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ABSTRACT

Limited resources of fossil fuels and climate change left human beings with no choice
but to seek alternate clean energy providers. Green hydrogen is one of the strong candi-
dates toward electrification. Proton exchange membrane fuel cell (PEMFC) is a device that
converts chemical energy stored in hydrogen to electricity with water and heat as the only
byproducts. PEMFC is a multi-component system with all kinds of mass, heat, electron,
and ion transport physics included in its operation. Diffusion through porous media, mainly
when liquid water is generated at high current densities, is challenging. A porous carbon-
based gas diffusion media (GDM) is in charge of reactant transfer to the catalyst layer to
fulfill electrochemical reactions and electron generation. Precise control of the heterogeneous
microstructure of the porous media is one of the major materials engineering challenges to
enhance mass transport in the fuel cell. Two porous components in PEMFC with the most
heterogeneous microstructures are built upon assembly of carbon or catalyst supported on
carbon agglomerates. These components are the micro-porous layer (MPL) in the diffusion
media and the catalyst layer. MPL and catalyst layers are fabricated by deposition of a
thin film of their precursor slurry (ink), which is a complex fluid. Significant interactions
occurring during the formulation, mixing, and deposition of the precursor materials dictate
the final properties and microstructure of the porous structure. Regarding the catalyst layer,
optimization of the microstructure through ink materials engineering could lead to more cat-
alyst utilization. Hence, a lower amount of precious platinum (catalyst) is needed to reach a
particular performance in the PEMFC. This study employs a bottom-up approach to study
the microstructure of the carbon network formed in ink as a function formulation and its
evolution during the high shear deposition process. Finally, the findings are correlated to
the in-situ fuel cell performance and oxygen transport resistance of the components in the
PEMFC. For MPL, optimum formulation parameters and novel porous media using additives
are introduced. A new approach is used to elucidate interparticle interactions in catalyst
ink from the simultaneous response of the structure to mechanical shear forces and small

alternating current (AC) perturbation.
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Chapter 1

INTRODUCTION

Transportation section accounts for 27% of the total greenhouse gas emission in the
US [1]. By moving toward sustainable clean energy-supplied society, there is a need for the
internal combustion engine (ICE) and fossil fuel to be replaced with zero-emission technology.
Hence, lithium-ion batteries are successfully employed in light-duty vehicles. However, due
to the low gravimetric energy density, Li-ion batteries cannot support the long-range power
supply of heavy-duty vehicles. 20% of transportation emission is produced by medium
and heavy-duty vehicles, while they account for less than 5% of the total vehicles on the
road [2]. The growing hydrogen economy is a key solution to address long-range scaled-
up transportation challenges by means of hydrogen-powered fuel cells with high energy per
mass. Unlike batteries and similar to the conventional ICE vehicles, energy storage and
generation units are separated in fuel cell cars. This feature provides the advantage of size
and range adaption as well as fast refueling. The proposed technology for fuel cell electric
vehicles (FCEV) is supported by proton exchange membrane fuel cell (PEMFC). The current
dissertation is aimed to address critical material related operational challenges that hinder

PEMFC from vast commercialization.

1.1 Proton exchange membrane fuel cell

PEMFC is a device that converts chemical energy stored in hydrogen to electricity
via electrochemical reactions, with water and heat as the only byproducts. General working
principle of PEMFC is shown in Figure 1.1. Hydrogen enters the cell from anode inlet and
splits into proton (H') and electron (e™) via hydrogen oxidation reaction (HOR, Equation
1.1). Proton and electron are transported from anode to cathode through the membrane and
an external circuit, respectively. On the cathode side, oxygen enters the cell and participates
in the oxygen reduction reaction (ORR, Equation 1.2) to finish the cycle and generate heat

and water. The net reaction is shown in Equation 1.3.



Anodic Catalyst Cathodic Catalyst
Layer (o] Layer

Anode Plate Cathode Plate
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H,0

Figure 1.1: Schematic drawing of PEMFC working principle[3].

Hy(g) — 2H" +2e¢~ ,HOR (1.1)
1
1
Hs (g) + B O3 (g) — H,0 (1), Net reaction (1.3)

PEMFC is composed of several components sandwiched together to provide operation
requirements, which are mass, heat, and electron transfer. Detailed structure of PEMFC
is shown in Figure 1.2. Anode and cathode components are symmetrical with respect to a
proton exchange membrane at the center. Next to the membrane on each side, there is a
catalyst layer followed by gas diffusion media (GDM), and flow fields. Both catalyst layer
and GDM have porous carbon-based structures to regulate mass transport in PEMFC. The
ultimate goal of a PEMFC is to generate high current with low voltage loss penalty. In order
to achieve this goal optimization of the porous structure (catalyst layer and GDM) in the

fuel cell have been one of the main research targets and focus of this dissertation.
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Figure 1.2: Detailed schematic of proton exchange membrane fuel cell components. Figure
is generated from references [4-6].

1.2 Porous structure in the PEMFC
1.2.1 Gas diffusion media

Gas diffusion media has a double layer structure where a fibrous macroporous sub-
strate (MPS) is coated by a carbon-based microporous layer (MPL). GDM’s main functions
are: 1) Diffusive transport of reactant gas to the catalyst layer, 2) discharge of the excess
water, 3) mechanical support against compression force from cell assembly, and 4) heat and
electron conduction. One of the main obstacles in the way of high power generation by the
fuel cell is cell flooding due to water accumulation in the catalyst layer and diffusion media,
which hinders reactant gas supply and available electrochemically active surface area. En-
hancement of GDM mass transport management requires a fundamental understanding of
its microstructure’s morphology and physical properties, which are governed by its material
and design parameters [7, 8]. MPS has large pore size (10-100 pm) [9] , which results in
low capillary pressure (Equation 1.4) and water can easily accumulates in the pores. Thus

MPL with an intermediate pore size (50-200 nm)[10] is implemented between catalyst layer



(pore size < 50 nm) and MPS to improve water management[11-14]. Capillary pressure is
calculated using Young-Laplace equation (Eq.1.4), where P, is the capillary force, v is liquid
gas surface tension, @ is the contact angle (> 90" for hydrophobic surfaces), and r is the pore

radius.
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Both MPS and MPL are wet-proofed to some degree by using polytetrafluoroethylene
(PTFE) impregnation. Research on material and design improvement of MPS is advanced,
and several reliable commercial products are available. Hence, MPL optimization is a key
to improving the overall GDM’s water management. Heterogeneous microstructure of MPL
regulates water by limiting its intrusion into specific locations at the MPL-CL interface while
keeping the rest of the pores open for gas transport [11, 15]. Other functions of the MPL
include: 1) providing support to the membrane and catalyst layer [16], 2) preventing catalyst
penetration into the MPS macropores for catalyst coated diffusion media [17], 3) protecting
the membrane from the carbon fibers in the MPS, and 4) decreasing electrical and thermal
contact resistance between the catalyst layer and MPS [18]. MPL properties such as porosity,
pore size distribution, hydrophobicity /hydrophilicity, and thickness have been optimization
targets to address water management in this layer. Most of these properties stem from the
material and formulation of the MPL ink, a complex fluid composed of carbon black, PTFE,
and solvent. Assembly of agglomerates formed in the MPL ink and their shrinkage determines
pore morphology of MPL [19]. Ink deposition methods, including coating, spraying, and
screen printing [20] apply high shear forces to the agglomerates, which can affect the state
of structure percolation in the final MPL. Further, carbon agglomerates in the MPL ink can
be less than 1 micron and penetrate through the macro pores of MPS to form a transitional
layer. The depth and amount of MPL penetration, which is a function of the MPL carbon
type, hydrophobic agent, ink flow properties, and manufacturing process, has a significant
effect on the transport properties of the GDM [7]. Both MPLs agglomerate size and its
ability to penetrate the MPS can drastically affect mass transport properties of the GDM.
Kinetics of aggregation, which is mainly driven by ink materials and mixing method, can
be quantified through the study of flow properties of matter or rheology. Further, ink
formulation variables like the total solid content or PTFE loading need to be optimized
through a systematic understanding of the influence of these parameters on the kinetics of

aggregation.



1.2.2 Catalyst layer

Membrane electrode assembly (MEA) is attributed to the combination of the anode
and cathode catalyst layer with a membrane in between. MEA is the heart of the PEMFC,
where all electrochemical reactions take place. Similar to the MPL, the catalyst layer is fab-
ricated through ink casting. Agglomerates of platinum-carbon (Pt/C, catalyst) covered by
a proton conductive polymer (ionomer) are the catalyst ink’s main components, forming the
catalyst layer. Catalyst itself is a powder of nano size (2-5 nm) platinum (Pt) distributed on
the carbon surface (70 nm particles). High cost of Pt is known as one of the major barriers to
fuel cell commercialization [21]. Among the two reactions that occur in PEMFC, HOR and
ORR (Equations 1.1 & 1.2), ORR has the slowest kinetics, which requires more catalyst to
retain acceptable performance [22, 23]. One approach to reducing electrode cost is to under-
stand and optimize microstructure of the catalyst layer such that maximum platinum usage
and low mass transport resistance are gained. In that case, high performance can be achieved
by low loading of catalyst. It is essential to express that not all the catalysts utilized in ink
and the final catalyst layer will be available for electrochemical reactions. Electrochemical
reactions take place only in specific locations where three pathways of electron, proton, and
gas transport are available. These locations are named triple phase boundary (TPB, Figure
1.3).The electronic conductivity is provided by the agglomerated network of carbon support
as well as Pt. A layer of ionomer, in contact with Pt, provides the proton (H") conductivity.

Reactant supply is through the porous microstructure of the catalyst layer.
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Figure 1.3: Schematic drawing of the triple phase boundary, where three pathways of proton,
electron, and gas transport are available.

In order to tune up catalyst layer microstructure, a fundamental understanding of the
interactions between its constituent material is required [24-26]. Most important interactions

such as catalyst agglomerate formation, ionomer-Pt, and ionomer-carbon interactions take



place in catalyst ink formulation and processing all the way to its casting as a thin film [27,
28]. Formulation participating factors in the formation of ink’s microstructure are: 1) solvent
formulation, 4) total solid content, 5) carbon/solvent weight ratio, and 6) ionomer/carbon
weight ratio. The most common solvents used in catalyst ink formulation are water, isopropyl
alcohol, and n-propanol (NPA), which in most cases, a mixture of water and alcohol is
used. Catalyst and ionomer have different interactions and conformation in water-rich versus
alcohol rich solvents [29-32]. Ionomer is a polymer with a hydrophobic PTFE backbone and
side chains of hydrophilic sulfonic acid [33], which can get various conformations in water-rich
versus alcohol-rich solvents. Carbon support of catalyst is hydrophobic and can be dispersed
to smaller agglomerate sizes in alcohol rich environment. On the other hand, ionomer tends
to interact with carbon support from its hydrophobic backbone and the solvent through its
hydrophilic tails. Besides solvent formulation, the total amounts of solid particles (Ionomer
+ Pt/C) in the solvent greatly impact the kinetics and state of agglomerate formation.
Most of the catalyst aggregation is due to the attractive forces among carbon particles that
can managed by the dispersing ability of solvent and the carbon concentration. At last,
ionomer/carbon ratio was found to be one of the most impactful interactions that affects
both the ionomer and Pt/C network in the ink as well as mass transport, proton conductivity,
and performance of the catalyst layer in the fuel cell. Thus, it can be inferred that reaching
an optimum condition where small coherent agglomerates of Pt/C, surrounded by a uniform
and yet not a thick layer of ionomer coverage, is challenging. On top of all the ink formulation
complexity, the shear forces from the coating process should be considered in determining

the final microstructure of the thin film.

1.3 Scope of research

Two of the most critical components in a PEMFC, microporous layer and catalyst
layer, have heterogeneous microstructure built upon assembly of carbon-based agglomerates.
Oxygen transport resistance in the cell is induced by either the porous structure itself or
water accumulation in the pores. An increase in mass transport resistance hinders high
current density generation of the cell due to the lack of reactant supply. Thus, engineering
the heterogeneous porous structure in PEMFC is of great importance. Since most of the
agglomerate and microstructure formation occurs in the precursor ink, formulation variables
can be the key to designing optimum catalyst and microporous layers. Regarding MPL, the
main goal of the microstructure is to minimize oxygen transport resistance, especially under
highly humidified conditions. On the other hand, understanding and engineering the catalyst
layer microstructure is much more complicated than the MPL due to its multi-functional

properties to enhance gas, liquid, electron, and ion transport. Thus, interparticle interactions



in the catalyst ink not only can affect the porous structure but also the available reactive sites
and charge transport. For instance, thick ionomer coverage on the catalyst agglomerates can
significantly affect the local mass transport resistance and catalyst activity. We hypothesize
that an excess amount of ionomer can interfere with the formation of the interconnected
carbon network and increase local electron transport, consequently reducing available triple
phase boundaries. Fortunately, any change in the formulation of the precursor material
reflects in its flow properties. Therefore, we employed a rheological study of suspensions to
deconvolute microstructure properties of the catalyst layer and MPL as a function of their
precursor ink formulation and applied shear forces from coating process. Since fuel cell is a
multi-component system, understanding microstructural properties of the MPL and catalyst
layer requires a bottom-up investigation from ink properties to the product performance in
the cell and its oxygen transport resistance. Hence, the findings of three main projects are
presented in this dissertation, focusing on microstructural understanding and optimization
of the MPL and catalyst layer.

The first project is a fundamental study to understand the impact of MPL ink formu-
lation parameters on the state of aggregation and final properties of the fabricated GDM. As
mentioned, solid particles in MPL ink are carbon nanopowder and PTFE. Two formulation
variables, ink total solid content and PTFE loading, were studied for the impact on the state
of agglomeration in the MPL. The study aims to 1) introduce flow properties as reliable ex-
situ characterization for microstructural analysis of complex fluids and 2) find the optimum
formulation of the MPL in terms of solid content and PTFE loading to achieve the lowest
mass transport resistance in PEMFC.

In the second project, formulation of the optimum MPL identified in the first project
was even more enhanced in terms of mass transport properties. Carbonaceous additives with
a high aspect ratio were employed to introduce pore size gradient to the MPL. The idea is that
by adding multiwall carbon nanotube or graphene particles to the regular spherical carbon
black, pore sizes in the range from macro to nano would form. The nanopores formed by
agglomerates of carbon black would enforce high capillary pressure, so water cannot intrude.
On the other hand, large pores created by the additives result in low capillary pressure, which
turns them into potential preferential water pathways. It is imperative for the diffusion media
to separate water and gas transport pathways such that oxygen can diffuse easily and reach
the catalyst layer.

The third project is focused on catalyst ink microstructure and study of the fabricated
MEAs in the fuel cell. For the first time, a new in-house setup was designed to enable
simultaneous rheological analysis and electrochemical impedance spectroscopy of the catalyst

ink as indicators of the state of aggregation and ionomer coverage. Ionomer-Pt-carbon



interaction is one of the most complicated interplays among catalyst ink components, and it
is still not well understood. Typically carbon particles tend to attract each other and form
agglomerates. However, when a layer of ionomer either fully or partially covers particles, the
attractive force is replaced by a repulsive force, and less interconnected agglomerates will
form. If the ionomer coverage gets thick or ionomer covers all catalyst particles in the extreme
case, no carbon network can form, which reduces the available triple phase boundary. With
the new methodology, named “Rheo-Impedance analysis”, coherency of the carbon network
can be evaluated through its conductivity and response to the applied shear forces. Hence,
catalyst inks with various ionomer/carbon ratios were prepared and studied with the new
technique to get a direct signal of ionomer interference with Pt/C network assembly. MEAs
of the studied inks were tested in the fuel cell to gain more information regarding the effect

of ionomer coverage on oxygen transport resistance in the cell.



Chapter 2

LITERATURE REVIEW

For decades scientists have studied various catalyst and microporous layer precursor
ink materials. However, recent studies showed the importance of formulation parameters and
processing methods on the functionality of thin-film components of PEMFC. This chapter
summarizes the research background on formulation and materials of the porous thin films

in the PEMFC.

2.1 Catalyst and microporous layer fabrication

Fabrication of the porous thin films in the PEMFC includes three main steps: 1)
Precursor ink mixing, 2) deposition on the substrate, and 3) Drying. Steps 1 and 2 involve
high shear forces that alter the agglomerated structure formed in the as-made ink. In the case
of diffusion media, the slurry is deposited on a porous substrate, which further penetrates
it, and the whole assembly will form the gas diffusion media (Figure 2.1). For the catalyst
layer deposition can be directly on the membrane via spray coating or in the case shown
in Figure 2.2, it can be via ink deposition on a nonporous decal followed by its transfer to
the membrane with a hot press. The former method is used in the current study, and the
final MEA is shown in Figure 2.3. Carbon slurries used in electrode and microporous layer
fabrication are counted as sol-gel material. Sol is attributed to the colloidal solution of the
agglomerates in a solvent, and gel is the cross-linkage formed among particles during solvent
removal [34]. Surface charges on the colloid surface inhibit sedimentation of particles as
large as 1 pm [35]. Thus, the microstructure of the porous media forms in multiple stages
such as: 1) Sol formation via dispersing solid components in the relevant solvent [34, 36], 2)
sol deposition and evolution of the network formed in ink with response to the deposition
shear force, and 3) linkage of clusters and gel formation [37, 38], and 4) gel shrinkage and
structure solidification with solvent evaporation [39]. Understanding effect of formulation
and processing variables on the final properties of the porous media in the PEMFC, requires
tracking the microstructure from ink to deposition, drying, and finally, in situ fuel cell
performance. In most ink studies, effect of external shear forces on the product’s physical

properties is overlooked. However, Hatzell et al. quantified the shear-thinning property of



the catalyst ink in a study of the ink’s viscosity evolution as a function of the deposition
method. For instance, viscosity of ink during spray coating drops to <0.5 Pa.s, 100-1000
Pa.s for blade coating, and 0.001-25 Pa.s for slot die coating [40].

—)
Coating

sintering

Formulation @ Zirconia beads Porous Substrate
Total solid content?
Teflon loading?
Carbon material?

* Carbon black
© Teflon

Figure 2.1: Schematic of the microporous layer fabrication using a carbon fiber porous
substrate.
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Figure 2.2: Schematic of the catalyst ink fabrication and casting on a non porous decal
(image obtained from reference [41]).
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Figure 2.3: Membrane electrode assembly prepared by decal transfer of the catalyst layer
coated on the nonporous decal.

