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Molecular catalysts are efficient and selective for the electrochemical conversion of small 
molecules for energy conversion. Application of molecular species in a large-scale industrial 
setting requires stabilization in a heterogeneous support material. Metal-organic frameworks 
(MOFs), having high surface areas for increased active site density, have shown promise 
as potential platforms in which to incorporate molecular catalysts. However, moving from a 
homogenous environment to catalysis in porous media, necessitates efficient mass and charge 
transport to the imbedded catalysts. Either diffusional charge transport or diffusion of substrate 
have the potential to limit the overall observed rate of product formation, if they are slower than 
the intrinsic rate of the catalytic reaction. This thesis seeks to examine the effect of diffusional 
mass and charge transport on molecular catalysis in MOFs.

First, chemically driven water oxidation is examined using a molecular ruthenium catalyst 
covalently grafted in MIL(Cr)-101 (MIL = Materials Institute Lavoisier) (Chapter 3). A formal 
kinetic analysis using a steady-state reaction-diffusion model revealed the limitations incurred 
by mass transport of the chemical oxidant through the pores of the framework. Importantly, it 
was shown that interference from mass transport obscures turn-over frequencies, and intrinsic 
reaction kinetics are only measured under certain conditions. The following chapter entails a 
modified electrode with a UiO MOF film (UiO = University of Oslo)  containing a molecular 
catalyst, which is used for electrochemically mediated water oxidation (Chapter 4). The 
diffusional electron-hopping process is examined and discussed in the context of optimizing 
overall catalytic current densities. In Chapter 5, a new UiO-type MOF thin film is developed 
containing exclusively molecularly discrete naphthalene diimide linkers, which are redox-
active. This can potentially provide charge transport pathways to imbedded catalysts in a two-
component system. In addition, the electron-hopping diffusion coefficient was characterized in 
both non-aqueous and aqueous electrolytes. Lastly, the capacity of the charge-hopping process 
occurring in these redox-active MOF films to drive a model catalytic reaction is quantified 
(Chapter 6). Analysis by cyclic voltammetry is utilized to gain insight into the contributions to 
the current from the catalytic reaction, electron-hopping, substrate diffusion in the film, as well 
as mass transport in solution.
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Major Symbols 

Symbol Meaning Standard Units 
 absorbance maximum a.u. 

 concentration of species  M, mol cm−3 
 total concentration of molecular Ru cata-

lyst within MOF 
M, mol cm−3 

 bulk concentration of oxidant M, mol cm−3 
 bulk concentration of solution species A M, mol cm−3 
 total electroactive concentration of redox-

active linker, P 
M, mol cm−3 

∗ total concentration of redox-                  
active linker, P 

M, mol cm−3 

 bulk concentration of substrate M, mol cm−3 
 film thickness cm 
 intra-MOF diffusion coefficient of CeIV  cm2 s−1 

 diffusion coefficient of species  cm2 s−1 
 electron hopping diffusion coefficient for 

charge transfer 
cm2 s−1 

 intra-MOF diffusion coefficient of sub-
strate 

cm2 s−1 

 electrode potential V 
 initial potential V 
 peak potential V 

/  potential at half peak current V 

Δ  peak potential separation  V 

 standard potential V 
 formal potential V 
 molar flux of species  mol cm−2 s−1 
 Faraday constant C mol−1 
 current A 
 peak current A 

 peak anodic current A 

 peak cathodic current A 



 

 characteristic current density for substrate 
diffusion in solution 

A cm−2 

 characteristic current density for substrate 
diffusion within film 

A cm−2 

 characteristic current density for diffu-
sional charge transport 

A cm−2 

 characteristic current density for catalytic 
reaction 

A cm−2 

 current density A cm−2 
 second order rate constant of chemical 

step 
M−1 s−1, cm3 mol−1 s−1 

 standard interfacial rate constant cm s−1 
 forward interfacial electron transfer rate 

constant 
cm s−1 

 backward interfacial electron transfer rate 
constant 

cm s−1 

 overall second order rate constant for oxi-
dation reactions 

M−1 s−1, cm3 mol−1 s−1 

 second order rate constant of the th oxi-
dation reaction 

M−1 s−1, cm3 mol−1 s−1 

 pseudo first order rate constant of water 
nucleophilic attack step 

s−1 

 first order rate constant for O2 release 
step 

s−1 

 observed catalytic rate constant s−1 
 rate of consumption/production of spe-

cies  by chemical reaction steps 
M s−1, mol cm−3 s−1 

 number of MOF particles # 
 radial distance cm 
 ideal gas constant J mol−1 K−1 
 radius of spherical MOF particle cm 

 surface area cm2 
 time s 
 switching time in cyclic voltammetry s 
 temperature K 

 apparent turn-over frequency s−1 
 true turn-over frequency s−1 

 total production rate of O2 mol s−1 

 maximum production rate of O2 mol s−1 

 distance in Cartesian coordinates perpen-
dicular to electrode surface 

cm 



 

 transfer coefficient n.a. 
Γ  total electroactive surface concentration 

of species  
mol cm−2 

Γ∗ total surface concentration of species  mol cm−2 
 reaction-diffusion layer thickness cm 

 diffusion layer thickness cm 
 overpotential V 
 partition equilibrium constant for sub-

strate crossing MOF film-solution inter-
face 

n.a. 

 scan rate V s−1 
 Laplacian operator n.a. 

  



 

Dimensionless Parameters 

Symbol Meaning Statement 

 Damköhler number 	

	
; 

	

	
 

 
dimensionless consumption/produc-
tion rate of oxidant by associated 
chemical reaction steps 

see 3.3.1 & Appendix A 

̃ 
dimensionless concentration of spe-
cies  

⁄  

 dimensionless production rate of O2 see 3.3.1 & Appendix A 

 effectiveness factor see 3.3.1  

 
dimensionless concentration of oxi-
dant within MOF particle 

see 3.3.1 & Appendix A 

 see Appendix A 
dimerization	reaction	rate
O 	release	reaction	rate

 

 see 3.3.1 & Appendix A 
reaction	rate	of	catalytic	step

diffusion	rate	of	oxidant	inside	particle
 

 see 6.4.1  catalytic	reaction	rate
voltammetric	timescale

 

 finite diffusion parameter 
film	thickness

diffusion	layer	thickness
 

Λ  
dimensionless kinetic parameter for 
interfacial electron transfer 

interfacial	electron	transfer	rate
voltammetric	diffusion	rate

 

   

 see 3.3.1 & Appendix A 	reaction	rate	of	catalytic	step
oxidation	reaction	rate

 

 see Appendix A 
	rate	of	oxidation	step

rate	of	preceeding	oxidation	step
 

 Thiele modulus 
reaction	rate
diffusion	rate

 

  



 

Standard Abbreviations 
Abs absorbance 
APT atom-proton transfer 
BDC 1,4-benzenedicarboxylate 
BET Brunauer−Emmett−Teller 
bpdc biphenyl-4,4′-dicarboxylate 
bpy 2,2′-bipyridine 
CeIV or CAN cerium(IV) ammonium nitrate 
CV cyclic voltammetry/voltammogram 
dcbpy 2,2'-bipyridine-5,5'-dicarboxylate 
dcphOH-NDI 3-Hydroxy-2-[7-(4-carboxy-2-hydroxy-phenyl)-1,3,6,8-

tetraoxo-3,6,7,8-tetrahydro-1H-benzo[lmn][3,8]phenan-
throlin-2-yl]-benzoic acid 

DUT Delft University of Technology 
EDX energy-dispersive X-ray spectroscopy 
Fc ferrocene 
FTO fluorine-doped tin oxide 
FE Faradaic efficiency 
ICP-AES inductively coupled plasma-atomic emission spectroscopy
I2M radical coupling mechanism 
MIL Materials Institute Lavoisier 
MOF metal-organic framework 
NDI naphthalene diimide 
NMR nuclear magnetic resonance 
NHE normal hydrogen electrode 
PSE post-synthetic exchange 
PSM post-synthetic method(s) 
PXRD powder X-ray diffraction 
rxn reaction 
SEM scanning electron microscopy 
TOF turn-over frequency 
TON turn-over number 
tpy 2,2':6',2"-terpyridine 
UiO University of Oslo 
UV-Vis ultraviolet-visible 
WNA water nucleophilic attack mechanism 
XAS X-ray absorption spectroscopy 
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1. Introduction 

The Climate Conundrum & Energy Conversion and Storage 

Meeting global energy demands while mitigating climate change will require 
storing electrical energy from intermittent sources in the form of energy-dense 
fuels.1 This necessitates production of net-CO2-neutral, cost-effective, stored 
energy at scale. Cost effectiveness entails fast production, low energy input, 
with a scalable process. What is scalable? Electrochemistry! Some of the most 
massive processes at work on the planet are operated electrochemically (Hall-
Hé roult process for aluminum production,2 chloralkali process3). The requi-
site energy for uphill fuel-forming reactions is easily sourced from renewable, 
clean production of electricity from wind, photovoltaics, hydroelectric, or ge-
othermal for example. Electrochemical energy conversion fundamentally pro-
ceeds through redox reactions, where the transfer of multiple electrons and 
protons to small molecules (let’s take CO2 as an example) at a cathode pro-
duces an energy dense (preferably liquid) fuel.4 Mediating multi-electron, 
multi-proton transfers is kinetically difficult, especially if the reaction pro-
ceeds through high energy intermediates. Additionally, the requirement of 
protons often leads to a competition with the production of molecular hydro-
gen, given that the thermodynamic driving force for reducing protons is lower 
than that for CO2, and thus selectivity also becomes a concern.5,6 In the overall 
electrolysis of CO2, the partner oxidation reaction at the anode, from which 
reducing equivalents along with protons are derived, is also important. In nat-
ural photosynthesis, water is the chosen substrate, where it is oxidized to O2, 
releasing protons and electrons.7,8 In any case, these demanding reactions re-
quire efficient, highly active, and selective catalysts to lower activation barri-
ers and accelerate reactions. 

Molecular and Heterogeneous Catalysis 

Heterogeneous or material catalysts typically exhibit high stability and long 
lifetimes. But they are limited in that the stabilization of a key catalytic inter-
mediate (an adduct between the substrate and catalytic surface) determines the 
activity-efficiency relationship, described with a volcano plot. If this key ad-
duct is sufficiently stabilized by lowering the activation energy required for 
its formation, the reaction may be accelerated with lower energy input (over-
potential); however, this concomitantly slows down the intermediate’s con-
version into product. Conversely, destabilizing the adduct might accelerate 
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turnover into product at the expense of a higher kinetic barrier to form the 
adduct, all in all forming what is known as the Sabatier principle.9,10 Hetero-
geneous catalysts are lacking tunable, discrete active sites, which could be 
exploited to control this activity-efficiency relationship at a molecular level. 
In addition, heterogeneous catalytic materials often suffer from poor selectiv-
ity (11+ products observed in CO2 electroreduction on copper!)11. This is 
where molecular catalysis steps in. In enzymes, molecularly discrete active 
sites are nature’s fast, selective, efficient answer to slow, kinetically challeng-
ing chemical reactions. Synthetic molecular catalysts have attracted signifi-
cant attention in recent years.12 Much like natural systems, the outer coordi-
nation sphere of a molecular catalyst can be modified to interact with the sub-
strate in such a way that breaks traditional scaling relationships, and higher 
rates are reached at lower overpotentials. However, these are inherently fragile 
species, with short working lifetimes – meaning working at scale becomes 
difficult. Immobilization of molecular catalyst into heterogeneous support 
structures13 can extend lifetimes and slow down deleterious side reactions. 
This means new types of materials are needed that can incorporate molecular 
catalyst into their structure with high surface area and catalyst loading, ena-
bling fast production of product per unit volume.  

Metal-Organic Frameworks 

Metal-organic frameworks are such a material. With record high surface areas, 
a stable crystalline structure, and modular molecular components, this class of 
porous materials meets all the requirements.14 Coupling molecular catalysis 
inside metal-organic frameworks with electrochemistry15,16 is one potential 
answer to economically competitive, scalable, stored chemical energy derived 
from renewable sources. 

Metal-organic frameworks (MOFs) are indeed emerging as a potential het-
erogeneous platform in which to imbed molecular catalysts, specifically for 
the electrochemical conversion of small molecules.17–19 However, in contrast 
to a homogeneous environment, reactions in porous media such as MOFs are 
interfacial, where charge and substrate must be transported to the catalytic 
sites. Three options are available: diffusion, migration, and/or convection, 
with diffusion playing a central role in porous materials.20 This presents a sig-
nificant challenge in the application of such materials, since charge and mass 
transport would need to operate faster than the intrinsic catalytic rate in order 
for the system to function efficiently. It is postulated in this thesis that perhaps 
the most important and fundamental aspect of utilizing MOFs for the molec-
ular catalysis of (electro)chemical reactions, which currently needs further 
study, is transport. Particularly, the diffusion of both charge and substrate 
needs to be appropriately accounted for in terms of microscopic mechanisms 
as well as macroscopic behavior in order to quantitatively characterize and 
optimize each process. 
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Joining the molecular and material worlds: from microscopic to macroscopic 
properties 

Macroscopic properties of MOFs depend on molecular constituents; these are 
molecular-scale building blocks composed of organic linking ligands and in-
organic nodes. This allows one to tune bulk material properties of MOFs 
through reticular and synthetic molecular chemistry.21,22 For the catalysis of 
electrochemical reactions, this opens up the possibility to control conductivity, 
reactivity, efficiency, and selectivity in an extended 3D material through tar-
geted molecular-level design & engineering (something that the material ca-
talysis field is striving headlong towards). 

Many MOFs have record high surface areas (DUT-60: 7800 m2 g−1! DUT 
= Delft University of Technology),23 and this is one of their most attractive 
features for catalytic applications, since it could result in extremely high den-
sities of catalytic active sites. However, it is very easily shown by simple cal-
culations that many state-of-the-art MOFs operate as surface or thin layer cat-
alysts (less than 5 nm or about 5 molecular layers) due to limitations by reac-
tion-diffusion dynamics. But, this presents a very positive outlook, because 
these limitations can be overcome by molecular-level design & engineering, 
which is unique to MOFs specifically due to this relationship between the mo-
lecular and material level – between microscopic and macroscopic properties. 
Ultimately, this is enabled by synthetic tuning of their molecular components. 
In contrast, diffusional limitations of this sort would be comparatively more 
difficult to optimize in traditional porous materials (zeolites, metal oxides, 
mesoporous silica), simply because they lack precise molecular-level control 
over their bulk properties.14 

1.1 Scope and Objectives 
Understanding the fundamental kinetics of MOF-based catalysts with discrete 
molecular active sites is still an open question in the field. What properties, 
processes, or mechanisms give one material a higher overall current density 
compared to another? Where is the bottleneck for catalysis, and how can this 
be optimized by taking advantage of the unique properties of MOFs? This 
thesis attempts to answer such questions with the principle guideline that in-
terfacial reactions in porous media, like MOFs, are innately coupled to 
transport phenomena, such as the diffusion of mass and charge.  

To begin, Chapter 2 outlines fundamental concepts from chemical reaction 
engineering and electroanalytical chemistry to set the stage for analyzing mo-
lecular catalysis within MOFs. We next delve into the historical origins of 
reaction-diffusion kinetics in Chapter 3. Both old and new methods are then 
used to interpret chemically driven water oxidation by a molecular catalyst 
covalently attached within MOF particles. Moving on, Chapter 4 introduces 
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electrochemically mediated catalysis using MOFs-based thin film electrodes. 
Now diffusional charge transport is added to the mix, which is characterized 
and analyzed with respect to optimizing catalysis. In Chapter 5, a new MOF 
material is presented, containing exclusively redox-active linkers. Films of 
this new redox-active framework are used to explore electron-hopping diffu-
sion pathways. Lastly, Chapter 6 demonstrates a simple catalytic mechanism 
mediated by a MOF electrode. Diagnosis of the kinetically limiting processes 
occurring in the film is carried out by cyclic voltammetry, accounting for both 
charge and mass transport.  

Each chapter endeavors to understand how to optimize catalytic perfor-
mance and design new MOFs, which can alleviate transport limitations. This 
is approached by examining each potentially limiting transport or chemical 
process in detail with experimental results, numerical simulations, and incor-
porating relevant data from the literature. Finally, this thesis closes by sum-
marizing the opportunities and challenges for MOFs to enter applications as 
high-performance catalytic materials for the electrochemical conversion of 
small molecules. 
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2. Fundamentals 

2.1 Metal-Organic Frameworks 
Metal-organic frameworks (MOFs) are coordination networks made from or-
ganic ligands (linkers) and metal nodes (secondary-binding units, SBUs) with 
potential voids.24,25 The MOFs discussed herein are crystalline and perma-
nently porous; however, by definition this is not a strict requirement for all 
MOFs24. Many MOFs are highly porous materials (ranging from meso to na-
noporous depending on the structure) with high surface areas. The tunability 
of MOFs results from the molecular nature of the building blocks, and the 
modularity of the linkers and SBUs has allowed for a seemingly infinite num-
ber of possible structures (roughly 9% of all deposited structures in the Cam-
bridge Crystallographic Database are MOFs!).26 The two frameworks used in 
this thesis are UiO27 (University of Oslo) and MIL-101(Cr)28 (Materials Insti-
tute Lavoisier). 

MOFs can be functionalized with molecular catalyst through two common 
procedures (particularly the UiO frameworks with Zr-based SBUs and phenyl 
carboxylate linkers).29 Post-synthetic modification (PSM)30 utilizes common 
organic synthesis reactions to modify the organic linkers in pre-assembled 
frameworks. On the other hand, post-synthetic exchange (PSE)31,32 allows one 
to introduce carboxylate functionalized molecules of similar size and shape 
by exchanging with existing linkers in a pre-assembled framework. This has 
been shown to take place under very mild conditions (incubation under ambi-
ent conditions at room-temperature), which may be beneficial for catalysts 
that might not be stable under harsher circumstances. Finally, MOFs can be 
synthesized directly under solvothermal conditions from exclusively molecu-
lar catalyst linkers or a mixture of phenyl carboxylate linkers together with 
carboxylate-containing catalyst linkers – sometimes referred to as “doping.”33 

2.2 Fickian Diffusion 
Diffusion is everywhere – we can’t escape it. Whether it’s pouring a dollop of 
pure white milk into a cup of jet black Swedish coffee or the movement of 
substances across cell membranes, diffusion is at play. Despite the fact that 
chemists have a natural preference over diffusion for its faster cousin, convec-
tion – think magnetic stir bars – there are many situations where chemical 
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reactivity encounters diffusive transport. One important example is of course 
chemical reactions in mirco or mesoporous media such as metal-organic 
frameworks. Here a brief introduction is given to the fundamentals of this phe-
nomenon, first demonstrated by Adolf Fick more than 150 years ago.34,35 Mass 
transport by diffusion of a free solution species is first considered; however, 
as we will see in later sections, this can be easily extended to transport of 
charge by diffusion when shifting to heterogeneous materials on modified 
electrodes. 

