transport in the framework and allows for the 
uptake of more counter ions through the second cathodic wave to stabilize the 
reduced linkers such that the amount of charge passed is then twice that of the 
first reductive wave. 

Figure 4.9 Double logarithmic plot of cathodic peak current (Ipc) vs. ν for the 
(a) first and (b) second reductive waves of PCN-700_NDI_FeFe. Reprinted 
with permission from Ref [87]. Copyright (2021) American Chemical Society. 

This reasoning can be further supported by considering double logarithmic 
plots of both the first and second reductive waves of PCN-700_NDI_FeFe at 
varying scan rates (Figure 4.9). For both waves, the slope of points corre-
sponding to scan rates of 50 mV s-1 and above is approximately 0.5, indicative 
of current responses operating under semi-infinite diffusion conditions. Oper-
ating within this regime corresponds to a situation where the flow of both 
charges and ions is diffusive in nature, and thus not drastically hindered by 
dynamic changes to the transport phenomena such that the impact on the self-
exchange rates (and by extension, ) is not so substantial. It then seems 
evident that the movement and availability of counter ions via mass transport 
is a dynamic process which in turn influences the observed charge transport. 
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Therefore, by designing electroactive MOF-based materials which can permit 
sufficient ion transport to supply charge-balancing counter ions to stabilize all 
reduced MOF linker species, charge transport can be further optimized 
through the framework with the hope of maximizing all transport phenomena. 

4.5 Electrochemical Response in the Presence of a 
Proton Source 
One of the key means by which enzymes are able to efficiently catalyze chem-
ical transformations like proton reduction is by strictly controlling the 
transport of all substrate and product molecules as well as electrons to and 
from the catalytic active site within the enzyme. In the previous section, it was 
demonstrated that when immobilized in a MOF, both an electron-mediating 
NDI linker and a biomimetic H+ reduction catalyst are redox addressable in 
CV experiments. To demonstrate that it is possible for the dual-functional 
MOF to mimic enzyme function, it is prudent to show that the complex is able 
to be protonated under applied potentials. The electrochemical behavior of the 
functional MOFs in the presence of a proton source is analyzed to further as-
sess the interaction of the NDI and catalyst linkers in the framework. 

4.5.1 Functional Linkers in the Presence of AcOH 
The electrochemical response of the homogeneous linkers X and Y to the pres-
ence of several acids as potential proton sources was assessed, but AcOH was 
selected as the ideal proton source for further analysis of the functional MOFs. 
Studies of the uncarboxylated analog of the catalyst [FeFe](bdt)(CO)6 have  
shown that in the presence of the weak acid AcOH (in MeCN, pKa = 23.5)157, 
no catalysis is detected at the potential of the Fe2

0/2− couple, but the electro-
chemically produced Fe2

2− dianion is sufficiently electron-rich to be proto-
nated to generate a Fe2H− species.143 CVs depicting the electrochemical re-
sponse of the homogeneous linkers to AcOH are shown in Figure 4.10. 

In the absence of AcOH, the two one-electron reductions of NDI-OMe occur 
with cathodic peak potentials of -0.96 V and -1.39 V vs. Fc+/0 (Figure 4.10 
(a)). In the presence of up to 10 mM AcOH, almost no change is observed in 
the redox behavior of the NDI. Therefore, it would be expected that when NDI 
is immobilized in the MOF, no discernible change in behavior should be ob-
served in the NDI-associated redox events in the presence of AcOH. 
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Figure 4.10. CVs of AcOH titrations to (a) NDI-OMe and (b) 
[FeFe](dcbdt)(CO)6. Conditions: 1 mM linker in DMF with 0.5 M KPF6 as 
supporting electrolyte; ν = 50 mV s-1. Adapted with permission from Ref [87]. 
Copyright (2021) American Chemical Society. 

For the homogeneous complex X (Figure 4.10 (b)), a single redox feature, 
comprising the two-electron reduction of the catalyst, is observed with a ca-
thodic peak potential of -1.42 V vs. Fc+/0 in the absence of AcOH. Upon AcOH 
titrations up to 10 mM, slight shifts in peak potential to more anodic potentials 
are detected with a total peak potential shift of 30 mV observed at 10 mM 
AcOH. This shift can be attributed to the protonation of the doubly reduced 
Fe2

2− species to Fe2H− as is also observed for the uncarboxylated analogue in 
the presence of AcOH.143 Thus, the redox behavior of the catalyst X exhibits 
a small, but distinct change in the presence of AcOH that may also manifest 
when MOF-immobilized. 

4.5.2 Functional MOFs in the Presence of AcOH and 
Electrocatalytic H2 Evolution 
Electrochemical analysis of dual functional MOFs PCN-700_NDI_ta and  
PCN-700_NDI_FeFe in the presence of AcOH was performed under the same 
conditions as described for the homogeneous linkers. (Figure 4.11). 

From CVs of PCN-700_NDI_ta (Figure 4.11 (a)), the two expected redox  
waves corresponding to the NDI couples in the absence of AcOH are observed 
with cathodic peak potentials at -1.02 V and -1.32 V vs. Fc+/0. Upon addition 
of AcOH, no significant change in the first redox wave is observed, and the 
reductive peak potential is unaffected. For the second reduction wave, the 
peak potential shifts cathodically (ΔEp,c = 45 mV). This peak potential shift, 
though unexpected, brings the NDI•−/2− redox couple in the MOF closer to the 
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value to that of the homogeneous linker. The exact reason for this potential 
shift is not entirely clear, but the fact that this peak potential does not shift 
anodically is an important observation for assessing electrochemical NDI be-
havior in the PCN-700 scaffold as this would be the expected electrochemical 
response for a protonation event. 

Figure 4.11. CVs AcOH titrations to (a) PCN-700_NDI_ta and (b) PCN-
700_NDI_FeFe. Conditions: MOF immobilized on GC electrode with carbon 
black and Nafion and CVs recorded in DMF with 0.5 M KPF6 as supporting 
electrolyte; ν = 50 mV s-1. Adapted with permission from Ref [87]. Copyright 
(2021) American Chemical Society. 

In the case of PCN-700_NDI_FeFe (Figure 4.11 (b)), two clear redox waves 
are present in the absence of AcOH with cathodic peak potentials at -1.00 V 
and -1.40 V vs. Fc+/0. Upon addition of AcOH, clear changes are observed in 
both features. For the first wave, which corresponds solely to the NDI0/•− cou-
ple, the cathodic peak potential gradually shifts to more negative potentials 
down to a peak potential of -1.05 V vs. Fc+/0 at 10 mM AcOH. An overall 
broadening of this wave also occurs with each addition of AcOH, more closely 
resembling a diffusion-controlled response. Additionally, it is noted that the 
associated oxidative feature for this redox wave is markedly diminished in the 
presence of AcOH. For the second cathodic wave, which encompasses both 
the NDI•−/2− and the Fe2

0/2− couples, a significant shift in peak potential to a 
milder potential is observed with a final peak potential of -1.33 V vs. Fc+/0 at 
10 mM AcOH (ΔEp,c = 70 mV). This shift is consistent with a protonation of 
Fe2

0/2− to generate the Fe2H- species. Additionally, the charge passed during 
this reductive wave is still less than what is expected for a three-electron pro-
cess. 
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Considering that the amount of charge passed for the second cathodic wave 
suggests that not all potential redox events are observed, it seems likely that 
PCN-700_NDI_FeFe is not able to support all of the transport phenomena 
needed to support complete reduction of all electroactive linkers and subse-
quent protonation events. It is known that the [FeFe](dcbdt)(CO)6 complex 
exhibits inverted potentials143 (i.e., the second reduction is more facile than 
the first), and the reduction of this complex alone in PCN-700_NDI_FeFe 
coupled with a protonation event would elicit a significant demand on both 
mass and charge transport processes. This could explain why a more distinct 
feature attributed to NDI•−/2− is not discernible at a more cathodic potential to 
the shifted reductive wave upon AcOH addition. 

Finally, though not the focus of this study, electrocatalytic H2 evolution from 
PCN-700_NDI_FeFe in aqueous media was assessed. PCN-700_NDI_FeFe 
was dropcasted onto carbon mesh electrodes with carbon black and Nafion, 
similar to the preparation for dropcasting onto GC disk electrodes. These elec-
trodes were employed for controlled potential electrolysis at -1 V (vs. 
Ag/AgCl) in a 0.1 M acetate buffer (aq) at pH 5 for 2 hours. During electrol-
ysis, visible bubble formation was observed for electrodes dropcasted with 
PCN-700_NDI_FeFe, suggesting the formation of H2. After 2 hours of elec-
trolysis, analysis of a sample of headspace gas from the electrolysis cell by 
gas chromatography revealed the formation of H2 (400 nmol) while a control 
electrode dropcasted with the same carbon black/Nafion mixture without the 
addition of PCN-700_NDI_FeFe subjected to the same electrolysis conditions 
exhibited essentially no H2 formation (13 nmol). These results demonstrate 
that though there may be some transport limitations that influence the optimal 
performance of PCN-700_NDI_FeFe for proton reduction, this dual func-
tional MOF material is still able to function as an electrocatalyst material for 
H2 evolution. 

4.6 Summary and Conclusion 
In this chapter, the preparation of a dual-functional MOF incorporating both a 
[FeFe]-H2ase active site model complex and an electron mediating NDI linker 
into PCN-700 has been presented. This work represents one of the first exam-
ples of a synthetic [FeFe]-H2ase model material that also introduces some of 
the function of the second coordination sphere near the catalytic active site to 
more closely mimic the environment found in the native enzyme. Successful 
SLI of all linkers and structural integrity of all resulting MOFs was confirmed 
using a variety of techniques. The electrochemical behavior of the two func-
tional MOFs was evaluated. PCN-700_NDI_ta was found to be electrochem-
ically active with two clearly visible redox features corresponding to the elec-
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tron-mediating NDI linker. PCN-700_NDI_FeFe was also found to be elec-
trochemically active with features that provide clear evidence for the immo-
bilization of both the NDI and [FeFe]-H2ase catalyst linkers in the same struc-
ture. Variable scan rate analysis of this material revealed the influence of lim-
iting mass and charge transport phenomena on the observed redox behavior. 
In short, not all potential redox events can be observed as the MOF structure 
is not able to accommodate the presence of a sufficient concentration of 
charge-balancing counter ions to stabilize all reduced species, especially with 
regard to the NDI•−/2− and the Fe2

0/2− couples. Depending on the applied scan 
rate, the  with regard to each redox event can vary, revealing nonlinear 
behavior in the observed charge transport as a result of mass transport limita-
tions. This is further demonstrated by assessing the electrochemical behavior 
of PCN-700_NDI_FeFe in the presence of AcOH. Though the presence of this 
proton source does clearly influence the response for both redox waves and 
formation of the Fe2H- species seems evident, not all potential redox events 
are observed. Finally, electrocatalytic H2 evolution from aqueous media was 
demonstrated by PCN-700_NDI_FeFe, verifying the potential of this dual 
functional MOF as a heterogeneous electrocatalyst material. 