2.2 Structure evaluation of the microporous layer

Standard MPL consists of a mixture of carbon powder and PTFE to provide electrical
and thermal conduction paths as well as gas and liquid transport paths. The fine hydrophobic
pores in the MPL have high water capillary pressure, which prevents liquid water in the MPS
from flooding the catalyst layer [11, 15]. Due to the complexity of the multi-stage processing
steps and ill-defined desirable properties, there is a lack of fundamental understanding of the
MPL design criteria. To investigate the MPL properties and enhance its water management
ability, most efforts have been devoted to its ink formulation, and material composition [42].
The majority of the MPL studies focused on the type of carbon black [43-45], carbon loading
[13, 46], PTFE content [13], and the use of additives like pore formers [47] and hydrophilic
agents [48, 49]. Among the various carbon materials investigated, Acetylene Black (AB)
has been most widely used due to the small pore size and high pore volume provided by its
low surface area (80m?/g) [43, 44]. Additionally, Wang et al. [45] proposed that an optimal
MPL microstructure should include a range of micro, meso and macro-pores, which can be
obtained by adding carbon black with different surface areas. Besides material composition,
different levels of PTFE content in the MPL ranging between 10 and 40 wt.% have also been
studied in the literature [12, 49-51]. Besides the choice of materials and porosity, another
important and yet challenging design parameter of the MPL is its thickness [52, 53]. The
MPL thickness is tough to measure accurately because of the high surface roughness of the
carbon fiber topography. In addition, the MPL ink can penetrate into the MPS porous

substrate and form a transition region. Therefore, the MPL thickness is also governed by
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the MPS pore size and the MPL ink flow properties [49]. Spernjak et al. [48] employed micro
x-ray computer tomography and found that around 50% of the total MPL thickness falls
within the penetrated transition region. However, this observation was not coupled with ink
flow properties and cannot be generalized to all MPL ink compositions.

As mentioned previously, deposition of carbon slurries on a substrate is a shear-
induced process. Due to its viscoelastic properties, the MPL ink is prone to microstructural
deformation as a result of the applied shear force [54, 55]. Hence, MPL properties such as
pore morphology, thickness, and coating quality are influenced by the flow properties, and
shear-history of the ink [56, 57]. Moreover, the agglomerate microstructure is a function of
the interparticle and solid-liquid interactions within the ink [27, 57], which may continue
to evolve during and after fabrication steps [58]. Thus, the state of agglomeration and par-
ticle rearrangement after the application of shear force could vary with the ink material,
solid/liquid, and solid/solid volume ratios. A few studies attempted to quantify the flow
characteristics of the MPL ink through steady shear viscometry. Stampino et al. [59] pro-
posed that, at a constant carbon/Water ratio, increasing the PTFE content of the ink does
not affect the viscosity of the ink at high shear rates. Latorrata et al. [60] investigated the
properties of MPL fabricated with various fluorinated polymers and measured their viscosity
to yield similar MPL thickness for all samples. Their results revealed a higher viscosity for
the inks made with PFPE, FEP, and PFA compared to the one made with PTFE. Since the
agglomeration in ink is a dynamic behavior, steady state results provide limited information
about the correlation between an MPL ink formulation and its flow properties, which in turn
hinders optimization of the MPL.

Based on the literature, MPL materials and microstructure significantly affect fuel
cell performance. However, the current understanding is mostly based on empirical methods
correlating the MPL ink formulation with fuel cell performance. In addition, ex-situ charac-
terization, such as porosimetry and gas permeability, are typically performed on the entire
GDM, which is dominated by the MPS [7]. These ex-situ methods do not directly measure
the MPL properties or evidence of MPL effectiveness in enhancing water management ca-
pability. Therefore, there is a lack of understanding of the connection between the MPL
ink properties and the final pore structure of the MPL that governs the transport proper-
ties. In the literature, Cryo-SEM images of the carbon inks showed that the agglomerate
microstructure highly resembles the morphology in the dried film [27].

2.3 Pore modifications in the microporous layer
Various studies are devoted to the porosity and pore size evaluation of the MPL.

Graded porosity is found to be beneficial for water and gas transport regulation [61, 62]. For
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instance, pore formers [47], carbon additives of various surface areas [45] and particle sizes
such as thermal expandable graphite [63], carbon nanotubes (CNT), and carbon nanofibers
have been introduced to the conventional carbon black-based MPL [64-66]. Recently, carbon
nanotubes and graphene gained attention as potential MPL materials due to their higher
electrical and thermal conductivity as well as mechanical stiffness compared to carbon black
[67-69]. Ohmic performance enhancement was observed in an MPL with 10 wt% CNT, and
an FEP binder [70]. Some studies focused on higher air permeability as well as larger mean
pore size of MPLs containing vapor-grown CNT and carbon nanofiber (CNF) [67, 71, 72]. Lee
et al. [66] observed lower mass transport resistance for multiwall CNT (MWCNT) composite
MPL compared to a commercial diffusion media. While some researchers reported higher
porosity of the CNT containing MPLs, others found that the main impact of this additive
is an increase in the mean pore size while the total porosity remains constant[65, 73]. Lin
et al. [73] studied effect of various CNT weight ratios in the MPL with the maximum of
15 wt% CNT. It was found that the effect of carbon black type is more significant than
the additive content. It should be noted that the fuel cell performance was only evaluated
at the maximum relative humidity of 75%. Surface-modified CNTs like hydrophilic [48,
74, 75], and nitrogen-doped CNT's [76] have been proposed as potential additives that can
enhance water transport in the diffusion media. In the work of Kitahara et al., the optimum
amount of a hydrophilic MWCNT was reported as 4 wt%. Spernjak et al. [48] employed
neutron radiography and in situ nano X-ray computed tomography to prove the existence
of preferential water pathways and less flooding in the MPLs with hydrophilic MWCNT
additive.

Few studies have focused on graphene-based MPLs. Leeuwner et al. [77] incorporated
a graphene foam without any hydrophobic agent as the MPL to reduce contact resistance.
However, the lack of hydrophobicity resulted in higher mass transport resistance in this
MPL compared to a commercial one. Pure graphene was used as MPL and provided a packed
microstructure, improving electrical conductivity and performance under dry conditions [78§].
Lab-made electrochemically exfoliated graphene was incorporated in the MPL by Najafi et
al. [68] and resulted in higher water retention under dry conditions. In a study by Mriani
et al., various particle sizes of graphene in composite with carbon black showed higher mass
transport resistance at high relative humidity compared to MPL of pure carbon black [79].
Reduced graphene oxide, graphene, and their composite with carbon black were employed

as MPL, resulting in lower ohmic resistance but higher mass transport resistance [80].

13



2.4 Catalyst layer microstructure

Main functions of the catalyst layer microstructure are 1- effective transport of proton
from membrane to the catalyst surface, 2- reactant transport to the catalyst surface through
the porous structure, 3- water management, 4- ability to provide electron-conductive net-
work, and 5- establishment of the triple phase boundary. Micorstructure of the catalyst
layer is built upon the assembly of catalyst-supported carbon primary particles (10-100 nm),
aggregates (>100 nm), and agglomerates (~ 1um) [57, 81]. These particles can stack up
to form micro, meso and macro pores in the size range of <2 nm, 2-50 nm, and >50 nm,
respectively [57]. Thus, it can provide mass transport pathway through its porous structure.
Internal percolation of agglomerates, due to the attraction of carbon particles, provides elec-
tronic pathways. Finally, by introducing an ion conductive polymer to the catalyst, proton
conductivity is feasible through a web-like coverage of it around catalyst particles [82-84].
Critical properties of the catalyst layer for optimal functioning are stemmed from its mi-
crostructure, which in turn is a function of the precursor material formulation, and coating
processing [28, 85-87].

Four types of interactions occur during the formulation of catalyst ink that can impact
all functions of the resulted catalyst layer. The interactions are between: 1- Pt/C | solvent ,
2- Pt | ionomer, 3- carbon support | ionomer, 4- ionomer | solvent. It is reported in several
studies that Pt/C can have different aggregation kinetics in different dispersing media [88].
Dispersion media of the catalyst ink has gained a lot of attention due to its impact on
ink properties such as: agglomerate size distribution, viscosity, and drying rate, which all
affect mass transport and physical properties of the catalyst layer [40, 83, 89]. In ink without
ionomer, the carbon support of the catalyst tends to form smaller agglomerates in alcohol-rich
solvents compared to water-rich. However, the interplay between ionomer, Pt/C, and solvent
has not yet been clarified by the researchers. For instance, Balu et al. [90] reported that in
a mixture of IPA- water as the dispersing media, decreasing alcohol results in dissociation of
nafion followed by its thinner coverage around Pt/C agglomerates and consequently smaller
agglomerate size. However, Takahashi et al. [27] had an opposite finding, where larger
agglomerates and even agglomerates of free ionomer can form in water-rich solvents.

One of the most common ionomers used in the PEMFC industry is Perfluorosulfonic
acid (PFSA), with a hydrophobic backbone and hydrophilic side chains. Ionomer-solvent
and Tonomer- Pt/C interactions are the most challenging unknowns of the catalyst ink for-
mulation. Several studies found dielectric constant of the solvent has the most impact on
ionomer conformation, where ionomer precipitation, colloidal, and a complete solution is
when the solvent dielectric is <3, between 3 and 10, and >10, respectively [91]. Small angle

spectroscopy and cryogenic observations recorded rod-like configuration of ionomer in polar
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solvent like water [92]. There is still discrepancy among findings on which configuration of
ionomer can enhance both its proton conductivity and oxygen diffusivity within the catalyst
layer microstructure[86, 91, 93]. Ionomer-Pt/C interaction is one the most important inter-
actions in the ink since the electrochemical reactions occur at the ionomer-catalyst interface
and oxygen diffusivity depends on the thickness of the ionomer coverage. Ionomer coverage
was found to be non-uniform around the catalyst layer [27] with thickness variation in the
range of 4-10 nm [25, 94]. Further, coexistence of free ionomer aggregates (rod-like, diame-
ter=3 nm, length = 20nm) with Pt/C agglomerates have been reported [95, 96]. However,
how free ionomer stack up with the rest of the structure is unknown. Ionomer to carbon
ratio was known as the design criterion responsible for the interactions between Pt/C and
ionomer. Low ionomer coverage reduces fuel cell performance by low proton conductivity,
while a thick ionomer coverage blocks oxygen accessibility to the catalyst surface. Some stud-
ies reported ionomer loading in the range of 30-36% as an optimum amount to achieve high
proton conductivity in the microstructure [97]. However, the optimum amount of ionomer
can vary by type of carbon support (high surface area versus low surface area carbon black),
testing condition, and catalyst loading [98]. Ionomer interaction with carbon support is
via van der Waals forces, while it has much higher absorption on the platinum surface [99].
Multi-level interactions in the catalyst ink make distinguishing its properties from in situ fuel
cell performance or ex-situ microscopy very challenging. Thus, a technique that can evaluate
bulk responses of the catalyst ink microstructure as a function of formulation variables is

needed.

2.5 Oxygen transport resistance in the porous media

Sluggish kinetics of the oxygen reduction reaction and lower effective diffusivity of
oxygen compared to hydrogen, make diffusion in the cathode more problematic and critical
than anode. Depending on the size of the gas molecule and available pore size, there exists
two types of diffusion mechanisms: Fickian and Knudsen diffusion. If pore size is larger
than the gas molecule (pore size > 50 pm), the only diffusion control parameter is an inter-
molecular collision. Therefore, concentration of the reactant can affect the Fickian diffusion.
Knudsen diffusion is attributed to the diffusivity in pores with a smaller pore size (< 100
nm) than the gas molecule. In this case, molecule collision to the solid walls of the pore is
the limiting factor. Thus, pore geometry can significantly impact Knudsen diffusion [100,
101]. In a PEMFC, Fickian diffusion is attributed to the large pores of the macroporous
substrate in the GDM, while Knudsen diffusion occurs in small pores of the MPL, and
catalyst layer. In the case of the catalyst layer there is a third diffusion barrier caused by its

microstructure, which is oxygen diffusion within the ionomer. Three resistances are on the
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way of this diffusion mechanism 1- diffusion in the void-ionomer interface, 2- diffusion inside
the ionomer (not a porous material, and oxygen diffusion is via water molecules absorbed into
the ionomer structure [102-104]), and 3- diffusion in the ionomer-catalyst interface [24, 105,
106]. On top of all of the diffusion mechanisms mentioned above, there is oxygen diffusivity
in presence of liquid water in the porous media, which makes the overall diffusion even more
challenging. Considering all oxygen transport resistances in the cell, achieving high fuel cell
performance requires precise control of the hierarchy microstructure of the MPL and catalyst

layer.
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Chapter 3

OVERVIEW OF EXPERIMENTAL METHODES

This chapter contains information on the major characterization tools used in this
study. Detailed testing conditions and other characterizations are provided in the relevant

chapter of each study, in the experimental section.

3.1 Dynamic light scattering

Dynamic light scattering is a method to evaluate colloid particle size distribution,
using diffusion coefficient of the particle under Brownian motion. The force applied from
the surrounding solvent causes the Brownian motion in particles. Since MPL and catalyst
inks are both colloids containing carbon-based agglomerates, this method can be used to
get some information on the primary aggregate size formed as a result of ink formulation.
The Stokes-Einstein equation (Equation 3.1) correlates particle diffusion coefficient in the
solvent with the media temperature, particle size, and dispersion viscosity. In the following
equation, dg is the particle’s hydrodynamic diameter, K is the Boltzmann’s constant, T is

the temperature, n is the dispersing media’s viscosity, and D is the diffusion coefficient.

KT
e 3mnD

(3.1)

The instrument operation includes shedding a laser beam to the sample and detecting in-
tensity of the scattered light due to the particle motion. The output of this measurement is
a plot of intensity versus particle size. The higher the intensity, the more is the population
of the respective particle size. In this study, the average particle size and broadness (poly-
dispersity index (PDI)) of peaks in the intensity versus particle size plot are considered in
data interpretation. PDI clarifies whether the particle size distribution is uniform, broad,
or bimodal. PDI>1 is out of the measurement limits of the instrument, and DLS is not a
proper characterization for such dispersion.

Concentration of the diluted inks for DLS measurement is reported in the experimen-
tal section of each chapter. Usually, dilution is to the point that large agglomerates with

weak Van der Waals bonding may not exist. However, the primary aggregates will remain
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intact due to the strong bonding. Thus, we can have a qualitative understanding of the
effect of formulation on the primary aggregate size distribution in ink.

Besides aggregate size distribution, stability of the catalyst and MPL inks can be
measured by DLS, using particle surface charge (Zeta potential). A dip cell with positive and
negative electrodes is inserted into the solution. Particles” movement in a solvent and under
the influence of an applied electric field is known as electrophoresis, which is a function of the
electrode distance, dispersing medium viscosity, electric field strength, and zeta potential.
Particle mobility in the presence of an electric field can be calculated via Equation 3.2,
where U is the electrophoretic mobility, V; particle velocity, d electrode distance, E applied
voltage, € dispersing media dielectric constant, Z zeta potential, f(Ka) Henry’s constant, and
n is the dispersing media viscosity. The greater the positive or negative zeta potential, the

higher the dispersion stability.
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(3.2)
3.2 Rbheology

Rheology is the science of material flow and is one of the essential properties of col-
loids like catalyst and MPL inks. Regarding the inks used in PEMFC thin film fabrication,
resistance to flow comes from the carbonaceous network. Thus, rheological properties of the
inks can be used as a guide on how the agglomerated microstructure forms as a function
of ink formulation and shear forces from coating process. To perform rheological measure-
ments, an ink sample was loaded between two parallel plate geometries (40mm in diameter)
of a rotational rheometer (Netzsch). The desired gap should be a least ten times larger than
the estimated largest particle in ink. In each chapter, the plate gap used in the study is
mentioned. Four measurements have been performed, including viscosity, small amplitude
oscillation test, three-phase rebuilt, and finally, a novel homemade setup is prepared to mea-
sure the electrical conductivity of the ink simultaneous to the rheological measurements. To
measure viscosity, shear rate is controlled, and the corresponding shear stress is recorded.
By dividing shear stress by shear rate, viscosity can be calculated and plotted versus shear
rate. If sample’s viscosity does not change with shear rate, its behavior is called Newtonian.
However, if viscosity is either reduced or increased with increasing shear rate, sample is cat-
egorized as non-Newtonian fluid. MPL and catalyst inks are non-Newtonian shear-thinning
fluids, so their viscosity reduces with increasing shear rate. The other characteristic of car-
bonaceous inks is the viscoelastic behavior, which includes both features of elastic behavior
from the solid carbon network and viscous behavior from the dispersing media. Small am-

plitude oscillation test helps distinguish the elastic and viscous behavior. A small sinusoidal
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displacement is applied so the carbon network is not disturbed and the resulted stress is
measured, which due to the viscoelastic nature of the material, has a phase angle compared
to the applied displacements. Elastic modulus is calculated via dividing shear stress by the
applied shear strain, and is a property to evaluate the strength and compactness of the
carbon network in the studied samples.

A three-step shear rate ramp up and down was performed to study ink’s behavior
under applied shear forces from the coating process. The test is known as three-phase rebuilt,
and its goal is to compare ink microstructure as a casted thin film versus the as-made ink.

Thus, impacts of processing on the ink can be evaluated.

3.3 Parallel rheological measurement and electrochemical impedance spectroscopy
Due to the complex nature of the interparticle interactions in the catalyst ink, rhe-
ology alone is insufficient to understand ink’s microstructure as a function of formulation
parameters and external shear forces. Thus, a homemade setup is designed to assess elec-
trical conductivity of the ink as a function of its ionomer/carbon ratio. Ionomer coverage
around Pt/C particles can affect the integrity of the carbon network, which can reflect in
the ink conductivity. The new Technique is employed to understand ionomer-carbon-PT
interactions. Details of the setup design and measurement criteria are provided in Chapter
6. Two types of Rheo-Impedance studies have been proposed: 1) simultaneous three-phase
rebuilt and single frequency impedance measurements and 2) full frequency range impedance

measurement before and after applying a high shear force to the sample.

3.4 Electron microscopy

Both secondary and transmission electron microscopy (SEM and TEM) were used
to visualize porous media’s structure and primary aggregate configuration, respectively. To
observe cross-sectional microstructure of the fabricated MPL, diffusion media was freeze
fractured in the liquid nitrogen. Zeiss Gemini was used for cross-section and surface SEM
imaging. Cryogenic-TEM imaging of the primary aggregates in the catalyst ink has been
performed in the liquid form by forming vitreous ice of the diluted ink on a TEM grid and
in a Talos F200C G2 instrument.

3.5 Fuel cell tests

Fuel cell performance is usually reported as a plot of voltage versus the current den-
sity, and in this study is performed for both diffusion media and catalyst layer investigations.
An assembly of MEA, diffusion media, straight-parallel channel flow field, and gold current
collector was installed on a Greenlight G20 Fuel Cell Test Station. The testing protocol is
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shown in Table 3.1. In this study, all the fabricated MPLs and catalyst layers are used on
the cathode side due to the significant kinetics and mass transport limitations caused by the
sluggish oxygen reduction reaction, water generation, and oxygen diffusivity. The charac-
terizations include electrochemical active surface area measurement via cyclic voltammetry,
electrochemical impedance spectroscopy to measure high-frequency resistance, polarization

curve, and limiting current test. More detail is provided in each chapter for the relevant

study.
Table 3.1: Fuel cell testing protocols.
Test Temperature (°C) RH (%) Pressure(kPa abs.)  Flow rate(An/Ca) Load control(V)  Step hold time(sec)
(NLPM)

Break-in 70 100 50 10/10 (Stoich) OCV-0.60 900

Dry limiting current 80 64 100, 150, 200, 300 0.40/2.0 0.30-0.09 130
Wet limiting current 70 80 300 0.40/2.0 0.30-0.09 130
Dry polarization 70 64 100 0.40/2.0 OCV-0.20 720

Wet polarization 70 100 300 0.40/2.0 OCV-0.20 720
RH-Sweep 80 40-100 100 0.40/2.0 0.30 600

3.6 Oxygen transport resistance measurement using limiting current test
In-situ limiting current experiments are performed for quantifying different oxygen

transport properties from the channel to the electrode layer. Under limiting current condi-

tions, the overall oxygen transport resistance (OTR), Rggt‘”, is calculated using the Fick’s

law of diffusion and Faraday’s law as following:

. _ ilim _ L* POCQhannel (3 3)
O 4F  RT = Rt '

where N(l;g is the through-plane oxygen molar flux in mol/cm?sec, iy, is the limiting
current density in A/cm?, F is the Faraday’s constant, R is the universal gas constant in
J/molK;, T is the cell operating temperature in K, and Pg;“mnel is the channel oxygen partial
pressure in kPa.

