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Abstract

This thesis investigates the possibility of using electrokinetic effects, induced when a

colloidal system is subjected to an electric field, to produce deterministic structure

in the catalyst layer of polymer electrolyte membrane fuel cells. The susceptibility

of the catalyst ink system to electrokinetic effects is clearly demonstrated. A novel

apparatus and procedure is developed to allow for the formation of continuous films

between two electrode surfaces through solvent evaporation. Characterization of the

resulting layers is done through imaging and rotating disc electrode measurements.

While the images show some possibility of structure formation, no clear increase in

the oxygen reduction rate is observed. Recommendations for extending this work are

provided.
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Chapter 1

Introduction

Polymer Electrolyte Membrane Fuel Cells (PEMFC) have been under continuous

development for the past several decades, and are still an active area of research.

PEMFCs require no moving parts and, since they generate energy electrochemically

rather than thermally, are not subject to the same stringent Carnot limitations on

efficiency as are combustion engines. They are a key component in the so-called ‘hy-

drogen economy’, which has been advanced as a possible carbon-neutral, renewable

solution to the impending energy crisis.

Coupled with photocatalytic materials, PEMFCs could provide access to a supply

of storable energy far in excess of all other alternatives [1]. Recent work in this type

of catalytic material has made the economic viability of this system more plausible

[2], and full-scale working models already exist [3]. A variety of arrangements have

been proposed to allow local stationary and vehicular fuel cell systems to regulate

demand and contribute power to the regional grid, particularly at peak periods for

major (ie. commercial) consumers [4].

1



CHAPTER 1. INTRODUCTION 2

In order for fuel cells to be a viable technology, however, the cost per unit energy

must be reduced. It has been estimated that 40-50% of the material cost of a PEMFC

resides in the platinum required for the catalyst layer [5]. Any future shortages of

platinum, and the resulting price inflation [6], would make this concentration of cost

even more pronounced.

One strategy for reducing the catalyst cost is to develop more efficient catalyst alloys

such as PtNi3 [7], or inexpensive alternatives to precious metal catalysts, such as

cobalt-pyrole composites [8]. Nitrogen doped carbon nanotubes [9] have also been

used as catalysts for oxygen reduction in alkaline systems. While recent progress has

been made in these areas, development is still in the early stages.

A second, complementary, strategy is to ensure that the use of all catalytic mate-

rial in the fuel cell is maximized. This is achieved through focusing attention on the

microstructure of the catalyst layer, and attempting to manipulate it through a va-

riety of techniques, in order to improve the transport properties. In most PEMFCs,

the Pt nanoparticles are dispersed on a finely divided carbon black support. Carbon

nanotubes (CNTs) have been frequently used in place of carbon black to achieve a

change in the microstructure [10, 11], albeit in a randomly deposited manner.

Alternative microstructures have been obtained by using a filtration technique to

introduce alignment to the CNTs [12], or by growing the CNTs directly onto the

carbon paper substrate [13]. Similarly, oriented crystalline whiskers [14] or carbon



CHAPTER 1. INTRODUCTION 3

nanofibers [15] have been grown for use as catalyst supports. While performance

improvements have been observed, the use of currently expensive CNTs and/or the

costly, multi-step production methods reduce the attractiveness of these approaches.

1.1 Scope

This thesis will develop an apparatus and procedure for applying a strong electric field

to the colloidal precursor of the catalyst layer during its formation. The goal of this

work is to explore the prospect of using electrokinetic phenomena to introduce struc-

ture in the immobilized particles in the film. Any differences in the microstructure

of the catalyst layer will be analyzed through electrochemical behavior and imaging

techniques. It is important to note that the ability to affect the catalyst layer mor-

phology on small length scales has potential benefits regardless of the type of catalyst

used, and could provide additional benefits in terms of fuel efficiency, operational

lifetime, heat dissipation, water management, etc.

There are two primary mechanisms through which electrokinetic structuring of the

catalyst layer could improve the electrochemical performance of PEMFCs, as shown

in Figure 1.1. First, it is possible that in the catalyst layer, particularly at low cat-

alyst loadings, certain domains will not be in electrical contact with the substrate,

which precludes them from being active sites for reaction. By causing additional at-

tractive forces between the particles, the application of an electric field could improve

the connectivity of the catalyst layer.
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Figure 1.1: The two main improvements that could be made to the catalyst layer
through the application of an electric field are related to the connectivity and
anisotropy of the layer. Sectors of the catalyst layer may not be in electrical contact
with the main catalyst network, which precludes that catalyst from being electrochem-
ically active. Other sectors may be completely or partially surrounded by catalyst
and ionomer, making it difficult for reactants to diffuse to the active sites. In either
case, the directional forces induced by the electric field increase the likelihood that
the particles will be arranged in straighter, well-connected chains.

Second, the fact that certain electrokinetic forces are inherently directional could pro-

duce structures that make transport of reactants and products more direct. Large,

amorphous aggregates could be altered into a more linear configuration, which re-

duces the distance that reactants and products must diffuse through.
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1.2 Outline

Chapter 2 will provide the background theory required for the work, as well as a

literature survey. The theoretical background for this work is broad, and although

most of it is not used for quantitative modelling purposes, the concepts are important

for a comprehensive analysis of this system. Chapter 3 will describe the equipment

and materials used, along with experimental and analysis methods.

Chapter 4 provides visual evidence of the plausibility of structuring catalyst layers

using electrokinetic effects. This will be achieved using two experimental methods:

a electrode pair allowing alignment with the particles suspended in a solvent, and a

micro-electrode setup that allows immobilization of structures aligned in the same

plane as the film. These methods are more easily applied than the ‘through-plane’

alignment, which is the ultimate goal of this work.

The fact that the presence of electrodes, which are surfaces that can hold signifi-

cant charge, necessarily blocks evaporative pathways, means the formation of a film

through evaporation between solid electrodes is difficult. Chapter 5 traces the de-

velopment and theory behind the novel apparatus used to form films under a strong

electric field, and Chapter 6 provides characterization data for the resulting catalyst

layers. The characterization includes SEM and TEM images, and electrochemical

RDE analysis.

Finally, Chapter 7 provides conclusions and future work, including potential improve-

ments to the apparatus and procedure itself.



Chapter 2

Background

This chapter contains a broad review of the background theory underlying this work,

as well as a survey of the relevent literature.

2.1 Fuel Cells

Polymer electrolyte membrane fuel cells are energy conversion devices used to pro-

duce electricity from molecular hydrogen and oxygen, with water as the chemical

byproduct. A simple fuel cell consists of a polymer electrolyte (ionomer) membrane,

sandwiched between two catalyst layers, gas diffusion layers, and flow field plates.

Under ideal conditions, the hydrated membrane transports only protons, while the

other components must be electrically conductive, and allow the flow of gaseous re-

actants. This work focuses strictly on the catalyst layer section of a PEMFC.

Figure 2.1 shows a schematic of a simple fuel cell, with magnified diagrams of the

catalyst layer. The catalyst layer is the region in which the reactions that produce

6
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a potential difference across the unit occur. In the anodic catalyst layer, molecular

hydrogen is oxidized to protons, which pass through the hydrated ionomer membrane,

and to electrons which travel through the external circuit.

H2 → 2e− + 2H+

In the cathodic catalyst layer, the protons and electrons are combined with dissolved

molecular oxygen, which is reduced to form water in the oxygen reduction reaction

(ORR).

O2 + 4e− + 4H+ → 2H2O

The reaction takes place at the interface between the electrically conductive media,

the proton conducting ionomer and a catalyst nanoparticle, an interface known as

the three-phase boundary.

The electrically conductive phase is most commonly carbon black, a finely divided

particulate form of amorphous carbon. Catalyst layers constructed from Pt-black,

rather than CB supported Pt, have been found to have extremely low inherent cat-

alyst utilization (∼0.5%) compared to those constructed from Pt-CB (∼80%), even

though Pt-black allows reaction on surfaces not directly connected to the ionomer [16].

Although other materials can be used [17], the standard proton conducting phase is a

polytetrafluoroethylene-sulfonic acid copolymer, such as Dupont’s Nafion�. The best

performing catalysts to date are scarce metals such as Pt, and as such contribute

a significant portion to the production cost of a fuel cell. For the purposes of this

work, ionomer will henceforth refer to PTFE-sulfonic acid copolymer, and catalyst
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Figure 2.1: Schematic representation of the fuel cell catalyst layer. The catalyst layer
is situated on either side of the polymer electrolyte membrane in a working fuel cell.
Within the catalyst layer, Pt nanoparticles are dispersed on carbon black particles,
which comprise the electrically conductive phase. The ionomer, which is required for
efficient transport of protons, must contact the nanoparticle along the three-phase
boundary. Reactants are transported to the active sites through void space in the
catalyst layer, and diffusion through the ionomer.
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will refer collectively to the Pt nanoparticles dispersed on a carbon black support,

unless otherwise stated. Also, the terms catalyst layer and catalyst film will be used

interchangeably.

At standard temperature and pressure1, the free energy of formation of water vapour

is −2.3× 105 J/mol; this represents the maximum amount of electrical work that can

be done, and produces a reversible cell voltage of 1.18 V. Three factors, known as

overpotentials, contribute to the reduction of the available voltage:

� Activation losses are the result of energy being required to overcome the poten-

tial barrier across the three phase boundary, and are the dominant loss mech-

anism at low currents. For a given operating temperature and catalyst surface

area, reducing the activation loss requires using a catalyst which mediates the

reaction in a more efficient way.

� Ohmic losses result from the dissipation of energy in the transport of electrons

and protons.

� Polarization losses are the result of mass transport limitations with respect to

the diffusion of gaseous reactants, and dominate at high current levels.

A more complete explanation of these effects can be found in the Appendix.

Since the oxygen reduction reaction (ORR) is significantly slower than the hydro-

gen oxidation, and as the diffusivity of O2 is much lower than that of H2, activation

and polarization losses are much greater in the cathode than in the anode. This

11 bar and 25◦C
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thesis will therefore focus primarily on the ORR, with the understanding that any

improvements could be applied to the anode as well.

2.1.1 Current Catalyst Layers

The intimate contact required at the three phase boundary has made producing cata-

lyst layers from a suspension of all components, known as a ‘catalyst ink’, the preferred

method. The ink is sprayed, cast, painted or otherwise deposited on one of three sub-

strates: the porous carbon paper or carbon cloth backing, the ionomer membrane,

or a Teflon blank. The ink is then allowed to dry, usually at increased temperatures,

into a layer of randomly distributed aggregates of the catalyst and ionomer. In the

decal method, the catalyst layer is then transferred from the Teflon to the ionomer

membrane, usually by hot pressing.

A great deal of research has gone into finding optimized catalyst ink compositions.

The ratio of catalyst to ionomer varies, but generally the catalyst layer is between

50 and 66% catalyst by mass [18, 19, 20, 21]. This is to ensure that there is a

widespread, electrically conductive network in the final film; the probability that a

region of catalyst may be electrically disconnected from the overall circuit must be

minimal. However, as mentioned above, by introducing additional attractive forces,

which cause the formation of directional structures, this probability may remain min-

imal at much lower overall catalyst loadings. This also has the potential to improve

transport of protons and reactants throughout the film, by removing obstructions

caused by aggregated catalyst particles.
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Common catalyst ink solvents include water and short-chain aliphatic alcohols, while

drying temperatures are usually below 80◦C. Thermal degradation of Nafion, due to

the formation of sulfonyl radicals, becomes significant at temperatures approaching

200◦C, but can occur over long periods even at 100◦C [22]. This degradation is elim-

inated in N2 environments, and a high temperature quenching procedure has been

used to improve the catalyst ionomer interface [23].

A variety of different models relevant to PEMFCs highlight the importance of the

catalyst layer microstructure on performance. Numerical Monte Carlo and multipole

expansion simulations have shown that the average rate of a diffusion-controlled reac-

tion in a small cluster of spherical sinks is highest when the configuration is a linear

chain [24]. Modeling of highly idealized catalyst layers [25, 26] has indicated the

importance of microstructure, particularly with respect to oxygen transport, while

3D finite element method modeling of catalyst layers in simple cubic, face-centered

cubic and body-centered cubic formations has also shown microstructure dependance

[27]. Any structure which increases the agglomerate effectiveness factor will clearly

improve performance as well [28]. Alternatively, simulations have indicated that per-

formance is improved if the catalyst density is concentrated towards the membrane

[29], although performance is likely decreased if the ionomer loading is non-uniform

[30].

The fact that the catalyst layer microstructure has a significant effect on performance

makes understanding the interplay between the colloidal forces vital for the design of

more efficient PEMFCs. The alteration of this structure through electrokinetic effects
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will be achieved by modifying these small scale particle interactions.

2.2 Colloidal Forces

The contemporary theory of interactions between colloidal bodies in suspension is

based upon the extended DLVO2 framework (XDLVO). The XDLVO approach [31],

which will be outlined in this section, supposes that in the absence of an external elec-

tric field, the stability of a colloidal suspension, such as a catalyst ink, is determined

by Lifshitz-van der Waals, electrostatic and acid-base interactions between particles.

2.2.1 Dispersion Forces

Dispersion forces, also known as Lifshitz-van der Waals (LW) forces, are comprised

of interactions between

� permanent dipoles (Keesom interactions)

� permanent dipoles and induced dipoles (Debye interactions)

� fluctuating dipoles and induced dipoles (London interactions)

They are characterized by two factors: a Hamaker constant (A) which quantifies the

material properties, and a function that accounts for the geometry of the interacting

bodies.

The simplest method for evaluating the Hamaker constant is to integrate the pair-

wise interactions of each molecule in the two bodies. The resulting Hamaker constant

2Derjaguin, Landau, Verwey, Overbeek
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assumes instantaneous propagation of the dipole fluctuations (‘unretarded’), and is a

function only of the polarizabilities, α̂, of the individual molecules.

Φ = −AH(r/a)

A =
3

8
N2kBT

∞∑
n=0

′α̂2(iξn)

(2.1)

where ξn are related to the poles of coth ~ω
2kBT

, and the prime indicates the n = 0 term

is multiplied by 1
2
. The geometric function, H, between two equal sized spheres is

readily calculated from

H(r/a) =
−1

6

(
2a2

r2 − 4a2
+

2a2

r2
+ ln

r2 − 4a2

r2

)
(2.2)

The effect of the intervening medium can be estimated by subtracting the interaction

energy between the particles and the medium that would occupy the same space in

the absence of the second particle; each term in the summation of (2.1) therefore

becomes a difference between a particle and a solvent polarizability. Alternatively, a

macroscopic approximation accounting for an intervening medium (3) between two

bodies of the same3 material (1) is given as [31]

A131 =
(√

A11 −
√
A33

)2
(2.3)

The Hamaker constant for carbon black has been estimated to be on the order of

1× 10−19 J [32, 33].

3A parameter describing the interaction between different materials (1 and 2) in a medium (3)
would have a subscript of, for example, ‘132’
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Dispersion forces are more rigorously determined through a continuum (Lifshitz)

model, where many-body interactions can be taken into account explicitly. Fur-

thermore, retardation due to the finite speed of electromagnetic propagation can be

treated, yielding an ‘effective’ Hamaker constant. However, the complete continuum

model is difficult to evaluate, and requires knowledge of the broad dielectric spec-

trum of the particles in the medium, which is often not readily available. With the

assumption that the particle and solvent share one dominant dispersion frequency in

the UV range, a simplified, first-order approximation for flat plates can be obtained

for the effective Hamaker constant [34]

Aeff =
3

4
kBT

(
εp(0)− εm(0)

εp(0) + εm(0)

)2

+
3~ω

16
√

2

(n2
p − n2

m)2

(n2
p + n2

m)
3
2

F (H)

F (H) =
4
√

2

π

∫ ∞
0

(1 + 2Hx)e−2Hx

(1 + 2x2)2
dx

H = nm(n2
p + n2

m)
1
2
~ω
Cl

(2.4)

Finding an equivalent expression between spheres is difficult; the Derjaguin approxi-

mation is applicable only when r << a and is therefore not suitable for most colloidal

suspensions. An alternate approximation is given as

ΦLW = −Aeff (r − 2a)H(r/a) (2.5)
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Finally, the unretarded Hamaker constant can be approximately related to the dis-

persion component of the surface energy of the material, which is useful due to its

relatively simple experimental evaluation. This can be combined with the fact that,

for semi-infinite parallel slabs at small separations, the interaction energy decays with

the inverse square of the distance [31]

A131 = −24π`oγ
LW
13

ΦLW (r) =
−A

12πr2

(2.6)

where `o is the separation distance between two slabs in van der Waals contact, and is

often approximated as 1.57 Å. However, as mentioned above, the Derjaguin approxi-

mation on which this is based is highly questionable for sub-micron size particles.

2.2.2 Electrostatic Forces

Electrostatic (EL) forces result from the interaction of bodies with finite surface

charge, which is usually the result of ion dissociation at the surface or of adsorption

of charged species. An important factor is how this surface charge interacts with

other charged species in solution. According to the Gouy-Chapman model, in an

electrolytic medium a colloid is surrounded by a ‘double layer’ [35]. This is comprised

of a thin layer of low mobility surrounding the particle (Stern layer), and a mobile

outer ion cloud (diffuse layer), as shown in Figure 2.2. The thickness of the double

layer is characterized by the Debye length
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Figure 2.2: Schematic of the electrical double layer at a charged surface. The ions
in the Stern layer are immobilized, while those in the diffuse layer are free to move.
The size of the double layer is characterized by the Debye length, κ−1.
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κ−1 =

[
εmεokBT∑
k e

2(z(k))2n
(k)
∞

] 1
2

(2.7)

The ionic strength of the solution for a dilute, symmetrical 1-1 electrolyte can be

estimated through knowledge of the limiting conductances of the ions

n∞ =
σF

eΛo

(2.8)

The structure of the double layer is provided by the Poisson-Boltzmann equation,

which relates the local free charge to the gradients of electrical and chemical potential

for an ideal solution with uniform dielectric properties

ε∇2φe = −e
k∑
1

z(k)n(k)
∞ exp

(
−ez(k)φe
kBT

)
(2.9)

No analytical solutions exist for a spherical geometry, although extensive numerical

solutions have been available for decades [36]. As with dispersion forces, the Derjaguin

approximation is again questionable for micron-scale colloidal particles. However, for

small surface potentials, the Poisson-Boltzmann expression can be linearized to yield

the Debye-Hückel approximation, and linear superposition of Debye-Hückel single

sphere potentials produces an expression [34] valid for equal sized particles with small

(≤25 mV), constant surface potentials at large separations [37]

ΦEL = 4πε

(
kBT

z(k)e

)2
[

1 + κ(r + 2a)(
r
2a

+ 1
)2

]
Ψ2
s exp (−κr) (2.10)

where

Ψs =
ez(k)ψs
kBT
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The remaining requirement is to find the surface potential, as determined from the

value measured at the ‘slipping plane’, which is the boundary between the mobile and

immobile sections of the double layer. This value is usually found through particle

mobility measurements, and is known as the zeta potential. Given the validity of the

Debye-Hückel approximation, this can be done through Eqn. (2.11), which relates

the thickness of the Stern layer to the decrease in potential across it; the thickness of

the Stern layer is generally between 3 and 5 Å[31].