In terms of transport phenomena, this study reveals the importance of rational 
design for preparing electrocatalytic MOFs to optimize the material function. 
In the case of PCN-700_NDI_FeFe, though the MOF is able to generate H2 

electrocatalytically, it is evident that the performance can be improved by op-
timizing the structure to enhance mass transport within the framework. In this 
case, the PCN-700 structure is likely just too confined to accommodate a suf-
ficient local cation concentration to stabilize all reduced functional linkers as 
well as support unhindered transport of both H+ and H2 under electrocatalysis 
conditions. If structural adjustments can be made to optimize the transport of 
counter ions and protons into the framework while also not affecting the 
transport related to the expulsion of anions or H2 evolved from the MOF or 
the electron hopping charge transport, then PCN-700_NDI_FeFe function 
could be further optimized for H2 evolution. 
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5. Microscopic Insights into Cation-Coupled 
Electron Hopping Transport in a Metal-
Organic Framework (Paper III) 

To be able to effectively design and optimize MOF-based systems for electro-
catalytic applications, it is important to understand the characteristics and 
mechanism for charge transport through the framework and all of the contrib-
uting factors that can influence electron transport. In this chapter, a UiO-type 
PIZOF (porous interpenetrated Zr-organic framework)158 MOF constructed of 
redox-active NDI linkers (Zr(dcphOH-NDI))76 is chosen as the electroactive 
MOF for analysis. PIZOF MOFs exhibit the same Zr6O4(OH)4 SBUs as UiO 
MOFs with 12-fold linker connectivity, but feature separate interpenetrated 
UiO structures. Thin films of this MOF grown on a conductive substrate 
(Zr(dcphOH-NDI)@FTO)76 are employed to assess the influence of mass 
transport properties on the observed charge transport behavior. This is evalu-
ated by varying both the size of the mobile counter ions as well as the polarity 
of the solvent chosen for analysis, effectively altering the strength of ion as-
sociation for the electrolyte medium. Analysis of the redox behavior of the 
homogeneous linker in all electrolyte/solvent systems of relevance provides 
insight for subsequently analyzing the electrochemical behavior of the result-
ing MOF-based electrodes. The interpretations of these CV and subsequent 
controlled potential experiments indicate that the microscopic mechanism for 
redox hopping transport through the framework can vary depending on the 
choice of counter ion and solvent. Furthermore, the incidence of ion-coupled 
charge transport is suggested for certain electrolyte solution conditions. This 
assessment is supported by molecular dynamics models of the microenviron-
ments for the conditions tested and the expected counter ion position is pre-
dicted for the cations during an electron transfer event. 

5.1 Introduction 
For the electrocatalytic MOFs discussed in the previous chapters, it seems ev-
ident that there are some bottlenecks in the transport processes that affect the 
efficiency of the MOF for peak catalytic performance: 1) only up to about half 
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of the cobaloxime linkers in UU-100(Co) are determined to be redox address-
able, suggesting an imbalance in transport processes, and 2) mass transport 
limitations prevent all redox events from being accessed in PCN-
700_NDI_FeFe. Understanding how to optimize these as well as all other 
MOF-based electrocatalyst materials requires a deeper understanding of all of 
the transport processes that govern the redox behavior of the framework. It 
has already been discussed that for optimizing heterogeneous electrocatalysts, 
the balance of three distinct processes is necessary: the catalytic reaction rate, 
diffusional charge hopping transport through the construct, and mass transport 
including counter ion, substrate, and product diffusion both into and out of the 
material.95, 108, 115 To better dissect the delicate relationship of mass and charge 
transport processes, it is prudent to simplify the model system to omit one of 
these contributing transport elements. Thus, a redox-active MOF constructed 
solely of electroactive, but not electrocatalyst, linkers is a practical model 
framework. This allows for the evaluation of electron hopping transport that 
is only influenced by mass transport from counter ion diffusion through the 
framework without also needing to consider all transport processes related to 
a catalytic reaction. 

Figure 5.1. Crystal structure of MOF Zr(dcphOH-NDI) determined by three-
dimensional electron diffraction (3DED). (a) Depiction of a non-interpene-
trated framework to more clearly illustrate linker positions. (b) Model of two 
interpenetrated frameworks (red and blue). (c) Chemical structure of the 
dcphOH-NDI MOF linker. 

For investigating the interplay of mass and charge transport phenomena, a pre-
viously reported UiO-type MOF constructed of NDI-based linkers, 
Zr(dcphOH-NDI), was chosen as a model platform.76 This framework adapts 
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an interpenetrated (or PIZOF158) morphology (Figure 5.1), suggesting the dis-
tance between discrete NDI centers is sufficiently short to promote electron 
hopping. When grown as thin films on FTO surfaces (Zr(dcphOH-
NDI)@FTO), the MOF was demonstrated to be electroactive and that both 
NDI redox couples exhibit diffusion-like current responses. Variable scan rate 
analysis of the MOF films also reveal a linear relationship between peak cur-
rent density (jpc) and square root of the scan rate (ν1/2), further verifying diffu-
sion-like charge transport behavior (Figure 5.2). Moreover, it was demon-
strated that 97% of the NDI units in the framework are redox-addressable. 
This indicates that almost all of the linkers are able to participate in charge 
transport, making this an ideal framework for interrogating the impact of mass 
transport via counter ion diffusion considering that the potential pathways for 
diffusional electron hopping are essentially optimized. 

Figure 5.2. Characterizations of Zr(dcphOH-NDI)@FTO. (a) SEM, showing 
PIZOF morphology. (b) CVs of Zr(dcphOH-NDI)@FTO recorded at scan 
rates from 5 mV s-1 to 100 mV s-1. Peak current density (jpc) is plotted vs. ν1/2 

for c) the NDI0/•− couple and d) the NDI•−/2− couple, revealing a linear relation-
ship for both redox events. CV conditions: 0.8 M KPF6 in DMF. Adapted with 
permission from Ref [76]. Copyright (2018) American Chemical Society. 

From this initial report, spectroelectrochemical analysis was used to investi-
gate the influence of cation size (i.e., mass transport influence) on the charge 
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diffusion, described by an associated apparent diffusion coefficient ( ) for 
the chosen electrolyte. Applying the same analysis method for  determi-
nation as in Chapter 3, the absorption peak at 475 nm (associated with the  
formation of the NDI•− species) was monitored to extract  from the mod-
ified Cottrell equation76, 121: 

ΔA = 2Amax  (3.1)
√  

When DMF is chosen as the analysis solvent, diffusion coefficients in the 
presence of KPF6 (rK

+ = 1.33 Å) and n-Bu4NPF6 (rn-Bu4N
+ = 4.94 Å) as support-

2ing electrolytes were found to be (KPF6) = 5.4 + 1.1 x 10-11 cm  s-1 and 
(n-Bu4NPF6) = 4.0 + 2.5 x 10-12 cm2 s-1, showing a clear influence on the 

diffusional charge transport behavior related to the cation selection. The larger 
size of the n-Bu4N+ ion hinders cation flow through the framework, resulting 
in slower counter ion diffusion which is experimentally observed by a de-
crease in  compared to the case where the smaller K+ cation is employed 
as the requisite charge-balancing counter ion. Furthermore, it was demon-
strated that in aqueous media, the diffusion coefficient for the K+-containing

 s-1supporting electrolyte KCl was (KCl(aq)) = 2.1 x 10-10 cm2 , revealing 
an increase in the observed charge transport associated with the K+ counter 
ion when the solvent is changed. Thus, it is clear that both the chosen counter 
ion and the solvent have distinct influences on the charge transport through 
the framework. 

These preliminary results lay the foundation for the study presented in this 
chapter. By systematically varying both the size of the cation as well as the 
solvent, a detailed picture for assessing the microscopic mechanisms for 
charge transport is portrayed. This investigation provides valuable insight for 
dissecting redox hopping transport though Zr(dcphOH-NDI)@FTO films at a 
molecular level, revealing the influence of ion-coupled electron transport pro-
cesses related to the composition of the electrolyte medium. This assessment 
is further supported by molecular dynamics simulations of ion mobilities 
within the pore environments for the various electrolyte solutions. These re-
sults lead to a more detailed discussion regarding the variation in experimen-
tally determined diffusion coefficients related to the mass transport regimes 
imposed by the electrolyte composition. 

73 



  

 
   

  
 

 
   

  

 
     

 
  

  
 

 

 
   

 
   

 
 

  

  
      
    

  
   

    
 

5.2 MOF Thin Film Preparation and Characterization 
Thin films of Zr(dcphOH-NDI) on conductive FTO substrates were prepared 
similarly to the previously described procedure.76 Briefly, bare FTO was first 
modified with a self-assembled monolayer (SAM) of the dcphOH-NDI linker 
to promote MOF formation at the FTO surface and improve film adhesion 
strength. SAM-modified surfaces were then immersed in a solution of ZrCl4, 
acetic acid, and dcphOH-NDI in DMF and incubated in a 120°C oven for 72 
hours to promote solvothermal formation of the MOF thin film. The resulting 
material (Zr(dcphOH-NDI)@FTO) was imaged by SEM to show a film of 
interpenetrated tetrahedral crystallites, confirming the formation of the ex-
pected PIZOF morphology (Figure 5.3(a)). Film thicknesses (df) were gener-
ally found to be ~1 μm, and df was measured independently for each film an-
alyzed to ensure the accuracy of the calculated diffusion coefficients. Films 
imaged by SEM in this study were not sputter-coated prior to imaging as the 
previously reported sample shown in Figure 5.2(b), thus leading to the appear-
ance of cracked films due to desiccation of the MOF in the SEM chamber. 

Figure 5.3. (a) SEM image of a Zr(dcphOH-NDI)@FTO thin film confirming 
interpenetrated MOF structure. (b) Select CVs from 50 scan cycling of 
Zr(dcphOH-NDI)@FTO film depicted in (a), verifying retention of NDI redox 
behavior. CV conditions: 0.5 M KPF6 in DMF; ν = 50 mV s-1. 

Electrochemical behavior of Zr(dcphOH-NDI)@FTO (0.5 M KPF6 / DMF)  
was also verified to be similar to the previously described materials (0.8 M 
KPF6 / DMF). Two Faradaic waves are observed which correspond to the 
NDI0/•− and NDI•−/2− redox couples of the MOF linker (E1/2

0/•− = -0.97 V, 
•−/2− E1/2 = -1.30 V vs. Fc+/0, respectively) (Figure 5.3(b)). These potentials 

match well with the redox behavior of the homogeneous linker in the  same  
0/•− •−/2− supporting electrolyte solution (E1/2  = -0.95 V, E1/2 = -1.33 V vs. Fc+/0, 

respectively). From the original report, it was noted that over a number of 
consecutive CV scans, the current response would gradually increase until a 
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maximum current was attained. This was described as a “conditioning” effect 
where under applied potential, charge-balancing counter ions from the elec-
trolyte solution would diffuse/migrate into the film to help maintain overall 
charge neutrality and promote further charge propagation until a maximum 
current response is reached.76 In the study presented here, this conditioning 
effect is not generally observed, and current responses remain fairly constant 
through 50 CV scans. This observation is likely due to the film handling in 
preparation for electrochemical analysis. For the studies presented herein, 
MOF films were not dried under vacuum prior to measurements as the previ-
ously reported cases, but were kept solvent swelled at all times and only dried 
under a stream of N2 directly before introducing the sample to the electro-
chemical cell. This handling prevents collapse of the MOF pores as a result of 
vacuum-drying and thus maintains the integrity of the porous channels for the 
diffusion of both solvent and electrolyte though the framework without a prob-
able need for resolvation or reswelling of the film during this initial cycling 
treatment. 

5.3 Influence of Mass Transport on Diffusive Charge 
Transport in Zr(dcphOH-NDI)@FTO 
As discussed above, previous studies of Zr(dcphOH-NDI)@FTO thin films 
have demonstrated that charge transport occurs via redox hopping between the 
discrete NDI linker units constructing the MOF which may be globally de-
scribed as diffusion of charges between the fixed redox sites. This observed 
diffusion of charges relies on the availability of charge-balancing counter ions 
to both maintain charge neutrality at the discrete redox centers and to promote 
electron hopping to the surrounding redox centers.94, 95, 97, 98 The availability 
of these counter ions in the local MOF pore environment then depends on a 
number of factors including: 1) MOF pore size133 and size of the requisite 
counter ion76, 111, both of which affect the ability of the counter ion to physi-
cally diffuse through the MOF pore environment, 2) ion pairing strength91, 
which affects the rate of ion diffusion/migration through the MOF film, and 
3) the concentration of available ions110 to interact with the redox sites to pro-
mote further charge propagation. Overall, these factors are all elements related 
to mass transport within a MOF film that ultimately influence the diffusion-
migration of counter ions to sustain redox hopping charge transport. It then 
follows that the observed diffusive charge transport (described here by an ap-
parent diffusion coefficient , which takes into consideration the potential 
influence of not strictly-diffusional transport effects like electromigration) is 
directly related to the diffusion-migration of counter ions via mass transport 
properties. 
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To assess this relationship between diffusive mass and charge transport phe-
nomena in Zr(dcphOH-NDI)@FTO thin films, electrochemical analysis both 
by CV and chronoamperometry experiments were performed for a series of 
different supporting electrolytes as well as different solvents. The chosen elec-
trolytes (LiClO4, KPF6, and n-Bu4NPF6) have monovalent counter cations of 
varying ionic radii (rLi

+  = 0.74 Å, rK
+  = 1.33 Å, rn-Bu4N

+  = 4.94 Å), as well as 
a distribution of charge density. The selected solvents (THF, EtOH, and DMF) 
span a range of polarities (dielectric constants: ε(THF) = 7.5, ε(EtOH) = 24.3, ε(DMF) 

= 36.7), which could influence the strength of ion pairing154, and thus ion dif-
fusion-migration, through the film framework. 