Easily deduced from the milk-coffee experiment described above, diffusion 
always takes place from high to low concentration. If a particular concentra-
tion gradient is established, mass tends to move “down” the gradient. This 
sets the stage for Fick’s first law where molar flux  (mol cm−2 s−1) for a 
species  is given by 

  (2.1) 

where  is the diffusion coefficient (cm−2 s−1), and  is the divergence or 
gradient of the concentration of species . Applying the conservation equation 
(for the moment excluding any consumption or production of species ), 

 
∂
∂

⋅  (2.2) 

we arrive at Fick’s second law, also called the diffusion equation: 

 
∂
∂

 (2.3) 

For many (but not all) electrochemical methods, it is sufficient to describe 
diffusion as 1D and linear towards a plane (the electrode surface). Addition-
ally, we will look into diffusion in a spherical MOF particle in Chapter 3. For 
these two situations, the Laplacian ( ) for 1D Cartesian coordinates or ax-
isymmetric spherical coordinates becomes respectively, 

1D Cartesian:      1D spherical:  

Now considering parallel chemical reactions, eq 2.3 must be modified by a 
kinetic term , which accounts for the rate of consumption or production of 
each species : 

 
∂
∂

 (2.4) 

This chemical consumption/production rate is normally written as the familiar 
chemical reaction rate law. Importantly, while the first term in the right-hand 
side of eq 2.4 gives the rate of change in concentration as result of diffusive 
spreading, the second term accounts for the rate of change in concentration 
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resulting from chemical reactions. For example, if a species  is diffusing and 
reacting according to the chemical reaction X Y → Z, with a second order 
rate constant , the overall diffusion equation can be expressed as 

 

∂
∂

∂
∂

∂
∂

 

∂
∂

 

∂
∂

 

 

where  and  are reaction orders for X and Y. All that was required for the 
above analysis was a chemical reaction rate law combined with the application 
of conservation of mass to Fick’s first law. Thus, the physico-mathematical 
description of any reaction-diffusion problem will be composed of a system 
of second order partial differential equations in the form of eq 2.4, one for 
each species involved in the reaction. This system of equations must be solved 
simultaneously taking into account the appropriate initial and boundary con-
ditions for a particular geometry and experimental set-up. 

Interfacial reactions are ubiquitous in catalysis research. They become of 
particular consequence when immobilizing or heterogenizing a molecular cat-
alyst into a support matrix. However, moving from a homogeneous environ-
ment to, for example, a porous film necessitates the transport of both charge 
and substrate to the catalytic sites. Therefore, eq 2.4 states with impunity that 
the concentration of substrate as well as catalytic intermediates of interfacial 
reactions will be a function of at least one spatial coordinate in addition to 
time, i.e. , . Under certain conditions, helpful simplifications arise. For 
instance, if the coupling of the catalytic reaction with diffusion causes the sys-
tem to come to a steady-state, concentrations are then only a function of the 
spatial coordinate, i.e. . This situation is called “steady reaction-diffu-
sion” and will be central to the experimental examples outlined in this thesis.  

2.3 Cyclic Voltammetry 
Cyclic Voltammetry (CV) has become a widely popular method to character-
ize outer-sphere electron transfer at an electrode while probing any number of  
ensuing coupled chemical reactions.36,37 Certainly, the visual quality to the 
current-potential response allows one to rapidly deduce by pattern recognition 
possible reaction mechanisms. Combining this with its power as a quantitative 
analytical tool has gained cyclic voltammetry the distinction it enjoys today. 
However, the union of interfacial electrochemical reactions with mass 
transport to the electrode, renders quantitative analysis by CV a much more 
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involved task than perhaps other existing electrochemical techniques (steady-
state rotating disk electrode voltammetry or potential step methods).36 This 
section will introduce quantitative measurements of cyclic voltammograms.  

A typical three electrode set-up is utilized, composed of reference,i work-
ing, and counter electrodes.38 The potential is swept linearly until reaching a 
vertex. The scan then proceeds in the reverse direction, normally until the po-
tential at the working electrode reaches the starting value. The slope of this 
potential waveform (potential vs. time) is the scan rate in V s−1. We seek the 
current-potential response or voltammogram, which will depend on the ther-
modynamics and kinetics of the electron transfer occurring at the electrode 
surface as well as the transport of the analyte from the bulk solution. For sim-
ple one-electron transfer from (or to) an electrode to (or from) a molecule in 
solution we can consider the reaction: 

A e ⇌ B 

where A and B are both chemically stable on the timescale of the experiment. 
It is easy to see that the current will be proportional to the molar conversion 
rate of A or B at the electrode surface ( 0) multiplied by a conversion fac-
tor. This is in fact a statement of Faraday’s law of electrolysis,39,40 and the 
conversion factor is the Faraday constant, . If cathodic current is defined as 
negative, 

  (2.5) 

where  is the surface area of the electrode. Inserting Fick’s first law (1D pla-
nar geometry) gives the general expression for the current: 

  (2.6) 

It now can be seen that the current is proportional to the concentration gradi-
ent or flux of the oxidized or reduced species at the electrode surface. In cyclic 
voltammetry the analyte is supplied to the electrode from the bulk solution by 
diffusion; therefore, solving the diffusion equation (2.3) is required to find the 
exact current-potential response. First though, we need some boundary and 
initial conditions. If the electron transfer kinetics are fast and the reaction is 
unconditionally at equilibrium during the entire scan, the concentration of ox-
idized and reduced species at the electrode surface can be described by the 
Nernst equation: 

                               
iMost reference "electrodes” are indeed complete half cells with both the oxidized and reduced 
form of a redox couple present. In addition, measurement of the potential difference between 
the working and reference electrodes by design draws a negligible amount of current. 
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 ln  (2.7) 

Only  is present initially, and its bulk concertation far from the electrodes is 
maintained at a constant value during the sweep (semi-infinite conditions): 

 
0, ∀	 :	 , 0  
0, → ∞:	   

 ∀	 , ∀	 :		  
 

In addition, the potential axis, which is in reality a variation in time, can be 
written as 

 
0 :	 		 

:	  
:	 2 t  

 

where  is the starting potential and  is the reversal time in the scan. The 
general solution to the problem will be achieved by finding the concentrations 
of A and B as a function of both time (or potential) and distance ( ) normal to 
the electrode, given by integration of, 

 
∂
∂

 (2.8) 

assuming the diffusion coefficient of A and B are approximately equal. Unfor-
tunately the time dependent boundary condition (the electrode potential) ren-
ders eq 2.8 difficult to solve analytically (although semi-analytical and numer-
ical solutions are well-known; see section 2.4). 

However, often times in electroanalytical chemistry certain diagnostic fea-
tures of the current-potential response are enough to obtain some important 
information.41 For example, the peak current  may be of particular interest 
in mechanistic analysis. Approximate relationships can be obtained without 
an analytical solution to eq 2.8 by appropriate scaling. Concentrations will 
scale with the bulk concentration , while the timescale is set by the scan 
rate or ⁄ .  
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Figure 2.1. (a) Concentration profiles for oxidized A (black) and reduced species B 
(red) at the peak potential ( 1.11 ⁄ ) with distance from the electrode 
( ) normalized to the diffusion layer thickness ( ). (b) Normalized (scaled) CV for 
electrochemically and chemically reversible one-electron transfer to a freely diffusing 
species. 

As suggested by eq 2.6, the current will be largest at the point when the con-
centration gradient is steepest, and the oxidized species will be depleted 
sharply in a thin layer adjacent to the electrode surface. This is called coinci-
dentally the diffusion layer with thickness  (Figure 2.1a). If we rescale the 
distance from the electrode surface  by the diffusion layer thickness, eq 2.8 
can be rewritten: 

 
⁄

	~	   

After rearranging, 

 	~  (2.9) 

Applying the same scaling to eq 2.6 and inserting the above result for the dif-
fusion layer thickness 

 	~	   

 
	~	  (2.10) 
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This result implies two very important features: the peak current for a reversi-
ble (Nernstian), chemically stable, diffusing, redox couple is proportional to 
the square root of the scan rate as well as the bulk concentration. Surprisingly, 
this was obtained without solving eq 2.8 analytically – showing the power of 
appropriate scaling when it comes to problems involving transport phenom-
ena. Nonetheless, Figure 2.1b displays the numerically generated current-po-
tential response and the exact values of various diagnostic parameters are 
shown below. Peak potential values are given for a reduction occurring at the 
working electrode. By convention, peak currents will be negative for reduc-
tion and position for oxidation.  

 
	0.446       1.11  

/ 2.20              Δ 2.22  
 

Broadly speaking, the focus of this thesis is on modified electrodes and sup-
ported molecular catalysts. It would be appropriate to also mention here the 
cyclic voltammetry of a surface immobilized species. If species A is adsorbed 
as a monolayer on the surface of the electrode with a surface concentration 
Γ , the resulting current-potential expression is more straightforwardly ob-
tained by combining eqs 2.5 and 2.7.  

 Γ
exp

1 exp
 (2.11) 

Figure 2.2 displays a typical “surface” or “adsorption” wave, which is sym-
metric in shape with the peak centered at the standard potential. In this case 
the peak current is proportional to the scan rate. Diagnostic criteria are dis-
played below: 

 
	 Γ                           

/ 1.763              Δ 0 
 

Slow electron transfer may require replacing the Nernst equation with a rate 
law for the boundary condition at the electrode surface. Butler-Volmer kinet-
ics accurately describes the electrode process in many cases. This is an empir-
ical rate law that defines a linear relationship between the activation energy 
for the forward and backward electron transfer reactions and the driving force: 

 exp  (2.12a) 
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exp
1

 (2.12b) 

where  is the potential dependent rate constant for the forward reaction,  
is the potential dependent rate constant of the back reaction,  is the common 
rate constant for the forward and backward reactions at zero driving force, and 

 is the transfer coefficient representing the symmetry of the barrier for the 
reaction.  

 
Figure 2.2. (a) Surface concentrations of A (black) and B (red) during the scan. (b) 
Current-potential response for an adsorbed species on the electrode surface. 

2.4 Numerical Solutions with Finite Difference Method 
Finite difference method (FDM) is an easily implemented tool to obtain nu-
merical solutions to differential equations, for example eq 2.8.42 It is used in 
this thesis to obtain quick solutions to complex situations, particularly where 
some non-linearity might exist in the problem.43,44 As its name suggests, this 
is done by representing derivatives as differences (discretizations) over a finite 
time or distance. To accomplish this, the independent variables are “chopped 
up” into steps of a given step-size, forming a grid (either uniform or non-uni-
form depending on the application).45 At each vertex on the grid, a solution 
for the concentration of each species is generated. For example at time step, 

, and -position, , we find , , which can be more simply written 
with the notation . These concentration profiles are then in turn employed 
to calculate important quantities such as flux and current. Using the backwards 
implicit method,46 which is always numerically stable with error proportional 
to ∆ ∆ , the discretized version of eq 2.8 is 
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∆

2

∆
 (2.13) 

As it is more convenient to work with dimensionless quantities, eq 2.13 would 
normally be nondimensionalized using the scaling analysis described above. 
Overall, this strategy reduces the second-order partial or ordinary differential 
equations to a system of algebraic equations, which in combination with the 
initial and boundary conditions can be solved iteratively using Gaussian elim-
ination or the Thomas algorithm. The latter is computationally faster and can 
be applied when the system is tridiagonal – most frequently encountered with 
reaction-diffusion problems (e.g. eq 2.13 forms a tridiagonal system of equa-
tions). Simulation programs were written and implemented using MATLAB 
R2018a.  

2.5 Electron Transport through Metal-Organic 
Frameworks 
As discussed earlier, transporting charge through a MOF film to the imbedded 
molecular catalyst is crucial for efficient conversion of substrate to product. 
This section outlines two chief microscopic charge transport mechanisms, 
which could take place in a MOF film electrode. Though, electron-hopping is 
highlighted as it applies to the systems under investigation in this thesis. Elec-
trochemical techniques for probing charge transport are also discussed.  

2.5.1 Band (Ohmic) and Electron Hopping Conduction 
Band conduction through MOFs is characterized by highly delocalized elec-
tronic states (and may be strongly coupled to the electrode’s electronic states) 
due to through-bond or through-space conjugation of the organic linkers 
and/or inorganic metal nodes (SBUs).47 This results in CVs of MOFs films 
with band conductivity that only display capacitive current with no Faradaic 
waves (unless the injected charge can be localized by interaction with a sub-
strate).48 Conversely, if the components of the MOF are redox-active within a 
given potential window, but not electronically coupled through conjugation 
with one another, the electronic states of the MOF are spatially localized and 
characterized by standard potentials. In this instance, charge transport occurs 
through electron-hopping,49 which amounts to a series of bimolecular self-ex-
change electron transfer reactions from the reduced species in one layer of the 
film to the corresponding oxidized species in the next layer. CVs of this type 
of MOF film exhibit Faradaic waves even in the absence of substrate. Im-
portantly, by definition, there is zero driving force for this electron transfer; 
however, an activation barrier must still be overcome, giving a specific time-
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step for each of the electron “hops,” which can occur in a random direction 
over a given geometry. Ultimately this alludes to a random walk described by 
electron transport following diffusion-like behavior. We will see now how 
electron self-exchange through a molecular redox film is formally the diffu-
sion of fixed redox-active centers in response to a concentration or chemical 
potential gradient created at the electrode surface by the applied potential.  

Dahms50 and Ruff51–53 first outlined the theory for the contribution of self-
exchange reactions or electron hopping to translational diffusion in solution – 
including a contribution for the local physical displacement of the redox-ac-
tive molecules. In parallel, a separate formulation of the problem, considering 
only stationary or fixed sites, was developed by Andrieux and Savéant,54 as 
well as Laviron,55 with significant experimental contributions from Murray,56 
Anson,57 and Bard.58,59 The latter is most relevant to MOF-modified electrodes 
and is briefly recalled here. Consider, electron self-exchange for the redox 
couple, P e ⇌ Q, taking place between the th layer in the film and those 
adjacent to it, separated by a distance , taken as the average hopping distance 
(Figure 2.3). Supporting electro-inactive mobile counter-ions are in sufficient 
concentration within the film to eliminate any electric field. 

 
Figure 2.3. Electron-hopping mechanistic scheme for P e ⇌ Q in a redox-active 
MOF film.  

Additionally, the activity coefficients of the species involved are equal to unity 
and constant with respect to changes in the redox state of the film. The isotopic 
surface rate constant for the forward and backward reaction is the same  
(cm2 mol−1 s−1). The reactions occurring in the th layer somewhere in the in-
terior of the film are 

 
Q P ⇌ P Q 	
Q P ⇌ P Q   

giving the rate of change in surface concentration of P as 

⁄ ex
′

ex
′  
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ex
′ Γ ex

′ 		

Using Γ  and collecting terms results in 

 ⁄ Γ 2 	  

Converting the surface concentrations to volume concentrations, writing  
as a volume rate constant ( ), and multiplying both sides by  yields, 

 ⁄ C
2

	  

which is the discretized version of the diffusion equation for 1D planar coor-
dinates with respect to the spatial variable (right-hand side of eq 2.13). The 
collection of constants remaining is equal to the electron-hopping diffusion 
coefficient C  for a pair of linkers in different layers. However, 
this is more often written using a typical volume electron transfer rate constant 

 considering there are six surrounding nearest-neighbor sites and electron 
transfer only occurs in the direction normal to the electrode surface: 

 
6
C  (2.14) 

The behavior of MOF films exhibiting an electron-hopping mechanism will 
then be very similar to a freely diffusing species in solution in that the move-
ment of charge through the framework mirrors the change in concentration of 
reduced or oxidized linkers. Changes in concentration inside the framework 
appear as if the fixed linkers were diffusing, and the overall process is driven 
by concentration gradients of the linkers according to Fick’s laws. Just as for 
a solution species, the boundary condition at the electrode surface can either 
follow the Nernst equation, if electron transfer between the electrode and the 
first layer in the film is unconditionally fast, or the Butler-Volmer rate law, if 
electron transfer is slow on the timescale of the experiment. In addition, the 
finite thickness of the film means that the boundary condition at the solution-
film interface needs to be considered as well (a finite vs. semi-infinite do-
main). 

2.5.2 Cyclic Voltammetry of Molecular Redox Films 
The interplay between these phenomena, originally evaluated by Matsuda and 
co-workers60,61 and Savéant and co-workers,54 can be represented by two di-
mensionless parameters: the finite diffusion parameter, , and the kinetic pa-
rameter, Λ , given below 

           Λ  
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where  is the film thickness,	  is the scan rate,  is the electron-hopping 
diffusion coefficient, and  is the standard electron transfer rate constant. Im-
portantly,	  is a measure of the ratio of the film thickness to the diffusion 
layer thickness, while Λ  is a kinetic parameter, which measures the competi-
tion between electron transfer and diffusion. Resulting theoretical voltammo-
grams are show in Figure 2.4, based on a range of values of  and Λ . 

If fast electrode kinetics are considered first (Λ ≫ 1), electron transfer at 
the electrode surface can be regarded as unconditionally at equilibrium where 
the concentrations of the oxidized and reduced species in the first layer of the 
film are described by the Nernst equation. Now taking limits of the finite dif-
fusion parameter,  as → ∞ (fast scan rates, thick films) the thickness of the 
electron-hopping diffusion layer becomes much smaller than that of the film 
thickness. A semi-infinite diffusion limit is reached, and the resulting voltam-
mogram has a peak separation of 57 mV (Figure 2.4c, black line) and peak 
current proportional to √ . Analogous to that of a freely diffusing molecule in 
solution, the waveform is a classical diffusion wave. In the opposite limit, as 
→ 0 (slow scan rates, thin films) the same material will display a symmetric 

“adsorption” or “surface” wave with zero peak separation (Figure 2.4a, black 
line) and peak current proportional to . Thus, a situation of diffusion within 
a finite domain in the film is reached when the thickness of the diffusion layer 
encompasses the entire film. A modified electrode with an adsorbed mono-
layer of redox-active species will display a similar waveform. Nevertheless, a 
crucial difference is that the electron transport mechanism through a multi-
layer redox film in this limit is still formally  

 

Figure 2.4. Simulated CVs of a molecular redox film using a range of values for the 
finite diffusion parameter (a)  0.7; (b)  2; (c)  7; each with varying mag-
nitudes of the heterogeneous electron transfer parameter (black: Λ  10; red: Λ  
1; blue: Λ  0.2). Current-potential responses were generated numerically with finite 
difference method (see section 2.4). 
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diffusional with, however, a finite boundary condition representing the film-
solution interface. The transition between these two behaviors will occur on 
variation with the scan rate. Starting with slow scan rates, a surface wave is 
observed with  proportional to , indicating finite diffusion behavior. As the 
scan rate is increased,  transitions to proportionality with √ . This transition 
occurs approximately at the point where the diffusion layer impacts the film-
solution interface, when  is equal to unity, i.e. ⁄ 1. It is clear 
that variation of the scan rate may produce both diffusion and surface-ad-
sorbed current-potential responses for a single film. In the limit of slow elec-
trode kinetics, a larger peak separation is seen as Λ → 0, expected for elec-
trochemical quasi- or irreversibility.62 This effect is seen in both regimes of 
the finite diffusion parameter, , discussed above. 

2.5.3 Measurement of Charge Transport Diffusion Coefficients 
Quite recently, a handful of seminal reports examining diffusional charge 
transport in redox-active MOF films have appeared.63–65 In these cases where 
the substrate is absent, the electron-hopping diffusion coefficient can be ob-
tained experimentally using a number of methods. Firstly, the total concentra-
tion of electroactive linkers ( ) is needed. Integration of the current from a 
CV at slow scan rates (when 1) or measuring the charge passed after 
exhaustive reduction or oxidation of the film will furnish Γ , the electroactive 
surface concentration. Using the film thickness, obtained from an independent 
measurement, gives , using Γ . Sometime the total surface concen-
tration (Γ∗) is required, which can be found by digesting the film and measur-
ing the linker content by an analytical technique such as ICP-AES (inductively 
coupled plasma atomic emission spectroscopy). Cyclic voltammetry will yield 

 under conditions where 1. As mentioned previously, plotting  vs. 
√  will give a straight line with slope proportional to . Alternatively, po-
tential step chronoamperometry under conditions where semi-infinite condi-
tions hold in the film (i.e. ≪ , where  is the timescale of the experi-
ment) will also give access to  by plotting  vs. /  according to the Cot-
trell equation: 

 
√

 (2.15) 

This option has the advantage that by applying a large enough driving force, 
the current is independent of the electron transfer kinetics between the elec-
trode and the first layer in the film (i.e.  from eq 2.12a is very large). It 
is important to note, these are transient methods, where the obtained value for 

 will contain contributions from macroscopic motions of charge-balancing 
counter ions (under quasi-electroneutrality conditions) if the diffusion of the 
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ions is slower than electron propagation or if they are not in sufficient concen-
tration in the film. Also to that extent, migration will have an effect, if a po-
tential gradient forms in the film, as well as possibly non-ideal interactions 
such as ion-paring. These effects are well studied for redox-polymer 
films,56,66,67 but much less well known for redox-active MOF films. 

