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The focus of this dissertation is on the fundamental understanding 

of how AAEMs operate.  Both electrochemical and physical studies were 

conducted in ex-situ and in-situ environments. Most of the studies were 

conducted on novel AAEM materials provided by collaborators of the 

Coates group at Cornell University.  Both ammonium and phosphonium 

functionalized AAEMs were studied. Studies address anion exchange 

dynamics and swelling of the AAEMs using the electrochemical quartz 

crystal microbalance (EQCM) technique.  Acoustic impedance analysis 

was utilized to understand the viscoelasticity of the membrane material.  

The subsequent studies explore the transport properties under different 

conditions and making use of different electrocatalysts that have shown 

promising oxygen reduction reaction (ORR) activity. Lastly, the 

morphology of the AAEMs was studied using transmission electron 

microscopy, small angle  x-ray scattering (SAXS) and conducting probe 

atomic force microscopy (Cp-AFM).  In an attempt to uncover the 

morphology of the AAEMs, the visual formation of carbonate formation 

was visualized using the insitu-TEM technique. 
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CHAPTER 1 

INTRODUCTION 

1.1  Motivation 

World population has doubled since 1970 and is projected to increase 

substantially in the upcoming years.1-4  In the next 45 years the it is expected to 

increase by 40%.  Other predetermined elements are projected to grow or change over 

the years. Some of these elements, in addition to population growth, are new 

technologies, environmental changes, and economic and political transformations.5  It 

is, without a doubt, that our future will be different and will drive us to drastic changes 

based on the following likely outcomes. (1) Our current political energy landscape will 

change drastically.  Stricter energy policies will disrupt current energy sources by 

promoting the use of renewable energy sources with higher efficiency. This means that 

less energy will be needed from fossil fuels. (2) There will be a demand for cleaner 

energy technologies due to the increasing number of fossil fuel products on which we 

depend on every day.6  

In order to meet the low-carbon footprint requirements of the future as well as 

climate targets, new clean energy innovations are needed.  These changes have taken 

us out of the ‘Halocene’ which geologists define as a period that has been stable for 

approximately 20 many years.7 Individuals are empowered to address, with new 

technologies, the environmental concerns taking place at a global level.  Figure 1.1 

shows nine earth-system processes and highlights those planetary challenges that are 

of high priority.  The three main processes were determined based on their safe zone 
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thresholds for humanity.  The challenges that surpass their critical values, and would 

most affect our surroundings are climate change, biodiversity loss and biogeochemical 

flows.  Table 1.1 summarizes the earth-system processes and their current status 

compared to an established environmental boundary.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Nine earth-system processes where the four high priority systems are those 
mostly highlighted in red: (1) climate change (2) rate of biodiversity loss (3) 
biogeochemical flow.  (Figure adapted from reference 7) 
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During the recent years there have been great efforts in trying to reach the 

Halocene again and address the environmental changes occurring.  A major focus has 

been the development of sustainable electrical appliances and the electrification of 

transportation.  Three major alternative energy technologies are currently being used 

or considered: rechargeable batteries, supercapacitors and fuel cells like proton 

exchange membrane fuel cells (PEMFCs) that operate at low temperatures (<100 oC).8  

Each of these systems operates differently.  Figure 1.2 is a simplified schematic 

representation of how these three technologies function.   

 

 

 

Table 1.1: Earth-system processes and their current status compared to an established 
environmental boundary. (Figure adapted from reference 7) 
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Batteries convert the stored chemical energy, from the charge process into a 

current.9   Another energy storage systems is supercapacitors which store energy by 

electrochemically induced charge separation.10  Some supercapacitors, known as 

Figure 1.2: (a) Rechargeable lithium ion battery (b) Discharged capacitor and (c) PEMFC  

(a) 

(b) (c) 
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psuedocapacitors, use both methods of energy storage that is Faradaic and capacitive.  

Fuel cells, on the other hand, operate quite differently as for batteries and 

supercapacitors.  Instead of using the chemical energy stored in the charging process, 

fuel cells convert the chemical energy stored in a fuel, such as hydrogen or small 

organic molecules.  The prior, in the presence of an oxidant, such as air or oxygen, 

converts the chemical energy into electricity.11  

The motivation for this thesis is based on the use of low temperature fuel cells as 

an energy conversion system for their use in sustainable mobility systems such as cars.  

Transitioning the global transport is crucial in order to decrease the dependence on 

fossil fuels.  While electric mobility is necessary it has been difficult in its 

deployment.    Fuel cells, in addition to the other energy systems described above, 

meet the power needs and demand to decarbonize transportation.  In addition, these 

energy systems are not limited by the Carnot cycle as is the internal combustion 

engine (ICE) which is currently being used in the majority of vehicles.12   The Ragone 

plot (power density vs energy density) in Figure 1.3 compares all three energy systems 

to the ICE. 

All types of energy devices can be placed in a Ragone plot and compared in terms 

of specific energy and power.13  Based on their location on the plot, we can conclude 

that fuel cells can store large amounts of energy.  However, their power output is low. 

Supercapacitors, on the other hand, have high power output but have low energy 

storage capacity.  Rechargeable secondary batteries fall in between fuel cells and 

supercapacitors in terms of performance.  
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In order to meet the demands of an ideal vehicle in terms of power acceleration, 

range and speed, all three systems will ideally be integrated into one product.  Fuel 

cells would provide the distance range based on its higher energy values.  Batteries 

and supercapacitors would help meet the power demands.  

1.2  Alkaline Fuel Cells (AFCs) 

It took approximately half a century for proton exchange membrane (PEM) fuel 

cells, one of the low temperature fuel cell technologies, to mature.  This was mainly 

due to the development and implementation of Nafion as the proton exchange 

Figure 1.3: Energy conversion and storage systems plotted based on specific power and 
specific energy performance   
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membrane.  As its name implies, PEMFCs transport H+ in the electrolyte medium 

directly to the electrodes where the reactions take place.14  Noble metals, such as 

platinum are generally used as electrocatalysts in these proton based devices.  

However, in order to decrease cost and dependence on noble metals there has been an 

increasing focus on the discovery of electrocatalysts that can replace platinum.  

However, in order to be successfully implemented these need to be stable, inexpensive 

and efficient.  

Alkaline fuel cells (AFCs) is a technology in which non-noble electrocatalysts are 

stable.  Unlike PEMs, AFCs transport hydroxide (OH-) as the ionic species to maintain 

electroneutralityt.15 AFCs were used in the Apollo space missions during the 1960s.  

They used purified H2 and O2 as fuel and oxidant, respectively. A saturated potassium 

hydroxide (KOH) solution immersed in a porous matrix (asbestos) to generate 

electricity.  Its main by-product, water, is environmentally safe and has numerous 

applications.  One current business opportunity that is growing is implementing fuel 

cells in cars.  Car companies such as Honda, Hyundai and Toyota, currently have at 

least one FC power car in their inventories.  However, by 2020 it is expected to 

increase to at least 3 cars per car brand.  One of the by-products of FCs is clean water 

which opens other business opportunities in parallel to their use in transportation.  For 

every 20 miles travelled, FCs generate approximately 1 gallon of clean water.  With 

this in mind, we could potentially utilize this water to impact places where a clean 

supply of water is not accessible. However, AFCs based on KOH electrolytes face 

significant problems.  In the presence of trace amounts of CO2 in the reactant feeds, 

CO3
2- can accumulate in the electrolyte in a process known as carbonation (Equation 
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1.1).  Overtime, potassium (K+) ions and the CO3
2- will precipitate as the salt K2CO3 

(Equation 1.2).  Figure 1.4 depicts how carbonates form in the liquid electrolyte 

solution of AFCs.   