5.3.1 Electrochemical Analysis of Homogeneous dcphOH-NDI 
Linker – Evaluating Ion-Paired Redox Behavior 
CVs of the homogeneous dcphOH-NDI linker in the various electrolyte media 
are first analyzed to assess the effects of ion pairing strength on the behavior 
of the NDI redox couples and to serve as references for later analyzing CVs 
of MOF thin films in the corresponding media. Representative CVs comparing 
NDI redox behavior in all supporting electrolyte solutions are shown in Figure 
5.4 and the E1/2 for all redox couples are detailed in Table 5.1. 

Table 5.1. E1/2 for all redox couples of the homogeneous linker dcphOH-NDI. 
CV Conditions: 0.5 M electrolyte in indicated solvent; ν: 50 mV s-1. Absent 
values due to the insolubility of KPF6 and n-Bu4NPF6 in the indicated solvent. 
Potentials referenced to Fc+/0. 

The NDI redox behavior in DMF is roughly the same for all supporting elec-
trolytes tested (Figure 5.4(a)), and the E1/2 for both the NDI0/•− and NDI•−/2− 

couples are essentially the same with only the NDI•−/2− couple in the presence 
of Li+ being shifted ~80 mV anodically compared to the other two electrolytes. 
Here, both couples are electrochemically reversible and are distinct with at 
least 300 mV separation between the half-wave potentials. This indicates that 
ion pairing effects, particularly for the NDI0/•− couple, are not significantly 
changed between the different electrolytes when DMF is the chosen solvent, 
though Li+ ion pairing with the NDI2− species can be observed, shifting this 
redox couple anodically. These observations suggest that for all electrolytes 
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tested in DMF, the redox behavior of the individual NDI linkers in the MOF 
film will likely be very similar and that any differences seen in the CVs of the 
MOF films is due primarily to the diffusion-migration of the requisite counter 
ions through the framework. In this case, it is then likely the size of the mon-
ovalent ion that most significantly influences the cation flux in the MOF,  
though it should be noted that the Li+ ion can engage in weak ion pairing with 
the reduced NDI species even in the highly polar DMF solvent. 

Figure 5.4. Representative CVs of dcphOH-NDI measured in supporting elec-
trolyte solutions of relevance. (a) CVs measured in DMF with all supporting 
electrolytes tested. [dcphOH-NDI] = 1 mM. (b) Normalized CVs measured in 
all solvents tested with LiClO4 as the supporting electrolyte. [dcphOH-NDI] 
= 1 mM in DMF (solid lines), but is less in THF (dashed) and EtOH (dotted) 
due to low solubility. Scale bars with corresponding line style denote meas-
ured currents. (c) CVs demonstrating difference in NDI redox behavior due to 
choice of supporting electrolyte (LiClO4: blue, n-Bu4NPF6: red) and solvent 
(DMF: solid lines, THF: dashed lines). CV conditions: 0.5 M supporting elec-
trolyte in indicated solvent; ν = 50 mV s-1. 

When the solvent is switched to a lower polarity solvent (i.e., lower dielectric 
constant), some changes to the NDI redox behavior can be observed. For the 
electrolyte LiClO4 (Figure 5.4(b)), when EtOH is the chosen solvent, both 
NDI redox couples are shifted anodically (120 mV for the NDI0/•− couple and 
250 mV for the NDI0/•− couple) and thus occur in a much smaller potential 
window (ΔE1/2 = 190 mV) than what is observed for LiClO4 in DMF (ΔE1/2 = 

77 



  

 
   

 
 

  
   

 
   

   

  
 

    

 
  

   
   

 
 

 
   

  
 

  
     

   
  

 
 

 
   

  
    

  
 

 
   

   

320 mV). Furthermore, for LiClO4 in THF, the solvent with the lowest dielec-
tric constant tested here, the NDI0/•− couple is shifted ~70 mV anodically of 
this same couple in DMF, while the NDI•−/2− couple is shifted ~300 mV anod-
ically. In these electrolyte conditions, the redox couples occur in an even 
smaller potential window than what is observed in EtOH, and are significantly 
overlapping (ΔE1/2 = 90 mV). This trend in redox behavior suggests that when 
Li+ is chosen as the charge-balancing cation, the strength of ion pairing with 
the reduced NDI, especially the NDI2− species, is significantly affected by the 
solvent properties. For solvents of lower polarity (like THF), the ion pairing 
strength to stabilize the reduced species is greatly increased compared to more 
coordinating solvents with higher dielectric constants (like DMF). This en-
hancement in ion pairing strength in turn can affect the ability of the Li+ cation 
to dissociate from the NDI when reoxidized. These observations suggest that 
for solvents with greater polarity (like DMF), Li+ ion mobility will be the least 
affected as a result of ion pairing with the discrete NDI linker units. As the 
solvent polarity (and thus dielectric constant) is decreased, it is expected that 
ion pairing between the Li+ cations and NDI centers will be enhanced, ulti-
mately slowing the ion flux through the framework. This would in turn result 
in a decrease in the observed redox hopping charge transport through the MOF 
film (conveyed by slower  values) for the corresponding electrolyte so-
lution. 

For the supporting electrolyte n-Bu4NPF6, being the largest cation tested here, 
the observed NDI redox behavior is very similar in both DMF and THF (Fig-
ure 5.4(c)). Both conditions exhibit NDI couples at similar potentials that are 
well isolated and are electrochemically reversible as expected. This implies 
that for the bulky and less charge-dense n-Bu4N+ cation, ion pairing strength 
with the reduced NDI species is not greatly augmented by the solvent proper-
ties. Thus, mass transport of the n-Bu4N+ ion in the MOF films of the corre-
sponding electrolyte medium is likely influenced primarily by the size of the 
less charge-dense n-Bu4N+ cation and its ability to diffuse-migrate through the 
MOF pore environment moreso than any significant changes to ion pairing  
strength. 

Considering all of the conditions tested, it is clear that for the smaller, charge-
dense Li+ cation, the NDI redox behavior is much more influenced by the sol-
vent properties than for the bulkier and less charge-dense n-Bu4N+ cation due 
to influences on ion pairing. This leads to the notion that electron hopping 
between linkers originating from an ion-coupled state is possible109, 113, 134, and 
that the potential mechanistic pathway for charge transport in the framework 
can be influenced by the composition of the electrolyte medium. Potential mi-
croscopic mechanisms for electron self-exchange reactions in a MOF are il-
lustrated in Figure 5.5. For situations where ion pairing is minimal or absent 
(highly polar solvents, lower charge-density cations), the redox behavior of 

78 



 

  

   
  

  
 
 

  
 

   
 

 
 

 
 

   
  

  
 

 
  

 

 

NDI linkers in the framework is largely unaffected by the electrolyte solution 
properties. In this case, cation flux in the MOF by diffusion or diffusion-mi-
gration will predominate98, 123 (affected by cation size), and diffusion-like 
charge transport is more likely to proceed by an ion-dissociated mechanism 
(Figure 5.5(a,b)). In the case of strong ion pairing (lower polarity solvents, 
higher charge-density cations), electron transfer may occur through an ion-

Figure 5.5. Schematic detailing potential mechanisms for redox hopping 
charge transport in an electroactive MOF film. These diagrams illustrate the 
electron transfer (ET) and ion transfer (IT) processes for discrete self-ex-
change reactions in each mechanism. (a) Diffusion-controlled charge transport 
without additional influences. Electrostatic potential (ϕ) only drops over the 
electrical double layer (EDL) so that no electric field is established within the 
film. Mass transport of the charge-balancing counter ions is then solely diffu-
sion-controlled. (b) Charge transport influenced by diffusion-migration. Elec-
trostatic potential gradient amasses in the film, resulting in an electric field 
which prompts electromigration of the counter ions. (c) Ion-pairing mecha-
nism in which the dissociation of an ion-paired linker precedes ET, followed 
by ion association (not necessarily the same ion) with the newly reduced linker 
species. This mechanism assumes distinct ion association/dissociation pro-
cesses prior to and after the ET between neighboring linkers in the framework. 
(d) Ion-coupled electron transfer mechanism considering fully associated ion-
paired linkers for both ET and IT events. This mechanism considers scenarios 
where the ion-coupled electron transfer (ICET) may occur via either a sequen-
tial or concerted pathway134, 159 , reflecting the scenarios traditionally consid-
ered for proton-coupled electron transfer (PCET).160 

79 



  

      
 

  
  

 
    

  
  

   
 

   
  

  
 

 
 

 
 

    
  

 
 

 
  

    
    

   

  
   

  
   

    
  

   
    

associated or ion-dissociated state134, 156, 159, 161, depending on the strength of 
ion pairing, cation size, and spacing between redox centers (a schematic for 
ion-paired and ion-coupled transfer mechanisms are detailed in Figure 
5.5(c,d)). This is an important concept to keep in mind for analyzing and in-
terpreting CVs of Zr(dcphOH-NDI)@FTO films in specific electrolyte solu-
tions. From these interpretations for all electrolytes in DMF, it is likely that 
counter ion diffusion-migration in the MOF film would be primarily influ-
enced by the size of the mobile cation for all electrolytes tested. This assumes 
that ion-paired and ion-coupled charge-hopping is minimized by the solvent 
properties, though it is noted that ion pairing could still occur in the case of 
the Li+ cation and affect the electron transfer mechanism. For EtOH and THF, 
the strength of ion pairing for the smaller charge-dense ions (like Li+) will 
likely be enhanced, ultimately leading to decreased ion mobility via diffusion 
in the framework. This decrease in the rate of ion diffusion can then lead to a 
higher incidence of electron transport through an ion-associated state in the 
film, manifesting as a reduction in the observed charge transport (i.e. slower 

). 

5.3.2 CVs and Interpretations of Zr(dcphOH-NDI)@ FTO Thin 
Films – Identifying Ion-Coupled Redox Behavior 
The interpretations from the homogeneous linker CVs are applied for the sub-
sequent analysis of CVs of Zr(dcphOH-NDI)@FTO films in the correspond-
ing electrolyte medium. Prior to analysis, MOF films were first cycled for 50 
consecutive CV scans at 50 mV s-1 to ensure the electrolyte concentration 
within the MOF pore environments is equilibrated with the bulk electrolyte 
solution. Representative CVs after cycling are shown in Figure 5.6. 

For all electrolytes in DMF, similar to the behavior observed for the homoge-
neous linker, two distinct redox features can be identified at similar potentials 
corresponding to the NDI0/•− and NDI•−/2− redox couples, respectively (Figure 
5.6(a)). The E1/2 for redox couples recorded in DMF are detailed in Table 5.2. 
The two redox events are more clearly defined in the presence of Li+ and K+ 

and the measured current densities are also higher than the current responses 
recorded in the presence of n-Bu4N+. The potential difference observed be-
tween the two redox couples (ΔE1/2 = 260 mV in the presence of Li+, and ΔE1/2 

= 330 mV for K+) suggests more prominent ion pairing with Li+ in the MOF, 
particularly for the NDI2− species. These observations, along with the inter-
pretations of the homogeneous linker CVs in the analogous electrolyte solu-
tions, further alludes to the theory that when a sufficiently polar solvent like 
DMF is chosen for electrochemical analysis, the extent of ion pairing with the 
reduced NDI species is not excessive. However, ion pairing with the Li+ cation 
can still be distinguished, particularly for the NDI2− species. As a result, mass 
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transport of the cation through the film in DMF may be subtly affected by this 
NDI-cation interaction, but is most greatly influenced by the size of the mobile 
counter ion through the framework to maintain electroneutrality. This is fur-
ther supported by the observation that the recorded current density in the pres-
ence of the bulky n-Bu4N+ is markedly lower than with the other cations, likely 
due to the size of the cation limiting accessibility via diffusion-migration in 
the porous channels of the film. 

