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Understanding the Formation-Structure-Functionality Relationship of the Catalyst Layer 
in a Proton Exchange Membrane Fuel Cell 

ABSTRACT 

Proton exchange membrane fuel cell (PEMFC) technology provides a sustainable 
power solution as it electrochemically converts the chemical energy stored in hydrogen 
molecules into electricity, heat, and water. The electrochemical reactions occurring in the 
catalyst layer (CL), however, requires the use of precious group metal (PGM) catalysts, 
such as platinum, which is a major factor contributing to the high cost of PEMFC 
technology. To reduce the cost, there have been extensive research efforts in developing 
low-PGM and PGM-free catalyst materials. Nevertheless, the CLs incorporating these 
novel materials are often found to suffer from severe mass transport resistance resulting in 
significant performance loss. Based on the literature, this undesired mass transport 
resistance is mainly attributed to the cathode oxygen transport due to the heterogeneous 
characteristics of the hierarchical microstructure of the CL. Although a standard CL only 
contains carbon supported catalyst and ionomer, understanding the formation of the 
structure and the origin of the structural characteristics have been very challenging due to 
its complicated preparation process. A CL is usually prepared by an ink casting method, 
which involves multiple steps. The catalyst ink consists of the CL constituent materials 
uniformly dispersed in a liquid medium forming a suspension, which has an opaque, 
heterogeneous, and highly time-sensitive nature making the experimental investigation on 
the particulate structure in the catalyst ink very challenging. Despite the long history of 
using the CLs, a principled framework for understanding the structure-property 
relationship of the CLs has not yet fully developed. To advance the design and 
development of low-cost and robust CLs, this research 1) conceptualized a physical process 
capturing the key aspects of the particulate structure formation with respect to the CL 
fabrication process, 2) based on the complex fluid nature of the catalyst ink, designed a 
holistic non-destructive hierarchical approach to investigate the particulate structure in 
the catalyst ink, and 3) qualitatively and experimentally established the formation-
structure-process-functionality relationship for CLs. With the newly proposed framework, 
this research advances current understanding on the structure-property relationship of the 
CLs and provides novel and practical insights into the design of low-cost functionality-
tailored CLs.
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CHAPTER 1 

INTRODUCTION 

A quarter of human energy consumption is used for transportation and the 
total energy demand is expected to grow by more than 25% to 2040.1-3 Hydrogen 
fuel cells generating only electricity, water and heat provide a promising solution 
to the sustainability of modern society. With the advantages of fast refueling, low 
operating temperature and quick response to load change, proton exchange 
membrane fuel cells (PEMFCs) has great potentials in applications for 
transportation.4-6 

1.1 PEMFCs 

A PEMFC is an electrochemical power device. It generates electricity by 
converting chemical energy stored in hydrogen through electrochemical reactions 
while rejecting only heat and water. Unlike batteries which stores energy within 
the electrode materials, PEMFCs produce electricity as long as hydrogen is 
supplied. The working principle of a PEMFC can be expressed as: 

Overall: H2 + 1
2

O2 = H2O (1.1) 

Anode: H2 = 2H+ + 2e−  (1.2) 

Cathode: 1
2

O2 + 2H+ + 2e− = H2O  (1.3) 

Figure 1.1. A schematic drawing of a PEMFC. 
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A simple schematic diagram of a PEMFC is provided in Figure 1.1. With 
the help of electrocatalyst (such as platinum), the overall reaction (Eq. 1.1) is split 
into two electrochemical reactions occurring at the two electrodes of a PEMFC, 
anode and cathode, respectively. At the anode, hydrogen molecules are oxidized by 
anodic catalyst to produce protons and electrons (Eq. 1.2). The negatively charged 
electrons travel to the cathode through external circuit generating electricity. 
Meanwhile, the positively charged protons are transferred through internal 
electrolyte (proton exchange membrane, PEM) towards the cathodic side. Finally, 
these electrons and protons meet up at the catalyzed cathode allowing oxygen 
reduction reaction to occur producing water and heat (Eq. 1.3).  

The combination of anode, PEM and cathode consists of the key component 
of a PEMFC, membrane electrode assembly (MEA). MEA is the heart of PEMFC 
as it is where electrode reactions take place. In practice, an MEA is a lamination 
of PEM sandwiched by anodic and cathodic catalyst layers, and anodic and 
cathodic gas diffusion media (Figure 1.2). The PEM separates the reactant gases 
and serves as a proton carrier. The catalyst layers containing electrocatalyst 
provide reaction sites and transport channels for reaction species, i.e. protons, 
electrons, reactant gases and water. The gas diffusion media outside of catalyst 
layers are responsible for both transport of reactants into catalyst layers and 
removal of generated water. Within an MEA, catalyst layers are the major 
components responsible for performance, durability, and cost. 

Figure 1.2. A schematic drawing of a membrane electrode assembly (MEA). 

Recent small-scale commercial application of PEMFCs in electric vehicles 
has demonstrated their potential success in large-scale transportation application.6 
However, the system cost still hampers PEMFC technology being widely acceptable, 
even though it has dropped 67% in the past few years.7 One of the major 
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components of the PEMFC system cost is the electrode cost. Currently, both the 
cathode and anode require platinum-group metals (PGMs) to catalyze the electrode 
reactions. Owing to sluggish oxygen reduction reaction at the cathode (about 5 
orders of magnitude slower than anode reaction), the majority of PGMs are 
required at the cathode.8 As PGMs are commodities and scarce, increased demand 
for PEMFC will require reduced or eliminated PGM loading to lower the catalyst 
cost. It is predicted that even at large manufacturing volume catalyst cost due to 
high PGM loading remains the most significant barrier for further cost reduction.6-

7, 9 To achieve further cost reduction without compromising cell performance, 
understanding, and developing electrodes with reduced or no use of PGM catalyst 
have become the first priority.9-11 

1.2 Catalyst layers 

Catalyst layers (CLs) have been extensively used as the PEMFC electrodes 
since the invention in 1990s.12-13 In the structure of this conventional CL, the 
impregnation of proton-conductive ionomer and the use of carbon-supported 
catalyst significantly enhance the contact at membrane|CL interface and inside the 
CL the contact at ionomer|catalyst interfaces. Consequently, the reaction sites 
within the CL are maximized leading to high utilization of the catalyst and reduced 
catalyst loading.  

Due to the ease of fabrication and scalability, to date this state-of-the-art 
structure of CL is still widely used.10, 14-18 To optimize the triple phase interface 
and reduce the use of PGM catalyst, other types of CLs have been developed as 
well, e.g. nanofiber-based CLs,19-20 nanostructured CLs.21-22 The scope of this 
research will focus on conventional CLs. 

Figure 1.3. A schematic drawing of catalyst layer. The red square represents one 
of the triple phase interfaces.  

Cost reduction in electrode with improved performance and durability is the 
key to make PEMFC widely acceptable. Precise control of electrode microstructure 
for optimal performance and maximum material utilization is the ultimate goal of 
electrode design. This is because electrode microstructure not only governs the 
utilization of electrode constituent materials, but also determines the transport 
property at high current density.  
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As mentioned earlier, electrode reactions take place within the CLs. Inside 
a CL triple phase interfaces (represented by the red square in Figure 1.3), where 
gas, ionomer and catalyst coexist, are responsible for providing effective reaction 
sites.23-24 Only with continuous accesses to gaseous, protonic, and electronic 
pathways, these reaction sites contribute to the electrochemical reactions. The 
efficiency of various pathways is influenced by the logistics of through pore, 
ionomer distribution and connectivity of catalyst/support particles. Hence, the 
microstructure of a CL affects its electrochemical performance.  

Recent research on low-PGM CLs have shown that these low-loading CLs 
suffer from voltage loss at high current density.25-27 The main cause of the voltage 
loss has been found to be diffusion-type mass transport, which originates from the 
microstructure of CL regarding catalyst-ionomer agglomerate, roughness factor, 
pore property for water management.25, 27-31 As for PGM-free CLs, due to low mass 
activity of PGM-free catalyst comparing to PGM catalyst, the CLs are often 20 
times thicker accompanied with sever mass transport issue at high current density. 
By tuning proton conductivity, porosity and water management in the electrode, 
optimal performance of PGM-free CLs can be achieved.14, 32-33 However, the current 
challenge is how to properly integrate PGM-free catalysts with synergistic CL 
design. To advance the design of next-gen CLs, developing fundamental knowledge 
for precise control of CL microstructure is necessary.10-11, 16, 34-38 

1.3 Membrane electrode assembly design and fabrication 

Figure 1.4 shows a typical MEA fabrication process. A CL prepared from a 
catalyst ink—a colloidal dispersion consisting of catalyst/support nanoparticles (e.g. 
Pt/C with Pt dia. 2-5 nm and carbon dia. 30-70 nm39), ionomer (weight-average 
molar mass 2.5 × 105 g/mol 40) and dispersing medium—is coated on a substrate 
and dried forehand. Two pieces of the CLs (anode and cathode) are transferred 
onto each side of a PEM via decal transfer method to form a catalyst-layer-coated-
membrane (CCM) electrode. Sandwiched by two pieces of gas diffusion medium, 
this CCM electrode is then hot pressed becoming an MEA, which finally can be 
used in a PEMFC to generate electricity. 

Figure 1.4. A typical process of MEA fabrication. 
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As discussed in section 1.2, the microstructure of the thin film CL plays a 
critical role in regulating the material utilization and transport property of PEMFC 
electrode. Despite the choice of the materials, enormous evidence has shown that 
the ink formulation and coating method also have a strong impact on the resulting 
electrode microstructure and performance.17, 41-43 This is because regardless of the 
employed coating methods such as roll-to-roll,44-46 slot-die,47 screen printing,48-49 
and spraying,50-53 practically the microstructure of CL takes the shape from the 
catalyst ink and deforms through coating processing then solidifies into the final 
structure. In other words, the microstructure of the CL is an accumulated 
consequence of both catalyst ink formulation and the application processes. 
Therefore, to facilitate the design of next-gen CL, understanding the microstructure 
formation of CL from the catalyst ink through the coating process is critical. 
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CHAPTER 2  

LITERATURE REVIEW 

The microstructure of CL is a consequence of both CL materials and 
processing as inputs. The output is the electrochemical and transport properties. 
To facilitate the design of next-gen CL, understanding the microstructure 
formation of CL from the catalyst ink with respect to the coating process is critical. 
It requires knowledge of underlying physics and phenomena from multicomponent 
dispersions and catalyst inks, to coating or processing, and then to the final 
microstructure of CL.54-56  

2.1 Catalyst inks 

The structure of the state-of-the-art CL is formed by casting catalyst inks.12, 

43, 49, 57 Three major components comprise the catalyst ink, i.e. supported catalyst 
particles, polyelectrolyte ionomer, and dispersing medium. Standard ingredients are 
Pt/C, perfluorosulfonic acid (PFSA) ionomer, water-alcohol mixture. 

Extensive empirical evidence have shown that optimal structure and 
performance of CLs can be achieved by adjusting the formulation of catalyst inks, 
which indicates the significance of interplay between these ink components.51, 58-65. 
The liquid|solid interaction governs the interfacial energy of the solid particles and 
thus affects the size distribution of aggregates and agglomerates. The 
liquid|ionomer interaction determines the conformation of ionomer and thus the 
size of ionomer aggregates and their behavior at liquid|solid interfaces. The 
behavior of ionomer aggregates at liquid|solid interfaces determines the colloidal 
structure of agglomerates of ionomer and solid particles, which in turn affects the 
formation of triple phase interface. In the CL, the optimal electrochemical 
performance is a result of well-percolated microstructure with precise and uniform 
ionomer distribution. Therefore, many efforts have been put into understand the 
ionomer conformation and adsorption behavior at the catalyst/support interfaces 
in various dispersing media. 

Depends on the dispersing media, PFSA ionomer exhibits different colloidal 
morphology and gelation behavior.66-67 In most aprotic dispersing media (e.g. 
dimethylacetamide and N-methylformamide), ionomer exhibits a random-coil 
conformation (true solution behavior) and undergoes homogeneous, thermally 
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reversible gelation behavior. In pure alcoholic dispersing media (e.g. methanol, 
ethylene glycerol, glycerol), ionomer shows a well-defined cylindrical conformation 
with different degrees of solvation and undergoes inhomogeneous, thermally 
irreversible gelation as films. In water/monohydric alcohol mixtures (e.g. 
water/methanol, water/ethanol, water/IPA), ionomer exists as a less-defined, 
highly solvated large particle and undergoes inhomogeneous, thermally irreversible 
gelation with the formation of an ordered lamellar-type in the sol phase and 
precipitates in the gel phase.  

In aqueous environment, Nafion ionomer adsorption on the surface of 
catalyst/support particle was found to have a saturation concentration.68-69 A 
primary adsorption following Langmuir isotherm seems to occur at the outer 
surface of the particle till adsorption saturation, which is then followed by a 
secondary adsorption. Ionomer interaction with catalyst/support particle was also 
found to be stronger than the interaction with support particles alone, suggesting 
a preferred adsorption at the catalyst surface. While in an isopropyl alcohol aqueous 
environment, interaction between ionomer and bare support surface was found to 
be dominated by van der Waals attraction force.70 Molecular dynamic simulation 
also predicts that in the water-rich environment, ionomer is highly aggregated with 
hydrophilic side chain at the outer surface of the aggregates surrounding the 
hydrophobic backbone domain.71 Adsorption of ionomer on the support surface is 
predominantly via the backbone with side chains pointing away from the support 
surface. Addition of alcohol enhances ionomer dissolution leading to desorption 
from the support surface. 

2.2 The particulate structure  

There exist extensive studies regarding ink composition materials. However, 
due to highly dynamic, opaque and heterogenous nature of catalyst ink, obtaining 
experimental data of detailed structure of catalyst ink are challenging. The 
significance of the heterogenous structure of catalyst inks as a whole was rarely 
recognized until recent rising desire of understanding the nano- and microstructure 
for designing low-loading and PGM-free CLs.16, 37-38, 55-56, 72  

Both computational and experimental results have shown that within the 
catalyst ink, ionomer aggregates, catalyst/support aggregates and colloidal 
agglomerates of ionomer and catalyst/support coexist.37, 39, 73-74 Characterized by 
ultra-small-angle X-ray scattering and cryogenic transmission electron microscopy, 
it was found that the structure of catalyst inks is heterogeneous at multilevel 39. 
Ink particles were found to consist of rod-like ionomer aggregates 3 nm in diameter 
and 20 nm in length, spherical carbon 50-80 nm in diameter, rod-like carbon 
aggregates 150-350 nm in diameter and agglomerates of carbon aggregates > 400 
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nm in length. Size of Pt/C and ionomer also change with ink composition. Results 
of contrast-variation small-angle neutron scattering using inks with various 
concentration revealed that the major structural components of aqueous catalyst 
ink are colloids of supported-catalyst nanoparticles as the core (radius ~ 42 nm) 
and weakly adsorbed ionomer as outer shell (radius > 50 nm).54, 74 Freeze-dried 
microstructure of a “real” catalyst ink visualized by cryogenic scanning electron 
microscopy also shows agglomerates of catalyst/support nanoparticles surrounded 
by spiderweb-like ionomer network.17 The size of these agglomerates has a bimodal 
nature with one peak ~200 nm and another > 1µm. The study also shows that the 
heterogeneity of the ink microstructure varies with dispersing medium composition. 
Further study by cryogenic transmission electron microscopy reveals that within 
catalyst ink rod-like ionomer aggregates are strongly attracted to the surface of Pt 
rather than carbon support leaving a higher ionomer density than the bulk area.35 
This result indicates ionomer network observed in the freeze-dried ink structure as 
a result of distortion due to material contraction during freeze drying. 