The oxygen partial pressure at the channel is controlled by the dry mole fractions of

the oxygen, xp,, therefore the overall OTR can be expressed as:

Totar _ A4F (Pr — RH x Py)
O3 =5 ¥ .
RT (Zlim/«xOQ)

where Pr is the cell operating pressure in kPa, Ps is the saturation pressure in kPa.

(3.4)

A fuel cell can be assumed as a series circuit and the overall OTR can be broken down into

different components of the circuit as following:
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Total __ Channel MPS MPL FElectrode
Roo™ = Rp,) + Ro, ° + Ro, © + Ro, (3.5)

where the channel OTR, RG" ! is coming from both inter-molecular diffusion and
convection [107]. OTR in the gas diffusion layer, Rjgz PS is pressure-dependent since Fickian
or inter-molecular gas diffusion is dominant in the large pores (pore sizes greater than 50 pm)
of the carbon fiber paper or gas diffusion layer [108]. OTR in the MPL, R&P L 'is governed
by both Fick’s diffusion in the larger pores and pressure-independent Knudsen diffusion in
the smaller pores (pore sizes less than 50 nm) [109]. OTR in the catalyst layer, R5““"*%  can
be occurred due to the pressure-independent diffusion through liquid water, ionomer, and
porous electrode structure. The overall dry OTR can also be broken into pressure-dependent
and pressure independent parts by running the cell under four different pressures. Limiting
current experiments under wet conditions were also ran to quantify the overall OTR in the

presence of liquid water.

21



Chapter 4

A RHEOLOGICAL APPROACH TO STUDYING
PROCESS-INDUCED STRUCTURAL EVOLUTION OF THE
MICROPOROUS LAYER IN A PROTON EXCHANGE
MEMBRANE FUEL CELL

Dispersions of carbon black and polytetrafluoroethylene (PTFE) are precursors of the
microporous layer, which serve as a component of the gas diffusion media in a proton ex-
change membrane fuel cell. To optimize the function of the microporous layer, it is essential
to develop a fundamental understanding of its microstructure, which depends on the ink for-
mulation and coating shear forces. Here, the relationship between the primary agglomerate
structure in the ink and the morphological and surface properties of the dried layer is stud-
ied based on the rheological properties. The ink formulation variables in this study are the
solid content (5, 10 and 15 wt.%) and the PTFE loading (15, 25 and 35 wt.%). The results
indicate that samples with higher PTFE loading have a more inhomogeneous microstructure
and form highly percolated agglomerates after coating. Most of the bulk flow properties of
the inks are dominated by the carbon mass fraction and exhibit a power-law relationship as a
function of the carbon mass fraction. The microporous layer with a solid content of 10 wt.%
and a PTFE loading of 25 wt.% is found to have an optimal morphology for oxygen transport
under both dry and wet conditions due to the fact that it is not overly flocculated and has
a wide distribution of carbon agglomerates sizes. The findings from this study provide new

insight into the optimization of microporous layer design and development.

4.1 Experimental
4.1.1 MPL ink preparation

The MPL ink used in this study consisted of Acetylene black, 60 wt.% PTFE sus-
pension (DISP. 30, Chemours), water, and surfactant (Triton X-100). A fixed carbon to
surfactant weight ratio of 13.5, determined empirically, was used for all of the ink studied in
this work to ensure consistency. Water and surfactant were mixed to obtain a homogeneous

solution followed by adding PTFE suspension and sonication for two minutes. Acetylene
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black and the PTFE contained solvent were then added together in a ball milling container
with zirconia beads of 5 millimeters in diameter. The solid components were dispersed in
the liquid media using a centrifugal ball milling mixer (Thinky-AR100) at a rotation rate of
500 rpm for 10 minutes. The MPL formulations consist of three levels of solid content (5%,
10%, 15%) and three levels of PTFE loading w.r.t. the solid content (15%, 25%, and 35%)
as listed in Table 4.1. The solid content was evaluated by the mass of carbon and PTFE
divided by the total mass of the ink and the PTFE loading was determined by the mass of
PTFE divided by the total mass of the solids. To simplify the discussion, each sample was
named based on the level (high, medium, and low) of solid content (first letter) and PTFE

loading (second letter).

Table 4.1: MPL formulation design criteria (S.C. stands for solid content).

Sample S.C. PTFE loading MPL ink carbon
(wt.%) (wt.% of S.C.)  concentration (wt.%)
HL 15 15 12.6
HH 15 35 9.70
MM 10 25 7.10
LL 5 15 4.20
LH 5 35 3.20

4.1.2 Gas diffusion medium fabrication

The MPS was made from the commercially available carbon fiber paper (TGP-H-
060) impregnated with a diluted PTFE suspension to reach 8 wt.% of PTFE content and
dried in the oven at 100°C for 1 hour. Then the MPL inks were coated onto the MPS
using Meyer rods, which is considered a contact coating method [110].Based on the solid
content and viscosity of each ink sample, different size number of Meyer rods were used to
yield similar MPL thickness of 2545 pm for all samples (Figure 4.1). The MPL coated GDM
samples were transferred to a needlepoint holder and dried in ambient conditions. To remove
the surfactant and sinter the PTFE, the GDM samples were heat treated by the following
temperature profile: (1) ramp-up to 300°C at the rate of 7°C/min, (2) hold at 300°C for 45
minutes, (3) ramp up to 380°C at the rate of 19°C/min, (4) hold at 380°C for 20 minutes and
(5) cool-down to the room temperature at the rate of 0.5°C/min. The final MPL thickness
is defined as the thickness difference between the GDM and MPS, which was measured using

a material thickness gauge manufactured by CheckLine with a resolution of 2 um.
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Figure 4.1: Low magnification SEM cross-sectional images of all GDM samples.

4.1.3 Particle size distribution and ink stability measurements

The hydrodynamic diameter of the dispersed particles can be estimated through their
Brownian motion in the liquid medium using dynamic light scattering (DLS) technique
[111]. To meet the requirements of DLS analysis, ink sample was diluted to 0.02 wt.% solid
content with its respective solvent, followed by 10 minutes of low power sonication in a
water bath. It was assumed that the dilution and sonication processes might break the large
agglomerates connected by the weak Van der Waals force, but not the primary aggregates
due to the stronger bonding [112]. Therefore, the particle size analysis in this study was used
to evaluate the primary carbon network in the concentrated MPL slurry. Further, due to the
uncertainties of measuring non-spherical particles, like fractal structures of carbon black, the
particle size results are only considered qualitatively in this study [57, 112, 113]. To better
understand the MPL ink components’ contribution to the DLS results, the measurements
were performed on the pure PTFE suspension and pure carbon inks to be compared with the
results from the MPL ink. Another capability of DLS is to quantify particles’ surface charge,
Zeta (¢) potential, based on their mobility in the medium that is exposed to an external
electric field [111]. A higher absolute value of (-potential indicates greater repulsive forces

among particles, which results in a more stable suspension [112]. Malvern Zetasizer Nano
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7590 was used to perform DLS measurements. Three repeats, each has three measurements,

were conducted on each sample to ensure data reproducibility.

4.1.4 Rbheological characterizations

Rheological measurements were carried out using a rotational rheometer from NET-
ZSCH Instruments Inc. with a roughened 40 mm parallel plate geometry. After the initial
evaluation based on the particle size and flow properties, the working gap was set to 0.5 mm
and the temperature was maintained at 25°C for all measurements. Multiple rheology tests
were conducted to evaluate the general flow properties, shear-history dependent properties
and the microstructural evolution of the MPL ink in response to the shear force. A pre-shear
of 1 s' was applied before each test for 30 s followed by a 2-minute rest to standardize the
initial condition. Firstly, viscosity was measured as a function of shear rate with a loga-
rithmic ramp-up rate from 0.001 to 1000 s. The second test was a three-step shear rate
measurement, which simulates the actual coating condition and monitors the time-dependent
flow behavior, also known as thixotropy, of the inks. There three steps are: (1) shear rate
of 0.001 s for 1 minute, which simulates the ink at storage condition, (2) step increase of
shear rate to 500 s for 10 seconds, which simulates the coating process and (3) step decrease
of shear rate to 0.001 s for 10 minutes, which simulate the coated thin film at rest. The
third test consisted of a series of oscillatory amplitude strain (OAS) measurements, which
further investigates the microstructure elasticity of the inks [114]. OAS provides information
of elastic (solid particles) and viscous (dispersive medium) moduli of the ink as a function
of stress/strain [115]. To study the strength of the microstructure before and after coating,
OAS tests at the frequency of 1 Hz were performed with two different pre-shears of 1 s and
500 s, followed by three minutes stabilization. Lastly, OAS tests with a pre-shear of 1 s
were done at frequencies of 1 and 10 Hz to investigate the shear rate-dependent structural

evolution.

4.1.5 Surface roughness and electron microscopy

Surface roughness was measured by a 2 pum tip stylus profiler (Bruker Dektak XT)
at various locations on the GDM surface. Scanning electron microscopy (SEM) images were
taken on both surface and cross-section of the GDM using Zeiss Gemini to assess the coating
quality and pore structure in the MPL. The GDM prepared for the cross-section imaging

was freeze-fractured after being held in the liquid nitrogen for 30 seconds.
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4.1.6 Fuel cell characterization and testing protocols

The GDM samples were evaluated on the cathode side in a 2 cm? PEM fuel cell with
straight channel flow field [116-119]. Standard PTFE impregnated TGP-H-060 with MPL
was used on the anode side for all fuel cell tests to minimize the influence from anode GDM.
Limiting current experiments were performed to study oxygen transport resistance in the
cathode GDM [107]. Lastly, steady-state polarization curves were also obtained for all five
MPL samples to evaluate overall fuel cell performance under both dry and wet conditions.
To minimize the effect from anode DM, a standard Toray 060 diffusion media with MPL
was placed on the anode side for all testing. PTFE gaskets with different thickness were
used to control the compression of Toray TGP-H-060 to be 224+1.5%. Straight parallel flow
field (as shown in Figure 4.2), made of POCO graphite, with an active area of 2 cm? was
used to perform fuel cell experiments. Commercially available membrane electrode assembly
(MEA) from Ion Power, USA, consisting of Nafion™ NRE211 membrane (25 pm thick) and
Pt/C catalyst with a loading of 0.30 mgpt/cm? on each side was used in all cells for fuel cell

testing. Ultra-high purity (99.999%) hydrogen, air, and nitrogen gases were used.

Figure 4.2: Top-view of straight-parallel flowfield.

Greenlight G20 fuel cell test station was used to run fuel cell experiments, and Gamry
Reference 3000 Potentiostat/Galvanostat was used to measure HFR (High Frequency Re-
sistance) and to perform limiting current experiments as well. Standard limiting current
protocols[120-122] were used to measure oxygen transport properties under both dry (80°C
and 64% RH) and wet (70°C, 90% RH and 300 kPa) conditions. Under dry conditions, limit-
ing current experiments were ran at four different pressures: ambient, 150, 200, and 300 kPa,
and the dry mole fraction of the oxygen were varied between 1 to 4%. Under wet conditions,
limiting current experiments were performed at 300 kPa., and the dry mole fraction of the
oxygen were varied between 1 to 21%. Steady-state fuel cell performance data were also
collected under both dry (70°C, 64% RH and 100 kPa) and wet (70°C, 100% RH and 300

kPa) conditions.
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4.2 Study of microporous layer ink
4.2.1 Ink stability and Primary aggregate size distribution

Interparticle attractive or repulsive forces that reflects suspension stability can be
quantified through (-Potential, as shown in Table 4.2. The (-Potential data show that the
PTFE suspension has the highest stability. The stability of the MPL ink is lower than
that of the PTFE suspension and is close to the stability of the corresponding pure carbon
inks without PTFE. The lower stability of the MPL ink could be due to the tendency of
the carbon particles to agglomerate. For most of the inks, the average (-potential is -28
mV, indicating reasonable stability of the suspension [123]. However, the LH sample has a
(-potential close to the threshold for agglomeration (|¢ — Potential| < 15mV) [123], which
makes it less stable than the other inks. Nevertheless, the LH sample did not show signs of

phase separation during the coating process nor during the rheological measurements.

Table 4.2: (-Potential of diluted PTFE suspension and MPL inks (S.C. stands for solid
content).

Diluted Sample ¢-Potential (mV)

PTFE Suspension -43.0 £ 3.0
HL -30.0 £ 1.6

HH -26.8 £ 2.0

MM -27.8 £ 1.0

LL -26.5 £ 1.8

LH -17.3 £ 1.2

5 wt.% S.C, No PTFE -27.3 £ 2.8
10 wt.% S.C, No PTFE -26.5 £ 1.3
15 wt.% S.C, No PTFE -26.2 £ 1.7

Figure 4.3(a) shows the particle size distributions of the PTFE suspension and five
ink samples. The particle size for the PTFE dispersion was measured before and after
mixing with the ink solvent using ball milling. In both cases, the PTFE suspension had
a narrow size distribution, with an average particle size of 220 nm, consistent with the
manufacturer specifications [124]. In the case of the five MPL ink samples, the average
particle size obtained from the high intensity peak was between 250 and 350 nm with large
variation of the particle size distribution. Takahashi et al. [27] obtained a bimodal particle
size distribution for a complex carbon based slurry, similar to the results reported here for
the HH sample. Their cryogenic SEM observations confirmed the existence of a wide range
of carbon aggregate/agglomerate sizes. In this study, due to the high (-potential of the
PTFE suspension and its low chemical affinity, the particle size distribution is expected to be

determined by the carbon aggregates formed during the mixing process. The size distribution
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observed in Figure 4.3(a) is the polydispersity index (PDI) and can be calculated as [125]:

PDI = ( dota )2 (4.1)

dpeak

where dgq and dpeqr are the standard deviation and the peak value of the particle size dis-
tribution, respectively. As shown in Figure 4.3(b), the PDIs calculated from all ink samples
are less than the instrument’s recommending measurement threshold (< 0.7), confirming
the reliability of the measurements. LL, LH, and HL have lower PDI, indicating a more
homogeneous carbon aggregate size distribution than HH and MM samples. On the other
hand, MM and HH have higher PDIs, with HH showing a bimodal size distribution indi-
cating the existence of various aggregate sizes in the ink. The effect of formulation on the
primary particle size distribution was more significant when the solid content was above 10
wt.%. The particle size distribution of the MPL inks are compared to their corresponding
pure carbon ink without PTFE in Figure 4.4. The results show that adding less than 25
wt.% of PTFE has little effect on particle size distribution. However, for high PTFE loading
(35 wt.%) MPL inks, the particle size distribution is broader than the corresponding pure
carbon ink, especially at high solid content (HH). The DLS results indicate that adding
high PTFE content at high solid content may interfere with the homogeneous mixing of the
carbon particles, which results in the formation of a broader range of carbon agglomerate

sizes.
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Figure 4.3: Dynamic light scattering of diluted MPL ink samples, (a) particle size distri-
bution of the inks and the PTFE suspension used in the formulation, and (b) calculated
polydispersity index of the inks.
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carbon inks without PTFE of a) 15 wt.%, b) 10 wt.%, and c) 5 wt.% solid content inks.
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4.2.2 Flow behavior under steady shear conditions

Bulk flow behavior of the MPL inks was evaluated by measuring viscosity as a function
of shear rate, as shown in Figure 4.5(a). In general, all samples exhibited shear thinning
behavior. However, a transitional rise in viscosity was observed at intermediate shear rates
(10-100 s1), which splits the flow curve into three regimes marked as I, II, and III in Figure
4.5(a). Similar flow behaviors have been reported previously for other suspensions of carbon
black [55, 126-129]. The steep viscosity drop in region I can be attributed to the breakdown of
weakly connected agglomerates and their alignment with the flow direction [127]. In addition,
samples under low shear rates (region I) showed yield stresses, requiring a minimum shear
stress to initiate flow [130]. The viscosity increase in region II indicates the emergence of flow
resistance, which can be attributed to the formation of temporal anisotropic clusters under
the dominance of hydrodynamic forces [126, 131-133]. Further increase in the shear rate
can overcome this transient resistance and break the agglomerates down into even smaller
particles aligned in the shear direction (region III). Upon further analysis, the viscosity at
low (0.01 s7') and high (1000 s') shear rates increases with carbon mass fraction, as shown
in Figure 4.5(b). On the other hand, no specific trend was found between PTFE loading and
viscosity, as also found by Stampino et al. [59], indicating that the ink viscosity is dominated
by carbon concentration. Further, the yield stress, determined from steady shear viscosity
test in Figure 4.5(b), increases with carbon concentration suggesting a more solid-like gel at
resting condition [55, 134].
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Figure 4.5: (a) viscosity (b) low-shear viscosity (0.01 s), high-shear viscosity (1000s™), and
yield stress as a function of the carbon mass fraction, and (c) comparison of sample flow
index in regions I and III.

Viscosity data in regions I and III (first and second shear thinning) can be fitted into

a power-law model (fitted constants shown in Table 4.3):
n= K4 (12)

where n is the flow index, 7 is the viscosity (Pa.s), K is the consistency index (Pa.s") and 4 is
the shear rate (s!). The fluid is referred to as shear thinning when the flow index is less than
one [115] and the level of shear thinning increases with decreasing flow index. It is found
that for all samples, the second shear thinning region (III) has higher flow index than the
first region, indicating a less shear rate dependent flow as shown in Figure 4.5(c). Thus, the

agglomerates existed in the transitional region (II) were broken down into smaller particles
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in region III. The flow index in region I does not show a strong correlation with carbon
concentration likely due to the large scale break down of the agglomerates, which is similar
for all compositions and reported previously [127]. In contrast, the flow index in the high
shear region (III) first decreases, then reaches plateau with increasing carbon concentration
as shown in Figure 4.5(c). Higher shear thinning for samples with carbon mass fraction
greater than 5 wt.% indicates the existence of large agglomerates that can be continuously

broken down with increasing shear rate [135].

Table 4.3: Power-law model (Property = a¢,’ and ¢,: carbon mass fraction) parameters fit
to the several rheological properties plotted versus carbon mass fraction of the ink.