2.6 Molecular Catalysis in Metal-Organic Frameworks 
The reciprocity of diffusional transport and catalytic reaction presents a sig-
nificant challenge in analyzing kinetic parameters and mechanisms for molec-
ular catalysis taking place within a MOF particle or film. Very little is known 
from experimental reports concerning intra-MOF diffusion coupled to cata-
lytic reactions, which limits reported kinetic values as they may be disguised 
by influences from mass and charge transport. Extracting diffusion coeffi-
cients and intrinsic reaction rates is an important endeavor to benchmark and 
optimize MOF-based catalysis. This section will outline steady reaction-dif-
fusion in a molecular heterogenized MOF film for the catalysis of a simple 
electrochemical reaction. Therefore, the interplay between all three potentially 
limiting phenomena will be considered (reaction, substrate diffusion, charge 
transport). Interference only from mass transport by diffusion through the 
MOF pores will be discussed further in Chapter 3. 

2.6.1 Reaction-diffusion in Catalytic MOF Films 
The tenets of this analysis can be understood by a simple one-electron, one-
step catalytic reaction (Figure 2.5) and is very similar to irreversible cross-
exchange reactions occurring in redox polymer films.68,69 Murray and co-
workers70 first identified the three primary rate-limiting phenomena by exam-
ining the reduction of dibromoakyl substrates by multi-layer films composed 
of metalloporphyrin catalysts. A detailed kinetic model was soon after intro-
duced by Andrieux, Dumas-Bouchiat, and Savéant71 to fit these one-electron 
catalytic mechanisms and is presented here in its application to molecular ca-
talysis inside MOF films. An extension to multi-electron, multi-step catalytic 
reactions may be necessary in some cases; although, analogous to homogene-
ous molecular catalysis of electrochemical reactions, similar basic trends of 
the one-electron mechanism will apply. We have to consider the diffusion of 
charge, which can be written formally as the diffusion of fixed redox-active 
centers (from Figure 2.5 these are the oxidized and reduced forms of the cat-
alyst, P and Q). In addition, substrate S will diffuse from the film-solution 
interface into the interior of the film during the reaction. For simplicity it is 
assumed the concentration of substrate at this interface is equal to the bulk 
concentration  and remains constant. 
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Figure 2.5. One-electron, one-step catalytic mechanism occurring in a molecular het-
erogenized MOF film electrode, where P and Q are the oxidized and reduced form of 
the catalyst linker, S is the substrate,  is the second order rate constant for the cata-
lytic reaction ( ),  is the charge transport diffusion coefficient, and  is 
the intra-MOF substrate diffusion coefficient. 

This in practice could be accomplished by convective mass transport in the 
bulk solution (rigorous stirring or by rotating the electrode) or in cyclic volt-
ammetry by sufficiently raising either the scan rate or the bulk concentration 
of substrate. In the following examples, crossing of the substrate into the film 
is assumed to be an equilibrium process with a partition coefficient equal to 
unity. Importantly, for steady-state conditions to apply, the catalytic reaction 
needs to be implicitly fast enough that there is no accumulation of the reduced 
catalyst (or substrate) inside the film on the timescale of the experiment. This 
is often designated pure kinetic conditions, and will be covered more exten-
sively in section 6.3.1. Therefore, the time derivative of eq 2.4 is equal to zero, 
and the steady-state reaction-diffusion equations become: 

  (2.16) 

  (2.17) 

The steady-state current response of any catalytic process taking place within 
an electroactive MOF film will be a function of the intrinsic catalytic reaction, 
permeation and diffusion of the substrate, and transport of electrons. In the 
original formalism by Savéant and co-workers,71 each process is assigned a 
letter (R, S, and E respectively), and mixed kinetic control by two or more 
phenomena is represented by combinations thereof (R+E, ER, R+S, SR etc.). 
These various limiting situations are accessibly represented by a zone diagram 
(Figure 2.6).72–74 
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Figure 2.6. Kinetic zone diagram for limiting cases of a one-step, one-electron cata-
lytic reaction occurring in a multi-layer film. Schematic concentration profiles of re-
duced catalyst Q (solid line) and substrate S (dotted line) are displayed in each zone. 
The notation ∗ and ∗ incorporates the possibility for substrate depletion at the film-
solution interface and ensuing solution-phase mass transport outside the film,72 which 
will be explained in detail in Chapter 6. Reprinted with permission from J. Leddy, A. 
J. Bard, J. T. Maloy, J.-M. Savéant, J. Electroanal. Chem., 1985, 187, 205. Copyright 
1985 Elsevier Science. 

The analysis was greatly simplified by expressing each rate-limiting factor as 
a characteristic current density75 representing the corresponding flux for each 
process:  , , and , for the catalytic reaction, charge transport, and substrate 
diffusion respectively.  

 	                      (2.18) 

Two dimensionless control parameters can be defined in terms of the ratios 
⁄  and ⁄ : 

             (2.19) 
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As an illustrative example, the situation where substrate transport in the film 
is relatively fast compared to charge transport ( ≫ )76 is displayed in Fig-
ure 2.7. This may be encountered in practice with catalytic MOF films, which 
display substantially slow electron-hopping (  = 10−10 to 10−14 cm2 s−1), but 
only holds for fast substrate diffusion. The variation of the catalytic steady-
state current (at ≪ / ) is plotted versus film thickness in Figure 2.7a. The 
current depends on the dimensionless parameter ⁄ ⁄ , that re-
lates the catalytic reaction rate to the rate of diffusional charge transport. An 
alternative definition is to say this is equivalent to the ratio of the film thick-
ness to the thickness of the reaction-diffusion layer. It is readily apparent with 
progressively thicker films, the catalytic current reaches a saturation point 
(zone ER) where the film thickness extends beyond that of the reaction-diffu-
sion layer (Figure 2.7b), and electron-hopping ( ), in addition to the catalytic 
reaction ( ) becomes a limiting factor. Any addition to the film thickness (i.e. 
adding more catalytic sites) beyond this point is not productive, because that 
portion of the film will not participate in the catalytic reaction. The transition 
between these two regimes (zone R+E) gives the optimal film thickness ( ), 
where ⁄ .76 

Figure 2.8 shows several possible scenarios when substrate diffusion within 
the film in addition to charge transport becomes kinetically limiting.74 Con-
centration profiles are displayed for representative conditions77,78 found in 
MOF films:  = 5x10−10 cm2 s−1,  = 1 m,  = 1 M, with various values 
of . 

 
Figure 2.7. (a) Variation of the steady-state current (at ≪ / ) with ⁄

⁄  when susbstrate concentration is constant throughout the film ( ≫ ). 
(b) Corresponding concentration profiles of Q:  = 5x10−10 cm2 s−1,  = 0.1 M, and 

 = 10 s−1, and  = (red) 10 nm, (orange) 20 nm, (yellow) 50 nm, (green) 100 nm, 
(light blue) 200 nm, (dark blue) 300 nm. 
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Figure 2.8. Simulated concentration profiles of P (red), Q (black), and substrate S 
(blue) using finite difference method showing progressively slower substrate diffu-
sion:  = 5x10−10 cm2 s−1,  = 1 m,  = 1 M,  = 0.1 M, and  = 25 s−1, with 

 from (a) 5x10−5, (b) 5x10−7, 5x10−9 (c), to (d) 5x10−11 cm2 s−1. Below each concen-
tration profile the normalized local current density (cyan) as a function of distance 
from the electrode ( ) normalized to the film thickness is shown. The shaded region 
indicates the location of the reaction-diffusion layer inside the film. 

It is important to note that when ≪  and ≪ , the observed current 
density no longer depends on the rate of the catalytic reaction and the only 
limiting kinetic factors become substrate diffusion and/or charge transport. 
This is represented in Figure 2.8c, displaying zone S+E. In fact, catalysis in 
the film may become a surface process at either the electrode-film interface 
(zone S) or the film-solution interface (zone E) if charge propagation or sub-
strate diffusion is severely limiting (much slower than the catalytic reaction), 
respectively, as the reaction-diffusion layer approaches the size of a mono-
layer.  
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Although, even when the reaction layer is confined to, for example, the 
electrode-film interface (Figure 2.8a), catalytic MOF films are indeed able to 
reach the recognized minimum 10 mA cm−2 needed for large-scale applica-
tions79 with a moderate catalyst (25 turn-overs per second) and typical surface 
concentrations and transport parameters reported in the literature. However, 
this assumes facile substrate transport through the film77 (Figure 2.9;  = 10−5 
cm2 s−1) more typical of a freely diffusing species in solution. Figure 2.9 shows 
the sharp decline in steady-state current density as the substrate diffusion co-
efficient is decreased. So although it seems existing measurements of charge 
transport rates in reported electroactive MOFs are sufficient to generate ac-
ceptable current densities (albeit with less than ideal catalyst efficiency when 
using typical film thicknesses  = 1 m; see section 2.6.2), substrate diffusion 
may be a limiting factor. However, knowledge of the diffusion characteristics 
of small molecule substrates in MOFs under operating conditions is lacking, 
and most reported data addresses gas-phase diffusion through MOFs. For ex-
ample, the diffusion coefficient of xylene vapor in UiO-66 was found to be 
~10−10 cm2 s−1,80 while that of ferrocene vapor in HKUST-1 was 10−12 cm2 
s−1.81 A clear step forward is first the characterization of charge and mass 
transport rates by reaction-diffusion models such as the one presented above, 
followed by the optimization of these processes through synthetic modifica-
tions to the molecular components of the MOF film. Optimizing charge and 
mass transport through MOF films will also need to be accompanied by opti-
mizing the film thickness. This can be seen from the dimensionless control 
parameters in eq 2.19, which both depend on . In the future, this will hope-
fully demonstrate MOF’s unique utility to tune bulk properties by varying mi-
croscopic molecular structure for the purpose of enhancing molecular cataly-
sis.  

 
Figure 2.9. Calculated steady-state current density (at ≪ / ) as a function of 

⁄  under conditions given in Figure 2.8 (  = 5x10−10 cm2 s−1,  = 1 m,  = 1 
M,  = 0.1 M, and  = 25 s−1, with  ranging from 5x10−5 to 5x10−11 cm2 s−1, 
with value shown next to each point). 
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To extract rate constants and diffusion coefficients, the most straightfor-
ward operational parameter to vary is the film thickness (Figure 2.7). It should 
be noted though, this analysis does not require independent measurement of 

, since  can be measured directly from the slope of a Cottrell plot using eq 
2.15 and Γ . However, synthesizing or fabricating MOF films with controlla-
ble thickness is at present difficult. One method utilizing atomic-layer depo-
sition showed some interesting results, where, as predicted by Figure 2.7, the 
steady-state current reached a plateau as the film thickness was increased.17 
Controlling the thickness and uniformity of MOF thin films is an ongoing 
challenge, and it is not surprising that kinetic models such as the one presented 
above have not seen widespread use. 

2.6.2 TONs and TOFs 
Catalysts are often benchmarked in terms of stability, efficiency, activity and 
selectivity. These are typically represented by the experimental values: turn-
over number (TON), overpotential ( ), turn-over frequency (TOF), and Fara-
daic efficiency (FE) respectively.  

In the previous section we saw that the active form of the catalyst and/or 
substrate could be confined to a small portion of the film in a reaction-diffu-
sion layer. Consequently, the active concentration of catalyst in the reaction-
diffusion layer will be less that the total (electroactive) concentration.82 This 
requires alternative definitions of TOF, an apparent turn-over frequency and 
a true turn-over frequency, which are given below: 

 
mole product

total mole catalyst ⋅
 (2.20) 

 
mole product

mole active catalyst in rxn-diff layer ⋅ 	
 (2.21) 

When charge or mass transport limitations are present in the film,  
will underestimate . In these situations, it can be shown that  
will depend on the film thickness (as well as one or more diffusion coeffi-
cients), while  will reflect the intrinsic reaction rate. For example, 
when ≪ , and ≪  (Figure 2.7): 

 
1
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3. Chemically Driven Water Oxidation with 
MOF Materials (Paper I and Appendix A) 

3.1 Introduction 
MOFs are important potential chemical catalysts when utilized as bulk pow-
ders suspended in solution (as opposed to electroactive MOFs immobilized on 
electrodes, which will be covered in the following chapters). Many catalytic 
transformations have been reported using bulk MOF materials,83 and a wide 
number of them feature imbedded molecular catalysts. It is important to note 
that these catalytic processes need not be driven electrochemically. Types of 
thermal reactions catalyzed by MOFs include, but are not limited to, alkyne 
hydrogenation,84 dehydrogenation,85 epoxidation,86 olefin dimerization,87 and 
C-C cross-coupling reactions.88  

Considering redox reactions though, the vast majority of examples utilizing 
bulk powders are photocatalytic assays89–92 where a reducing or oxidizing pho-
tosensitizer is generated by quenching from a sacrificial donor or acceptor re-
spectively. The photosensitizer then must either diffuse into the MOF to de-
liver electrons or holes to the catalytic sites or initiate a charge hopping pro-
cess between catalytic sites in the interior of the MOF particles. Carbon diox-
ide reduction, hydrogen evolution, and water oxidation have all been studied 
using this strategy. Alternatively, a chemical oxidant/reductant is employed, 
as is often the case for water oxidation catalysis by molecular transition metal 
complexes. This chapter discusses the utilization of a highly active ruthenium- 
based water oxidation catalyst immobilized by post-synthetic methods in the 
MIL-101(Cr) framework. In this work, cerium(IV) ammonium nitrate (CAN) 
was used as sacrificial oxidant. While far from a practical solution, this allows 
the study of the water oxidation reaction in isolation, with the goal of eventu-
ally developing anodes for electrolyzers or solar fuel devices. It also presents 
an interesting opportunity to explore the interference of diffusional phenom-
ena on MOF-based catalysis. Regardless of the pore structure, surface area, or 
porosity of the MOF material, the limiting reactant (the sacrificial oxidant in 
this case) will need to permeate and diffuse into the MOF lattice for the cata-
lytic reaction to take place. The reaction-diffusion dynamics inherent to po-
rous materials such as MOFs is expected to have profound consequences on 
their efficiency and eventual applicability as catalytic materials. Furthermore, 
the organic transformations listed above will operate on the same principle 
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interplay between reaction and diffusion as substrates and reagents must dif-
fuse through the pores as the reaction proceeds, making this an important av-
enue for future research. As pointed out recently by Yang et al.,93 in general, 
transport phenomena are often overlooked in the kinetic analysis of catalytic 
MOFs. Thus, the following chapter also serves as an illustrative example for 
examining the reaction-diffusion problem at the heart of MOF-based catalysis. 

3.1.1 Thiele Revisited 
The established theory for the interference of mass transport with catalysis in 
porous media predates catalytic MOFs (of electrochemical or chemical reac-
tions) by nearly 60 years and deserves a suitable introduction. After WWI 
during the 1920’s and 30’s, catalytic technologies saw rapid advancement as 
they were applied to large-scale industrial petroleum refining and the produc-
tion of fuels for combustion in order to supply an increasing global demand 
for cheap, efficient, and abundant energy (albeit exclusively with fossil-fuel 
derived sources). Eventually, anomalies in reaction rates, reaction orders, and 
activation energies were observed, particularly with respect to the catalyst par-
ticle’s size. Enter E. W. Thiele, an aspiring young chemical engineer and doc-
toral student at MIT.94 In his thesis on catalytic mechanisms of steam-carbon 
reactions, he noticed peculiar results in the reaction order with respect to steam 
pressure and speculated that it may be due to the porosity of the catalyst. Fast-
forward to 1939; Thiele is now the associate director of research at the Stand-
ard Oil Company, Indiana USA. With sufficient time on his hands, he rumi-
nates on the results from his thesis so many years before, and in a timely con-
tribution to the Journal of Industrial and Engineering Chemistry, Thiele sali-
ently observed:95 

In general, it appears to be tacitly assumed by workers in this field that 
the reacting fluid penetrates to the pores in the interior of the grains 
and maintains substantially a constant composition throughout all the 
pores of a single grain, which is the same as the composition of the bulk 
of the fluid bathing the grain at the time… Qualitatively, however, it is 
evident that the size of the grains cannot be indefinitely increased with-
out ultimately reaching a point at which the reaction will produce prod-
ucts in the interior of the grain faster than diffusion can carry them 
away. The reaction will then tend to be confined to the outer layers of 
the grain, the interior being relatively inactive. 

In this influential work, he goes further and develops a quantitative model for 
reaction-diffusion occurring in catalyst “grains,” and importantly predicts the 
effect of the particle size on catalytic activity. He defines two regimes: 1) 
where the overall reaction rate is limited by the intrinsic kinetics of the cata-
lytic reaction, and 2) where the overall reaction rate is limited by internal dif-
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fusion. The first case would correspond to slow reaction rates and small par-
ticles, where the reacting substrate has sufficient time to permeate and diffuse 
through the entire particle before being consumed. In the opposite case, where 
the catalytic reaction is fast compared to the diffusion of the substrate (and/or 
the particle is large), the substrate is quickly consumed near the boundary of 
the particle, eventually becoming a surface reaction. Thiele quantitatively de-
fined the transition between these two regimes by a dimensionless “modulus,” 
which has come to be known as the Thiele modulus,  

 

where  is the radius of the equivalent sphere (but could also be any critical 
dimension of the particle if its geometry is not spherical),  is the first-order 
rate constant of the catalytic reaction, and  is the diffusion coefficient of the 
substrate inside the particle. Importantly, as  increases, either by increasing 
the particle size or decreasing the diffusion coefficient (relative to the rate 
constant), the reaction rate switches from being proportional to the total 
amount of catalyst present (i.e. its volume) to being proportional to the total 
external surface area (when ≫ 1). This has profound implications for the 
efficiency of a catalyst particle as larger particles will have proportionally less 
surface area and thus a large amount of inactive catalyst, and at some point, 
increasing the size of the particle becomes inefficient and unproductive. Look-
ing at Thiele’s prediction, Figure 3.1 (curve II) shows the change in catalytic 
activity normalized to the maximum activity (when the bulk concentration of 
substrate persists throughout the entire particle) as a function of Thiele’s mod-
ulus. 

 
Figure 3.1. From Thiele’s 1939 publication on the relationship between catalytic ac-
tivity and particle size due to reaction-diffusion. Reprinted with permission from 
Thiele, E. W. Ind. Eng. Chem. 1939, 31 (7), 916–920. Copyright 1939 American 
Chemical Society. 
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The ordinate in Figure 3.1 can be thought of as a measure of the catalyst par-
ticle’s efficiency and is now referred to as the internal effectiveness factor, 

. Clearly, for values of  much greater than unity, intraparticle diffusion 
severely limits the catalytic efficiency.  

It is necessary to highlight the outstanding parallel work of Dr. Gerhard 
Damköhler, a chemical engineer at the Institute of Physical Chemistry, Uni-
versity of Göttingen, from 1936 to 1944, who arrived independently at the 
same relationship between mass transport and catalytic reactions rates.96 In his 
honor, the Damköhler number ( ) is often used to represent the ratio be-
tween a chemical reaction rate and the rate of convection. In practice both  
and  are interchangeable (with appropriate modifications to the collection of 
independent parameters) whether the problem at hand involves convective or 
diffusive mass transfer, since they both offer the same physical principle of a 
chemical reaction competing with a particular transport phenomenon.  

Arriving back in the present, these basic principles set forth by Thiele and 
Damköhler will inform the following discussion of CeIV-induced water oxida-
tion by Ru(bda) immobilized in the MIL101(Cr) framework. 

           
Figure 3.2.  Prof. E. W. Thiele97 at University of Notre Dame. 