 

Equation 1.1  	  	  	  	  	  	  	  	  	  	  	  	  𝐶𝑂$ 𝑎𝑞 + 	  2𝑂𝐻* 𝑎𝑞 → 𝐶𝑂,$* + 𝐻$𝑂 

Equation 1.2 	  	  	  	  	  	  	  	  	  	  	  	  	  2𝐾. 𝑎𝑞 +	  𝐶𝑂,$*(𝑎𝑞) → 𝐾$𝐶𝑂,	  (𝑠) 

  

Carbonate salt formation lowers the conductivity of the electrolyte because it 

consumes OH- ions found in the solution.  In addition, overtime, the salt can 

accumulate to such extent that it can coat the electrodes and block the reactants from 

reaching their respective electrodes.16 There have been many efforts to to solve this 

issue.  However, the ones that could successfully address this problem, increased the 

complexity of an already complex system. 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Schematic representation of how carbonate formation occurs in AFCs.  
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1.3  Alkaline Anion Exchange Membranes 

In recent years there has been a great push towards the development of solid 

polymer electrolytes (SPE). These would replace the saturated KOH porous matrix 

that was traditionally used in AFCs.  Alkaline anion exchange membranes (AAEM) 

are analogous to PEMs but instead of transporting H+ they will have the capability of 

transporting OH- ions. Most importantly, AAEMs have the potential of eliminating the 

carbonate formation, which is the main concern in current AFC systems. These OH- 

conducting membranes replace the K+ions in the liquid electrolyte solution, with 

cationic sites that are immobilized.  Figure 1.5 presents a schematic representation of 

an AAEM.  

 

 

 

 

 

 

 

 

 

 By immobilizing the cationic sites (hydrophilic and functional sites) onto a 

polymer backbone (hydrophobic and structural site), carbonate precipitation will be 

precluded. 17-19 While the functional areas permit OH- to be conducted, the structural 

Figure 1.5: Depiction of an AAEM and its main components which include a 
polymer backbone and cationic sites.   
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component provides the rigidity needed in SPEs. Moreover, AFCs with AAEM are 

less complex to fabricate compared to traditional AFCs since all components are solid. 

Figure 1.6 presents a schematic of an AFC utilizing an AAEM as an electrolyte. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Schematic of an AAEM alkaline fuel cell  
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1.4 Research Overview 

The focus of this thesis is on the fundamental understanding of how AAEMs 

operate.  Both electrochemical and physical studies were conducted in ex-situ and in-

situ environments. Most of the studies were conducted on novel AAEM materials 

provided by collaborators of the Coates group at Cornell University.  Both ammonium 

and phosphonium functionalized AAEMs were studied. 

Chapter 3 addresses anion exchange dynamics and swelling of the AAEMs using 

the electrochemical quartz crystal microbalance (EQCM) technique.  Acoustic 

impedance analysis was utilized to understand the viscoelasticity of the membrane 

material.  The subsequent chapters explore the transport properties under different 

conditions (Chapter 4) and making use of different electrocatalysts that have shown 

promising oxygen reduction reaction (ORR) activity (Chapter 5). Lastly, the 

morphology of the AAEMs was studied using transmission electron microscopy, small 

angle  x-ray scattering (SAXS) and conducting probe atomic force microscopy (Cp-

AFM).  In an attempt to uncover the morphology of the AAEMs, the visual formation 

of carbonate formation was visualized using the insitu-TEM technique. These aspects 

are discussed in Chapters 6 and 7. 
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CHAPTER 2 

METHODOLOGY 

 
2.1   Electrochemical Quartz Crystal Microbalance 

2.1.1   Introduction 

Many advances have been made in the past years in the development of novel 

techniques for the electrochemical study of interfaces.  One of these methods is an 

extension of the quartz crystal microbalance (QCM) technology which is sensitive to 

changes in mass and is affected by other environmental effects. This experimental 

technique has been mainly employed in vacuum, gas and liquid environments. The 

electrochemical quartz crystal microbalance (EQCM) monitors changes in mass that 

occur at a thin quartz crystal sandwiched between two electrodes. In its earliest form, 

EQCM was used to examine these changes of mass after the electrodeposition of metals 

on the electrode surface.  Nowadays, detailed mechanistic information has also been 

gathered about the changes of surface morphologies, insertion and dissolution of species 

in films, and mass changes caused by redox and/or chemical processes.  To date, this 

technique has allowed for the qualitative and quantitative analysis of the changes 

occurring at interfacial regions.   These analyses are heavily dependent on theoretical 

models which will be explained here. In addition, the experimental aspects of EQCM 

will also be provided as part of the brief overview of the subject which majorily based 

from the extensive EQCM review written by Buttry and Ward.1 

2.1.2   Theory  

(a)   Piezoelectric Effect 
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Upon the application of mechanical stress on different crystal surfaces, it was 

found by Jean and Pierre Curie in 1880, that a resulting electrical potential of 

proportional magnitude was produced.  This behavior is now known as the piezoelectric 

effect and it is a property that only exists in non-centrosymmetric crystals such as quartz.  

The net dipole moment that exists along the polar axis of the non-centrosymmetric 

crystal changes in direction and the atoms in the crystal are displaced. This results in 

net surface charges of the opposite sign to develop on the on its surface.   

Figure 2.1: Converse piezoelectric effect: (a) random orientation of the dipole moment 
followed by a parallel alignment when an electric field is applied (b) shear stress of material 
as a result of a reorientation of the dipoles due to the application of an electric field (c) 
transverse wave in a quartz crystal due to the deposition of mass on the crystal surface. 
Figure adapted from reference 1.    
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The inverse of this effect was shortly discovered and is known as the converse 

piezoelectric effect wherein the crystal undergoes a shear deformation due to the 

application of a voltage between the faces of the electrode. When a difference in 

voltage/potential is applied, the dipoles orient themselves in parallel to the the direction 

of the electric field, resulting in a mechanical strain. If the electric field is alternated, 

the dipole of the crystal oscillates producing a periodic displacement of atoms in line to 

the crystal face.  The applied potential dictates the direction of the shear strain and the 

amplitude of shear motion depends on the magnitude of the applied voltage/potential.  

The result of the alternating oscillation is an acoustic transverse wave that 

propagates across the the thickness of the crystal before getting reflected on the crystal 

surface. A standing wave condition is required for steady state operation and can be 

achieved when the thickness of the film deposited on the crystal surface is twice of the 

combined thickness of the crystal and electrodes.  In other words, the standing wave 

condition is established when when the acoustic wavelength (λ) is 2tq.  This takes form 

in the following equation where νq is the transverse velocity of sound in quartz crystal 

(3.34 X 104 m s-1).  It can also be expressed in terms of the density, ρq and the shear 

modulus, µq  of the quartz crystal.  The resonant frequency (fu) is given by the following 

expression. 

Equation 2.1:                                 𝑓3 =
56
$76

=
8696
86

:
$76

 

When a film is deposited on the surface of the quartz crystal, the transverse wave 

propagates across the interface of the two materials and the “no-slip” condition is 

satisfied. It is implied that the shear stress and the atomic displacement travels 
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continuously across the interface.  Moreover, if the acoustic properties of the deposited 

film are identical to that of the quartz crystal, the whole system can be treated as a 

composite resonator.  Hence, changes in the thickness (Δt)  of the deposited layer is 

virtually the same as a change of thickness of the quartz crystal which results in a change 

in frequency (Δf). Based on these assumptions, a decrease in the resonance frequency 

is related linearly to a mass increase as expressed by the Sauerbrey equation. 