Figure 5.6. Representative CVs of Zr(dcphOH-NDI)@FTO MOF films after 
CV cycling measured in all electrolyte/solvent conditions tested. (a) CVs  
measured in DMF with all supporting electrolytes tested. (b) CVs measured 
with LiClO4 as the supporting electrolyte in all solvents tested. (c) CVs illus-
trating change of Zr(dcphOH-NDI)@FTO redox behavior resulting from 
choice of supporting electrolyte (LiClO4: blue, n-Bu4NPF6: red) and solvent 
(DMF: solid lines, THF: dashed lines). CV Conditions: 0.5 M electrolyte in 
the indicated solvent; ν: 50 mV s-1. 

When the solvent is changed to THF, the individual NDI redox features are 
no longer clearly resolved for either Li+ or n-Bu4N+ (Figure 5.6(c), dashed). 
Considering that the redox behavior of the homogeneous NDI linker in the 
presence of n-Bu4N+ is largely unchanged regardless of the solvent, the re-
duced current density in the presence of n-Bu4N+ is likely more due to the 
steric bulk of the cation slowing diffusion-migration moreso than significant 
ion-pairing. However, in the presence of Li+, the electrochemical behavior of 
the Zr(dcphOH-NDI)@FTO mirrors that of the homogeneous linker where 
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these redox couples occur in a smaller potential window than for the corre-
sponding electrolyte in DMF. This suggests that the strength of ion pairing of 
the Li+ cation with the reduced NDI linkers is greatly enhanced in the presence 
of a solvent with a lower dielectric constant. This stronger ion association in 
turn leads to reduced mass transport by diffusion-migration of Li+ ions through 
the film and results in a decrease in observed charge transport. This effect on 
redox hopping transport can be distinguished by the significant decrease in the 
recorded current density exhibited by MOF films for Li+- containing electro-
lytes in THF compared to the response for the same electrolyte in DMF.  

Table 5.2. E1/2 for NDI redox couples of Zr(dcphOH-NDI)@FTO recorded in 
DMF with 0.5 M supporting electrolyte indicated; ν: 50 mV s-1. Potentials 
referenced to Fc+/0. 

Finally, only LiClO4 could be tested as an electrolyte in EtOH due to insolu-
bility of the other electrolytes in this solvent. The CVs of Zr(dcphOH-
NDI)@FTO in this supporting electrolyte solution does not exhibit two clearly 
defined redox features, akin to the response for LiClO4 in THF, but the rec-
orded current density is more similar to that for LiClO4 in DMF (Figure 
5.6(b)). Thus, the electrochemical behavior of Zr(dcphOH-NDI)@FTO in the 
presence of LiClO4 in EtOH is intermediate to that observed for LiClO4 in  
either DMF or THF. Considering that the dielectric constant for EtOH lies 
between that of THF and DMF, it follows that in the case of Li+-based elec-
trolytes, the ion pairing strength with reduced NDI linkers would also exhibit 
intermediate strength. Thus, mass transport of the Li+ ion influenced by the 
strength of ion pairing in the framework of Zr(dcphOH-NDI)@FTO will rely 
heavily on the solvent properties. 

It then seems clear that the properties of the selected solvent have a distinct 
influence on the electrochemical behavior of the NDI-based MOF material. 
The strength of ion association with reduced NDI linkers can be influenced by 
the solvent154 , especially for a smaller, charge-dense cation like Li+ through 
the framework. This effect on the ion pairing strength ultimately impacts mass 
transport of the cation via diffusion-migration through the film, affecting the 
potential mechanism of mass transport of necessary counter ions to support 
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redox hopping charge transport (referring back to the potential mechanisms in 
Figure 5.5). In the case of strong ion pairing, electron transfer events will be 
more likely to occur by an ion-paired or ion-coupled process (Figure 5.5(c,d)), 
where the electron transfer could occur, either by a concerted or sequential 
pathway, through the participation of fully associated ion-linker pairs. Collec-
tively, these observations provide indication that the mechanism for charge 
transport via redox hopping in Zr(dcphOH-NDI)@FTO can likely proceed 
through different electron transfer pathways, including ion-paired and ion-
coupled pathways, which are not regulated solely by the rate of counter ion 
diffusion-migration as a consequence of the size of the mobile counter ion. 

5.3.3 Cottrell Analysis:  Determination for Assessing 
Charge Transport in Zr(dcphOH-NDI)@FTO 
After CV cycling, chronoamperometry experiments were performed on 
Zr(dcphOH-NDI)@FTO films in all electrolyte media to extract apparent dif-
fusion coefficients ( ) for electron hopping charge transport. The devia-
tions in the determined values of  for all electrolyte solutions, coupled 
with the above interpretations of the CVs of the MOF films, provides a basis 
for explaining the influence of mass transport contributions on the observed 
charge transport. A representative example of the current and integrated cur-
rent (charge, Q) responses from a chronoamperometry experiment measured 
in DMF (0.5 M KPF6 as the supporting electrolyte) and corresponding Cottrell 
plot is shown in Figure 5.7. 

The slope of the linear fit from the Cottrell plots (corresponding to sufficiently 
short time transients where semi-infinite diffusion conditions for redox hop-
ping apply) was used to determine  according to the following Cottrell-
derived relationship:121 

 	 	  
∗ √

 (5.1)
 

The determined  for all electrolyte solutions are summarized in Table 5.3 
and are compared in Figure 5.8. Focusing first on the values for  found 
in DMF for all supporting electrolytes, a trend is observed corresponding to 
the size of the counter ion (green points in Figure 5.8). In DMF,  is the 
fastest for the smallest counter ion (Li+) and progressively decreases with in-
creasing ionic radius of the counter ion (Li+ > K+ > n-Bu4N+). This result is in 
agreement with the hypothesis that in highly polar solvents, the effect of ion 
pairing with reduced linkers in the MOF film is minimized, and that counter 
ion diffusion throughout the framework is most influenced by the size of the 
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Figure 5.7. Representative (a) controlled potential measurement and (b) Cot-
trell plot for Zr(dcphOH-NDI)@FTO measured in 0.5 M KPF6 in DMF with 
time steps t = 0.2 s. Linear fit of chronocoulometry in (a) shows subtraction 
of a residual background current to determine total charge passed (Q) for com-
plete reduction of linkers in film to NDI•− state. Blue boxes indicate time 
points selected for linear fits in both (a) and (b). 

counter ion, even considering potential weak ion-pairing influences for the Li+ 

cation in DMF. 

Considering all cases with LiClO4 as the supporting electrolyte (rLi
+ = 0.74 Å), 

an obvious trend is observed in which  decreases along with the polarity 
of the chosen solvent (DMF > EtOH > THF). This is consistent with the ob-
servations made when analyzing CVs of the homogeneous dcphOH-NDI 
linker in the corresponding electrolyte solutions that the strength of ion pairing 
is enhanced in solvents with progressively lower dielectric constants. This in-
crease in ion pairing strength between the Li+ cations and reduced NDI linkers 

Table 5.3.  values (each entry is a mean of three independent measure-
ments) for redox hopping charge transport in Zr(dcphOH-NDI)@FTO for all 
electrolyte solutions tested. Values absent from table are due to insolubility of 
KPF6 and n-Bu4NPF6 in the indicated solvent. 
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leads to an overall decrease in mass transport of the counter ion through the 
framework and ultimately in a deceleration of the electron hopping charge 
transport due to suppressed ion diffusion-migration. 

Figure 5.8. Average  values (n = 3 for all cases) for redox hopping 
charge transport in Zr(dcphOH-NDI)@FTO plotted vs. the ionic radius of the 
cation. 

The determined  for both Li+ and n-Bu4N+ in THF (orange points in Fig-
ure 5.8) are markedly slower than for the corresponding electrolyte in DMF. 
Considering the redox behavior from CVs of Zr(dcphOH-NDI)@FTO in these 
two electrolyte solutions (Figure 5.6(c)), it is evident that the cation transport 
in THF is most affected by the solvent properties, though likely for different 
reasons. In the case of Li+, ion pairing is stronger in THF than for the other 
solvents, leading to reduced cation flux via diffusion-migration in the frame-
work. For n-Bu4N+, though the bulky size of the cation already limits accessi-
bility, the presence of a solvent with a lower dielectric constant (i.e., is less 
polarizable) induces a lesser degree of ion migration compared to DMF, thus 
resulting in slower charge transport through the framework as a result of re-
duced cation flux. 

5.3.4 Cation-Coupled Electron Transport Mechanism in 
Zr(dcphOH-NDI)@FTO: Rationalizations from Experimental 
Observations and Molecular Dynamics Simulations 
Reflecting on the experimental data pertaining to the electrochemical behavior 
of both the homogeneous linker and Zr(dcphOH-NDI)@FTO films analyzed 
in all electrolyte solutions, we may begin to form some hypotheses regarding 
the microscopic electron transport mechanisms for each electrolyte medium. 
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In DMF, the E1/2 for both NDI couples are very similar in the cases of both the 
homogeneous linker and the heterogeneous MOF film, though some subtle 
differences can be seen concerning primarily Li+ association with the NDI2− 

species. This indicates that cation association with the reduced NDI species in 
DMF is relatively weak, and mass transport of the cation in the MOF film is 
most affected by the size of the mobile ion and its ability to diffuse-migrate 
through the framework under reducing potentials. This is supported by the 
observed trend in which the experimentally determined  is fastest in the 
presence of Li+ and decreases with the cation size (Li+ > K+ > n-Bu4N+). Such 
charge transport would then likely proceed through the mechanism depicted 
in either Figure 5.5(a or b), beginning from an ion-dissociated state via diffu-
sion or diffusion-migration of the counter ion. 

When the solvent polarity is decreased, the prevalence of stronger ion pairing 
is evident between the chosen cation and reduced linkers154 . Stronger ion as-
sociation leads to reduced ion flux via diffusion-migration in the framework, 
in turn affecting the rate of electron hopping charge transport between neigh-
boring redox sites that relies on the presence of charge-balancing ions to main-
tain electroneutrality. This stronger ion-linker association then leads to the in-
creased incidence of electron transfer events that can occur through ion-paired 
or ion-coupled transfer processes beginning with fully associated ion-linker 
pairs as detailed in Figure 5.5(c,d). 

Figure 5.9. Molecular dynamics model simulations and optimized geometries 
illustrating cation position and spin density (shown in red) in the presence of 
(a) Li+ (shown in pink) and (b) n-Bu4N+. Li+ forms a bridge between the adja-
cent NDI linkers leading to a delocalized charge, whereas n-Bu4N+ does not 
form such a bridge or lead to charge delocalization. 
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The solvent-dependent influence of ion-coupled charge transport is most sig-
nificant when the small, charge-dense Li+ is the chosen mobile cation. To fur-
ther evaluate the role of the cation during a single electron transfer event, mo-
lecular dynamics simulations162 of two NDI linkers coordinated to a 
Zr6O4(OH)4 (either protonated or capped with acetate ligands, respectively, to 
neutralize the local charge) with a spin multiplicity of 2 (corresponding to one 
NDI0 and one NDI•− linker) were evaluated. In these simulations, one cation 
(either Li+ or n-Bu4N+) is placed between the NDI linkers. The structures were 
then optimized by DFT, and the optimized geometries evaluated (Figure 5.9). 
From these structures, the Li+ ion can coordinate to two O atoms of adjacent
NDI linkers and is equidistant to each O (1.8 Å) (Figure 5.9(a)). This forms a
nearly-linear bridge with an O-O distance of 3.5 Å, an essentially minimized 
distance for electron hopping between adjacent NDI linkers in the MOF ar-
chitecture. When assessing the spin density for this system, the charge is de-
localized across both NDI centers, strongly suggesting the likelihood of cat-
ion-coupled electron transfer through a concerted pathway. On the other hand, 
the bulky n-Bu4N+ ion when replaced in the simulated structure cannot fit be-
tween the adjacent linkers, and thus associates with only one of the NDI link-
ers (Figure 5.9(b)). The observed spin density in this case is localized to the 
NDI center associated with the n-Bu4N+ ion, suggesting that electron transfer 
between adjacent linkers proceeds through a non-concerted pathway. 