Experimental investigation on formation mechanism of CL microstructure 
is challenging. The ink agglomerate formation in CLs based on colloidal dispersion 
in an alcoholic environment was firstly simulated by coarse-grained molecular 
dynamics.73 Phase segregation between ionomer phase and catalyst/support 
aggregates was observed. Catalyst/support particles aggregate rapidly with a 
randomly interconnected proton-conducting network is formed by ionomer domains 
whose backbones are attached to the surface of carbon agglomerates while side 
chains are buried in hydrophilic domains away from vicinity of the particles. The 
interior of the agglomerate is ionomer free. The resulting microstructure of CL 
depends on carbon size distribution and ionomer-carbon interaction which is 
affected by the polarity of the dispersing medium. As for the formation of pore 
structure in the CL, a hypothetical mechanism based on both experiment results 
and theoretical model suggests that pores in the CL originate from the movement 
of colloidal agglomerates of ionomer coated catalyst/support in the catalyst ink 
throughout the application process.37 Agglomeration of ionomer-catalyst/support 
colloids induces the formation of heterogeneous pores and affects ionomer 
distribution in the CL.  

2.3 Application processes 
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Figure 2.1. A typical ink application process for catalyst layer fabrication. 

To elucidate the formation of catalyst microstructure, it is necessary to 
understand the physics that the ink microstructure experiences throughout the 
fabrication process. Figure 2.1 illustrates a simplified process to fabricate CLs from 
catalyst inks. From catalyst ink to CL, the ink colloids undergo shear deformation 
and solidification to form the final 3D fractal particle networks.  

In the literature, solidification has been long considered as the only factor 
affecting formation of pristine microstructure of CLs.17, 37, 73, 75-76 At nanoscale, it 
was found by contrast-variation small-angle neutron scattering that during ink 
evolution or solidification shrinkage of ink agglomerates occurs.75 Size of the solid 
core of catalyst/support aggregates, size of nanopores between primary 
catalyst/support particles and the thickness of the ionomer corona all decrease, 
accompanied with the formation of ionic channels in the polymer matrix. At 
microscale, visualization of catalyst inks by atmospheric in-situ SEM shows two 
steps of structure solidification, sedimentation and shrinking.76 During shrinking, 
particle migration phenomena was observed, which is considered the mechanism of 
non-uniform particle distribution.37, 77  

2.4 The formation of the particulate structure 

Investigation on CL structure formation process through experimental 
approach has been rather challenging, since the heterogeneous CL structure is 
usually formed from a liquid suspension of the CL constituent materials, i.e. a 
catalyst ink, which has a dynamic, opaque, and heterogenous nature.56 To our best 
knowledge, only a handful of direct studies have attempted, mainly through 
computational approaches. The structural evolution process of a simplified 
carbonaceous ink system, from randomly distributed materials in the suspension to 
the phase-segregated agglomerates of ionomer clusters and carbon aggregates in 
the CL, depending on the liquid media, was firstly revealed using a coarse-grained 
molecular dynamic model (CGMD).73 The self-assembling of the analogous carbon 
system was observed without considering the effect from the presence of the PGM 
catalyst. After including Pt in an extended CGMD model, the local ionomer 
morphology and thin film distribution on the Pt/C surfaces were found distinct 
from those on the mere carbon surfaces, due to the ionomer structural dependence 
on the wettability of Pt/C surface.78 Also using a carbonaceous system, the 
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formation process of large pores and large agglomerates present in the CL structure 
was unraveled via an agglomerate model combined with colloidal Derjaguin-
Landau-Verwey-Overbeek theory and a dynamic particle packing model based on 
discrete element method and multisphere method.37, 79 The CL heterogeneous 
structure and the oxygen diffusion in the CL were found affected by the adhesion 
and migration of the ionomer cluster and the packing of the carbon aggregates. 
These insights provide a glimpse of the complexities of the CL structure formation 
process. 

Over a decade, progress of experimental investigation has been gradually 
made with the aid of various scattering and spectroscopic tools, but mainly on the 
microstructure of the catalyst inks. Earlier, the hierarchical structure of the 
particles inside the catalyst inks, including primary particles, aggregates of primary 
particles, and agglomerates of aggregates, depending on the liquid media, was first 
time revealed using ultra-small-angle X-ray scattering and cryogenic transmission 
electron microscopy.39 The catalyst inks were found to be heterogeneous, containing 
non-uniformly distributed small (dia. < 70 nm) particles of individual components 
(i.e. Pt/C and ionomer) and large (dia. > 300 nm) Pt/C aggregates and ionomer-
Pt/C agglomerates, and differ from those of the individual component dispersions. 
The size and the structure of the Pt/C agglomerates and ionomer particles were 
also found to change significantly with different liquid environment employed. 
Further, more details on the structure of the catalyst inks were discovered using 
focusing- and contrast-variation small-angle neutron scattering in the dilute 
systems with water as the liquid media.74-75 The catalyst inks were found containing 
phase-segregated ionomer-Pt/C agglomerates, where the Pt/C phase has a 
percolating cluster structure and mediated by the ionomer phase, which contains 
ionic clusters in the liquid phase. More recently, the particulate structures inside 
the catalyst inks, with water/1-propyl alcohol (NPA) binary liquid systems, were 
first time visualized using cryogenic scanning electron microscopy.17 The 
heterogeneous structural characteristics commonly observed in the CL, such as 
inhomogeneous ionomer distribution and randomly distributed varisized ionomer-
Pt/C agglomerates, depending on the water/NPA weight ratios, were also observed 
in the catalyst inks. Relatively large strongly segregated ionomer-Pt/C 
agglomerates and high-density small well-coated ionomer-Pt/C agglomerates were 
observed with bimodal size distributions in the water-rich and NPA-rich catalyst 
inks, respectively. The structures of the heterogeneous agglomerates were also 
found to be changeable depending on the water/NPA weight ratios, signifying the 
complex role of the liquid environment on the formation of the ionomer-Pt/C 
agglomerate structure. Although much progress has been made in understanding 
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the structure of the catalyst inks, systematic experimental investigations on the 
structure translation from catalyst inks into CLs are still lacking.55  

To realize precise control of the CL structure with tailored transport 
properties, a proper frame of knowledge on the CL structural formation process is 
required and needs to be developed. As mentioned earlier, the CL is often made 
from a catalyst ink, a liquid suspension comprising carbon-supported catalyst 
nanoparticles, ionomer, and the liquid medium. As shown in Figure 2.2, with the 
materials of choice, the CL fabrication process mainly includes but is not limited 
to the preparation of the catalyst ink, the deposition of the ink, and the removal 
of the liquid medium. The preparation is usually done by ultrasonication, magnetic 
stirring, and ball milling etc., which produce various extents of shear force through 
the liquid phase to break up and mix the aggregates in the materials.80-82 The 
deposition methods are commonly roll-to-roll,44-46 slot-die,47 screen printing,48-49 
spraying,50-53 inkjet printing, and brushing, to name a few. These methods spread 
the catalyst ink suspension into a thin wet film at certain speed, generating a shear 
gradient throughout the thickness of the deposited wet film, which solidifies a 
pristine CL. The liquid removal can be done by many drying methods, which have 
been summarized and investigated in the reference.83 Despite the current knowledge 
on the microstructure of the catalyst inks, the role of shear involved in the CL 
fabrication process remains overlooked.  

 

 
Figure 2.2. Schematic diagram of the physics behind catalyst layer fabrication 
process. (Drawings are not to scale.) 

 

In fact, the CL formation process is quite similar to a sol-gel-derived film 
formation process, which includes the preparation of a sol, film deposition prior to 
the gelation of the sol, and the removal of the liquid medium.84 In the sol-gel system, 
a sol is a liquid suspension of solid particles, whose size can broadly range from one 
to 1000 nm as long as no severe particle sedimentation due to gravity.85-86 A gel is 
a coherent mass comprising a continuous rigid skeleton phase and a continuous 
liquid phase.87 The solid particles in the sol can grow into the percolating skeleton 
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in the gel through various aggregation mechanisms, forming linking clusters till a 
single space-filling cluster (i.e. the gel point) and beyond, with isolated clusters 
around. Analogous to the sol-gel system, the structure formation process of the 
CLs likely include: 1) dispersion and assembly of constituent nanomaterials,73 2) 
formation of fractal aggregates,39 3) clustering of impinging aggregates,88 4) 
gelation of linking clusters,88-89 5) evolution and deformation of the network 
alongside/after gelation,74-75 90 and finally 6) structural consolidation due to liquid 
evaporation.84-85 Notably, precise structure of the sol-gel-derived film can be 
achieved based on the underlying physics and chemistry of sol-gel film formation, 
by controlling the sol structure, such as particle size and fractal property, and by 
controlling the gel structural evolution induced by shear and other factors during 
film formation.84 Such a feature of the sol-gel derived films is rather important, 
because it means that CLs with functionality-tailored micro- and nanostructure 
can be achieved by precisely control not only the ink microstructure but also the 
nanostructure and the translation of this multiscale structure into the CL.  

Different from the sol-gel-derived film, the CL contains ionomer, which is 
critical to both the function and the structure of the CL. On one side, the ionomer 
is the electrolyte, the spatial distribution of which governs the ionic transport. On 
another, as mentioned earlier, the ionomer causes undesired structural 
heterogeneity that hampers the oxygen transport and diminishes the PGM material 
utilization. Thus, to achieve precisely controlled structure-property relationship for 
the CLs, the CL structure formation process regarding the interfacial and spatial 
distribution of the ionomer phase needs to be understood in particular. PFSA is 
the most commonly used CL ionomer. Its molecular structure consists of a 
hydrophobic perfluorocarbon main chain and hydrophilic sulfonated vinylether side 
chains.91 Due to the incompatibility between the main chain and the side chain, 
the morphology of the PFSA ionomer in a liquid medium is highly affected by the 
liquid composition, such as the water/alcohol ratio of a water-alcohol binary 
solvent.42, 66-67, 92 Moreover, the morphology of the ionomer in the liquid medium 
has been found to relate to the local morphology of ionomer nanofilm on the 
catalyst surface.93 If considering the ionomer as a surfactant, the ionomer in the 
liquid phase may diffuse, attach, and rearrange to be adsorbed onto PGM/C 
surfaces during the preparation of a catalyst ink.94 Alternatively, depending on the 
liquid medium, the ionomer conformation and the interaction between the ionomer 
and the PGM/C surfaces can greatly affect the interfacial and spatial distribution 
of the ionomer,73, 78, 95 the structure and dynamic behavior of the ionomer-PGM/C 
agglomerates,18, 39, 70, 72 and the structure-property relationship of the resulting 
CL.25, 96-97 Yet, systematic understanding on the hierarchical formation process of 
the CL structure is still missing. 
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2.5 Mass transport resistance and the particulate structure 

The transport resistance present in the low-PGM and PGM-free CLs 
undesirably deteriorate the fuel cell performance at high current density and 
durability.7, 98-99 This resistance has been shown to predominantly associate with 
oxygen transport in the heterogeneous structure of the cathode CL.27, 100-103  

From the perspective of physics, inside the cathodic CL of an operating fuel 
cell, oxygen molecules migrate to the reaction sites through multiple phases, 
including pores, ionomer thin films, and liquid water if any. In the pores, oxygen 
molecules diffuse through different mechanisms with dependency on the pore size. 
When the pore size is larger than the oxygen molecule mean free path, transport 
or Fickian diffusion, i.e. the molecule-molecule collisions, dominates; when the pore 
size is comparable to and smaller than the oxygen molecule mean free path, 
Knudsen diffusion, i.e. the molecule-solid collisions, dominates. In the Knudsen 
regime, geometrical details of the pore structure has been proved to greatly affect 
the gas self-diffusion.104-105 As for the ionomer phase, oxygen molecules firstly need 
to be adsorbed and dissolved at the void|ionomer interface, then diffuse through 
ionomer phase and finally reach the catalyst surface to be adsorbed on the reaction 
sites.34, 37, 106 By manipulating the local morphology of the ionomer thin film, 
oxygen transport can be improved significantly.97, 107 When liquid water presents, 
the oxygen transport becomes complicated as water can provide shortcut in the 
ionomer phase but also blocks pores at the same time.27, 36, 102 Since the pore 
structure and the ionomer spatial distribution are governed by the microstructure 
of the CL, the oxygen transport can be affected by the microstructural details of 
the CLs. 

From the perspective of CL structure, the hierarchical heterogeneities, such 
as inhomogeneous ionomer coverage and varisized agglomerates, greatly affect the 
effectiveness of both the reaction sites and the transport pathways for not only 
oxygen molecules but also protons.10, 97, 108 Regarding oxygen transport, especially 
at nanoscale, the anisotropic morphology of ionomer thin film (4-20 nm thick) 
adjacent to PGM nanoparticles hinders the local oxygen transport. The domain-
connectivity and hydrophobic matrix of PFSA ionomer competingly affect the 
dissolution and diffusion of oxygen through ionomer thin film.91 In particular, the 
hydrophobic crystallite matrixes (approximately 2 nm) hamper the oxygen 
diffusing through ionomer thin film, resulting in nearly zero oxygen concentration 
at PGM catalyst surface.106, 109 At mesoscale, the spatially non-uniform thickness 
and inhomogeneous distribution of ionomer presenting in both the percolating 
network and the agglomerates also restrain the oxygen transport.8, 97, 103, 110-114 
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Besides hindering oxygen transport resulting in performance loss, these structural 
heterogeneities caused by the ionomer also lower the PGM utilization.112, 115-116 

To reduce mass transport resistance in the CLs, one strategy is to precisely 
control the CL hierarchical structure. Although novel designs of CL local structure 
have been proved to enhance the CL transport properties and PGM utilization, 
understanding on the formation of the global structure and the origin of 
heterogeneous structural characteristics are still missing.14, 97, 108 

2.6 Summary 

There are extensive computational and experimental researches focusing on 
the structural correlation between catalyst inks and CLs, which provide valuable 
information on the static components and evolution of the particulate structure in 
the catalyst ink. There is also good amount of evidence and analysis pointing to 
the heterogeneous hierarchical particulate structure of the CL for being responsible 
for the mass transport resistance, especially oxygen transport resistance. However, 
a principled framework for understanding the formation-structure-process-
functionality relationship of the CLs has been missing.   