ζ = ψo

(
a

rst

)
exp {−κ(rst − a)} (2.11)

where rst is the radial distance to the slipping plane. For two isolated spheres that

possess the same potential, the electrostatic interactions are always repulsive, and are

usually the force that stabilizes a suspension against rapid aggregation. However, un-

der certain conditions in concentrated suspensions, multibody interactions can result

in net attractive electrostatic interactions [38].

2.2.3 Acid-Base Interactions

Acid-base (AB) interactions result from the stable (non-fluctuating) transfer of elec-

tron density, in a manner similar to Lewis acids and bases. They represent an exten-

sion to classical DLVO theory, which only includes the forces described above, and

were introduced to account for interactions that were not described by electrostatic

or dispersion forces. Characterizing the force due to acid-base interactions is done

through the electron donicity (-) and accepticity (+) parameters, which are strictly

empirical, and lack rigorous theoretical underpinnings. For two identical particles in
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a continuous medium [31]

∆ΦAB
131(`o) = −4

(√
γ
(+)
1 −

√
γ
(+)
3

)(√
γ
(−)
1 −

√
γ
(−)
3

)
(2.12)

and the decay with distance is given by

ΦAB
131(`) = −πr∆ΦAB

131(`o) exp

[
(`o − r)

λ

]
(2.13)

Here, λ is the correlation length of the acid-base interaction in the medium, which

ranges in water from approximately 0.2 nm to 1 nm, leading to difficulties in accu-

racy. Unlike dispersion forces, which are always attractive for like particles, acid-base

interactions can be attractive or repulsive, depending on the medium. This is a conse-

quence of the fact that each material is characterized by two independant parameters,

γ(+) and γ(−).

2.3 Electrokinetic Phenomena

The novelty of this work lies in the introduction of electrokinetic phenomena to the

standard colloidal interactions, discussed in Section 2.2, that are responsible for the

random structure in conventional catalyst layers. There are a number of different

effects that result from the application of an electric field to a colloidal system, and

only some of them are relevant for the system that is considered in this work. This

section will provide an overview of these effects.
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2.3.1 Electrostatics

Materials can be divided into two overlapping categories, electrical conductors and

dielectrics, and each is subject to the laws of classical electrodynamics. Of particular

importance are, in the absence of external magnetic fields

∇ · E = ρq Gauss’ Law (2.14)

∇× E = 0 Faraday’s Law (2.15)

Good conductors are characterized by large populations of mobile charge carriers.

When placed in an electric field, and bounded by a non-conducting medium, these

carriers will move, until the field strength within the conductor is essentially reduced

to zero4 Equations (2.14, 2.15) imply that, for ideal, homogeneous conductors, the

tangential components of the field at the boundary are negligible, and the boundary

is equipotential [39]. In significantly non-ideal conductors, the population of charge

carriers may be low enough that diffusion competes with Coulombic transport, and

the field penetrates a significant distance into the conductor volume [40].

In either case, the non-uniform distribution of charge results in an electric moment

with respect to the conductor (P), characterized by the polarizability tensor, Vα̂ik

Pi = Vα̂ikEk (2.16)

4This can be more rigorously stated as: the extreme values of the potential function occur
exclusively on the boundaries of an ideal conductor [39]



CHAPTER 2. BACKGROUND 21

The force on a conductor in a non-conducting medium can be found by integrating

the force induced on the surface charge (σs) over the entire surface

F =

∮
S

2πσsEds (2.17)

A dielectric, in contrast, does not possess mobile charge carriers that can rearrange to

compensate the internal field. The only mobile charges are introduced from outside

the dielectric, and are known as extraneous charges (ρex). However, the bound charges

within the dielectric are able to undergo relaxation mechanisms, resulting in a local

polarization vector (P) which generally opposes the local field. This defines the local

induction, or displacement current, as

D = E + 4πP

∇ ·D = 4πρex

(2.18)

For an isotropic linear dielectric, P is a linear function of the field, E, allowing the

definition

P = κpE

4πP + E = (4πκp + 1)E

D = εE

The boundary conditions between two dielectrics are continuity of the tangential field,

and a change in the normal field component that is proportional to the ratio of the

permittivities

ε1En1 = ε2En2 (2.19)
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This implies a change in field strength at an interface that is a function of the dielec-

tric contrast. The electrical moment of a dielectric may still be found via (2.16) but

the α̂ik are now functions of the permittivity as well as geometry.

The application of an external electric field will cause an increase in the free energy

of a system, conductive or dielectric, which implies the existence of a new equilibrium

state. Determining the exact nature of this new state is extremely complex, owing to

electrostatic interactions between bodies, changes in chemical potential, etc. The free

energy of a dielectric body, F, in a medium at thermal and mechanical equilibrium,

as a function of position can be related to the force as [39, §16]

F =

∫
V

P · ∇E (2.20)

For a field that is nearly constant over the body, this can be approximated as

F = P · ∇E (2.21)

With respect to Section 2.2.2, an applied field will interact with the ionic atmosphere

of a electrolytic suspension as well as with the particle itself. Inclusion of a average

ion atmosphere in the electrical response to the field is fairly straightforward [41].

Finally, the stress tensor for an isotropic, linear, fluid dielectric is given by [39, §15]

σik = −Poδik −
E2

8π

[
ε− ρ

(
∂ε

∂ρ

)
T

]
δik +

εEiEk
4π

(2.22)
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2.3.2 Electrode Polarization

As with any medium, charges in an electrolyte solution will rearrange in order to min-

imize the free energy of the system. This generally entails the formation of a double

layer at the electrode surface, similar to the one that forms at the particle surface, in

a phenomenon known as electrode polarization. If the ionic strength is large enough,

and the frequency is low enough, the electrical double layer effectively screens the

applied potential; that is, the electrolyte behaves as a good conductor. At this point

the strength of the applied field is negligible within the bulk of the electrolyte, and

no electrokinetic phenomena can take place there.

This effect of electrode polarization can be roughly accounted for by including a re-

sistor in series with the system of interest, (Rcirc), that represents all other electrical

resistances inherent in the circuit (ie. amplifier output resistance, contact resistances,

etc.). If the conductivity of the system increases, the resistance decreases, and the

applied potential is primarily dissipated in Rcirc.

V =
Vo

Rcirc

R
+ 1

where R =
`

σAe

(2.23)

Based on data in Appendix C, Rcirc has a value on the order of 1 kOhm. Combining

(2.23) and taking E = V/` produces

E =
Vo

RcircσAe + `
(2.24)
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In general, the conductivity is a function of the concentration of particles or solubilized

material, and the extent of electrode polarization is dependant on the frequency of the

applied field, due to the finite amount of time required for formation of the boundary

layer.

2.3.3 Electro-osmotic Flow

Electro-osmosis is the interaction of an electric field with the electrical double layer

adjacent to a charged surface in an electrolyte. If the opposing electrodes possess

parallel surfaces, as with a microelectrode chip, a fluid velocity field can be produced

which drives fluid down and away from the gap [42]. A schematic of this flow is

presented in Figure 2.3. However, since the parallel plate geometry used in the

following experiments does not induce the same forces, this type of electro-osmotic

flow should not occur, although small deformations in the electrode surfaces could

induce local electro-osmotic flow. When operating at relatively high frequencies, the

possibility of any electro-osmotic effects occurring that have a significant range is very

limited, as electrode polarization does not occur quickly enough.

2.3.4 Electrophoresis

Electrophoresis is the motion of a particle with a finite electrical charge due to the

action of an external electric field. If the diffuse layer is thick (κa → 0), the elec-

trophoretic force is simply the action of the external field on the surface charge of

the particle as in (2.17). For a thin double layer (κa → ∞), the applied field acts

primarily on the double layer surrounding the particle, inducing fluid motion. This

is essentially an electro-osmotic effect, and the drag force on the particle results in
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Figure 2.3: Electro-osmotic flow in a microelectrode. The component of the field
parallel to the electrode surface acts on the electrode double layer. Since both the
polarity of the electrode and the direction of the field component switch with every
cycle of the field, a clear flow pattern can develop
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deterministic motion [34].

The zeta potential of carbon black in organic solvents of moderate polarity is signif-

icant [43], indicating that electrophoretic effects can possibly occur. However, since,

as with electro-osmosis, electrophoresis only occurs at very low frequencies due to the

changing polarity [44], it is generally negligible in this work. The exception is if the

applied field is intentionally biased with a DC component, inducing a electrophoretic

force in combination with other effects.

2.3.5 Dielectrophoresis

Dielectrophoresis (DEP) is the motion induced in a polarizable particle due to non-

uniform electric fields. The potential field that develops around such a particle can be

represented by an infinite series of superimposed arrangements of charge, known as

a multipole expansion; for axisymmetric charge distributions such as spheres, these

multipoles are linear. The force imposed on the particle can be represented by the

sum of the forces on the multipoles [44]; a schematic of this is shown in Figure 2.4.

F =
n=∞∑
n=1

1

n!

=

P
n

[·]n (∇)n E (2.25)

where
=

P
n

is an n-th order tensor that, for a spherical homogeneous particle, is given

by
=

P
n

=
4πεma

2n+1

(2n− 1)!!
K(n) (∇)n−1 E (2.26)

K(n) =
εp − εm

nεp + (n+ 1)εm
(2.27)
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Figure 2.4: A schematic representation of the multipole method for describing di-
electrophoresis. When a particle is subjected to an electric field, charge redistributes
within it, and around it, according to the conductivity, σ, which accounts for free
charge, and permittivity, ε, which accounts for bound charge, of the particle and
medium. This redistribution of charge causes polarization of the particle, which can
be described as a superposition of multipole moments. For axisymmetric particles
and fields, these multipoles are linear; the total force can be determined through the
interaction of each multipole with the applied field.

Truncating at the first term of this expansion yields the dipole approximation, with

K known as the Clausius-Mossotti factor, which characterizes how charge builds up

at an interface under an applied field. This approximation is generally valid when

the characteristic length of the field gradients are large compared to the particle size,

which is the case for this work.

In a non-alternating field, or if the particles are lossless, K is a real quantity, de-

scribed by (2.27). However, in an alternating field the polarization can possess a
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component that is out of phase with the applied field, known as dielectric dispersion.

More commonly, a non-zero conductivity can result in the displacement of charge

that will remain if the field is removed. As this is thermodynamically irreversible,

it represents a loss of energy. Both of these mechanisms can be characterized by a

complex permittivity value ε∗ = ε′+ iε′′, where ε′′ is the loss factor. This is analogous

to the definition of a complex viscosity to account for viscous (conductive) and elastic

(dielectric) behavior in fluids.

Equation (2.27) then yields a complex value for K, and the force must be aver-

aged over time [44]. The real part of the Clausius-Mossotti factor determines the

time-averaged DEP force, while the imaginary part determines the torque

〈FDEP 〉t = 2πεma
3R {K∗}∇E2

rms (2.28)

〈TDEP 〉t = −4πεma
3I {K∗}∇E2

o ẑ (2.29)

Numerical comparisons between the multipole expansion and the stress tensor ap-

proach have shown close agreement, provided the multipole expansion includes 2nd

(quadrupole) and 3rd (octopole) order terms [45].

With particle polarization, DEP causes particle alignment through two mechanisms.

First, particle chaining occurs in the bulk of the suspension, when particle multipoles

interact directly. For two approaching particles, these interactions will alter the po-

larization of each body, due to the local perturbations of the applied electric field.

For the systems used in this work (conductive particles), the particle chaining occurs
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in the same direction as the applied field; the generalized method for treating this

is provided in Appendix D. In the second mechanism, suspended particles may be

attracted to inhomogeneities on the surface of the electrodes that also cause local field

perturbations. These inhomogeneities may be artificial, or they may be the result of

particles that have previously come into contact with the electrode surface; these, in

turn, attract other particles or particle chains toward the same point.

2.3.6 Electric Field Induced Particle Interactions

The electrokinetic expressions in the preceding sections were derived for the dilute

limit, where the effects of other particles could be ignored. However, in concentrated

colloidal systems, particle interactions cannot be ignored, and a great deal of research

has recently been devoted to accounting for these interactions, which significantly in-

crease the complexity of the system.

The dielectric dispersion behavior for concentrated suspensions can be estimated by

solving for the first order perturbation in the fundamental electrokinetic equations in

electrolytic [46] and salt-free media [47] using a cell model5. In addition, two relax-

ation mechanisms are seen: at low frequency diffusion tends to reduce perturbations

in the double layer charge distribution (α-relaxation) while at high frequencies the

ions do not have sufficient time to achieve complete polarization (Maxwell-Wagner-

O’Konski relaxation). The dielectric response is in turn related to the dynamic elec-

trophoretic mobility [48] in uniform fields and to the dielectrophoretic behavior in

non-uniform ones.

5A cell model partitions the particles into ‘cells’ of equal volumes within the suspending medium,
the size of which becomes a function of the particle concentration



CHAPTER 2. BACKGROUND 30

Attempts have also been made to include the pairwise dipole interactions of charged

spheres in the polarizability factor through a spectral representation method [49]. For

spherical particles approaching each other parallel to the field direction

K∗ =
∞∑
m=1

(
Fm

s− sm
+

∆εm

1 + f2

f2cr

)
(2.30)

Fm = −4

3
m(m+ 1)

(
sinh3 α

)
e−(2m+1)α sm =

1

3

{
1− 2e−(1+2m)α

}

∆εm = Fm
s− t

(t− sm)(s− sm)
fcr =

1

2π

σms(t− sm)

εmt(s− sm)

s =
1

1− εp
εm

t =
1

1− σp
σm

where α = cosh−1(R/D); note that as R/D → ∞, the first term in the expansion

approaches that of an isolated particle, as expected.

A different approach is taken by Khusid and Acrivos [50], where the thermodynamic

relations balancing the ensemble average of the free energy due to the electric field,

W , against the osmotic pressure are derived as

[
Z(φ) + φZ ′(φ)− φ Vp

kBT

∂2W

∂φ2

]
=

dφ

d < E2 >t

= φ
Vp

kBT

∂2W

∂φ∂ < E2 >t

(2.31)

The coexistence curve of c versus < E2 > can be derived from this, delineating the

region within which the system will separate into concentrated and dilute regions,

while the shape of these regions are governed by the polarizability behavior of the
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particles. An expression for W is given by Khusid and Acrivos [51], where the authors

extend the theory to concentrated colloidal suspensions.

W =
εm
4

1 + 2φΞ

1− φΞ
E2
o +

9φ(1− φ)(εmσp − εpσm)2E2
o

4(1 + ω2t2s)(εp + 2εm)(1− φΞ)(σp + 2σm)2(1− φΣ)2
(2.32)

Ξ =
εp − εm
εp + 2εm

Σ =
σp − σm
σp + 2σm

ts =
(εp + 2εm)(1− φΞ)

(σp + 2σm)(1− φΣ)

Obviously, quantitative prediction of phase separation behavior is extremely difficult

for real systems; however the effect that with increasing field strength the system

will form stable, chain-like domains is consistent with experimental observations, and

with the goals of this work.

2.3.7 Ohmic Heating

The work done by a current flowing through a medium of non-zero conductivity results

in dissipation of heat as (2.33) in a phenomenon known as Ohmic heating

q̇ = σE2 (2.33)

For a given applied field, high conductivities result in greater ohmic heating, which can

lead to disruptive convection, electrothermal effects and accelerated or non-uniform

evaporation.
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2.3.8 Electrothermal Flows

Electrothermal effects are caused by differences in the local electrical properties of

a suspension, resulting from temperature gradients and from the conductivities and

permittivities being functions of temperature. The time-averaged electrothermal force

on an incompressible fluid is [39]

〈f〉t =
1

2
R
[
σε (αT − βT )

σ + ifε
(∇T · E0) E0 −

1

8π
E2

0εαT∇T
]

where αT =
1

ε

(
∂ε

∂T

)
and βT =

1

σ

(
∂σ

∂T

) (2.34)

A derivation of this expression in provided in Appendix B. The first term in (2.34)

accounts for Coulombic interaction of free charge with the field, and the second ac-

counts for the interaction of the local net polarization with the field (dielectric force).

As only the former is frequency dependant, an important parameter is the crossover

frequency, where the two forces are equal. This is approximated by [52]

fc ≈
σ

ε

(
2
|βT |
|αT |

)1/2

(2.35)

It is unclear how the presence of dissolved or colloidal ionomer, conductive parti-

cles, and additional solvents will affect the electrohydrodynamics of the catalyst ink,

but (2.34) indicates that good heat dissipation and low conductivity is important in

minimizing this effect, and preventing disruption of any particle structures.
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2.3.9 Electrokinetic Control of Particles

Growth of microwires from colloidal gold was achieved by Hermanson et al. [53] who

cited a collective mechanism wherein DEP increased the concentration of particles

at the growing tip of the microwire. Fast growth of the wire was observed at field

strengths greater than 45000 V/m, and the potential for microwire self-repair and

chemical sensing functions was verified. Bahukudumbi et al. [54] found that mi-

crowires were assembled from gold particles only at frequencies greater than ≈100

kHz, and provided an electrical pathway of lower resistance than the medium, even

though the assembly was reversible, due to electrostatic repulsion between the par-

ticles. Kretschmer and Fritzsche [55], observed that microwires assembled from gold

colloids were conductive enough to melt into homogeneous structures due to Ohmic

heating.