3.1.2 Water Oxidation in Metal-Organic Frameworks 
Among molecular water oxidation catalysts, ruthenium transition metal com-
plexes show particularly high activity, and are interesting candidates to immo-
bilize into a heterogeneous support structure. A clear leader of this class of 
catalysts is Ru(bda)L2 (bda = 2,2-bipyridine-6,6-dicarboxylate, L = substi-
tuted pyridine ligand)98,99 with a TON in excess of 2000 and a reported TOF 
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of 41 s−1.100 Up to now, many immobilized Ru-based water oxidation catalysts 
utilize surface modification to electrodes. A few recent reports feature highly 
porous materials. For example, a ship-in-a-bottle approach (physical trapping) 
was used to introduce Ru(bda)L2 into mesoporous silica (SBA-16).102 Inter-
estingly, this highly confined environment for the catalyst promoted the binu-
clear, radical coupling (I2M) mechanism. This mechanistic pathway is typi-
cally thermodynamically and kinetically superior to the alternative WNA (wa-
ter nucleophilic attack) pathway.103 Both mechanisms are compared schemat-
ically in Figure 3.3.  

For this work, covalent attachment of the catalyst to the support was sought 
to increase stability and prevent leaching. In addition and somewhat straight-
forwardly, in order to prevent total exclusion of the sacrificial oxidant, a 
framework with sufficient pore size needs to be considered. For example, a 
previous study of CeIV-induced water oxidation by IrCp*Cl (Cp* = pentame-
thylcyclopentadienyl) in UiO-67 exhibited a TOF 40-times lower than that of 
the corresponding homogenous catalyst.33 It was later shown that CeIV (11.3 
Å diameter) was on the order of the pore size of UiO-67 (11.5 Å diameter; 
with apertures of ~8 Å),104,105 clearly limiting the catalytic reaction to the sur-
face of the particles due to size-exclusion of the oxidant.106 In the present 
study, MIL-101(Cr) was chosen to incorporate Ru(bda) given it contains mes-
oporous inner cages of 2.9 and 3.4 nm diameters, and pore apertures of 1.2 
and 1.6 nm in diameter.28 Furthermore, a variety of post-synthetic organic 
transformations are possible in MIL-101, providing multiple methods for cat-
alyst grafting.   

 
Figure 3.3. WNA and I2M mechanistic schemes for Ru(bda) (pH = 1). 

3.2 Results 
The covalent incorporation of Ru(bda) into MIL-101(Cr) was carried out uti-
lizing the axial pyridine ligand as an anchoring point. Two different synthetic 
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routes were explored, resulting into two distinct materials: MIL-101-2@Ru 
and MIL-101-4@Ru (Figure 3.4). Importantly, while the linking motif is not 
expected to affect catalytic activity, the two materials display different catalyst 
loadings, which could indeed affect the catalytic behavior (described in detail 
in section 3.3). ICP-AES (inductively coupled plasma atomic emission spec-
troscopy) and SEM-EDX (scanning electron microscopy-energy dispersive X-
ray spectroscopy) revealed a loading of 1.52% for MIL-101-2@Ru (based on 
the ratio of linkers functionalized with Ru(bda) to the total BDC linkers and 
assuming an empirical formula for MIL-101(Cr): [Cr3(μ3-
O)(OH)(BDC)3(H2O)2] 25H2O; BDC = 1,4-benzenedicarboxylate). For 
MIL-101-4@Ru, the loading was considerably higher at 8.15% (Cr:Ru ratio 
= 5.8:1, measured by EDX; Cr:Ru ratio = 6.3:1, measured by ICP-AES). The 
structural integrity of the MOF after post-synthetic modifications was con-
firmed by PXRD (powder X-ray diffraction), SEM, and nitrogen physisorp-
tion analysis. Furthermore, X-ray absorption spectroscopy (XAS) and cyclic 
voltammetry showed that the molecular ruthenium catalyst was successfully 
grafted into MIL-101(Cr) (i.e. the first coordination sphere of the catalyst is 
maintained inside the framework after the functionalization process). 

Figure 3.4. Post-synthetic modification of MIL-101(Cr). 

3.2.1 Evaluation for catalytic water oxidation using CeIV 
MIL-101-2@Ru and MIL-101-4@Ru were assayed for catalytic water oxida-
tion using CeIV by observing the evolution of product, O2, during the reaction. 
A Clark-type electrode was employed for O2 detection (Fig 3.5) for low CeIV 
concentrations, while experiments with higher CeIV concentrations were mon-
itored by gas chromatography (GC). It is important to note we use here the 
definition of apparent turn-over frequencies, ,ii outlined in section 
2.6.2.  

ii  is referred to as the formal turn-over frequency, or TOF, in Paper I  

⸱
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Figure 3.5. (a) Materials used in this study. (b) Oxygen evolution plots measured with 
Clark-type electrode under low [CeIV] conditions (2.5 mM) using 0.034 mol total 
Ru. 

Looking just at the first few turn overs and lower [CeIV], the overall O2 
evolution rate,  (nmol s−1), of MIL-101-2@Ru ( = 37 nmol s−1, 

 1.1 s−1) is nearly identical to the homogeneous reference complex 
[Ru(bda)(hep)(I-py)] (hep = 4-(2-hydroxyethyl)pyridine; I-py = 4-io-
dopyridine) (  = 40 nmol s−1,  1.2 s−1). The higher loading MIL-
101-4@Ru shows a lower initial  0.5 s−1 (  = 19 nmol s−1). By 
increasing the CeIV concentration, the reaction quickly saturates the observed 
signal at the Clark electrode (an upper detection limit is set by the solubility 
of O2 in water); therefore, detection of O2 in the headspace via GC was used 
over longer timescales (minutes). The results are summarized in Table 3.1, 
where it can be seen that  increases for both materials under higher 
bulk [CeIV]. Catalysis proceeds nearly to completion in the first five minutes 
giving  = 1.9 s−1 and 3.5 s−1 (TON = 550 and 1050) for MIL-101-
2@Ru and MIL-101-4@Ru respectively. The stability of the molecular cata-
lyst and the MIL-101 framework during and after catalysis is discussed further 
in Paper I. In following section, the focus becomes the mechanistic and kinetic 
interpretations of the above data in terms of the reaction-diffusion model in-
troduced at the beginning of this chapter. 
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Table 3.1 Comparison of catalytic activity (high [CeIV]) 

Catalyst Time (min) Ru (µmol) TON TOF* (s–1) 

MIL-101-2@Rua 5 0.054 550 1.9 

MIL-101-2@Rua 60 0.053 700 -- 

MIL-101-4@Rub 60 0.22 1500 -- 

MIL-101-4@Rub 5 0.22 1050 3.5 

[Ru(bda)(hep)(I-py)] 60 0.07 140 -- 

MIL-101(Cr) 60 0 0 0 
Conditions: a0.5 M CAN (in 0.5 M HNO3, 1 mmol). b0.67 M CAN (in 0.5 M HNO3, 2 
mmol). * . 

 

3.3 Reaction-diffusion is alive and well in MOFs 
Clearly the implications of these experimental findings are complex. How-
ever, a few qualitative remarks can be made, assuming a homogeneous distri-
bution of Ru catalysts within the particle. First, since the low-loading material 
(MIL-101-2@Ru) has a  close to the homogeneous analogue, it could 
be suggested that only the catalytic reaction in this material is limiting and 
nearly all of the Ru sites are active. Conversely, MIL-101-4@Ru shows a 
lower , suggesting that CeIV transport may be limiting and not all the 
catalytic sites are active as CeIV is only at an appreciable concentration in a 
reaction layer near the surface of the particle.  

Upon raising the bulk concentration of oxidant, any diffusion limitations 
seem to be relieved as both materials show a higher . The difference 
in activity between MIL-101-2@Ru, MIL-101-4@Ru, and that of the homog-
enous reference then might likely be a result of varying rates of decomposition 
as evidenced by their wide range of TONs (from 140 to 1500) under the high 
[CeIV] conditions (see Table 3.1).  

The following discussion then has two main goals. One will be to demon-
strate that under low concentrations of oxidant in the bathing solution, intra-
particle diffusion interferes, causing the [CeIV] to drop in the interior of the 
particle and potentially form a reaction layer near the particle surface. It will 
be shown that this effect should be more apparent in a material with higher 
catalyst concentration (e.g. MIL-101-4@Ru). In this limit,  should 
certainly underestimate the true turn-over frequency (  considering 
only the portion of active catalyst. The second will be to confirm that upon 
raising the bulk concentration of oxidant to a large excess, the overall rate of 
oxygen evolution no longer depends on diffusion, and the [CeIV] remains near 
its bulk value throughout the entire particle. Hence, since nearly the entire 
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particle is engaged in catalysis and a boundary layer is not formed, the predic-
tion is that  will increase (at some point becoming equal to ) 
since the active catalyst concentration increases. This supports the statement 
made in the title of Paper I. As it is not possible to say conclusively which 
mechanism (I2M or WNA) operates in these materials, the formal kinetic anal-
ysis for both mechanisms are presented in Appendix A.  

It should be pointed out that these data from Paper I are not enough to sup-
port (or necessarily reject) a particular steady-state reaction-diffusion kinetic 
model. However, we can endeavor to make some eligible assumptions, de-
velop a quantitative model showing the mutual competition between diffusion 
and catalytic reaction rates, determine the possible existence of boundary or 
reaction layers within the particles, and predict the effect of catalyst loading, 
CeIV concentration, and particle size on the catalytic rate and efficiency. These 
predictions can then in turn be used to qualitatively explain the observed be-
havior of MIL-101-2@Ru and MIL-101-4@Ru. Even though a comprehen-
sive fitting of these data to this model is not possible, there is still an oppor-
tunity to verify if the general conclusions above fit, at least qualitatively, a 
detailed description of the reaction-diffusion behavior of a system such as the 
one here. 

3.3.1 Formal Kinetic Analysis  
For brevity, only the WNA mechanism is discussed in this section; although, 
the same general behavior is found for the I2M mechanism, which is detailed 
in Appendix A. The generalized reaction scheme for WNA is shown in Figure 
3.6, with definitions of the various species, where  is the bulk (solution) 
concentration of oxidant (and is assumed constant),  is the total concentra-
tion of catalyst in the particle,  is the diffusion coefficient of the oxidant 
inside the particle,  is the average particle radius,  is the total number of 
MOF particles,  is the second order rate constant for the slowest oxidation 
reaction (see Appendix A for derivation of ),  is the pseudo-first order 
rate constant of the water nucleophilic attack step, and  is the first order 
rate constant for the oxygen evolution step. This first order decay of the RuV-
OO intermediate is followed by fast coordination of a water molecule, closing 
the catalytic cycle. Applying steady-state, the concentration of oxidant inside 
the particle is a function of , the radial dimension of the particle, and as shown 
in Appendix A, the system is controlled by two dimensionless parameters,  
and , displayed in Figure 3.6. Since this mechanism is step-wise and includes 
only first order reactions with respect to the catalyst, the observed rate con-
stant of the catalytic reaction can be written as cat ⁄ . It fol-
lows that  represents the ratio of the catalytic reaction rate to the rate of oxi-
dation of the catalyst by CeIV, and  is the ratio of the catalytic reaction rate to 
the diffusion rate of CeIV inside the particle. 
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Figure 3.6. WNA generalized reaction scheme and governing parameters with sche-
matic diagram of catalytic MOF particle.   

Interestingly, but perhaps unsurprisingly, the system of coupled chemical re-
actions associated with the oxidant bears a very strong resemblance to Mich-
aelis-Menten kinetics (as shown in Appendix A, this is actually the case for 
both the WNA and I2M mechanisms under certain conditions). At low con-
centrations of oxidant the overall reaction kinetics are first order in CeIV, and 
at higher concentrations this shifts to zeroth order with respect to CeIV. At this 
point, the reaction rate approaches a maximum value (either reflecting the wa-
ter-nucleophilic-attack step or oxygen release from the complex, whichever is 
rate-determining). Much like the Michaelis-Menten constant, the magnitude 
of  determines at what value of oxidant concentration this “saturation” oc-
curs. This is shown in Figure 3.7a, where the dimensionless CeIV concentra-
tion ⁄  is plotted against the dimensionless reaction rate, , of the 
chemical steps associated with the oxidant. The vertical dashed line shows that 
the saturating concentration of CeIV is determined by the magnitude of , 
where the kinetics switch from first to zeroth order. As → 1, the rate ap-
proaches a maximum determined by the magnitude of , shown with the hor-
izontal dashed line. It is important to note that increasing the bulk oxidant 
concentration  causes both  and  to decrease, and the reaction kinetics 
become “saturated” (Figure 3.7b, green line) for nearly all values of . Ap-
proximate analytical solutions for the overall O2 evolution rate ( ) can be 
obtained by looking at the behavior of the system taking maximum or mini-
mum values for the two dimensionless control parameters,  and . First we 
consider behavior under low oxidant concentration.  

If this causes the oxidation rate to be unconditionally slower than the cata-
lytic reaction ( ≫ 1) where the kinetics of the overall reaction become first 
order in oxidant, the system now only depends on a single dimensionless pa-
rameter (eq 3.1), which takes the form of the classical Thiele modulus. 
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Figure 3.7. (a) Plot of dimensionless kinetic term ( ), which represents the overall 
kinetics of the chemical reaction steps involving CeIV, as a function of the dimension-
less CeIV concentration ( ⁄ , i.e. the oxidant concentration normalized to its 
bulk concentration in the bathing solution). The vertical line shows the value of , 
which signals the change in reaction order in  from first order to zeroth order. The 
horizontal line shows the limiting or maximum reaction rate ( ). (b) Double logarith-
mic plot of  vs.  for increasing values of  (black:  = 250,  = 10; red:  = 25, 

 = 1; blue:	  = 2.5,  = 0.1; green:  = 0.25,  = 0.01; in all cases: ⁄  = 5). 

 
a
4

 (3.1) 

This situation can be seen in Figure 3.7b (black line), where  is large enough 
that regardless of the CeIV concentration throughout the particle the kinetics 
are “unsaturated” or first order in CeIV. Two limits can then be found (Figure 
3.8a). One is when the oxidation reaction, which is now the globally limiting 
chemical step, is fast compared to the diffusion rate of the oxidant (transport 
limited: ⁄ ≫ 1). The overall rate becomes  

 a Ce 4  (3.2) 

In this regime, a boundary or reaction layer is formed near the surface of the 
particle, where the oxidant is only able to diffuse into the particle a small dis-
tance before being consumed (Figure 3.8b). The thickness of this reaction-
diffusion layer ( ) can be estimated by, 4⁄ . Conversely, 
for slow reaction and fast diffusion (reaction limited: ⁄ ≪ 1), the concen-
tration of oxidant in the particle is nearly constant and approximately equal to 
its bulk value ( ).  
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Figure 3.8. (a) Dimensionless concentration profiles of CeIV inside a catalytic MOF 

particle for increasing values of λ μ⁄  (in the direction of the arrow) when μ ≫ 1, 
with ⁄  and ⁄ . (b) Boundary or reaction layer structure for large 

values of λ μ⁄  (	~102 is shown). 

In this limit, the overall oxygen evolution rate is given by 

 	
4
3 Ce a  (3.3) 

Either of these two behaviors could be confirmed by plotting the overall O2 
evolution rate as a function of the radius of the particle or the total catalyst 
concentration. For transport-limited kinetics, a plot of  vs.  will be 
linear, while if the system is reaction rate limited, a plot of  vs.	  gives 
a linear relationship. Likewise, when transport limitations are present, the rate 
is proportional to , indicating a dependence on the total surface area. In the 
absence of transport limitations, the reaction rate is proportional to , or the 
total volume of the particle. For both cases,  is linearly proportional to , 
as expected since the kinetics are first order with respect to CeIV.  

Returning to the experimental data, under low CeIV concentration it is likely 
that ≫ 1. Although, whether the reaction-diffusion dynamics are in the 
transport limited regime or the reaction limited regime is difficult to conclude. 
A full analysis would require systematically varying both the MIL-101(Cr) 
particle size and the amount of Ru catalyst loaded into the framework. These 
are difficult to control experimentally, but using Figure 3.9 as a working curve 
and the homogenous complex as a reference, a rough estimate can be obtained. 
Making the generous assumption that the homogenous complex and the MOF-
imbedded complex follow the same mechanistic pathway, which is unaltered 
by incorporation of the complex into the MOF, the initial rate of the homoge-
neous reference under the same conditions can be taken as the maximum re-
action rate ( ).  
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Figure 3.9. (a) Working curve for internal effectiveness factor as a function of λ μ⁄  
(see also Figure 3.1). The red dot represent MIL-101-2@Ru, and the blue dot repre-
sents MIL-101-4@Ru. (b) Steady-state CeIV concentration contour plots for MIL-
101-2@Ru and MIL-101-4@Ru (color key: yellow,  = 1; blue,  = 0). 

This would be the same as considering the case where the entire interior of the 
MOF was exposed to the bulk CeIV concentration (i.e. when ⁄ ≪ 1). Then 
using the measured rate of O2 evolution found for MIL-101-2@Ru and MIL-
101-4@Ru, the internal effectiveness factor ( ) can be estimated,  

  (3.4) 

which is 0.92 and 0.47 for MIL-101-2@Ru and MIL-101-4@Ru respectively. 
Figure 3.9a shows the working curve used to estimate the Thiele modulus 

( ⁄ ) for each material. It is clear that with a higher loading of Ru catalyst, 
under these conditions, MIL-101-4@Ru displays transport limited behavior, 
exhibiting a faster reaction rate compared with diffusion. On the other hand, 
MIL-101-2@Ru is essentially reaction rate limited, where the reaction is slow 
enough to match with the diffusion rate of CeIV. Figure 3.9b illustrates the 
steady-state concentration gradients of CeIV in each material. In MIL-101-
4@Ru, the oxidant reacts too quickly to diffuse into the interior of the particle, 
leaving many of the catalytic sites dormant. This means that  for MIL-
101-4@Ru will be an underestimate, while for MIL-101-2@Ru,  will 
be approximately equal to .  

Going from low to very high bulk oxidant concentration, both → 0 and 
→ 0, likely resulting in a situation where the overall reaction is zeroth order 

in CeIV (Figure 3.7b, green line) and intraparticle diffusion is no longer a lim-
itation. As shown in Appendix A, the overall reaction rate is given by eq 3.5: 

 	
4
3 a  (3.5) 
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The rate is proportional to the total particle volume as well as , but is in-
dependent of , indicating zeroth order kinetics with respect to oxidant. It 
is clear that in this case  is equal to , since the oxidant concen-
tration is constant throughout the particle (and equal to the bulk concentration) 
and all the catalytic sites are active. 

 
 (3.6) 

This TOF value is reflective of the intrinsic activity of the catalyst without the 
interference of transport phenomena or the kinetics of the oxidation reaction(s) 
involving CeIV.  

Several additional possible limiting kinetic regimes are examined in Ap-
pendix A; however, the discussion here has shown that: 1) under low oxidant 
concentration, transport limited kinetics are possible with the interference of 
diffusion becoming more apparent as the reaction is accelerated with higher 
catalyst loadings (e.g. MIL-101-4@Ru), and 2) increasing the bulk oxidant 
concentration serves to eliminate diffusional limitations and shift the kinetics 
to zeroth order with respect to the oxidant. In this regime  values in 
fact reflect the intrinsic turn-over of the catalytic reaction, and are unobscured 
by both the rate of diffusion of the oxidant and the oxidation kinetics of the 
catalyst by CeIV. Again it should be pointed out that a full analysis of the re-
action-diffusion problem occurring within the MOF particles would require a 
thorough investigation of the overall reaction rate as a function of the particle 
radius, the catalyst loading, and the bulk oxidant concentration. 

3.4 Conclusion 
The mass transport behavior of substrate and reactants certainly affect the ac-
tivity and efficiency of any MOF-catalyzed reaction. It was shown that careful 
determination of the limiting process (diffusion or reaction) was required to 
obtain kinetic data in the absence of transport effects. In addition, a limited 
number of governing parameters, which take into account the competition be-
tween chemical reaction and diffusion, control the overall behavior. In certain 
cases, this can cause the apparent turn-over frequency to deviate from reflect-
ing the intrinsic catalytic reaction rate.  