Firstly, regarding the formation of the particulate structure, current 
understanding on the ink-CL structural translation through CL fabrication process 
is limited to solidification, leaving the shear involved in the process overlooked. 
Moreover, in no instance the formation process of the hierarchical particulate 
structure or the origin of heterogeneous characteristics of the particulate structure 
have been experimentally investigated with respect to CL fabrication process. 
Additionally, understanding of the underlying physics on how the ink design 
parameters affect CL structure that provides electrochemical and transport 
properties is lacking as well. Also, it was not clear in the literature how the time-
sensitivity of the particulate structure in the catalyst through the CL fabrication 
process was taken care of. Considering the delicacy and dynamics of the particulate 
structure in the catalyst ink, very few experimental methods are non-destructive 
to the particulate structure. 

Herein, this research qualitatively addresses the abovementioned issues by 
focusing on the translation of the supported catalyst-ionomer particulate structure 
from a hierarchical holistic physical point of view. The experiments were designed 
with respect to the CL fabrication process in a time-controlled and shear-controlled 
manner to capture the key aspects of the particulate structure formation process. 
With standard materials (Pt/C, PFSA, and water/IPA), non-destructive methods 
based on colloidal suspension and complex fluid were employed to investigate the 
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local and global structure of the ionomer-supported catalyst assemblage in the 
catalyst ink.  

The first part of the research attempts to elucidate the formation process of 
the CL hierarchical structure, explores the origin of the multiscale structural 
heterogeneity, and studies the role of water/IPA ratio in the structure formation 
process. A bottom-up approach was employed to qualitatively investigate the 
hierarchical structural assemblage of the CL constituent materials inside the 
catalyst ink and the structural translation into pristine CLs through shear process. 
Specifically, the ionomer conformation and interaction with the Pt/C surfaces in 
the catalyst inks and the structure translation of the ionomer-Pt/C assemblage 
through shear into pristine CLs, depending on the water/IPA ratio, were 
investigated. 

 Then, the effect of I/C ratio and solid content on the ionomer-supported 
catalyst assemblage were systematically studied to establish a formulation-
structure-functionality relationship with fundamental understanding. Based on the 
framework and approach from the first part, this part of the research qualitatively 
explores the compound effect of the I/C ratio and the solid content on the 
formation-structure-functionality relationship of the CLs. The objective in this part 
was twofold: 1) to elucidate the roles of the I/C ratio and the solid content in the 
formation of the CL microstructure and 2) to demonstrate the compound effect of 
the I/C ratio and the solid content on the mass transport, in particular the oxygen 
transport. 

  



 

16 
 

CHAPTER 3  

EXPERIMENTS 

Considering the shear involved in the CL fabrication process and the 
dynamic nature of the catalyst ink, measurements best capturing the particle 
dynamics in the catalyst ink and non-destructively characterizing the shear 
influence on the ink microstructure are required.  

3.1 Particle characterization 

Since the catalyst ink is a colloid dispersion of CL constituent materials, the 
particle dynamics can be captured by dynamic light scattering, which non-
invasively measures the diffusion coefficient of particles undergoing Brownian 
motion in the liquid medium. The size of the particles, which is the hydrodynamic 
diameter, is related to the diffusion coefficient via Stoke-Einstein equation (Eq. 
3.1), 

𝑑𝑑𝐻𝐻 = 𝑘𝑘𝐵𝐵𝑇𝑇
3𝜋𝜋𝜋𝜋𝜋𝜋

                                               (3.1) 

where 𝑑𝑑𝐻𝐻 is hydrodynamic diameter, 𝑘𝑘𝐵𝐵 is Boltzmann’s constant, 𝑇𝑇 is the absolute 
temperature, 𝜂𝜂 is the viscosity of the medium and 𝐷𝐷 is the diffusion coefficient. 
The hydrodynamic diameter of a particle includes the hydration effect, which is 
suitable for studying the CL constituent materials in the catalyst ink. The value of 
hydrodynamic diameter depends on molecular weight, specific refractive index 
increment, electrostatic interactions, particle size, measurement angle, laser 
wavelength, sample concentration, the surface structure, particle shape, and 
solution ionic strength.117 Note that the Brownian motion of the particles in a 
certain liquid medium can be affected by the particle concentration or interparticle 
distance. Namely, this measurement is sensitive to particle concentration. Four 
concentration-dependent effects can manifest the results, including multiple 
scattering, restricted diffusion, reversible self-association, and electrostatic 
repulsion. When the system is very dilute or the particles are far, the measured 
diffusion coefficients or the derived hydrodynamic sizes are representative of the 
particles in the sample. Therefore, this measurement is usually carried out with 
dilute samples.   

 In this research, the size distribution of the particles from the catalyst inks 
was used to study the interaction between the ionomer and Pt/C nanoparticles. 
The measurements were carried out in corresponding dilutions at room temperature 
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with a Zetasizer Nano ZS90 from Malvern. A consistent small volume of each ink 
sample was diluted into 5 mL of its corresponding dispersing medium and then 
sonicated for 10 minutes. 1 mL of the diluted sample was used in each measurement. 
A dip-cell was employed for electrophoretic mobility measurement. In addition to 
size distribution, the electrophoretic mobility was also measuring to approximate 
surface charge through electrophoresis light scattering performed on the same 
instrument with the same sample.  

3.2 Rheological measurements 

Rheology is the study of deformation of matters. By controlling stress/strain 
imposed on the sample as the input, structural response in terms of strain/stress 
from the measured sample is collected. Considering the catalyst ink go through a 
shear deformation during ink processing. Rheology is very suitable for monitoring 
the structural dynamics quantitatively throughout a defined processing condition. 
The basic idea of applying rheology in this work is to characterize the intact ink 
microstructure and to describe the structural deformation induced by a simulated 
coating process. Along the ink processing, intact ink structure, structural response 
to shear deformation, and flow property are characterized by small amplitude 
oscillation shear and steady-state shear rump, respectively. By holding certain 
amount of the sample in between a pair of parallel plate geometry, a rotational 
thin disk flow will be achieved (the bottom plate is fixed in our case, Figure 3.1). 
Rheological measurements based on such a flow can be easily carried out. 

 
Figure 3.1: A parallel-plate geometry for rheological measurements. 

Oscillation test is typically used to characterize the viscoelastic properties 
of the matter. Catalyst inks consist of solid spherical particles and polymeric 
electrolyte are typical viscoelastic materials, which exhibits both elastic and viscous 
characters. The microstructure of the catalyst inks was therefore characterized by 
oscillatory tests, where a sinusoidal displacement is applied to the top plate (Eq. 
3.2). 

𝑥𝑥𝑝𝑝(𝑡𝑡) = 𝑥𝑥𝑝𝑝,0 sin𝜔𝜔𝑡𝑡     (3.2) 
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where 𝑥𝑥𝑝𝑝  is the applied displacement, 𝑥𝑥𝑝𝑝,0  is the displacement amplitude, 𝜔𝜔  is 
angular frequency, and 𝑡𝑡 is the time. The resulting strain, 𝛾𝛾 , can be calculated by 
Eq. 3.3: 

𝛾𝛾(𝑡𝑡) = 𝑥𝑥𝑝𝑝(𝑡𝑡)

ℎ
= 𝑥𝑥𝑝𝑝,0

ℎ
sin𝜔𝜔𝑡𝑡 = 𝛾𝛾0 sin𝜔𝜔𝑡𝑡   (3.3) 

where ℎ is the predetermined gap between the top and bottom plate geometry and 
𝛾𝛾0 is the strain amplitude. If the strain amplitude 𝛾𝛾0 is small enough (typically 
𝛾𝛾0 ≪ 1), the structure of the sample remain undisturbed by the deformation118. 
The measured stress is controlled by the rate of spontaneous rearrangement of the 
sample structure at equilibrium. The stress produced by a small amplitude 
oscillatory shear is in proportional to the applied strain amplitude and varies 
sinusoidally with time (Eq. 3.4). 

𝜏𝜏 (𝑡𝑡) = 𝛾𝛾0[𝐺𝐺′(𝜔𝜔) sin𝜔𝜔𝑡𝑡 + 𝐺𝐺′′(𝜔𝜔) cos𝜔𝜔𝑡𝑡]   (3.4) 

where 𝐺𝐺′ is the elastic modulus, 𝐺𝐺′′ is the viscous modulus. 𝐺𝐺′ represents storage 
of the elastic energy while 𝐺𝐺′′  represents the viscous dissipation of the elastic 
energy. When 𝐺𝐺′>> 𝐺𝐺′′, the material is solid-like. When 𝐺𝐺′ ≪ 𝐺𝐺′′, the material is 
liquid-like. The regime where the stress can be expressed by Eq. 3.4 is called the 
linear viscoelastic regime. The maximum strain of this regime is considered as the 
critical strain, 𝛾𝛾𝑐𝑐, beyond which the structure is considered out of the equilibrium.  

In this work, small amplitude oscillatory shear was employed since it works 
within the linear viscoelastic region and thus does not significantly destroy the 
microstructure of sample. According to Eq. 3.4, the microstructure of catalyst inks 
can be characterized as a function of strain amplitude (𝛾𝛾0), frequency (𝑓𝑓 = 𝜔𝜔/2𝜋𝜋) 
and time, respectively.  

The intact ink microstructure was characterized by amplitude sweep and 
frequency sweep. Amplitude sweep test was firstly performed to determine the 
sample critical strain, 𝛾𝛾𝑐𝑐. During an amplitude sweep, the amplitude varies while 
keeping the frequency constant. Within the linear viscoelastic regime, the shear 
moduli remain constant. In our measurements, the critical strain is defined as the 
strain where the elastic modulus deviates 5 % from its linearity. After defining the 
critical strain, a frequency sweep test was then performed within the linear 
viscoelastic region to probe the microstructure in the ink. During a frequency sweep, 
the shear strain amplitude remains constant (< 𝛾𝛾𝑐𝑐) while the frequency changes. 
When 𝐺𝐺′> 𝐺𝐺′′ and 𝐺𝐺′ is independent of frequency, a gel structure of the dispersed 
particles is expected.  

To characterize the structural change due to shear deformation from coating, 
a simulated coating process (explained below) was applied in the middle of time 
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sweep test. The time sweep test was performed within the linear viscoelastic region 
to observe the microstructural response to the simulated shear. During the time 
sweep, both the frequency and strain amplitude are kept constant. Since the 
𝐺𝐺′ represents more closely to the ink network, change of 𝐺𝐺′  against time was 
recorded. 

Steady-state flow behavior of the catalyst inks were characterized by 
measuring viscosity-shear rate plot. A time-controlled shear rate logarithm ramp 
from 0.01 1/s to 1000 1/s at the frequency of 1 Hz was performed. The shear rate 
of coating a thin film CL in real application is typically above 500 1/s to increase 
throughput. In this study, a shear rate of 1000 1/s was used to simulate the shear 
deformation during the coating process. 

All the rheological measurements were performed on a high-resolution 
rotational rheometer (Kinexus Ultra+, Malvern) equipped with a Peltier 
temperature controller at 25.00 ± 0.02°C. Based on the particle size measured by 
dynamic light scattering, a constant gap of 250 µm was controlled between the top 
and bottom plates. Considering the intact structure of the catalyst inks are 
sensitive to shear history, the samples were handled in the same manner. After 
mixing, the samples were carefully loaded onto the bottom geometry using a 
spatula. Then the top geometry was lowered towards the bottom geometry at a 
very slow speed to prevent changing the microstructure of the ink. After the gap 
of 250 µm is reached, the sample was then stabilized for 10 minutes prior to the 
measurements. All samples were prepared and measured following the same 
processes. Roughened parallel plates (dia. 40 mm) with solvent trap were used to 
minimize the wall slip effect and solvent evaporation. 

3.3 Fluorine-19 nuclear magnetic resonance spectroscopy 

Fluorine-19 nuclear magnetic resonance (19F NMR) were used to carry out 
measurements for Ionomer chain mobility in the dispersions. The measurements 
were carried out on Agilent ProPulse 500 MHz NMR system with samples that 
contain the same amount of all the materials except for Pt/C. Data analysis and 
fitting was assisted by OriginPro.  

3.4 Field emission scanning electron microscopy  

CLs were manually coated on a piece of ETFE substrate from the catalyst 
inks using various formed Mayer rods for catalyst loading control, then dried under 
gentle ventilation at room temperature. The coating process was done at a shear 
rate of 1000 1/s. The structural characteristics of the CLs were observed using a 
field emission scanning electron microscope (Gemini 500, Zeiss) operating at 500 V 
to avoid ionomer melting.    
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3.5 Fuel cell operation 

 Membrane electrode assemblies (MEAs) were prepared as followed. The 
anodes were prepared by coating a CL onto the gas diffusion layer (H23C8, 
Freudenberg) with Pt loading of 0.3 mgPt/cmgeo

2 . The cathodes were prepared by 
decal transferring the prepared CLs onto a piece of Nafion membrane (NR-211, 
Dupont) at 140°C with Gylon protectors under a pressure of 300 psi for 10 minutes. 
The Pt loadings of the cathodic CLs were determined by weight measurements to 
be 0.2 mgPt/cmgeo

2 . The active areas were 2 cm2. Each prepared MEA was then 
assembled into a single-cell hardware (Fuel Cell Technology Inc.). 

  Fuel cell tests were performed on a precise-controlled automated fuel cell 
test station (Greenlight Innovation). Electrochemical measurements were 
performed using a potentiostat (Reference 3000, Gamry) with a 30 k booster. The 
detailed test protocols are listed in Table 3.1. Prior to the tests, all MEAs were 
firstly inspected by a cyclic voltammetry (CV) measurement for the initial 
electrochemically active surface area (ECSA) and then conditioned to steady state 
by cycling a voltage-controlled procedure sequence, which includes 0.6 V for 15 
minutes, 0.85 V for 15 minutes, and open cell voltage (OCV) for 5 minutes. The 
current density of each data point on the polarization curve were averaged over 
the last minute. High frequency resistance data were collected at each polarization 
data point by AC impedance operating at 10,000 Hz.  