Model Parameters

2
Property A 5 R
Viscosity at 0.01 s! 0.4040 3.33 0.970
Viscosity at 1000 s 0.0003 2.78 0.999
Yield Stress (Pa) 0.0029 3.33 0.962
Elastic Modulus at 0.3240 3.30 0.969
LVER (Pa)?
Cohesive Energy 0.4540 3.20 0.963
(/)

@ Samples at stationary condition (Pre-shear 1 s)

The degree of shear thickening in region II is defined as the ratio of the maximum
to minimum viscosity (%) as shown in Table 4.4. No clear trend can be observed from
the degree of shear thickening because the emergence and extent of this transitional flow
resistance is complicated and can be influenced by multiple factors like solid mass fraction and
particle anisotropy [127, 136]. Since the carbon agglomerates often show fractal shapes [137],
it is difficult to differentiate the effect of carbon mass fraction and particle size distribution
on the degree of shear thickening. Nevertheless, the shear rates of the actaul coating process
are much higher than 100 s [59], which is beyond this observed transitional region.

The viscosity measurement with increasing shear rate shown in Figure 4.5(a) provides
general flow properties of the samples but lacks detailed microstructural information [138].
Further rheological analyses are required to investigate the microstructure of the ink under

simulated coating shear rate.

Table 4.4: Comparison of the degree of shear thickening obtained from steady shear and
stepped shear viscometry.

Sample Name 777]”:—“7" :’g—:‘jb
HL 2.50 4.75
HH 24.0 7.55
MM 14.3 9.05
LL 104 5.01
LH 1.97 4.79
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4.2.3 Flow behavior under simulated processing condition (Thixotropy)

The actual coating process involves three stages: (1) prior to the coating when ink is at
the stationary or low shear condition, (2) high shear condition when a thin film is coated onto
a subtract, and (3) post coating when the microstructure recovers. To simulate the coating
process, three-step shear rate experiments were conducted and the sample recovery was
quantified by the viscosity difference between the third and the first stages [139]. As shown
in Figure 4.6, all MPL inks not only recovered quickly but also reached a higher viscosity,
which is the signature of a flow property known as rheopexy or negative thixotropy [55,
128, 140]. At the first stage (stationary condition), agglomerates form a loosely bonded gel
network. Under high shear conditions in the second stage, the network can be easily broken
into smaller particles (potentially primary aggregates) that align with the shear stress tensor,
as visualized by Osuji et al. [141]. Due to the existence of smaller particles, the total surface
area increases, which in turn results in higher interparticle interactions after removal of the
shear field. Consequently, a highly percolated state of gelation was formed in the third
stage [142]. The ratio of the average viscosity in the first and third regions are calculated
and shown in Table 4.4. For the low solid content samples, the increase in the viscosity
is similar regardless of the PTFE loading. Among the samples with higher solid content
(MM, HH, and HL), those with intermediate to high PTFE concentration (MM and HH)
show greater increase of the viscosity between the third and the first stages. This indicates
that the microstructure of the high PTFE samples is more highly percolated as a result of
the applied coating shear force. In addition, the HH and MM samples also have the widest
agglomerate size distribution due to the mixing in presence of high PTFE concentration. The
combined results suggest that the ink with high PTFE content can form a highly percolated

gelation state after experiencing the high coating shear rate condition.
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Figure 4.6: Viscosity evolution under three-step shear rate, beginning by shear rate of 0.001
st applied for 1 minute (showing the intact ink), followed by shear rate of 500 s for 10 s
(coating condition) and relaxed at 0.001 s for 11 minutes (recovery as a wet film).

4.2.4 Microstructure strength in response to oscillatory shear strain

Elastic modulus (G’) represents strength of the solid network in the ink dispersion
and can be measured by oscillatory tests. Figure 4.7(a) shows the results of G’ as a function
of shear rate and shear strain at the frequency of 1 and 10 Hz for MM sample. The interval
at which G’ remains constant is called the linear viscoelastic region (LVER) [115], which
is commonly used to study the ink microstructure under intact condition. Comparing the
results of G’ from two frequencies demonstrates that the LVER is governed by shear strain
(deformation), while the shear thickening transition is governed by the shear rate (speed).
A specific amount of deformation is required to break down the structure to start the flow.
At the intermediate shear rates (10-100 s'), a transitional increase in G’ represents the
shear thickening behavior similar to that observed in the viscosity curves, which confirms
the shear rate dependent transient cluster formation. Similar dependency of LVER and
shear thickening transition can be observed for all samples as shown in Figure 4.8. The
average elastic modulus within the LVER is presented in Figure 4.7(b), which shows a
power-law relationship with carbon mass fraction (fitted parameters shown in Table 4.3). In
the literature, similar relationship between elastic modulus and carbon mass fraction was
observed from the inks made of Vulcan and Ketjen black [126, 130].
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To evaluate the microstructural evolution under the influence of coating, OAS tests at
a frequency of 1 Hz were performed on samples with pre-shear of 1 and 500 s™ to simulate the
microstructure before and after coating, respectively. Figure 4.10 shows the resulting elastic
(G') and viscous (G”) modulus of each sample after both pre-shear conditions. Regardless
of the pre-shear condition, G’ is an order of magnitude greater than G”, exhibiting a gel-
like material for all samples [143]. To focus on the carbon network, the G’ of all samples
are plotted in Figure 4.9(a), which shows that the LVER is extended under the influence
of higher pre-shear. Higher LVER shear stain represents a stronger percolation network,
which requires larger deformation (higher strain) to break down the structure. The results
indicate that the MPL ink experiences a shear-induced transition from weakly connected gel
to highly percolated gel after the coating process. The difference in LVER shear strain of
the pre-shears of 1 and 500 s is normalized by that of 1 s and the ratios are shown in
Figure 4.9(b). The level of microstructural percolation is lower for low solid content samples
(LL & LH) compared to that of the intermediate and high solid content samples due to the
presence of fewer carbon agglomerates. The increase of the LVER is found to be the greatest
for the MM and HH samples. This observation is consistent with the three-step shear rate
testing results. The greater LVER suggests higher level of interparticle interactions, which
may be resulted from the particle size inhomogeneity of the primary agglomerates.

Cohesive energy (CE) is a more comprehensive property to evaluate the strength of
the agglomerated network, considering both the magnitude of elastic modulus and the extent
of the LVER. Cohesive energy can be calculated by [115]:

1
CE = §G/762 (43)

where 7. is the critical shear strain of LVER and G’ is the elastic modulus. According
to Figure 4.9(c), cohesive energy increases with carbon mass fraction, suggesting a more
compact microstructure by increasing carbon concentration. The cohesive energy of the gel
network formed with 500 s pre-shear is about one order of magnitude higher than that with

1 st pre-shear.
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In conclusion, the oscillation assessments reveal that the compactness of the mi-
crostructure is a strong function of the carbon concentration. Further, a broader aggregate
size distribution can also result in a high level of shear-induced microstructural percolation.
Therefore, an ink with lower carbon concentration but wider aggregate size distribution may
experience higher percolation than an ink with higher carbon concentration but more ho-
mogeneous aggregates. Further, the key rheological properties of the ink all exhibit similar

power-law relationships as a function of the carbon mass fraction, as summarized in Table

4.3.
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4.2.5 Shear-induced microstructural evolution

Based on the rheological and the dynamic light scattering results, primary carbon ag-
gregate size distribution and the shear force are two critical factors affecting the microstruc-
ture of the ink. Therefore, we have proposed a mechanism to describe the microstructural
evolution of the MPL ink. Figure 4.11(a) and (b) illustrate the microstructure of the low and
high PTFE loading inks, respectively, under steady condition after mixing. Both inks are
composed of relaxed and loosely connected agglomerates of carbon particles. In the case of
the low PTFE loading sample, in Figure 4.11(a), more interconnected carbon agglomerates
are formed due to its higher carbon mass fraction, which results in higher viscosity, such as
that of sample HL. During a high-shear coating process, agglomerates can be broken down
to the primary aggregates and aligned with the flow, as shown in Figure 4.11(b) and (e).
As observed from the DLS, the primary aggregates of the higher PTFE loading sample have
a wider size distribution, while the aggregates show a more homogeneous size distribution
for lower PTFE loading. After removing the shear force, the originally aligned layers are
disturbed and the highly attractive aggregates form a new state of gelation, as shown in
Figure 4.11(c) and (f). Based on the three-step shear rate measurement data, the stage 3
carbon network is more closely percolated than that in stage 1. For the lower PTFE loading
sample, the microstructure formed in stage 3 is more compact but closely resembles that in
stage 1 due to the similar hydrodynamic size of the primary aggregates. On the other hand,
the higher PTFE loading sample has a wider aggregate size distribution at stage 2 compared
to the initial stage, which forms a new state of gelation after coating. The post coating
microstructure contains both locally flocculated carbon particles and open areas, which may

result in an inhomogeneous pore structure in the MPL, such as that observed for sample
HH.

4.3 Performance of microporous layer
4.3.1 Coating quality and microstructure

Different crack size and density can be observed from SEM images of the MPL surface
shown in Figure 4.12. rack formation is due to the anisotropic stress distribution within the
thin film thickness, which is a function of the ink formulation, microstructural features,
thickness, and drying condition [144-147]. The crack size of MM, HH, and HL is greater
than that of LL and LH for two possible reasons. First, the lower viscosity of LL and LH
results in better distribution of the ink on the rough substrate. Second, the intermediate
and high solid content inks exhibit a highly percolated gel network, which results in less
microstructural flexibility during drying [145]. Among the samples with solid content above

5 wt.%, HL has the highest viscosity and yield stress, which make low fluidity a dominant
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Figure 4.11: Proposed shear-induced microstructural evolution in the MPL ink for: Low (a,
b, ¢) and high (d, e, f) PTFE content under stationary, coating and post-coating conditions,
respectively.

cracking mechanism that results in the formation of surface defects like the uncoated areas
identified in Figure 4.12(e). In contrast, the crack formation in MM and HH, with relatively
high fluidity compared to HL, is suspected to be microstructure driven. Schneider et al. [147]
found that a more homogeneous and stabilized agglomerate distribution in a suspension can
minimize anisotropic stress differences during drying, which in turn reduces crack density.
This also explains why MM and HH have more cracks, which are due to their inhomogeneous
microstructure distribution as measured by DLS. Further, the rheological results show that
the coating pre-shears induce a higher level of network percolation in MM and HH samples

compared to others.
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Figure 4.12: SEM images of the MPL surface. The arrow in figure (e) pointed at an uncoated
carbon fiber from the substrate due to the high viscosity of the HL ink.

MPL cracks may have a positive effect on fuel cell performance through assisting the
mass transport in certain operating conditions [7], but they are found to be detrimental for
the catalyst layer durability [148]. Therefore, macro-cracks observed from HL, HH, and MM
samples should be avoided in fabricating MPL. In addition to surface images, MPL cross-
sectional images were taken from freeze-fractured samples to observe the microstructure as
shown in Figure 4.13. t a fixed solid content, the samples with higher PTFE loading show
more heterogeneous and open microstructure, especially at 15% solid content. The yellow
line in Figure 4.13(b) highlights a highly flocculated agglomerate, which is surrounded by
micro-scale pores while nanoscale pores exist in more uniformly distributed aggregates. Ito
et al. [149] also reported larger pore sizes observed from an MPL with a high PTFE loading
through porosimetry measurement. In the case of the MM sample, the microstructure has a
morphology that has some level of heterogeneity, but the agglomerates are not as flocculated
as HH. The agglomerate size distributions observed from cross-sectional images are consistent
with the DLS results, and the existence of percolated agglomerates in MM and HH samples
agree with the shear-induced structural evolution from rheology measurement. In conclusion,
the samples with higher PTFE loading have a wider range of carbon agglomerate sizes, which

result in a broader pore size distribution.
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Figure 4.13: SEM images showing the through-plane MPL microstructure. The yellow line
in (b) HH sample highlights a highly percolated agglomerate.

4.3.2 Surface roughness

A profilometer was used to measure the surface roughness of each sample and the
raw data are shown in Figure 4.14. The average roughness from five locations on each
sample is reported in Table 4.5. The HL sample has the highest roughness and the surface
profile in Figure 4.14 shows a repeating pattern of peaks and valleys. This high roughness
is suspected to be due to the combination of high viscosity and low flow leveling of the HL
sample coated by Meyer rod. The MM sample also shows slightly higher average roughness,
which could be attributed to surface cracks observed from Figure 4.12(c) since the peak and
valley are more randomly distributed as shown in Figure 4.14. In general, a smoother MPL
surface is preferred to promote intimate contact with the catalyst layer, which enhances cell

performance and durability [150, 151].

Table 4.5: Average roughness factor for the MPL.

Sample Average Ra (pm)

HL 13.8 £ 2.3
HH 5.90 £ 0.5
MM 9.60 £ 1.2
LL 6.70 £ 1.3
LH 6.10 £ 0.7
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Figure 4.14: MPL surface roughness measurement of a line scanned profile.

4.3.3 Gas transport properties

The in-situ limiting current method is applied to investigate the gas diffusion proper-
ties of the GDM under both dry and wet conditions [152]. Under dry conditions, the oxygen
diffusion resistance could be derived from the limiting current densities at various total pres-
sures, as shown in Figure 4.15. Based on the slope and intercept of the results in Figure
4.15. Based on the slope and intercept of the results in Figure 4.15, the ratio of nominal dif-
fusivity to effective diffusivity, D/D.ss, and the non-pressure dependent resistance, Ropers,
of the GDM can be obtained, as shown in Table 4.6 [122]. The D/D.s; ratio represents
the intermolecular diffusion through pores greater than 50 nm and can be correlated to the
ratio of tortuosity to porosity of the GDM [107]. In contrast, the non-pressure dependent
resistance, Roipers, 18 dominated by Knudson diffusion through pores less than 50 nm in the
GDM [109]. Within the GDM, the large size pores mainly located in the MPS, while small
pores exist mostly in the MPL.
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Table 4.6: Oxygen transport properties under dry condition.

Sample Name Dry D/D.yy Rothers
- - (s/cm)

HL 5.0 £ 0.1 0.48

HH 4.9 + 0.1 0.67

MM 44 +0.1 0.35

LL 49+ 0.1 0.72

LH 4.7+ 0.1 0.75
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x + 0.45, R?=0.999
y = 0.005x + 0.64, R?=0.999
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Figure 4.15: GDM oxygen transport resistance as a function of pressure under dry condition

(80°C and 64% RH).

Since the same MPS was used in all fabricated GDM, a similar D/D.s; ratio was
obtained for all samples, as shown in Table 4.6. The MM sample has slightly lower D/D.;
likely due to macroscale cracks in the MPL, as observed from Figure 4.12. The non-pressure
dependent resistance, Roipers, resulting from the MPL microstructure shows a noticeable
difference among the samples. LL and LH GDMs have higher Ryers, likely due to a com-
bination of minimal cracks and higher degree of MPL penetrating into the MPS creating
more nanoscale pores since their precursor inks have lower viscosity. In contrast, inks with
intermediate and high solid contents have relatively higher viscosity, and so less MPL pene-
tration into the MPS and more cracks in the MPL. Therefore, lower Ryers can be found for
HH, HL, and MM samples. The intermediate morphological features of MM and high crack
density resulted in the lowest gas transport resistance in the MPL.

Figure 4.16 shows the increase of oxygen transport resistance as a function of limiting
current density under wet conditions. A standard dry, transition, and wet transport regions
of Toray 060 MPS [108, 121] can be observed for all samples in Figure 4.16. Under wet
conditions, the porosity is decreased, and the tortuosity is increased in the GDM due to water

condensation. In addition, the oxygen may need to diffuse through the liquid water film that
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exists at the interface between the MPL and the catalyst layer to reach the catalyst sites.
Therefore, the oxygen transport resistance increases as soon as liquid water condensation
occurs in the MPS. Based on the results in Figure 4.16, the order of transport resistance
in the wet region follows that of the dry region, indicating similar governing parameters.
Lower transport resistance and a stable plateau in the wet region can be observed for the
MM sample indicating efficient liquid water removal pathways in this sample [121]. The HL,
LL and LH samples show similar wet transport resistance in the wet region, but higher than
that of the MM sample. In contrast, the HH sample showed the highest oxygen transport
resistance, which did not reach a stable plateau, potentially due to higher water accumulation
in the MPL. According to the DLS measurement and SEM images, HH sample showed a
wide range of agglomerate and pore size distribution, so the liquid water may condense and
block the large pores in the MPL due to low capillary pressure under wet conditions. The
oxygen transport resistance under wet conditions is difficult to deconvolute without a in-situ
water visualization tool and can be influenced by highly complex and interactive phenomena.
Nevertheless, our results successfully demonstrate the critical role that the MPL plays for

transporting oxygen effectively under wet condition.
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Figure 4.16: Total oxygen transport resistance as a function of limiting current density under
wet condition (70°C, 80% RH and 300 kPa).

4.3.4 PEMFC Performance

To validate our measured GDM properties, fuel cell polarization curves were obtained
under both dry and wet conditions. The cell voltage was determined by kinetic, ohmic, and
mass transport resistances [107]. Since the same commercialized membrane electrode as-
sembly was used for all cells, the difference in kinetic resistance is negligible. The dry fuel

cell performance in Figure 4.17 agrees very well with the dry oxygen transport resistance
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shown in Figure 4.15. Similarly, the wet fuel cell performance shown in Figure 4.18 also
agrees with the wet transport resistance observed in Figure 4.16. Since the ohmic resis-
tances measured by high frequency resistance (HFR) for all samples are almost identical,
the performance difference for both dry and wet polarization curves can be attributed solely
to oxygen transport resistance. In other words, the fuel cell performance increases with
reducing oxygen transport resistance. At 0.2 V, the MM sample shows 69% (dry) and 47%
(Wet) performance improvement compared to the HH sample. These fuel cell performance
results further confirm the significance of MPL composition and microstructure and their

effect on oxygen transport resistance.
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Figure 4.17: Fuel cell performance curves of the diffusion medias under dry conditions (70°C,
64% RH and 100 kPa).
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Figure 4.18: Fuel cell polarization curves of the five studied GDM under wet operating
conditions (70°C, 100% RH, and 300 kPa).
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4.4 Conclusions

In this study, the flow properties of the microporous layer (MPL) ink as a function of
its formulation and external shear forces were investigated for the first time. Understanding
the effect of formulation on the gel network in MPL’s precursor ink provides critical informa-
tion about the final MPL morphology and surface qualities. Dynamic light scattering results
suggested a more inhomogeneous mixing of carbon particles in the presence of high PTFE
concentrations, especially at high solid content (> 5 wt.%) and PTFE loading (> 15 wt.%).
Viscosity results indicated that the MPL inks, similar to other carbon-based slurries, are
highly shear thinning. However, at intermediate shear rates (10-100 s), a transient shear
thickening region was observed in all samples. Applying high shear rates associated with
the coating process (~ 500 s) resulted in a more percolated gel network in the thin wet
film compared to that in the intact ink. The level of microstructure percolation was found
to be a function of both the carbon concentration and the aggregate size distribution. Most
of the rheological properties of the inks were found to be a power-law function of the ink
carbon content. The coating quality of the MPLs was found to be a strong function of its
flow properties, where samples with lower viscosity exhibited improved flow leveling during
coating and drying and developed less cracking. The through-plane morphology of the MPLs
was observed to be consistent with the projected rheological microstructure and the samples
with lower PTFE loading exhibited a more homogeneous microstructure. The sample with
10wt.% solid content and 25 wt.% PTFE loading (named MM) had an optimized morphol-
ogy, where the agglomerates were neither too percolated nor too homogeneously distributed.
As a result, the MM sample demonstrated enhanced oxygen transport under both dry and
wet conditions, which enabled high current density operation of a fuel cell. The findings
of this study provide new MPL design guidelines for improving fuel cell performance and

durability.
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Chapter 5

EFFECT OF HIGH ASPECT RATIO ADDITIVES ON
MICROSTRUCTURAL AND MASS TRANSPORT
PROPERTIES OF THE MICROPOROUS LAYER

Multiwall carbon nanotube (MWCNT) and graphene nanoplatelet (GNP) have been
introduced to the conventional acetylene black (AB) microporous layer (MPL). Impact of the
additives was evaluated in a bottom-top study from ink level to fuel cell performance level.
Additives were employed in 5, 20, and 50% composites with AB. Rheological measurements
suggested existence of larger agglomerates in the additive containing inks and a more compact
microstructure for the pure carbon black ink. Surface quality of the MPLs was more affected
by large particles of graphene, with 50% GNP as the extreme case. It was found that the
unique microstructure created by synergy of AB and large aspect ratio particles can reduce
both ohmic and mass transport resistances under dry and wet conditions. Critical loading
of the additive was found to be 20% and the overall performance of MPLs with MWCNT

was superior.