These simulations further illustrate the importance of understanding the elec-
tron transfer mechanism in electroactive MOF systems and how this can be 
influenced by mass transport effects. Particularly in the Li+ cation case, it was 
observed in the experimental results that even in a highly polar solvent like 
DMF, Li+ can still engage in weak ion pairing with the reduced NDI species 
where the K+ ion may not. In principle, this Li+ ion association should result 
in hindered mass transport in the framework and thus slower charge transport 
than for K+ (i.e., slower ). The fact that the measured  for Li+ in  
DMF is faster than for K+ in DMF can then be explained from the simulated 
structure shown in Figure 5.9(a) where Li+ can form a near-linear bridge be-
tween two neighboring NDI linkers, resulting in the most optimal structural 
configuration for electron transfer to proceed through a concerted cation-cou-
pled pathway. When K+ is placed in the simulation, the cation can also coor-
dinate to the adjacent O atoms of the NDI linkers, but the O-O distance is 
longer (4.2 Å), thus reflecting the slightly lower  value for K+ in DMF in 
the absence of obvious K+ ion pairing. 
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5.4 Summary and Conclusion 
In this chapter, thin films of an electroactive NDI-based MOF prepared on 
conductive FTO were used as a model system to systematically evaluate the 
effect of imposed mass transport properties on the observed diffusive charge 
transport. A selection of electrolytes (LiClO4, KPF6, and n-Bu4NPF6) were 
chosen to vary the size of the cations. Solvents (THF, EtOH, and DMF) span-
ning a range of dielectric constants were chosen to influence the strength of 
ion pairing, and thus mass transport of the cation via diffusion-migration 
through the film framework. Evaluation of the redox behavior of the homoge-
neous NDI linker revealed significant ion pairing behavior for the Li+-based 
electrolyte tested in solvents of lower dielectric constants as well as the prev-
alence of weaker ion pairing for the small, charge-dense Li+ ion in DMF, the 
most polar solvent tested here. These behaviors were similarly observed when 
evaluating the redox behavior of Zr(dcphOH-NDI)@FTO in the analogous 
electrolyte solutions, leading to the postulation of ion-paired or ion-coupled 
redox hopping charge transport in the presence of less polar solvents and/or 
small, charge-dense cations. Experimentally determined values of  found 
in DMF show that diffusion-like charge transport is fastest for the smallest  
cation tested and decreases with the cation order (Li+ > K+ > n-Bu4N+), reflect-
ing the size of the mobile ion. Values of  associated with Li+ in each 
solvent decrease by approximately one order of magnitude for solvents of pro-
gressively lower dielectric constant (DMF > EtOH > THF), stemming from 
progressively stronger ion pairing in these solvents. These results provide 
compelling evidence for the hypothesis that charge transport in Zr(dcphOH-
NDI)@FTO may proceed through ion-paired or ion-coupled electron transfer 
pathways, especially in solvents that promote strong cation-linker associa-
tions. This is further corroborated by the optimized geometry between two 
adjacent NDI linkers with a bridging Li+ ion, as obtained by molecular dy-
namics simulations, which results in charge delocalization across both linker 
units, strongly supporting a cation-coupled electron transfer mechanism 
through a concerted pathway. 

This study illustrates the general importance of understanding not only the 
mode of charge transport, but also the influence of mass transport effects on 
charge transport when assessing electroactive MOF materials. The composi-
tion of the electrolyte medium (counter ion size, charge density, and solvent 
properties) collectively can influence the mass transport behavior of the coun-
ter ion and in turn affect the observed charge transport properties. By being 
able to identify if the mode of cation transport is controlled predominantly by 
diffusion-migration or by ion pairing, it is then possible to begin to identify 
the mechanism for electron hopping transport on a microscopic level, provid-
ing a more complete picture for evaluating electroactive MOF materials. 
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6. Mediated Charge Transport Through an 
Electroactive MOF Film to a Mobile Electron 
Acceptor as a Model for Catalytic Reactions 
(Paper IV) 

In this chapter, a thin film of a Zn-based NDI MOF is used as a platform for 
assessing if redox hopping charge transport through a MOF film is able to 
sustain electron transport to a molecular acceptor species that is dissolved in 
the electrolyte solution. Such a proof-of-concept study would demonstrate that 
charge transport through an electroactive MOF film can be coupled to chemi-
cal redox processes in solution. Structural and functional characterization of 
MOF films grown on FTO is described. Charge transport characteristics of 
MOF thin films are also assessed by CV and chronoamperometry. 
[CoIII(bpy)3](PF6)3 is chosen as the homogeneous acceptor substrate, and the 
reduction of this substrate by mediated electron transfer is monitored. Lastly, 
modifications to experimental parameters are explored to attempt to establish 
steady-state regimes for all transport-related events. Such a scenario would 
allow for the application of kinetic models to extract unperturbed kinetic pa-
rameters related to the mass and charge transport processes. 

6.1 Introduction 
Thus far, all of the presented MOF materials have been the subjects for ex-
ploring mass and charge transport processes primarily centered around the be-
havior of only redox-active linkers within the framework. From these studies, 
it is evident that a number of structural elements can be considered when de-
signing new electrocatalytic MOF materials to optimize their performance. 
Among these factors are 1) decoupling the charge transport and catalytic roles 
to optimize the efficiency of all embedded catalyst units and 2) optimizing the 
pore architecture to both sustain electron hopping between the discrete redox-
active centers and also to promote unhindered diffusion of charge-balancing 
counter ions and substrate/product molecules for catalysis within the frame-
work. Such design considerations are necessary for preparing effective elec-
trocatalytic MOFs where neither the flux of mass (counter ions, substrate, 
product) nor charge within the framework is a limiting factor. Optimizing 
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these parameters has the added benefit of presenting a system in which kinetic 
parameters may be more accurately assessed without influences or limitations 
from associated transport events (for example, determining true TOF values, 
as discussed in Chapter 3).  

From these design considerations, it is clear that a delicate balance of both 
mass and charge transport phenomena must be realized to truly optimize the 
efficiency of electrocatalytic MOFs. Such complexity raises the question if 
there is a simple alternative strategy that could be considered for employing 
MOF materials for driving chemical redox processes. One such answer could 
be to employ films of an electroactive MOF to mediate electron transport to a 
dissolved substrate directly. Thus, the above question evolves to: is redox hop-
ping charge transport through an electroactive MOF film sufficient to mediate 
electrons to a dissolved acceptor molecule to drive a chemical process? 

Figure 6.1. (a) Linker and simulated crystal structure of Zn(NDI-X). In the 
study presented here, X=H. (b) CVs of Zn(NDI-H)@FTO measured at multi-
ple scan rates. Conditions: 0.1 M n-Bu4NPF6 in DMF; ν = 5, 10, 25, 50, 75, 
100, 150, 200 mV s-1. Reprinted with permission from Ref [77]. Copyright 
(2013) John Wiley and Sons. 

As a model system to address this question, a previously reported Zn-based 
MOF constructed from pyrazolate-terminated NDI linkers (Zn(NDI-H))78 was 
selected to prepare thin films on FTO substrates (Zn(NDI-H)@FTO)77 to me-
diate charge transport to a model electron acceptor [CoIII(bpy)3](PF6)3 (bpy = 
2,2´-bipyridine) added to the bulk electrolyte solution. If redox hopping 
transport through the MOF film can promote charge transfer to a dissolved 
acceptor, this chosen homogeneous substrate should be able to accept elec-
trons from the electrogenerated NDI•− linker species. 

The overall mechanism for this process is described by a simple one-electron, 
one-step pseudo-catalytic cycle: 
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This leads to the overall net reaction: 

The reported width of the MOF pore channels of Zn(NDI-H)@FTO is ~16 Å  
with much narrower distances between the cofacial NDI species that line the 
pore channels78 (Figure 6.1(a)) while the diameter of [CoIII(bpy)3]3+ is approx-
imately 11 Å.163 With this difference in pore vs. ion size, it is expected that 
[CoIII(bpy)3]3+ will be able to diffuse into the film, but will also be affected by 
a solvation shell such that this permeation may be affected. Also, the 
[CoIII(bpy)3]3+ acceptor should not be able to access the space between the 
cofacial NDI centers, so direct interaction between the donor and acceptor 
species will only occur within the 1D pore channels and at the film/solution 
interface. Sustained charge-hopping through the film would then need to be 
sufficient to be able to reduce [CoIII(bpy)3]3+ within this diffusion layer and at 
the film/solution interface. If experimental conditions can be found where all 
transport-related events reach a steady-state (redox hopping, substrate diffu-
sion, and electron transfer from the NDI•- linker to [CoIII(bpy)3]3+ in the film 
and at the film/solution boundary), then it is possible to readily apply kinetic 
models for thin film materials describing steady-state reaction-diffusion to ex-
tract kinetic parameters (like rate constants) that present straightforward ex-
pressions for evaluating these parameters.108, 115, 118, 119, 123 

It should be noted that this MOF-mediated electron transfer is not in itself 
catalytic as the [CoIII(bpy)3]3+ alone is reduced at the bare electrode at a more 
positive potential than the NDI•- species is formed, so the energy barrier for 
[CoIII(bpy)3]3+ reduction is not lowered. However, the overall mechanism is 
nominally catalytic in that the electrogenerated NDI•- linkers in the film serve 
as an activated species that, after transferring an electron to a substrate, can 
then be rapidly regenerated by redox hopping transport through the film. As 
such, the one electron, one pseudo-catalytic step mechanism described for this 
system may be considered as an analogy for a catalytic reaction driven by an 
electrocatalytic film, and the reaction-diffusion parameters for the transport-
related processes may be best understood by considering the schematic in Fig-
ure 6.2 (scheme similar to Figure 2.4). 
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Figure 6.2. Schematic representation of transport-related processes for reac-
tion-diffusion describing the pseudo-catalytic reaction in Zn(NDI-H)@FTO 
MOF film discussed in this chapter. This schematic is inspired by a figure  
from Ott et al.108 

6.2 MOF Thin Film Preparation and Characterization 
Thin films of Zn(NDI-H) on FTO were prepared according to a previously 
described procedure.77 In short, a stock DMF solution containing the MOF 
linker H2NDI-H and Zn(NO3)2•H2O was degassed with Ar and then aliquoted 
into 20 mL scintillation vials. Cleaned FTO substrates were submerged in the 
degassed solution, and the vials heated in a 130°C oil bath for 3-4 hours to 
form thin films (Figure 6.3(a)). Films were briefly sonicated directly before 
electrochemical analysis to remove any loosely associated particles.  

Preliminary electrochemical analysis by CV and chronoamperometry was per-
formed in 0.5 M LiClO4 in DMF to assess redox behavior. Films were initially 
cycled for 50 CV scans to equilibrate the electrolyte throughout the framework 
(Figure 6.3(b)). During the first several scans, only one broad redox wave is 
observed, but two distinct diffusion-like redox features corresponding to the 
NDI0/•− and NDI•−/2− couples begin to resolve after several successive scans 

0/•− •−/2− (E1/2  = -0.57 V and E1/2 = -0.92 V v. SCE). This behavior suggests that 
a conditioning phase is needed to promote Li+ counter ion permeation into the 
framework to promote a sufficient local concentration of charge compensating 
counter ions to associate with the reduced NDI linkers. Considering that me-
diated electron transport for only the NDI0/•− couple is explored, all ensuing 
discussions will only focus on this redox couple. Also, all films are first equil-
ibrated by cycling through 50 CV scans prior to any measurement to ensure 
equivalent starting points. 
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Figure 6.3. Characterization of Zn(NDI-H)@FTO (a) SEM of Zn(NDI-
H)@FTO thin film. (b) Multiple CV scans of Zn(NDI-H)@FTO measure at 
a scan rate of 50 mV s-1. CV conditions: 0.5 M LiClO4 in DMF. 