3.6 Fuel cell diagnosis 

 To approximate the reaction site density, ECSA of each cathode was 
evaluated through CV scanning at 50 mV/s.110, 119-120  

The proton transport resistance in the cathode, 𝑅𝑅𝐻𝐻+ , was determined by AC 
impedance measuring from 100 kHz to 0.1 Hz. The measurements were performed 
under differential flow condition, which maintains constant gas partial pressure in 
the flow channels resulting in unchanged relative humidity (RH), since the proton 
transport is sensitive to the RH.25 

 The pressure-dependent and pressure-independent oxygen transport 
resistances, 𝑅𝑅𝑂𝑂2

𝑝𝑝,𝑑𝑑  and 𝑅𝑅𝑂𝑂2
𝑝𝑝,𝑖𝑖 , were extracted from dry limiting current 

measurements.26, 29, 121 Note that 𝑅𝑅𝑂𝑂2
𝑝𝑝,𝑑𝑑  in this study excludes the transport 

resistance in the flow channels and corresponds to the value measured at 300 kPa. 
The dry mole fraction of oxygen ranges from 1% to 4%. 
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Table 3.1. Fuel cell test protocols. 

Test 
Temp. 
(°C) 

Gas 
(an/ca) 

Pressure 
(kPa) 

RH 
(%) 

Flow 
rate 

(an/ca, 
L/min) 

Load 
control 

Step 
hold 
time 
(min) 

Dry 
polarization 

70 H2/Air 300 64 0.4/0.2 OCV-
0.2 V 

10 

Wet 
polarization 

70 H2/Air 300 100 0.4/0.2 OCV-
0.2 V 

10 

CV 30 H2/N2 100 100 0.02/0.04 1.2-0.1 
V 

N/A 

EIS 60 H2/N2 300 100 0.1/0.1 0.2 V 
DC w/ 
10 mV 

AC 

N/A 

Dry 
limiting 
current 

80 H2/Air 
& N2 

100, 
150, 

200, 300 

64 0.4/0.2 0.3-
0.09 V 

2 
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CHAPTER 4  

HIERARCHICAL STRUCTURE OF THE CATALYST LAYER  

Dispersing medium has a very profound impact on the ink property. It 
governs the ionomer conformation, the size distribution of inorganic nanoparticles 
and the interaction between ionomer and nanoparticles.  

In the lights of the underlying physics, this chapter attempts to elucidate 
the formation process of the CL hierarchical structure and explores the origin of 
the multiscale structural heterogeneity. A bottom-up approach is employed to 
qualitatively investigate the hierarchical structural assemblage of the CL 
constituent materials inside the catalyst ink and the structural translation into 
pristine CLs through shear process. Specifically, the ionomer conformation and 
interaction with the Pt/C surfaces in the catalyst inks and the structure translation 
of the ionomer-Pt/C assemblage through shear into pristine CLs, depending on the 
liquid medium, are investigated using fluorine-19 nuclear magnetic resonance (19F 
NMR), dynamic light scattering, rheological measurements, and field emission 
scanning electron microscopy. The results suggest that besides the shear process, 
the structure of the hierarchical assemblage of the CL constituent materials, 
depending on the chemical environments, plays a critical role in determining the 
heterogeneous CL structure. 

The catalyst inks were made of Pt/C (40 wt.% Pt, JM HiSPEC 4000), PFSA 
ionomer (20 wt.% Nafion, Dupont D2020) and water-isopropanol alcohol (IPA, 
HPLC grade, Sigma Aldrich) binary solvent. The carbon volume fraction and 
ionomer concentration were set at 3.5 v.% and 61.5 mg/mL liquid, respectively. 
Two catalyst inks were studied by controlling the volume fraction of IPA (∅𝐼𝐼𝐼𝐼𝐼𝐼) in 
the binary mixture denoted as water-rich (∅𝐼𝐼𝐼𝐼𝐼𝐼= 0.25) and IPA-rich (∅𝐼𝐼𝐼𝐼𝐼𝐼= 0.75) 
systems. For only size distribution and electrophoretic measurements, 2 mg of 
catalyst inks and component dispersions were diluted into 5 mL of corresponding 
dispersing medium, respectively. 

4.1 The conformation of ionomer aggregates—mobility of the ionomer chains 

The conformation of the ionomer in the water/alcohol mixture was probed 
in terms of chain mobility. With known ionomer molecular structure (Figure 4.1a), 
liquid composition, and ionomer concentration, the chain mobility can be primarily 
attributed to the segmental motion of the ionomer chains. Since the only difference 
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among these samples in this study is the volume fraction of IPA in the solvent, the 
chain motion is hence merely affected by the chemical environment.  

 

Figure 4.1. a) The chemical structure and b) chain mobility dependence of 
perfluorosulfonic acid (PFSA) ionomer on isopropyl alcohol volume fraction (∅𝐼𝐼𝐼𝐼𝐼𝐼) 
in IPA aqueous solutions. c) Schematic diagrams of potential ionomer 
conformations in water-rich (∅𝐼𝐼𝐼𝐼𝐼𝐼= 0.25) and IPA-rich (∅𝐼𝐼𝐼𝐼𝐼𝐼= 0.75) dispersing 
media, respectively.  

 

The mobilities of PFSA ionomer main chain and side chain in various water-
IPA mixture are presented in Figure 4.1b. For clarity, both the values of the main-
chain mobility and the side-chain mobility have been normalized against the 
highest value from the original results. The normalized result shows that both the 
main chain mobility and the side chain mobility drastically depend on the alcohol 
volume fraction, ∅IPA . As ∅IPA increases, the value of the main-chain mobility 
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inclines significantly over 50% from water-rich system (∅IPA = 0.25) to IPA-rich 
system (∅IPA = 0.75); meanwhile, the value of the side-chain mobility declines 
about one third from the water-rich environment to the IPA-rich with a minimal 
value occurring around ∅IPA = 0.5. The minimal value of the ionomer side-chain 
mobility is considered to be the result of relatively low free water molecules due to 
stronger hydrogen bonding between the IPA and the water.  

Theoretically, the two chemical environments have different affinities to the 
ionomer main chain and side chain, respectively. The affinity of the chemical 
environment to the ionomer chain is often predicted by the similarity between their 
solubility parameters, i.e. Hildebrand solubility parameter and more specifically 
Hansen solubility parameters, that are associated with their cohesive energy 
densities 122. The relationship between Hildebrand solubility parameter and Hansen 
solubility parameters are described in the following equations: 

𝛿𝛿2 = 𝐸𝐸/𝑉𝑉                                                 (4.1) 

𝐸𝐸/𝑉𝑉 = 𝐸𝐸𝜋𝜋/𝑉𝑉 + 𝐸𝐸𝐼𝐼/𝑉𝑉 + 𝐸𝐸𝐻𝐻/𝑉𝑉                                     (4.2) 

𝛿𝛿2 = 𝛿𝛿𝜋𝜋2 + 𝛿𝛿𝐼𝐼2 + 𝛿𝛿𝐻𝐻2                                           (4.3) 

where 𝛿𝛿 is the Hildebrand solubility parameter, 𝐸𝐸 is the cohesion energy density, 
𝑉𝑉  is molar volume; 𝛿𝛿𝜋𝜋 , 𝛿𝛿𝐼𝐼  and 𝛿𝛿𝐻𝐻  are the components of Hansen solubility 
parameters, representing the dispersive, polar, and hydrogen-bonding cohesive 
energy density, respectively. The solubility parameters of the ionomer and the two 
chemical environments and their differences are listed in Table 4.1. According to 
the Hildebrand solubility parameters, the water-rich environment is relatively 
suitable for the ionomer side chain, but much less compatible with the PFSA 
ionomer main chain. This can lead to strong aggregation of the hydrophobic 
perfluoro main chain. Contrastingly, the IPA-rich environment has higher affinity 
to the ionomer main chain indicating better dispersity of the main chain. Further, 
as indicated by the Hansen solubility parameters, there exists strong polar 
interaction between the ionomer and the water-rich environment which can lead to 
high extent of ionization of the sulfonate groups at the side chains. However, the 
strong hydrogen bonding in the water-rich environment can cause thick solvation 
shell preventing the side chains them from clustering electrostatically. Whereas 
both the ionization and solvation effects can be expected to be weaker in the IPA-
rich environment. 
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Table 4.1. Solubility parameters of PFSA ionomer and the IPA aqueous solutions. 

Solubility parameters (MPa0.5) PFSA Ionomer Water-rich IPA-rich  

𝛿𝛿  19.8m/35.4s 38.4 28.3  

𝛿𝛿𝜋𝜋  17.4 15.6 15.8  

𝛿𝛿𝐼𝐼   12.5 12.4 8.30  

𝛿𝛿𝐻𝐻  9.6 32.8 22.0  

|∆𝛿𝛿|  - 18.6/3.00 8.50/7.10  

|∆𝛿𝛿𝜋𝜋|  - 1.80 1.60  

|∆𝛿𝛿𝐼𝐼|  - 0.10 4.20  

|∆𝛿𝛿𝐻𝐻|  - 23.2 12.4  

m. PFSA ionomer main chain. 
s. PFSA ionomer side chain. 
 

 

Besides the chemical environment, the structure and morphology of PFSA 
ionomer can also be affected by the concentrations of the ionomer. It was reported 
that PFSA ionomer main chains aggregate into bundle-like primary aggregates at 
very dilute concentration below 0.2 mg/mL.42, 92, 123 Then the primary PFSA 
ionomer bundles start to aggregate electrostatically through the sulfonate groups 
from the side chains at a concentration around 1.0 mg/mL (MeOH/H2O = 4 : 1 
wt.), disordered segments of the main chains from the bundles start to overlap at 
a concentration around 5.0 mg/mL (MeOH/H2O = 4 : 1 wt.), and no liquid flowing 
about at 20 v.% (IPA/H2O = 1 : 1 v.).42, 67, 123 Although these studies were 
performed in various chemical environments, the values of these concentrations 
seem to be consistent. The concentration used in this study is slightly higher than 
the overlapping concentration where ionomer bundles with overlapped chain 
segments can be expected.124  

With the consideration of the role of the chemical environment and the 
concentration, the conformation of the ionomer aggregates can be conjectured 
based on the mobility data as following. In the water-rich environment, the ionomer 
main chains aggregate strongly into stiff bundle-like primary aggregates. Whilst 
the side chains are highly ionized with thick solvation shell that leads to limited 
electrostatic clustering due to screening effect.125 Such large difference in the 
mobilities of main chain and side chain can lead to strong segregation of the 
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hydrophobic and hydrophilic domains.126 Due to the concentration effect, the main 
chains of the ionomer overlap with each other forming secondary aggregates, the 
ionomer may exhibit conformation of highly swelled side chains with compactly 
packed main chains. which agrees with observation from cryo-TEM and coarse-
grained molecular dynamic simulation.124, 127 However, in the IPA-rich environment, 
the ionomer main chain appears to be dispersed as the primary particles. The sides 
chains are weakly ionized due to lower dielectric constant (64.9 for water-rich 
solvent and 31.7 for IPA-rich solvent) as a result of low similarity to the polar 
interaction for dissociation of sulfonate acid. Thin solvation shell can be expected 
which leads to electrostatic clustering of the sulfonate group from the side chains 
forming secondary particles. This agrees with the observation of TEM in the 
literature.42 A schematic of the hypothetic ionomer structures in both water-rich 
and IPA-rich environments are illustrated in Figure 4.1c. The conformations of the 
ionomer chains are proposed based on the simulation results of the rigidity of the 
chains of the ionomer in the literature.124, 128  

4.2 The hierarchical assemblage of the ionomer and Pt/C nanoparticles in dilute 
system—ionomer interactions with Pt/C nanoparticles  

The interactions between the ionomer and the Pt/C nanoparticles in the 
water-rich and IPA-rich environments were investigated in a dilute by observing 
the change of the hydrodynamic diameter distribution of Pt/C nanoparticles caused 
by the presence of the ionomer aggregates. The hydrodynamic diameter is defined 
as the diameter of a sphere that diffuses at the same speed as the particle being 
measured.129-131 The interactions between the ionomer and the carbon were also 
investigated. The results are shown in Figure 4.2. 

In the water-rich environment, the presence of the ionomer induces 
interparticle association to both carbon and Pt/C systems. As shown in Figure 
4.2a, the presence of water-rich ionomer causes evident peak broadening with the 
size distribution of carbon particles spanning from 233.4 ± 55.42 nm to 335.8 ± 
127.3 nm. The broadened peak with a similar lower limit indicates weak 
destabilization of the carbon particles due to the presence of the ionomer. Such a 
phenomenon can be ascribed to the surface effect of the aggregated ionomer 
backbone on the carbon particles, i.e. primarily patching via being adsorbed on 
most of the outer surface of carbon particles and partially bridging via being 
confined in between the carbon surfaces.71, 73, 78, 132 This is supported by the 
electrophoretic mobility data shown in Appendix. Consequently, the presence of 
the ionomer adds complexity to the structure of the carbon particles. On one hand, 
due to rapid adsorption, the non-uniformly distributed ionomer can lead to 
densified particle structure, which has been reported in a closely similar system 
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that the mass fractal dimension of both carbon aggregates and agglomerates 
increases from 3.08 to 3.20 and from 2.25 to 3.13 respectively.67-68, 70 On the other, 
the bridging effect or the interparticle association promotes the formation of larger 
agglomerates.80, 133 When Pt also presents (Figure 4.2b), a similar phenomenon can 
be observed with the size distribution extending from 252.9 ± 50.7 nm to 346.6 ± 
120.8 nm. However, due to a significant decrease of the ionomer adsorption rate 
caused by the presence of Pt, the formation of more inhomogeneous particle local 
and global structure and potentially existence of free ionomer in the system can be 
expected.68, 78 

 
Figure 4.2. Hydrodynamic diameter of (a and c) carbon particles and (b and d) 
Pt/C particles, (dash dot) without and (solid) with ionomer, in (a and b) water-
rich and (c and d) IPA-rich dispersions, respectively.  

 

In the IPA-rich environment, ionomer causes seemingly distinct interactions 
with carbon and Pt/C systems, respectively. As shown in Figure 4.2c, the presence 
of the ionomer shifted the size distribution of carbon particles from 264.9 ± 69.48 
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nm to 368.4 ± 88.22 nm, with a coarser lower limit and slightly narrowed peak. 
The observed phenomenon can be attributed to the surface effect of the non-
aggregated bent ionomer backbone on the carbon particles, i.e. mainly patching via 
being adsorbed on most of the entire surface of the carbon particles and rarely 
bridging via being confined in between the carbon surfaces.67, 71, 128 The unlikely 
bridging effect in this case lies in the difficult aggregation of ionomer backbones. 
The adsorption, on the other hand, is greatly favored and consequently leads to 
both densification of the finest particles and steric repulsion in between these 
particles. The result is a finely flocculated but well dispersed particulate system, 
which is supported by the drastically decreased mass fractal dimension (from about 
3.3 to 1.5) shown in a closely similar system.72 Distinguished from the carbon 
system, when Pt presents as shown in Figure 4.2d, the size distribution of the 
particles shifted to a slightly finer direction from 272.0 ± 97.86 nm to 236.4 ± 
76.60 nm. This phenomenon signals accelerated diffusion of the suspending particles 
usually due to enhanced interparticle repulsion. Such repulsion can be attributed 
to the interaction between ionomer sulfonate groups and Pt surface.134 

Consequently, the release of ionic moieties and the adsorption of ionomer 
due to interaction with Pt can result in entropic and steric repulsion, respectively. 
The electrophoretic mobility data in Appendix and the decreased mass fractal 
dimension in a closely similar system support this scenario.72 Therefore, with the 
presence of Pt a highly dispersed particulate system with finest flocs can be 
expected. 