Carbon black particles have also been found to align by a similar mechanism, al-

though the growth tends to be slower, leading to a more dendritic structure [56].

Alignment of CB particles in polydimethylsiloxane has been found to affect both the

rheological and electrical properties of the suspension [57]. Higher frequencies have

been found to lead to microwires of higher conductivity for both carbon black [56]

and CNTs [58]. The dependance of the assembly pattern on the frequency, voltage,

electrode geometry, and material properties has also been established for PMMA,

silica and graphite particles [59].

Simulations have been performed related to the interaction of DEP, hydrodynamic
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and Brownian forces with respect to arrangement on an electrode array [60] and sep-

aration of metallic and semiconducting CNTs [61]. The assembly of CNT nanowires

between electrodes has also been simulated via finite element method, using indepen-

dant meshes for the solid and fluid domains6 [62]. Combined microfluidic flow and

dielectrophoretic forces have been used to align SiC nanowires with uniform spacing

between microelectrodes [63]. Electro-osmotic flow has been used to transport wires

into areas of high DEP torque, where they are rotated into a vertical alignment [64].

Gold and polystyrene colloids were attracted to electrically contacted semiconducting

CNTs through DEP forces caused by radial field gradients [65], which could be useful

for attracting Pt nanoparticles to uncatalyzed, conductive structures. In addition,

dielectrophoresis can be used for single cell manipulation [66] in a variation of optical

tweezers.

2.4 Film Formation

While most of the novelty of this work lies in the phenomena in the preceding section,

most of the difficulty resides in trying to combine them with evaporative film forma-

tion, in such a way as to allow electrokinetic effects to have an impact on the final

microsturcture. The dynamics of film formation are deceptively complex, and, since

the catalyst layer in a PEM fuel cell is a film comprised of rigid catalyst particles in

an ionomer network deposited from a suspension, it applies directly to this work. The

fundamental phenomena that contribute to the behavior of an evaporating catalyst

ink are discussed in this section.

6Immersed Electrokinetic Finite Element Method (IEFEM)
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2.4.1 Hard Sphere Suspensions

While the interactions of dispersed particles are decaying functions of distance, as per

Section 2.2, a limiting case, often used as a reference for more complicated systems,

is provided by the ‘hard sphere’ approximation, wherein the potentials follow

Φ(r) =


0 if r > a

∞ if r ≤ a

(2.36)

Therefore, only the entropic effects of the dispersed phase are considered. This allows

useful analytical relations to be determined, such as the compressibility factor from

the Carnahan-Starling equation

Z(φ) =
Π

nkT
=

1 + φ+ φ2 − φ3

1− φ3
for φ < 0.5 (2.37)

which can be applied to the the generalized7 ‘co-operative diffusivity’ [34]

D(φ) = DoK(φ)
d (φZ(φ))

dφ
(2.38)

where K(φ) is the sedimentation coefficient, which characterizes hydrodynamic inter-

actions between particles, and is defined as the settling velocity of a sphere at a volume

fraction φ, versus infinite dilution. Do is the Stokes-Einstein diffusion coefficient

Do =
kBT

6πηr
(2.39)

7This generalized expression is valid for particles much larger than the solvent molecules, so that
the osmotic pressure gradient is a good approximation to the overall thermodynamic driving force
for diffusion [67].
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valid at small Reynolds numbers. An additional important value is the hard sphere

packing fraction limits, which indicate a maximum of φmax ≈ 0.68 for randomly

packed, and φmax ≈ 0.74 for close packed spheres of uniform diameter. Since the

hard sphere approximation ignores the longer range DLVO effects described above,

it has been used to develop simple models for how particles distribute in evaporating

films, which are discussed below, as well as particle Brownian effects and percolation

behavior.

2.4.2 Evaporation of Hard Sphere Suspensions

The detailed theory behind formation of films from colloidal suspensions has been

developed relatively recently [68, 69, 70]. For a semi-infinite drying film, convection-

diffusion equations apply, with the collective diffusion coefficient given by (2.38).

Fluid flow is driven by both evaporation and local pressure gradients, caused by

surface curvature and osmotic effects, and the hard sphere approximation implies

that no particle deformation occurs [68]

∂φ

∂t
+∇ · φu = ∇ ·D(φ)∇φ Particle Conservation (2.40)

η∇2u = ∇(p+ Π) Overall Momentum Conservation (2.41)

∇ · u = 0 Continuity (2.42)

where

Z(φ) =
1

φmax − φ
(2.43)
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which is the expected high volume fraction behavior of (2.37). Therefore, the diffu-

sion coefficient diverges as φ→ φm, and the viscosity is assumed to be infinite at that

point. Consequently a vertical front of close-packed particles, or ‘compaction region’,

propagates horizontally across the suspension for small thicknesses at large Peclet

numbers, starting at the contact line. This results in a non-uniform distribution of

solids in the dry film. A similar model was used to treat the vertical distribution of

particles in an infinite evaporating film [69]. Again, significant (vertical) gradients of

particle concentration develop, causing a compaction front at the (upper) evaporation

interface.

For modest evaporation rates, the vapour phase concentration profile is expected

to quickly reach pseudo-steady state conditions, and can be approximated as har-

monic. For a droplet on a substrate, the corresponding evaporative flux is found to

diverge at points approaching the contact line for acute contact angles (θc <
π
2
) due

to the increased probability of molecules escaping there [71, 72]

JEv(r) ∝ (Rcl − r)−λ

where λ =
π − 2θc
2π − 2θc

(2.44)

If the contact line is stationary, surface tension drives solution towards the areas

of high evaporative flux in order to maintain a droplet shape consistent with the

minimum free energy. Colloidal particles are therefore transported via convection

from the bulk to the contact line, where they deposit, forming a ring (‘coffee ring’),

as shown in Figure 2.5. Such velocity profiles within a drying droplet have been

modeled using FEM [73].
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Figure 2.5: If a sessile droplet has an acute contact angle, the evaporation rate diverges
towards the contact line. If the contact line is pinned, this would cause a deformation
of the surface, increasing the interfacial energy of the droplet. In order to avoid this,
fluid is driven from the center of the droplet towards the contact line, and entrained
particulate matter is deposited there, forming the ring
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2.4.3 Polymer Solutions

Compared to hard spheres, the behavior of polymers in solution is more complex due

in large part to the flexibility of the chains. A general theory of polymer solutions

is given in [34, §6]. For a chain consisting of N stiff segments of length lp, the finite

segment volumes and short-range attraction alters the chain conformation from its

ideal size of < r2 >= Nl2p.

In good solvents the intersegment attractions are screened. If the segments are close,

the excluded volume reduces the number of conformations allowed, increasing the

free energy. The chain expands gaining space for the segments to allow additional

conformations, until the ‘tension’ in the covalent bonds balance this effect. In poor

solvents, when the intersegment attractions are not screened, they can cause the chain

to collapse or coil, with the limit being defined by the physical volume of the segments.

Chains can exist in solution individually or, in the case of Nafion, in small aggre-

gates. As the concentration of polymer increases, intermolecular attractions begin

to compete with intramolecular ones (semi-dilute region) and then dominate them

(concentrated region), resulting in gelation or aggregation. Gelation generally occurs

at moderate concentrations, and, since the viscosity sharply increases at this point,

it implies that the amount of polymer that can be transported into a given volume

is limited to a relatively low value, similar to hard spheres. It should also be noted

that the diffusivity is expected to continually decrease as the polymer concentration

increases [74]. Aggregated polymer chains are expected to behave in suspension as

deformable particles.
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For PTFE-sulfonate copolymer in isopropanol-water mixtures, which is a good sol-

vent for this ionomer, chain interactions cause the viscosity to diverge at volume

fractions approaching 10% [75]. The viscosity of Nafion in DMF begins to increase

sharply above 15 wt% [76], while the gelation point at 80◦C was observed to be at

22 and 38 wt% for ion exchange capacities of 0.85 and 1 meq/g, respectively [77].

For the purposes of this work, and for lack of further data, the point at which the

increasing viscosity of Nafion solutions makes further convective transport negligible

is assumed to be 10 wt% at room temperature. It is prudent to estimate the gelation

point conservatively for this work; since the formation of the catalyst films relies on

the transport of solid material through the ink, the gelation point represents an un-

avoidable limit that must be taken into account.

When an interface is present, for example between the solution (or suspension) and

its vapour, the free energy of the system is altered, and the concentration distribution

depends on the surface energies of both the pure solvent(s) and of the polymer. The

existence of a region adjacent to the interface of lower or higher concentration than

that of the bulk has been treated theoretically as well as demonstrated experimentally

[78, 79, 80, 81]. This interface effect is thought to be the reason for the layer of Nafion

adjacent to the Teflon in catalyst layers produced via the standard decal method [82].

If accumulation of material at an interface reaches the gelation threshold, φgel, lo-

cal gelation can occur, forming a ‘skin’ layer with finite elasticity, a phenomenon that

is not possible in hard sphere suspensions. The required condition for formation of
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this skin layer has been approximated as [83]

NPe >
φgel − φo

(1− φo)φo

NPe ≡
hoJev
D

(2.45)

That is, the formation of a polymer skin is favoured by increased evaporation rates

and slow diffusion, consistent with the convection-diffusion model. The elasticity of

the skin layer is thought to result in uniform polymer density in the skin, and a

decreased rate of solvent evaporation [84].

2.4.4 Surface Tension

The behavior of interfaces is characterized by the energy required to expand them,

known as the surface energy (or tension), γ, which is always positive at equilibrium.

The balance between pressure volume work, and the (positive) energy required to

expand an interface yields [85, §61]

p1 − p2 = γ

(
1

Rc1

+
1

Rc2

)
(2.46)

where Rc1 and Rc2 are the principal radii of curvature, defined as positive directed

into phase 1.

Therefore, a phase with a convex interface, such as a droplet, will have an increased

internal pressure, while a concave interface will result in a reduced pressure. This

decrease in pressure is what drives the rising of liquids in capillaries, until the point

where it is balanced by an increase in hydrostatic pressure (capillary pressure). The
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interfacial energy for a pair of materials is often measured through the contact angle,

which is acute for relatively high affinity interactions, and obtuse for relatively low

affinity ones.

By the same mechanism, the surface curvature, κc, will affect the evaporation rate

from an interface through the Kelvin Equation [86]

pvap = pvapo exp
VmκcγLV
RT

(2.47)

The equilibrium shape for a given volume is found by determining the surface, de-

scribed by differential geometry, that minimizes the sum of the surface energy, grav-

itational potential and any other forces that are shape-dependant.

min

{
α

∫
df + gρ

∫
zdV +

∫
φextdV

}
subject to

∫
dV = constant

(2.48)

Under quasi-equilibrium conditions, the interface shape is related to the capillary

number, Nca, which is the ratio of viscous to surface tension forces.

NCa =
ηu

σs
(2.49)

2.4.5 Drying

There are several different phenomena that contribute to the process of aging and

drying in both hard sphere ‘compaction regions’ and polymer gels [86, 87]. Figure 2.6

shows a schematic of some possible drying mechanisms.
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Figure 2.6: Possible mechanisms for particle deformation during drying. Coarsening
results from the dissolution of material from convex areas, and precipitation into areas
of high curvature. Sintering is the viscous flow of particles into each other, driven by
interfacial tension. If the transport of solvent to the evaporation front becomes slower
than the evaporation rate, the evaporation front will recede. As the curvature of the
menisci between the particles increases, compressive stresses are introduced that can
lead to coalescence.

Coarsening of aggregates occurs when the solid species dissolve and reprecipitate in

a manner that reduces the overall curvature, and therefore surface energy, of the sys-

tem. Obviously this requires a significant solubility in order to be influential, which

implies that it is not a factor for the insoluble catalyst particles. However, this effect

may be significant for polymer aggregates, particularly in a good solvent.

Viscous sintering is the flow of non-rigid particles driven by the surface tension of

the particles themselves. Since the driving force is inversely proportional to the par-

ticle size, as per (2.46), smaller particles are especially susceptible to sintering. Again,
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catalyst particles are not subject to this effect; however, polymer aggregates are, par-

ticularly under good solvent conditions, where they are not in a completely collapsed

state.

Even with a significant compaction region, the evaporation interface can remain at

its initial location, since capillary forces [88] or osmotic pressure gradients [70] pro-

vide a large driving force, ∇p, for solvent transport. The rate that solvent can be

transported through to the evaporation front is governed by Darcy’s Law

Jsol =
kp
η
∇p (2.50)

where kp is the permeability of the solid phase.

As the solid region grows, the pressure gradient, and therefore the solvent flux, dimin-

ishes. If Jsol becomes lower than the evaporation rate, Jev, the evaporation interface

recedes into the solid phase. As this occurs, the region adjacent to the interface can

be exposed to significant compressive stresses as a result of the curvature of the reced-

ing meniscus. For non-rigid particles, this leads to particle deformation, and usually

results in a decrease in the evaporation rate.

The extent of solidification during drying is therefore dependant on many of the

phenomena discussed in the preceding sections, and owing to its complexity, no fur-

ther attempt is made to quantify the drying behavior of catalyst inks. However, it is

clear that the solvent, which plays a major role in the size and rigidity of the polymer

phase, as well as on the surface tension, evaporation rate and viscosity of the ink, will
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be of crucial importance.

2.4.6 Marangoni Stress

In an evaporating solution, accumulation of solute or evaporative cooling at a free

surface can result in gradients of surface tension. Since minimization of free energy,

as in (2.48), requires the the expansion of low energy interfaces at the expense of

high energy ones, the possibility of additional ‘Marangoni’ stresses at the surface is

introduced, leading to surface flows.

The motion this causes in viscous fluids complicates flow profiles [89] in a manner

that is difficult to predict; Marangoni stresses have been shown to counteract contact

line deposition in some evaporating droplets [90], and are responsible for interesting

droplet spreading behavior [91] and surface instabilities in drying films [92]. Since, as

will be shown in Chapter 5, the evaporation rate from the free surfaces is intentionally

minimized in this system, the effect of Marangoni stresses is expected to be negligible,

and is therefore ignored in subsequent analysis.
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Materials and Methods

3.1 Catalyst Ink

Perfluorosulfonic acid-polytetrafluoroethylene copolymer solution (5 wt%, Alfa Ae-

sar, MA, USA) was evaporated under vacuum at 60�, and then completely dissolved

in 1-butanol (anhydrous, 99.8%, cat. 281549), yielding a clear, viscous liquid; it was

found that complete dissolution was only guaranteed at 5% or less ionomer load-

ing. The solution was gradually combined with butyl acetate (puriss, cat. 33201) as

required. All solvents were purchased from Sigma-Aldrich (MO, USA) and used with-

out further purification. Physical properties of the solvents are indicated in Table 3.1.

The ionomer solution was combined with 10 wt% Pt on XC-72 Carbon Black (ETEK

Inc., MA, USA) to produce the catalyst ink, which was then sonicated for at least 30

minutes prior to use. This sonication time has not been optimized, and may need to

be extended in the future.

46
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n-Butanol Butyl Acetate

Mm 74.123 116.16 Molar mass [g/mol]
Tb 390.8 399.15 Boiling point [K]
ρ 0.806 0.876 Density of liquid (298 K) [g/cm3]
kT 0.155 0.137 Thermal conductivity of liquid (298K) [W/mK]
η 2.6 0.68 Viscosity of liquid (298 K) [cP ]
γ 0.0257 0.0248 Surface Energy (298 K) [J/m2]
Dair 0.0861 0.0672 Diffusivity in air (298 K) [cm2/s]

δHB 22.635 17.587 Hildebrand solub. parameter (298 K) [(J/cm3)1/2]
ε 17.84 5.01 Dielectric constant (293 K)
psat 0.875 1.662 Vapour Pressure (298 K) [kPa]

Table 3.1: Physical properties of n-Butanol (CAS 71-36-3) and Butyl Acetate (CAS
123-86-4) from [93], [94] and [95]

The average molar mass of the ionomer is estimated1 to be between 1 × 106 and

4× 106 g/mol with a high polydispersity, and the equivalent weight is assumed to be

1100 g/mol (≈0.9 meq/g).

3.2 Apparatus

The electrical signal was produced with a 4040A Function Generator (B&K Precision

Corp., CA, USA) and amplified with a PZD350 Amplifier (Trek, NY, USA). The

signal was monitored with a TDS1002B Oscilloscope (Tektronix Inc., OR, USA), and

recorded using the TekVISA TekXL software on Microsoft Excel.

All metal (stainless steel) components of the apparatus were ordered from McMaster-

Carr (OH,USA) and customized as required; in particular the apparatus was designed

1Rafi Dekermendjian, Alfa Aesar. Private correspondence, Nov. 2007
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to accommodate a micrometer (Mitutoyo, IL, USA) with a 1 cm diameter shaft. Re-

sulting components are shown in Figure 3.2, and the assembled apparatus is shown

in Figure C.2.

SEC 1233 Epoxy (Resinlab, WI, USA) was used for interfaces requiring electrically

conductive adhesion, and Silicone I (General Electric) was used for all other adhesive

requirements. Polysilicone vacuum grease (Corning, NY, USA) was used as a sealant

to ensure that the electrode compartment was airtight; this also provided resistance

to the torque induced by the micrometer shaft, and allowed for the gap to be closed

without rotation of the substrate.

Solvent vapour saturation was ensured in the electrode compartment by including

a Kimwipe soaked in the same solvent as the ink. This also served as sacrificial sol-

vent to compensate for any leaks.

AvCarb 2120 Gas Diffusion Layers (Ballard, MA, USA) were used as substrates for

alignment. A syringe pump (Razel Scientific, VT, USA) was used to inject the ink

into the apparatus through 1/16” Tygon tubing using a 0.5 mL syringe. Airflow was

directed over the lower surface of the electrode support to remove solvent vapour due

to evaporation, as indicated in Figure 3.3.

Nanoporous layers were produced from a suspension of 3.2% solids, with a 2:1 mass

ratio of ionomer to uncatalyzed carbon black, in 1:1 mass ratio butanol and butyl

acetate. 500 µL of this suspension was spread dropwise to cover a 2.5 cm × 2.5 cm
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section of GDL. This was allowed to evaporate at room temperature, and a further

100 µL was spread onto the surface and allowed to dry. The purpose of the NPL is

to prevent penetration of the ink through the microporous layer (MPL) and into the

GDL substrate.