5.1 Experimental
5.1.1 Materials and processing

MPL inks were prepared by mixing desired amounts of carbon materials, 60 wt%
PTFE suspension (DISP. 30, Chemours), and a surfactant containing solvent. The overall
solid content and PTFE loading were kept constant at 8 wt% and 23 wt%, respectively.
Multiwall carbon nanotube (MWCNT, Sigma Aldrich, DxL 110-170 nm x 5-9 pm) and
Graphene nanoplatelet (GNP, Graphene Supermarket A-12) were each mixed with Acetylene
Black (AB) to form composite powders of 5, 20, and 50% additive content. Water and
surfactant as well as PTFE suspension were mixed by sonication for 2 minutes and added to
the carbon powder in a 15 mL plastic jar containing 8 zirconia beads of 5 mm diameter. Ink
components were mixed by a centrifugal ball milling mixer (Thinky-AR100) at the rotation
rate of 2000 rpm for 10 minutes followed by 10 seconds of defoaming. A total of 7 samples

was prepared as described in Table 5.1.
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Table 5.1: MPL ink composition.

Sample Carbon powder composition Solid content ~ PTFE loading w.r.t the
(wt% of S.C.) solid content (wt%)
100% AB 100% Acetylene black 8 23
5% MWCNT 5% MWONT + 95% Acetylene black 8 23
5% GNP 5% GNP + 95% Acetylene black 8 23
20% MWCNT 20% MWCNT + 80% Acetylene black 8 23
20% GNP 20% GNP + 80% Acetylene black 8 23
50% MWCNT 50% MWCNT + 50% Acetylene black 8 23
50% GNP 50% GNP + 50% Acetylene black 8 23

Toray TGP-H-060 was impregnated with a diluted PTFE suspension of 5 wt% fol-
lowed by drying at 10°C for 1 hour. MPL ink was coated on the impregnated carbon substrate
using a Meyer rod. MPL loading had an average value of 1.78+0.78 mg/cm? and the coating
thickness, measured with a thickness gauge (Checkline), was found to be 25 + 5 um for all
the samples. The sintering process to melt down PTFE and remove all surfactants was a
multi step heat treatment at 300 and 380°C for 65 minutes, followed by slow cool down to

the room temperature. Please refer to the reference [153] for more details.

5.1.2 Characterizations
5.1.2.1 Physical properties of carbon powders

Pure acetylene black, multiwall carbon nanotube and graphene nanoplatelet powders
were degassed at 130°C to become fully dried before the measurement. Nitrogen physisorp-
tion test was performed at -196°C using a MicroMeritics TriStar II plus surface area and
porosity analyzer. Isotherms collected at the relative pressure range of 0.060~0.30 were
subjected to the Brunauer-Emmett-Teller (BET) analysis to determine the specific surface
area. Desorption section of the isotherm was used to evaluate average pore diameter and

total pore volume via Barrett- Joyner-Halenda (BJH) analysis [154].

5.1.2.2 Particle size distribution and ink stability measurements

Dynamic light scattering (DLS) was used to estimate particle size distribution of
the primary aggregate in the MPL inks. DLS analysis requires ink dilution for light trans-
parency, free particle motion, and to avoid multiple scattering [155]. All samples were diluted
to 0.02wt% concentration with the respective solvent. Diluted samples were sonicated for 10
minutes in a bath sonicator under low power. It is assumed that this treatment just breaks
down the weak Van der Walls bonding between large agglomerates and cannot affect strong
bonding of the primary aggregates [112]. Further, DLS measurement in this study is consid-
ered as qualitative analysis rather than quantitative due to its concentration limitation [57,

112]. DLS is expected to capture aggregates with a hydrodynamic diameter smaller than
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1pm. Hence, large particles of the additives used in this study might not be detectable by
DLS or particles might settle down [156]. To evaluate MPL ink stability, particle surface
charge known as Zeta (¢) potential was measured with DLS. (-potential can be calculated
from particles mobility between two charged electrodes. Positive particles move toward
the negative electrode and negatively charged particles move toward the positive electrode.
Higher values of the absolute zeta potential indicate higher stability of a suspension [157].
Measurements have been performed in Malvern Zetasizer Pro, and at least three batches of

each sample have been tested for data reproducibility.

5.1.2.3 Rheology

NETZSCH rotational rheometer equipped with a roughened 40 mm stainless steel
parallel plate geometry was used for the rheological characterizations. MPL ink was loaded
on the lower plate while the upper plate lowered down to the gap of 0.50 mm. Tempera-
ture was maintained at 25°C during all measurements. Rheological properties of dispersions
depend on their microstructure. Thus, flow behavior under shear conditions can be represen-
tative of the ink microstructure. In this study viscosity versus shear rate is used to evaluate
the general flow behavior of the samples. Further, a three-step shear rate condition, known
as thixotropy, was employed to simulate coating condition for the MPL ink and study its
microstructure before and after application of the shear force. Prior to all rheological mea-
surements, sample was pre-sheared at 1 s for 30 seconds followed by 2 minutes resting to
remove any shear history from sample loading. Viscosity measurement was performed in
a range of shear rates from 0.001-1000 s*. Thixotropy measurement was conducted in the
following order 1) single shear rate of 0.001 s for 1 minute to represent ink at the stationary
condition, 2) Shear rate of 500 s! for 20 seconds to represent coating condition, and 3) shear

rate of 0.001 s for 10 minutes to evaluate microstructure’s recovery in a wet thin film.

5.1.2.4 Surface roughness and electron microscopy

Stylus profiler (Bruker Dektak XT) equipped with a 2 pm probe was used for rough-
ness evaluations. The measurement was performed at various locations of the GDM, and
average roughness values are reported. To visualize MPL microstructure, scanning electron
microscopy (SEM, Zeiss Gemini) have been performed on both surface and cross section of
the GDM. Cross section samples prepared by dipping GDM in liquid nitrogen followed by

freeze fracture.
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5.1.3 Fuel cell testing

A commercially available Toray TGP-H-060 coated by MPL was used as the anode
GDM in a single cell. The studied MPLs were placed at the cathode side to evaluate oxygen
transport resistance and fuel cell performance. PTFE gaskets were used to avoid shorting
between anode and cathode side and to avoid gas leak. Gasket thickness was controlled to
compress GDMs to a strain of 22+1.5%. Commercially available MEA, consists of Nafion
NR211 membrane and 0.30 mg/cm? of Pt/C loading on each side, was purchased from Ton
Power, USA. Straight-parallel flow field, with a cell active area of 2 cm? was used to ensure
low pressure drop and maintain uniform channel conditions [158].

An automated Greenlight G20 fuel cell test station was used for fuel cell testing. High
frequency resistance (HFR) was measured through electrochemical impedance spectroscopy
(EIS) using Gamry Reference 3000 with 30k Booster [159]. Ultra-high purity (99.999%)
hydrogen, air, and nitrogen gases were used. The flow rates for anode and cathode side were
maintained at 0.40 and 2.0 NLPM, respectively. Electrochemically active surface area of the
MEAs was measured by Hy /Ny Cyclic voltammetry (CV), and it was between 35-40 m?/gp;
for all the cells. Limiting current experiments [120, 160] were performed to measure the
oxygen transport resistance (OTR) under both dry and wet conditions. For dry condition
(80°C, 64% RH), the cell was operated at four different pressures: 100, 150, 200, 300 kPa,
and oxygen dry mole fractions were varied from 1% to 4%. Under wet conditions (70°C, 80%
RH, 300 kPa), there was a total of twelve oxygen dry mole fractions ranging between 1% to
21%. Finally, fuel cell performance was evaluated from steady-state polarization curves at
70°C under both dry (64% RH, 100 kPa) and wet (100% RH, 300 kPa) conditions. There
was a potentiostatic hold of 10 minutes for recording the steady-state polarization data at

each cell voltage.

5.2 Physical properties of carbon materials

Physical properties of the powders are reported in Table 5.2. MWCNT has the highest
surface area followed by AB and GNP. A similar trend is observed for total pore volume
of the powders, showing MWCNT has the largest pore volume. Considering the particle
dimensions, the spherical AB could form much smaller pores compared to MWCNT and
GNP [12, 68]. Thus, the composite MPL can take advantage of the hybrid microstructure
formed by the synergy of carbon black and large aspect ratio particles [54].
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Table 5.2: BET surface area, pore volume and average pore diameter of the raw carbon
powders.

Sample BET surface area BJH Total pore BJH average pore
(m?/g) volume (cm?/g) diameter (nm)
Acetylene black 77.1 0.22 9.7
Multiwall carbon nanotube 111.6 0.55 16.1
Graphene nanoplatelets 44.2 0.15 11.6

5.3 Evaluation of the additive containing microporous layer ink
5.3.1 Ink stability and primary aggregate size distribution

Particle surface charge in a dispersion is an indicator of its stability and is quantified
as (-Potential [111]. All MPL inks showed similar (-Potentials (Table 5.3), with an average

value of —26.9 £ 1.5 mV, representing a relatively stable suspension [156].

Table 5.3: Average zeta potential of the studied inks.

Sample Zeta Potential (mV)
100% AB -269 £ 1.1
5% MWCNT -259 + 1.8
5% GNP -26.2 £ 1.0
20% MWCNT -284£1.2
20% GNP -28.7 £ 0.8
50% MWCNT -27.5 £ 0.9
20% MWCNT -24.4 £ 0.3

Particle size distribution of 100% AB compared to its composites with MWCNT is
shown in Figure 5.1(a). As mentioned before, there is a size and stability limitation of
large aspect ratio particles for DLS measurements. Therefore, a major population of large
agglomerates might not be captured in the DLS results. By increasing MWCNT, the ink
shows a wider particles size distribution, suggesting existence of agglomerates of various size.
The first peak of 20 and 50% MWOCNT samples has particle size around 120 nm while the
100% AB has a peak value around 350 nm. This indicates that even smaller carbon black
agglomerates could form in mixing with a high aspect ratio carbon. This behavior has been
reported for non-aqueous systems, with silica as the spherical particle mixed with additives
of GNP and CNT [136]. For CNT, winding effect was introduced as the root cause of the
formation of wide agglomerate size of the spherical particle [136]. Figure 5.1(b) compares
DLS results for 100% AB versus its composites with GNP. The GNP particles used in this
study are above 5 pm, which is out of range for DLS measurements [156]. Hence, the DLS
results are close to the 100% AB ink with slightly wider distribution toward smaller particle
in the GNP-AB mixture. This suggests formation of smaller AB agglomerates in presence
of GNP compared to 100% AB ink.
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Figure 5.1: Particles size distribution of diluted inks of (a) acetylene black and multiwall
carbon nanotube, and (b) acetylene black and graphene nanoplatelet.

5.3.2 Steady flow behavior

General flow behavior of the MPL inks is shown in Figure 5.2. Ink’s total carbon
content was fixed in the sample design to capture the effect of additives and avoid any
change in the solid content. Major change in solid content significantly impacts rheological
properties of the suspensions and could hinder the real microstructural properties related to
particle aspect ratio, which is the target of this study. All inks showed a three regional flow,
consisting of a shear thinning at lower shear rates followed by a transient shear thickening
at intermediate shear rate and ended with a second shear thinning flow. This behavior is
typical of fractal shaped carbon black agglomerates and still existed in the composite ink.
The average viscosity of samples in low shear rate region (shear rate < 10 s71) is calculated
and summarized in Table 5.4. 5% additive containing samples are expected to show close
rheological properties to 100% AB ink. However, the low shear viscosity of 5% MWCNT
and GNP is smaller than 100% AB. This trend changes with adding more additives to the
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ink and the average low shear viscosity of 20 and 50% additive containing inks is higher than
100% AB. This behavior is due to the existence of much larger agglomerates in those inks
and the extreme case is 50% GNP. The flow behavior of the 50% GNP ink is not ideal for
coating; however, it is studied as an extreme case to evaluate the capacitance of MPL for
additive content and how its microstructural and surface properties can impact its role as a

diffusion media in the fuel cell.

Table 5.4: Average low shear viscosity of the studied MPL inks, reported values are calculated
from shear rate 0.001-10 s

Sample Average low shear
viscosity (Pa.s)
100% AB 154.4
5% MWCNT 94.3
5% GNP 86.4
20% MWCNT 282.5
20% GNP 178.5
50% MWCNT 574.0
50% GNP 1200.0

The onset of the transient shear thickening (shown by dashed line in Figure 5.2) is
occurred at a similar shear rate for 100% AB and 5% additive containing samples, indicating
dominance of carbon black in the microstructural evolution of these samples. The rise in
viscosity occurs as a result of dominance of hydrodynamic forces, which brings the particles
close to each other and trigger re-agglomeration [55, 126, 131, 132]. These temporary formed
agglomerates break down by further increase of the shear force and a second shear thinning
appears. From Figure 5.2(b) and (c), it can be seen that the onset of the transient shear
thickening shifts slightly by adding more MWCNT to the ink. On the other hand, the
shift is considerably significant for GNP containing samples due to the necessity of higher
hydrodynamic forces to bring large agglomerates of GNP or GNP-AB close together. This
behavior was also observed in a mixture of activated carbon and GNP, used in capacitive
flowable electrodes [129]. Overall, GNP has a more significant effect on the general flow
behavior of the composite MPL ink, which at least affects the coating quality and surface
roughness of the final MPL.

Slope of shear thinning in the low shear rate region can be quantified with a power law
fit and is known as flow index. Flow index below 1 represents a shear thinning material, and
the lower it gets the higher is the extent of shear thinning [115]. The calculated values of flow
index are shown in Figure 5.3. 100% AB has a more negative flow index than the 5% additive
containing samples, indicating existence of larger agglomerates in its ink. 5% MWCNT or 5%

GNP might not be high enough to result in formation of large agglomerates of these additives.
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On the other hand, DLS results showed that in presence of these additives smaller aggregates
of carbon black can be formed. At 20% and 50% MWCNT concentration, the flow index
increases significantly due to formation of large entangled MWCNT agglomerates. Effect
of GNP on flow index of the ink increases by increasing its concentration. This behavior
dictates that the microstructure of the additive containing inks is more agglomerated than

the pure Acetylene black ink.

. @ —e—100% AB
10 —e—5% MWCNT
w —*—5% GNP
©
o
= |
2 |
g |
o |
§ |
5 :
[ NS
2 k.
& ‘*}f‘{*\‘
102 1 s
1
10
10 102 10" 10° 10" 102 10° 10*
105
RG] —e—20% MWCNT
10 —+—20% GNP
o
©
o
>
=
7]
o
(%]
2
S
=
©
Q
-
»n

—e—50% MWCNT
—*—50% GNP

Shear Viscosity (Pa.s)

10° 102 10" 10° 10" 10*> 10®  10*

Shear rate (s™)

Figure 5.2: Viscosity versus shear rate for (a) 100% AB and 5% additive containing MPLs,
(b) 20%, and (c) 50% additive containing MPL inks.
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Figure 5.3: Flow index calculated from the fit to the low shear viscosity plots.

5.3.3 High shear flow behavior and ink recovery

Coating process takes place under high shear rates that can influence properties of
viscoelastic materials like carbon based slurries. Thixotropy test offers a three-step shear
ramp up and down, which allows imitating real coating condition for the ink. Pre-coating
condition is assumed as a low shear state for the ink, so its viscosity was monitored at
shear rate of 0.001 s~! for 1 minute. Then shear rate ramped up to 500 s~* for 20 seconds to
evaluate microstructural evolution under high shear force condition of the coating process. As
shown in Figure 5.4, at high shear stage, viscosity drops due to the agglomerate break down
and its alignment with the direction of shear force. In the third stage, shear rate was ramped
down back to 0.001 s~ to monitor ink’s microstructure recovery after coating as a wet thin
film. For all samples, the viscosity at the third stage settled at a higher value compared to
the first stage. This behavior is as a result of structure built up over time and was observed
previously for MPL inks with spherical acetylene black particles [153]. The period when
viscosity at third is recovered above 90% of its value at the first stage, is considered as the
recovery time. It is calculated by dividing viscosity at time t of the third stage by the average
viscosity of the first stage. From Figure 5.5(a), 100% AB revealed the fastest recovery time
indicating its fast agglomeration kinetics. This fast agglomeration resulted in higher amount
of shear thickening as presented by relative viscosity of the third phase compared to the
first phase (Figure 5.5(b)). Microstructure recovery of non-Newtonian suspensions depends
on the solid content and particle morphology [129]. In this study, solid content is fixed, so
the difference in recovery time should stem from the particle geometry. Additive containing
inks showed above 80% higher recovery time than 100% AB. This behavior is attributed to
the slow aggregation kinetics of large particles like MWCNT and GNP [129]. 20% MWCNT
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showed faster recovery compared to the respective GNP ink (Figure 5.5(a)), which resulted
in larger relative viscosity for this sample (Figure 5.5(b)). This behavior has been reported
previously and described as carbon nanotubes act like wires that connect agglomerates of
AB together and strengthen the microstructure [54, 131, 161]. On the other hand, at high
concentrations of MWCNT, like 50% the nano wires become too entangled that can break
the connection of AB agglomerates and decrease the rigidity of the microstructure [54] as
shown by lower relative viscosity for 50% MWCNT in Figure 5.5(b). 50% GNP is high
enough that the big agglomerates of GNP affected the bulk viscosity and resulted in higher

relative viscosity for this sample.
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Figure 5.4: Three-step shear rate viscosity versus time, (a) 100% AB and 5% additive
containing MPLs, (b) 20%, and (c) 50% additive containing inks.
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5.4 Performance of microporous layer with conductive additives
5.4.1 Coating quality and microstructure

Surface SEM images of the MPLs are shown in Figure 5.6. Comparing 100% AB
MPL (Figure 4(a)) with its MWCNT composites (Figure 5.6(b-d)), crack width increases by
increasing MWCNT concentration. Wide cracks in a specific composite of AB-MWCNT was
reported by Lee at al. [66]. Figure 5.6(e) shows large agglomerates of entangled MWCNT
and AB at 50% MWCNT concentration. This agglomerates surface quality is not desired for
an optimum MPL-Catalyst layer interface. Some studies reported MWCNT concentration
of 50% and above as the optimum composite MPL [72, 162]. However, the studied inks
were very diluted and not applicable to all coating methods. In this study, MPL ink solid
content is 8 wt%, which gives reasonable viscosity for blade coating on a rough substrate
to reach a reasonable thickness. From Figure 5.6(e-f), it can be seen that at concentrations
above 20% GNP, the MPL surface becomes rough, and the extreme case is the 50% GNP.
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Yoshimune et al. [64] reported rough texture of a mixture of AB and graphite in 1:1 volume
ratio. In Figure 5.6(f) a close look of the texture of the 50% GNP is shown. It seems that
AB is attached to the surface of GNP and its large 2D surface area served as a nucleation
site for the spherical particles [79]. In a study of Mariani et al. [79] similar rough surface
for large particles of GNP have been found and using smaller graphene nanoplatelet was
recommended for better surface features.