In summary, the ionomer-Pt/C assemblages formed in water-rich and IPA-
rich environment appear to have quite distinct structures. The former tends to 
form a coarsely densified and attractive structure with ionomer adsorbed at the 
outer surface, while the later tends to form finely densified and repulsive structure 
that ionomer possibly covers the entire surface area. Such distinguishable structural 
characteristics will play a critical role in both the growth and evolution of the 
particulate structure—the pristine CL microstructure. 

4.3 The intact structure of ionomer-Pt/C assemblage in concentrated systems—
catalyst inks  

This section aims to elucidate the structure of the ionomer-Pt/C assemblage 
at higher concentration in the form of catalyst inks. The degree of the structural 
growth of the ionomer-Pt/C assemblages in water-rich and IPA-rich environment 
were investigated by measuring phase-related linear viscoelastic properties of the 
dispersions of inorganic particles without and with ionomer respectively.135 The 
results are shown in Figure 4.3. For clarity, the results of ionomer samples are 
shown in the Appendix. 
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Figure 4.3. Frequency-dependent linear viscoelastic properties of concentrated (a 
and c) carbon aggregates and (b and d) Pt/C aggregates, (open) without and (solid) 
with ionomer, in (a and b) water-rich and (c and d) IPA-rich liquid medium, 
respectively. Squares are for elastic modulus, G’ and circle are for viscous modulus, 
G”. The carbon volume fractions and the ionomer concentrations in liquid phase 
remain the same in all the samples. 

In the water-rich environment, the structures of the ionomer-carbon and the 
ionomer-Pt/C assemblage seem to be rather distinguishable exhibiting distinct 
linear viscoelastic properties. As shown in Figure 4.3a, the carbon particle 
dispersion has a nearly constant elastic modulus, G’, which is greater than the 
viscous modulus, G”, demonstrating the viscoelastic characteristics of the space-
filling structure, gel.118 However, the presence of the ionomer brings a drastic 
change to the gel behavior or the carbon system, as G” is more dominant than G’ 
with a crossover at about 0.3 Hz. This result suggests rare crosslinking in the 
structure with discrete substructures that have a relatively long relaxation time. 
Recalling that the ionomer-carbon system is attractive and tends to coarsely densify, 
the discrete substructures can be attributed to dense clusters formed in the system 
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and potentially with large sizes. When Pt presents at carbon surface, the average 
value of G’ increases as shown in Figure 4.3b. With the presence of ionomer, the 
space-filling structure of the Pt/C particles remains but with a lower average value 
of G’, suggesting decreased structural crosslinking which can be attributed to the 
adsorption of ionomer onto Pt/C particles forming clusters that is relatively small 
compared to the ionomer-carbon ones. This is supported by the reported mass 
fractal dimension value is 3.13 for the ionomer-carbon clusters and around 1.4 for 
the ionomer-Pt/C clusters.70, 74 The evident difference between the cluster structure 
formed in the ionomer-carbon system and in the ionomer-Pt/C system can be 
attributed to the presence of Pt at carbon surface, which adds roughness to the 
carbon surface forming finer structure.136 

In the IPA-rich situation, the structural difference between the ionomer-
carbon and the ionomer-Pt/C assemblage seems to be not far. As shown in Figure 
4.3c, the presence of the ionomer on carbon causes the formation of a space-filling 
structure as the G’ of the ionomer-carbon system is dominating and nearly constant. 
The low average value of the G’ of the ionomer-carbon system can be attributed 
to the densification of fine particles and the entropic repulsion in between. When 
Pt also presents, shown in Figure 4.4d, the structural crosslinking increased 
significantly as the average value of the G’ is very close to that of the Pt/C particle 
suspension. The change in the structure can be attributed to weak repulsion 
between fine ionomer-Pt/C particles as a result of Pt presence which increase 
ionomer adsorption and surface roughness. 

At high concentration, both the ionomer-Pt/C assemblages in water-rich 
and IPA-rich catalyst inks grow into space-filling gels. The gel structure of ionomer-
Pt/C assemblages grows from varisized dense clusters in the water-rich system and 
fine repulsive clusters in the IPA-rich system. Note that the surface roughening 
effect caused by the presence of Pt seems to become prominent on the structure of 
the ionomer-Pt/C assemblage.  

4.4 The shear response of the ionomer-Pt/C assemblage in the catalyst ink 

In practice, the ionomer-Pt/C assemblage in the catalyst ink is constantly 
exposed to shear. Hence, profiling the shear response of the ionomer-Pt/C 
assemblages in the catalyst ink is critical. The shear profiles of the ionomer-Pt/C 
assemblages in the water-rich and the IPA-rich catalyst inks are shown in Figure 
4.4. Here the contribution of the ink solvent to the measured shear properties are 
considered to be negligible. As seen in Figure 4.4a, both samples exhibit non-linear 
or non-Newtonian nature indicating the complexity of the inner structures, as their 
viscosities change nonlinearly with the shear rate as seen in Figure 4.4a. Such non-
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Newtonian behavior of these structures can be empirically described by the 
Herschel-Bulkley model:137 

𝜏𝜏 = 𝜏𝜏0 + 𝑘𝑘�̇�𝛾𝑛𝑛                                             (4.4) 

where 𝜏𝜏0 is yield stress (Pa), 𝑘𝑘 is consistency index (Pa sn), n is flow index, �̇�𝛾 is 
the shear rate (1/s), and 𝜏𝜏 is the shear stress (Pa). The measured 𝜏𝜏 − �̇�𝛾  plots and 
the model fitting results of the two samples are further shown in Table 4.2 and 
Figure 4.4b, respectively.  

 

Table 4.2. Herschel-Bulkley model fitting results. 

 
𝜏𝜏0 (Pa) 𝑘𝑘(Pa sn) n 𝑅𝑅2 

Water-rich 11.6 0.923 0.650 0.99997 

IPA-rich 41.4 1.749 0.612 0.99945 

 

In the water-rich catalyst ink, when the shear rate is less than 0.03 1/s the 
ionomer-Pt/C assemblage exhibit a yield stress of 11.6 Pa (Figure 4.4a) resisting 
the shear motion and showing a viscosity plateau (Figure 4.4b). The shear 
resistance can be attributed to the Brownian motion of the structural building 
blocks where yield stress is required to overcome the interparticle forces trapping 
the particles 86, 118. When the shear rate is larger than 0.03 1/s, the structure of 
the ionomer-Pt/C assemblage starts to flow and stress is required to sustain the 
shear motion of the structure, i.e. the rearrangement and alignment of the 
structural building blocks with the shear plane. In this power law region, the 
ionomer-Pt/C assemblage exhibits a shear-thinning nature, as the viscosity 
decreases exponentially with the shear rate. As seen in Table 4.2, the value of n is 
less than one verifying the shear-thinning behavior of the structure. The 𝑘𝑘 value is 
the proportionality of the power law region. A low value means the ease to maintain 
the flow, equivalent to low structural crosslinking. The shear-thinning behavior is 
desirable for catalyst ink processing, as it allows the spreading of catalyst inks into 
thin films.  
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Figure 4.4. a) Steady shear behavior curves of the water-rich and IPA-rich catalyst 
inks. Dot lines are Herschel-Bulkley model fit to data. b) Viscosity as a function of 
shear rate for the water-rich and IPA-rich catalyst inks. 

 

While in the IPA-rich catalyst ink, the ionomer-Pt/C assemblage exhibits a 
yield stress of 41.4 Pa in the Brownian region resisting against the shear flow with 
Brownian viscosity being five times higher than the water-rich one. Strong 
interparticle forces can be expected. As suggested by the values of 𝑘𝑘 and n in the 
Table 4.2, the ionomer-Pt/C assemblage has relatively high extent of structural 
crosslinking and spreadability which can be beneficial in high shear processing. 

High shear processing is commonly employed in transforming catalyst inks 
into CLs. During such a process, the ionomer-Pt/C assemblage in the catalyst ink 
is exposed to shear which provides external hydrodynamic force field promoting 
the motion of the structure building blocks. The implementation of shear exits once 
the wet thin film of pristine CL is deposited. The corresponding structural response 
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of the ionomer-Pt/C assemblage from the catalyst ink can play a critical role in 
the formation of the microstructure of the CL. To investigate the shear-induced 
structural dynamics of the ionomer-Pt/C assemblage, a high shear process was 
simulated as followed. Following a non-disturbing condition, a shear rate of 1000 
1/s is implemented for 10 s, since the typical shear rate of coating process is about 
1000 1/s or even higher.15, 49, 138 Then the shear was removed to observe the time-
dependent shear-free response of the ionomer-Pt/C assemblages from the catalyst 
ink for 300 s. For clarity, the results were normalized based on the shear-thinning 
behavior and shown in Figure 4.5.  

 

 
Figure 4.5. Time-dependent oscillatory viscosities of water-rich and IPA-rich inks 
in response to the simulated processing condition, 1000 1/s for 10 s. 

 

Surprisingly, the ionomer-Pt/C assemblies in the water-rich and IPA-rich 
catalyst ink exhibit distinguishable profiles of shear-induced time-dependent 
response after the removal of the shear. 300 s after the removal, the shear resistance 
of the rearranged ionomer-Pt/C assembly from the water-rich ink reaches 24.9% of 
the original. At the meantime, the ionomer-Pt/C assemblies from the IPA-rich ink 
has contrastingly recovered 98.2% of the shear resistance, which suggests a 
thixotropic nature.139 Shear resistance is important to the structure of the ionomer-
Pt/C assemblies as it prevents the breakage of the percolating network and collapse 
of the pores in the pristine CL. With the chemical environment being the only 
variable in forming these two systems, such prominent difference in the structural 
shear resistance needs to be further understood. 

The time-dependent G’ of the two samples after the shear removal are 
presented in Figure 4.6. As seen, the simulated shear process causes significant loss 
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to the structural crosslinking of the ionomer-Pt/C assemblage from the water-rich 
ink, since G’ of the strained ionomer-Pt/C assemblages recovers only 1.04%, 17.1%, 
20.8%, and 27.3% at 5 s, 30 s, 60 s, and 300 s, respectively. Since the water-rich 
ionomer-Pt/C assemblage is an attractive system, the limited structural recovery 
can thus be attributed to a high extent of agglomeration which certainly is not 
favorable for the pristine microstructure of CL. As for the ionomer-Pt/C 
assemblage from the IPA-rich ink, the G’ recovers to 58.7%, 77.3%, 83.7%, and 
96.3% at 5 s, 30 s, 60 s, and 300 s respectively, suggesting strong ability to rebuild 
the structural linking, which is necessary for preserving the pore structure in the 
pristine CL microstructure.  

 

 
Figure 4.6. Microstructure recovery of water-rich and IPA-rich inks after the 
simulated shear conditions. 

 

4.5 The source of heterogeneity of the hierarchical ionomer-Pt/C skeleton—the 
pristine catalyst layer microstructure  

Thereafter, the solidified structures of the ionomer-Pt/C assemblages in the 
CL thin films are shown in Figure 4.7.  

In the water-rich sample, the solidified particulate structure of ionomer-
Pt/C assemblages is rather coarse and haphazardly embedded with extensive 
bodies of free ionomer (smooth surface) as seen in Figure 4.7a. On one hand, the 
strands of the network are frequently found sparse, randomly oriented, and coarsely 
sized, which lead to widely sized pores and agglomerates (shown in Figure 4.7c and 
Appendix). On the other, the embedded free ionomer pools around the particulate 
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network with glue-like texture and often shows ductile fracture that necks from 
thick bases into elongated threads (Figure 4.7e).  

 
Figure 4.7. FESEM observation on (a and b) overall texture of ionomer-Pt/C 
particulate network, (c and d) strand structure of the network, and (e and f) 
ionomer aggregate morphology and fracture, in pristine CLs made from (a, c and 
e) water-rich and (b, d and f) IPA-rich catalyst inks. The scale bars represent 1 
µm in a and b, 300 nm in c and d, and 200 nm in e and f. 
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In the IPA-rich sample, the particulate network has relatively fine texture 
with free ionomer rarely spotted as seen in Figure 4.7b. The structure of the strands 
tends to be chubby, nearly tetrahedral, and slightly varisized, leading to relatively 
narrow-sized pores and agglomerates (Figure 4.7d). In Figure 4.7f, the barely found 
free ionomer seems to be surrounded by the particulate structure and pulled into 
sheet-like form, which shows brittle type fractures that neck into flimsy strings 
with the base hardly seen.  

The distinct morphological and fracture behavior of the free ionomer 
observed from the water-rich and IPA-rich pristine CLs can be attributed to 
corresponding gelation behaviors which are governed by the solvent composition 
and affinity to the ionomer chains presented in Figure 4.1. In water-rich 
environment, with aggregated backbones ionomer transforms from swollen clusters 
(due to solvated sulfonate group on side chains), condenses into precipitates, and 
further solidifies into hydrophobic semi-crystalline domain and hydrophilic domain 
phase-segregated structure that shows a glue-like texture. Whereas in IPA-rich 
environment, the backbone-solvated ionomer forms elliptical particles which tends 
to solidify into a film with more amorphous structure.67, 91, 140 Thus, when fracture 
occurs the ionomers solidified from the two chemical environments exhibit different 
fracture behavior as the deformation starts with ionic crosslinks in amorphous 
domains and then the semi-crystalline domains.141  

The observed generic characteristics of the network texture and strand 
structure manifesting the global and local structure characteristics can be 
attributed to the synergistic effect between the ionomer adsorption and the Pt/C 
nanoparticle clustering in the liquid phase. Based on the previous discussion on 
data presented in Figure 4.2 and 4.3, the growth of the intact particulate structure 
in the water-rich and IPA-rich system seems to follow different processes. In the 
water-rich system, the aggregated ionomer is adsorbed preferably at the outer 
surface of the Pt/C aggregates and agglomerates through carbon and induces 
flocculation by bridging while the Pt/C aggregates and agglomerates constantly 
evolving, forming coarse clusters.74, 78, 88-89 However, the presence of the Pt in the 
water-rich system not only increases the surface roughness but also alters the 
electronegativity of the surface hampering intra-cluster aggregation and ionomer 
adsorption.68, 78, 136 In the IPA-rich system, the non-aggregated ionomer can be 
easily absorbed on Pt/C particles though carbon forming finely densified clusters. 
With limited solvation, the sulfonate group on the ionomer side chain may also 
interact with Pt and enhance the adsorption. The enhance adsorption can cause 
weak entropic and steric repulsion that make the clustering of the ionomer-Pt/C 
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particles by corrugated locking.142-144 The hypothesized clustering mechanisms for 
the water-rich system and the IPA-rich system are diffusion limited cluster 
aggregation, which forms varisized loose structure and slippery diffusion limited 
cluster aggregation, which forms locally dense elastic space-filling structure 
respectively.145 In short, besides the ionomer conformation, the synergistic effect 
between the ionomer adsorption and the Pt/C nanoparticle clustering gives rise to 
the intact structure of the ionomer-Pt/C assemblage, which later deforms and 
eventually solidifies into the particulate network of the pristine CL.  