Multiple scan rate analysis (Figure 6.4(a)) revealed that the electron hopping 
charge transport could exhibit two distinct regimes depending on the applied 
scan rate. For particularly slow scan rates (ν < 10 mV s-1), a linear correlation 
between jpc and ν is observed (Figure 6.4(b), red), indicative of “surface-con-
fined,” or finite, redox hopping that encompasses the full film thickness (df = 
1 μm). This is further corroborated by the observation that the anodic and ca-
thodic features are nearly symmetric, with a peak separation (ΔEp) of 62 mV 
at 10 mV s-1 (Figure 6.4(c)). Narrow, though discernible, peak separations may 
be observed for heterogeneous thin films operating within finite diffusion con-
ditions even though it may be expected that the oxidation and reduction waves 
be symmetric (for example, at ν = 1 mV s-1, ΔEp ≈ 21 mV). This would explain 
why this measured ΔEp at ν = 10 mV s-1 is slightly greater than that expected 
for a reversible redox event in a freely-diffusing homogeneous solution (Re-
call ΔEp ≈ 57 mV122, 124 in solution). It then seems evident that CVs recorded 
at slower scan rates than 10 mV s-1 (which present even smaller peak separa-
tions) would exhibit surface-confined behavior as a result of the full (surface-
immobilized) film being electrochemically accessed on the timescale of the 
CV experiment. When the scan rate is increased (ν > 20 mV s-1), a linear trend 
between jpc and ν1/2 is observed (Figure 6.4(b), blue), indicative of semi-infi-
nite redox hopping that is confined within the film and does not extend to the 
full film thickness df. With a peak separation of 83 mV measured at ν = 20  
mV s-1 between the anodic and cathodic peaks that only becomes broader with 
faster scan rates (Figure 6.4(d)), it is reasonable to assume that a scan rate 
above ~10 mV s-1 approximately marks the transition from surface-confined 
(i.e., finite) to semi-infinite electron hopping regimes on the CV timescale. By 
considering the dimensionless finite diffusion parameter (λe)105, 108, 141 for  
charge transport that was introduced in Chapter 3, we may use these observa-
tions to approximate the electron hopping diffusion coefficient ( ) from this 
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Figure 6.4. (a) CVs of Zn(NDI-H)@FTO at multiple scan rates isolating the 
NDI0/•− redox couple. (b) Plot of jpc v. ν (red) and jpc v. ν1/2 (blue), revealing 
transition of charge transport behavior. Linear correlation of jpc v. ν at slow  
scan rates (ν < 10 mV s-1) indicative of surface-confined redox hopping while 
linear correlation of jpc v. ν1/2 at faster scan rates (ν > 20 mV s-1) indicative of 
transition to a semi-infinite diffusion regime. (c) CVs recorded at slow scan 
rates (ν < 10 mV s-1) illustrating narrow peak separations which are character-
istic of surface-confined redox processes. d) Select CVs recorded at faster scan 
rates (ν = 20, 50, 100 mV s-1) showing broader peak separations, illustrating 
transition to semi-infinite diffusion behavior for electron hopping. CV condi-
tions: 0.5 M LiClO4 in DMF. 

estimated scan rate for the switching behavior from finite to semi-infinite dif-
fusion regimes. Recall from Chapter 3 that: 

 	   (6.1)
 

When the length of the electron hopping diffusion layer is approximately the 
same as the total film thickness, the finite diffusion parameter λe ≈ 1. Then, 
considering ν = 10 mV s-1 as the approximate scan rate for this transition from 
a finite to semi-inifinite diffusion regime for a film with df ≈ 1  μm,   for  
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redox hopping is estimated to be ~ 3.7 x 10-9 cm2 s-1. This is in good agreement 
with the measured apparent diffusion coefficient ( ) for redox hopping 
charge transport that was determined experimentally by chronoamperometry

2for a Zn(NDI-H)@FTO film with df ≈ 1 μm (  = 2.5 x 10-9 cm  s-1). 

6.3 Mediated Electron Transport to [CoIII(bpy)3]3+ 

Acceptor in Solution 
After CV cycling of Zn(NDI-H)@FTO films, [CoIII(bpy)3](PF6)3 was added 
to the electrolyte solution to determine if charge transport sustained through 
the MOF film is sufficient to reduce the dissolved [CoIII(bpy)3]3+ acceptor spe-
cies (Figure 6.5). For a film with film thickness df = 1 μm, the cathodic current 
for the NDI0/•− couple gradually increases with each [CoIII(bpy)3]3+ addition 
until a maximum current is reached at 24 mM [CoIII(bpy)3]3+ in the solution. 
At the same time, the corresponding oxidative peak current is gradually de-
creasing, consistent with electron transfer from the reduced NDI linkers to the 
electron acceptor. It is also observed that a second irreversible cathodic feature 
begins to appear at a peak potential of -0.12 V (v. SCE) with 24 mM 
[CoIII(bpy)3]3+ in the solution. This matches with the peak potential for the 
irreversible reduction of [CoIII(bpy)3](PF6)3 measured at a bare FTO electrode 
(Ep,c = -0.11 V v. SCE, Figure 6.4(b)) and likely corresponds to the direct 
reduction at or near the electrode surface of [CoIII(bpy)3]3+ that has diffused 

Figure 6.5. CVs of Zn(NDI-H)@FTO (df = 1 μm) in the presence of 
[CoIII(bpy)3](PF6)3 in the bulk solution. (a) CVs of Zn(NDI-H)@FTO with 
varying concentrations of [CoIII(bpy)3](PF6)3 in the bulk solution. (b) CVs 
showing current response of Zn(NDI-H)@FTO before (black) and after (blue) 
addition of 36 mM [CoIII(bpy)3](PF6)3 to the bulk solution. [CoIII(bpy)3](PF6)3 

reduction at bare FTO (red) shown for reference. CV conditions: 0.5 M LiClO4 

in DMF; ν = 50 mV s-1. 
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into the film. Considering this peak does not appear from the first additions of 
[CoIII(bpy)3](PF6)3 to the solution, [CoIII(bpy)3]3+ is not being reduced directly 
at bare FTO due to film defects. These observations indicate that the observed 
current enhancement for the NDI0/•− couple must come from the MOF film-
mediated reduction of [CoIII(bpy)3]3+ by the electrogenerated NDI•− linkers. 

6.4 Identifying Potential Limiting Cases in Mass and 
Charge Transport Processes 
To prepare the most efficient electrocatalytic MOF thin film materials, it is 
evident then that a scenario where δrxn = df is ideal as the entire film would be 
utilized for the pseudo-catalytic reaction, and furthermore that the rate of the 
catalytic reaction is fast. The latter condition implies a steady-state situation 
for both the pseudo-catalyst (NDI•−) and substrate ([CoIII(bpy)3]3+) within the 
film118, effectively minimizing the impact on current responses resulting from 
changes in the flux of these species via mass or charge transport in the frame-
work during the CV experiment. This scenario, generally defined as pure ki-
netic conditions,108, 115, 118 then holds when the concentrations of both activated 
catalyst (NDI•−) and substrate within the film are effectively unchanged on the 
timescale of the experiment (δC/δt = 0). Such a scenario would allow for the 
experimental determination of unperturbed kinetic parameters related to the 
mass and charge transport processes by considering kinetic models developed 
for assessing electrocatalytic thin films where this condition is generally as-
sumed when defining the model parameters.108, 115, 118, 119 

6.4.1 Challenges to Establish Pure Kinetic Conditions 
Upon close inspection of the oxidation and reduction peaks in Figure 6.5, it 
can be noted that slight peak-like features are still discernible with solution 
concentrations of [CoIII(bpy)3](PF6)3 in excess of 24 mM. This indicates that 
steady-state conditions are not realized on the time scale of the experiment 
(steady-state regimes are classically identified as sigmoidal S-shaped curves 
where the current response is independent of the scan rate121, 124, 164). Thus, at 
least one of the species (substrate [CoIII(bpy)3](PF6)3 or pseudo-catalyst NDI•−) 
does not reach a steady-state as a result of an imbalance in the transport-related 
processes (electron hopping, substrate diffusion, pseudo-catalytic reaction) for 
these experimental parameters. To attempt to establish steady-state condi-
tions, changes to one of a few experimental parameters can be made to push 
the transport-reliant processes into their limiting cases.108, 115 The most facile 
parameters to vary include film thickness (df), substrate concentration (CS

0), 
catalyst concentration (CP

0 , here describing the molar concentration of the 
electrogenerated NDI•− pseudo-catalyst in the film), and scan rate (ν). 
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For a Zn(NDI-H)@FTO film with df = 1 μm, a maximum (plateau) current 
response is reached in the presence of 24 mM [CoIII(bpy)3](PF6)3 (CS

0) at an 
applied scan rate of 50 mV s-1, and no further change in the shape of the current 
response or current density is observed with higher solution concentrations of 
[CoIII(bpy)3](PF6)3. Additionally, the presence of a cathodic feature preceding 
the pseudocatalytic wave indicating direct reduction of [CoIII(bpy)3]+ at the 
FTO electrode suggests that no further change to the substrate consumption 
with higher concentrations of the acceptor is likely to occur. Thus, a steady-
state scenario for substrate diffusion within the film is probably met. This 
leaves only the rates of the catalytic reaction and the electron hopping charge 
diffusion as potential limiting processes. The continued presence of a peak-
like reoxidation feature related to the diffusional current response of NDI•− in 
the film indicates that redox hopping charge transport exhibits diffusion-con-
trolled behavior, and thus is not at steady-state for these conditions. From 
these observations, it may be presumed that the catalytic reaction (i.e., medi-
ated electron transfer from electrogenerated NDI•− linkers to the [CoIII(bpy)3]+ 

acceptor) is faster than the rate of charge diffusion in the film associated with 
the pseudo-catalytic NDI•− species on this timescale (identified by the signifi-
cantly diminished return oxidation). To modify the dynamics between the 
electron hopping charge transport and catalytic reaction to attempt to establish 
a steady-state condition with regard to the NDI•− species, recording CVs at 
varying scan rates is the most facile tactic to influence the timescale of the 
experiment as well as the formation of NDI•−. 

For the film represented in Figure 6.5, the scan rate in the presence of 36 mM 
[CoIII(bpy)3](PF6)3 in solution was varied from 10 mV s-1 to 60 mV s-1 to as-
certain if the diffusion-like reoxidation feature of the NDI•− species could be 
diminished, leading to a steady-state scenario for the charge hopping response 
of the NDI•- species and where potentially all transport processes are thus bal-
anced (Figure 6.6). The nearly identical cathodic plateau currents observed for 
the faster scan rates recorded (> 40 mV s-1) verify that the catalytic reaction is 
at steady-state under these conditions (scan rate-independent response), but 
the electron hopping charge transport is not, as evidenced by the diffusion-
controlled reoxidation feature belonging to the accumulation of the pseudo-
catalytic NDI•− species. When the scan rate is decreased (ν < 20 mV s-1), this 
NDI•− reoxidation feature is absent, indicating complete irreversibility of the 
electron hopping charge transport current response belonging to the pseudo-
catalytic NDI•− species. However, the magnitude of the cathodic current re-
sponse decreases and is no longer constant among these slow scan rates, sig-
naling that all transport-related processes governing the system are still not at 
steady-state for these experimental parameters. 
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Figure 6.6. (a) CVs at multiple scan rates of Zn(NDI-H)@FTO (df = 1μm) 
with 36 mM [CoIII(bpy)3](PF6)3 in supporting electrolyte solution 0.5 M 
LiClO4 in DMF. (b) Closer look at increase of return oxidation peak with 
faster scan rates, revealing diffusion-controlled current response. 