3.3 Film Formation Procedure

The GDL substrate was attached to the lower electrode support (Figure 3.2a) with

standard adhesive tape, and the join between the substrate and tape was sealed with

vacuum grease to prevent accidental ink flooding. This assembly was placed on the

micrometer shaft such that the shaft was allowed to rotate independently of it. The

upper electrode assembly (Figure 3.1) was also lined with vacuum grease, and, after

saturating the wick with solvent, was lowered onto the apparatus body (Figure 3.2b),

and fixed in place with hex nuts. The assembled apparatus is shown in the Supple-

mentary Data, Figure C.2, as well as Figure 3.3.

The micrometer shaft was then extended to raise the lower electrode, and the zero gap

level was defined as the point where electrical contact was made. It should be noted

that this represents contact between the flat upper electrode, and the highest points

of the substrate; the gap spacing therefore may not be uniform, due to roughness of

the substrate, or if the electrodes are not exactly parallel. The zero gap level was

determined at a low applied potential to prevent damage to the substrate through

sparking. All gap spacing values are relative to the zero gap level.

The micrometer shaft was retracted to set the initial electrode spacing, which was
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Figure 3.1: Upper electrode assembly for the experimental apparatus. All measure-
ments are in inches.
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(a) Lower Electrode Assembly

(b) Apparatus Body

Figure 3.2: Lower electrode assembly and chassis for the experimental apparatus. All
measurements are in inches.
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Figure 3.3: In the working apparatus, the ink is supplied through Tygon tubing,
running through a hollow threaded stud into the airtight glass chamber. Air flow is
directed on the underside of the lower electrode assembly to promote evaporation.
Once the catalyst layer has dried, hot water can be injected through the tubing to
help facilitate separation from the upper electrode.
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(a)

(b)

Figure 3.4: Images of the experimental apparatus in use
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constant at 500 µm for this work, and the voltage was set to the desired magnitude.

Ink was pumped in through the tubing which terminated at the upper electrode, until

the gap was filled. The air flow was initiated, and the rate that ink was supplied, as

determined by the pump speed, was monitored to approximately match the rate of

solvent loss.

Once all the ink had been injected, including the volume contained in the tubing,

the electrode gap was slowly closed, at an average rate of approximately 10 µm/min,

to the desired film thickness. This was then allowed to dry for at least 8 hours, at

which point water at 100◦C was injected through the tubing to facilitate separation of

the film from the upper electrode. After an equilibration period, the lower electrode

assembly was gently separated from the upper assembly. The substrate and attached

film was boiled in deionized water for 20 min to remove any residual solvent, and

then stored in a sealed glass jar.

3.4 Rotating Disc Electrode Testing

Testing was done using an RDE-2 Rotating Disk Electrode (BASi, IN, USA) and

1260A Frequency Response Analyzer (Solartron, UK) with a MF-2066 Glassy Car-

bon Tip, in 0.1 M perchloric acid (HClO4) electrolyte. A circular piece of catalyst

coated substrate 3 mm in diameter was affixed to the electrode with Conductive Car-

bon Paint (20% Graphite, SPI Supplies, PA, USA), with the catalyst layer adjacent

to the electrolyte. The reference potential is provided by an RE-5B Ag/AgCl elec-

trode (BASi, IN, USA), and the counter electrode is a MW-1033 23cm coiled Pt wire

(BASi, IN, USA).
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Before ORR testing, 20 cycles of cyclic voltammetry, from 0.68 V to 0.8 V, were

performed at a scan rate of 20 mV/s, to help remove impurities from the catalyst

surface. This was preceded by a 20 minute purge of the electrolyte with argon. Al-

though this data could potentially be used to determine the electrochemically active

surface area, the large amount of additional capacitive current from the GDL and

conductive paint deemed this technique unreliable. The 20th (final) CV scan for each

sample is provided in the appendix.

For the ORR reaction, the electrolyte was purged with pure oxygen for 20 minutes at

a high flow rate, and a low flow of oxygen through the electrolyte was maintained for

the duration of each run. The applied potential was swept from 0.7 V to 0 V at a rate

of 0.2 mV/s, with the rotational rate of the electrode constant. Rotational rates of

100 and 200 rpm were selected, as the reaction rates were found to be quite low, and

some degree of boundary layer transport limitation is required for Koutecky-Levich

analysis.

3.5 Conductivity

Conductivity measurements were performed on a Pinnacle 542 pH/Conductivity Me-

ter (Corning, NY, USA) with a Laboratory Conductivity Probe (cat. 476501). The

standard used was 745.263 mg/L solution of KCl, assumed to have a conductivity of

1408 µS/cm [96]. Aqueous ionomer solutions were made by dilution of as received

ionomer solution with deionized water to the desired concentration.
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3.6 Particle Size

Particle size data was gathered using a Zetasizer Nano ZS system (Malvern Instru-

ments Ltd, Worcestershire, United Kingdom), equipped with a 633 nm He-Ne laser.

A glass cell with a square aperture was used for all measurements.

3.7 Microscope Imaging

Images were taken using a Fuji FinePix 6800 Zoom digital camera with a custom

microscope mount. Microscope images were converted to 256 greyscale in MATLAB,

and the imadjust method was used from the Image Analysis Toolbox to further op-

timize the contrast.

3.8 Alignment Visualization in Suspension

The alignment of particles in suspension was performed in a small custom cell, con-

sisting of a square PTFE reservoir, with two cylindrical stainless steel electrodes.

An image is shown in Figure 3.5. The gap between the electrodes was set by using

multiple PTFE spacers, each 0.005” thick.

3.9 Alignment Visualization with Drying

In order to visualize the effect of drying on the electrokinetically induced structures,

a separate custom design was developed. A piece of masking tape 500 µm wide

(Jammydog, UK) was adhered to a glass slide, perpendicular to its long axis. Two

copper wires were attached to the slide perpendicular to the tape, with an end of
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Figure 3.5: Apparatus for visualization of alignment in suspension

each one adjacent to the tape edge. A thin layer of electrically conductive epoxy was

spread on top, and the tape was removed to produce a channel 500 µm wide, and

approximately 100 µm high. The epoxy was allowed to set for 1 h at 60◦ and cool

to room temperature. A second slide was then placed on top, separated from the

bottom slide by several millimeters, to slow evaporation. Silicone adhesive was used

to seal in the electrode channel between the slides, leaving one side open. Figure 3.6

shows a schematic of the set-up.

After attaching the copper wires to the voltage source, 10 µL of ink solvent would

be placed in the gap between the slides to saturate the atmosphere and 20 µL of ink

would then be carefully injected into the channel with a syringe, and the voltage pro-

file recorded. The ink is allowed to dry completely, and is then viewed under optical

transmission microscopy.
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Figure 3.6: Schematic of the apparatus used to visualize in-plane alignment

3.10 Impedance Measurements

The impedance data in Chapter 7 was obtained using a 1260A Frequency Response

Analyzer (Solartron, UK) operating in stand-alone mode with a 12962A Dielectric

Sample Holder and using SMaRT Impedance Software.

3.11 Electron Imaging

Scanning electron micrscopy was performed on an S-2300 (Hitachi, Ltd., Japan) and

transmission electron microscopy was performed on a Hitachi 7000 (Hitachi, Ltd.,

Japan) by Dr. Xiaohu Yan. Cross sectional SEM samples were obtained by freezing

the catalyst layer with liquid N2 and mechanically cracking the brittle film. TEM

samples were obtained by microtoming.
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Particle Alignment in Catalyst

Inks

The purpose of this section is to present evidence indicating that the catalyst ink

system is susceptible to electrokinetic effects, to an extent that the structures induced

in the ink could appear in the final film.

4.1 Alignment in Suspension

The initial set of experiments used the cell described in Section 3.8 to view the be-

havior of catalyst particles in suspension, subject to an applied field. In order to

visualize the structures produced through DEP alignment, it was necessary to work

with inks at very low solids concentrations. The electrode gap in these experiments

was set at 500 µm, the same width as the initial electrode spacing in the film forma-

tion procedure. The apparatus and procedure is described in 3.8.

59
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Figures 4.1 and 4.2 show the alignment of a catalyst ink suspension, with 4:1 ionomer

to catalyst mass ratio and 0.02% total solids concentration, in butanol (BU) and

butanol-butyl acetate (BUBA), respectively, after 1 hour.

Clearly, electrokinetic forces, primarily DEP, are strong enough to introduce align-

ment of the particles into bundles, which appear to be 10-20 µm in diameter for the

BUBA system, and significantly smaller for the BU system. Presumably this is due

to the larger size of the aggregates in the BUBA system. It should also be noted that

the larger aggregates would result in a lower number concentration of particles, which

could reduce the total number of bundles that are able to form.

Figures 4.1c and 4.2c show the structures immediately after the applied field has

been turned off. The bundles rapidly dissipate, which indicates that it is electrically

induced forces, rather than irreversible aggregation forces, that were responsible for

holding the particles in place. The balance between attractive DEP and dispersion

forces, and repulsive electrostatic and polymer-polymer steric interactions is the most

likely explanation. With reference to (2.10), as the concentration of suspended solids

increases, as is the case in standard catalyst inks, the Debye length would be expected

to decrease. This causes the distance over which the electrostatic repulsion decays to

become smaller, making this kind of stabilization less effective, but still possible.

Further evidence that the particles are held at an equilibrium distance from each

other is provided by voltage data, shown in Figure 4.3. A drop in voltage across the

system indicates an increase in its conductivity, as per (2.23). Since the drop is only
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about 5%, it is most likely due simply to the increased concentration of particles in

the electrode gap, and not from the bundles providing conductive pathways. For a

particle conductivity of 100 S/m, (2.23) indicates that only 10-20 electrically con-

nected bundles of 10 µm across would result in voltage drops of 25% or more. The

particles, therefore, are probably not in close contact, which is an effect that has been

observed in other catalyst ink systems as well.

This implies that the lack of conductivity in the bundles is actually beneficial for

alignment; if each wire were highly conductive, only a few (possibly one) would be

able to form before the voltage across the electrodes became negligible. Since they

are not conductive, new wires can continue to develop even after previous wires have

spanned the electrodes. Furthermore, the reversible (ie. unconnected) structures

might allow for the particles to have enough mobility to find a thermodynamic opti-

mum; that is, the random component of structure formation, resulting from stochastic

diffusion and irreversible aggregation, may be reduced.

4.1.1 Concentration Threshold

Figure 4.4 shows alignment under the same conditions as Figure 4.1, but with the

solids concentration reduced to 0.01%. The bundles are more dendritic in structure,

and in general do not span the electrodes. Figure 4.3 again indicates a very small

change in conductivity, as would be expected. When the solids concentration is in-

creased in Figure 4.4c, the short bundles quickly grow across the gap, and the number

of bundles greatly increases.
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(a) (b) (c)

Figure 4.1: (4.1a), (4.1b): 0.02% solids, 4:1 ionomer to catalyst in butanol aligned at
100 V peak-to-peak for 1h, at 100 and 200 times magnification, respectively. (4.1c):
When the field is turned off the particles quickly dissipate indicating the reversible
nature of the structures.
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(a) (b) (c)

Figure 4.2: (4.2a), (4.2b): 0.02% solids, 4:1 ionomer to catalyst in BUBA suspension
aligned at 100V peak-to-peak for 1h, at 100 and 200 times magnification, respec-
tively. (4.2c): with the field turned off, the particles rapidly dissipate, indicating the
reversible nature of the structures.
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Figure 4.3: Recorded voltage profiles during alignment for Figures 4.1, 4.2 and 4.4.
The small drop in voltage over the alignment time implies that the bundles are not
forming conductive pathways, and the particles comprising them are likely separated
by an equilibrium distance, and held in place by DEP forces.
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(a) (b) (c)

Figure 4.4: (4.4a), (4.4b): 0.01% solids, 4:1 ionomer to catalyst in butanol aligned at
100V peak-to-peak for 1h. (4.4c): shows the effect of adding fresh catalyst ink of the
same concentration, thereby increasing the total number of particles.

The difficulty in forming aligned particle bundles at low concentration arises from

the increase in the average distance between a growing chain, and the nearby par-

ticles in suspension, as compared to the decay distance of the DEP forces. At low

particle concentrations, it is much less likely that a particle will be found in the region

where significant alignment forces can be applied. Also, the fraction of ‘free’ particles

available for addition to growing chains drops as particles are incorporated into the

bundles, making further growth very slow. However, the catalyst inks used in this

work will be orders of magnitude more concentrated than the 0.01 and 0.02% inks

used in these suspensions, and the low concentration threshold would not be expected

to be problematic.
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(a) (b) (c)

Figure 4.5: (4.5a), (4.5b): 0.02% solids, 4:1 ionomer to catalyst in butanol aligned
at 50 V peak-to-peak for 2h. No significant alignment is observed. (4.5c): When the
concentration is increased to 0.05%, significant alignment still does not occur.

4.1.2 Voltage Threshold

Figure 4.5 shows the system in Figure 4.1 under a reduced voltage: a field strength

of 1×105 V/m. Clearly, negligible alignment occurs after 2 hours, and even after the

solids concentration is increased to 0.05% for 2 hours, as shown in Figure 4.5c.

The basis for the voltage threshold is the change in the DEP force that attracts par-

ticles in suspension to the growing chain. As will be seen in subsequent chapters,

maintaining voltages large enough to satisfy the threshold is a primary difficulty in

this work.

The force on a free particle approaching a growing chain can be approximated by



CHAPTER 4. PARTICLE ALIGNMENT IN CATALYST INKS 67

the DEP force between two spheres, with the caveat that the sphere at the tip of

the growing chain will not be perturbed by the approaching sphere, as its electrical

moment is reinforced by the other particles in the chain. For a spherical particle

subjected to a applied field in the z-direction, the field surrounding the particle is

given by

Ez =

(
2KR3

r3
+ 1

)
Eo (4.1)

Combining with (2.28) implies that the time-averaged DEP force will be proportional

to the square of the applied field; therefore a two-fold reduction in voltage represents

roughly a four-fold reduction in the DEP force. Given the close balance of repulsive

and attractive forces that cause the equilibrium separation distance described above,

it is not surprising that this large decrease in DEP forces eliminates any structure

formation.

The voltage threshold is expected to be a function of the particle concentration (see

Section 2.3.6) so that the concentrated catalyst inks used in this work may not require

as large an applied field in order to be subject to alignment forces. However, since the

relationship between concentration and voltage threshold for this system is unknown,

the value of 2×105 V/m will be used as an approximate target throughout this work.

4.2 In Plane Alignment

In order to investigate an intermediate stage between alignment in suspension, and

alignment in a catalyst film, an apparatus was developed to visualize catalyst struc-

tures immobilized in an ionomer film with the field applied parallel to the free surface;
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this electrode geometry is easier to combine with evaporative film formation. An il-

lustration of this apparatus is provided in Section 3.9.

Figure 4.6 shows images of catalyst immobilized in a thin ionomer film approximately

20-40 µm thick, from a 2.5% solids ink, with a 4:1 ionomer to catalyst mass ratio.

Catalyst particles appear to aggregate close to the electrodes, causing the horizon-

tal distribution of particles in the film to be strongly non-uniform. No conductive

pathways are formed between the electrodes, resulting in no significant decreases in

voltage; as mentioned in Section 2.3.2, the voltage realized across a material is in-

versely related to its conductivity.

This can be compared to the situation under an applied electric field. Figure 4.7

shows the same film produced under an applied potential of 100 V, peak-to-peak.

The particles are distributed across the electrode gap more evenly, and areas of direc-

tional alignment are clearly present. As the film dried, the particles comprising the

chains came into contact, and a significant increase in conductivity, as shown by the

decrease in voltage, is observed. In essence, the anisotropy in the aggregation forces

that results from the applied field changes the effective percolation threshold of the

film by producing more linear structures from the conductive particles.

Similar behavior is exhibited for other solvent systems. Figure 4.8 shows a range of

different catalyst layer structures immobilized in an ionomer film from the BUBA

suspension used above, wherein the particles and ionomer exist in large aggregates.
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Figure 4.6: Catalyst particles immobilized in a thin ionomer film in the absence of
an applied field, from a 2.5% solids ink at a 4:1 ionomer to catalyst mass ratio.
The particles appear to aggregate close to the electrodes, leading to a strong non-
uniformity in the particle distribution.
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Figure 4.7: Catalyst particles immobilized in a thin ionomer film with an applied
field of 2×105 V/m, from the same ink as Figure 4.6. The DEP forces produce a
dramatic change in the distribution of particles as compared to Figure 4.6. This
is also manifested in a percolation-threshold type behavior in the measured voltage
during drying.
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It is also important to note that the geometry of the in-plane alignment is differ-

ent from the perpendicular through-plane alignment, which the apparatus described

in Chapter 3 is designed to achieve. Any attractive forces between particles and sub-

strate in the in-plane system would be perpendicular to the direction of alignment,

as opposed to parallel for the through plane system. In addition, any convective or

electrothermal flows would develop differently in the two systems, due to the different

(no-slip) boundary conditions.

4.2.1 In Plane Alignment for PEMFCs

The question may be raised as to why this type of alignment was not pursued as vi-

able for PEMFC operation. While this is certainly a possibility worth investigating,

it was not pursued in this work for three main reasons.

First, in this work, the desired direction of alignment required that the field be di-

rected across the smallest dimension of the catalyst layer, the thickness. This allows

for large field strengths to be achieved using relatively small voltages. If alignment

was attempted across the width of the catalyst layer, which would be several orders

of magnitude larger than the thickness, far greater voltages would be required. This

could potentially be avoided by using a series of small electrodes, but this would

greatly increase the complexity of the process.

Second, by attempting alignment in the plane of the catalyst layer, one of the pri-

mary advantages of structured catalyst layers would be lost: the increased electrical
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Figure 4.8: Various distributions of catalyst particles immobilized in a thin ionomer
film produced from the BUBA suspension with an applied field of 2×105 V/m. The
DEP forces again cause a more uniform distribution of catalyst across the gap, due
to directionality in the particle structures.
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connectivity of the system. Since, in this work, the substrate represents one of the

electrodes, the mechanism of DEP should make it much less likely that any catalyst

particles are not electrically connected to it. Alignment in the perpendicular direction

may even reduce the electrical conductivity of the layer.