Remarkably, the structural transformation to the pristine CL from intact 
ionomer-Pt/C assemblage in the catalyst ink is unneglectably affected by shear, 
especially to the water-rich system. The contrasting shear responses of the water-
rich and IPA-rich ionomer-Pt/C assemblages, shown in Figure 4.5 and 4.6, are 
direct results of their flow properties, which are governed by the cluster structure 
and the intra-cluster forces within the system. As the Herschel-Bulkley model 
fitting results depicted, the water-rich ionomer-Pt/C assemblage exhibits relatively 
weak interparticle force (or neighborhood hinderance), ease of breakage, and 
limited structural connectivity. These structural characteristics indicates a 
structure of coarsely densified and loosely connected clusters surrounded by 
potentially large pools of free liquid. As for the IPA-rich, the ionomer-Pt/C 
assemblage shows relatively strong interparticle force (about four-fold), more ease 
of breakage, and relatively high extent of structural connectivity (nearly double). 
These characteristics correspond to a structure of finely densified and highly 
flocculated clusters surrounded by small pools of bounded liquid. These speculated 
ionomer-Pt/C assemblage structures can be verified by the texture of the catalyst 
ink shown in Appendix. Also, from earlier discussion, the intra-cluster force in the 
water-rich and the IPA-rich system is attractive and repulsive, respectively. 
Therefore, when subjected to the simulated high shear, the water-rich ionomer-
Pt/C assemblage exhibits drastic loss of the structural connectivity and struggles 
to rebuild, whereas the IPA-rich ionomer-Pt/C assemblage loses little structural 
connectivity and regains quickly. Note that this result was observed in the power 
law regime beyond the yielding regime, where the high shear produces strong 
hydrodynamic force field, promoting particle motion and interparticle collision, 
which leads to disintegration of large clusters and integration of small particles 
respectively at the same time.90, 133 Due to the difference in the structure and 
internal force of the ionomer-Pt/C assemblage, high shear can lead to distinct 
restructuring to the water-rich and the IPA-rich systems. In the attractive water-
rich system, shear of 1000 1/s can lead to breakage and interpenetration of loosely 
connected large ionomer-Pt/C clusters, alignment and collision of the small 
particles, and extensive redistribution and local adsorption of the non-adsorbed 
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ionomer, rendering a highly heterogenous structure. While in the repulsive IPA-
rich system, shear of 1000 1/s can lead to disintegration and interpenetration of 
highly flocculated fine ionomer-Pt/C clusters, alignment and relocking of small 
structures, and also extensive redistribution and local adsorption of the non-
adsorbed ionomer, rendering a seemingly homogenous structure. These structures 
then solidify into the microstructure of the pristine CLs, with certain extend of 
shrinkage and potential collapse of the network during the drying process.76, 85, 115 
The abovementioned structure formation processes for the water-rich and IPA-rich 
systems are illustrated in Figure 4.8. 

 

 
Figure 4.8. Schematic diagram of high shear-induced restructuring of ionomer-Pt/C 
assemblages in the water-rich and the IPA-rich catalyst inks. 

 

The distinct spatial distributions of the free ionomer shown in Figure 4.7a 
and b indicate different equilibriums of ionomer adsorption on Pt/C nanoparticles 
in the water-rich and IPA-rich environment, which is supported by the data in 
Figure 4.2. With the same ionomer content, the difference in ionomer adsorption 
equilibrium can be attributed to not only the ionomer conformation and interaction 
with Pt/C nanoparticle surfaces, but more importantly the relative rate between 
the adsorption of the ionomer and the Pt/C nanoparticle growth in the liquid 
environment.133 In the water-rich environment, the backbone-aggregated 
morphology of the ionomer can hamper rapid and massive adsorption on the Pt/C 
particles, disadvantaging the competition with particle growth. This can lead to 
low adsorption equilibrium and low ionomer usage, leaving the non-adsorbed 
especially non-associated ionomer randomly suspending around ionomer-Pt/C 
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assemblage in the system. After experiencing shear and gelation, the suspended 
ionomer eventually solidifies randomly embedded free ionomer in the pristine CL. 
In the IPA-rich case, non-aggregated ionomer can be adsorbed rapidly and 
massively before the Pt/C particles grow extensively, which leads to high 
adsorption equilibrium and high usage of the ionomer with little free ionomer being 
left to suspend around. With the aid of high shear, free ionomer can be absorbed 
rapidly once the non-adsorbed Pt/C surface exposes, leaving less free ionomer 
suspending in the system which is hardly seen in the solidified structure. 

4.6 The formation of the transport-related structural heterogeneity  

It is worthy to point out that the ionomer conformation and interaction 
with Pt/C nanoparticle surfaces also greatly affect the local morphology of the 
ionomer adjacent to catalyst surface and the spatial coverage on Pt/C 
nanoparticles. Besides solid surface condition, the interfacial distribution of 
adsorbed ionomer, associated ionomer, and free ionomer confined during 
solidification to the associated ionomer together set the tone for the spatial 
coverage and local morphology of ionomer nanofilm on Pt/C particles 25, 35, 97. Due 
to the dual property of the ionomer chains, the hydrophobic and hydrophilic 
domain-segregated morphology of this ionomer-rich phase tend to constantly evolve 
around Pt/C surfaces through solidification.93 For the adsorbed water-rich ionomer, 
the aggregated backbones and the highly solvated sulfonate groups on the side 
chain can solidify and form crystallites and ionic domains, which are eventually 
parallel to and in contact with the catalyst surface respectively.113, 146 Moreover, 
the aggregation of the backbone can facilitate non-uniform spatial distribution of 
the ionomer contributing to more heterogeneity in the ionomer phase. As for the 
adsorbed IPA-rich ionomer, non-aggregated backbones and weakly solvated 
sulfonate groups on the side chain tend to solidify and form more amorphous 
structure, which favors uniform surface coverage. Yet, due to strong adsorption on 
Pt/C nanoparticles, thickness of the ionomer phase on the catalyst surface can be 
relatively large compared to the water-rich scenario with the same ionomer 
concentration.  

Consequently, the local structural characteristics of the ionomer phase 
around the catalyst surface and the global structural characteristics of the ionomer-
Pt/C assemblage together governs the transport pathways for not only oxygen but 
also proton, electron, and water in the CL. Despite the seemingly unpreferable local 
and global structural characteristics, the solidified water-rich ionomer-Pt/C 
assemblage has been reported under both dry and wet operating conditions to show 
relatively low resistance for both charge and mass transport, compared to the IPA-
rich one with the same ionomer content.42, 147 This observed phenomenon suggests 
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the complexity lying in the structure-property relationship of the CLs, which 
warrants further study.
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CHAPTER 5  

STRUCTURE AND TRANSPORT RELATIONSHIP OF THE 
CATALYST LAYER 

In the previous chapter, the hierarchical structure of the ionomer-Pt/C 
assemblage was found to be governed by the chemical nature of the liquid medium 
used in the catalyst ink. Considering the environmental impact, the water-rich 
system was employed in this chapter to establish the structure-transport 
relationship of the CL. Since the catalyst ink used in this research is a three-
component system of solvent, ionomer, and Pt/C nanoparticles, the intertwinement 
between these components will be focused. 

In the CL, ionomer is a critical component. It serves as both the binder for 
the inorganic nanoparticles and the ionic pathway for protons. Tuning the ionomer 
weight content in the CL is always a fine art of work, as it affects gas permeability, 
catalytic activity, ionic conductivity, and pore property. Ionomer content in the 
CL is often regulated for optimal performance of the CLs. Recent studies revealed 
that the transport issues of the low-loading and non-PGM CLs arise from non-
uniform spatial distribution and thickness of ionomer covering catalyst surface. 
Understanding these structural characteristics from a fundamental level with 
respect to the fabrication process can provide strategical insights for the CL design.  

In the catalyst ink, the design factor corresponding to the ionomer content 
in the CL is ionomer-to-carbon (I/C) weight ratio, which fundamentally tunes the 
ionomer concentration in the system. The carbon concentration is controlled by 
another formulation parameter, solid content, which is the weight percentage of 
total ink solids including both the inorganic nanoparticles and the ionomer, 
regulating total particle concentration or interparticle distance. In the ink 
formulation process, these two factors, I/C ratio and solid content are commonly 
involved. In particular, I/C ratio has been intensively studied and found to strongly 
impact on the transport resistance by affecting ionomer thin-film morphology and 
the agglomerate size in the CL.148-151 Solid content, which controls the carbon 
concentration, on the other hand, is often overlooked. Based on the literature, 
particle concentration has a dominant impact on the packing of the particulate 
structure.80, 87, 152 This implies that by regulating carbon concentration solid 
content can play a non-trivial role in the formation of the structure of the ionomer-
Pt/C assemblage. In other words, by controlling ionomer concentration and carbon 
concentration, I/C ratio and solid content are expected to have an interdependent 
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effect on the formation of the ionomer-Pt/C assemblage and the structural 
translation to CLs, which can be investigated by the approach from the previous 
chapter to provide a fundamental understanding on the formation of ionomer 
distribution in the CL. It is also rational to hypothesize that I/C ratio and SC have 
a compound effect on the formation of the CL microstructure and consequently the 
transport properties.  

Herein, this chapter attempts to 1) elucidate the roles of the I/C ratio and 
the solid content in the formation of the CL microstructure and 2) demonstrate 
the compound effect of the I/C ratio and the solid content on the mass transport, 
in particular the oxygen transport. Since ionomer/carbon ratio and solid content 
are associated factors, both factors can be studied simultaneously via a two factor-
three level fractional design of experiment. The goal is to provide strategic insights 
for designing and optimizing CL based on structure-process-property relationship.  

 

Table 5.1. Sample code and control parameters. 

Sample I/C ratio Solid content (%) 𝜑𝜑𝑐𝑐 (%) 𝜑𝜑𝑖𝑖 (%) 

IC05SC06 0.5 6.25 1.5 0.96 

IC05SC20 0.5 20.0 5.1 3.95 

IC15SC06 1.5 6.25 1.1 1.96 

IC15SC20 1.5 20.0 3.6 6.84 

IC10SC13 1.0 13.5 2.8 3.60 

 
 
The catalyst inks were made of Pt/C (40 wt.% Pt on Vulcan, JM HiSPEC 

4000), PFSA ionomer (20 wt.% Nafion, Dupont D2020), and water-isopropyl 
alcohol (IPA, HPLC grade, Sigma Aldrich) binary solvent with IPA volume 
fraction of 0.25. The I/C ratio and solid content were controlled ranging from 0.5 
to 1.5 and from 6% to 20%, respectively. The resulting ionomer-Pt/C assemblages 
are labeled based on their design parameters as shown in Table 5.1. Considering 
the physisorption of ionomer at carbon surface in aqueous environments,78 the 
volume fraction of the carbon (𝜑𝜑𝑐𝑐) and the ionomer (𝜑𝜑𝑖𝑖) are also presented in Table 
5.1 for reference. All the samples were prepared by a high-shear mixer (AR-100, 
Thinky USA) operating at 2000 rpm for 4 minutes with 7 zirconia beads (dia. 5 
mm) in a 12 mL ointment container loaded on an adaptor 100AD-NAN-U. The 
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particle size distribution and rheological measurement are the same as the previous 
chapter. In addition to field emission SEM, the CLs were also assembled into MEAs 
for electrochemical measurements following the protocol listed in Table 3.1. 

5.1 The local and global structural characteristics of intact ionomer-Pt/C 
assemblages 

 To elucidate the roles of I/C ratio and solid content in the formation of the 
CL microstructure, the local and global structural characteristics of the ionomer-
Pt/C assemblage with respect to the formation process of the CL microstructure 
was investigated and presented in the following.  

 
Figure 5.1. Hydrodynamic diameter of particles from dilute dispersions of 
corresponding catalyst inks of various I/C ratios and solid contents. 

 

 The size distributions of the particles from various catalyst inks were used 
for understanding the ionomer-Pt/C interaction and the resulting local structure 
of the ionomer-Pt/C assemblage. The data shown in Figure 5.1 demonstrate the 
complexity of the ionomer-Pt/C interaction caused by I/C ratio and solid content. 
As discussed in previous chapter, the local structure of the self-associated ionomer-
Pt/C assemblage is a concurrent result of ionomer aggregation, ionomer adsorption, 
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and particle aggregation, which can be inferred from the size distribution of 
particles in a dilute system. From previous chapter, it was clear that the broaden 
peak of size distribution snapshots ongoing reversible interparticle association due 
to ionomer bridging effect. At high I/C ratio, this phenomenon becomes more 
pronouncing as IC15SC06 and IC15SC15 both exhibit bimodal size distribution, 
which indicates strong aggregation and adsorption of abundant amount of the 
ionomer. For the systems with low I/C ratio, ionomer aggregation seems to give in 
to the adsorption on Pt/C aggregates rendering unimodal size distribution with 
relatively broad peak. On the other hand, the role of the solid content in 
determining the size distribution is not straightforward. As shown in Table 5.1, 
solid content has a closer tie to the carbon volume fraction at low I/C ratio (0.5), 
but more related to the ionomer volume fraction when I/C ratio is relatively high 
(1.5). As shown in Figure 5.1, increasing solid content at a low ionomer 
concentration leads to narrower unimodal size distribution of the ionomer-Pt/C 
assemblage without evident peak shift due to enhanced ionomer adsorption. 
However, in the case of high ionomer concentration, increasing solid content not 
only causes broad bimodal size distribution, but also significant shift of the peaks 
to larger particle sizes, suggesting strong clustering of the particles. 

 

 
Figure 5.2. Herschel-Bulkley parameters of the ionomer-Pt/C assemblages in 
catalyst inks of various I/C ratios and solid contents: (a) apparent yield stress, 𝜎𝜎0 
(Pa), (b) consistency index, k, and (c) flow index, n. 

 

According to the results from the previous chapter, the self-associated water-
rich ionomer-Pt/C assemblage, resulted from the adsorbed ionomer at the outer 
surface of the Pt/C aggregates, is prone to form a coarsely densified structure 
potentially via diffusion limited cluster aggregation mechanism. Therefore, the 
ionomer spatial distribution and the packing of the particulate structure of each 
sample can differ drastically with various I/C ratios and solid contents. The 
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detailed local and global structure of these ionomer-Pt/C assemblages formed by 
each combination of the I/C ratio and solid content are discussed in the later part 
of this section. 