Cross section SEM images are shown in Figure 5.7. Clearly, 100% AB, as showin
in Figure 5.7(a), has the most compact microstructure, which was also inferred from its
precursor ink rheological behavior. 100% AB ink had the highest relative viscosity and the
shortest recovery time in the Thixotropy measurements, indicating properties of a compact
microstructure. 5% additive containing samples, as shown in Figure 5.7(b) and (e), showed
relatively close microstructure to the 100% AB. However, the presence of high aspect ratio
particles seems to provide some larger pores compared to the pure AB system. Increasing
the additive content to 20%, resulted in creation of larger pore in both MWCNT and GNP
composite MPLs. Increase in the mean pore size by adding large aspect ratio carbon parti-
cles to the carbon black have been reported in other studies [64-66, 71-73, 78|. Presence of
a variety of pore size in the MPL provides the opportunity of separate pathways for water
and gas transport, which is proposed to improve fuel cell performance [45, 62, 64]. One
noticeable microstructural feature is nucleation of AB particles on the large surface area of
GNP to form regular carbon black clusters (Figure 5.7(e-g)) [79]. Further, strong van der
walls force between AB and MWCNT proposed by Vivekanand et al. [163] and findings of
Lee et al. [66] suggest higher attraction force between MWCNT and AB rather than AB
particles. Carbon nanotubes also interconnect AB (Figure 5.7(c)) particles and could poten-
tially increase mechanical integrity of the microstructure up to a certain concentration [54].
Regarding the 50% additive samples, the large agglomerates of high aspect ratio particles
dominated the microstructure. As a result, for the 50% GNP large macroscopic pores can
be seen while in the 50% MWCNT high level of nanotube entanglement is achieved.
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Figure 5.7: Cross section SEM images of the (a) 100% AB, (b-d) 5, 20, and 50% MWCNT,
(e-g) 5, 20, and 50% GNP.

5.4.2 Surface roughness
Surface profile of the MPLs are shown in Figure 5.8(a-c). Average roughness values

were measured in several scans and reported in figures 5.8(d) and (e). Overall, the average
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surface roughness is close for all samples, except for the 50% GNP. Adding 5% additive
slightly reduced surface roughness. Rougher surface profile for pure carbon black MPL was
reported by Leeuwner et al. [80]. The surface profile of the MPL with 20% additive content
For 50% MWCNT the profile shows deep

valleys indicating existence of cracks, while for the 50% GNP it could stem from both cracks

shows properties of an agglomerated surface.

and large agglomerates. It should be noted that high roughness of the 50% GNP can result
in water accumulation at the interfacial voids between the MPL and catalyst layer [79, 164,
165].
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Figure 5.8: (a-c) Surface profile of the MPLs, and average surface roughness for (d) MWCNT
and (e) GNP containing MPLs.

5.4.3 Gas transport properties

Limiting current experiments were performed to evaluate oxygen transport resistance
(OTR) under dry and wet conditions. The theory and results are provided in the supplemen-
tary information. Channel resistance was subtracted from the total OTR to obtain a plot of
diffusion media + electrode OTR versus cell operating pressure, as shown in Figure 5.9(a and

b). Slope of the dry limiting current data is proportional to the ratio of nominal diffusivity
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to effective diffusivity, D/Deg , which is pressure dependent [107]. The intercept represents
the pressure independent oxygen transport resistance. Since similar electrode with reliable
data reproducibility is used in this study, it is assumed that any change in the pressure
independent OTR (Rotners) can be attributed to the Knudsen diffusion in small pores (below
50 nm in size) of the MPL [109, 122].

From Table 5.5, it can be inferred that the D/Deg is quite close for all GDMs since all
cathode diffusion media had been fabricated from a similar macroporous substrate (Toray
TGP-H-060). Significant variation in pressure independent OTR, Rgthers, can be observed
among the samples. Addition of MWCNT < 20wt% resulted in the formation of effective
larger pore sizes and consequently lowering the Roghers. Park et al. [67] reported higher
values of air permeability for MPLs of carbon nanofiber and Vulcan compared to the pure
carbon black. In their study, the highest air permeability was for the 25% CNF containing
MPL. In this study, both 5% and 20% MWOCNT samples have lower Regners than 100% AB.
However, increasing the concentration of MWCNT to 50% resulted in the formation of large
entanglements (Figure 5.9(a)) and consequently increasing the Roghers. On the other hand,
GNP only at the concentration of 20% resulted in lower Regpers for the corresponding diffusion
media. One possible reason is that the 20% GNP sample has more cracks compared to the
5% sample, while its microstructure is less compact than the 50% GNP. GNP particles can
have two fold effect on the microstructure: (i) the platelets tend to stack up, which creates a
compact structure, (ii) particle geometry can allow formation of large pores [78, 80]. Thus,
in terms of gas transport resistance, there would be a trade-off between blockage of the large

GNP stacks or transport through the large pores created by the particle geometry.

Table 5.5: Oxygen transport properties under dry condition.

Sample Dry D/Deg Rothers (8/cm)
100% AB 4.4 + 0.1 0.42
5% MWCNT 4.4 4+ 0.1 0.33
5% GNP 4.7 £ 0.1 0.46
20% MWCNT 4.3 + 0.1 0.27
20% GNP 4.5+ 0.1 0.25
50% MWCNT 4.1 4+ 0.1 0.57
50% GNP 4.3+ 0.1 0.42

Figure 5.9(c,d) represent the total OTR as a function of limiting current density
obtained by varying oxygen dry mole fractions under wet operating conditions. Since current
and water generation are intrinsically linked, the change in the oxygen transport resistance
at high current densities can be considered as a function of water generation in the cell.
The three regional trend of OTR versus limiting current density matches well with standard
observations for Toray TGP-H-060, where a dry (< 0.65 A/cm?), transition (ca. 0.65~1.75
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A/cm?), and wet (> 1.75 A/cm?) region exists [121]. Under wet conditions, the porosity of
the DM is decreased, and the tortuosity is increased. In addition, the oxygen molecules need
to travel through the liquid water present at the interface between MPL and catalyst layer
to reach the triple-phase boundary. Hence, the OTR is increased with the presence of the
liquid water at higher oxygen dry mole fractions, or at high limiting current densities.
From Figure 5.9(c), it is found that the dry region is consistent with the corresponding
dry limiting current results for 100% AB and MWCNT containing MPLs (Figure 5.9(a)).
In the wet region, where high amount of water generation is expected, 5 and 20% MWCNT
diffusion media showed the least OTR. Further, these samples show a plateau in their ORT
suggesting formation of efficient water pathways [121]. Both 5 and 20% MWCNT samples
showed properties of a less compact microstructure compared to 100% AB, and as a result,
preferential water pathways in large pores could be a reason for the low OTR at high current
densities. On the other hand, the 50% MWOCNT showed properties of highly entangled
microstructure because of the nanotube bundles. This microstructure had a high dry OTR

which clearly gets worse when it comes to two-phase transport in presence of liquid water.
Thus, the 50% MWCNT had a relatively large wet OTR.
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Figure 5.9: Diffusion media and electrode oxygen transport resistance as a function of pres-
sure under dry condition (80°C, 64% RH) for (a) MWCNT and (b) GNP additives. Total
oxygen transport resistance as a function of the limiting current density under wet condition
(70°C, 80% RH, 300 kPa) for (¢) MWCNT and (d) GNP additives.

Wet limiting current result for GNP containing MPL is presented in Figure 5.9(d).
20% GNP revealed the most efficient water management among other GNP containing dif-
fusion media. The wet OTR for 20% GNP is relatively close to 100% AB. However, the wet
region plateau for 20% GNP was formed faster (at lower current density) than 100% AB,
which implies less oxygen transport resistance in this sample. 5 and 50% GNP containing
MPLs showed properties of water accumulation in the pores that resulted in high OTR.
5% GNP had a high dry OTR that clearly can lead to much difficult oxygen transport in
presence of liquid water. Regarding the 50% GNP, the OTR in the transition region has a
relatively high slope indicating fast water accumulation in the pores. 50% GNP had a very
rough surface and water accumulation at its interface with the catalyst layer is expected [79,
164, 165]. Also, from SEM images, it was observed that carbon black tends to nucleate on
the surface of GNP to form agglomerates. This means that the small pores of carbon black
are effectively blocked by the GNP support and 50% might be a very high extreme as an
additive in the MPL.
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5.4.4 Fuel cell performance

Fuel cell performance was evaluated under both dry and wet conditions, as shown in
Figure 5.10. Three regions can be observed in the i — V' curve: activation/kinetic, ohmic,
and concentration/mass transport. The activation region for all samples shows no signifi-
cant variations from each other since similar MEA assemblies were used for all experiments.
Under dry condition, samples with 20% additive content showed significantly lower ohmic
overpotentials (Figure 5.10(a) and (b)). This behavior indicates that these diffusion me-
dia provided a condition of better electron and ion transfer, which is also supported by
the electrochemical impedance spectroscopy (EIS) measurements presented in Figure 5.11.
Reduction in the ohmic resistance could be via improvement in the electrical conductivity
or better reactant gas supply to the catalyst layer. Inherent high electrical conductivity of
MWCNT and GNP is well known and lower in-plane resistivity has been reported for MPLs
prepared with these materials [65, 76, 78]. However, the measured high frequency resistance
(HFR) is not as significant as the observed improvement in the ohmic resistance for 20%
additive samples. Dry limiting current tests revealed lower non-Fickian OTR for the 20%
additive samples, which agrees with the improvement in both ohmic and mass transport
regions of these samples and implies better charge transfer as a result of improvement in gas
supply [76].The results of lower ohmic resistance may be attributed to lower interfacial con-
tact resistance of the 20% additive containing samples. [80, 166]. Adding MWCNT to the
MPL even by 5% could significantly improve oxygen transport due to the existence of large
pores. In the case of GNP additive, the mass transport improvement is mainly observed at

20% concentration.
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Figure 5.10: Steady-state polarization under dry condition (70°C, 64% RH, 100 kPa) for (a)
MWCNT and (b) GNP additive containing diffusion media. Steady-state polarization under
wet condition (70°C, 100% RH, 300 kPa) for (c) MWCNT and *d) GNP additive containing

diffusion media.

The ohmic resistance under wet condition is lower as compared to the dry condition
due to the higher membrane hydration. 20% additive containing samples showed significant
improvement in the ohmic region performance, which is also shown by lower impedance
in the EIS measurements (Figure 5.11(c) and (d)). In terms of water management in the
mass transport region, all MWCNT containing diffusion media performed better than the
100% AB. Up to 20% MWCNT content improved water management and this property
was reduced by increasing the concentration to 50%. These results agree well with the wet
limiting current data confirming mass transport is the dominant effect. GNP content below
20% improved mass transport resistance compared to the pure AB MPL. Lower performance
of the 50% GNP potentially stems from water accumulation in the compressed stacks of GNP

[80] as suggested by the wet limiting current results.
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Figure 5.11: EIS measurements at 0.70 V under dry condition (70°C, 64% RH, 100 kPa)
for (a) MWCNT and (b) GNP, and under wet condition (70°C, 100% RH, 300 kPa) for (c)
MWCNT and (d) GNP.

In addition, the cell performance was also studied by sweeping the relative humidity
between 40% RH to 100% RH at 0.30 V, as shown in Figure 5.12. For all samples, perfor-
mance kept increasing till 80% RH. Performance started to drop as soon as full humidified
(i.e., 100% RH) condition was reached due to the water accumulation in the pores. For fully
humidified condition and low cell-voltage operation, 5% CNT sample is preferred to be used
to the 20% CNT sample.
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Figure 5.12: RH-Sweep from 40% RH to 100% RH at 80°C under 10-minutes potentiostatic
hold at 0.30 V for (a) MWCNT and (b) GNP samples.

5.5 Conclusions

Synergistic effect of incorporating large aspect ratio carbon particles (MWCNT and
GNP) in conventional acetylene black (AB) based microporous layer have been studied on the
microstructure and mass transport properties of the resulted diffusion media. Other than
composite carbon mixtures, all ink variables like solvent, carbon/solvent ratio, and solid
content were similar for the studied samples. DLS measurements have shown a relatively
stable ink for all composition and bimodal particle size distribution for additive containing
samples. Particle size distribution suggested smaller agglomerates of carbon black could form
in mixing with large aspect ratio particles. For MWCNT winding effect could be a potential
cause of break down of large carbon agglomerates and for GNP, nucleation of carbon black
on the graphene platelets.

Three regional flow behavior consists of an overall shear thinning behavior with a
transient shear thickening interval was observed for all of the MPL inks. Low shear viscosity
of the inks with low additive content (5 wt%) was slightly lower than 100% AB ink. However,
by increasing additive content (> 20 wt%) viscosity increased due to the existence of large
agglomerates in the ink. 50 wt% GNP content with the highest low shear viscosity found
to be not suitable in terms of coating quality on a rough carbon fiber surface. Transient
shear thickening region was shifted toward higher shear rates by increasing GNP content,
suggesting existence of very large agglomerates that needs higher shear force to be broken
down. This behavior was less noticeable for MWCNT, which from ink quality perspective
gives more bandwidth to use larger amounts of this additive in the ink.

By Comparing relative viscosity before and after applying a high shear force (equiv-
alent to the coating process) it was found that additive containing samples have slower
microstructural recovery due to the slower agglomeration kinetics of large additive particles.

On the other hand the relative viscosity in the recovery stage was higher for 100% AB ink
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suggesting a more compact carbon network as a result of its fast re-agglomeration kinetics.
Both rheological results and SEM observations from surface and cross sections confirmed
that 50 wt% additive content would end up in low coating quality and very entangled mi-
crostructure. On the other hand additive content below 20 wt% results in a microstructure
with both properties of large pores (from large additives particles) and small pores (from
AB particles).

Oxygen transport resistance (OTR) was evaluated through dry and wet limiting cur-
rent measurements. MWOCNT containing samples at both 5 and 20 wt% content reduced
OTR, while just the 20 wt% GNP showed similar effect. Under wet condition, samples with
MWCNT<20 wt% showed both lower OTR and indicators of efficient water pathways for-
mation compare to the 100% AB sample. In case of the GNP containing diffusion media,
only the 20% GNP sample was resulted in formation of efficient water pathway. However,
the OTR was close to the 100% AB diffusion media. Fuel cell performance results revealed
a higher performance under both dry and wet condition for 20% additive content of both
MWOCNT and GNP as well as 5% MWCNT. The observed improvement for 5% MWCNT
was limited to high current densities but for 20% additive containing samples both ohmic and
mass transport overpotentials were lower. This behavior stemmed from lower OTR of the
20% additive containing samples, which results in overall better gas supply to the catalyst

layer.
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Chapter 6

AN INVESTIGATION ON INTERPARTICLE INTERACTIONS
IN THE CATALYST INK AND ITS IMPACT ON ELECTRODE
NETWORK FORMATION

Understanding complex interparticle interactions in the catalyst ink requires direct
assessment of the formulation’s effect on the resulting interactions. The ionomer/carbon
ratio is one design parameter that can alter catalyst layer microstructure. There is a lack of
direct evidence of the effect of I/C ratio on the bulk response of the Pt/C-ionomer network.
Hence, this study proposes a novel methode to understand interactions in the ink and ionomer
coverage via the microstructure response to the external mechanical and alternative current
perturbation. Therefore, a combination of rheology and conductivity evaluations of the
catalyst ink is used as direct evidence of the agglomerated network’s properties. The findings
are supported by cryo-TEM imaging and in-situ fuel cell characterizations. It was found
that I/C=0.75 is the critical amount below and above which very different configuration and

ionomer coverage can be expected in the catalyst layer.

6.1 Experimental
6.1.1 Sample preparation

Desired amount of 40% Pt/C(Johnson Matthey HiSPEC 4000) catalyst powder and
ionomer dispersion (D2020, 1000 EW at 20 wt%, IonPower) were mixed in a water-IPA
solvent (IPA/Water=0.3) to prepare catalyst inks. In this study, carbon to solvent ratio was
fixed at 0.06 to eliminate the effect of solvent-carbon interaction and narrow down the focus
of the study to the ionomer-carbon-catalyst interactions. Five levels of Ionomer/carbon
ratio (0,0.25,0.5,0.75, and 1) were chosen to deconvolute interparticle interactions and cover
the typical range of I/C targeted in recent studies. Ionomer dispersion and solvents were
mixed in a vial using bath sonication and then added to the catalyst powder in a plastic jar
with eight zirconia beads of Smm diameter. Liquid and solid components were mixed via
centrifugal ball milling (Thinky mixer) at 2000 rpm for 3 minutes. I/C=0 and 0.25 are not
very practical for fuel cell application, but they were chosen to better clarify role of ionomer

in the microstructure formation of catalyst ink and catalyst layer. Thus, just the samples
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with 1/C=0.5,0.75, and 1 were subjected to further fuel cell testing. To prepare membrane
electrode assemblies, catalyst ink was coated on a virgin PTFE substrate and air dried. The
catalyst layer was then transferred to a Nafion 211 membrane (Ion Power) via hot pressed
decal transfer at T=132 °C and P=300 Psi.

6.1.2 Rheology and Rheo-Impedance

Viscosity measurements were carried out using the NETZSCH Instruments. Rheome-
ter with standard roughened parallel plate geometries (40 mm diameter). The instru-
ment was adapted to in-house geometries for simultaneous rheological and electrochemi-
cal impedance spectroscopy measurements. Part drawings are presented in A.1. The in-
house geometries were insulated from the rheometer’s body to enable parallel rheological
and impedance measurements. Schematics of the resulted setup is shown in Figure 6.1.
Upper and lower geometries (40mm diameter) were machined from a 304 stainless steel rod
followed by surface sandblasting A.2 to provide reasonable surface roughness and impede
particle slip during the applied shear force. The upper plate rotates, and the lower plate is
stationary. A Teflon attachment was used to insulate the upper plate from the rheometer’s
body (Figure 6.2a), which was proven to provide reasonable alignment. For maintaining
electrical connection to the upper geometry with minimum friction, a liquid metal (Gallium
Indium Eutectic, EGAIN,Sigma Aldrich)[167] was used in the solvent trap attached to the
upper geometry. A stainless steel needle was dipped into the solvent trap and connected
to the power supply (CH Instrument 750E). Further calibration results indicated that this
assembly provides reasonable electrical connection and has low friction, not interfere with
the applied torque from the rheometer. The lower stainless steel plate was attached to a
peak geometry for electrical insulation. Therefore, the metallic upper and lower geometries
were the two electrodes with catalyst ink as the electrolyte between them. Figure 6.2b shows

the entire setup and connections.
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Figure 6.1: Schematics of the Rheo- Impedance setup consisted of two metallic geometris,
one solvent trap containing liquid metal and two electical insulation from the upper and
lower body of the Rheometer.