Equation 2.2:                                 Δ𝑓 = − $=>
?@A

B 8696
 

where fo is the frequency of the quartz crystal before any mass change, Δm is the change 

in mass and A is the piezo-electroactive area of the quartz crystal where the electrodes 

are overlapping. Another assumption is made where the frequency changes made at 

some radial distance from the center of the quartz crystal will be the same across all 

whole radius of the quartz.  The shift in frequency across the region is dictated by Cf , 

the sensitivity factor of the the crystal.  This parameter is independent of the deposited 

material or the environment. Cf,  for a 5MHz AT-cut quartz crystal at room temperature 

is 56.6 Hz/µg/cm2.   

Equation 2.3:                                   Δ𝑓 = −𝐶=
@A
B

 

 For the Sauerbrey equation to be valid it requires film thickness uniformity and 

the deposited layer to be rigid. In addition, the mass loading should be less than 2% of 

the resonant frequency.  Many metal films are considered rigid in nature since they meet 

the previous conditions. These films vibrate in phase with the quartz crystal both in the 

liquid and gas environments.  On the other hand, many polymers are non-rigid in 
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behavior and other considerations have to be taken in order to establish a relationship 

between Δf and Δm.   

 
(b)   Equivalent Electro-Mechanical Model 
 

In order to have a better understanding of the oscillating properties of a QCM, a 

mechanical and electrical model can be analyzed.  A mechanical model can be expressed 

as seen in Equation 2.4.  Where M is the mass attached to a spring equivalent with a 

spring constant, k, x is the displacement of the mass and, F is the force applied.  There 

is also a piston with a resistance equal to r.  

Equation 2.4:                               M D?E
D7?

+ 𝑟 DE
D7

+ 𝑘𝑥 = 𝐹 

 
An LCR circuit is used to express the QCM electrically.  Mathematically, the 
relation 

 
between inductor, resistor and capacitor can be seen in Equation 2.5.  Where C is 

capacitance, the resistance is R is resistance, L, q is the charge and t is time. In addition, 

there is a factor associated with voltage applied V.   

Equation 2.5:                           L D?K
D7?

+ 𝑅 DK
D7

+ :
M
𝑞 = 𝑉 

Both the mechanical and electrical models are equivalent.  Hence, the 

components of their formulaic expressions can be related to one another.  An increase 

in the mass, M, attached to the spring is equal to an increase in the inductance in the 

LCR circuit which is equivalent to mass loading on the surface of the quartz crystal. 

The same proportional equivalencies also hold true for the other quantities.  r and R 
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represent the dissipation and frictional losses to the environment while k and 1/C 

represent the spring constant and stiffness associated to the composite oscillator.  

 

 

In Figure 2.3, we can see a more realistic electrical model of the composite 

resonator.1 The depicted model also includes a static capacitance, Co, in parallel to the 

LCR series or motional arm. Co takes into consideration the capacitance of the quartz 

crystal, instrument cables and QCM holder.  This model is known as the Butterworth-

Van-Dyke (BVD) model and its widely utilized as the equivalent electrical 

representation of the QCM.   

Figure 2.2: Electro-mechanical model: (a) quartz crystal with deposited film (b) 
mechanical and (c) electrical equivalent.   
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i.   QCM in Liquid Medium 
 

QCM experiments are typically done with the quartz crystal submerged in a 

liquid medium and/or with a film deposited on its surface.  The electrical model in this 

case includes additional parameters that represent the quartz crystal when immersed in 

liquid and/or with a thin film.  There is a decrease of the frequency due to the mass 

loading and there is also an increase dissipation loss of the crystal movement due the 

viscous liquid layer.  Equation 2.6 is an extension of the Sauerbrey equation and it best 

expresses the relationship between the frequency shift (ΔfL) and these different 

components.3,4  

Equation 2.6:                                ∆𝑓P = −𝑓3
Q
? 8RSR

T8696

U
?
 

 

ρL and ηL are the density and the viscosity of the liquid. A QCM experiment under ideal 

conditions will have a constant value of ρLηL.  If this occurs the Sauerbrey equation can 

Figure 2.3: Butterworth-Van-Dyke (BVD) model   
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be applied and mass changes can be determined when the quartz crystal is immersed in 

a liquid. Figure 2.4 shows the inclusion of the inductance of the film and liquid, Lf and 

LL in addition to the viscous losses due to the liquid, RL.1 Typical values for frequency 

shift of water is approximately 800 Hz.  

 

 
 
 

 
ii.   Viscoelastic film on QCM 
 

In many occasions the film that is found on the surface of the quartz crystal is 

non-rigid in behavior.  As mentioned previously, polymer and biomolecules behave as 

non-rigid films especially under liquid conditions.  These materials are known to be 

viscoelastic which is defined as a material that is viscous like a fluid and elastic like a 

solid.  However, it is also fair to state that the response of the QCM is different when a 

non-rigid/viscolelastic material is introduced.  The Sauerbrey equation is no longer valid 

and a linear relationship between Δf and Δm is not as trivial and can be lead to erroneous 

conclusions.  Obtained responses can be analyzed in a way where it can be concluded if 

the material is a rigid layer or changes in its viscoelasticity is taking place.  Moreover, 

Figure 2.4: Electro-mechanical model of a QCM modified with a rigid film immersed 
in a liquid medium.  
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changes to the resonant frequency of the film’s viscosity (ηf), density (ρf) and elasticity 

(µf) must be taken into consideration.  

 

 
 

 
 The electrical model for a viscoelastic film on a quartz crystal submerged in a 

liquid medium includes the mass loading, Lf, the viscous losses, Rf and elasticity of the 

film, Cf.  Due to the viscosity of the films there is large dissipation losses which in hand 

means large increases in the value of R.  When undergoing EQCM experiments changes 

in viscoelasticity can be seen due to the ingress/egress of counter ions or solvent into 

the polymer film.  

 
(c)   Impedance Analysis  

 
A measurement of the entire frequency spectrum of the quartz crystal working 

electrode under potential control can be done by including an impedance analyzer.  

These measurements are typically used to study more in depth swelling in thin films of 

polymers.  This section will discuss more in detail the aspects of impedance analysis.  

The measurement of current at a specific voltage over a range of frequencies can 

be done using an impedance analyzer like the one employed in our measurements, the 

Figure 2.5: Electro-mechanical model of a QCM modified with a viscoelastic loading 
immersed in a liquid medium.  
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Hewlett Packard (Model No. HP4194A).  With the use of this instrument we can get 

measurements of impedance Z, phase angle θ, admittance Y, conductance G, and 

susceptance B.  The admittance of the composite resonator can be described with the 

following equations: 

Equation 2.7:                            𝑌 = 𝐺 + 𝑗𝐵 

Equation 2.8:                                𝑌 = 𝐺$ + 𝐵$
U
? 

On another note, the magnitude of the admittance is given the Equation 2.8 

which is the simply the result of squaring the Equation 2.7 resulting in a circle of radius 

G/2.  The magnitude of the admittance and all of its components can be seen in Figure 

2.6. This plot is diagnostic of the events occurring to the system.  The frequency 

increases clockwise and the radius of the circle is related to the dissipation losses 

occurring in the composite resonator.  An increase in the radius of the circle means a 

decrease in the dissipation parameter R.   