Another experimental parameter that can be modified is the film thickness. 
When df for Zn(NDI-H)@FTO is increased to 2 μm, an increase in the current 
density for the NDI0/•− couple is observed, indicating a likely increase in Γe. 
Upon addition of [CoIII(bpy)3](PF6)3 to the bulk solution, an increase in the 
current density for the NDI0/•− couple is observed, and a maximum current 
response for the catalytic wave is not reached until the solution concentration 
of the [CoIII(bpy)3]+ acceptor reaches 36 mM (ν = 50 mV s-1) (Figure 6.7(a)). 
In the presence of up to 72 mM [CoIII(bpy)3](PF6)3, the return oxidation does 
still exhibit a peak-like shape, indicating the occurrence of a diffusion-con-
trolled process for the electron hopping charge diffusion of the NDI•− species 
on these CV timescales (Figure 6.7(b)). The CV scan rate was varied from 20 
mV s-1 to 70 mV s-1 to affect the timescale of the experiment with 72 mM 
[CoIII(bpy)3](PF6)3 in the bulk electrolyte solution (Figure 6.7(c,d)). Similarly 
to the behavior of the thinner film, at the slower scan rates (ν < 30 mV s-1), the 
NDI•− reoxidation feature is not present, revealing the irreversibility of the 
diffusion-like current response belonging to the pseudo-catalytic NDI•− spe-
cies. Thus, the rate of the pseudo-catalytic reaction is much faster than the 
charge diffusion associated with the NDI•− linker species through the film, and 
a steady-state situation is reached for NDI•− in the film as affected by the elec-
tron hopping charge transport. It is noted that the magnitude of the current 
response of both the cathodic and anodic wave is nearly constant across these 
scan rates, indicating the system is likely at near steady-state conditions for 
particularly slow scan rates (longer time scales). However, the magnitude of 
the current response at faster scan rates (ν > 30 mV s-1) appears to increase for 
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both cathodic and anodic features, inferring that a steady-state situation is not 
truly reached as the plateau currents exhibited are not scan rate independent. 

Figure 6.7. (a) CVs of Zn(NDI-H)@FTO (df = 2 μm) with [CoIII(bpy)3](PF6)3 

additions to the bulk electrolyte solution (ν = 50 mV s-1). (b) Closer look at 
return oxidation with higher [CoIII(bpy)3](PF6)3]. (c) CVs at multiple scan 
rates of Zn(NDI-H)@FTO with 72 mM [CoIII(bpy)3](PF6)3 in electrolyte so-
lution. (d) Closer look at return oxidation peak with 72 mM [CoIII(bpy)3](PF6)3 

at varying scan rates, revealing diffusion-controlled behavior. CV conditions: 
0.5 M LiClO4 in DMF. 

6.4.1 Considerations for Experimental Parameters in Assessing 
Electrocatalytic MOF Films and Kinetic Models 
Further attempts to fine-tune the experimental parameters to obtain S-shaped 
current-potential curves would require further screening of the parameters al-
ready varied in these experiments, though it is maybe not practical for this 
particular substrate. [CoIII(bpy)3](PF6)3 was chosen as a proof-of-concept elec-
tron acceptor for the simplest case scenario for mediated electron transfer in 
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the mechanism for the one-electron, one-step pseudo-catalytic reaction de-
tailed at the beginning of this chapter. Selection of another suitable substrate 
would influence both the substrate diffusion in the film and likely the rate of 
the catalytic reaction. This hopefully would also result in easily interpretable 
CV current-potential curves that could be readily pushed into steady-state re-
gimes from which kinetic parameters could be determined from current kinetic 
models for analyzing electrocatalytic films. 

Beyond changing the substrate, film thicknesses can also be varied further. 
For the examples above, increasing the film thickness from 1 μm to 2 μm led 
to recorded CVs that begin to approach steady-state curves at slower scan 
rates. Generally, preparing thicker films is not always effective as this will 
affect the distance for both mass and charge transport within the film, likely 
influencing the diffusion coefficients for both processes. This may not signif-
icantly improve the catalytic efficiency (if at all) due to transport limitations. 
Also, films presented here were prepared directly on FTO electrodes by a sol-
vothermal procedure, and fine control of MOF film thickness by this method 
(as well as other intrinsic film properties like surface roughness which can 
impact substrate permeation into the film from the film/solution interface) is 
experimentally challenging. Thus, attempting to tune the film thickness fur-
ther to try to clearly establish pure kinetic conditions is likely not prudent. 

Though not yet attempted for this system, modifying the rate of electron hop-
ping transport could prove beneficial for establishing a steady-state for the 
NDI•- pseudo-catalyst and reach the pure kinetic conditions necessitated for 
applying kinetic models. As presented in the previous chapter, the rate of re-
dox hopping charge transport (described by ), can be altered for a single 
MOF-based electrode material by varying the components of the supporting 
electrolyte solution (both counter ion and solvent). By screening other elec-
trolyte conditions (such as changing the counter cation from Li+ to K+), the 

 for redox hopping charge transport may be tuned to result in a system in 
which steady-state conditions can be more readily established. 

In this study, the imposed experimental parameters were broadly varied to at-
tempt to establish steady-state conditions to be able to apply current kinetic 
models115, 118, 119 for analyzing electrocatalytic films by CV and extract unper-
turbed kinetic parameters. In these models, steady-state conditions are gener-
ally defined as an initial assumption for deriving the physico-mathematical 
relationships for all limiting cases. However, when evaluating electrocatalytic 
MOF films by CV, plainly establishing steady-state conditions is often exper-
imentally challenging due to the presence of capacitive currents and ill-de-
fined redox features that make identifying steady-state behaviors problematic. 
The electrochemical behavior of the Zn(NDI-H)@FTO films discussed here 
does not display such significant limitations, either alone and in the presence 
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of a model electron acceptor. Considering that clear steady-state conditions 
could not be established for this generally well-behaved MOF platform and 
the simple one-electron pseudo-catalytic reaction cycle presented, it would 
then seem arduous to be able to verify such conditions for a truly electrocata-
lytic MOF platform where one may also be concerned with the stability of the 
embedded catalyst units. Such observations from experimental results then 
should prompt refinements to applicable kinetic models in which steady-state 
conditions are not assumed to be met as an underlying assumption. Though 
such refinements would doubtless be laborious, this effort would result in ki-
netic models that could be more freely applied to the analysis of all electro-
catalytic film materials, not just MOF-based systems, in which establishment 
of steady-state conditions cannot be readily met. This would ideally allow for 
the more accurate determination of true kinetic parameters by beginning from 
an assumption that more complex limitations to transport-related processes 
are present in these systems. 

6.5 Summary and Conclusions 
In this chapter, the preparation of a Zn-based NDI MOF thin film on conduc-
tive FTO was presented. This material was used as a working electrode and 
was demonstrated to be able to support sufficient charge transfer on CV time-
scales to drive a chemical process as a proof-of-concept. The MOF film-me-
diated electron transfer to the [CoIII(bpy)3]+ acceptor added to the bulk solution 
resulted in a significant ‘catalytic’ wave. The irreversible reduction of 
[CoIII(bpy)3]+ at the more cathodic potential corresponding to the formation of 
the NDI•- pseudo-catalyst by MOF-mediated charge transport thus represents 
a nominally catalytic reaction from which kinetic parameters for transport-
related processes of electrocatalytic films may be determined if steady-state 
conditions can be established or if the limiting processes can be identified. 
Attempts to vary experimental parameters (CS

0 , ν,  df) to clearly identify the 
limiting cases proved challenging, and a steady-state regime for the formal 
diffusion of the NDI•− pseudo-catalyst could not be clearly established, though 
near steady-state conditions could be reached for a MOF film with df ≈ 2 μm. 
Assessing MOF films of two thicknesses suggested that electron hopping 
charge transport is likely the limiting process in the film. To progress from a 
proof-of-concept system to a truly catalytic system, demonstrating the MOF-
mediated reduction of an electron acceptor with a more negative reduction 
potential would be the next logical step from an application-based perspective. 
Fundamentally, this study demonstrates the utility of an electroactive MOF 
film for mediated electron transfer to a dissolved acceptor species and demon-
strates that clearly establishing steady-state reaction-diffusion conditions for 
MOF-based electrocatalytic films is challenging, but may be possible with 
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further experimental refinements. In order to determine truly unaffected ki-
netic parameters, it would be pragmatic to refine existing kinetic models to 
define physico-mathematical expressions that do not rely on steady-state con-
ditions being met. Such refinements would likely see broad utility in analyzing 
any electrocatalytic film material and would more accurately reflect the ex-
perimental data observed in heterogeneous electrocatalyst materials. 
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7. Conclusions and Future Outlook 

Within the MOF community, the study of electroactive and electrocatalytic 
MOF systems is a rapidly expanding area of research. Having now developed 
a substantial array of conductive and electrocatalytic MOF-based systems, the 
focus of many researchers is beginning to shift towards a more mechanistic 
understanding of how these materials conduct charge and how catalytic effi-
ciency can be optimized. Such understanding begins with the awareness that 
these systems are heavily governed by mass and charge transport processes, 
and tuning these factors is essential for optimizing the behavior of the MOF-
based materials. To this end, the field is experiencing a renaissance in how we 
think about transport processes. By revisiting the breadth of literature pro-
vided by the redox polymer community, a number of analogies can be made 
to MOF-based systems that exhibit electron hopping charge transport, and a 
foundation is presented that may be directly applied for more thorough inves-
tigations into transport phenomena. The most fundamental concept that is im-
parted from these works is that charge transport is generally diffusive in nature, 
and most treatments of both mass and charge transport in electroactive porous 
materials may be considered as diffusion-controlled processes. Investigating 
the balance of these two concurrent transport processes lies at the heart of the 
work presented in this thesis. 

For the study of electrocatalytic MOF-based systems, three unique diffusion-
controlled transport processes must be taken into consideration: (1) charge 
transport between discrete electroactive and electrocatalytic sites, (2) mass  
transport of requisite counter ions to balance the charges at the redox sites, 
and (3) mass transport of product and substrate species from the electrocata-
lytic reaction. In Chapter 3 (Paper I), a Zr-based MOF constructed from H2-
evolving cobaloxime catalyst linkers was presented. When prepared as thin 
films on electrode surfaces, it was shown that the individual cobaloxime cen-
ters within the framework are redox addressable and that the MOF can sustain 
electrocatalytic H2 evolution. Focusing on the transport-related processes 
(here in the absence of mass transport related to substrate/product diffusion), 
it was shown that charge transport is relatively fast, evidenced by a  ~ 10-8 

cm2 s-1. However, some limitations to the optimal efficiency likely exist, as 
evidenced by the finding that only about half of the cobaloxime centers are 
redox-addressable. This suggests a probable imbalance in transport processes 

103 



  

  
   

 

 
 

 
  

 
    

 
 

    
    

  
 

   
  

    
 

      
  

  

 

 
  

 
  

 
 

   
   

 
   

 
  

 

that prevents all cobaloxime units from being electrochemically accessed. Ad-
ditionally, the cobaloxime linkers serve two roles as the electroactive struts: 
electron mediators, and electrocatalyst centers. Because these two processes 
are not decoupled, this indicates that not all catalyst linkers are actually dedi-
cated to catalysis. To attempt to optimize the catalytic efficiency of all em-
bedded catalyst units, it would seem prudent to separate the electron mediation 
and catalysis functions to two distinct molecular species in the framework. 