In this chapter, the reaction under study was water oxidation by a Ru based 
catalyst that was mediated by a diffusing sacrificial oxidant. In this way, oxi-
dizing equivalents or holes were delivered to the active sites via diffusion to 
produce the active form of the catalyst (a high valent RuV=O species). The 
following chapters will examine the molecular catalysis of electrochemical 
reactions by transition metal complexes imbedded in redox-active MOF films. 
In these cases as well, charge transport is formally diffusional, and many of 
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the same principles governing reaction-diffusion exemplified in this chapter 
can be applied to the electrochemical cases that follow.  
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4. Molecular Catalysis of Electrochemical 
Water Oxidation in a MOF Thin Film 
Electrode (Paper II) 

4.1 Introduction 
The advantages of molecular catalysis of electrochemical reactions in terms 
of depth of mechanistic understanding and ease of targeted synthetic modifi-
cations to enhance activity are well known and has been a major field of re-
search over the last two decades.107–110 Additionally, it has become apparent 
that industrial applications will require heterogeneous catalysts, which typi-
cally have the necessary long-term stability. Thus, a clear route forward is to 
incorporate molecular catalysts into heterogeneous porous films. MOFs are 
certainly a potential heterogeneous platform in which to embed molecular cat-
alysts, specifically for the electrochemical conversion of small mole-
cules.111,112 The result is a molecular heterogenized, porous catalytic film, 
which offers well-defined active sites with electronic states characterized by 
the standard potentials of the molecular species, uncoupled from the electronic 
states of the electrode (faradaic processes are observed in the absence of sub-
strate).113 The porosity of the heterogeneous material confers a high density of 
catalytic sites that ensures high current densities and thus fast conversion of 
substrates into products. Under operating conditions the film must mediate 
mainly three potentially current limiting phenomena: charge transport through 
the film, substrate diffusion inside film, and the intrinsic catalytic reaction 
(consisting of a particular sequence of chemical steps).74,76,114 The highly or-
dered internal pores and modular nature of MOFs may offer a unique oppor-
tunity to control these three important phenomena at a microscopic level. As 
outlined in the previous chapter, special attention should be paid to the reac-
tion-diffusion dynamics at play in these materials, which ultimately results 
from the interplay and competition between these three governing phenom-
ena.  

In this chapter, the derivative of a well-known molecular water oxidation 
catalyst,115,116 [Ru(tpy)(dcbpy)OH2](ClO4)2 (tpy = 2,2':6',2"-terpyridine, 
dcbpy = 2,2'-bipyridine-5,5'-dicarboxylate) [1], was post-synthetically incor-
porated into UiO-67 (UiO = University of Oslo) MOF thin films on conduc-
tive substrates (FTO = fluorine-doped tin oxide). The resulting films were 
characterized by electrochemical methods, and the catalytic activity towards 
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the oxygen evolution reaction was assed under applied potentials. This initial 
study demonstrates that a molecular catalyst can be post-synthetically intro-
duced and electrochemically characterized inside a porous MOF electrode. 
The results presented here will be used as a platform to discuss optimizing 
charge transport and improving design strategies for molecular heterogenized 
catalytic MOF films. 

4.1.1 Homogeneous Mechanism 
Extensive mechanistic studies have been performed with 
[RuII(tpy)(bpy)OH2]2+ (tpy = 2,2':6',2"-terpyridine; bpy = 2,2'-bipyridine) or 
various substituted analogs in the homogenous phase, and it was shown that 
this catalyst undergoes a WNA mechanism (Figure 4.1).117  

 
Figure 4.1. (a) Proposed catalytic cycle; (b) structure of homogenous complexes: 
[RuII(tpy)(bpy)OH2]2+ and [1]2+ (used in this study). 

The coordinated water molecule in [RuII-OH2]2+ is oxidatively activated at 
near-neutral pH by two initial one-electron, one-proton electrochemical oxi-
dations, generating [RuIV=O]2+. The pKa of [RuIII-OH2]3+ is about 1.6 and 
[RuIV-OH]2+ is considerably more acidic.115 A further oxidation near ~1.8 V 
vs. NHE gives the active catalytic state, [RuV=O]3+.117 This species is electron 
deficient enough to induce the attack of a water molecule. In this key O-O 
bond forming step, concerted oxygen atom transfer from the [RuV=O]3+ inter-
mediate occurs simultaneously with proton transfer from the attacking water 
molecule to a hydrogen bound base. The overall process is often designated 
as atom proton transfer (APT).118 The resulting hydroperoxo species [RuIII-
OOH]2+ then undergoes rapid oxidation, since the [RuIV-OO]2+/[RuIII-OOH]2+ 
couple has a formal potential ~100-200 mV more negative than the corre-
sponding formal potential of the [RuIV=O]2+/[RuIII-OH]2+ couple.118 Release 
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of O2 from [RuIV-OO]2+ and coordination of a water molecule regenerates the 
starting state of the complex. 

4.2 Results 
4.2.1 Characterization of UiO67-[RuOH2]@FTO films 
Crystalline UiO67 films were grown on FTO (UiO67@FTO) by solvothermal 
synthesis under standard conditions,119 resulting in a thickness ( ) of about 2 
m. Complex [1], functionalized with carboxylic acid groups, was introduced 
into the UiO67@FTO films by post-synthetic exchange (PSE). Briefly, under 
ambient conditions a UiO67@FTO film was incubated in a solution of the 
complex yielding the molecular heterogenized catalytic film UiO67-
[RuOH2]@FTO. The exchange of the complex into the UiO67 framework was 
confirmed by UV-Vis spectroscopy of the films (Figure 4.2) and 1H NMR 
experiments using digested samples of exchanged bulk UiO67 powder. The 
biphenyl dicarboxylate (bpdc) linker of the parent UiO67 framework was ob-
served in the supernatant solution, indicating that [1] replaces bpdc. Further-
more, [RuII(tpy)(bpy)OH2]2+ was not incorporated at all, showing that physical 
trapping of the complex inside the pores of the MOF does not occur, and in-
deed [1] is post-synthetically incorporated by coordination to the Zr nodes. 
ICP-AES analysis gave the total surface concentration of catalyst as 2.8x10−8 
mol cm−2, whereas the calculated surface concentration of a hypothetical mon-
olayer of [1] is roughly 10−10 mol cm−2, demonstrating the effect of the porous 
3D MOF structure in increasing the areal loading of the catalyst on the elec-
trode surface.   

 
Figure 4.2. (a) Schematic representation of UiO67-[RuOH2]@FTO films. (b) UV-Vis 
spectra of UiO67-[RuOH2]@FTO after PSE (red), UiO67@FTO (dashed black), and 
homogenous [1] (black) in H2O. (c) SEM image of UiO67-[RuOH2]@FTO (taken 
after electrolysis). 
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4.2.2 Diffusional Voltammetric Response 
The RuIII/II couple is clearly visible in the voltammograms of UiO67-
[RuOH2]@FTO (Figure 4.3a) at 1.0 V vs. NHE obtained in 0.1 M KCl (pH = 
6.2). After the first scan, an initial loss in current was observed, which then 
stabilized after ~20 scans. Covering the films with a layer of Nafion showed 
better stability and suggests that the current loss is most likely due to detach-
ment of loosely bound particles from the surface of the film. Nevertheless, the 
electrochemical response allowed for the characterization of the charge 
transport process taking place through the film involving the oxidized and re-
duced form of the molecular redox-active linkers (i.e. the Ru catalyst centers 
as either RuIII-OH or RuII-OH2).  

To begin with, the electroactive surface concentration was estimated from 
the charge passed during a potential-step experiment (1.4 V vs. NHE) and re-
sulted in Γ  = 1.1x10−9 mol cm−2, or 3.8% of the total Ru centers in the film. 
A discrepancy between the total surface concentration of a molecular redox-
active species and the electroactive surface concentration could be a result of 
gradual film delamination, film defects, or inhomogeneity (such as grain 
boundaries). CVs at various scan rates are shown in Figure 4.3, where the an-
odic peak current is proportional to the square root of the scan rate. A double 
logarithmic plot (log  vs. log ) confirmed that ∝ √ , exhibiting a slope 
of 0.5. This indicates that on these times scales (given by the magnitude of the 
scan rate) the diffusional electron-hopping process taking place within the film 
is under semi-infinite boundary conditions, where the diffusion layer thick-
ness is much less than the film thickness ( /⁄ ). The current-
potential response takes on a waveform similar to that of a freely diffusing 
molecule with the current decaying in a “diffusional tail” after the peak. 

 
Figure 4.3. (a) CVs of UiO67-[RuOH2]@FTO at different scan rates in 0.1 M KCl 
(pH = 6.2). (b) Plot of  vs. / . (c) Double logarithmic plot log  vs. log  with a 
slope of 0.5. 
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From these data,  was estimated from the slope of the plot of  vs. √ , 
according to eq 4.1, and resulted in  = 9.6x10−11 cm2 s−1.  

 0.446  (4.1) 

4.2.3 Catalytic Water Oxidation by UiO67-[RuOH2]@FTO 
Under basic conditions (0.1 M borate buffer, pH = 8.4), UiO67-
[RuOH2]@FTO films displayed catalytic activity towards water oxidation, as 
seen by a large catalytic wave after 1.3 V vs. NHE, compared to the parent 
UiO67@FTO without [1] (Figure 4.4a). The RuIII/II couple is stable upon scan-
ning through this wave multiple times, suggesting that the molecular integrity 
of the catalyst is retained.  

 
Figure 4.4. (a) Catalytic CVs of of UiO67-[RuOH2]@FTO in 0.1 M borate buffer (pH 
= 8.4) with inset showing multiple scans of the RuIII/II couple. (b) CPE of UiO67-
[RuOH2]@FTO at 1.7 V vs. NHE (  = 970 mV).  

Controlled potential electrolysis (CPE) at 1.7 V vs. NHE (  = 970 mV) over 
one hour resulted in a Faradaic efficiency (FE) for O2 of 82% (FE less than 
unity is likely a result of partial film delamination as observed in the CVs) and 
an average current density of 0.012 mA cm−2 (Figure 4.4b). Tafel data with 
Nafion-coated films under near-neutral conditions (pH = 6.2) resulted in a 
Tafel slope of approximately 170 mV dec−1. PXRD and SEM images con-
firmed that the UiO67 framework remains intact after catalysis, and addition-
ally the RuIII/II couple is still present in CVs taken after electrolysis. 
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4.3 Improvements and Design Optimization 
Given the fairly low current density obtained with UiO67-[RuOH2]@FTO it 
would be beneficial to know the limiting process occurring in the film (diffu-
sional charge transport, substrate diffusion, or the catalytic reaction) to aid in 
understanding which parameter(s) to vary to optimize catalysis. In addition, 
increasing the redox-active concentration of Ru centers (currently 3.8%) 
would provide higher current densities. These two strategies will be discussed 
in the following sections.   

4.3.1 Rate-controlling phenomenon 
Previous reports of Ru(tpy)(bpy)OH2 (and various substituted derivatives) in 
the homogenous phase have shown that  is rate-determining with  being 
the most positive formal potential103,118 in the nominally EEECEC sequence 
(Figure 4.1). The catalytic resting state should be a RuV=O species, and fol-
lowing turnover-limiting O-O bond formation, lower valence intermediates 
will be rapidly reoxidized according to the reactions shown in Figure 4.5a. 
This results in a simplification of the steady-state current density expressions 
to those of a one-electron, one-step process (see section 2.6) with the addition 
of a stoichiometric factor accounting for the net 4e− and 4H+ required for the 
overall reaction, giving the observed rate constant 4 . 

Examining the variation in the steady-state current density as a function of 
the film thickness would be the most straightforward method to precisely de-
termine the rate-controlling process (either diffusion or chemical reaction). 
However, a high degree of control over the film thickness of UiO67@FTO is 
challenging synthetically, considering the MOF films are solvothermally 
grown directly on the conducting substrate. Nevertheless, we can make a 
rough estimate based on the characteristic current densities or fluxes for each 
process as discussed in section 2.6, evaluated with the experimentally deter-
mined values ( , ) and several estimates taken from literature.iii  

Using the experimental values of  and  ( Γ ⁄ ), the character-
istic current density for electron-hopping can be estimated 	~ 0.2 A cm−2. 

Rate-limiting O-atom transfer has been shown to proceed with homogenous 
analogues of [1] and occurs with  on the order of 10−3 s−1 to 10−4 s−1.117,120 
This puts the characteristic flux for the catalytic reaction 	~ 0.4 to 0.04 A 
cm−2. As shown in section 2.6 if ⁄ ≫ 1, the system is under mixed kinetic 
control by electron-hopping diffusion and catalysis. Assuming the intrinsic 
catalytic reaction rate is unaltered by the MOF environment, an upper limit on 

⁄  in this case is ~ 1.3. Considering for the moment only the electron 

                               
iiiOne potential drawback in this analysis is that the magnitude of  is based on the [RuIII-
OH]2+/[RuIIOH2]2+ couple, while the catalytically relevant electron transfer event is the 
[RuV=O]3+/[RuIV=O]2+ process. 
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diffusion and catalytic processes, this indicates that the system is in the border 
region between reaction-rate limited and mixed kinetic control by reaction-
diffusion (zone R+E in the zone diagram from Figure 2.6). A boundary or 
reaction-diffusion layer is not formed, but the concentration of the active cat-
alyst would be depleted slightly within the film. On the other hand, the sub-
strate diffusion rate through the framework is unknown ( ). The rate-limiting 
chemical step ( ) is proton-coupled and implicates two freely diffusing spe-
cies in the overall APT process: a water molecule involved in the O-atom 
transfer from RuV=O and a proton acceptor (which could be the basic form of 
the buffer or another water molecule). 

The catalytic Tafel slope can give some insight into whether diffusion of 
substrate or co-substrate through the film ( ) may be limiting. In the absence 
of substrate transport limitations, an electrochemically mediated catalytic re-
action exhibits a 59 mV dec−1 Tafel slope. This slope simply reflects the Nern-
stian relationship between the electrode potential and the concentration of the 
active (oxidized) catalyst at the electrode surface.iv However, in a porous elec-
trode, when substrate diffusion interferes, a Tafel slope of 120 mV dec−1 is 
observed.121 As mentioned above, UiO67-[RuOH2]@FTO showed 170 mV 
dec−1, possibly indicating slow substrate transport within the film. This likely 
puts this system in the SR+E zone (or possibly SR if ⁄ ≪ 1). A typ-
ical concentration profile for both the active form of the catalyst (RuV=O) and 
the substrate/co-substrate (H2O) in this situation is shown in Figure 4.5b. In 
this regime, slow substrate diffusion creates a boundary layer at the film-so-
lution interface, where substrate penetrates the film only a small distance be-
fore being consumed by the catalytic reaction. Additionally, charge transport 
is not fast enough to maintain a constant concentration of the oxidized form 
of the catalyst throughout the film.  

It should be noted that several other processes could result in a high Tafel 
slope. This includes, for example, slow interfacial electron transfer between 
the electrode and the first layer in the film, which would necessitate consider-
ing Butler-Volmer kinetics for the electrochemical reaction at the electrode 
surface. We could further consider ohmic drop in the film (resulting from a 
low concentration of supporting electrolyte) as well as kinetically limiting (ac-
tivation controlled) crossing of the substrate at the film-solution boundary.v It 
is very probable that several of these factors are affecting the current response 
simultaneously in UiO67-[RuOH2]@FTO. 

One could optimize the efficiency of this catalytic film by varying the pa-
rameters that affect the current-limiting process, most notably . This would 
entail either 1) making the film thinner (decreasing ) or 2) enhancing sub-
strate diffusion (increasing ).  

                               
ivThis assumes facile electron transfer kinetics between the electrode and molecular catalyst and 
only first order chemical steps with respect to the catalytic intermediates. 
vIf substrate crossing is fast in both directions, an equilibrium partition coefficient is sufficient 
to describe this process. 
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Figure 4.5. (a) Simplified reaction scheme for electrochemical water oxidation by 
UiO67-[RuOH2]@FTO shown in red with fast reactions shown in black. (b) Concen-
tration profiles for RuV=O (red) and substrate (blue) operating at steady-state in the 
SR+E zone. Inset shows normalized local current density (black) as a function of dis-
tance from the electrode ( ) normalized to the film thickness ( ). Concentration pro-
files and current densities were generated by FDM simulations with the parameters: 

 = 10−10 cm2 s−1,  = 2x10−4 cm, Γ  = 10−9 mol cm−2,  = 10−13 cm2 s−1,  = 
0.004 s−1. 

Utilizing the unique modularity of MOFs with their tunable molecular com-
ponents, the latter could be accomplished for example by increasing the pore 
width via reticular chemistry or by making the pore interiors more hydrophilic 
via synthetic modifications to the bpdc linkers in the parent UiO67 framework.  

4.3.2 Design Optimization 
A low concentration (3.8%) of the transition metal catalyst contained within 
the redox-inactive UiO67 framework is also a factor that certainly contributed 
to the low catalytic current densities. In this strategy, referred to here as a 
doped system (Figure 4.6), the molecular catalyst was incorporated into an 
existing inert framework, which acts as a support structure. This is advanta-
geous because the catalyst can be introduced under mild conditions with PSE. 
However, if the doped concentration of catalyst is low, the distance between 
Ru centers might be fairly large and separated by only redox-inert bpdc link-
ers. This results in low diffusional charge transport rates. An improvement 
could be made by constructing the entire MOF from only catalyst linkers (i.e. 
excluding bpdc), referred to here as a single component system (Figure 4.6). 
From a synthetic point of view, this is less versatile, because it would mean 
subjecting the molecular catalyst to the solvothermal conditions required for 
MOF growth (high temperatures, large concentrations of strong acid), which 
might not be amenable to all molecular catalysts.  
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Figure 4.6. Schematic diagrams of design strategies for incorporating molecular cat-
alyst into metal-organic framework as films. 

Additionally, both the doped system and the single component system would 
require the RuII(tpy)(dcbpy)(OH2) linkers to perform the catalytic function as 
well as sustain charge transport in the film via electron-hopping. This means 
that the same component of the film must be highly reactive towards the sub-
strate and have a high rate of electron self-exchange (large ). It is easy to 
see that a good catalyst may have a slow electron self-exchange rate and thus 
be an ineffective electron carrier. 

A two component system (Figure 4.6c) where the charge transport and cat-
alytic roles are decoupled, may be a significant improvement. This allows the 
catalyst to be selected for its intrinsic reactivity toward the substrate, while the 
mediator linker can be optimized separately for charge propagation. This 
would involve designing a MOF composed completely of redox-active link-
ers, in which a molecular catalyst would be incorporated by post-synthetic 
methods under mild conditions. Electron hopping would then proceed effi-
ciently between redox active linkers, which would mediate charge transfer to 
the catalyst linkers. Similar two component catalytic systems have been pre-
viously demonstrated using redox polymer electrodes.122,123 More recently, 
this strategy has shown outstanding results in (bio)electrochemical catalyst 
films utilizing an enzyme or molecular catalyst and redox-active organic me-
diator in a hydrogel polymer film.124–126 An initial foray into the design of a 
two-component catalytic MOF film with redox-active linkers will be the sub-
ject of the next chapter. 