As the frequency increases (clockwise direction) from f = 0 to f1, the imaginary 

admittance component (jB) reaches a maximum value equivalent to B.  As the frequency 

keeps on increasing the admittance locus crosses the x axis where the real component 

of admittance G reaches a maximum, fs. Impedance reaches its minimum value when f 

= fr.  In addition, the standing wave condition is reached when the phase angle θ = 0.  

f2, is where the imaginary component of the admittance and B reaches its minima.   
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Figure 2.7, is a schematic representation of how the admittance locus of how a 

quartz crystal behaves.  As seen previously in the BVD model, there is a static 

capacitance that is in parallel with the LCR motional branch.  This static capacitance, 

Co, shifts the admittance locus upwards along the imaginary axis by factor of ωCo.  The 

shift of Co gives rise to other frequencies in the locust plot.   It can be noted, that the 

maximum frequency is no longer on the real axis.  In its place is fYmax which is shifted 

at lower frequencies in respect to the real admittance maximum, fGmax.  Resonance 

frequency is satisfied and the phase angle is equal to zero at fs and fp, series and parallel 

resonant frequency respectively.   

 

 

Figure 2.6: Admittance locus for a series LCR circuit.   
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There are two important aspects of the admittance locus worth mentioning. (i) 

as R increases the radius of the circular trajectory decreases (ii) as Co increases the 

admittance locus shifts upward.  As a result of increasing values of both R and Co, the 

zero phase condition does not exist and the resonance does not occur.   

 Another helpful plot that helps elucidate even further the behavior of quartz 

crystals is the Z plot, which contains fZmin and fZmax.  At low and high frequencies, the 

motional arm capacitance C and the static capacitance Co dominates, respectively.  In 

addition, also at low and high frequencies, θ = -90o indicating that the system is purely 

capacitive. As the frequency increases, the phase angle crosses zero at fs and fp and the 

system achieves resonance condition as it crosses the x-axis.   

Figure 2.7: Admittance locus of a quartz crystal resonator.   
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Another cartesian plot worth mentioning, is the G-B plot.  It gives us powerful 

information on the quality of the quartz crystal.  Best known as the quality factor Q, it 

is the ratio of energy stored over the energy dissipated from the quartz crystal during 

oscillation.  For an ideal performing quartz crystal in air, this ratio is >105.  This is 

attributed to the low values of R and results in a narrow bandwidth.  Conversely, high 

values of R will give us a low Q and a broad bandwidth.   The following is the 

mathematical expression for the quality factor.  

 Equation 2.9:                𝑄 = =[
(=?*=U)

	  ≈ 	   =]^_`
(=?*=U)

 

where f2 – f1 is known as the bandwidth or the full-width-at-half-maximum (FWHM).  

fs which is said to be very close to fGmax are the frequencies where the maximum current 

that is passed through the resonator and the condition of zero phase angle is reached.  

 In liquids, Q decreases substantially compared to the values in air.  Q in water 

is ~3000.  Moreover, with the addition of a viscoelastic layer the quality factor of the 

quartz crystal decreases even further.  Changes in fGmax is useful in giving us information 

of the changes of mass at the surface of the quartz crystal while losses of energy are 

occurring.   

 
2.1.3   Experimental  
(a)   Apparatus 

As with the majority of electrochemical setups, the EQCM experiment takes 

place in a conventional three-electrode setup consisting of a working, reference and 

counter electrode.  A schematic representation of the EQCM setup can be seen in Figure 

2.8.  The working electrode in this case will be the QCM crystal that will be immersed 
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in a solution.  A computer is used to operate the potentiostat which is linked directly to 

the electrochemical and frequency measuring instrumentation.  The computer generates 

the electrochemical waveform and measures the current and frequency of oscillation of 

the quartz crystal simultaneously. This gives a better understanding of the interfacial 

processes that occur while a redox event is happening.  

(b)   Cell 
 

The QCM is very sensitive to changes in the temperature and its for this reason 

that the it is kept at constant temperature throughout the duration of the experiment with 

the use of jacketed cell.  The cell is connected to a thermostat which is typically 

maintained at 25 oC.  To maintain a uniform distribution of the temperature, the solution 

is stirred at a constant rate using an air driven magnet rotator.  An electrical magnetic 

stirrer is not used in these experiments since the electrical noise can induce frequency 

changes that can skew the actual results of the experiment.   As shown in Figure 2.8, the 

cell has a cover made out of Teflon which has individual spaces for the Pt-wire counter 

electrode, the RHE or Ag/AgCl reference electrode separated from the solution using a 

salt bridge and the quartz crystal holder.  In addition, it contains ports that allows the 

solution to purged with gases such as argon or nitrogen.   

(c)   Quartz Crystal  
 

AT-cut resonators are prepared by slicing through a quartz rod at a 35o angle 

respect to the x axis to get a thin quartz wafer with a resonant frequency of 5 MHz.  

These thin quartz wafers are sandwiched in between two polished electrode surface 

where only one side is in contact with the solution.  The quartz crystals used were 

purchased from Stanford Research Systems (SRS) and were either Au or Pt (~100 nm) 
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electrodes with a thin adhesion layer of Ti (~20 nm).  They were all 1” in diameter and 

mounted onto the crystal holder with a keyhole configuration.  The side that is contact 

with the solution is 0.5” in diameter and the back electrode is 0.25” in diameter.   

(d)   QCM Instrumentation 
 

The stand-alone instrument that was used is the SRS QCM 200.  It has a built-

in frequency counter and resistance meter.  Both frequency and resistance are measured 

and displayed at the same time.  An analog output that is proportional to the frequency 

is used to interface with the potentiostat which in hand is connected to a computer.  

Window or Mac software (SRS LabVIEW program) is used for data acquisition, 

display, storage and analysis of the obtained measurements.     

 
(e)   Electrochemical Measurements 
 

The electrochemical measurements were done using a Pine AFCBP1 

Bipotentiostat.  The electrochemical data was acquired using a home-made LabVIEW 

program using a NI-DAQ cards to interface with the potentiostat.   

(f)   Impedance Measurements 
 

The acquisition of impedance data was done using a Hewlett-Packard 

impedance analyzer (HP4194A). The SRS crystal holder was used to collect the 

response of the composite resonator.  The impedance measurements were carried out 

following in detail the procedure found in the HP4194A instrument manual.    

(g)   EQCM Calibration 
 
It has been noted in literature, that the offset in frequency shift due to the viscous 

loading of the the liquid does not affect the small changes in mass of rigid films.  It also 
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has negligible affect on the Sauerbrey equation. The EQCM data in this case will make 

use of both the Sauerbrey equation and Faraday’s law, where an interpretation of the 

frequency change can be related to the total charged passed.   

As an example, Figure 2.9 shows the response for the galvanostatic deposition 

of Cu on a Au QCM electrode.  The charge, Q, is the total number of electrons 

transferred during the deposition process.5  One can assume that per each electron there 

is one atom of Cu is deposited and linear relationship between the amount of Q passed 

and Δf can be stipulated using the following expression.  

  Equation 2.10:                        ∆𝑓 = :ab∙de∙Mf∙g
h∙i∙B

 

where Mw is the apparent molar mass of the depositing species, Cf is Sauerbrey 

sensitivity factor for the crystal, Q is the integrated charge in Coulombs, A is the active 

area in cm2, F is Faraday’s constant 9.648 x 104 Coulomb/mole, n is the number of 

electrons transferred and 106 is a unit converter for mg to g in the Cf.  

 Before using the previous equation to do any further calculations, it is very 

important to determine the Cf experimentally using the electrodeposition results.  It was 

calculated that the Cf of the quartz crystal was 56.6 Hz/µg/cm2 in agreement with the 

theoretical value.  These results can only be yielded for rigid films and cannot be applied 

to polymers.  