In Chapter 4 (Paper II), another Zr-based MOF called PCN-700 was used as a 
scaffold material to prepare a dual-functional MOF that bears structural re-
semblance to the catalytic active site of the [FeFe] hydrogenase enzyme to 
attempt to decouple the charge transport and catalytic linker functions. To 
achieve this, two different functional linkers are introduced: (1) an NDI-based 
linker to serve as an electron mediator, and (2) a biomimetic complex of the 
[FeFe] hydrogenase active site for H+ reduction. It was found that the redox-
inert scaffold is rendered electroactive by incorporation of the redox-active 
linkers and that the unique electrochemical behavior attributed to each linker 
may be identified when immobilized in the MOF. Furthermore, clear effects 
on the electrochemical behavior of the dual functional MOF were observed in 
the presence of a H+ source, providing indication that the [FeFe] complex is 
reduced and may be protonated in the MOF scaffold. This protonation event 
is a necessary chemical step in the H2-evolving catalytic cycle for the complex, 
and though not the primary focus of the study, it was demonstrated that the 
dual functional MOF could sustain electrocatalytic H2 evolution. From careful 
evaluation of CVs of the dual functional MOF at varying scan rates, potential 
mass transport limitations were identified. At particularly slow scan rates, or 
long experimental time scales, it was found that not all possible redox events 
could be observed by comparing the total charge passed between the two re-
duction waves (roughly 1:1). This is attributed to the fact that complete reduc-
tion of all electroactive linkers would require the uptake of more counter ions 
to stabilize the reduced species than the PCN-700 scaffold could likely ac-
commodate. When the timescale of the CV experiment is decreased (i.e.,  
faster scan rates), the total charge accumulated during the experiment de-
creases, and the ratio of the charge between the two reduction waves shifts to 
2:1. Because less charge, and therefore less counter ion uptake, is amassed 
during the first wave, a greater extent of the potential redox events in the sec-
ond wave may be observed owing to the ability of the framework to accom-
modate the necessary charge-balancing cations. Such an observation points to 
non-linear behavior of diffusion coefficients associated with altered mass and 
charge transport in the dual functional MOF. It is likely that such a scenario is 
not exclusive to this material and that similar effects in transport behaviors 
may affect the performance of other electrocatalytic MOF-based systems. 
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Analysis of these two electrocatalytic systems demonstrate some clear bottle-
necks in transport processes that likely have a significant effect on the catalytic 
efficiency of the material. Though much work in electroactive MOFs has fo-
cused on specifically optimizing charge transport, less consideration has gen-
erally been giving to the influences of mass transport. The work presented in 
Chapter 5 (Paper III) employed thin films of an NDI-based MOF as a platform 
material to gain a more detailed understanding of how changes in mass 
transport behaviors can influence the observed charge transport by systemati-
cally varying the components of the electrolyte solutions, specifically the 
counter ion and solvent. This was evaluated by comparing apparent diffusion 
coefficients ( ) in a variety of electrolyte/solvent systems. It was found 
that the measured  are the fastest in highly polar solvents (like DMF), 
and that polar solvents minimize the occurrence of ion pairing between re-
duced linkers and counter ions. The general absence of ion pairing then leads 
to mass transport occurring predominantly by diffusion or diffusion-migra-
tion, and the diffusive charge transport is then influenced mostly by the size 
of the charge-balancing cation. When the solvent polarity is decreased, the 
extent of ion pairing, particularly for small, charge-dense cations like Li+, are 
identified in homogeneous solution and are further observed in MOF films by 
overlapping redox waves and reduced current densities in CV experiments. 
The occurrence of ion pairing with reduced linkers results in a decrease in the 
flux of cations in the framework, leading to a decrease in charge transport, or 
lower  . Such ion-linker interactions suggest that electron transfer be-
tween neighboring NDI linkers then is more likely to occur by ion-paired or 
ion-coupled mechanisms. From molecular dynamics simulations of optimized 
geometries between two NDI linkers in the framework in the presence of a 
charge-balancing Li+ ion, it was found that the Li+ ion forms a near-linear 
bridge between the two NDI units with a very short distance between the two 
linkers, an optimal geometry for facilitating cation-coupled electron transfer 
through a concerted pathway. Such observations shine light on the importance 
of understanding the microscopic mechanism for electron transport in the elec-
troactive MOF system of interest and how the imposed mass transport prop-
erties can affect the charge transport mechanism. Having such clear awareness 
of the mass transport influences may then allow for more informed selection 
of the electrolyte solution components to be able to effectively tune and opti-
mize charge transport in these frameworks. 

Finally, in Chapter 6 (Paper IV), a thin film of a Zn-based NDI MOF  was  
employed as an electrode material to demonstrate that charge transport sus-
tained through an electroactive MOF is sufficient to drive a chemical process 
shown here by a simple one-electron transfer to dissolved acceptor species. 
This system represents a simple one-electron pseudo-catalytic reaction cycle. 
Systematic variation of several experimental parameters (substrate concentra-
tion, film thickness, scan rate) were explored to establish steady-state (i.e., 
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pure kinetic) conditions for diffusive charge transport so that kinetic models 
of electrocatalytic films could be applied for calculating kinetic parameters 
relating to unique mass and charge transport processes. Though varying these 
parameters could not quite yield a pseudo-catalytic system operating under 
pure kinetic conditions, there are still other parameters that can be modified 
to affect the balance of both mass and charge transport processes. Subtle in-
fluences in mass transport by the counter ion selection or more significant ef-
fects on both mass and charge transport by the choice of the acceptor species 
can modify the balance of transport-related processes with the hope of more 
clearly establishing steady-state conditions so that unaffected kinetic parame-
ters may be determined. 

Within all of the systems presented, a delicate balance of both mass and charge 
transport processes is evident, and in the case of the electrocatalytic MOF ma-
terials, clear limitations related to these transport processes are identified. 
Such restrictions can impact the catalytic efficiency of these MOFs for the  
generation of sustainable fuels. By closely investigating how changes in the 
mass transport properties influence the rate and mechanism of charge 
transport, a clearer picture begins to emerge as to how transport processes may 
be tuned within the framework. Such mechanistic understanding opens the 
door for researchers to be able to both identify limiting parameters and have 
clear insight as to how to adjust these parameters to tune and optimize not only 
MOF-based systems, but any porous material with spatially fixed redox-active 
and electrocatalyst units. 

With these few answers and observations comes a number of additional ques-
tions and potential pursuits to further expand the toolbox for assessing elec-
troactive and electrocatalytic MOFs. Chief among these are: (1) refinements 
to kinetic models to evaluate these and similar systems which do not neces-
sarily presuppose steady-state regimes, allowing for broader application of the 
models, (2) standardizations in evaluating MOF-based systems for comparing 
kinetic parameters (like  and TOFs) that includes considerations for pro-
cesses that are not necessarily operating under diffusion-controlled conditions, 
and (3) a focus on understanding fundamental aspects of functional MOF ma-
terials, including mechanistic studies relating to transport and catalytic pro-
cesses on the molecular level to be able to optimize known materials and ef-
fectively design new materials. Having such informed insight would allow for 
MOF researchers moving forward to be able to really take full advantage of 
the best properties of MOFs: highly-ordered and tunable porous structures 
with high internal surface areas for preparing well-defined periodic structures 
that can maintain the molecular character of the building blocks. Such struc-
tural characteristics are ideal for preparing heterogeneous catalyst materials 
with tunable catalyst loadings that can promote charge transport between elec-
troactive sites and inherently support diffusion of counter ions, substrate, and 
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product molecules to the catalyst units. The performance of these structures is 
then optimized by establishing a balance of mass and charge transport within 
the framework. 

The goal of this thesis was to explore the interwoven processes of mass and 
charge transport within electroactive and electrocatalytic MOF materials and 
to expand upon the current fundamental understanding of these transport phe-
nomena within the framework both globally and at a molecular level. It is my 
hope that the findings presented here will be informative for future efforts in 
assessing and optimizing MOF-based electrocatalyst materials and that these 
systems may one day be broadly applied for sustainable energy conversion.  
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Populärvetenskaplig sammanfattning 

En av de mest efterfrågade sakerna för att driva det moderna samhället utgör 
också en av de största utmaningarna för att upprätthålla och förbättra vår nu-
varande livsstil: energi. Energibehovet finns för alla aspekter av vårt dagliga 
liv och det visar inga tecken på att minska. Mycket av denna energiförbruk-
ning är beroende av förbränning av icke-förnybara fossila bränslen som resul-
terar i utsläpp av växthusgaser – som koldioxid och metan – till atmosfären, 
vilket bidrar till den globala klimatförändringen. För att börja mildra de nega-
tiva effekterna på vår miljö är det viktigt att vårt energibehov framöver utnytt-
jar mer hållbara och koldioxidneutrala källor.  

Man kan hämta inspiration från hur energiförsörjningen sker i naturen när man 
funderar över möjliga sätt att möta våra växande energibehov. I naturen lagras 
energi ofta i de kemiska bindningarna i bränslemolekyler, som H2, genom om-
vandlingen av lättillgängliga substrat, som H2O och H+. I en del mikroorgansi-
mer finns enzymer som kallas hydrogenaser som har ett katalytiskt aktivt säte, 
begravt i enzymstrukturen, som katalyserar den reversibla transformationen 
mellan H+ och H2. Denna omvandling kräver transport av substratmolekyler 
(antingen H+ eller H2) och elektroner till katalysatorn från enzymets yta. Den 
hårt reglerade elektrontransporten och den samtidiga masstransporten av både 
substrat- och produktmolekyler representerar en kritisk egenskap hos enzy-
mets struktur och kan användas som inspiration för att designa nya material 
för elektrokemisk energiproduktion. 

Metallorganiska ramverk (MOF, metal-organic frameworks) representerar en 
intressant klass av material för att designa nya och effektiva system för 
elektrokatalytisk energiproduktion. MOF-material har väldefinierat ordnade 
porösa strukturer där de funktionella kemiska egenskaperna hos de molekylära 
byggstenarna samtidigt bibehålls. Egenskaperna för MOF-material är mycket 
justerbara, och kan anpassas för en rad tillämpningar, inklusive elektrokatalys. 
Den mycket ordnade och porösa naturen hos MOF-material efterliknar också 
de transportvägar som krävs för både mass- och laddningstransport i naturliga 
enzymstrukturer. Genom att först förstå struktur-funktionsförhållandena för 
både mass- och laddningstransport i dessa MOF-material kan man sedan både 
ställa in och optimera de inneboende transportprocesserna för att tillverka ef-
fektiva MOF-material för elektrokatalytisk energiproduktion.  
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Denna avhandling syftar till att förstå det invecklade förhållandet mellan 
mass- och laddningstransportfenomen i ett urval av elektroaktiva och elektro-
katalytiska MOF-material och hur dessa processer påverkar materialens funkt-
ionella beteende. Med en mer mekanistisk insikt i de transportrelaterade pro-
cesserna, och en mer grundlig förståelse för hur man kan finjustera dessa fe-
nomen för ett givet ramverk, kan vi optimera inte bara elektrokatalytiska 
MOF-material, utan alla porösa elektrokatalysmaterial, för utveckling av håll-
bara bränslen. 
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Popular Science Summary 

One of the most heavily-demanded commodities to fuel modern society also 
poses one of the most imminent challenges for maintaining and improving our 
current way of life: Energy. Energy demands touch all aspects of our day-to-
day life, and shows no sign of slowing down. Much of this energy consump-
tion relies on burning non-renewable fossil fuels that result in the emission of 
greenhouse gases – like carbon dioxide and methane – into the atmosphere, 
contributing to global climate change. To begin to mitigate any further adverse 
effects on our environment, it is important that our energy demands moving 
forward are generated from more sustainable and carbon-neutral sources. 

To think about possible ways to meet our growing energy demands, one may 
take inspiration from how energy supplies are generated in nature. Energy is 
often stored in the chemical bonds of fuel sources, like H2, by the conversion 
of readily available substrates, like H2O and H+. In some microorganisms, en-
zymes called hydrogenases employ a catalytic active site buried within the 
enzyme structure. These active sites catalyze the reversible transformation of 
H+ and H2. This conversion requires the transport of substrate molecules (ei-
ther H+ or H2) and electrons to the sequestered catalyst from the surface of the 
enzyme. The tightly regulated electron transport and concurrent mass 
transport of both substrate and product molecules thus represents a critical 
feature of enzyme structures that should be considered and serve as inspiration 
for designing novel materials for electrochemical energy production. 

Metal-organic frameworks (MOFs) represent an interesting class of materials 
for designing new and efficient systems for electrocatalytic energy production. 
Exhibiting well-defined porous structures with long range order and function-
ally retaining the chemical characteristics of the molecular building blocks, 
MOF materials are highly tunable for an array of applications, including elec-
trocatalysis. The highly ordered and porous nature of MOFs also mimics the 
available pathways required for both mass and charge transport exhibited in 
native enzyme structures. By understanding the structure-function relation-
ships for both mass and charge transport in these MOF materials, it is then 
possible to both tune and optimize the inherent transport processes to prepare 
efficient MOF materials for electrocatalytic energy production. 

114 



 

  
   

 
   

 
   

 
 

This thesis seeks to understand the intricate relationship of mass and chage 
transport phenomena in a selection of electroactive and electrocatalytic MOFs 
and how these processes influence the functional behavior of the materials. 
With a more mechanistic insight into the transport-related processes and a 
more thorough understanding for how to tune these phenomena for a given  
framework, we may then be able to make informed steps for optimizing not 
only electrocatalytic MOFs, but any porous electrocatalyst material for the  
generation of sustainable fuels moving forward.  
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