4.4 Conclusion 

This chapter exemplifies again how reaction-diffusion may play a large role 
in catalysis given the interfacial nature of chemical reactions that take place 
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within molecular heterogenized porous films, such as the MOF-based elec-
trodes discussed above. Transitioning from chemical activation of the catalyst 
in Chapter 3 to electrochemical activation as discussed here, now both mass 
transport and diffusional charge transport must be considered as potentially 
limiting phenomena, in addition to the rate of the catalytic reaction. A cursory 
analysis of the rate-controlling process for UiO67-[RuOH2]@FTO showed 
that catalysis can be optimized by increasing the rate of substrate permeation 
and diffusion in the film. Given the tunability of MOFs via traditional syn-
thetic modification to the organic linkers, this present a unique opportunity in 
the future to control transport phenomena at a microscopic level by modifying 
the pore environment. In the case of UiO67-[RuOH2]@FTO, this could be 
realized with either larger or more hydrophilic pores. Likewise, in order to 
improve charge transfer rates, the next chapter explores the possibility of in-
troducing a redox mediator linker to facilitate electron hopping to catalytic 
sites. 
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5. UiO-type MOF Thin Film with Redox-
Mediator Linkers: Development and Charge 
Transport Behavior (Paper III) 

5.1 Introduction 
Further development of strategies for improving the efficiency of MOF-cata-
lyst systems for molecular catalysis of electrochemical reactions is clearly an 
important undertaking. Specifically, how can the charge transport dynamics 
be improved so that they do not limit the overall current density? MOFs are 
perfect materials for molecular-level synthetic modifications. In this chapter, 
the possibility of introducing a redox mediator linker to facilitate electron-
hopping to catalytic sites is explored. Decoupling the role of charge transport 
from the molecular catalyst linkers could be expected to improve the effi-
ciency of the system.122,123  

Highly stable MOFs are often electronically insulating in nature. The same 
components that confer chemical stability, usually phenyl carboxylate organic 
linkers coordinated to d0 or d10 metal clusters (e.g., Zr4+, Zn2+), make these 
MOFs redox-inactive, resulting in poor charge transport to redox-catalysts 
within the MOFs.127 UiO-type MOFs in particular have been used in numerous 
catalytic applications due to their high stability,128 but few feature redox-active 
organic linkers, which could be utilized for charge transport to catalytic sites 
during catalysis. To overcome these obstacles, the development of a novel 
MOF-based thin film platform, which could provide electron transport path-
ways for immobilized molecular catalysts is discussed in this chapter. The 
material was rationally designed utilizing the robust Zr-based UiO/PIZOF to-
pology27,129 and redox-active naphthalene diimide-based linkers (dcphOH-
NDI). This strategy is highly versatile for future incorporation of molecular 
catalysts as the two components, redox-mediator linker and catalyst, can be 
optimized individually for their respective roles: diffusion-like charge 
transport and catalysis. 
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5.2 Characterization of new UiO/PIZOF Material and 
Thin Films 
5.2.1 Bulk Synthesis 
Applying solvothermal conditions to the carboxylic acid functionalized naph-
thalene diimide linker (Figure 5.1) with ZrCl4 and acetic acid as modulator, 
resulted in the formation of a new material Zr(dcphOH-NDI). Both a bulk 
microcrystalline powder as well as thin films grown on conducting substrate 
(FTO) were obtained. Upon inspection of the PXRD pattern, it was found that 
Zr(dcphOH-NDI) matches simulated PXRD patterns of a class of Zr frame-
works with a two-fold interpenetrated structure, or porous interpenetrated zir-
conium organic frameworks (PIZOF).129 These MOFs contain Zr6O4(OH)4 
nodes with 12-fold connectivity, exhibiting the same structure and connectiv-
ity as UiO frameworks; however, PIZOFs are comprised of two independent 
interpenetrating UiO networks. They have been found to retain the high sta-
bility of UiO-type MOFs and have been shown to be suitable for post-syn-
thetic modification130 as well as catalytic applications.131 N2 gas sorption anal-
ysis of the bulk powder gave a Brunauer−Emmett−Teller (BET) surface area 
of 1531 m2 g−1 and pore sizes of 13 Å with a low portion of mesopores (~ 25 
and 70 Å). High surface area and large pore sizes are advantageous for cata-
lytic applications, which might facilitate high catalyst loadings as well as mass 
transport through the framework.  

 
Figure 5.1. MOF design strategy for developing a redox-active framework featuring 
naphthalene diimide (NDI) linkers and UiO secondary binding units (SBUs).  
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5.2.2 Films 
Films grown on FTO (Zr(dcphOH-NDI)@FTO) were approximately 1 m 
thick as determined by SEM imaging of cross sections. These were further 
characterized by XPS and PXRD, which confirmed the growth of Zr(dcphOH-
NDI). The voltammetric response of Zr(dcphOH-NDI)@FTO films was rec-
orded in DMF with 0.8 M KPF6 as the supporting electrolyte. Two Faradaic 
processes can be observed, corresponding to NDI/NDI•− and NDI•−/NDI2− 
from the organic linkers (  = −0.96 and −1.36 V vs. Fc+/0 respectively; Fig-
ure 5.2b). These potentials match well with numerous molecular proton and 
oxygen reduction catalysts. The aforementioned couples are reversible over 
the timescales investigated and match well with the formal potentials of the 
NDI linker recorded in homogenous phase. Interestingly, upon scanning mul-
tiple cycles the current response gradually increases, reaching a maximum af-
ter about 20 scans. This conditioning effect has been observed for other MOF-
based electrodes as well as molecular redox polymer films. It is often at-
tributed to the diffusion-migration of supporting mobile counter ions from the 
solution into the film under an applied bias. The electroactive surface concen-
tration of NDI linkers was estimated as Γ  = 3x10−7 mol cm−2 from the charge 
passed after an exhaustive electrolysis of the film at the NDI/NDI•− wave. 
Spectroelectrochemical measurements later showed that this corresponds to 
about 97% of the total NDI linkers in the film. PXRD confirmed the stability 
of the films before and after electrochemical measurements.  

 
Figure 5.2. (a) SEM image of Zr(dcphOH-NDI)@FTO films, and (b) multiple CV 
scans of Zr(dcphOH-NDI)@FTO at 100 mV s−1. 
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5.3 Charge Transport via Formal Diffusion of Fixed 
Redox Centers 
The current-potential response of Zr(dcphOH-NDI)@FTO films takes the 
form of diffusion waves as a result of the electron-hopping charge transport 
mechanism that is formally the diffusion of fixed redox centers. This was con-
firmed by varying the scan rate between 5-100 mV s−1, which gave linear plots 
of  vs. √  (Figure 5.3).  

 
Figure 5.3. (a) CVs of Zr(dcphOH-NDI)@FTO at scan rates 5 – 100 mV s−1 (0.8 M 
KPF6, DMF). (b) Linear regression plots of peak current as a function of √  for the 
NDI/NDI•− wave.  

At these timescales a symmetric adsorption wave (finite diffusion) was not 
observed, indicating that the film thickness is much larger than the distance 
over which a large concentration gradient exists in the film. In principle, the 
transition from semi-infinite to finite diffusion within the film should be ob-
servable at slow scan rates, where  begins to vary linearly with ν. However, 
since the film is relatively thick and the electron-hopping process slow, this 
transition would only be seen outside of conventional scan rates. Figure 5.4 
shows simulated CVs confirming this behavior given  = 5.4x10−11 cm2 s−1 
(vide infra) and  = 1x10−4 cm. The transition scan rate can be estimated when 
the dimensionless finite diffusion parameter describing the system, , is 
equal to 1 (assuming facile electrode kinetics): 

 
1

	~	1 (5.1) 

where the waveform will switch between a symmetric adsorption wave and a 
diffusion wave.  
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Figure 5.4. (a) Finite difference method simulations of CVs displaying the NDI/NDI•− 
wave, and (b) double logarithmic plot of  as a function of , where the slope 
switches from 1 to 0.5 at  ~ 0.2 mV s−1 signaling the transition from semi-infinite to 
finite boundary conditions in the film.  

From this analysis given the measured film thickness and diffusion coeffi-
cient, the predicted threshold scan rate would be on the order of 0.2 mV s−1, 
below which the peak current is proportional to ν. 

The films displayed reversible electrochromism. For example, stepping the 
potential more negative than −1 V vs. Fc+/0 gave rise to - ∗ absorption bands 
in the visible region associated with the NDI radical anion (these assignments 
were corroborated by spectroelectrochemical measurements on the homoge-
neous NDI linker in solution). Stepping back to 0 V recovered the initial spec-
trum of the NDI0 species. This process could be repeated over several cycles.  
Chronoabsorptometry was used to probe diffusional charge transport in the 
film at the first redox process (NDI/NDI•−). Monitoring the absorbance at 475 
nm corresponding to NDI•− as a function of time allows for measuring the 
electron-hopping diffusion coefficient by a modified form of the integrated 
Cottrell equation:38 

 ∆
2

√
 (5.2) 

where  is the absorbance maximum,  is time in seconds. This resulted 
in a (K+) of 5.4x10−11 cm2 s−1 in DMF. Changing the supporting electro-
inactive cation from K+ (r = 1.33 Å) to n-Bu4N+ (r = 4.94 Å), the diffusion 
coefficient decreased by a factor of ten: (n-Bu4N+) = 4.0x10−12 cm2 s−1. The 
films were also tested in aqueous conditions (0.8 M KCl, pH = 6.5), which 
gave (K+

(aq)) = 2.1x10−10 cm2 s−1. It is clear that the macroscopic diffusion-
migration of counter-ions affect the value of  obtained in these measure-
ments.  
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5.4 Conclusion 
Designing redox-active MOFs in which molecular catalysts can be incorpo-
rated is a key step to their utilization in the electrochemical conversion of 
small molecules. In this work, a new MOF thin film with redox-active linkers 
was developed, which can provide electron transport pathways (at the operat-
ing potential of a proton reduction catalyst for example). The electron-hopping 
rate was characterized, and the films were shown to function in aqueous solu-
tion, beneficial for catalytic applications. The fabrication of a UiO/PIZOF-
type MOF thin film with linkers having a well-defined electrochemical re-
sponse, provides versatility to utilize postsynthetic methods to introduce cat-
alytic units into a robust redox-active framework. In the future, this will allow 
the roles of charge propagation and catalysis to be carried out by separate link-
ers within the MOF film, enabling the optimization of each individual process. 
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6. Analyzing Charge Extraction from an 
Electroactive MOF Film to a Redox Couple in 
Solution as a Model for Catalytic Reactions 
(Paper IV) 

6.1 Introduction 
With a redox-active framework in hand, it would be pertinent to explore if the 
charge-hopping process through the film is sufficient to support electron trans-
fer to a catalyst or possibly, directly to a substrate. In other words, is the dif-
fusional charge transport mechanism capable of sustaining a flux of electrons 
to drive a specific chemical process? Additionally, what limiting factors might 
be encountered when analyzing such a system? Zr(dcphOH-NDI)@FTO films 
from the previous chapter were utilized, and [CoIII(bpy)3](PF6)3 was intro-
duced in the bulk solution as a homogeneous  “surrogate” substrate (vide in-
fra), which accepts electrons from the reduced NDI•− linkers in the MOF film. 
The overall reaction mechanism is shown below and matches the simple one-
electron, one-step catalytic mechanism recalled in Figure 2.5.  

 

Overall, we are considering an irreversible catalytic reaction mechanism in-
volving heterogeneous electron transfer from the reduced Zr(dcphOH-
NDI)@FTO film to a homogenous phase transition-metal complex 
([CoIII(bpy)3]3+), which historically has been referred to as a “cross reaction.” 

The diameter of [CoIII(bpy)3]3+ is approximately 11 Å,132 while the pore 
size of Zr(dcphOH-NDI) is ~13Å. There is also a portion of mesopores in the 
5 to 7 nm range in this framework. So, although [CoIII(bpy)3]3+ will likely 
traverse into the film carrying with it some solvation shell and counter ions, 
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we adopt a model where CoIII permeates into the film, described by an equi-
librium partition coefficient, , followed by relatively slow diffusion, given 
by . 

6.2 Preliminary Electrochemical Characterization 
Cyclic voltammetry and preliminary electrochemical measurements were con-
ducted using 0.5 M LiClO4 as the supporting electrolyte in DMF. The use of 
a smaller counter cation (Li+) was postulated to facilitate charge equilibration 
as described in the previous chapter. Chronoamperometric potential step ex-
periments with Zr(dcphOH-NDI)@FTO under these conditions gave the char-
acteristic current density for diffusional charge transport, which was obtained 
directly from the slope of the resulting Cottrell plot (  vs.	1 √⁄ ),  = 140 A 
cm−2. The CoIII/CoII couple appears at −0.15 V vs. Fc+/0 (measured on a glassy 
carbon disk electrode), giving a driving force ( / / ) of approximately 
800 mV for the reaction in eq 6.1 (see Figure S4, Supporting Information Pa-
per IV) so that the electron transfer reaction between the film and the CoIII 
species is expected to be irreversible.  

The behavior of Zr(dcphOH-NDI)@FTO in the presence of [CoIII(bpy)3]3+ 
was assessed by cyclic voltammetry. Figure 6.1 shows a large irreversible 
wave develops when 3 mM CoIII is present in the bulk solution, which is pos-
itively shifted with respect to the formal potential of the NDI linkers. A back-
ground recorded on bare FTO indicates this current is not from the direct re-
duction of CoIII at the underlying electrode-film interface, and therefore must 
come from the mediated reduction of CoIII by the MOF film, i.e. the reaction 
displayed in eq 6.1, which is followed by subsequent regeneration of NDI•− 
via electron hopping. 

 
Figure 6.1. Cyclic voltammograms at 5 mV s−1 with 0.5 M LiClO4 in DMF of 
Zr(dcphOH-NDI)@FTO (blue), 3 mM [CoIII(bpy)3]3+ at bare FTO (red), and 
Zr(dcphOH-NDI)@FTO with 3 mM [CoIII(bpy)3]3+ (black). 
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It should be noted, however, the reaction of CoIII with the MOF film is not 
catalytic, as the direct reduction of the CoIII (eq 6.2) occurs at a more positive 
potential than the large wave corresponding to the mediated reduction by the 
MOF film (eq 6.1), despite the fact that the CoIII/CoII couple on bare FTO 
seems to be irreversible or kinetically sluggish. This means that the thermo-
dynamic barrier for the net reaction (eq 6.2) is not actually lowered by medi-
ated electron transfer from the film.133 However, the overall reaction sequence 
is indeed that of a catalytic reaction (see Figure 2.5) where the active or re-
duced form of the “catalyst” is regenerated via electron-hopping diffusion. In 
that sense, this system will serve to demonstrate the interplay of the various 
limiting phenomena occurring within (and possibly outside) the film. Also, 
the large, nominally catalytic wave that appears upon adding CoIII to the bulk 
solution would indicate that diffusional charge transport within the film is suf-
ficient to drive a simple electron transfer reaction to an external substrate.  

6.3 Possible Limiting Kinetic Processes 
Up till now, we have only considered steady reaction-diffusion processes oc-
curring within molecular heterogenized MOF particles or films. Conversely, 
the CVs in Figure 6.1 are peak-shaped, which indicates by definition that one 
or more of the species involved do not attain steady-state on the timescale of 
the experiment (steady-state voltammograms are characterized by a sigmoidal 
S-shape with the current independent of scan rate).37,38 Variation of the oper-
ational parameters ( , , , ) will give rise to contrasting limiting situa-
tions, from which the rate-limiting process, as well as the species which are at 
steady-state (or conversely which are depleted over the course of the voltam-
metric scan), can be determined. The film thickness ( ) and redox-active 
linker concentration ( ) are properties of the film. In this case, the parameters 
that could be easily changed over several orders of magnitude are  and , 
which will be discussed in detail below.  

6.3.1 Steady-state versus Non-steady-state: Pure Kinetic 
Conditions 
First, starting from  = 3 mM, the waveform of the current-potential response 
shown in Figure 6.1 taken at 5 mV s−1 is peak-shaped, positively shifted from 

/ , and completely irreversible, matching what is customarily labeled zone 
“K” for homogenous catalytic voltammograms.134,135 From this it can be in-
ferred that the catalytic reaction is fast on the timescale of the experiment (set 
by the scan rate) and a steady-state situation inside the film is achieved for the 
reduced catalytic intermediate, NDI•− (or Q in the general scheme, Figure 2.5). 
Particularly, the lack a return oxidation wave on the reverse scan is indicative 
of catalysis being much faster than the formal diffusion of Q within the film. 
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This situation is typically referred to as pure kinetic conditions, and is controlled 
by the dimensionless parameter ⁄ S.

134–136 When 
⁄ S → ∞, the catalytic reaction is fast compared to the CV timescale 

( ⁄ ) and pure kinetic conditions are reached where Q is unconditionally at 
steady-state during the scan. In the opposite limit when ⁄ S → 0, the 
catalytic reaction is so slow (or the scan rate so large) that diffusion overcomes 
catalysis and a reversible non-catalytic wave is observed, which can either take 
the form of a diffusion wave (Figure 2.4c) or an adsorption wave (Figure 2.4a) 
depending on the magnitude of ⁄  (see section 2.5.2). This in-
terplay between pure kinetic conditions and effectively no catalysis can be eas-
ily interpreted using eq 2.4 and appropriate scaling of the independent and de-
pendent variables. Converting the general form of the reaction-diffusion equa-
tion (eq 2.4) for the present case we have: 

  (6.3) 

If the concentrations of Q and S are scaled to their bulk or total concentrations 
(  and  respectively), distance is scaled to , and time is scaled to 

⁄ , eq 6.3 becomes, 

 
1
⁄ S

̃   

where ⁄ , ̃ ⁄ , ⁄⁄ , and ⁄ . This expression 
can be rewritten in terms of dimensionless control parameters, 

 
1

̃ (6.4) 

with now . Clearly, for steady-state to be attained, the left-
hand side of eq 6.4 containing the time derivative must be equal to zero, which 
occurs when → ∞. The result is the familiar steady reaction-diffusion situ-
ation (only with respect to Q for the moment), 

 ̃ (6.5) 

which is the dimensionless form of eq 2.16. Now, realizing that ⁄
, where f e⁄ , we can reorganize eq 6.4 to 

 
1

̃  

Thus, when → 0, the far right-hand term representing the chemical reaction 
becomes zero, and we have 
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1

 (6.6) 

which is the dimensionless expression of solely diffusional charge transport oc-
curring inside the film. Given the appropriate initial and boundary conditions, 
the resulting non-catalytic CVs are those displayed in Figure 2.4. Varying the 
scan rate, and thus changing , can probe the transition from pure kinetic con-
ditions to an intermediate regime where diffusion outcompetes the catalytic re-
action. Figure 6.2 displays CVs of Zr(dcphOH-NDI)@FTO with 3 mM 
[CoIII(bpy)3]3+ at various scan rates. Complete irreversibility was observed for 
the lower range of scan rates (  5 V s−1). Beyond 5 V s−1, a clear return oxidation 
feature begins to appear that is more apparent when the scan rate is increased 
further ( 1, Figure 6.2b). This puts the timescale of the cross reaction oc-
curring between CoIII and the MOF film on the order of milliseconds.  

 
Figure 6.2. (a) CVs of Zr(dcphOH-NDI)@FTO with 3 mM [CoIII(bpy)3]3+ in 0.5 M 
LiClO4 / DMF with scan rates of 1 V s−1 (blue), 5 V s−1 (green), 10 V s−1 (red), 12 V 
s−1 (olive). (b) Enlarged window of the same CVs showing the appearance of return 
oxidation wave. 