    
2.2   Liquid Cell In Situ Transmission Electron Microscopy 

 
2.2.1   Introduction 
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 Over the last several years, there has been many advances in electron 

microscopy which has permitted the detailed and quantitative analysis of structures at 

the atomic level. These include, the implementation of aberration correction which has 

permitted drastic changes in the resolution of the system.  In addition, the development 

of electron detectors has opened the opportunity for a wide range of electron microscopy 

applications.  It is still a growing technology with applications in many new scientific 

fields such as material science, life sciences and more.   

 One of these well received advancement that is transforming the field of electron 

microscopy is imaging samples that contain liquid.  Although imaging through a layer 

of liquid dates back to 1942, it was done via an “open cell” technique.  The open cell 

approach is used widely in modern transmission electron microscopy (TEM) to study 

gas phase reactions at moderate pressures.  For reactions involving a liquid, two 

techniques were developed to maintain vacuum to have a good electron source. (i) Use 

of differential pumping to control the pressure. Figure 2.8 shows a TEM with a 

Figure 2.8: TEM with a differentially pumped environmental chamber for imaging at 
high pressures.  
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differentially pumped chamber for imaging samples at high pressures.6 High pressures 

is maintained throughout the duration of the experiment by placing a apertures on the 

pole pieces found at the objective lens.   

The second approach is (ii) enclosing the liquid between two electron-

transparent windows or conducting experiments under “closed cell” conditions.  This 

leaded to the development of the liquid cell sample holder. Initial cell holders were fixed 

to the microscope pole piece making it different to make any changes to the sample 

while imaging.  The design got modified later on to include side entries for sample 

modification and inlets that enabled gas and liquid flow to and from the sample.   

Modern fabricated liquid cells were first used for electrochemical experiments 

where imaging was done with the electrochemical parameters of voltage and current.  

The importance of electrochemistry has been used to yield unique insights between 

structural and electrochemical information.  The electrochemical liquid cell technique 

has been applied towards the real time observation of the structural evolution and 

durability of potential nanocatalysts and interfacial reactions that occur in battery 

systems.7-9 Before expanding in all the experimental features of liquid cell 

electrochemical microscopy, a brief understanding of the challenges faced in liquid cell 

microscopy will shed light into the evolution of the different applications.  Also 

discussed will be the experimental aspects associated with conducting liquid cell 

electrochemical microscopy. 

2.2.2   Electron Microscopy of Sample in Liquid  
(a)  Resolution  
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To achieve the ultimate performance in liquid cell experiments, one has to understand 

in depth the various limiting factors and/or experimental limitations that affect the full 

potential of electron microscopy in liquids.  To reach ultimate resolution performance 

once must understand the basic interaction between electrons and matter.   

 

The highest resolution during liquid cell TEM is when the electron beam reaches 

the exit side of the sample as shown in Figure 2.9.10 The resolution limiting factor in 

this case are not the electron-transparent windows but the chromatic aberration caused 

by the inelastic scattering of electrons by the liquid. The full-width at half-maximum of 

the energy distribution, ΔE,  is calculated from the transmitted electrons of the 

inelastically scattered electrons.  The equation that best describes this relation is the 

following:  

  Equation 2.11:                        ∆𝐸 = kl∙mn∙op∙q
$∙T∙rs?∙t∙As

?∙u?
 

Figure 2.9: Highest resolution configuration for electron microscopy in liquid is 
achieved when the object is located at the electron beam exit side.    
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Where e is the elementary charge, NA is Avogadro’s number, Z the atomic number, ρ 

and T is density and the thickness of the liquid respectively.  Included in the expression 

can be found εo permittivity of space, W the atomic weight, mo the mass and v the 

velocity of the electrons.  The broader the energy distribution the lower the resolution.  

However, there is a chromatic aberration of the objective lens because of this broadening 

effect that has to be taken into consideration.  This is expressed in the image resolution 

equation (dc):  

  Equation 2.12:                        𝑑w = 𝛼𝐶w
∆y
$y

 

where α is the objective semi-angle, Cc is the chromatic aberration coefficient and E is 

the energy of the beam.  We can combine Equation 2.11 and 2.12 when we are imaging 

samples in water with atomic number Z = 4.7 giving an expression for the resolution: 

 

  Equation 2.13:                        𝑑qyd = 6𝑥10:$ }M~q
y?

 

Resolution of the TEM (dTEM) has typical values of E in eV, α = 10 mrad, Cc = 2 mm, 

E = 200keV and T = 1 µm.  Typical values for dTEM in water is 4nm. The above 

expression yields the optimum resolution possible.  However, if the objects that are to 

be seen are position farther than the exit of the beam the overall resolution is affected.       

(b)  Radiation Damage 
 

In electron microscopy experiments the interaction between sample and electron 

beam is a key factor.  With the introduction of a liquid layer the electron beam 

interactions are more complicated.   There are thermal and non-thermal beam effects 
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that can be discussed.10 Thermal beam effects are often disregarded since it only leads 

to very small temperature fluctuations.  Moreover, beam heating can affect the diffusion 

and kinetics of reaction.  Non thermal effects, which include high energy electrons 

produce species such as OH radical and hydrated electrons.  These species are linked to 

the formation of nanoparticles from solvated species, the reduction of reactivity of 

radicals due to charged species in solution and generation of reactive species from 

substrate-beam interactions.   

Beam dosage is another concern regarding radiation damage especially when 

imaging organic samples.  For biological samples, radiation damage occurs at 

approximately 102 electrons per nm2. The dosage scales 4x the resolution which enables 

an experiment with a useful resolution while not damaging the sample.  

(c)  Time Resolution 
 

TEM acquisition times are over 10 frames per second which makes imaging in 

liquids excellent for time dependent studies.  However, Brownian motion limits, on 

occasion, the image resolution of samples in liquid.  Non fixed samples are most 

affected since they are not attached to the walls the liquid chamber in the holder which 

make imaging challenging. Other factors the influence image resolution are diffusion, 

solution viscosity and image acquisition time. 10 

2.2.3   Experimental 
(a)  Insitu Electrochemical S/TEM  
 
In order to perform electrochemical measurements in the TEM, a special holder 

was designed at Cornell University and developed at Protochips, Inc.  The Poseidon 500 

is an in situ microfluidic electrochemical holder that allows imaging at the nanoscale 
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while performing electrochemical measurements.  As shown in Figure 2.10, the system 

comprises of a microfluidic integrated system and electrical contacts found at the tip of 

the TEM holder.11 The microfluidic integrated system allows for the controlled supply 

of liquid in and out of the cell.  The delivery of solution is aided with the use of a syringe 

pump and tubing.  

To conduct the electrochemical measurements, there are three electrodes 

(working (WE), counter (CE) and reference electrodes (RE)), integrated at the tip of the 

Poseidon holder as seen in Figure 2.11.  The electrodes are microfabricated directly onto 

the upper microchip made out of SiNx.  The working electrode is made of glassy carbon 

and the reference and counter electrodes are composed of polycrystalline platinum. The 

lower microchip serves as the viewing window which has a thin 500 nm layer of SU-8 

patterned onto an electron transparent SiNx.  The SU-8 controls the fluid thickness and 

acts as a pathway to contain the liquid. Electrochemical processes are seen only in the 

electrode of interest. The CE has greater surface area than the WE.  The reference 

electrode is placed close the glassy carbon WE to minimize ohmic potential drops.  