Figure 6.2: a) Upper geometry electrically insulated from rheometer’s body, and b) Rheo-
Impedance setup with all connections.

6.1.2.1 Rheo-Impedance setup calibration

Due to the drastic changes in the in-house setup compared to the standard geometries,
it was necessary to ensure mechanical stability and accuracy of the applied shear forces to the
sample. Therefore, a Newtonian standard calibration oil with a known viscosity was tested
in the setup for the desired range of shear rates. As shown in Figure 6.3 the setup could
perfectly and accurately pass the standard oil test. The working gap between geometries

was 0.3mm, which is aimed for the catalyst ink characterizations.
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Figure 6.3: Viscosity versus shear rate of the standard oil to calibrate Rheo-EIS setup.

The next set of calibrations was electrical. It is important to evaluate the empty
setup’s impedance as a function of frequency. Open/short circuit calibration was performed
by EIS measurements at voltage amplitude of 50 mV and at frequency range 0.01-10° Hz
(Figure 6.4).
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Figure 6.4: a) short circuit and b) open circuit impedance of the Rheo-EIS setup without
any sample. Short circuit was measured by closing the gap and open circuit was measured
at the working gap of 0.3 mm.

The sample impedance can be corrected with the setup’s short and open circuit re-

sistance, using equation 6.1 [168]. Where Z3, is the total system impedance including the
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studied sample, Z7, and Z§ are the open and short circuit impedance, respectively. The idea
is that the measured impedance is parallel with a resistor and in series with a capacitor,
all applied from the instrument. The presented open circuit results in Figure 6.4b declare
that the capacitance is too large to be considered in calibration. The setup resistance is
also small, enabling more accurate receiving signals from sample impedance. The setup’s
open/short circuit impedance was measured at the beginning of each experiment.

equation
(Z3y — Z3)

_ @y
(1 - G

ZéOTT = (6.1)

* * * i
Z{.‘m'r' Z(} Z.-'Lf = ZHE

Figure 6.5: Equivalent circuit model for the open and short circuit resistances in a Rheo-
Electric setup [168].

The AC voltage perturbation required for EIS measurements should be chosen from
the sample’s linear range of the I-V curve. Thus, linear sweep voltammetry was measured in
the range of -0.2-0.2 V at a high (0.1 V/s) and low (0.01 v/s) scan rate. This measurement
was performed with a catalyst ink sample loaded in the Rheo-EIS geometry and in the
stationary mode. Considering the results shown in Figure 6.6, 50 mV was picked as the

right AC voltage amplitude for the EIS measurements.
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Figure 6.6: Linear sweep voltammetry of the catalyst ink loaded in the Rheo-EIS setup
under stationary condition and at voltage scan rates of a) 0.1 V and b) 0.01 V.

It is well known that impedance increases with increasing electrode distance (in this
case, geometry gap) [169]. To rule out effect of working gap on sample’s impedance, EIS
measurements were performed on a catalyst ink sample at various geometry gaps and in the
stationary mode. Measurements were performed at gaps of 0.25, 0.30, 0.40, and 0.50 mm
at voltage amplitude 50 mV and frequency range 0.01-10° Hz. From Figure 6.7, and the
total resistances measured from the fitted equivalent circuit (Figure A.3), it is clear that
impedance linearly increases with the gap. On the other, from the rheological standpoint, a
gap ten times higher than the largest particle in the sample is appropriate for measurements
[115]. Catalyst ink agglomerates are typically below 1 pm [170], so any gap larger than 0.25
mm is appropriate for the measurement. Our setup showed better torque-related stability
at a gap of 0.3 mm. Therefore, for the rheo-EIS measurements working gap of 0.3mm was
decided, which is large enough for the rheological measurements and small enough to reduce

the impedance induced by the electrode distance.
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Figure 6.7: EIS measurements of a catalyst ink in the Rheo-EIS setup (stationary mode) at

various electrode gaps of 0.25,0.3,0.4, and 0.5 mm. Measurements were taken at the voltage
amplitude of 50 mV and frquency range of 0.01-10° Hz.

6.1.2.2 Rheo-Impedance parameters to evaluate catalyst ink microstructure

Two sets of Rheo-Impedance experiments were performed, a) simultaneous three-
phase rebuilt and single frequency EIS measurements, and b) Full range EIS measurement
before and after a high shear force resembling coating/processing condition on the ink. Prior
to any rheological test, the ink was pre-sheared at 1 s=! followed by 2 minutes resting to
remove any prior shear history and give all samples a similar starting point. For the three-
phase rebuilt measurements, the sample was held at shear rate 0.1 s=! for 200s to provide
pre-coating (storage) conditions for the ink. After that, shear rate was ramped up to 1000
s~1 (simulating high shear coating condition for the ink) and held there for 200s. Finally,
shear rate was ramped back up to the 0.1 s7! to simulate after coating condition for the
ink (as a wet thin film). To allow microstructural to recover, measurements were taken at
this condition for 720s. Parallel to all rheological measurements, single frequency (0.5 HZ)
impedance test at a voltage amplitude 50 mV was carried out to record the overall resistivity
of the sample under shear conditions. The dwell time of 200 s is needed to ensure the required
stability for EIS measurements.

The second set of Rheological and electrical characterizations was sequential rather
than simultaneous. A full frequency range EIS (f=0.01-10% Hz) at a voltage amplitude of
50 mV was measured in the stationary mode before further shearing the sample. Then,
a pre-shear of 1000s™! was applied for 200s, and EIS was measured after 2 minutes of
rest. The result could give information on the microstructure percolation before and after

applying processing shear forces. The electrical circuit shown in Figure 6.8 was used to fit the
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EIS data. This equivalent circuit represents a parallel electronic (R;) and ionic resistances
(R2) provided by carbon support agglomerate network and dissolved ions (e.g. HT) in the
solution respectively. The constant phase element (CPE,Q) is due to the capacitor effect of
ion accumulation on the electrode (geometry) surface. The intermediate frequency region
of the EIS impedance showed curve depression (45° region), indicating some properties of
charge diffusion resistance on the electrode surface that could be fitted using a Warburg (w)
element. However, explaining it requires advanced modeling [171] that is beyond the scope of
this work and it will be shown not to be the main contributor to the overall impedance of the
slurries. In general, it is expected that effect of I/C ratio and all interparticle interactions are
reflected in the microstructure of Pt/C particles, which can be studied through its impact

on the electrical resistance of the catalyst ink.

Ry
‘I—EI—VA\/Q/‘/‘—IZI}

w R, Q

Figure 6.8: Equivalent circuit used to interpret EIS measurements of a catalyst ink in fre-
quency range of 0.01-10° Hz and at voltage amplitude of 50 mV.

6.1.3 Cryogenic transmission electron microscopy

Catalyst ink samples with I/C=1 and 0.5 were diluted with IPA due to the transparent
vitreous ice that can be achieved by IPA. This process can break down the large agglomerates
in ink, but it cannot affect the primary aggregates due to their strong bonding[112]. Sample
preparation was performed in Vitrobot. 3ul of the suspension was deposited on a carbon-
coated copper grid (300 mesh, Tedpella) and turned into vitreous ice using liquid ethane
in Vitrobot. The sample was stored in liquid nitrogen and transferred to the TEM (Talos
F200C G2) for imaging at an operating voltage of 200 kV.

6.1.4 In-situ fuel cell characterization

A proper MEA should contain enough ionomer in the catalyst layer to transfer proton,
so I/C ratios of 0 and 0.25 are not very practical for fuel cell characterizations. Studying
these samples was necessary to unravel ionomer-Pt/C interaction by reducing/eliminating
ionomer from ink. Hence, MEAs with I/C=0.5,0.75, and 1 proceeded to fuel cell testing.
Toray TGP-H-060 with a microporous layer overcoat was used as the anode and cathode
gas diffusion media. Catalyst electrochemical active surface area (ECSA, proton transfer

resistance, oxygen transport resistance, and fuel cell performance were evaluated for the
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designed MEAs with 2 cm? active area using an automated Greenlight G20 fuel cell test
station. To evaluate ECSA, cyclic voltammetry was performed under Hy /Ny flow and at the
scan rate of 50 mV /s. Limiting current tests were performed under both dry (80°C, 64% RH)
and wet conditions (70°C, 80% RH, 300 kPa). Under dry conditions, measurements were
taken at cell pressures of 100, 150, 200, 300 kPa, and oxygen dry mole fraction varied between
1-4%. Fuel cell performance was assessed through polarization curves at T=70°C, RH= 64%,
and pressure 100 kPa. To rule out membrane resistance or any contact resistance in the cell,
high frequency impedance of the cell was measured via EIS using Gamry Reference 3000
with 30k Booster [159]. Relative humidity sweep test was employed to evaluate the current
density generated by the cell at a low voltage of 0.3 V. RH was swept between 20-100%, with
a potentiostatic hold of 13 minutes at each RH. Proton transfer resistance in membrane and
cathode catalyst layer was evaluated through EIS measurement under Hy /Ny flow at RH of
40, 70, and 100%. Details of the testing condition is provided in Table 6.1.

Table 6.1: Fuel cell test conditions for membrane electrode assemblies with cathode catalyst
layers containing 1/C=0.5, 0.75, and 1.

) Cell Temp. Inlet RH Pressure Flow rate (An/Ca) Load Control ) )

Test Name C) %) (kPa abs.) (NLPM) V) Step scir;n::tc/hold
Cyclic Voltammetry 30 100 100 0.02/0.04 010 Vto1.20V 50 mV/s
Break-in (16 cycles) 70 100 150 10/10 (Stoich) OCV, 0.85, 0.70, Ca. 7 mins at each

0.60, 0.40 V .
potential
Cell Performance 70 60 100 0.40/2.00 0.90 to 0.20 V 6 mins at each
Measurement potential
RH Sweep 70 20, 40, 60, 80, 100 0.40/2.00 0.30 V 20 mins at each RH
100
Limiting Current 80 64 100, 150, 200, 0.40/2.00 0.30 to 0.09 V 2 mins at each
300 potential
Sheet Resistance 70 40, 70, 100 300 0.10/0.10 0.20 V DC, 10 mV EIS data every 10
Measurement AC mins

6.2 Rheological and electrochemical impedance study of the catalyst ink
6.2.1 Catalyst ink viscosity

Viscosity of the catalyst ink reveals its microstructure-driven flow resistance as a
function of the applied shear force. Besides the microstructural information that can be
extracted from a flow curve, the viscosity at high shear rates (e.g.> 500 s~1) is close to that
of the ink under actual depositing shear forces, which forms a catalyst layer. Flow curve of
catalyst inks with constant carbon/solvent ratio and various ionomer/carbon ratios is shown
in Figure 6.9. Samples show the carbon-based inks’ typical shear thinning behavior, with

transient shear thickening at intermediate shear rates. At low shear rates (< 0.1 s7!), most
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samples show similar viscosity except for the I/C=1, which has the highest ionomer content
in ink. Similar low shear viscosity of the samples indicates a major effect of carbon/solvent
ratio on the catalyst ink flow behavior, which was kept constant in this study to limit the
interactions to ionomer-Pt/C and ionomer-solvent. Low shear viscosity of the samples and
shear thinning index (Chapter 4) are summarized in Table 6.2. Sample with I/C=1 had
the lowest shear thinning index, indicating faster agglomerate breakdown in this sample.
At low shear rates, shear thinning is due to the breakdown of large agglomerates connected
with weak van der Waals forces. Thus, Pt/C agglomerates in the sample with I/C=1 might
have weaker bonding due to the thicker ionomer coverage. As discussed in previous chapters
(Chapters 4 and 5), the viscosity rise in intermediate shear rates is a result of the dominance
of hydrodynamic forces and transient particle growth. The onset of this behavior is shown
by arrows in Figure 6.9, and it is shifted toward lower shear rates by increasing the sample
I/C ratio. Easier particle breakdown at low shear rates provides condition of an increase in
particle volume at lower shear rates, so a smaller hydrodynamic force is required to push
aggregates close to each other for hydro cluster formation [172, 173]. Finally, at high shear
rates, where agglomerates are potentially broken down to the primary aggregates, the sample
with I/C=0 ended up having the highest viscosity. Thus, carbon-carbon interaction in the
absence of ionomer is much stronger. Ionomer seems to shield carbon-carbon interactions,

resulting in a less percolated carbon network.
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Figure 6.9: Viscosity versus shear rate of the catalyst inks with 1/C=0, 0.25, 0.5, 0.75, and
1.

80



Table 6.2: Low shear viscosity and shear thinning index of catalyst inks with various
Tonomer/Carbon ratios, reported values are calculated from shear rate 0.01-0.1 s.

I/C ratio Low shear viscosity @ 0.1 s7! Shear thinning index (shear rate
(Pa.s) <0.1s7h)
0.00 51.41 0.126
0.25 49.55 0.078
0.50 37.95 0.053
0.75 40.78 0.056
1.00 19.16 -0.378

6.2.2 Simultaneous viscosity and electrochemical impedance evolution under
coating condition

Catalyst layer fabrication from its precursor ink can involve three steps of applied
shear forces. 1) Ink in the storage, considered low shear/stationary condition, 2) ink under
high shear coating process and 3) back to the low shear/stationary condition during post
coating recovery. To evaluate ink’s microstructural evolution to form a thin film, three
steps of low-high-low shear were applied to the catalyst ink in parallel with electrochemical
impedance measurements. Figure 6.10a shows viscosity versus time under three-step shear
condition, while Figure 6.10b contains information on the corresponding sample impedance
with small AC perturbation at the frequency of 0.5 Hz. In the first step (low shear), viscosity
of all samples is relatively close as was expected from previous viscometry results (Figure
6.9). However, sample impedance increases by increasing I/C ratio due to either ionomer
coverage around agglomerates or presence of free ionomer in the ink [174]. By switching
to high shear rates (second step), viscosity drops due to agglomerate break down to the
primary aggregates and their alignment with the shear flow direction. On the other hand,
impedance showed an overshoot in the onset of shear ramp up (6.10b, t=200s) due to the
sudden interruption in the conductive paths [55]. This impedance rise remains constant
or slightly decreases over time for samples with I/C=1 and 0.75. However, the impedance
diminishes under high shear for samples with I/C < 0.75. Over time, by breaking down
more agglomerates and increasing total particle volume, interparticle distance decreases and
results in lower impedance. However, this effect is less significant for samples with high
ionomer content (I/C=1 and 0.75), confirming existence of thick ionomer coverage around
aggregates, which disrupts conductivity.

In the third step, upon sudden shear rate ramp down to the initial value (first step),
samples with I/C < 0.75 experience an overshoot in the viscosity, indicating more elastic
behavior due to the faster aggregation kinetics and low inter-particle repulsive forces [175]

In contrast, samples with I/C > 0.75 showed more of a damping effect in response to

the particle collision due to potentially higher repulsive forces from ionomer coverage. The

81



viscosity overshoot decreases over time due to particle interpenetration. Viscosity in the
third stage is normalized by the average viscosity in the first stage to assess microstructure
transformation in response to high shear force (Figure 6.11). It can be seen that samples
with high ionomer content could not recover the microstructure due to the lower particle
interaction, while samples with lower ionomer could not only recover the microstructure but
also build a stronger one in the extreme case of I/C=0. This behavior indicates that by
increasing ink’s ionomer content, carbon-carbon attraction is more hindered by repulsive
forces from ionomer coverage, and a less dense microstructure is formed after removal of
shear force. This effect is verified by minimal change in the impedance of samples with
[/C=0.75 and 1. On the other hand, samples with lower ionomer content benefited from
carbon-carbon attraction, and after breaking down to smaller aggregates at high shear rates,
particles could build a denser network resulting in lower impedance, as can be seen in Figure
6.10b.
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Figure 6.10: Simultaneous three phase rebuilt analysis and single frequency (0.5 Hz) EIS
measurement of catalyst ink. Three steps of the applied shear rate were i) 0.1 s~! for 200 s,
i1)1000 s~ for 200 s, and iii) 0.1 s™* for 720 s.
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Figure 6.11: Catalyst ink viscosity at the recovery stage (post shear) normalized by its initial
value (pre-shear). Plot is based on data presented in Figure 6.10.

6.2.3 Micorstructure impedance of catalyst ink before and after coating shear
forces

Single frequency impedance cannot capture all the suspension’s ionic and electronic
resistance information. Thus, a full range frequency EIS measurement was performed on
samples in the steady state condition before and after applying a high shear rate (Figure
6.12. Radius of the semicircle represents sample impedance, which is the smallest in the
absence of ionomer (I/C=0). An equivalent circuit presented in Figure 6.8 was used to
fit the EIS data. At high frequencies, the intercept of the EIS with the x-axis represents
parallel ionic and electronic resistances in ink, while the low-frequency intercept shows the
electronic resistance provided by the conductive carbon network in ink. The low-frequency
(electronic) resistance in the equivalent circuit was found to be the major contributor to
the impedance of catalyst inks. Sample electronic resistivity as a function of I/C ratio
under both conditions of no applied shear force and after a pre-shear is shown in Figure
6.13. With increasing I/C ratio, the resistivity increases linearly up to 1/C=0.75, and at
higher values, it reaches a plateau. Thus, the agglomerated network gets weaker (loose
gel) and consequently less conductive by increasing ionomer content. At a critical I1/C
(0.75), the thickness of the ionomer around Pt/C is large enough that adding more ionomer
does not significantly affect the microstructure. Regarding post-shear EIS measurements,
it can be seen that in samples with I/C < 0.75, resistance significantly decreases after
applying a high shear force to the ink. Resistance stays the same for I/C=0.75 and slightly
increases for I/C=1, similar to the observations in the previous section. It can be inferred
that I/C=0.75 is the highest value below which Pt/C could build up a percolated cohesive
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network and above which ionomer coverage induces a repulsive force between particles and

hinders formation of compact interconnected agglomerates. Thus, less dense and locally less

conductive microstructure is expected for catalyst layers with I/C > 0.75 in the formulation.

Further, it is expected that sample with I/C=1 contains free ionomer aggregates that could

participate in the overall high resistance of the ink [155].
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Figure 6.12: Full range (f=0.01-10° Hz) EIS measurement of the inks in the Rheo-EIS setup
before and after applying pre-shear of 1000 s~! for 200 s.
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Figure 6.13: Electronic resistance of the Pt/C network measured from the fitted equivalent
circuit on the EIS plots in Figure 6.12.