6.3.2 Substrate Depletion 
Despite steady-state being reached in the film at slower scan rates, it is likely 
that the peak-shape in the CVs arises from depletion of CoIII in solution. As a 
consequence, the current is then controlled by the diffusion of substrate from 
the bulk solution to the film-solution interface in addition to the kinetic pro-
cesses occurring in the film ( , ⁄ , and 

⁄ ). In order to represent substrate depletion in the bathing solution, 
a new characteristic current density needs to be introduced, as described by 
Costentin and Savéant:74,114 
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 √  (6.7) 

where  is the diffusion coefficient of the substrate in solution outside the 
film. This accounts for the magnitude of the flux of substrate to the film inter-
face as a function of its bulk concentration and the scan rate. In addition, since 
the concentration of substrate in the solution near the film surface is no longer 
constant and equal to the bulk value during the entire scan,  and  must be 
modified to replace  with the actual concentration of substrate at this inter-
face ( ).72 This can be obtained by integration of eq 2.8 (which applies to 
the substrate freely diffusing in solution outside the film) utilizing the Laplace 
transform to yield: 

 1
1

√

⁄

√
 (6.8) 

where	  is a constant of integration,  is the overall current density in A cm−2 
(and a function of  ), and  is normalized time defined above. It follows that 
the new definitions of the characteristic current densities are74 

 

∗ 1
√

⁄

√
   

∗ 1
√

⁄

√
  

(6.9) 

The right-hand side of eq 6.8 varies between one and zero depending on the 
consumption of substrate due to: 1) the limiting kinetic process or processes 
in the film ( , , and/or ), 2) the timescale set by the scan rate, and 3) the 
diffusion characteristics of the substrate outside the film. Clearly, the substrate 
concentration at the film-solution interface will depend on the resulting flux 
of substrate into the film, balanced by the diffusion rate of the substrate in 
solution (how fast diffusion can supply substrate from the bulk solution to the 
film surface) as well as the timescale of the experiment. Faster scan rates (or 
slower reactions) limit the charge passed arising from the cross reaction in the 
film and tend toward a situation with negligible depletion of substrate at 

, and → 1. Slower scan rates (or faster reactions) results in more 
charge passed over the scan, which leads to higher substrate consumption, as 
well as lower rates of mass transport, and therefore, → 0. Making 
use of the new definitions of the characteristic current densities – now includ-
ing the possibility for external resistance from substrate diffusion in solution 
(eq 6.9) – an example is given below for the situation where diffusional charge 
transport is unconditionally fast and the system is under mixed kinetic control 
by the catalytic reaction and/or substrate diffusion inside the film ( ≫ ). 
This condition includes zones R, S+R, and SR, where the concentration profile 
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of Q is flat and equal to its concentration at the electrode surface set by the 
Nernst equation. The point of attack is eq 2.17, which is given below in di-
mensionless form: 

  
̃ ∗ ∗

∗ ̃ ∗ (6.10) 

with 1 1 exp ⁄⁄  and ̃ ∗ ̃ 1
√

⁄

√
, having 

appropriately accounted for substrate depletion in solution by scaling the sub-
strate concertation in the film to . Applying boundary conditions for 
steady reaction-diffusion in a film, the current-potential response is given 
by74,114 

 
∗ ∗ tanh

∗

∗
1

exp ⁄

1 exp ⁄
 

(6.11) 

The SR situation is reached when the value of ∗ ∗⁄  is large and the catalytic 
reaction is much faster than the rate of intra-film substrate diffusion.74,114 This 
result will become important in the analysis that follows. 

 
∗ ∗

1 exp ⁄
 (6.12) 

Typical concentration profiles for the Q and S in this situation are displayed in 
Figure 6.3, with the depletion of substrate in solution shown by the red curve 
( ⁄ 1). 

 
Figure 6.3. Concentration profiles of reduced catalyst (Q) and substrate (S) at 
⁄  2.5 during a CV scan. The film kinetics are operating in the SR 

regime, ≫  and ⁄ ≫ 1, including substrate depletion in solution when 
⁄ ≪ 1. For simplicity the case where 1 is displayed. Concentrations 

of Q and S are normalized to bulk concentrations  and  respectively. 
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6.3.3 Diagnosis of Kinetic Control Within the Film 
Returning to the experimental CVs, the combination of pure kinetic conditions 
and complete depletion of  during the CV scan, results in a limiting sit-
uation, often referred to as “total catalysis.”137,138 A positively shifted peak-
shaped catalytic wave that precedes the non-catalytic wave of the catalyst cou-
ple (P/Q) is indicative of total catalysis behavior. Information regarding the 
kinetic processes occurring in the film can be more easily derived in this re-
gime from the location of the peak potential  rather than the magnitude of 
the current. By lowering the CoIII concentration, catalytic voltammograms of 
Zr(dcphOH-NDI)@FTO in the total catalysis regime were obtained (Figure 
6.4a; see Figure S5, Supporting Information Paper IV).vi A plot of  vs. ln √  
is linear with a slope of 58 mV (Figure 6.4b).  

 
Figure 6.4. (a) CVs of Zr(dcphOH-NDI)@FTO at 5 mV s−1 with lower concentrations 
of CoIII displaying current-potential response indicative of the total catalysis regime. 
(b) Plot of  vs. ln √  for the total catalysis wave with  = 0.9 mM.     

For a situation where, in addition to the catalytic reaction, one of the kinet-
ically limiting processes inside the film is substrate diffusion ( ) a slope of 51 
mV (2 ⁄ ) is expected for total catalysis. Conversely, when only  and  
are either solely or jointly limiting, a slope of 25.7 mV ( ⁄ ) is observed.74 
Since no direct reduction of CoIII is observed at the underlying FTO electrode, 
this means catalysis within the film must be operating in either the SR or SR+E 
zones depending on the ratio . As mentioned before, the diameter of 
[CoIII(bpy)3]3+ is approximately 11 Å, which is comparable to the pore size of 
Zr(dcphOH-NDI), ~13Å (with a portion of pores between 5-7 nm). It would 
not be surprising that [CoIII(bpy)3]3+ penetrates the film only to a very small 
extent and its diffusion through the pores is relatively slow, consistent with 

                               
viAttempts to avoid depletion in solution and obtain steady-state S-shaped voltammograms by 
raising the scan rate or increasing the bulk substrate concentration were unsuccessful.  
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zone SR ( → 0). Therefore, the value of  can be obtained from the 
intercept of Figure 6.4b using the peak potential (eq 6.13), obtained from eq 
6.12:74 

  0.840
2

ln
2

ln  (6.13) 

This was found to be approximately  = 1.3 A cm−2, which is indeed 
much less than  (140 A cm−2) and fits with the assignment of the SR kinetic 
regime.vii Extraction of the second order rate constant  for the cross reaction 
between CoIII and the reduced NDI linkers would require making an independ-
ent measurement of  or pushing the system into another limiting situa-
tion. This can be accomplished either by measuring the current from the direct 
reduction/oxidation of Co(bpy)3 diffusing through an inert film (yielding  
directly) or by making thinner films to induce a transition to a regime where 
the catalytic process is the only limiting factor and  can be measured inde-
pendently, yielding the product . 

6.4 Conclusion 
Through the simple demonstration of a nominally catalytic electron transfer 
reaction, first of all it was shown that this redox-active MOF film could supply 
charge at a sufficient rate to drive a specific chemical reaction. The mediated 
reduction of a CoIII transition metal complex introduced in solution occurred 
via the MOF film as evidenced by the large “catalytic” wave appearing in the 
cyclic voltammograms. Identification of the limiting process operating in the 
film was complicated by depletion and ensuing mass transport of the substrate 
to the film-solution interface via diffusion. Pushing the system into the “total 
catalysis” regime offered some insight into the kinetically limiting factors. It 
was found that the film is operating under mixed kinetic control by reaction-
diffusion of the substrate, where CoIII penetrates the MOF film only to a small 
extent before being consumed by the cross-reaction with the reduced linkers 
(zone SR). Current efforts are underway to measure  independently, so as to 
be able to extract the intrinsic rate constant for the cross reaction, decoupled 
from interference by diffusional charge and mass transport.     

 

                               
viiInterestingly, the canonical SR zone (without substrate depletion outside the film; also dis-
cussed briefly in section 4.3.1) is equivalent to the transport limited regime for a spherical 
particle (i.e. when the Thiele modulus is large) as discussed in Chapter 3. For reaction-diffusion 
in axisymmetric spherical coordinates, as the reaction-diffusion or boundary layer thickness 
approaches the size of a monolayer, the term describing the curvature of the MOF particle ap-
proaches zero, and the result becomes identical to the present situation for 1D planar reaction-
diffusion in a flat film. 
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7. Peroration and Future Outlook 

There is no doubt catalysis research is currently at an intersection where we 
are witnessing the convergence of molecular chemistry and material science 
disciplines. Fundamental design principles from molecular catalysis are being 
rapidly integrated into the discovery of new material (electro)catalysts, for ex-
ample, using ligands tethered to a surface catalyst or the growth of multi-func-
tional interfacial sites at grain boundaries.139 Both of these ideas strive to in-
troduce cooperative interactions with the substrate to tune selectivity and ac-
tivity. These design strategies stem from well-defined second-coordination 
sphere interactions observed in molecular catalyst (particularly seen in metal-
loenzymes), which are so crucial to their high selectivity and fast turn over.  

On the other hand, scalability and durability requirements for industrial ap-
plications are often demanding for molecular catalysts. Recent reports have 
shown that these problems can in some instances be overcome by heterogen-
izing molecular catalysts into solid support structures. In particular, metal-or-
ganic frameworks with discrete molecular catalytic sites embody this intersec-
tion of the molecular and material worlds, specifically owing to the fact that 
their molecular-scale components govern macroscopic material properties. 
They potentially can have exceptionally high densities of active sites and 
might contribute prominently in the development of important catalytic pro-
cesses for energy conversion and storage.        

However, interfacial reactions occurring in porous media necessitates ac-
counting for charge and mass transport in order to suitably optimize the overall 
catalytic system (molecular catalyst + support structure). Foundational princi-
ples describing reaction-diffusion dynamics from the fields of catalytic reac-
tion engineering (Thiele and Damköhler) and modified electrodes (redox pol-
ymers) can indeed be applied to reactions occurring inside MOF facilitated by 
imbedded molecular catalysts. In all cases explored thus far, the interplay be-
tween reaction and diffusion can be described by a small number of dimen-
sionless parameters, which capture the essential way in which the overall sys-
tem depends on intrinsic properties and responds to changes in external stimuli 
(substrate or catalyst concentration, particle size/film thickness, various diffu-
sivities, catalytic reaction rates, etc.). For example in Chapter 3, the coupling 
of diffusion of a chemical oxidant to water oxidation catalysis by a molecular 
catalyst in MIL-101 gave rise to both diffusion-limited kinetics as well as re-
action-limited kinetics depending on the particle size, reaction rate, catalyst 
loading, and bulk oxidant concentration. It was revealed that when transport 
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limitations are present, reaction kinetics are disguised, and measured apparent 
turn-over frequencies underestimate intrinsic reaction rates. The analysis 
showed that a particular set of conditions was required to push the system to 
where the intrinsic catalytic rate for water oxidation could be measured in the 
absence of transport limitations as well as without interference from the oxi-
dation reaction kinetics. These distinctions are expected to become important 
not only for optimizing catalytic systems but for benchmarking and comparing 
performances between different catalysts as well.  

Electrochemical reactions introduce the extra complication of diffusional 
charge transport, characterized by an electron hopping mechanism between 
molecular species within the MOF lattice. This was explored in Chapter 4 us-
ing cyclic voltammetry and Tafel analysis with a molecular water oxidation 
catalyst incorporated in a MOF-modified electrode. Possible limiting phenom-
ena were diagnosed and resulted in mixed kinetic control by the catalytic re-
action and substrate diffusion, concomitant with diffusional charge transport 
unable to support a constant concentration of active catalyst across the film. 
In order to optimize the system, it was proposed to separate the charge 
transport and catalytic functions via a two component system: redox-active 
mediator linkers combined with separate catalytic units in a single framework. 
This would allow the respective roles of charge transport and catalysis to be 
optimized independently at the molecular level.  

To that end, Chapter 5 introduced a new MOF thin film featuring NDI-
based redox-active linkers, which could be used to provide charge transport 
pathways to an imbedded catalyst within the film. Importantly, the percent 
electroactive concentration of these NDI linkers was near unity (97%), and the 
electron-hopping diffusion coefficient was characterized in both non-aqueous 
and aqueous electrolytes. Finally, in Chapter 6 using a model catalytic reac-
tion, these new NDI-based MOF electrodes were shown to be capable of sus-
taining a flux of electrons to drive a specific chemical process – a simple elec-
tron transfer reaction. It was found that the diffusional charge transport pro-
cess occurring inside the film was not limiting the overall kinetics of the reac-
tion. Using cyclic voltammetry, deconvolution of the reaction-diffusion 
kinetics occurring within the film from substrate depletion and diffusion oc-
curring in solution was required. Thus, both internal (inside the film) and ex-
ternal (outside in the bulk solution) resistances from mass transport were in-
cluded in the analysis.      

With each new MOF-molecular catalyst system, dimensionless control pa-
rameters were identified, the limiting process or processes were preliminarily 
determined, and suggestions were made for analyzing and optimizing catalytic 
reactions. It is clear that reaction-diffusion is a fact of life for MOF-based ca-
talysis. Fundamentally a balance must be struck between high surface 
area/catalyst loading and facile charge/mass transport. Enhancing catalytic ac-
tivity in MOFs by increasing surface area with smaller pores comes at a price 
– micro or nano pores of molecular dimensions reduce transport rates. A 
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“lagom är bäst” (“the right amount is best”) approach is recommended, where 
transport properties should be adjusted suitably to a given catalyst-MOF sys-
tem based on the aforementioned dimensionless control parameters. While the 
work summarized above begins to introduces these concepts to MOF chemis-
try, future studies will involve: refinement of the kinetic models for a broader 
scope of reactions and conditions, novel fabrication methods for MOF-modi-
fied electrodes including control of film thickness, quantitative determination 
of catalytic rate constants from variations in film thickness or particle size, 
and finally a uniform and standardized way to compare molecular-material 
catalysts based on intrinsic properties. MOFs can be powerful tools when 
transport phenomena are accounted for and optimized accordingly. The par-
ticular engineering-based approach and methodology presented here will help 
to inform future endeavors on how to utilize synthetic molecular methods to 
control micro and macroscopic properties of metal-organic frameworks to op-
timize important catalytic reactions for energy conversion.  
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Svensk Sammanfattning 

Vår tids utmaning är att mildra klimatförändringen och att samtidigt möta de 
globala energikraven på ett hållbart sätt. Förbrukning av energi enligt nuva-
rande metoder emitterar koldioxid till atmosfären – en allvarlig växthusgas 
som bidrar till klimatförändringen. Detta beror på att våra energikällor för när-
varande härrör från förbränningen av fossila bränsen. Det är troligt att vi kom-
mer att behöva minska koldioxidutsläppen till noll under senare halvan av 
detta århundrade för att stoppa den globala temparaturökningen. Att ersätta 
fossila bränslen med en förnybar och ren alternativ energikälla är en stor tek-
nologisk utmaning som väntar på at mötas.  

Sol och vind är utmärkta källor att börja med; dock producerar dessa elekt-
ricitet som energibärare och detta kan ske oregelbundet. Därför är det största 
hindret att lagra ren elektrisk energi effektivt i stor skala. Det är här som kemin 
kommer in. Energi lagrad i kemiska bindningarna i ett bränsle (bensin, vätgas, 
metanol, etanol) är på storleksordningen av hundra gånger mer än den som 
lagras i ett batteri om det normaliseras till sin massa i kilogram. Förutom 
bränslen kan dessa också användas till syntes av kemikalier som vi stöter på i 
vår vardag (till exempel väteperoxid och ammoniak). Målet för framtida om-
välvande tekniker är att omvandla elektrisk energi som härrör från förnybara 
källor (vind, sol) till energitäta bränslen och kemikalier, att skapa en stängd 
kolcykel och att stoppa utsläpp. 

Att omvandla elektrisk energi till lagrad kemisk energi är svårt. Det kräver 
att tämja energirika elektroner och att tvinga dem att driva de kemiska reakt-
ionerna vi vill ha. Detta studieområde kallas elektrokemi och är den viktigaste 
kemigrenen (åtminstone i denna doktorands ögon). För att möjliggöra detta 
arbete använder elektrokemiker vanligtvis en katalysator, en kemisk förening 
som påskyndar dessa svåra reaktioner som producerar rena bränslen från 
elektricitet. De bästa katalysatorerna är svampliknande och porösa med en hög 
ytarea, vilket gör att reaktionen kan ske i en tredimensionell volym och pro-
ducera mer produkt på kortare tid. Porösa katalysatorer som kan driva elektro-
kemiska reaktioner är viktiga för att möjliggöra tekniker för produktionen av 
rena, förnybara bränslen och baskemikalier.  

Till skillnad från reaktioner som sker på en plan yta eller i en lösning under 
omrörning, måste elektronerna färdas igenom den porösa katalysatorn för att 
nå reaktionscentret. De reagerande materialen (CO2, H2O, N2 osv.), som ofta 
kallas substrat, måste också ta sig in i den porösa strukturen och hitta till 
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elektronerna. Först när elektroner och substrat möts inträffar den kemiska re-
aktionen. Denna avhandling beskriver den komplicerade dansen som involve-
rar rörelse av elektroner i kombination med rörelsen av de reagerande ämnena 
genom porösa katalysatorer. Denna rörelse kallas diffusion, och om den är för 
långsam kan den hindra reaktionens totala effektivitet. Här undersöks några 
av de mest porösa materialen med de högsta ytorna som någonsin har registre-
rats, metallorganiska nätverk. Diffusionen av elektroner och substrat som in-
träffar i samverkan med elektrokemiska reaktioner mäts experimentellt och 
modelleras teoretiskt för att hjälpa till att informera oss om hur vi kan skapa 
bättre katalysatorer för omvandling av elektrisk energi till rena bränslen – för 
en ljus energiframtid. 
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Popular Science Summary 

Today’s challenge is mitigating climate change while meeting global energy 
demands in a sustainable way. Consuming energy by current practices emits 
carbon-dioxide into the atmosphere – a major greenhouse gas and contributor 
to climate change. This is because, at the moment, our energy sources are de-
rived from the combustion of fossil fuels. It is likely we will need to reduce 
carbon emissions to zero in the latter half of this century to halt global tem-
perature rise. Replacing fossil fuels with a renewable and clean alternative 
energy source is a major technological challenge waiting to be met.  

Solar and wind are excellent places to start; however, these produce elec-
tricity as an energy carrier and can be intermittent. Therefore, the main obsta-
cle is storing clean electrical energy efficiently on a large-scale. This is where 
chemistry steps in. The energy stored in the chemical bonds of a fuel (gasoline, 
hydrogen, methanol, ethanol) is on the order of one hundred times more than 
the energy stored in a battery when normalized to its mass in kilograms. Apart 
from fuels, these are also precursors to commodity chemical we might en-
counter in our everyday life (hydrogen peroxide and ammonia for example). 
The goal for future disruptive technologies is to convert electrical energy de-
rived from renewable sources (wind, solar) into energy dense fuels and chem-
icals, creating a closed carbon cycle and halting emissions.  

Converting electrical energy into stored chemical energy is difficult. It re-
quires taming high energy electrons and forcing them to drive the chemical 
reactions we want. This area of study is called Electrochemistry, and it is the 
most important branch of chemistry (at least in the view of this PhD student). 
To aid in this endeavor, electrochemists typically employ a catalyst, a chemi-
cal species that accelerates these difficult reactions. The best catalysts are 
sponge-like and porous with a high surface area, which allows the reaction to 
take place in a three dimensional volume, and produce more product in a 
shorter amount of time. Porous catalysts that can drive electrochemical reac-
tions are key enablers for technologies that produce clean, renewable fuels and 
base-chemicals. 

 However, compared to reactions occurring on a flat surface or in a stirred 
solution, electrons must travel through the porous catalyst to reach the site of 
the reaction. Reacting raw materials (CO2, H2O, N2 etc.), often called sub-
strates, must also enter the porous structure and find their way to meet up with 
the electron. Only when electrons and substrates meet does the chemical reac-
tion occur. This thesis describes the intricate dance involving the movement 
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of electrons coupled with the movement of reacting substances through porous 
catalysts. This movement is called diffusion, and if it is too slow, it can hinder 
the overall efficiency of the reaction. Herein, some of the most porous mate-
rials with the highest surface area ever recorded, called metal-organic frame-
works, are investigated. The diffusion of electrons and substrate occurring in 
concert with electrochemical reactions is experimentally measured and theo-
retically modeled to help inform us on how to make better catalysts for the 
transformation of electrical energy into clean fuels – for a bright energy future.    
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Appendix A 

Here we consider the reaction-diffusion problem of a freely diffusing sacrifi-
cial oxidant (cerium IV ammonium nitrate = CAN, with concentration ) 
coupled to chemical oxidation and water oxidation catalysis by Ru(bda) im-
mobilized in a spherical MOF particle with radius =  (see Chapter 3 & Paper 
I). For simplicity, it is assumed that the diffusivity of CAN inside the MOF 
particle is constant and is invariant to changes in concentration (of either CAN 
itself or catalytic intermediates). The partition coefficients are unity for per-
meation of both CAN and water into the particle from solution. Further, elec-
tron hopping between the catalyst units is not considered and oxidation of the 
catalytic intermediates occurs only via chemical oxidation by CAN with a sec-
ond order rate constant, . A first order rate constant for O2 release from the 
complex can be defined as . Fast coordination of a water molecule then 
usually closes the catalytic cycle. The general form of the equations describing 
the time and space dependent behavior of the concentration of each species  
is given by Fick’s second law of diffusion with radial symmetry plus a kinetic 
term , which is some function of the concentration of oxidant and/or cata-
lytic intermediates, resulting from the coupled chemical reactions. 