The electrical contacts are made of platinum and are connected to the three 

electrodes found on the upper microchip.  These contacts are isolated from the three 

electrodes using an o-ring to confine the electrochemical reactions at the electrode of 

interest.  To perform the electrochemical measurements, a Gamry 600 potentiostat is 

Figure 2.10: Poseidon 500 liquid cell in situ TEM holder developed at Protochips, Inc.  
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used.  Imaging is done using a F20 FEI Technai microscope operating at 200 keV.  

Solution is delivered into the holder using a microfluidic syringe pump from Harvard 

Apparatus.  

 

(b)  Electron Beam Influence on Electrochemical Measurements 

Beam effect control experiments are conducted to make sure that the 

electrochemical processes being performed are unaffected by the electron beam.  

Influence of the beam is usually investigated on the surface of the SiNx viewing window 

near the glassy carbon WE. It has been seen previously that the electron beam dose, 

dose rate and solution concentration can influence reactions occurring in the system.9   

 Long term exposure of the electron beam can give insights if the reaction being 

seen are influenced or not by any of the mentioned beam parameters.  To confirm that 

Figure 2.11: Microfabricated three electrode setup on SiNx upper microchip. 
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what is occurring is purely an electrochemical effect, not beam induced, the same are of 

the WE is observed before and after cycling under the same experimental parameters.  
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CHAPTER 3 

ELECTROCHEMICAL QUARTZ CRYSTAL MICROBALANCE 

STUDY OF PROSPECTIVE ALKALINE ANION EXCHANGE 

MEMBRANES FOR FUEL CELLS  

 
3.1   Introduction 

There are many processes that occur within AAEMs, upon operation, that need to 

be understood.  The mechanism of transport of hydroxide ions (OH-), carbonates, 

other anions, charge transfer and transport and swelling of the membrane are some of 

the processes that have to be studied.1,2 Understanding these processes is of 

fundamental importance in order to successfully integrate AAEMs in AFC systems. 

An ammonium AAEM material, synthesized in the Coates group, serves as 

representative model on which to carry out these analytical studies.3  The quaternary 

ammonium based material presented in Figure 3.1 is the primary focus of this chapter. 

This material can be used as both ,a solid membrane and ionomer. The material is 

composed of a quaternary ammonium (cationic/functional site) group tethered to a 

polyethylene backbone (structural).  This AAEM is mechanically stable and has 

previously exhibited a conductivity of ~44 mS/cm at 20oC.   

 

 

 

 

 
NMe3

OH
x 1-x

Functional Site Structural Site 

Figure 3.1: Structure of tetraalkylammonium functionalized polyethylene AAEM. 
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As mentioned above, this material has the unique property that it can be 

solubilized into an ionomer using a solvent such as n-propanol. Being able to solvent 

process this material allows for the preparation of catalyst inks.  Catalyst inks are a 

homogenous mix of catalyst nanoparticles and ionomer solution, and are a key 

component for fabricating a membrane-electrode assemblies (MEAs).4-6  A 

membrane-electrode interface can be formed by directly applying the catalyst onto the 

membrane (See Figure 3.2).  Another advantage of having an ionomer is being able to 

place the solution onto an electrode or substrate and study the membrane-electrode 

interface electrochemically.   

 

 

 

 

 

 

 

 

 

 

Another AAEM material studied here was a phosphonium based membrane as 

shown in Figure 3.3.7 Its conductivity was 22 mS/cm at 20oC and has exhibited high 

base stability. Previous studies indicated that this polymer exhibits no degradation 

over a 20-day period in 1.0 M NaOD/CD3OD at 80oC as measured by NMR. This 

Figure 3.2: Solvent processability of AAEM where methanol and n-propanol 
produce a solid membrane and a soluble ionomer, respectively.  
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membrane was used to compare and contrast the different analytical responses of both 

the ammonium and phosphonium based membrane materials.    

 

 

 

 

 

 

 

 

 

In this chapter, the electrochemical quartz crystal microbalance (EQCM) technique 

was employed in order to study the anion exchange process occurring within the 

membrane. In order to study the swelling and viscoelastic properties of the AAEM the 

acoustic impedance technique was employed.   

 

 

3.2  Experimental 

3.2.1   Sample Preparation 

(a)   Synthesis 

Both ammonium and phosphonium functionalized AAEMs were synthesized by 

the Coates group according to their published work.1,3  Both use a ring opening 

metathesis polymerization (ROMP) synthesis procedure in the presence of a Grubbs 

Figure 3.3: Structure of phosphonium functionalized polyethylene AAEM. 
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second generation catalyst (Ru-cat).  Polymerization via ROMP eliminates the 

difficulties associated with post polymerization functionalization and also reduces 

various steps in the overall synthesis.  The following table summarizes the ratio of 

structural and functional components of the material used for the experiments.  They 

exhibited the best optimal conductivity and solvent processability.   

(b)  Ion-exchange Procedure 

The ammonium and phosphonium polymer samples were received in the I- or Cl- 

forms, respectively. However, exposure of the membrane to OH- in the dry state can 

lead to sample degradation.8,9  In order to properly store the solid form of the material, 

its counter-ion needs to be either I-, Cl- or HCO3
-/CO3

2-.  I- and Cl- strongly adsorb to 

metal surfaces such as Pt.  In order to electrochemically study, and store under 

ambient conditions, these samples, can not be cast in their I- form. Rather they need to 

be exchanged to the CO3
2- ion form.   

In order to ensure complete the ion-exchange procedure the following steps need 

to be followed. (1) The dry samples, as received in the I- and Cl- form, are immersed in 

1.0 M NaOH solution and stirred for 20 minutes.  In order to ensure that ions are 

completely exchanged with the OH- ions, this process is repeated 3 times using fresh 

base solution. (2) The sample is then immersed in 1.0 M Na2CO3
2- following the same 

procedure as in the previous step.  (3) The sample is finally rinsed with deionized (DI) 

water to remove the excess ions.  This was achieved by stirring for 20 minutes, for 3 

times and changing the water each time.  It is important to note that in the exchange 

process, OH- is used first because it can easily replace I- and CO3
2-. (4) The sample in 
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the CO3
2- form was placed in between Kimwipes in order to remove residual water.  It 

was subsequently left drying over night in a partially evacuated chamber.  

(c)  Preparation of Ionomer Solution 

The dried polymer sample was weighed and placed in a glass vial with a 

predetermined volume of n-propanol in order get the desired wt% of the polymer in 

solution. A stir bar was placed in the vial which was sealed with a PTFE cap in order 

to prevent contamination. To avoid evaporation of the solvent, the cap was further 

sealed with PTFE tape. The vial was transferred into a temperature controlled oil bath 

at 80oC and left to stir overnight or until the polymer completely dissolved.  

Once the polymer was dissolved it was left to cool and then filtered.  Even though 

the polymer has been left to dissolved for many hours there can still be some particles 

in solution.  In order to achieve smooth and uniform ionomer films upon casting onto 

substrates, the dissolved samples need to be filtered.  Glass wool, placed inside a glass 

pipette, was used to remove these particles.  

(d)  Spin-coating of Ionomer Films 

For the experiments presented in this chapter, Pt quartz crystal electrodes were 

used. They were cleaned in a chromerge bath and rinsed with DI water and n-

propanol.  The electrodes were subsequently dried using dry argon. The quartz crystal 

was placed on a custom made chuck and mounted onto a commercial spin coater 

(Laurell Model WS-400A-6NPP/LITE).  An aliquot of the ionomer solution after 

being sonicated for ~10 minutes was placed on the electrode (Figure 3.4).  The 

solution was delivered using a micropipette. The spin coater was programmed to spin 

at a velocity of 1,000 rpm for 5 minutes, or until the solvent of the ionomer solution 
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had fully evaporated.  To ensure that the ionomer film was completely dry, flowing 

argon gas was used.  