Finally, the most easily envisioned setup for in-plane alignment would have the free

surface be perpendicular to the electrode surface. Therefore, as evaporation occurred,

the falling surface level would exert significant disruptive forces on the entire length

of the aligned structures. This can be contrasted with this work, where the decreasing

dimension of the film serves to compress the length of the aligned structures, which

can be reasonably assumed to be less disruptive.

4.3 Electrophoretic Biasing

With respect to Section 2.2.2, the stability of a colloidal suspension generally im-

plies a surface charge that can cause electrostatic repulsion between particles. In

an alternating field with a mean of zero, the direction of the field changes too fast

to cause electrophoretic motion of the particle. However, the applied field can be

biased such that the mean is no longer zero; the surface charge will be acted upon

by an alternating force that is slightly larger in the direction of one of the electrode

surfaces. Simultaneously, dielectrophoretic forces direct particle motion towards local

field maxima. Since evidence has been shown that the particles are not necessarily

in electrical contact during alignment, and therefore not equipotential, the location

towards which EP and DEP forces direct particles is not always the same.
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While these two forces are not strictly independent, the physical result of a biased

electric field being applied is the preferential growth of chains from one electrode to

the other. This, in effect, represents some degree of control over the axial distribution

of particles. Figure 4.9 shows the same particle system as Figure 4.1, where parti-

cles are aligned under an alternating voltage of 100 V peak-to-peak, with a mean

of +4 V. Particles have concentrated at the positively biased electrode, consistent

with the expected negative zeta potential, and the alignment mechanism has caused

growth towards the negatively biased electrode. A large number of short chains are

also visible along the positively biased electrode, which further underscores the axial

concentration gradient that has been introduced. EP biasing may also be useful for

facilitating the contact of structured particles by adding an additional compressive

force on the chains.

4.4 Summary

It is clear that catalyst inks are susceptible to electrokinetic effects, and that these

effects can result in dramatic differences in the distribution of catalyst particles in

an ionomer film. It also appears that the concentration threshold required for DEP

alignment is low enough to not be a concern. However, the field strengths required for

DEP alignment of catalyst particles, on the order of 2×105 V/m, are relatively large,

and, since the magnitude of the DEP forces are roughly proportional to the square

of the field strength, a small drop in applied potential can prevent alignment. In

subsequent sections, it will be shown that achieving field strengths of this magnitude
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(a) (b)

Figure 4.9: The same system as Figure 4.1, but with the applied voltage biased to
have a mean of +4V. The surface charge on the particles causes preferential growth
from one electrode, which, in the pictures above, is from left to right.

for significant periods will be a primary difficulty in this work.



Chapter 5

Design Considerations

The majority of this work consisted of developing a novel procedure that allowed for

the formation of a catalyst layer through evaporation in such a way that an electric

field of significant magnitude can be applied throughout the process. This proved to

be decidedly difficult: evaporative formation of films between solid surfaces is nearly

non-existent in the literature, and the specific application to fuel cells further nar-

rowed the parameter space in which to operate.

Much of the development of the apparatus and procedure falls neatly into a sequence

of problem identification, development of the underlying theory, consideration of pos-

sible solutions, preliminary experimental confirmation, and adaptation of the existing

design. This section describes the various obstacles that were encountered, and the

resulting procedure or design changes that they necessitated.

76
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5.1 Viscosity

As implied by (2.39), the drag force on a slowly moving particle is proportional to

the viscosity of the medium (Stokes Law). Therefore, it is important to ensure that

the viscosity is kept fairly low, so as not to preclude electrokinetically induced par-

ticle motion. This is in direct contrast to conventional catalyst layers, where a high

viscosity is often desirable, to inhibit sedimentation and aggregation, and to prevent

the ink from penetrating into the porous substrate.

This immediately introduces two limitations. First, the solvents must be of low

to moderate viscosity, which is true of butanol and butyl acetate, as shown in Table

3.1. Second, the initial solids loading in the ink must be significantly lower than for

conventional catalyst layers, where ‘slurry’ inks above 10% solids are often used. Both

the ‘hard sphere’ catalyst particles, and the dissolved or colloidal ionomer increase

the viscosity of the solution as their concentration increases. While working at lower

concentrations allows for the possibility of substrate penetration, as discussed in Sec-

tion 5.6, as well as increasing the amount of solvent required, it is the only easily

envisioned means to allow low enough viscosities.

Due to its high molecular weight and bulky side groups, the ionomer used in this

work causes high viscosities at especially low loadings. Butanol, which has a solubil-

ity parameter near the peak for swelling of the ionomer [97], would likely exacerbate

this effect. As a result, the initial loading of ionomer in the catalyst ink is limited to

2% or less.
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5.2 Volatility

Since evaporation is the mechanism by which the catalyst ink concentrates into a

solid film, the volatility of the solvent is crucial. This work has not investigated other

possibilities for immobilizing particles in films, such as melting/solidification or in

situ polymerization, as evaporative formation, albeit without the complications in-

troduced by the contact with electrodes required in this work, is much more prevalent

in contemporary fuel cell research.

If the volatility of the solvent is too high, there will be insufficient time for the

applied field to affect the structure of the catalyst layer. In addition, fast evaporation

rates introduce large convective currents, which could prove disruptive to formation

of catalyst structure. Fast evaporation also represent an increase in the Peclet num-

ber, or the ratio of evaporation rate to the rate of diffusion of particles, resulting in

early compaction layers and increasing the possibility of skin formation as indicated

in Section 2.4.2.

Conversely, if the volatility of the solvent is too low, the length of time required

for evaporation is impractically long. The possibility of heating the system has been

disregarded, due to the difficulty of combining it with other aspects of the apparatus

to be discussed subsequently, as well as the increased thermal motion of the particles

that this would be expected to cause. In heating to temperatures of 80◦C, which is

typical of conventional catalyst layers, the mean thermal velocity of a particle in a

hard sphere fluid, < 1
2
mv2 >= 1

2
kT , would increase by about 14%, which would make

it more difficult to produce deterministic structure.
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For n-butanol and butyl acetate, the evaporation rate can be estimated for one-

dimensional evaporation of an ideal gas from a flat surface as

v̇evap =
MmP

satDair

100× 10−6ρRT
(5.1)

u 2.8 µm/s for n-Butanol

u 6.0 µm/s for Butyl Acetate

where 100 µm is an assumed1 boundary layer thickness. This indicates that the

velocities induced in the ink by evaporation will be quite small for these solvents at

room temperature. However, for a 300 nm particle in a 500 µm butanol droplet, this

still places the catalyst ink well within the skin formation region, (2.45), except at

impractically low (<0.1%) initial solids loadings.

5.3 Conductivity

In order for a strong electric field to be applied to the catalyst ink, it is imperative

that the conductivity of the ink be small. This is a consequence of electrode polar-

ization effects, as discussed in Section 2.3.2, which screen the bulk of the ink from

the charge on the electrodes. Alternatively, a conductive ink can be thought of as

dissipating less of the electrical potential than the other resistances in the circuit

(Rcirc in Eqn. 2.23) and therefore being subjected to a smaller potential difference.

1This is roughly half of the thickness of the substrate, thereby assuming rapid removal of solvent
vapour, but is otherwise only an order of magnitude estimation
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As the conductivity of the ink increases, its behavior will approach that of an ideal

conductor, wherein the internal field is zero (see Section 2.3.1).

Excluding the effect of impurities, the conductivity of the ink comes from two sources.

First, since the catalyst particles are conductive, they automatically increase the ef-

fective conductivity of the suspension. This can be thought of as resulting from the

particles magnifying the local electric field acting on the surrounding electrolyte; the

conductivity increment is therefore a function of the polarizability of the particles [98].

Since the particles are required to be highly conductive for fuel cell performance, the

best that can be done with respect to them is to keep the volume fraction relatively

low, and focus on the conductivity of the surrounding medium.

The second cause of conductivity is the ionomer itself. The sulfonate groups required

for effective proton transport in an operating PEMFC are easily ionized in solution.

Since the ionomer used in this work is in the proton form, this results in a decrease in

the pH of the solution, and an increase in the ionic strength. This is particularly true

in water, even at low ionomer concentrations, which is presumably due to the high

degree of ionization of the sulfate groups, as compared to in non-aqueous solvents.

The small hydronium ions also have a high mobility in water, and therefore have a

large limiting conductance value (ΛH+=350 S cm2/mol) [99]. It should also be noted

that although sodium ions have a smaller limiting conductance of 50 S cm2/mol, this

is still quite high, and an ion exchange procedure would be difficult to do without

increasing the total ionic strength of the system.
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The conductivity characteristics of aqueous inks can be improved by neutralization

with a bulky base, such as tetrabutylammonium hydroxide (ΛTBA+=19.5 S cm2/mol)

which has a lower limiting conductance than the hydronium species. However, the

reduction is still not enough to allow significant voltages to be applied. Figure 5.1

shows experimental conductivity values for organic and aqueous solutions of ionomer

as a function of the molar ratio of TBAOH to ionomer sulfonate groups in solu-

tion. The conductivity of both solutions decrease upon neutralization, and reach a

minimum value approaching the point of molar equivalence. A similar effect can be

seen with other bulky proton scavengers, such as tetraethylammonia. Note that the

conductivity increases after the point of molar equivalence, since additional TBAOH

introduces excess hydroxide ions (ΛOH−=198 S cm2/mol).

Clearly, even the minimum conductivity of the aqueous solutions is orders of magni-

tude higher than that of organic solutions. From (2.23), a conductivity on the order

of 102 µS/cm results in only 20% of the voltage applied at the source, to be estab-

lished across the electrodes2. As the concentration of conductive species increases,

this percentage will drop. Furthermore, TBA+ is disruptive to the colloidal stability

of the ink, and could contaminate the resulting catalyst layer. As a result, only or-

ganic solvents were henceforth considered to be viable.

An additional detrimental effect of conductivity is the resultant Ohmic heating of

the ink. Equation (2.33) shows that the heat generation is directly proportional to

the conductivity; for a 100 V peak-to-peak source potential across a 500 µm gap

at 25 µS/cm, the average volumetric heat generation would be on the order of 50

2` = 400µm, Rcirc = 1kOhm
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Figure 5.1: The experimentally measured conductivity of 1% ionomer solutions in
aqueous (circles) and 50:50 butanol-butyl acetate (diamonds) as a function of the
ratio of TBAOH to ionomer sulfonate groups. TBAOH was added in 1M methanol,
and an equivalent mass of 1100 g/mol was assumed for the ionomer, with two separate
runs performed for each. The conductivity of both inks decreases as the solution is
neutralized, but the aqueous ink is orders of magnitude more conductive at all ratios.
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W/mL. A few representative temperature values can be calculated for a ‘worst-case’

one-dimensional model, where the upper surface is held constant at T∞ and a no-flux

condition is imposed on the lower surface. In the absence of convective transport,

and using the butanol properties in Table 3.1

Tmax = qh2

2kT
+ T∞ T = 2qh2

6kT
+ T∞

= 40.3 + T∞ = 26.9 + T∞

(5.2)

which is clearly a significant increase, even if some convective mixing is allowed.

Much of this heat generation would be dissipated in the heat of vapourization due to

an increased evaporation rate which, again, could cause disruption due to convection.

If the calculated heat generation was dissipated exclusively by evaporation, the evap-

oration rate would be several orders of magnitude larger than what was calculated in

Section 5.2, implying that the velocities would be several orders of magnitude larger

as well.

Furthermore, even small temperature gradients can give rise to the electrothermal

flows described in 2.3.8. Using conductivity data from [100] and dielectric constant

data from [94, 101], for n-butanol the parameter values at 298 K can be estimated as

α298 = −0.0061 K−1 and β298 = 0.011 K−1. At a frequency of 100 kHz, and a field

strength of 1×105 V/m, in one dimension Eqn. (2.34) becomes

〈f〉t = 1.824× 10−3∇T

Therefore, given the length scales involved, a local temperature difference of only a
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few degrees can result in a significant electrothermal body force imparted on the fluid.

Using the same values as above also yields a crossover frequency of approximately

50 kHz; since the equipment described in Section 3.2 is subject to significant signal

distortion at frequencies greater than 200 kHz at 200 V, this crossover frequency is

not negligible.

5.4 Development of the Experimental Apparatus

The application of an electric field during the formation of the catalyst layer pre-

cludes the conventional means of forming thin, evenly distributed films, such as spin

coating, slot coating or spraying. Fundamentally, the difficulty lies in the fact that a

given interfacial area cannot simultaneously support electrical charge, and provide a

pathway for evaporation. Therefore, the free surface geometry of conventional tech-

niques had to be altered, and a novel technique for forming a catalyst film between

two electrodes had to be devised.

The initial design for the experimental apparatus was based on an assumption that,

as evaporation occurred from the free surface, the Peclet number was low enough to

allow the concentration to remain close to uniform throughout the ink. Figure 5.2a

shows a schematic of the original design. A PTFE reservoir was filled with catalyst

ink, and a shaft attached to a circular plate formed an electrode pair with the stain-

less steel bottom of the reservoir. As evaporation occurred from the free surface, the

concentration was expected to increase to the point where solidification occurred in

a quasi-homogeneous manner, at which point a film between the electrodes could be
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removed. This situation is shown in Figure 5.2b.

With respect to the film formation theory discussed in Section 2.4 and in the preceding

sections, the Peclet number was clearly much higher than anticipated, so solids accu-

mulated at the free surface, forming a compaction or gel layer. The solids contained

in this layer were unable to enter the small gap between the electrodes, precluding

the formation of a film there, as shown in Figure 5.2c. Even if the skin material was

viscous enough to enter the electrode gap, this material had already partially solidi-

fied without the application of an electric field, which is the primary requirement of

this work.

To circumvent this problem, the apparatus was adapted into a form where all of the

ink was contained between the electrodes, and the electrode gap was continually re-

duced to compensate for volume lost to evaporation. The design was also altered to

ensure that the mobile electrode did not rotate as it moved axially, thereby applying

torque to the ink. While this design ensured that the solid material remained between

the electrodes, several inadequacies became evident.

The initial electrode gap, and therefore the amount of ink that could be used, were

severely limited by hydrostatic pressure, a limitation exacerbated by the restrictions

on solids loading described in Section 5.1. More importantly, the large electrode gap

spacing meant that very large voltages had to be applied in order to produce signifi-

cant fields, and the closing of the gap could introduce significant flow disturbances in

the low viscosity ink. It should be noted that high voltages are problematic not only
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(a) (b)

(c)

Figure 5.2: Original design of film forming apparatus. (5.2a) The catalyst ink is con-
tained in a PTFE reservoir with the electrode pair at the bottom. (5.2b) Evaporation
from the free surface was expected to continually increase the solids concentration,
until solidification occurred throughout the reservoir. (5.2c) Due to the high Peclet
number, solids build up at the free surface, forming a gel layer. This gel was unable
to enter the electrode gap, precluding film formation.
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due to equipment limitations, but because of Ohmic heating, dielectric breakdown,

and the possible current overloading of any conductive catalyst chains that span the

electrode gap.

Section 2.4.2 implies that evaporation will occur faster along the contact line, which

is, in general, only mobile for a short period. The escape probability argument that

has been proposed to explain the diverging evaporation rate along the contact line

requires the droplet to be convex there [72] but this is not necessarily so in this work.

An alternate argument is simply the difference in diffusion boundary layer length

between the contact line and the apex of the concave interface. The result is con-

vective transport of solid material to the edges, as shown in Figure 5.4a. Since the

Peclet number was again too high to maintain homogeneity as the ink dried, solids

accumulated at the contact lines, forming a compaction or gel front that propagated

inwards (Figure 5.4b). As the amount of ink remaining inside the front diminished,

the flux would need to continuously increase to maintain a constant evaporation rate,

and recession of the evaporation front became inevitable; this is shown schemati-

cally in Figure 5.5. The forces caused by this recession deformed the particles at the

front into a dense skin layer, which greatly slowed evaporation. Since this layer is

elastic, further narrowing of the electrode gap to compensate for evaporation simply

compressed and folded it. Figure 5.3 shows an example of the mass buildup at the

electrode perimeter, due to radial evaporation.
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Figure 5.3: Image showing the buildup of material at the outer electrode radius, when
radial evaporation is allowed. Note that almost no material has been deposited in the
central region.

(a) Surface tension drives convective trans-
port of material to the contact line

(b) As the electrode gap closes, the convec-
tive transport builds up material at the con-
tact line

Figure 5.4: Surface tension induced flows between the electrodes, analogous to those
that cause the coffee ring effect in a sessile droplet, lead to the propagation of com-
paction or gel fronts radially inwards. These fronts can form the elastic skin layers at
the electrode edge seen in Figure 5.3.
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(a) (b)

Figure 5.5: Top-view schematic of a radially drying film between the electrodes. As
the compaction or gel phase builds inwards from the contact line, the flux of ink
at the gel-ink interface must increase to maintain the same evaporation rate at the
outer radius. The permeability of this region may also decrease due to the drying
mechanisms described in Section 2.4.5. At some point, the capillary and osmotic
pressures will not produce a large enough driving force to cause the required solvent
flux. The evaporation front will then recede, causing deformation of the gel at the
outer radius into a skin layer.
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Figure 5.6: Novel evaporation geometry designed for this work. Since evaporation
occurs through the porous lower electrode, convective transport builds the compaction
or gel region from the center outwards. Ink can be continuously supplied from the
outside radius of the electrode gap eliminating the need for large initial gap spacings.

5.5 Final Apparatus Design

With a clear picture of the phenomena occurring in the previous designs, a novel

apparatus was devised to allow for film formation. The fundamental innovation is

that the lower electrode is made porous, which in this work suggests using the GDL

substrate itself. Evaporation occurs only through the porous electrode, via an aper-

ture at the center of the ink contact area. A small aperture ensures that mass is

transported towards the axis of the electrode gap, and that the compaction region

builds radially outwards; this is shown schematically in Figure 5.6.