6.2.4 Electrochemical impedance and rheology of carbon ink

Equivalent carbon inks with no Platinum were prepared to further decouple inter-
particle interactions in the catalyst ink. It is well known that Pt has more interaction with
ionomer [57, 92, 176], so a major part of ionomer consumed in Pt-ionomer bonding. When
a similar recipe of the catalyst ink was used in the preparation of pure carbon (Vulcan XC-
72) ink, viscosity drastically dropped. This behavior confirms that a considerable amount of
ionomer interacts with Pt, such that when Pt is removed, ionomer covers all carbon particles
and impedes formation of interconnected microstructure. Thus sample flows like a Newto-
nian fluid at high shear rates [57] (Figure 6.14). Electrochemical impedance of the carbon
ink with I/C=1 before and after employment of a high shear force is shown in Figure 6.15.
Lack of a conductive carbon network in this ink caused a high impedance dominated by ionic
conductivity, which is small in this sample. Thus a semicircle does not show in the Nyquist
plot [173]. Still the equivalent circuit used for the catalyst ink sample can be used to fit the
data, and the resulted electronic resistance was more than one order of magnitude higher
than the corresponding catalyst ink. Another carbon ink made with I/C=0.5 showed the
exact same viscosity and impedance plot suggesting the overall ionomer content of catalyst
ink is high for a corresponding carbon ink. Further investigation of carbon inks required
recipe adjustment, which was not an apple-to-apple comparison with the studied catalyst

inks.
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Figure 6.14: Viscosity versus shear rate for carbon ink with I/C=1.
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Figure 6.15: Carbon ink EIS measurement at voltage amplitude 50 mV and frequency range
0.01-10° Hz. measurements were taken before and after applying shear rate of 1000 s~ for
200 s.

6.3 Cryogenic transmission electron microscopy of catalyst aggregates

Ink samples were diluted by IPA since this solvent is more appropriate for cryo-
imaging and creates more transparent vitreous ice. Catalyst inks with I/C=0.5 and 1 were
chosen as a viable lower and upper limit for a functional catalyst layer in the fuel cell.
From Figure 6.16a, it can be seen that the sample with I/C=1 has an open fractal shape
aggregate with a clear thick layer of ionomer coverage (marked on the figure). Rheological
and electric resistivity of this sample suggested a loose structure, which can be expected
from the expanded shape of the primary aggregates. On the other hand, primary aggregates
of the sample with 1/C=0.5 were found to be more spherical (Figure 6.16b) and compact.
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This shape is due to the higher carbon-carbon interactions suggested by this sample’s low
resistivity and high microstructural strength in the Rheo-EIS results. Figure 6.17 provides

more cryo-TEM images of the studied samples.

200 nm ] ] ——————— 200 nm

Figure 6.16: Cryo-TEM images of the diluted catalyst inks with a) I/C=1, and b) I/C=0.5.

I/C =1

Figure 6.17: Additional Cryo-TEM images of the diluted catalyst inks (I/C ratio is marked
for each group in the figure).
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6.4 Characterization and performance of the catalyst layer
6.4.1 Oxygen transport resistance in the cell

Oxygen transport resistance (OTR) can be evaluated at the limiting current, which
is the highest current density generated by a cell before it shuts down due to its high mass
transport resistances. At high current density, maximum water generation occurs in the cell,
which can block the pores in the catalyst layer and diffusion media, followed by limiting
reactant supply to the catalyst. Hence, limiting current at various oxygen partial pressure
with the assumption of zero reactant concentration in the cathode catalyst layer is being used
as fundamental of the measurement(chapter3). Limiting current test under dry conditions
provides information regarding the overall OTR of the porous electrode (catalyst layer) and
diffusion media in the absence of liquid water. The porous media’s total OTR, including
both catalyst layer and diffusion media, is shown in Figure 6.18. The slope of this plot
represents the Fickian diffusion (pressure dependent), which is diffusion in large pores of
the diffusion media. The intercept with the Y-axis is related to Knudson diffusion in small
pores of the microporous layer and catalyst layer. Since similar diffusion media is used for
all samples, the Fickian diffusion, which is proportional to the ratio of nominal diffusivity
to effective diffusivity, D/Deg is about the same in all designed MEAs (Table 6.3). Roners
in Table 6.3 represents the non-Fickian diffusion, which in this case can be attributed to the
pores in the catalyst layer. The catalyst layers with I/C=0.5 and 0.75 have close Ryipers-
However, Ryipers increased in the sample with 1/C=1. The relatively thick ionomer in the
sample with I/C=1 could cover Pt surface and hinder oxygen diffusion to its surface [109,
155, 177].

Table 6.3: Oxygen transport resistance under dry condition.

Cell cathode catalyst D/Deyss Reothers (8/cm)
I/C ratio
0.5 3.3 0.2486
0.75 3.23 0.2476
1 3.09 0.31
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Figure 6.18: Diffusion media and electrode oxygen transport resistance as a function of
pressure under dry condition (80°C, 64% RH) for the studied membrane electrode assemblies
with various ionomer/carbon ratio in the cathode catalyst layer.

6.4.2 Fuel cell performance evaluation

The electrochemical active surface area (ECSA) in a catalyst layer can be assessed
through cyclic voltammetry and calculation of the area under hydrogen adsorption/desorp-
tion peak. The ECSAs measured at 100%RH were 15.58, 17.55, and 19.46 m%,/gp;, for
the catalyst layers with 1/C=0.5, 0.75, and 1, respectively. The increase in ECSA with
increasing catalyst layer’s ionomer content has been attributed to sufficient proton conduc-
tive pathways due to high ionomer coverage [178]. Fuel cell performance is assessed via the
I-V polarization curve as shown in Figure 6.19a. The voltage losses with the increase in
current density are attributed to kinetic, ohmic, and mass transport barriers, respectively.
The kinetic voltage loss is similar for all samples, as seen in the very low current densities.
Ohmic losses from membrane ion transport and any interfacial resistances can be quanti-
fied by reading high-frequency resistance in the hybrid EIS measurement. The results are
shown in the right Y-axis of the polarization curve (Figure 6.19a). HFR was found to be
similar for all samples. However, in the intermediate current densities (dominated by ohmic
loss), lower performance is achieved by the sample with I/C=0.5. Overall the sample with
I/C=0.75, showed the highest performance followed by I/C=1 and 0.5. Similar ohmic region
performance in samples with I/C=0.75 and 1 suggests a possible lack of proton conductive
pathways in the sample with I/C=0.5. The lower high current density performance in the
sample with I/C=1 is mainly in the mass transport region, which is aligned with its high

oxygen transport resistance from limiting current data (Figure 6.18).
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Due to the high impact of relative humidity on cell performance and increase in the
mass transport resistances at high current density, RH sweep test at high current density
(Voltage = 0.3 V) was performed (Figure 6.19b). At all relative humidities, performance of
the sample with 1/C=0.75 is superior followed by I/C=1 and 0.5.
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Figure 6.19: a) Steady-state polarization under dry condition (70°C, 64% RH, 100 kPa), and
b) Current density versus relative humidity at 80°C, under 10-minutes potentiostatic hold
at 0.30 V.

Proton transport resistance in the ionomer pathways of the catalyst layers can be
evaluated through electrochemical impedance spectroscopy under Hy /N, flow at the anode/-
cathode. The method is adapted to measure the ionomer transport resistance [179]. From
proton resistivity data in Table 6.4, it can be seen that the sample with I/C=0.5 has the
highest proton transport resistance due to the insufficient ionomer coverage on the catalyst.
On the other hand sample with 1/C=1 exhibits the lowest proton transport resistance, fol-
lowed by the sample with 1/C=0.75. Combination of minimum ionomer coverage required
for effective proton transport and the increase in mass transport resistance due to a thick
ionomer coverage suggests that the optimum amount of 1/C is close to 0.75. This critical
I/C was perfectly identified with the Rheo-EIS microstructural evaluation and endorsed by

its superior fuel cell performance.

Table 6.4: Proton transport resistance in the cathode catalyst layer under 70°C, 70% RH,
300 kPa abs. at 0.20V DC and 10mV AC.

Catalyst layer Proton Corresponding high
I/C ratio resistivity frequency resistance
(mQ.cm?) (HFR,(mQ.cm?))
0.5 109.23 53.68
0.75 42.63 48.79
1 31.62 53.1
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6.5 Conclusion

Electrochemical reactions in PEMFC are limited to the locations in the catalyst layer
where three pathways of electron conduction, proton conduction, and gas supply are provided
(triple phase boundary). Carbon network, formed by the attraction between carbon support
particles, provides electronic conductivity. Proton transport is feasible through ionomer cov-
erage around platinum-carbon (Pt/C). Further, the required porous media for gas transport
is formed upon assembly of the ionomer-covered Pt/C agglomerates. Therefore, interactions
between Pt/C and ionomer can drastically affect triple phase boundary and even local mass
transport resistances, eventually impacting fuel cell performance. Most of the ionomer-Pt/C
interactions occur in catalyst ink processing, mainly the formulation. Ionomer to carbon
ratio is well known as a key contributor to the interparticle interactions in ink. However,
its optimum amount and its effect on the microstructure of the catalyst ink is still vague.
In this work, for the first time, a new approach is introduced for microstructural analysis
of catalyst ink from both a fluid mechanics point of view and electrochemical impedance in
ink. Thus, combined rheological and mainly electronic resistance of the Pt/C agglomerate
network was employed to study effect of I/C ratio on the microstructure of the catalyst ink.
The standard parallel plate geometry of the rheometer was adapted to in-house rheo-EIS
geometry, with electric isolation from the rheometer’s body. The new setup successfully
passed electric and rheologic calibration. First, viscosity of the catalyst ink was measured
with the standard geometry, and it was found that the sample with I/C=1 had low viscos-
ity at low shear rates, while the sample with 1/C=0 showed the highest viscosity even at
highs shear rates, suggesting a strong percolated microstructure. Simultaneous three-step
viscometry with single frequency impedance was performed to assess microstructural evolu-
tion under applied shear forces from the coating process. In the absence of ionomer (I/C=0),
the post-shear microstructure was even more entangled than the pre-shear one. On the other
hand, by adding ionomer, it was found that microstructure cannot fully recover due to high
shear force, and the magnitude of recovery decreases by increasing ink’s I/C ratio. Hence,
increasing ink’s I/C ratio is expected to result in a looser carbon network. Simultaneous sin-
gle frequency impedance measurements indicated a decrease in microstructure resistance in
post-shear conditions, while this amount was less significant for samples with I/C>0.75. Full
range impedance spectroscopy before and after applying high shear force was performed to
further elucidate nature of the impedance in the microstructure. It was found that the elec-
tronic conductivity of the carbon network is the major contributor to the total impedance,
and it can be used to assess the inter-connectivity of the ink microstructure, which can
be interrupted by ionomer coverage. Electronic resistance of the ink increased significantly

by increasing 1/C ratio suggesting thicker ionomer coverage induces repulsive forces among
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carbon. This answers the origin of lower post-shear recovery and the loose microstructure
found in three-step shear tests. Impedance spectra taken in post shear condition were re-
markably detected I/C=0.75 as the turning point were at values below this, the impedance
decreases as a result of high shear force and break down of the agglomerates to smaller pieces.
In contrast, impedance (mainly electronic resistance) increased in post-shear conditions for
samples with I/C>0.75. This result greatly signals that the carbon network connection will
significantly scarify at [/C> 0.75. Further cryo-TEM imaging of the samples with a low
and high I/C ratio (0.5 and 1) revealed more open and expanded primary aggregates in the
case of high ionomer content versus compact and spherical primary aggregates for low I/C.
Thick ionomer coverage was detectable for [/C=1 in cryo-TEM. The inks formulated with
I/C=0.5, 0.75, and 1 were fabricated as catalyst layers in the membrane electrode assembly
(MEA) to evaluate their fuel cell performance and oxygen transport resistance. More sig-
nificant oxygen transport resistance was found for the sample with I/C=1, while I/C=0.75
showed resistances close to I/C=0.5. This result was further validated by significant mass
transport loss in performance of the sample with I/C=1 and superiority of the sample with
[/C=0.75. The low limit of I/C=0.5 suffered from proton resistivity, contributing to its low
performance. Thus, I/C =0.75 was found to be the optimum I/C ratio, which provides: a)
proper ionomer coverage for low proton resistivity, b) allows sufficient carbon-carbon inter-
action for a network capable of electron conduction, and ¢) reduces local oxygen transport

resistance induced by ionomer thickness around the catalyst.
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Chapter 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusion

This study is divided into three main projects aiming to address various microstruc-
ture related challenges in the porous media of the proton exchange membrane fuel cell
(PEMFC). The porous structure of the microporous layer (MPL) and catalyst layer is built
upon assembly of carbon-based agglomerates in the precursor ink material. There is a lack
of understanding of the effect of formulation and shear forces from coating process on the
kinetics of agglomeration and its evolution during the process, which determines the final
properties of the resulted porous media.

The first study investigates carbon network/ gel formation in the MPL as a function
of two formulation variables and high shear forces from thin film deposition. The study
aimed to correlate the carbon network’s microstructure in ink to the properties of the casted
thin film in the fuel cell and to propose the optimum amount of the formulation variables.
MPL ink is composed of carbon black, PTFE, and a solvent. In this study, solid content
and PTFE loading were the optimization targets. Rheology was employed as a tool to
study the compactness of the carbon network within ink as a function of the shear forces
applied during the coating process and formulation. Interactions between solid-liquid and
solid-solid in ink determine kinetics of aggregation, agglomerate size, and percolation of the
final network. Due to the discrepancy in the literature for an optimum formulation of the
MPL ink, we chose a range of solid content and PTFE loading that could cover most of the
studied inks in the literature. Further, this study bridged the gap between ink microstructure
and the final porous structure of the MPL, as well as its performance and mass transport
resistance in the fuel cell. As a result, MPL ink with solid content and PTFE loading of
10 and 25wt%, respectively, was proposed as the optimum composition resulting in a low
oxygen transport resistance in the fuel cell by formation of permanent water pathways under
high humidity conditions. This study contains a detailed rheological investigation of the
carbonaceous slurries, which provides a foundation for our following projects and valuable
information that can be used in other energy materials areas like flow batteries dealing with

similar suspensions.
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In the second project, we used the optimum MPL formulation found in the first
project as a baseline and aimed to further enhance its mass transport properties. Thus,
we introduced high aspect ratio carbonaceous additives to the typical carbon black-based
MPL to introduce a gradient of large and small pores to the porous media to tailor its
microstructure. The challenge was that the configuration of the carbon black agglomerates
in the presence of these additives is unknown, and the amount of additive could drastically
affect this configuration. On the other hand, among the two proposed additives, multi-wall
carbon nanotube (MWCNT) and graphene nanoplatelet (GNP), the latter is less hydrophobic
than the carbon black and could result in water accumulation in the cell. However, the
hypothesis is based on the different pore geometry due to having larger particles in the
composition. It is assumed that due to the low capillary force of the large pores, water could
easily intrude there and leave the small hydrophobic pores, formed by the agglomerates
of carbon black, free for gas transport. A range of additive content was used, and it was
found that MWCNT is the most impactful additive in reducing oxygen transport resistance
in the cell. Surprisingly both GNP and MWCNT at 20 wt% resulted in MPLs with lower
oxygen transport resistance than the baseline and consequently higher fuel cell performance
resistance. Additive amounts higher than 20 wt% revealed a compact microstructure, which
had a feature of entangled bundles for MWCNT and compact stacks for the GNP. Overall,
GNP particles are less hydrophobic than carbon black and tend to stack up, which forms a
mass transport barrier. Hence the best additive which can introduce pore size diversity in
the MPL is MWCNT, and the optimum amount is 20 wt%.

The third study is focused on the most complicated complex fluid and the resulted
microstructure, which is participated in both mass transport and electrochemical reactions
in the fuel cell. Membrane electrode assembly (MEA) is the core of the PEMFC, and it is
composed of an anode and cathode catalyst layer with a proton conductive membrane in
between. The precursor material of the catalyst thin films are slurries composed of carbon-
supported catalyst (platinum, Pt), ionomer (proton conductive polymer), and a solvent. Due
to the impact of ionomer on both microstructure of the catalyst layer, its proton conduc-
tivity, and local oxygen transport resistance, we invented a new method to study catalyst
ink microstructure as a function of ionomer/carbon ratio (I/C) in ink. The new technique
included both rheological and electrochemical impedance spectroscopy of the ink. Since
ionomer is just proton conductive, its interaction with the electron conductive Pt/C network
could successfully be captured in the impedance signal from the ink. The main impedance in
ink was found to be electronic as a result of Pt/C- ionomer network. By increasing ionomer,

conductivity of the ink was reduced and its microstructure could not recover after applying
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processing shear forces. A thick ionomer coverage was found to hinder carbon-carbon at-
traction and result in the formation of a less interconnected and loose microstructure. It was
found that the I/C ratio of 0.75 is the critical amount, below which the ionomer coverage

may not be enough and above which it is too thick, causing local mass transport resistance.

7.2 Future work

The current study provided a foundation to systematically design optimized porous
media in the fuel cell and study their mass transport properties. Due to the complex nature
of catalyst ink, future studies will focus on understanding and optimizing its microstruc-
ture to reduce catalyst loading without scarifying performance. In terms of understanding

interaction in the catalyst layer, several formulation factors are left to be studied with the
Rheo-EIS technique.

1. Effect of carbon support on ionomer-catalyst interactions: A porous carbon support
like high surface area carbon interacts differently with ionomer than solid spherical
carbon support with all Platinum on its surface. Ionomer is relatively viscous and
has large molecules, so it may not penetrate into the mesopores of a porous carbon
substrate. This behavior defines a very different microstructure for the corresponding

ink, which should reflect in both rheological and Rheo-EIS characterizations.

2. Effect of ink solvent on the interparticle and solid-liquid interactions in the ink: In
our previous studies, we found a significant signal of microstructure difference between
water reach and IPA reach catalyst inks. Ionomer conformation is a strong function
of solvent composition, and EIS measurement can help understand its behavior in
various dispersing media. This study can start with simple ionomer solvent solutions

and expand to the catalyst ink.

3. lTonomer type: Short and long-side chain ionomers can interact differently with both
solvent and Pt/C. The resulting ink can show different rheology and impedance, which
can help to understand the nature of interactions in the ink and properties of the
resulting catalyst layer. Nafion and Aquivion can be studied as two of the most common

and acceptable ionomers in PEMFC industry.

All of the proposed ink studies will be coupled with in-situ fuel cell characterizations
of the corresponding membrane electrode assembly (MEA) to better bridge the gap between
catalyst ink properties and performance of the catalyst layer in MEA.

In order to optimize the catalyst layer microstructure, we intend to extend our findings

from mass transport enhancement by introducing high aspect ratio additives to the porous
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microstructure of the catalyst layer. Hence, small amounts of MWCNT will be added to
the catalyst layer to improve its microstructure and reduce platinum loading. However, the
interparticle interactions in the catalyst ink would become complicated, and we should first

study ionomer-MWCNT interaction without any catalyst.
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APPENDIX A

A.1 Rheo-Impedacne setup information
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Figure A.1: Part layout for the machined and 3D printed parts of the Rheo-Impedance setp.
a) stainless steel upper geometry, b)stainless steel lower plate, ¢)3D printed center guide
used to install lower plate on the Peek geometry, and c¢) solvent trap installed on the upper
geometry to be filled with liquid metal
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Figure A.2: Sand blasted upper and lower plate

A.2 Catalyst ink conductivity at various electrode gap in the Rheo-EIS setup
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Figure A.3: Catalyst ink resistance measured from equivalent circuit fitted on Figure6.7
data.
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