 

 

 

 

 

 

 

 

 

 

 

3.2.2   Film Thickness Measurements 

After spin coating, the thickness of the ionomer film, in the dry state, had to be 

determined.  A Tencor Alpha Step 500 profilometer was used in order to determine the 

thickness of all the films. An ionomer film was deposited onto a quartz crystal using 

the same conditions as the film being used for the studies.  The thickness of both 

samples was assumed to be the same. In order to get the most precise measurement, a 

step edge was created by using a cotton swab soaked in n-propanol. Three scans were 

performed and the average value was determined to be the thickness of the sample in 

the dry state.  

3.2.3   Electrochemical Measurements  

Figure 3.4: Preparation of ionomer modified Pt QCM electrodes.  
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Both EQCM and acoustic impedance measurements were conducted on the 

samples as discussed in Chapter 2. EQCM measurements were performed in a 

jacketed EQCM cell.   

3.2.4   Chemicals  

To perform the ion-exchange process and EQCM measurements, sodium 

hydroxide (98%, ACS Macron) and sodium carbonate (100.0% AR ACS 

Mallinckrodt), methanol (anhydrous AR ACS Macron) and sodium formate (≥99.0%, 

Sigma Aldrich) were used. n-propanol (99.7%, Sigma Aldrich) was employed to make 

the ionomer solutions. All solutions were made with deionized water (18 MΩ cm 

Barnstead Nanopure Model).  Airgas supplied the high purity argon.  

3.3  Results and Discussion 

4.3.1 Ammonium Based AAEM 

(a) Viscoelasticity of Ionomer Film 

AAEMs swell and uptake significant water upon hydration.  Based on studies 

conducted on its acidic counterpart, Nafion, it has been shown that hydration aids in 

the formation interconnected channels that help in ionic conductivity.10 On the other 

hand, excessive swelling can compromise the mechanical stability of these materials. 

Its for this reason that it is critical to study the viscoelasticity of AAEMs under 

controlled hydration and ambient conditions.  The acoustic impedance technique was 

used to study the viscoelastic properties of the ionomer films at various thicknesses.  

In addition, this technique informed the selection of the optimal ionomer thickness for 
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use during EQCM experiments.  

θ-plots as seen in Figure 3.5, help diagnose how the films function both in air 

and in water.  (fzmin + fzmax)/2 of the ionomer film cast on a QCM electrode is plotted 

against the change in frequency (Δf).  The ammonium based ionomer films in air 

exhibit the typical response of rigid films which are capacitive in nature, and have a 

phase angle (θ) of ~ -90o.  The frequency range of -5 kHz to 5 kHz corresponds to a θ 

= 0o, typical of a rigid film.  

 

 

 

 

 

 

 

 

 

Upon exposing the films to water the values change dramatically when 

compared to the values in air.  The phase angle values are less than 90o and continue 

Air  

Water  

θ 
(°

) 

Δf (kHz) 

Figure 3.5: θ-plots for ionomer films of different thicknesses on a Pt QCM electrode 
when exposed to air (see inset) and water.  
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to decrease as the film thickness increases. These changes are due to swelling of the 

ionomer films which happens due to the viscoelastic nature, and loss of mechanical 

energy of the material. The θ-plots confirm that films thicker than 200 nm do not 

reach the resonant condition and thus can not be studied using the QCM.  The 

apparent change in the peak structure of the θ-plots also shed light on the 

viscoelasticity and increases in energy losses of the ionomer films.  The peak in air is 

~10 kHz in width while the width in water ranges from ~20-50 kHz.  The increase in 

the width of the θ-peaks means that there has been a decrease in the quality factor (Q) 

of the QCM.  When the viscoelastic effects and energy losses were too large, the θ-

plots featured additional peaks (Figure 3.5).  

 

 

 

 

 

 

 

 

 

Figure 3.6: Admittance plots of ammonium ionomer modified Pt QCM electrodes.  
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Admittance plots (Figure 3.6) further confirm the viscoelastic changes due to 

changes in environment and thickness of the films.  As the film thickness increased the 

motional resistance (Rm) of the composite resonator increased.  The crossing of the 

circular trajectory through the x-axis indicates that the QCM has reached resonance.  

As seen in Figure 3.6 films thicker than 200 nm do not reach resonance and thus can 

not be used to perform experiments using the QCM.  This matches the results found in 

the θ-plots.  However, due to a capacitance cancellation achieved by using the SRS 

controller we can shift the admittance locus downward enabling the use of films of 

thickness up to 350 nm.  

(b) EQCM  

 EQCM studies were done to investigate formation and the incorporation of 

ions into the ionomer films.  AAEMs have cationic sites tethered to a polymer 

backbone that should prevent the formation of carbonates.  With the EQCM, we 

wanted to quantify the amount of CO3
2- formed using the QCM as a mass sensor.  A 

chemical and electrochemical strategy was used in order to asses this. Initially the 

ionomer film is present in the OH- form in a pH=13 NaOH solution.  

 

 

 

 

Figure 3.7: Chemical strategy where CO3
2- is added in small amounts in the base 

solution 
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In the chemical strategy, a concentrated solution of CO3
2- was added in small 

volumes into the system as seen in Figure 3.7.  The change in frequency was 

monitored to follow carbonate formation.  In the electrochemical strategy, CO3
2- was 

generated electrochemically by the oxidation of methanol (CH3OH) in basic media as 

seen in Figure 3.8. In these studies cyclic voltammetry was used in parallel with the 

QCM measurements.  

 

 

 

 

 

 

i.   Ionomer Film/QCM in NaOH Solution 

A bare Pt QCM electrode and one that has been modified with an ionomer dry film 

of 210 nm were studied electrochemically in 0.1 M NaOH solution.  The CV of 

polycrystalline Pt in basic media did not change when the ionomer film was 

incorporated (Figure 3.9).  The only difference was an apparent decrease in the change 

of  frequency (Δf) of ~10 Hz.  This small change in frequency is likely due to oxide 

formation on the Pt surface.  

Figure 3.8: Electrochemical strategy where CO3
2- is generated via the oxidation of 

methanol.  
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The ΔRm responses of the bare and ionomer modified electrodes were considerably 

different.  The change in motional resistance in the ionomer modified electrode 

mirrors the features of the formation and reduction of Pt oxides.  These changes in 

viscoelasticity are due to the reactions, taking place at the surface of the electrode that 

promote mass changes in the film.  

 

 

 

 

 

 

 

 

 

 

ii.   Methanol Oxidation at Ionomer Film/QCM  

As mentioned previously, the oxidation of a methanol in basic media leads to 

the formation of CO3
2-.  At high potentials (>0.6 vs RHE) formate (HCOO-) can 

Figure 3.9: Simultaneous measurements of cyclic voltammogram, change in 
frequency (Δf) and motional resistance (ΔRm) in 0.1 M NaOH solution for (a) bare 
and (b) ionomer film Pt QCM electrode of a dry film thickness of 210 nm.  Scan rate 
20 mV/s and stirring rate ~300 rpm.  

(a) 
 

(b) 
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also be formed.  Reactants of methanol leading to the formation of CO3
2- and 

HCOO- are presented in equations 3.1 and 3.2, respectively. 