CHAPTER 5. DESIGN CONSIDERATIONS 91

Since evaporation does not occur radially, mass can be continuously supplied from

outside the electrode gap, eliminating the need for large initial gap spacings. The

rate at which ink is supplied can be matched to the evaporation rate, which could be

controlled by the aperture size; this is not examined in this work. Since new ink is

constantly being supplied, it is unlikely that the evaporation front will recede until

gelation is complete.

In order to ensure that the evaporation rate at the free surface is negligible, the

entire electrode ink system is housed in a glass chamber, in which the atmosphere is

saturated with the ink solvent using an incorporated solvent wick. This is shown in

Figure 3.4. As a result, the only significant route for solvent transport is through the

lower electrode.

The initial, axisymmetric velocity profile can be approximated as corresponding to

a Newtonian fluid, with no tangential slip and no normal flux boundary conditions

on the upper and low electrodes, with the exception of the evaporation route, where

velocity is exclusively axial. The solution is general when non-dimensionalized as

V/VE, where VE is the evaporation rate. The solution for the total magnitude of the

non-dimensional velocity and its radial components from COMSOL Multiphysics are

shown in Figure 5.7.

From Section 5.2, VE is ideally on the order of 3 to 6 µm/s. If solvent is lost only

to evaporation, the maximum velocity in the system would be on the order of 10-20

µm/s, and would be fairly localized; most of the volume between the electrodes would
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Figure 5.7: Plots showing the Newtonian fluid approximation of the fluid velocities
due to evaporation through a 2 mm diameter aperture in the center of the lower elec-
trode. The electrode spacing is 200 µm, normalized with respect to the evaporation
rate. A plot of the radial velocity is also shown.

be exposed to flows of less than 10 µm/s. Of particular importance is the magnitude

of the radial flow, which would be perpendicular to the desired alignment direction.

Figure 5.7 indicates the radial velocity would be subject to similar limits. This also

indicates a Reynolds number of less than 5× 10−3, validating the Stokes approxima-

tion, and precluding significant turbulence. Obviously, increases in the evaporation

rate due to Ohmic heating, as described in Section 5.3 would scale up these values

proportionally.
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5.6 Substrate Penetration

The novel apparatus geometry described in the preceding section requires the porous

GDL to be used as the lower electrode. The most difficult obstacle associated with

this work has therefore been that of penetration of the ink into the GDL substrate.

This is problematic for several reasons:

� Ink that dries inside the substrate is not subject to an applied field, which is

the primary requirement of this work

� By filling the GDL pores with solid material, the dried ink inhibits gas transport

in a working PEMFC

� Ink penetration introduces uncertainty into the amount and composition of the

solid material remaining on top of the substrate

� Disruptive flows are introduced that are not mediated by the rate and direction

of evaporation described in the preceding section

The primary methods for preventing ink penetration in conventional catalyst layers,

namely the high surface tension of aqueous inks and high viscosities, are precluded for

reasons discussed above. The fact that the current work requires the ink to be in inti-

mate (electrical) contact with the substrate for long periods, and that the evaporated

vapour passes through the substrate, further increases the likelihood of saturation

and penetration.

Particle size data for the butanol catalyst ink system is shown in Figure 5.8, which

had to be diluted to allow Dynamic Light Scattering (DLS) measurement of the highly

light-absorbing ink. Clearly, most of the particles are in the range of 300-800 nm,
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Figure 5.8: Particle size data for 2.5% solids ink, with 4:1 ionomer to catalyst mass
ratio in butanol, diluted to 0.1% solids to allow DLS measurement. Most of the
particles are between 300 and 800 nm in diameter. Error bars correspond to 50%
confidence intervals (I.I.D.)

and are therefore able to penetrate the MPL, which appears to have pore sizes in the

micron range.

There has been a significant effort in the literature in recent years to character-

ize and model the behavior of a sessile droplet penetrating into a porous substrate

[102, 103, 104], and as a result the process is well understood. However, the system in

this work has the added complications of suspended and/or dissolved material, and

an additional upper electrode surface, so the results are not directly applicable.

The rate at which the ink will penetrate the substrate is a function of the total

pressure gradient, the viscosity of the ink, and the permeability of the MPL, as per
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Darcy’s Law (2.50). If the rate of penetration is similar to the rate of evaporation,

the penetration distance will be minimal. Figure 5.9 shows the forces acting on the

ink in the apparatus, each of which will be discussed in turn.

5.6.1 Gravity, Fg

The gravitational forces, which give rise to hydrostatic pressure in stationary fluids,

are quite small, due to the small volumes involved. For a sessile droplet 500 µm high,

the maximum hydrostatic pressure (ρgh) would be on the order of 4 Pa.

5.6.2 Adhesion, Fad

The adhesion force is due to the affinity of the organic catalyst ink for the stainless

steel surface of the electrode, which is evidenced by the small contact angle of the ink

on the metal surface. This force cannot prevent penetration of ink into the substrate,

as the radial surface is free to change shape, but it does ensure electrical contact with

the ink, helps counterbalance gravitational forces, and leads to the requirement of

ink-gel compression discussed in Section 5.7.

5.6.3 Capillary Forces, Fcap

Capillary forces are due to the favourable interaction between the substrate material

and the solvent, as mentioned in Section 2.4.4. However, as compared to the standard

capillary rise phenomena, gravity does not provide opposition in this system; rather,

capillary forces are in the same direction as gravitational ones.

Nearly all conventional solvents of reasonable volatility have contact angles on PTFE
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of less than 90◦, implying penetration due to capillary effects are favourable. The

classical capillary pressure for butanol (θc ≈ 46◦ [105]) in a 1 um diameter straight

cylindrical channel of PTFE is on the order of 36 kPa. However, the actual capillary

pressure for finite droplets on porous media can be substantially lower [106].

The fact that capillary forces are dominant among the forces shown in Figure 5.9

is evidenced by the observation that aqueous solutions, which have contact angles of

greater than 90◦, will resist penetration indefinitely.

5.6.4 Osmotic Pressure, Fos

Osmotic forces result from the filtration characteristics of the substrate. If the diame-

ter of the pores in the MPL are small enough3, it is possible that the overlap between

the cumulative particle size distribution and the complementary cumulative pore size

distribution will be small, and a significant number of approaching particles will be

rejected by the MPL. The substrate would therefore be semipermeable, allowing for

development of chemical potential gradients, and corresponding osmotic pressure dif-

ferences. The appearance of an osmotic pressure gradient at the membrane surface

is thought to be a primary factor in the retardation of flux in the ultrafiltration of

macromolecules [108].

The solubilized, pseudomolecular ionomer in the butanol based inks used in this

work is clearly small enough to penetrate the MPL. Only catalyst aggregates would

3The pore size is generally on the order of several hundred nanometers across [107], although
MPL morphology varies greatly between manufacturers.



CHAPTER 5. DESIGN CONSIDERATIONS 97

Figure 5.9: Diagram showing the forces acting on catalyst ink between the electrodes
during alignment. Forces acting downwards induce penetration of the ink into the
substrate.
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be large enough to be rejected, and are expected to have a significant surface charge.

For charged colloids, the effect of electrostatic repulsion described in Section 2.2.2

must be added to the entropic osmotic pressure given in (2.37). Using a cell model,

with cells of diameter b such that φ1/3 = a
b
, the first order perturbation due to the

repulsion has been found to be [109]

δΠ =
1

2
κ4a2ε

(
ψs

κb cosh [κ(b− a)]− sinh [κ(b− a)]

)2

(5.3)

For butanol, and for a Debye length4 of 200 nm, this produces the behavior shown in

Figure 5.10. As expected, the osmotic pressure is larger for small particles with high

surface charge, and will increase as rejected material accumulates at the substrate

surface. However, Fos is still negligable compared with the estimated capillary forces,

and the majority of particles in the butanol suspensions penetrate the substrate easily.

5.7 Evaporation and Mass Transport Limitations

The fact that a low solids content is required in the ink implies that the transition

between the initial low-viscosity ink and the final solid film will involve a large change

in volume. The novel apparatus that has been designed for this work allows fresh

ink to be continuously delivered into the electrode gap, which compensates for the

volume lost to evaporation. However, as described in Sections 2.4.2 and 2.4.3, the

viscosity of the ink will increase with the solids concentration, until convection can

no longer encourage mass transport. This occurs at the compaction region for hard

spheres, or the gelation point for polymers, and, as mentioned, can be well below

4This is estimated from Eqns (2.7) and (2.8) using values from Figure 5.1.
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Figure 5.10: Calculated osmotic pressure, for 200 nm and 500 nm particles, using
the first order perturbation due to electrostatic interactions [109]. The Debye length
is estimated as 200 nm. While much larger than the hard sphere approximation,
particularly for small particles with high surface charge, the osmotic pressure is still
negligible compared to the expected capillary forces.
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100% solids.

At this point, solvent continues to move through the stationary solid matrix, which

remains at a constant volume fraction. An implicit hypothesis in this work is that

the ink-gel will be viscous enough to at least partially retain any catalyst structure

caused by the applied field during the period before gelation. This also implies that

after the gelation point, no further electrokinetic motion will occur.

In conventional catalyst layer formation, this increase in viscosity would not cause

difficulties, since the interface where evaporation occurs is a free surface, so the height

of the film can continuously decrease. However, due to the adhesion forces between

the ink-gel and the upper electrode (Fad), the two will remain in contact throughout

the drying process. In order to maintain a continuous solid phase as the gel dries,

it is necessary to reduce the electrode spacing to compensate for the volume change.

If this is not done, the drying gel will separate into isolated ‘pillars’, which span the

electrode gap, but do not form a contiguous film. Furthermore, these pillars will be

subject to a tensile stress upon drying, which will make separation of the film from

the upper electrode difficult. This is shown in Figure 5.11.

The effect on the ink-gel of closing the electrodes is a function both of the closing rate,

and of the viscoelastic properties of the gel: the viscosity, elastic modulus, etc. By

design, the direction in which the electrodes close is strictly axial with no torque or

shearing forces introduced. Ideally, the compression caused by reducing the electrode
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(a) (b)

Figure 5.11: Adhesion forces ensures that the gel will remain in contact with both
electrodes during drying, which causes compressive stresses. If the electrode gap is
not reduced during drying to compensate for the volume change, the gel will be forced
to separate into pillars, which will be under tensile stress.
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gap would be supported by the elasticity of the gel, until further evaporation can re-

duce the volume, thereby providing stress relaxation. In practice, the electrodes are

closed manually at an average rate of approximately 10 µm per minute. Currently,

this value is arbitrary, and is an aspect that would need to be optimized for retention

of very delicate structures.

Empirically, it has been found that an approximately 10:1 volume change ratio is

required to transport enough solid material between the electrodes before gelation.

In lieu of more precise rheological data, this value will be used throughout the exper-

imental work.

5.8 Strategy A: Colloidal Destabilization

Section 5.6 indicates that capillary pressures are the dominant force in causing pen-

etration of the ink. The first strategy used to circumvent this was to destabilize the

colloidal ink system to the point where the ionomer would aggregate with the cata-

lyst into large particles. These would be unable to enter the MPL and, even if the

solvent was to enter the substrate, the solid material would be retained between the

electrodes.

As this material accumulates at the MPL surface, the effective porosity of the layer

that the solvent must penetrate increases, thereby slowing the solvent flux. In ad-

dition, the large amount of material that is unable to penetrate contributes to an

osmotic pressure increase, although this is probably negligible with such large aggre-

gates, as indicated in Section 5.6.4.
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The destabilization is effected by adding a non-solvent to the ink; in this case, butyl

acetate was used. PTFE-sulfonic acid copolymer is known to exist in colloidal form

in butyl acetate, which has been used previously in conventional catalyst layer for-

mation. The structural integrity of the films produced from butyl acetate inks, as

well as the adhesion of the catalyst layer to the substrate, has been found to be poor,

which may be due to the inhibition of the drying mechanisms discussed in Section

2.4.5. However, by using a solvent mixture, this inhibition can be moderated.

Figure 5.12 shows the particle size distribution for 4% ionomer in butanol-butyl ac-

etate mixtures, using solvent data from Table 3.1. Although the cumulant fits were

poor, it is clear that a significant destabilization occurs at approximately 50% butyl

acetate. Obtaining particle size data in the catalyst ink is even more difficult, however

it appears likely that many of the aggregates are between 1 and 10 um. Supplemen-

tary data are provided in C.

Figure 5.13 shows the effect this has on droplet penetration. For inks at ≤50% butyl

acetate, penetration happens quickly, and almost no solid material is left above the

MPL. Inks above the threshold show a slower penetration, and much of the material

is retained.

An example of a film produced through this method is shown in Figure 5.14a. While

the film does not occupy the entire electrode area, it is continuous and robust. Fig-

ure 5.14b shows the surface of the film, where striations resulting from close contact



CHAPTER 5. DESIGN CONSIDERATIONS 104

10

20 50% Butyl Acetate

−0.5 0 0.5 1 1.5 2 2.5 3 3.5 4

10

20

log Particle Size (nm)

40% Butyl Acetate

10

20

vo
l %

52.3% Butyl Acetate

10

20 46.5% Butyl Acetate

10

20 44% Butyl Acetate

Figure 5.12: Particle size data for a 4% ionomer solution, with varying amounts of
butyl acetate in butanol. While the cumulant fits were poor, there clearly appears to
be a destabilization at approximately 50%.
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Figure 5.13: Images showing the rate and extent of ink penetration into the substrate.
The destabilized ink penetrates slower, and much of the material is left above the MPL
surface, since many of the aggregates are too large to penetrate. The bottom row of
images are of the GDL surface after the ink has dried at 400 times magnification; only
the fully destabilized ink appears to have formed a solid layer on top of the MPL.
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(a) (b)

Figure 5.14: Images showing a film produced through the destabilized ink method.
The film is continuous and robust, and the striations on its surface indicate contact
with the upper electrode.

with the upper electrode during drying are clearly seen. Evidence that these colloidal

systems are subject to electrokinetic effects has been provided in Chapter 4.

Colloidal destabilization is a relatively rudimentary strategy, resulting in large ag-

gregates accumulating relatively quickly. The slow velocities induced in the ink al-

luded to in Section 5.5 cannot be expected, since penetration of the solvent readily

occurs. In addition, such large aggregates can be susceptible to sedimentation, and

the increased hydrodynamic interactions, and decreased aspect ratios, of the growing

wires are detrimental to the development of fine structure. Finally, requiring large

aggregates in the ink, which may have small effectiveness factors, is potentially coun-

terproductive. Therefore, although this method has potential utility, an alternate

strategy was devised for producing films under more controlled conditions.
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5.9 Strategy B: Nanoporous Layers

The phenomenon of penetration of the ink into the substrate has a close analogy in

the field of ultrafiltration. A macromolecular solution is forced through a membrane

by a pressure gradient, resulting in a lower solute concentration in the permeate. The

accumulation of material at the surface results in osmotic pressure gradients, gela-

tion, and decreases in permeability, all of which can contribute to a reduction in the

solvent flux [108, 110].

The colloidal destabilization method described above increases the size of the ag-

gregates in suspension to allow the substrate to act as a filter. An alternative is to

reduce the pore size of the substrate to the point where macromolecular ultrafiltra-

tion can occur. This is, in effect, a nanoporous layer (NPL) deposited on top of the

MPL. In this work, the NPL consists of an uncatalyzed layer of ionomer and carbon,

deposited from a suspension wherein the aggregates are too large to penetrate the

MPL. The process for achieving this is identical to the destabilized ink method in the

previous section, and is further described in Chapter 3.

When the NPL is present, it is no longer necessary to destabilize the catalyst ink

with butyl acetate, as macromolecular ionomer will be unable to penetrate the sub-

strate. Butanol is known to be a good solvent for inducing swelling in Nafion [97],

and can evaporate by either diffusion or slow flow through the NPL. The swelling of

the NPL when in contact with the butanol based ink helps to eliminate any cracks

or holes that have been formed during deposition.
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An advantage of this method over the one described in Section 5.8 is the much slower

accumulation of solids, allowing more time for electrokinetic effects. Also the catalyst

aggregates are significantly smaller, and are in equilibrium with solubilized ionomer.

This is in contrast to the destabilized case, where nearly all ionomer is expected to

exist in large aggregates. A potential disadvantage is the possibility of introducing an

additional resistance to reactant transport in an operational PEMFC. No optimiza-

tion has been performed on the NPL composition or thickness, which is expected to

be on the same order as the catalyst layer itself, approximately 50 µm.



Chapter 6

Catalyst Layer Results

This chapter contains attempts to characterize the catalyst layers produced through

the procedure developed in Chapter 5 using the NPL method described previously

in Section 5.9. Films produced under an applied electric field were compared against

those produced using the same method with no applied field, and against films pro-

duced through a ‘conventional’ method of repeated ink casting. The catalyst inks

used are either 2.5% solids or 1.25% solids in butanol, with 4:1 ionomer to catalyst

ratio by mass. This corresponds to an average loading of 1.6×10−4 gPt/cm2 for each

film, which is relatively low for PEMFC cathodes [111]. Since this procedure is still

in its infancy, the focus was on testing for major differences between the classes of

films (no field, applied field, conventional) as opposed to more subtle differences in

behavior that would require more precise analysis techniques.

109
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6.1 Voltage Profiles

In the current apparatus design, the only data available during film formation itself

are the voltage profiles that are recorded for films produced under an applied electric

field. Figure 6.1 shows the voltage profiles for several films produced from inks at 2.5%

and 1.25% initial solids concentration. With respect to (2.23), the decreasing voltage

implies that the conductivity of the suspension between the electrodes is increasing;

this is caused by (a) the increasing concentration of ionomer, catalyst and associated

charged species in the electrode gap with evaporation and/or (b) electrokinetically

induced structuring of the catalyst particles.

The voltage profiles are characterized by a very rapid initial drop, which is due to

the inherent conductivity of the ink. An initial decrease in voltage of 50% indicates a

conductivity on the order of 25 µS/cm, which is in reasonable agreement with Figure

5.1. The loss of solvent to swelling of the NPL may also contribute to the initial

voltage drop.