As for the intact global structure of the ionomer-Pt/C assemblages in the 
catalyst inks, the structural characteristics in terms of flow properties were depicted 
by Heschel-Bulkley (HB) parameters, which include apparent yield stress, 𝜎𝜎0 (Pa), 
consistency index, k, and flow index, n. Note that n describes the extent of shear-
thinning nature of the sample when less than 1. The smaller value, the more shear-
thinning. These empirical parameters quantitatively describes the flow properties 
as the results of the internal structure of the complex fluid. Therefore, in this 
chapter, they are used to describe the internal structure of the ionomer-Pt/C 
assemblages in the catalyst inks from three different aspects: 1) 𝜎𝜎0 for the inter-
cluster forces in the Brownian regime, 2) k for the extent of structural crosslinking, 
and 3) n for the intra-cluster strength of the ionomer-Pt/C assemblage in the 
catalyst ink. The effects of I/C ratio and solid content on the HB parameters are 
presented in Figure 5.2.  

As shown in Figure 5.2a, the solid content and I/C ratio affects 𝜎𝜎0 
interdependently. 𝜎𝜎0 is sensitive to the solid content over I/C ratio. In particular, 
at low solid content I/C ratio show very limited effect on 𝜎𝜎0. Such effect of the 
solid content also manifests in the structural crosslinking as shown in Figure 5.2b. 
These results indicate the dominant contribution of Pt/C aggregates to the intra-
cluster strength and the structure crosslinking of the intact global structure. 
Notably, at high solid content both 𝜎𝜎0 and k values decrease with increasing I/C 
ratio, indicating severe structural mediation by ionomer aggregates in between the 
cluster surfaces as 𝜑𝜑𝑖𝑖 is nearly twice 𝜑𝜑𝑐𝑐 (Table 5.1). However, the effects of solid 
content and I/C ratio on n are much more distinct as the n values in Figure 5.2c 
are positively proportional to the I/C ratio, but negatively proportional to the solid 
content. The data show in Figure 5.2c suggest that the intra-cluster force increases 
with increasing I/C ratio and/or decreasing solid content, profiling the extent of 
aggregated ionomer mixing with Pt/C aggregates in the clusters.   

The structural characteristics of the ionomer-Pt/C assemblage are essential 
to the electrochemical and transport properties of the CL, since the structure of 
the ionomer-Pt/C assemblage is the cornerstone of the particulate structure of the 
CL. Specifically, the morphology and connectivity of the Pt/C phase and the 
morphology and the spatial distribution of the ionomer phase  together affect the 
spatial distribution of the electrochemical reaction sites and the connectivity of 
pathways for the reactant and product transport. As the water-rich systems, the 
ionomer-Pt/C assemblages studied in this chapter are attractive systems due to 
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ionomer bridging effect at the outer surfaces and tend to form coarsely densified 
and loosely connected clusters. Based on the hydrodynamic size distribution and 
HB parameters, the local and global intact structure of these ionomer-Pt/C 
assemblages are summarized as follows. 

For IC05SC06, the low concentrations of the ionomer and the Pt/C particles 
does not promote high extent of ionomer aggregation and Pt/C aggregation. The 
broad peak shown in Figure 5.1 indicates the dynamics of reversible particle self-
association, which suggest strong bridging effect of the ionomer aggregates at the 
carbon surface of the Pt/C aggregates.71, 123 The local structure thus is primarily 
the result of strong ionomer adsorption (due to high rate) at the outer carbonaceous 
surface of the Pt/C aggregates, which leads to a local structure of varisized fine 
Pt/C particles with backbone-aggregated ionomer highly infiltrated. The HB 
parameters of IC05SC06 suggest low inter-cluster force (or neighborhood 
hinderance), limited structural crosslinking, and high intra-cluster strength of the 
global intact structure, resembling a highly fractal, weakly connected, and highly 
ionomer-infiltrated particulate structure.   

In the case of IC05SC20, due to the increasing 𝜑𝜑𝑖𝑖 and 𝜑𝜑𝑐𝑐, locally ionomer 
adsorption and Pt/C aggregation are highly promoted as 𝜑𝜑𝑐𝑐 > 𝜑𝜑𝑖𝑖. This situation 
can lead to rapid adsorption of a thin layer of ionomer at the surfaces of the 
clustering Pt/C aggregates, resulting in a narrow size distribution as shown in 
Figure 5.1. Meanwhile, the HB parameter verifies that the global intact structure 
of IC05SC20 owns the highest inter-cluster force, highest extent of structural 
crosslinking, and lowest intra-cluster strength, indicating a highly rigid and 
massively connected particulate network. 

As for IC15SC06, the fact that 𝜑𝜑𝑖𝑖 > 𝜑𝜑𝑐𝑐  favors ionomer aggregation and 
adsorption at local scale. Consequently, separate bodies of ionomer in the system 
can be expected, which is indicated by the tiny peak (<100 nm) in Figure 5.1. On 
the other hand, with the small 𝜑𝜑𝑐𝑐 , Pt/C aggregation can be mediated by the 
aggregated ionomer in addition to ionomer adsorption, leading to the formation of 
fine clusters with free bodies of ionomer around. According to the HB parameters, 
the global structure of IC15SC06 shows low inter-cluster force, limited structural 
crosslinking, and the highest intra-cluster strength, suggesting a soft particulate 
structure highly mediated by ionomer.  

When it comes to IC15SC20, both 𝜑𝜑𝑐𝑐 and 𝜑𝜑𝑖𝑖 increase and 𝜑𝜑𝑖𝑖 is nearly twice 
of 𝜑𝜑𝑐𝑐, in which case although ionomer aggregation, ionomer adsorption, and Pt/C 
aggregation are encouraged at the same time, ionomer aggregation and adsorption 
are expected to be more aggressive, mediating the Pt/C aggregates. Inevitably, as 
described by the broad joint bimodal size distribution in Figure 5.1, two scales of 
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clusters with peak sizes of about 100 nm and 1000 nm, respectively, exist and 
congregate at the same time. Such complex aggregation phenomena can lead to a 
highly heterogenous local structure with large Pt/C aggregates and phase-
separated ionomer aggregates. The HB parameters suggesting moderate inter-
cluster force and structural crosslinking, and relatively low intra-cluster strength 
indicate a global structure of densified cluster with thick layer of adsorbed ionomer 
and free bodies of ionomer.  

5.2 The shear-induced restructuring of the ionomer-Pt/C assemblages and the 
pristine catalyst layers 

The previously mentioned morphological features of the intact ionomer-
Pt/C assemblages provide insights into the hierarchical structure of the pristine 
CL. Nevertheless, the functional ionomer-Pt/C assemblages are the ones that go 
through restructuring due to high shear process, rather than the intact ones 
mentioned above. The electrochemical and transport properties of the restructured 
ionomer-Pt/C assemblages are determined by the restructured morphology of the 
Pt/C phase and the ionomer phase. Therefore, in addition to the flow properties, 
the shear-induced behavior of the global structure of the ionomer-Pt/C assemblage 
in the catalyst inks were also measured to understand the structure change induced 
by the simulated shear application. Since the structure of all the samples were 
characterized to be elastic space-filling gels (constant elastic modulus, G’), only the 
plateau G’ values and shear-induced percentage recovery of G’ are focused and 
presented in Figure 5.3.153  

As shown in Figure 5.3a, the G’ values of the networks depend greatly on 
the solid content, indicating the primary contribution from the rigid Pt/C particles. 
It is also clear that increasing I/C ratio only softens the networks irrespective of 
the solid content, since the G’ value decreases with increasing I/C ratio. Note that 
the G’ value of the intact particulate network in the catalyst ink can change 
drastically due to shear process.  

Figure 5.3b presents the percentage recovery of G’ after a simulated shear 
process of 1000 1/s for 10 s. The percentage recovery of G’ seems to be 
interdependently affected by I/C ratio and solid content. In particular, the samples 
with high solid content exhibit structural resilience to the simulated shear process, 
which can be attributed to the rigid and high connected particulate structure. 
However, a high I/C ratio at low solid content (IC15SC06) provides limited 
structural resilience to the simulated shear process, potentially due to high extent 
of ionomer infiltration in the system.  
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Figure 5.3. (a) Elastic modulus, G’, of the intact global structure of the ionomer-
Pt/C assemblage in the catalyst inks of various I/C ratios and solid contents. (b) 
Percentage recovery of G’ of the sample structure from applied shear of 1000 1/s 
for 10 s as a simulated coating process. 

Specifically, as the data in Figure 5.3b suggested, most of the ionomer-Pt/C 
assemblages in the catalyst ink recovers less than 80%, meaning a considerable loss 
of the percolating structure. After being subjected to the simulated shear condition 
of 1000 1/s for 10 s, only IC15SC20 is free from loss of elastic connectivity while 
the others have lost certain extent of the elastic response after the restructuring. 
The loss of the elasticity of the ionomer-Pt/C assemblage in the catalyst inks can 
be attributed to spatially redistribution of the ionomer when subjected to high  
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Figure 5.4. FESEM images of the pristine catalyst layers of various I/C ratios and 
solid contents: a. IC05SC06; a’. IC05SC20; b. IC15SC06; b’. IC15SC20; c. 
IC10SC13. The scale bars represent 100 nm. 

 

shear. Due to the attractive nature of the assemblages, it is rational that the 
restructuring favors coalescence due to ionomer aggregation and adsorption, which 
can lead to interpenetrated clusters or densified agglomerates.75, 153 This explains 
the distinct percentage recovery of G’ for IC15SC06 and IC15SC20, as the 
adsorption equilibrium of ionomer on the carbon surface depends on both the 
surface area and surface roughness.68-69 In the case of IC15SC20, the recovery 
overshoot is attributed to depletion repulsion caused by redundant ionomer in the 
system. Based on present explanation, it seems that the global particulate structure 
has a lower bound on the connectivity below which restructuring of local structure 
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into a more compact one is inevitable. This speculation agrees with the analysis in 
the literature, where the lower bound in terms of fractal dimension was found to 
be 2.4 for fully developed clusters.154 In other words, for the attractive ionomer-
Pt/C system in this study, high shear promotes interpenetration of clusters mainly 
as a result of ionomer redistribution, adsorption, and aggregation. The 
electrochemical and transport properties of the CL would highly depend on the 
phase-segregated morphology of the restructured ionomer-Pt/C particulate 
structure. 

Figure 5.4 presents the FESEM images of the pristine CLs. Apart from the 
evident bodies of free ionomer at high I/C ratio shown in Figure 5.4b and 4b’, it is 
clear that the texture of the particulate network becomes densified with more 
structural crosslinking as the solid content increases. The observed structural 
densification caused by high solid content agrees with the simulation in the 
reference that for an attractive system high volume fraction of the solid particles 
produces more spatially homogenous gels.152 The observed morphological 
characteristics of the CLs agree with previous discussion on the global structural 
characteristics of the ionomer-Pt/C assemblages in the catalyst inks. 

5.3 Transport properties of the catalyst layers 

 A detailed portrayal of the roles of I/C ratio and solid content on the 
transport properties extracted from the fuel cell diagnosis measurements are 
presented in Figure 5.5. To avoid the complexity caused by the relative humidity 
(RH), ECSA and 𝑅𝑅𝐻𝐻+ were measured under wet condition while 𝑅𝑅𝑂𝑂2

𝑝𝑝,𝑑𝑑 and 𝑅𝑅𝑂𝑂2
𝑝𝑝,𝑖𝑖 were 

measured under dry condition. As shown in Figure 5.5a, ECSA is more of 
dependence on I/C ratio but becomes sensitive to solid content when I/C ratio is 
lower than 0.6. This observation is rather important because it suggest that more 
reaction sites can be achieved by using low I/C ratio with high solid content. 
However, to minimize 𝑅𝑅𝐻𝐻+ a moderate I/C ratio and solid content no greater than 
12% would be preferred as suggested in Figure 5.5b, where shows that 𝑅𝑅𝐻𝐻+  is 
surprisingly sensitive to solid content. More surprisingly, as shown in Figure 5.5c 
and 5d, both 𝑅𝑅𝑂𝑂2

𝑝𝑝,𝑑𝑑 and 𝑅𝑅𝑂𝑂2
𝑝𝑝,𝑖𝑖 depend on not only I/C ratio but also solid content. It 

is well understood that high I/C ratio tends to result in surplus ionomer embedding 
in the CL microstructure hampering oxygen transport.91 However, the 
interdependent roles of solid content and I/C ratio in affecting oxygen transport to 
our best knowledge is first time revealed. The correlations between the desirable 
transport properties and the structural characteristics of the ionomer-Pt/C 
assemblage are discussed in the following. 
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Figure 5.5. Contour plots of (a) electrochemically active surface area, ECSA, (b) 
proton transport resistance,  𝑅𝑅𝐻𝐻+ , (c) pressure-dependent oxygen transport 
resistance, 𝑅𝑅𝑂𝑂2

𝑝𝑝,𝑑𝑑, which in this study excludes the transport resistance in the flow 
channels and corresponds to the value measured at 300 kPa, and (d) pressure-
independent oxygen transport resistance, 𝑅𝑅𝑂𝑂2

𝑝𝑝,𝑖𝑖, as functions of both I/C ratio and 
solid content. 

 

The ECSA profile based on the measured data associates directly with the 
particulate structures of the CLs. Since the same amount of the Pt catalyst is used 
in the measured CLs, the variation of the ECSA value can only attributed to the 
difference of accessible ionomer|Pt interface in the ionomer-Pt/C skeleton of the 
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CLs. According to Figure 5.5 and previous discussion on the ionomer-Pt/C 
assemblages in the catalyst inks, the desirable high value of ECSA can be achieved 
by a structure with more particulate connectivity with low ionomer content. 
However, the proton transport favors high ionomer content for ionic rather than 
particulate connectivity. Such a dilemma highlights the nature of heterogenous 
catalysis and the complexity of corresponding multiphase transport phenomena.  

As for oxygen transport, both 𝑅𝑅𝑂𝑂2
𝑝𝑝,𝑑𝑑 and 𝑅𝑅𝑂𝑂2

𝑝𝑝,𝑖𝑖 reach minima where the solid 
content and I/C ratio are moderate. 𝑅𝑅𝑂𝑂2

𝑝𝑝,𝑑𝑑  is the resistance related to oxygen 
diffusion in the bulk regime, where Fickian diffusion dominates in certain pores, of 
which the mean pore diameter is larger than the mean free path of the oxygen 
molecules (38.46-39.58 nm, 70-80°C, 300 kPa). The ionomer-Pt/C assemblage in a 
catalyst ink provides minimal values of 𝑅𝑅𝑂𝑂2

𝑝𝑝,𝑑𝑑 featuring combined characteristics of 
IC05SC06 and IC10SC13, including low inter-cluster force, moderate structure 
crosslinking, low intra-cluster strength, and relatively high rigidity. Namely, the 
oxygen diffusion in bulk regime favors percolating pores (dia. >> 40 nm) formed 
by highly connected and mechanically stable particulate structure.  