2
 

For the immobile catalyst species, which are not free to diffuse within the 
particle, this can be further simplified to 

 

However, it should be noted that the catalytic intermediate concentrations are 
still a function of the radial variable, , because the term  is coupled to the 
concentration of diffusing oxidant. At steady state, there is a flux of oxidant 
into the particle, which completely reacts to form the active catalyst. The cat-
alytic reaction is expected to be fast, meaning there is no accumulation of ox-
idant within the particle. As such the overall rate of oxygen evolution ( ) in 
mol s−1 is given by the total molar flow of oxidant entering the particle (where 

 is the particle surface area,  is the intra-particle diffusion coefficient of 
CAN, and  is the total number of particles): 
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1
4

 

The Ru(bda) class of catalysts can operate by either of two possible mecha-
nisms inside the MOF matrix, depending on the average neighbor to neighbor 
distance. If the Ru centers are relatively close to each other in the pores, it is 
possible that the bimolecular I2M mechanism operates, while if the distance 
between the Ru centers is too large for them to interact in a bimolecular reac-
tion, a WNA mechanism will follow. The formal kinetic models for both 
mechanisms are shown in the following sections. 

A.1 Formal Reaction-Diffusion Kinetic Model for I2M 
Mechanism 

A CAN
	

B R 

B CAN C R 

C CAN D R 

2D E 

E 2H O 2B O  

Given that water is the solvent as well as the substrate, the concentration of 
H2O is taken as constant throughout the particle. The reaction-diffusion equa-
tions become 

  

  

2   

  

2    

  

With the initial and boundary conditions as follows 

0, ∀	 : , 0, 0, 0, 0,  
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0, 0: 0 

0, a:	 , 0, 0, 0, 0, 0 

At the particle-solution interface (r = ), forced convection from stirring 
maintains a constant concentration of CAN, , . Mass balance 
on the catalytic intermediates gives ∀	  and ∀	 , 

  (A.1) 

Application of steady-state (with → 0) yields 

 
2

 (A.2) 

2   

  

2    

   

  

   

     

Substitution into eq A.1 gives 

	 0  

 0 

 0  (A.3) 

Substitution into (A.2), we can write 

 
2

4  (A.4) 
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Dimensional analysis by defining , ̃
Ru

, 
a
, results in four di-

mensionless control parameters: 

,  ,  ,   

Eq A.4 can be rewritten as 

 
2

4
 (A.5) 

Additionally, (A.3) becomes 

2
1

1

4
1

1 0 

Solving for  and substitution into eq A.4 finally yields, 

 2
1

1
1

1
 (A.6) 

with the dimensionless reaction rate given by 

  (A.7) 

The equation to be solved (eq A.6) is non-linear, making a closed-form solu-
tion difficult to obtain; however, we can use asymptotic analysis to look at the 
behavior in limiting situations by taking maximum or minimum values of the 
dimensionless control parameters. Firstly, it can be expected that ≫  
so that → 0. This simplification gives, 

 2
1 1

 (A.8) 

which is now a function of only three dimensionless parameters. 
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                    4  

A.1.1 Limiting behavior I2M-1: fast dimerization ( → ∞ and → ∞) 

This behavior would correspond to when the dimerization step is uncondition-
ally fast, and either the oxidation step(s) or the oxygen release step is rate-
limiting. Then eq A.8 simplifies to 

 
2

 (A.9) 

We can now define  given below 

  (A.10) 

which essentially reflects Michaelis-Menten type kinetics for the overall reac-
tion as described in the main text of Chapter 3. Reference models with ap-
proximate analytical solutions to related problems can be found in: (i) Lyons, 
M. E. G.; Greer, J. C.; Fitzgerald, C. A.; Bannon, T.; Barlett, P. N. Analyst 
1996, 121 (6), 715–731; (ii) Swaminathan, R.; Lakshmi Narayanan, K.; Mo-
han, V.; Saranya, K.; Rajendran, L. Int. J. Electrochem. Sci. 2019, 3777–3791. 
  

A.1.1a Subcase I2M-1A: oxidant limited kinetics ( ≫ ) 

Since  can only take values between zero and one, if ≫ 1 then eq A.9 fur-
ther reduces to 

 
2

 (A.11) 

Here the oxidation step(s) become globally rate-limiting (i.e. a low bulk con-
centration of CAN). The coefficient of  takes the form of the classical Thiele 
modulus:   

2   

Integration of (A.11) taking into account the appropriate boundary conditions 
yields the dimensionless concentration profile: 

 
1 sinh ⁄

sinh ⁄
 (A.12) 

The dimensionless reaction rate from eq A.7 is given by  
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⁄ cosh ⁄ sinh ⁄

sinh ⁄
 

⁄ coth ⁄ 1 

(A.13) 

Two limiting situations can be reached depending on the dimensionless pa-

rameter ⁄ . 

A.1.1a(i) Reaction limited (oxidant limited kinetics), ⁄ ≪ 1:  

Diffusion is fast compared to the rate of reaction, and the oxidant concentra-
tion is 	~	1 throughout the film. 

 
3

 (A.14) 

A.1.1a(ii) Transport limited (oxidant limited kinetics), ⁄ ≫ 1: 

The rate of reaction is fast compared to diffusion. Depletion of the oxidant 
occurs in a reaction layer near the particle-solution interface. 

 	 ⁄  (A.15) 

A.1.1b Subcase I2M-1B: Reaction limited approximation (negligible con-
sumption of oxidant, ≪ ) 

In this limit the overall reaction is much slower compared to diffusion. This 
means ≪ 1, and the oxidant concentration is approximately constant in the 
film ( 	~	1). For the moment,  can take any value (large or small). Since  
is very small we can consider it a regular perturbation and write an asymptotic 
expansion given by ⋯. Then, rewriting eq A.7 as  

 	  (A.16) 

1  terms: 

0, 1 1  

	 1  

Substituting 1 ⋯ into eq A.16 gives 

⋯
1 ⋯

1 ⋯
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using 1  (for ≪ 1) 

 
⋯ 

 

⋯

⋯
   

 1 ⋯ 1 ⋯    

 ⋯   

 terms: 

  

  

  

; 0; 0;  

	    

; 1 0; ;  

2  terms: 

  

  

  

;  0; 0 

  

	   

 ; 1 0; 7;    
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Therefore the dimensionless concentration profile with error  is  

 1
1

6 1
3 10 7
360 1

 (A.17) 

with the dimensionless reaction rate from eq A.7 given by 

 
3 1

2

45 1
 (A.18) 

The system still depends on two dimensionless parameters (both  and ); 
however, two limits can be defined. 

A.1.1b(i) Reaction limited (O2 release limited kinetics), ≪ 1:  

The oxidation reaction rate is much larger than O2 release, as well as there 
being no diffusional limitations inside the particle. The overall reaction rate is 
determined by the O2 release step: 

 
3

 (A.19) 

A.1.1b(ii) Reaction limited (oxidant limited kinetics), ≫ 1:  

The oxidation reaction is now globally rate-limiting and the I2M-1A case is 
recovered, considering only, when ⁄  is very small ( ≪ 1 and ≫ 1). 

 
3

 (A.20) 

A.1.1c Subcase I2M-1C: transport limited approximation (depletion of oxi-
dant, ≫ ) 

In the opposite case as the one above, when the catalytic reaction is fast com-
pared to diffusion ( ≫ 1), then the oxidant is depleted forming a boundary 
layer near the particle-solution interface. There are now two situations to con-
sider. 

A.1.1c(i) Transport limited (O2 release limited kinetics), 1: 

If 1, then depending on the magnitude of , the overall reaction could 
switch from zeroth order kinetics with respect to oxidant near the particle sur-
face (where → 1) to first order kinetics near the interior of the particle 
(where → 0). In this case, we will need to consider an outer solution for the 
boundary layer that forms near the particle-solution interface and an inner so-
lution representing the particle’s center.  
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Defining a new parameter , which approaches zero as ≫ 1, we can 
say the reaction-diffusion layer or boundary layer thickness, √ . Then it 
is possible to rescale the radial coordinate to : 

 
1 1

√
 (A.21) 

1 √ , √ , and substituting into (A.7) we have 

2√
1 √

 

This can be rewritten as (after Taylor expansion of the √  term): 

 2√ 1 √  (A.22) 

Now using the asymptotic expansion: √ ⋯; 0: 
1; and	 : → 0 

1  terms (i.e. setting √ 0): 

  (A.23) 

  

1   

ln ; → 0 as → 0, so 0, 

and ln      

2 ln   

√ 2 ln   

2 ln , 1 1, 2 1 ln , 

with error √      



 106 

Since the overall O2 evolution rate is proportional to the flux of oxidant enter-

ing the particle at the solution interface (  = 1), only the outer solution  

is needed to express : 

 	 2 1 ln
1

 (A.24) 

A.1.1c(ii) Transport limited (oxidant limited kinetics), ≫ 1:  

If ≫ 1 subcase I2M-1A is recovered and the reaction is limited solely by the 
oxidation reaction. 

 	 ⁄  (A.25) 

A.1.2 Limiting behavior I2M-2: fast O2 release ( → ) 

When  is much smaller than unity, this implies the oxygen release step is 
faster than the dimerization step. Then, depending on the magnitude of  and 

 several subcases are described below. 

A.1.2a Subcase I2M-2A: oxidant limited kinetics ( ≫ ) 

If though, ≫ 1, the overall reaction displays oxidant limited kinetics (im-
plies → ∞) and the I2M-1A subcase is recovered (see section A.1.1a). 

 ⁄ coth ⁄ 1 (A.26) 

A.1.2b Subcase I2M-2B: Reaction limited approximation (negligible con-
sumption of oxidant) 

However, if ≪ 1, then the dimerization step becomes globally limiting, 
and the oxidation reaction steps are fast. In addition if the oxidant concentra-
tion is assumed to be nearly constant within the particle ( 	~	1), eq A.5 re-
duces to  

 
2

4
 (A.27) 

A.1.2b(i) Reaction limited (dimerization limited kinetics ), ≪  with 	~	1 

Integration of (A.27), taking into account the boundary conditions gives 

 24
1 1 (A.28) 
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12

 (A.29) 

A.1.2c Subcase I2M-1C: transport limited approximation (depletion of oxi-
dant) 

Here again we encounter a situation where the kinetics may be zero order with 
respect to the oxidant near the particle-solution interface; however, progress-
ing outside the boundary layer into the interior of the particle, depletion of the 
oxidant causes the kinetics to switch to first order in oxidant. Taking → 0 
means the dimerization step will be globally rate-limiting in the boundary 
layer where zeroth order kinetics in oxidant are observed. The second order 
character of the dimerization step quickly makes obtaining an approximate 
analytical solution intractable, even after applying perturbation methods as 
was done in section A.1.1c(i). Although, it is clear that the overall O2 evolu-
tion rate will be some function of both  and . Despite not being able to say 
much about the outer solution for  near the particle surface, it is likely that 
the inner solution for  will resemble subcase I2M-1A, i.e. a decaying expo-
nential function of the form 

 	~	 ′ ⁄  (A.30) 

where ′ is a constant of integration, which will be determined by matching 
(A.29) with the outer solution for the boundary layer in the part of the particle 
where  is sufficiently large that the kinetics are zeroth order with respect to 
oxidant. 
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A.2 Formal Reaction-Diffusion Kinetic Model for 
WNA Mechanism 

A CAN B R 

B CAN C R 

C CAN D R 

D H O E 

E CAN F R 

F H O A O  

Given water is the solvent as well as the substrate, the concentration of H2O 
is taken as constant throughout the particle, which gives the pseudo-first order 
rate constant . The reaction-diffusion equations become 

  

  

  

  

   

  

  

With the initial and boundary conditions as follows 

0, ∀ :  , 0, 0, 0, 0, 0,  

0, 0: 0 

0, :	 , 0, 0, 0, 0, 0, 0 

At the particle-solution interface (r = ), forced convection from stirring 
maintains a constant concentration of CAN, , . Mass balance 
on the catalytic intermediates ∀	  and ∀	  gives  

  (A.31) 
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Application of steady-state yields 

     (A.32) 

  

  

  

		   

  

k C   

Solving this system of equations for 
 using eq A.31 gives 

 
4
1 1 1 1  (A.32) 

It is likely that one of the oxidation reactions is much slower than the rest, and 
we can write 

 
1 1 1 1 1

 (A.33) 

Substitution into eq A.32 yields 

 
2 4

1
 (A.34) 

Dimensional analysis by defining , ̃ , , results in two di-

mensionless control parameters: 

					           a   

where, 

  (A.35) 

After rearrangement, 



 110 

  

  

  

  

the equation to be solved becomes 

 
2

 (A.36) 

This resulting expression is non-linear and is the same as in the I2M-1 limiting 
behavior (when the oxygen release step is limiting the catalytic reaction, sec-
tion A.1.1, eq A.9), since in both cases the catalytic reaction is first order in 
catalyst ( ). The expression for  is the same as in eq A.10 and reflects 
Michaelis-Menten type kinetics for the overall reaction as described in the 
main text of Chapter 3. As a result, the solutions are the same as A.1.1, where 
we can define limits based on the magnitude of either  or . 

A.2.1a Subcase WNA-1A: oxidant limited kinetics ( ≫ ) 

Eq A.37 further reduces to 

 
2

 (A.37) 

The oxidation step(s) become globally rate-limiting (i.e. a low bulk concen-
tration of CAN). The coefficient of  takes the form of the classical Thiele 
modulus:   

  

As in section A.1.1a: 
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1 sinh ⁄

sinh ⁄
 (A.38) 

The dimensionless reaction rate is given by  

 
⁄ coth ⁄ 1 (A.39) 

Two limiting situations can be reached: 

A.2.1a(i) Reaction limited (oxidant limited kinetics), ⁄ ≪ 1: 

 
3

 (A.40) 

A.2.1a(ii) Transport limited (oxidant limited kinetics), ⁄ ≫ 1: 

 	 ⁄  (A.41) 

A.2.b Subcase WNA-1B: Reaction limited approximation (negligible con-
sumption of oxidant, ≪ ) 

The solution is the same as in section A.1.1b, and the dimensionless concen-
tration profile is 

 1
1

6 1
3 10 7
360 1

 (A.42) 

with the dimensionless reaction rate given by 

 
3 1

2

45 1
 (A.43) 

Two limits regimes can be further defined based on the value of : 

A.2.1b(i) Reaction limited (O-O bond formation or O2 release limited kinet-
ics), ≪ 1: 

 
3

 (A.44) 

A.2.1b(ii) Reaction limited (oxidant limited kinetics), ≫ 1: 

The WNA-1A subcase is recovered; see A.2.1a(i).  
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3

 (A.45) 

A.2.1c Subcase WNA-1C: transport limited approximation (depletion of ox-
idant, ≫ ) 

In the opposite case as the one above, when the catalytic reaction is fast com-
pared to diffusion ( ≫ 1), then the oxidant is depleted, forming a boundary 
layer near the particle-solution interface. There are now two situations to con-
sider.  

A.2.1c(i) Transport limited (oxidant limited kinetics), ≫ 1:  

If ≫ 1, subcase WNA-1A is recovered (see section A.2.1a(ii)) and the reac-
tion is limited solely by the oxidation reaction. 

 	 ⁄  (A.46) 

A.2.1c(ii) Transport limited (O-O bond formation or O2 release limited kinet-
ics), 1: 

However, if 1, then depending on the magnitude of , the overall reaction 
could switch from zeroth order kinetics with respect to oxidant near the parti-
cle surface (where → 1) to first order kinetics near the interior of the particle 
(where → 0). In this case, we will need to consider an outer solution for the 
boundary layer that forms near the particle-solution interface and an inner so-
lution representing the particle’s center. The solution is the same as in section 
A.1.1c(i), with the dimensionless reaction rate given by 

 	 2 1 ln
1

 (A.47) 

A.3 MOF Structural Parameters and Summary 
 average number of Ru sites per unit cell (i.e. per pore) 

 total moles of Ru used in catalytic assay (mol) 

 = average pore volume (cm3) 

⁄ 	= average volume of unit cell per Ru based on crystal struc-
ture (cm3) 

 = 6.02x1023 (mol−1) 
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 = MOF particle volume (= 4/3 ) (cm3) 

 total number of MOF particles used in the catalytic assay 

Calculation of  requires  and , which are given by 

 	       (A.48) 
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I2M 

Mechanism         4     

General Case: 
(  &  & ) 

finite difference solution to general reaction-diffusion equation required 

I2M-1: fast dimerization 
→ ∞ → ∞ 

 
I2M-1A: oxidant  

kinetics 
≫ 1 

( ⁄ )  
 

I2M-1B: reaction 
 limited 
≪ 1 

 (  & )  

I2M-1C: transport  
limited 
≫ 1 

(  & ) 
 

1A(i) 
 transport 
limited 

 
 ⁄ ≫ 1 

1A(ii) 
 reaction 
 limited 

 
⁄ ≪ 1 

1B(i)  
O2 release  
kinetics 

 
≪   

with 
	~	1 

 

1B(ii) 
 oxidant  
kinetics 

 
≫ 1 

1A(ii) 
 recovered 

1C(i) 
 O2 release 

kinetics  
 
1 

 with  depleted over 
reaction-diffusion 

layer 

1C(ii)  
oxidant 
kinetics 

 
≫ 1 

1A(i) 
 recovered 

 

	 ⁄  3
 

3
 3

 

	 

2 1 ln
1

 

	 

⁄  

I2M-2: fast O2 release 	
→ 0 
 

I2M-2A: oxidant 
 kinetics 

≫ 1 
( ⁄ ) 

 

I2M-2B: reaction 
 limited 
≪ 1 

(  & ) 
 

I2M-2C: transport 
 limited 
≫ 1 

(  & ) 
 

2A(i) 
 transport 
limited 

 
 ⁄ ≫ 1 

2A(ii)  
reaction 
limited 

 
⁄ ≪ 1 

 

2B(i)  
dimerization 

kinetics 
 
≪   

with 	~	1 

2B(ii) 
 oxidant 
 kinetics 

 
≫ 1 

2A(ii) 
 recovered 

2C(i) 
dimerization kinetics 

 
1 

with  depleted over 
reaction-diffusion 

layer. FDM solution 
required due to non-

linear dimerization ki-
netics 

2C(ii)  
oxidant 
kinetics 

 
≫ 1 

2A(i) 
 recovered 

	 

⁄  3
 	

12
 3

 
 

	 ⁄  
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WNA  

Mechanism              

General Case: 
(  & ) 

finite difference solution to general reaction-diffusion equation required 

 
WNA-1A: oxidant 

 kinetics 
≫ 1 

( ⁄ ) 
 

WNA-1B: reaction 
limited 
≪ 1 

(  & ) 
 

WNA-1C: transport 
 limited 
≫ 1 

(  & ) 
 

1A(i) 
 transport 
limited 

 
 ⁄ ≫ 1 

1A(ii)  
reaction 
limited 

 
⁄ ≪ 1 

1B(i)  
catalysis 
kinetics  

 
≪   

with 
	~	1 

 

1B(ii) 
 oxidant 
kinetics 

 
≫ 1 

1A(ii) 
 recovered 

1C(i) 
catalysis 
kinetics  

 
1 

 with  depleted 
over reaction-dif-

fusion layer 

1C(ii)  
oxidant  
kinetics 

 
≫ 1 

1A(i) recovered 

	 

⁄  3
 

3
 3

 

	 

2 1 ln
1

 

	 

⁄  
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