The conductivity continues to increase as evaporation causes catalyst and ionomer to

accumulate between the electrodes. As expected, the ink with the lower concentration

requires roughly twice as long to build up the same solids mass as the 2.5% ink. The

average evaporation rate is on the order of 10-20 µm/s, which is slightly higher than

the idealized value calculated in Section 5.2, possibly due to the influence of Ohmic

heating. Films produced under no applied field appear to evaporate more slowly,

although voltage profiles are not available for these runs for obvious reasons. Due

to effects which are unclear, one run at 1.25% solids appears to have a significantly



CHAPTER 6. CATALYST LAYER RESULTS 111

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0

20

40

60

80

100

120

140

160

180

200

Time (h)

V
ol

ta
ge

 (
V

)

Figure 6.1: Voltage profiles for for the formation of catalyst layers in the apparatus
described in Chapter 5. The solid lines correspond to 2.5% solids in the ink, and the
dotted line is 1.25% solids. The rapid drop at the end of each profile corresponds
to the manual compression of the gel that has formed, requiring a reduction in the
electrode spacing.

lower conductivity, and/or a slower evaporation rate; these effects may be correlated

due to Ohmic heating. An interesting extension of this would be online measurement

of the impedance (complex resistance) in the same manner, but this would require

additional equipment.

A crucial feature of Figure 6.1 is the length of time the applied voltage is greater

than the threshold value for DEP alignment, which is expected to be on the order

of 100 V for 2×105 V/m. It appears that, even for the 1.25% ink, the voltage is



CHAPTER 6. CATALYST LAYER RESULTS 112

greater than 50 V for only the first 10-15 minutes. Even if structures are able to form

within this time, Chapter 4 indicated that these structures may be held in place only

by electrokinetic forces, and are subject to disintegration when the forces are removed.

This emphasizes the importance of further reducing the electrical conductivity of the

ink, as discussed in Section 5.3. Specifically, it is the conductivity increment, which

is the increase in conductivity for a given increase in concentration, which must be

reduced in order to ensure that significant voltages can be applied until closer to the

point of solidification. That is, reducing the initial solids concentration further is not

a viable solution. Potential methods for accomplishing this are discussed in Chapter

7.

6.2 Imaging Results

In an effort to visualize any structures that may be present, three different means of

imaging the catalyst layer were attempted. Transmission electron microscopy (TEM)

allows for good contrast to be observed between the carbon aggregates and the sur-

rounding ionomer, but the thin slices required are difficult to obtain from the brittle

film, and would need to be cut on a very precise angle in order to properly view aligned

structures. Figure 6.2 appears to show carbon aggregates immobilized in ionomer,

but the incompleteness of the sample, as evidenced by the void space, makes it diffi-

cult to tell whether these are part of a larger aggregate structure.

Cross-sectional Scanning Electron Microscopy (SEM) images can be obtained by freez-

ing the catalyst layer with liquid nitrogen, and breaking the hardened film. However,
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(a) (b)

Figure 6.2: Cross sectional TEM images of a catalyst layer produced under an electric
field. Although catalyst aggregates are visible, the difficulty in obtaining the thin
slices makes it unlikely that any structure would be seen even if it was present.

the contrast between catalyst particles and ionomer is poor in the SEM images, mak-

ing it difficult to distinguish if any structure is present. Figure 6.3 shows two such

images; although some apparent pores can be distinguished, the differentiation be-

tween the catalyst and ionomer is not clear. Treatment with UV-Ozone may allow for

partial etching of the ionomer, making any structures that are present more clearly

visible, but this has not been attempted at this time.

Since the scale of the structures is expected to be on the order of microns, trans-

mission light microscopy also presents a viable means of visualization. Segments of

the catalyst layer are separated from the substrate, finely divided, and compressed

between microscope slides. Figure 6.4 shows a selection of images from a 1.25% solids

ink under an applied potential; the same run appears in Figure 6.1 and 6.7. A con-

trast is clearly visible between the ionomer, and carbonaceous material within. The
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(a) (b)

Figure 6.3: Cross sectional SEM images of a catalyst layer produced under an electric
field. The SEM images show no clear contrast between the catalyst particles and the
surrounding ionomer, making it difficult to distinguish structure. The scale bar for
Figure 6.3a is 50 µm and the scale bar for 6.3b is 5 µm.

structures appear similar to those produced ‘in-plane’ in Chapter 4; although it is

possible that the darker regions are actually carbon fibers from the substrate, this is

unlikely, due to the presence of an MPL and the large size of the fibers. It is uncer-

tain whether these structures could be formed without the applied field, however no

similar structures have been observed in films produced without an applied field.

6.3 Electrochemical Results

The electrochemical means of characterization that was selected for this work is a

rotating disc electrode (RDE) apparatus. This technique gives a direct measure of

the rate of oxygen consumption in the film, as a function of the concentration at the

film surface. Figure 6.5 shows the general RDE setup. The film sample, attached to
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Figure 6.4: Optical transmission images from a catalyst layer produced under an
applied field, from a 1.25% solids BU ink. Structures with clear directionality appear
to be immobilized in the film.



CHAPTER 6. CATALYST LAYER RESULTS 116

(a) (b)

Figure 6.5: Schematic representation of the RDE apparatus. The catalyst film on the
substrate is attached to the RDE with conductive graphite paint. When the RDE is
rotated, oxygen in solution diffuses through the fluid boundary layer, and reacts in
the catalyst layer. Since the thickness of the fluid boundary layer can be predicted,
the mass transport resistance can be accounted for.

the electrode with conductive paint, is submerged in an electrolyte solution saturated

with oxygen at concentration Co, which for this work is assumed to be 0.26 mol/m3.

When the disc is rotated at a given rate, the thickness of the fluid boundary layer

that develops is predictable, and therefore the mass transport resistance that the

boundary layer will cause can be accounted for.

Since the dissolved oxygen does not first pass through the GDL before contacting the

catalyst, the geometry of diffusion in the film is, in some sense, the inverse of what it

would be in a working PEMFC. However, the exploratory nature of this work requires

a means of testing films that can gather a statistically significant amount of data in

a reasonable time period. Therefore, RDE testing was selected over electrochemical

impedance spectroscopy (EIS) for the present time. EIS would also require testing
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to determine under what conditions the catalyst coated substrate can survive hot

pressing intact, and could present difficulties due to the buildup of material around

the electrodes. Regardless, it is acknowledged that EIS may provide a more definitive

indicator of ORR performance with respect to PEMFC use.

Figure 6.6 shows the voltage-current data for conventional, no-field and applied field

catalyst layers at 100 rpm and 200 rpm. An immediate observation is the wide vari-

ation in behavior within each class of film; this indicates that further refinement of

the film production technique is required.

Also evident in these plots is the lack of any strong boundary layer transport limita-

tion, despite the relatively slow rotational rates. In fact, in several runs the 100 and

200 rpm lines are nearly superimposed, indicating that the kinetics are slow enough

to allow the concentration at the film surface, Cs to remain equal to that in the bulk,

C∞. This is partially the result of the low catalyst loading, although the expected

rate is significantly higher (see Section 6.3.1). Therefore, the slow rate implies that a

large portion of the catalyst in the film is inactive, possibly due to the fact that it is

electrically disconnected. Since the fraction of electrically conductive material is low,

a widespread conductive network will not automatically form.
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(a) Conventionally Cast Film (3 samples)
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(b) No Applied Field During Formation (4 samples)

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
−1.4

−1.2

−1

−0.8

−0.6

−0.4

−0.2

0
x 10

−4

Applied Potential (V)

C
ur

re
nt

 (
A

)

(c) Applied Field During Formation (5 samples)

Figure 6.6: ORR data for the three film types at 100 rpm (dotted line) and 200 rpm
(solid line). The potential is swept from 0.7 V to 0 V, and the corresponding current
recorded. All potential values are relative to the Ag/AgCl reference electrode.
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6.3.1 Koutecky-Levich Analysis

The standard Koutecky-Levich equation (6.1) is derived by solving the Navier-Stokes

equations to a first-order approximation, and numerically integrating the convection-

diffusion equations for the reactive solute [112]. The reactive surface (z = 0) cor-

responds to the no-slip plane, which is assumed to be flat and large relative to the

boundary layer thickness, allowing edge effects to be neglected. For a first order

reaction this yields

1

j
=

1.61166

nFAe

η1/6

D2/3C∞

(
1

f
1/2
rot

)
+

1

nFAC∞α
(6.1)

where

D

(
∂C

∂z

)
z=0

= αCs (6.2)

In essence, Equation (6.1) extrapolates the electrical current to infinite rotational

rates, where the boundary layer thickness would be zero, and α would be the first-

order rate constant at the surface. In this work, z = 0 becomes the upper surface of

the film, and α becomes the value relating the total O2 flux into the film, to the con-

centration at its surface. This is different from conventional RDE testing, where the

film thickness is assumed to be negligible, and α therefore refers to the total surface

reaction rate of the catalyst.

The recorded voltage-current data is first interpolated with MATLAB, using the

interp1 routine with cubic fitting, to ensure that the voltage values are uniform for

each run, and the slope and intercept are regressed from (6.1) at each applied poten-

tial value. If more than two rotational rates are used, the covariance matrix can be
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estimated according to (
XTX

)−1 ∑ e2

df
(6.3)

to provide an estimate of the regression error. However, since the variability between

films of the same class is large anyway, the regression error, which is caused by devi-

ation from ideal Levich-Koutecky behavior, is neglected in this work.

The value of the slope is expected to be constant within error, and α is determined

from the intercept values. Figure 6.7 shows the calculated α values for each individual

run, while Figure 6.8 shows the ‘ensemble average’ 〈α〉 for the conventional, no-field,

and applied field catalyst layers. This ensemble average represents the average α

value for the film if the (ergodic) assumption is made that each sample represents a

realization of a stochastic particle structure, selected from a distribution common to

all the films of that class. The dotted line in Figure 6.8 shows the α curve for catalyst

particles deposited directly on the RDE at approximately the same loading.

6.3.2 Comparison with Homogeneous Reactive Films

The expression for flux into a homogeneous, reactive film as a function of the dif-

fusivity (Df )and (first-order) rate constant (k) within it [113, §18.4] can be directly

related to the α values calculated above.

α = H
√
kDf tanh

[√
kL2

Df

]
(6.4)

where H is a Henry’s law type constant for oxygen dissolution in the film at the

electrolyte interface. If the reaction is slow, such that kL2 << Df , the transcendental
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Figure 6.7: α values calculated from the current-voltage data in Figure 6.6 for con-
ventional (+), no applied field (�) and applied field (◦) films.
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Figure 6.8: Ensemble averages for the alpha values calculated in Figure 6.7 where
conventional (+), no applied field (�) and applied field (◦) films. The dotted line cor-
responds to ORR behavior for bare catalyst deposited on the RDE at approximately
the same loading; the much faster reaction indicates that the RDE technique itself is
not limiting the oxygen reduction rate in the other films.
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part of (6.4) becomes linear in its argument, and

α→ HkL

Furthermore, a slow reaction would probably not cause significant concentration po-

larization around a reactive particle on the microscopic level. For example, for an

isolated spherical sink with surface reaction rate k′, the ‘Smoluchowski’ limit for av-

erage volumetric reaction rate (ie. [114]) with sink density ρs would be given by

k = 4πa2ρs

(
Dfk

′

Df + k′a

)
(6.5)

so that k → 4πa2k′ as k′ → 0.

Assuming the kinetics at the particle surface have an exponential form with respect

to applied potential, as per the Tafel expression, the above arguments imply that the

corresponding α values would also be exponential. Therefore, the curves in Figure

6.7 that have a decreasing slope, correspond to kinetic limitation in the film, which

agrees with the fact that they tend to be at lower α values.

In the opposite limit, where kL2 >> Df , the transcendental portion of (6.4) ap-

proaches unity, and

α→ H (kDf )
1/2

For very fast rates, microscopic concentration polarization around the particles will

become severe, and α will approach a constant value; that is, α will effectively level

off (ie. the slope of the curve will increase). Before this limit is reached, the k1/2
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reduces the influence of the exponential behavior of k′ on α, and α can become close

to linear with respect to the overpotential. This behavior is seen as well in Figure 6.7.

The fact that such a range of behaviors is observed speaks to the variability in the

samples. Since the procedure for producing the films is in its infancy, the resulting

catalyst layers are inconsistent in thickness, porosity, topography and catalyst distri-

bution. Also, small variations in the area of the film sample can impact the measured

data. As mentioned previously, it was hoped that the difference in electrochemical

behavior would be dramatic enough to overwhelm this variability, but Figure 6.7

indicates that this is probably not the case.

6.3.3 Cyclic Voltammetry

As mentioned in Chapter 3, the substrate and carbon paint that are attached to

the RDE introduce a capacitive current that obscures the hydrogen adsorption and

desorption peaks, which are usually used to measure the active surface area through

cyclic voltammetry (CV). As a result, the CV data was not used for quantification

purposes.

The final (20th) CV scan for all the samples in Figure 6.6a, 6.6b and 6.6c are provided

in the Supplementary Data in the Appendix. The size and shape of the scans varies

considerably, and the conventional films appear to have especially obscure hydrogen

peaks. However, the results from the CV scans do not appear to correlate with ORR

behavior, and were not investigated further.
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6.4 Discussion

Since the run using bare catalyst particles, shown in Figure 6.8, is much faster than

any of the films that were tested, it ensures that it is not a limitation of the experi-

mental technique, but the properties of the films themselves that cause the sluggish

reaction.

One possible explanation is that catalyst structuring has no major effect on the

electrochemical behavior. It seems implausible that dramatic changes in catalyst

distribution such as those in Chapter 4, all other things being equal, would not have

a detectable effect on the RDE performance. As mentioned in Chapter 2, the in-

teraction of closely spaced reactive spherical sinks has been explored theoretically

in the literature [115, 114, 116]; the results are broad and complex, but the overall

reaction rate clearly depends on the relative distribution of the sinks. However, if

the application of the field has changed that catalyst distribution only slightly, or if

structuring has occurred only locally and does not extend throughout the film, the

RDE measurements may not be sensitive enough to detect the change.

Another possibility for the absence of an observable difference in ORR behavior is

that no clear structure forms, or structure that forms early in the process is lost as

film formation progresses. This would be consistent with the voltage profiles in Figure

6.1, and the expectation that fields on the order of 2×105 V/m will be required for

significant lengths of time in order for extensive structural change to persist. Fur-

thermore, if the applied potential falls too far below this threshold, the DEP forces

will be less able to withstand the disruptions inherent in the compression and drying
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process described in Chapter 5.

The main evidence for immobilized, aligned catalyst particles in the films comes

from Figure 6.4; although it is possible that these structures could form anyway in

the absence of an applied field, they are similar to the structures formed in Chapter

4, which clearly resulted from electrokinetic effects.

Therefore, a third possibility is that the structured catalyst may be immobilized

in the film, without the particles being in electrical contact. With respect to the the-

oretical background in Chapter 2 and experimental results in Chapter 4, it appears

that the electrostatic and polymer-polymer steric interactions prevent the particles

from irreversibly contacting even with the additional particle chaining forces induced

by the applied field. As shown in Figure 6.1, the applied field strength continually

drops throughout the film formation, which may allow particles to drift further apart

before solidification. If the particles are not electrically connected to the substrate

as the film solidifies, the fact that they are in a structured form would be irrele-

vant, and no effect on the electrochemical behavior would be expected. The fact

that the catalyst layer undergoes some degree of swelling when immersed in the elec-

trolyte could also increase the disconnectedness of the electrically conductive domain.

As mentioned in Chapter 4, while the lack of aggregation of the catalyst particles

is detrimental to the performance of the final film, it is clearly beneficial in attempts

to introduce structure in the catalyst suspended in the fluid ink. Widespread align-

ment can occur without the formation of an electrical pathway that will reduce the
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field strength. The implication, therefore, is that the tendency for the particles to

come into contact must be controlled, rather than simply enhanced, in the catalyst

ink.

The films made from the ‘conventional’ method of catalyst layer formation, through

repeated casting of catalyst ink, appear to have slightly superior performance to both

the no field and applied field films. This could be the result of the axial distribution

of catalyst particles: in the conventional method, the series of castings ensure some

degree of uniformity with respect to catalyst particle distribution. The axial compres-

sion due to the falling free surface of the ink, similar to the phenomena described in

Section 2.4.5, could improve the connectivity of the electrical domain in each casted

layer.

In contrast, in the apparatus in this work, the gelation of ionomer occurs at a con-

stant volume, and can therefore envelop the particles without necessarily aggregating

them. Furthermore, any (thermodynamically motivated) non-uniformities in the dis-

tribution of particles in suspension (see Section 2.4.3) could be manifested in the final

film.

It should also be noted that the potential for catalyst to be lost, with reference

to the idealized Pt loading that is calculated, is greater in the apparatus used in this

work. In the conventional films, the simplicity of the procedure allows for the casting

area to be accurately delimited. In the procedure used here, catalyst can build up

outside the electrode gap, and the total area contacted by the catalyst ink is difficult
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to determine, and not constant over time. Therefore, it is reasonable to assert that

the effective loading in the no applied field and applied field samples is lower than

the conventional ones.

Another potential difference between conventional catalyst layers, and those made

through the new procedure is the resulting porosity of the film. The pore structure

has a large impact on the transport of reactants through the catalyst layer, and the

compression of the film between the electrodes could reduce the overall porosity. This

could be the explanation for the slight ‘leveling-off’ behavior seen in some of the runs

in Figure 6.7, which corresponds to transport limitations in homogeneous films.

Prior work in the literature on this topic as related to PEMFCs is limited, to the

best of our knowledge, to a single reference [117]. The procedure used to produce

those films is less than clear, and did not appear to address any of the issues discussed

in Chapter 5. The authors measured an increase in the through-plane conductivity

of the layer, and a decrease in the in-plane conductivity, as well as improved output

power density in a Direct Methanol Fuel Cell. No catalyst structure was observed,

although morphological changes in the catalyst layer were noted. This allows for

the possibility that it is not DEP alignment occurring, but other electrokinetic ef-

fects that improve the connectivity of the catalyst particles by enhancing aggregation.

Finally, the three possibilities for the lack of observed change in electrochemical be-

havior are not mutually exclusive, and all of them might simultaneously be true to

some extent.