As for 𝑅𝑅𝑂𝑂2
𝑝𝑝,𝑖𝑖 , it is the resistance associated to 1) oxygen diffusion in the small 

pores where Knudsen diffusion dominates and 2) oxygen diffusion through ionomer 
and/or water vapor. As mentioned earlier, 𝑅𝑅𝑂𝑂2

𝑝𝑝,𝑖𝑖  is sensitive to the geometrical 
details of the particulate structure. On one hand, oxygen self-diffusion in the 
Knudsen regime can be significantly hindered by the tortuosity and roughness of 
the pathways. On the other, the resistance caused by oxygen permeation through 
ionomer is greatly affected by the spatial distribution of the ionomer phase in the 
particulate structure. Therefore, the non-pressure driven oxygen transport would 
favor the particulate structures with high connectivity (small fractal dimension and 
long strands) and limited ionomer presence. The ionomer-Pt/C structure in the 
catalyst ink with low inter-cluster force, high extent of structural crosslinking, low 
intra-cluster strength, and high rigidity would be preferred. 

5.4 Fuel cell performance of the catalyst layers 

 It is known that the presence of liquid water has complex effects on the mass 
transport in the CL. Experimentally, the presence of liquid water can be controlled 
by regulating the RH and the operating temperature. Polarization curves measured 
under water condensation-free or dry condition and water condensation-promoting 
or wet condition are referred as dry polarization curves and wet polarization curves, 
respectively. RH has been found to influence the proton transport, oxygen transport, 
and the ECSA.110, 155-156 Hence, the effect of I/C ratio and solid content on both 
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the dry and the wet polarization curves are shown in Figure 5.6 and 5.7, 
respectively.   

 

Figure 5.6. (a) Uncorrected H2/air dry polarization curves of MEAs with various 
cathodic catalyst layers and corresponding high frequency resistance (HFR). (b) 
HFR-corrected H2/air dry polarization curves.  

 

 Under dry condition, as shown in Figure 5.6a, the polarization curves in the 
mass transport regime, where the current density is larger than 1.25 A/cm2, shows 
a predominant nonlinear dependency on I/C ratio. This dependency can be 
attributed to the roles of the ionomer in hampering oxygen transport and masking 
reaction sites. With HFR corrected, Figure 5.6b further shows the predominant 
influence of I/C ratio on the dry polarization curves, not only the mass transport 
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but also the proton transport. Especially for the samples of high I/C ratio, the 
onset of mass transport starts at a surprisingly low current density of 0.7 A/cm2. 
Under such a dry condition, the slight effect of solid content on the mass transport 
is almost negligible. 

 
Figure 5.7. (a) Uncorrected H2/air wet polarization curves of MEAs with various 
cathodic catalyst layers and corresponding high frequency resistance (HFR). (b) 
HFR-corrected H2/air wet polarization curves.  

 

 Interestingly, under wet condition (Figure 5.7a), the onset of mass transport 
shifts to a larger current density about 2 A/cm2; the I/C ratio-dependency of the 
mass transport remains dominant; however, an evident influence of the solid 
content appears in the samples of low I/C ratio; also, low solid content seems to 
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promote mass transport. The mass transport is most promoted by a combination 
of low solid content (6.25%) and low I/C ratio (0.5). These observations suggest a 
compound effect of the I/C ratio and solid content on mass transport under wet 
condition. HFR-corrected wet polarization curves in Figure 5.7b show no drastic 
change in the mass transport regime. Notably, in the activation regime between 0 
and 0.25 A/cm2 high solid content seems to play a positive role.  

 The results presented in Figure 5.5 and Figure 5.7 certainly verify the RH 
dependence of the transport phenomena. Clearly, under dry condition, proton 
transport seems to be more critical to the cell performance than oxygen transport. 
Indeed, under dry condition proton transport in the ionomer ionic channels 
becomes hindered as a sufficient amount of water is required for protons to 
effectively hop around the sulfonate groups at ionomer side chain.157 This hindered 
proton transport further impedes oxygen transport. It is also surprising to observe 
the effect of solid content on the mass transport, which becomes more evident 
under wet condition.  

Based on the RH dependence of the polarization curves, it is clear that 
particulate networks with sufficient ionic pathways and more importantly with 
mechanically stable and highly fractal long strands would facilitate the mass 
transport at high current density. 
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CHAPTER 6  

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

The first part of the research qualitatively investigated the structural 
translation of ionomer-Pt/C nanoparticle assemblage into pristine CL and the 
origin of the heterogeneous characteristics of the hierarchical microstructure of 
suspension-cast CLs using water-isopropyl alcohol (IPA) as the chemical 
environments or fluid systems.  

The structures of ionomer-Pt/C assemblages in dilute and concentrated 
systems depict two distinct hierarchical self-assembling processes, relying on the 
chemical environments. In the water-rich system, the backbone-aggregated ionomer 
is adsorbed limitedly and preferably at the outer surface of the Pt/C nanoparticles 
through carbon and induces bridging flocculation while the Pt/C nanoparticles 
constantly growing and evolving, resulting in a structure of coarsely densified and 
loosely connected ionomer-Pt/C clusters surrounded with potentially large pools of 
free liquid. In the IPA-rich system, the non-aggregated ionomer can be massively 
and easily absorbed on Pt/C particles though both carbon and catalyst forming 
finely densified clusters before the Pt/C particles grow extensively, leading to a 
structure of finely densified and highly flocculated clusters surrounded by small 
pools of bounded liquid. The impact of the chemical environment on the flow 
property of the intact structure of the ionomer-Pt/C assemblage is profound and 
significant as suggested by Herschel-Bulkley model fitting results. Compared to the 
water-rich ionomer-Pt/C assemblage, the IPA-rich showed four-time interparticle 
strength, nearly twice structural connectivity, and higher spreadability. 

Remarkably, the shear-induced structural response of the ionomer-Pt/C 
assemblage in the catalyst ink discloses the unneglectable role of shear in the 
structural translation into the pristine CL, also depending on the chemical 
environments or fluid systems. When subjected to high shear, the water-rich 
ionomer-Pt/C assemblage with weakly attractive interparticle force (or 
neighborhood hinderance), ease of breakage, and limited structural connectivity, 
shows drastic loss of the structural connectivity, and struggles to rebuild; while the 
IPA-rich ionomer-Pt/C assemblage with weakly repulsive interparticle force, more 
ease of breakage, and relatively high extent of structural connectivity, loses little 
structural connectivity and rebuilds three times as fast as the water-rich system.  
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This strong correlation established in the structural translation of the intact 
ionomer-Pt/C assemblage into the pristine CL unveils that the very source of the 
multiscale heterogeneity in the hierarchical microstructure of CL roots in not only 
the affinities of the chemical environment to the ionomer and the Pt/C 
nanoparticles, but perhaps the most overlooked, the shear exerted on the ionomer-
Pt/C assemblage during ink processing and casting. High shear can agitate and 
even degrade the structure of the ionomer-Pt/C assemblage, i.e. the precursor of 
the CL.  

The revealed structural self-assembling process of ionomer-Pt/C assemblage 
suggests the observed heterogeneous structural phenomena in the CL 
microstructure are strongly related to the ionomer conformation and the competing 
relationship between the ionomer adsorption and the Pt/C particle growth, 
depending on the chemical environment or liquid system. The hypothetical growth 
mechanisms are diffusion limited cluster aggregation and slippery diffusion limited 
cluster aggregation for the water-rich and the IPA-rich ionomer-Pt/C assemblages, 
respectively. To improve the structural heterogeneous phenomena (including the 
local anisotropic morphology of ionomer adjacent to catalyst surface, the non-
uniform ionomer coverage on Pt/C, the inhomogeneous spatial distribution of 
ionomer and pores, and the large agglomerates present in the microstructure of the 
CL), the ionomer conformation and adsorption, the Pt/C nanoparticle growth, and 
the shear all needs to be precisely controlled to produce the CL with tailored 
structure-functionality relationship. 

Additionally, the distinct structural discrepancy between the ionomer-
carbon assemblage and the ionomer-Pt/C assemblage in both water-rich and IPA-
rich system suggests when using ionomer-carbon assemblage to approximate 
ionomer-Pt/C assemblage in both dilute and concentrated systems additional care 
should be taken. 

 The second part of the research qualitatively explored the effect of the I/C 
ratio and the solid content on the formation-structure-functionality relationship of 
the CLs. The RH-dependent polarization curves and the data of fuel cell diagnosis 
measurements demonstrated the compound effect of I/C ratio and solid content on 
the mass transport, especially on the oxygen transport. Oxygen transport resistance 
can be minimized by using I/C ratio of 0.6-1.0 and solid content of 9-13 wt.%. 
However, only minimizing oxygen transport does not guarantee improved mass 
transport, especially when liquid water presents. The non-destructive 
hydrodynamic size distribution and rheological measurements were employed to 
elucidate the roles of the I/C ratio and the solid content in the formation of the 
CL structure. By analyzing the local and global structure of ionomer-Pt/C 
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assemblages in the catalyst inks, I/C ratio and solid content were found to affect 
the competition between homoaggregation and heteroaggregation, the inter- and 
intra-cluster strengths, and the rigidity and connectivity of the particulate 
structure. Also, the simulated high shear application tends to reduce the 
connectivity of the particulate network and induce the densification of the clusters, 
unless the global structure is mechanically stable and resilient. For the attractive 
ionomer-Pt/C system in this part of the study, high shear promotes densification 
of the structure mainly as a result of ionomer redistribution, adsorption, and 
aggregation. In the catalyst ink, a gel structure with high extent of structure 
crosslinking, low inter- and intra-cluster strengths, and sufficient rigidity would 
produce ionomer-Pt/C assemblage with optimal electrochemical and transport 
properties. Despite many limitations in this work, overall, the results suggest that 
CLs with sufficient ionic pathways and more importantly with mechanically stable 
and highly fractal long particulate strands would facilitate the mass transport at 
high current densities.  

6.2 Future work 

Voltage loss at high current density due to diffusion type mass transport is 
related to heterogeneous microstructure of low-loading CLs.25-27 One side, ionomer’s 
role in agglomerate formation leads to heterogeneity in size and composition of 
agglomerates, which affects utilization of the catalyst and local transport condition 
related to pore property.27-29, 148 On the other side, the interplay between porosity 
and thickness of CL also contributes to mass transport issue.31 Understanding the 
transformation of colloids in the catalyst ink to the agglomerates in the CL will 
facilitate design of desired microstructure for low-loading CLs. Literatures have 
validated that tuning ionomer/catalyst interfacial design improves fuel cell 
performance.25, 158  

Based on learnings from the last two studies, this study attempts to address 
transport issue caused by heterogeneous nature of agglomerates formed from ink 
colloids. Pt/C catalysts with two types of support surface geometry will be used. 
Size and charge of the ink colloids will be characterized by dynamic light scattering 
and electrophoretic light scattering. Rheological property will be investigated at 
the gap of coating thickness for low-loading CLs. Microstructure change of catalyst 
inks due to coating process will be investigated by incorporating a simulated shear 
condition. Field emission SEM will be used to observe the agglomerates in the CL. 
Thickness of the CLs will also be measured by SEM from cross-section and will be 
used to estimate porosity. Surface roughness will be characterized by profilometer. 
Contact angle will be measured to monitor surface property for water management. 
All CLs will be assembled into MEAs to characterize electrochemical properties. In 
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addition to standard polarization curve and AC impedance measurements, various 
fuel cell diagnostic tests will be carried out to derive properties that are related to 
agglomerate heterogeneity, ionomer distribution and ionomer/Pt interface and pore 
property. The electrochemically active surface area of the cathode will be measured 
via cyclic voltammetry to calculate electrode roughness factor. The local transport 
property at ionomer/Pt interface will be derived from limiting current 
measurements under both dry and wet conditions. Proton resistance related to 
ionomer distribution in the CL can be derived from AC impedance. Pore property 
for water management can be gauged by limiting current measurement under both 
wet and dry condition.  

An improved design of experiment, a factorial mixture design will be 
adopted into this study. A simple manipulation of the ink colloids will be carried 
out by varying pH of aqueous catalyst inks.  

As for PGM-free CLs, due to low mass activity comparing to PGM catalyst, 
the CLs are often 20 times thicker which leads to sever mass transport loss at high 
current density. Mass transport due to ionomer distribution, ionomer/catalyst 
interface, agglomerate heterogeneity can be tuned with the aid of colloid science, 
rheology, and fuel cell diagnostics. 
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APPENDIX 

 

Figure A.1. 19F NMR spectra of Nafion ionomer in water/IPA mixture of various 

IPA volume fractions. 

 
Figure A.2. Frequency-dependent linear viscoelastic properties of concentrated 
ionomer, in (a) water-rich and (b) IPA-rich liquid medium, respectively. Squares 
are for elastic modulus, G’ and circle are for viscous modulus, G”. The ionomer 
concentrations in liquid phase remain the same as 61.5 mg/mL liquid. 
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Figure A.3. Structural change due to prolonged exposure (>60 s) to high shear 
(1000 1/s) of the ionomer-PGM/C assemblages in both water-rich and IPA-rich 
environments.  

 

 

Figure A.4. Cross-section FIB-SEM images of water-rich (left) and IPA-rich 

(right) pristine catalyst layers. 
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Table A.1. Dynamic light scattering and electrophoretic light scattering data. 

Sample Zpeak (nm) Zavg 
(nm) 

PDI Electrophoresis 
Mobility 
(µm·cm/V·s) 

Conductivity 
(mS/cm) 

Water-rich      
i_25 86.01 ± 

29.23 
72.07 0.244 -0.4190 ± 0.02797 0.00126 

C_25 233.4 ± 
55.42 

217.4 0.114 -0.6108 ± 0.01597 0.00211 

i-C_25 335.8 ± 
127.3 

294.5 0.128 -1.224 ± 0.01990 0.00191 

Pt/C_25 252.9 ± 
50.70 

236.7 0.127 -0.6849 ± 0.02441 0.00136 

i-Pt/C_25 346.6 ± 
120.8 

305.4 0.174 -1.117 ± 0.04352 0.00233 

IPA-rich      
i_25 166.3 ± 

47.69 
170.7 1 -0.1434 ± 0.01294 0.00058 

C_25 264.9 ± 
69.48 

246.6 0.048 -0.2747 ± 0.003137 0.00297 

i-C_25 368.4 ± 
88.22 

347.7 0.041 -0.3653 ± 0.01111 0.00169 

Pt/C_25 272.0 ± 
97.86 

246.0 0.134 -0.2642 ± 0.006326 0.00249 

i-Pt/C_25 236.4 ± 
76.60 

224.7 0.183 -0.2084 ± 0.01061 0.00332 
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