Chapter 7

Conclusions and Recommendations

A novel apparatus and method was developed to allow continuous films to be formed

under conditions where an electric field can be applied, producing the potential for

electrokinetically induced particle motion. Solid material, catalyst and ionomer sus-

pended in a catalyst ink, can be continuously supplied, and the geometry of evapo-

ration is designed to prevent the buildup of solids at the contact line. To the best

of our knowledge, this is the first apparatus in the literature that allows evaporative

films to be formed under these conditions.

It is clear from Chapter 4 that the catalyst ink system is susceptible to electroki-

netic effects which can result in dramatically altered catalyst distributions. How-

ever, although the low concentration threshold for alignment is easily met, the volt-

age threshold appears to be relatively large. Also, the dielectrophoretic attraction

between particles does not necessarily dominate the electrostatic repulsion, so the

129
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structures can remain in a stable form while the field is on, but are not irreversibly

aggregated.

At this stage, it is unclear whether electrokinetic effects successfully introduced struc-

ture into the final film. Although some images appear to show anisotropic catalyst

particle formations, no clear change was seen in the oxygen reduction behavior, as

measured by rotating disc electrode. This could be due to the low loading of catalyst

particles, resulting in a discontinuous conductive network; a broader exploration of

the parameter space may yield better results.

The most plausible explanation for the appearance of structures that have no ef-

fect on the ORR behavior is that the particles are immobilized without being in

electrical contact, making the particle distribution irrelevant. This is consistent with

the voltage profiles which show low field strengths during the solidification period,

and can be reconciled with the potentially better performance from conventionally

cast films. However, it is also possible that the change in behavior resulting from the

structure is simply too small to be detected by RDE measurement.

With this in mind, an increased focus should be placed on the surface behavior of the

particles, particularly of the electrostatic and steric effects that prevent aggregation.

Controlling the balance between repulsive and attractive colloidal forces is likely to

be crucial to ensuring that the particles can be aligned under a strong field, and come

into contact at the desired point in time. This would be complementary to efforts to

increase the strength of the applied field over time, which has been a major theme of
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this work.

Additionally, the porosity of the film produced is probably significantly different from

conventionally cast films, as a result of the fundamentally different dynamics of the

film formation in this work. In addition to introducing structure to the catalyst par-

ticles, optimization of the pore structure will be crucial to maximizing catalyst layer

efficiency and performance.

7.1 Recommendations and Future Work

There are two areas in which further development could greatly improve the poten-

tial of this technique. The first is refinement of the film formation procedure itself,

particularly:

� Improvement of the apparatus to ensure the electrode surfaces are parallel.

While efforts were made to accomplish this in the current work, achieving the

desired tolerances would require some degree of redesign.

� Improvement of the apparatus to provide a more uniform supply of ink to the

electrode gap. This could not be achieved in the current apparatus due to lack

of space in the threaded stud, but would be a simple upgrade to incorporate in

the future.

� Standardization of the rate at which the ink-gel is compressed, as described in

Section 5.7. Rigorous optimization could be achieved using strain sensors and

rheological data.
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� Optimization of the nanoporous layer, to minimize mass transport limitation

in the working PEMFC. The NPL should be made as thin as possible while

still preventing ink penetration, as described in Section 5.9. Additional options

would include an NPL material that can be partially dissolved or chemically

eroded, or that possesses a high-efficiency pore structure.

� Prevention of film cracking after removal from the apparatus, due to relaxation

of residual stress. This could require drying the film at elevated pressures, and

above the glass transition temperature of the ionomer [118]. Tg for the ionomer

used in this work is approximately 110◦C.

� Control of the porosity of the final film. Since the ink-gel is compressed, it

is possible that the porosity of the final film is quite low. The porosity of the

film could perhaps be controlled by introduction of a second solvent between the

electrodes before the film has completely dried. This is a phase inversion process

[119, 120], which could potentially be combined with the (aqueous) detachment

of the film from the upper electrode. Alternatively, a pore former could be used

[121]; since many pore formers are salts, care would have to be taken to ensure

that they do not increase the conductivity of the ink during the early stage of

alignment.

� Impedance monitoring of the film formation process. The current equipment

only allows for semi-quantitative measurement of the real-time conductivity

between the electrode. By reconsidering the manner in which the apparatus

is incorporated in the overall electrical circuit, and by including a Frequency

Response Analyzer, the impedance could be measured. This would provide a
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more accurate measure of the same information, as well as providing data on

the changing capacitance of the system, which could be very elucidatory.

The second major avenue for further work is in attempting to reduce the electrical

conductivity of the catalyst ink. High conductivities are problematic for several rea-

sons, outlined in Section 5.3, but the most fundamental one is the reduction in the

electric field strength that can be applied, due to electrode polarization. Figure 6.1

shows that, even though the organic inks used in this work are substantially less

conductive than aqueous ones, the voltages that can be achieved are still fairly low.

There are three immediate strategies for circumventing this, as outlined below.

7.1.1 Sequential Addition of Components

The ionomer is responsible for a significant portion, if not the majority, of the conduc-

tive species in solution. Therefore, by reducing the concentration of ionomer during

the early stages of film formation, the applied potential could be greatly increased.

Furthermore, when ionomer is added, the conductive species introduced should serve

to screen the repulsive electrostatic forces between particles; that is, the electrical dou-

ble layer will become thinner and more concentrated. Combined with van der Waals

forces, this could facilitate the irreversible aggregation of particles that is thought to

be lacking in the films described in Chapter 6. The extent to which the electrostatic

forces are screened can be controlled by adding additional ionic species (perhaps a

pore former) to the system, with the knowledge that this will further reduce the

strength of field which is applied.
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Clearly the order and timing of the sequential addition is crucial, but it may al-

low for a remarkable degree of control to be exerted on the final catalyst structure

by tailoring the properties of the suspension to promote the desired behavior. For

example, a stable, low conductivity suspension could be used initially to ensure the

formation of widespread structure, and a subsequent destabilization with non-solvent

could promote contact between particles, adhesion of ionomer to the catalyst, and

formation of a pore network.

7.1.2 High Frequency Alignment

The energy dissipation due to electrode polarization results from the movement of

charged species in solution. Since this process is slow relative to the effects that give

rise to particle polarization, it is possible to work at high enough frequencies to elim-

inate it. Figure 7.1 shows the real and imaginary impedance for 2.5% solids ink at

two relevant electrode spacings. As the frequency increases into the MHz range, the

magnitude of the real impedance drops off, since movement of charge is no longer a

viable mechanism for energy dissipation. The dispersion of the imaginary impedance

occurs around the same frequency, as the formation of the electrical double layer be-

comes out of phase with the field (Maxwell-Wagner-Okonski relaxation). By working

at frequencies in this MHz range, the dissipation of energy in the ink could be greatly

reduced.

The reason for not working at these frequencies previously is the operational limita-

tions of the equipment. The frequency-voltage envelope achievable with the equip-

ment described in Section 3.2 does not contain the MHz range at 100 V; according
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Figure 7.1: Plot showing the real (open) and imaginary (filled) impedance as a func-
tion of frequency for a 2.5% solids BU ink, across an electrode gap of 127 um (◦) and
381 um (�).
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to the manufacturer, even the small signal bandwidth is limited to 350 kHz at -3 dB.

Additionally, the effects of square and sawtooth, as opposed to sinusoidal, wave-

forms, could be explored. Pulsed electric fields, where the waveform is applied in

short bursts, could be used as well, to produce a system where electrokinetic and

diffusive mechanisms alternate in controlling particle motion.

7.1.3 Ionomer Modification

If the sulfonate side chains of the ionomer were temporarily replaced with non-

dissociative groups, a major source of conductivity would be eliminated. When the

ionomer membranes used in most PEMFCs are produced, they are extruded as per-

fluorosulfonyl fluoride (PFSF) and converted to sulfonate form by treatment in high

pH solution. In fact, catalyst layers have been produced by introducing catalyst into

the PFSF in the melt state, and converting the polymer afterwards [122].

If it is possible to dissolve the PFSF in a catalyst ink in place of the ionomer, the

lack of ionic groups may significantly reduce the conductivity of the suspension. Af-

ter formation of the structured layer, the PFSF could be converted to ionomer form.

Solvents exist that can dissolve sulfonyl fluoride polymers [123] but they may be too

exotic to be viable, and they may not effectively disperse the catalyst particles.

A similar idea would be to use protecting group chemistry to remove the ionic group,

but analysis of this is outside the scope of this work.
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7.2 Carbon Nanotubes

The film formation technique developed in this work is equally applicable to carbon

nanotubes. As mentioned in Chapter 2, CNTs have been under increasing investiga-

tion for use as a catalyst supports in PEMFCs and other electrochemical applications

[124]. Also, the high electrical conductivity of CNTs, along with their high aspect

ratio geometry indicate that they would be subject to more intense DEP forces than

the pseudo-spherical particles used in this work. This behavior would correspond to

a higher Clausius-Mossotti factor, given for an ellipsoid as [44]

Ki =
εp − εm

3
[
εm + (εp − εm)L

(pol)
i

]

where L
(pol)
i is a ‘depolarizing factor’ in the i direction, dependent only on the geome-

try of the particle, and 0 < L
(pol)
i < 1. As the aspect ratio of the particle increases, the

depolarizing factor along the major axis will approach zero, causing a rapid increase

in Ki, and a corresponding increase in the local DEP force. Alignment of CNTs was

not pursued in this work, due to time constraints, as well as the reduced availability

and increased expense of Pt treated CNTs. However, they represent a simple and

novel extension of this work, albeit with presumably different colloidal behavior that

would require some adaptation.
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Appendix A

Fuel Cell Overpotentials

Imagine a single particle of platinum, embedded in an porous ionomer. Adjacent to

that there is a dense ionomer membrane, and then an identical particle-porous mem-

brane setup: in essence a nano-fuel cell arrangement.

Now allow H2 and O2 to flow into their respective sides. Assume for now that the

conductivities and diffusivities are infinite. H2 will complex with the Pt, and the

resulting protons will cross the membrane, leaving behind the electrons. These pro-

tons will combine with O2− ions complexed with the Pt on the other side, thereby

removing electrons. This is driven by the negative change in free energy of the for-

ward reaction; the increase in energy due to the charging of the Pt will depend on

the capacitance of the particles1.

1

Wcharging =
1

2

Q2

C
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As the electrons accumulate on the H2 side and are removed from the O2 side, an

additional and increasing electrical potential is overcome by the protons travelling

across the membrane. When this potential difference is equal to the driving force

(the difference in chemical potential) the system will be at equilibrium. This charge

buildup may also result in an increase in the activation energy required for reaction,

and therefore reduced reaction kinetics, as manifested in the exchange current density.

Now connect the two particles with an infinitely thin, infinitely conductive wire.

Electrons will be driven through the wire in the opposite direction to protons, due

to the potential difference. Imagine the first electron to do this: the electron travels

through the wire, doing the maximum amount of electrical work, since the EMF is

equal to ∆G. The electrical potential difference drops by an amount that depends on

the capacitance, the chemical potential difference again dominates, and a differential

amount of H2 and O2 is reacted.

If the exchange current density is high, due to a low activation energy, a small drop in

the electrostatic energy difference will allow for a significant amount of H2 and O2 to

react, resulting in a steady-state that is close to equilibrium. Therefore the electrons

flowing through the wire will experience an EMF close to the equilibrium value, and

the electrical work done will be close to the maximum.

However, if the activation energy is high, a large number of electrons have to flow

back to allow an appreciable reaction rate. Therefore the steady state EMF will be

significantly lower than the maximum. This represents the activation loss.
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Note that the activation energy of the reaction itself is dependant on the transition

state of the reaction, as determined by the quantum characteristics of the catalyst,

which cannot be altered through the means discussed in this document. However,

the capacitance of the reactive zone can be increased by increasing the volume and

effective surface area.

It is now easy to imagine the additional losses that would be incurred with finite

resistances in the wire and membrane. Again, a lower operating EMF would be

required to compensate for the additional resistance in transferring the charge, rep-

resenting the energy dissipated in Ohmic losses. Clearly, this loss increases with

increased current flow.

Finally, if finite diffusivities are introduced, it is clear how the reaction rate could

be hindered by a deficit of reactants in close proximity to the particle surface. This

is, in effect, a reduction in the kinetics of the reaction, requiring a larger drop in the

electrostatic energy difference to maintain significant reaction current. These con-

centration polarization losses would occur in situations where the reaction rate, and

therefore the current developed from the cell, is already relatively high.
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Derivation of Electrothermal Force

Expression

From (2.22) the force on a dielectric can be derived as

f = −∇Po +
1

8π
∇
[
E2ρ

(
∂ε

∂ρ

)
T

]
− E2

8π
∇ε (B.1)

For an incompressible (constant density) fluid with no additional pressure gradient,

the first two terms disappear, but an extra term must be added to account for extra-

neous charge

f = ρexE−
E2

8π
∇ε (B.2)

In the absence of convective transport, charge conservation is written as

∇ · σE +
∂ρex
∂t

= 0 (B.3)
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The field is written as a divergence-free original field E0 with a superimposed pertur-

bation, E1. This perturbed field is used to calculate the extraneous charge through

Gauss’ Law. Therefore, (B.3) can be written as

σ∇ · (E0 + E1) +∇σ · (E0 + E1) +
∂

∂t
[ε∇ · (E0 + E1) +∇ε · (E0 + E1)] = 0 (B.4)

Noting that:

1. |E0| >> |E1|

2. ∇ · E0 = 0

3. E0 = E0e
iω0t and E1 = E1e

iω1t are in phase so that ω0 = ω1 = ω

(B.4) reduces to

∇ · E1 =
− (∇σ + iω∇ε) · E1

σ + iωε
(B.5)

Applying assumptions 1 and 2 to (B.2), substituting (B.5) and averaging over time

yields

〈f〉t =
1

2
R
[(

(σ∇ε− ε∇σ) · E0

σ + iωε

)
E∗0 −

1

8π
E2

0∇ε
]

(B.6)

where, since the phase of the field is spatially invariant, the complex conjugate des-

ignation is irrelevant.

Finally, writing the conductivity and permittivity increments as linear functions of

temperature through parameters α and β

∇ε
ε

=
1

ε

(
∂ε

∂T

)
∇T = α∇T

∇σ
σ

=
1

σ

(
∂σ

∂T

)
∇T = β∇T

(B.7)
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results in

〈f〉t =
1

2
R
[
σε (α− β)

σ + iωε
(∇T · E0) E0 −

1

8π
E2

0εα∇T
]

(B.8)

which is identical to (2.34).
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Figure C.1: Regression to find an estimate of the inherent circuit resistance Rcirc over
the experimental range, using resistors of known magnitude. Rcirc appears to decrease
at high current levels, but this effect will not be accounted for. Data is provided in
Table C.1

OCV (V) R (Ω) V (V)

100 100 5.32
1000 39.2
1100 42.4
40000 94.4

200 100 14.2
1000 98
1100 101
40000 194

Table C.1: Data for regression of inherent circuit resistance
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Figure C.2: Experimental apparatus in its assembled form.
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Figure C.3: Particle size data for 3.2% solids ink, with 4:1 ionomer to catalyst ratio
in 50% butanol butyl acetate, diluted to 0.1% solids. Particle size data is not well
defined, presumably due to problems with sedimentation and particle shape eccen-
tricity; however, it is likely that a significant fraction of the particles are well over 1
um in diameter. Data includes 15 measurements each for 4 different runs, with slight
agitation in between.
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Figure C.4: Voltage profile for in suspension alignment of 0.02% solids in butanol,
at 50V. As expected, the voltage drop is minimal, indicating a lack of conductive
pathways.
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Figure C.5: 20th (final) cyclic voltammetry scan for conventional cast films on an
NPL treated substrate. Since both the substrate material (GDL, MPL, NPL) and
the conductive carbon paint used to attach the film to the RDE produce a capacitive
current, the expected CV profile for hydrogen adsorption and desorption is obscured
to varying degrees; quantitative values were not calculated from this data and it is
only included for completeness. There was also no clear correlation between the shape
of the CV profile and the ORR behavior discussed in this work.
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Figure C.6: Cyclic voltammetry scans for films formed in the absence of an applied
field; see comments for Figure C.5



APPENDIX C. SUPPLEMENTARY DATA 161

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
−4

−3

−2

−1

0

1

2

3

4

5
x 10

−4

V (V)

I (
A

)

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
−4

−3

−2

−1

0

1

2

3

4

5
x 10

−4

V (V)

I (
A

)

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
−3

−2

−1

0

1

2

3
x 10

−4

V (V)

I (
A

)

(c)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2

2.5
x 10

−4

V (V)

I (
A

)

(d)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2
x 10

−4

V (V)

I (
A

)

(e)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
−1.5

−1

−0.5

0

0.5

1

1.5
x 10

−4

V (V)

I (
A

)

(f)

Figure C.7: Cyclic voltammetry scans for film formed under an applied field; see
comments for Figure C.5



Appendix D

Generalized Multipole Expansion

for Particle Chaining

The generalized multipole expansion associates each polar moment with a spatial

derivative of the field, which result from the (superimposed) field perturbations of the

other particle, as implied in Figure 2.4. For polarized particles, the field perturbations

interact, and can be characterized, for identical particles, by Eq. (D.1), (D.2), (D.3)

and (D.4).

Ea = Eo +
∞∑
i=1

(i+ 1)p
(i)
b

4πεmΞi+2
(D.1)

∂nEa
∂zn

=
∞∑
i=1

(−1)n(i+ n+ 1)!p
(i)
b

4π(i)!εmΞi+2+n
(D.2)
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p(n)a =
4πεmK

(n)R2n+1

(n− 1)!

∂n−1Ea
∂zn−1

(D.3)

p
(i)
b = (−1)i−1p(i)a (D.4)

where K(n) = εp−εm
nεp+(n+1)εm

is the Clausius-Mossotti factor.

Once the polar moments are known for a pair of particles, the mutual force of attrac-

tion is given by

Fmutual =
1

4πε1

∞∑
m=1

∞∑
n=1

(−1)n+1 (m+ n+ 1)!p
(m)
b p

(n)
a

Ξm+n+2m!n!
(D.5)

which clearly shows the interaction of all multipole moments with those in the other

particle. For particles in an infinitely long chain, only the odd order multipoles are

induced, due to symmetry.