Equation 3.1:  	  	  	  𝐶𝐻,𝑂𝐻 + 	  8𝑂𝐻* → 𝐶𝑂,$* + 6𝐻$𝑂 + 6𝑒* 

Equation 3.2: 	  	  	  𝐶𝐻,𝑂𝐻 + 5𝑂𝐻* → 𝐻𝐶𝑂𝑂* + 4𝐻$𝑂 + 4𝑒* 

In the methanol oxidation reaction on the bare and ionomer modified QCM 

electrodes, we see two distinct peaks that are associated with the formation/reduction 

of a oxide Pt layer (Figure 3.10).  The reverse (negative going) peak current is shifted 

towards more negative values and is smaller in magnitude due to the Pt oxide species 

formed previously in the forward scan.  The voltammetric response of methanol 

oxidation on both the bare and the ionomer film modified QCM is qualitatively the 

same.  However, the peak current is lower for the ionomer film modified electrode 

which can be explained by the film partially blocking the surface of the electrode.  

The Δf for the modified electrode is considerably different from that of the bare 

electrode.  The response of the modified electrode reflects the methanol oxidation CV 

response and has a Δf = ~430 Hz.  While the Δf of the bare electrode is ~10 Hz.  The 

dramatic diference in Δf of the ionomer modified QCM suggests that the mass 

increase is not solely due to the Pt oxide formation but also to the incorporation of 

CO3
2- and HCOO- into the film.   

The same phenomenon can be seen in the the ΔRm profile.  The changes in 

motional resistance for the bare Pt QCM are very small (~0.3 Ω) compared to the 
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changes seen on the modified electrode (~250 Ω).  The ΔRm response also reflects the 

methanol oxidation CV response and follows the Pt oxide formation.  In the case of 

the ionomer modified electrode, there is decrease in the ΔRm in parallel to the increase 

in mass, which is likely due the incorporation of CO3
2- and HCOO- followed by  

expulsion of water from the film.   

 

 

 

 

 

 

 

 

 

 

iii.  Frequency Measurements at Open Circuit 

The second strategy suggests adding amounts of concentrated solutions of CH3OH, 

Na2CO3 and HCOONa to the NaOH electrolyte, where the ionomer modified film is 

Figure 3.10: Simultaneous measurements cyclic voltammogram, change in 
frequency (Δf) and motional resistance (ΔRm) in 0.1 M CH3OH/0.1 M NaOH 
solution for (a) bare and (b) ionomer film Pt QCM electrode of a dry film thickness 
of 210 nm.  Scan rate 20 mV/s and stirring rate ~300 rpm.  

(a) 
 

(b) 
 



52	  
	  

located. With this strategy we can monitor further, and possibly confirm, the changes 

seen in the previous studies.  By studying these additions at open circuit we can 

decifer the individual contributions of reactants and products to changes in frequency 

and motional resistance.  

First, concentrated aliquots of CH3OH were added to the 0.1 M NaOH electrolyte 

(Figure 3.11).  The concentration of CH3OH in the electrolyte solution varied from 0-

0.1 M by adding 20 mM increments.  As can be seen, the Δf increased while the ΔRm 

decreased.  However, the magnitudes of these changes did not compare to the changes 

seen during the methanol oxidation experiments.  

 

 

 

 

 

 

 

 

 

Figure 3.11: Simultaneous measurements of Δf and ΔRm while adding 3 M CH3OH  
in 0.1 M NaOH solution at an ionomer modified Pt QCM electrode of a dry film 
thickness of 340 nm.  
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Aliquots of both Na2CO3 and HCOONa were also added over the same 

concentration increments (Figure 3.12). The changes in frequency and motional 

resistance exhibited a drastic increase and decrease, respectively.  The dramatic 

changes in mass and viscoelasticity correspond to the incorporation of CO3
2- and 

HCOO- into the ionomer film while undergoing methanol oxidation.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: Simultaneous measurements of Δf and ΔRm while adding (a) 2 M 
Na2CO3 and (b) NaCOOH  in 0.1 M NaOH solution at an ionomer modified Pt QCM 
electrode of a dry film thickness of 340 nm.  

(a) 
 

(b) 
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4.3.2 Phosphonium based AAEM 

(a) Viscoelasticity of Ionomer Film 

Admittance plots for the phosphonium based ionomer were also constructed 

and exhibited similar trends as those presented above for the ammonium based 

material.  The motional resistance of the composite resonator increased as the film 

thickness increased.  However, films as thick as ~460 nm could reach resonance and 

thus could be used to conduct the EQCM studies.  This can be seen by the crossing of 

the circular trajectory through the x-axis in Figure 3.13. This suggests that the 

phosphonium ionomer does not uptake as much water as its ammonium counterpart. 

This allows for the analysis of thicker ionomer films that closely resemble a realistic 

model of the catalyst ink phase of the ionomer-membrane interface.  

 

 

 

 

 

 

 

 
Figure 3.13: Admittance plots of phosphonium ionomer modified Pt QCM 
electrodes.  
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3.4 Conclusions 

 Use of the acoustic impedance technique demonstrated that ionomer films 

swell upon hydration.  As the the film thickness increased the viscoelasticity of the 

films also increased.  EQCM experiments were conducted in order to shed light on 

carbonate formation within the film. By monitoring changes in mass (through changes 

in frequency (Δf)) and motional resistance on bare and ionomer modified Pt QCM 

electrodes, the insertion and expulsion of reactants and products were studied.  This 

was done by using both chemical and electrochemical strategies.  During the 

electrochemical study, methanol was oxidized in order to locally generate carbonate.  

The Δf and ΔRm responses suggested a deswelling of the ionomer film due to the 

incorporation of CO3
2- and a simultaneous expulsion of water from the film. The 

chemical strategy further demonstrated that the significant mass changes in the film 

were mainly due do the incorporation of CO3
2-.  
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CHAPTER 4 

ELECTROCHEMICAL STUDY OF THE TRANSPORT OF REDOX 

SPECIES IN THE IONOMER FILM 

 
4.1 Introduction 

One of the advantages of the AAEMs used in these studies is their solvent 

processability.1,2 Having the ionomer in the solubilized form allows catalyst inks to be 

prepared.  This homogenous dispersion of catalyst nanoparticles and ionomer solution 

can be directly applied onto the solid membrane.  This method is used in the 

fabrication of membrane electrode assemblies (MEAs).3  The ionomer portion of the 

catalyst layer is crucial in the transport of both reactants and products of the reactions. 

 In order to study the mechanism of transport of ions through the ionomer 

films, the rotating disc electrode (RDE) technique was used.4  To shed light on the 

transport mechanism of neutral redox species, the behavior of N, N, N′, N′-

tetramethyl-p-phenylenediamine (TMPD) using a phosphonium ionomer modified 

electrode was examined.5,6  By utilizing the RDE voltammetry technique and applying 

the Levich (Equation 4.1) we could determine the diffusion coefficient.7 

 

Equation 4.1:              𝑖� = −0.62𝑛𝐹𝐴𝐷a:/,𝜔:/$𝜈��/�𝐶a∗ 

 

where il is the limiting current at a specific rotation rate, ω (rad/s). n is the number of 

electrons transferred during the reaction, F is Faraday’s constant (96,486 C/mol), A is 

the electrode area in (cm2), D0 is the diffusion coefficient (cm2/s), υ is the kinematic 
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solution viscosity, and C0 is the bulk concentration of the redox species in solution. In 

order to determine the diffusion coefficient of the system under study, Equation 4.1 is 

solved for D0. 

 In addition to determining the rate at which TMPD gets transported through 

the film, it is crucial to examine the redox chemistry response of this molecule through 

the film. These experiments can provide insight on complications that may arise when 

in the presence of the ionomer film. 

4.2 Experimental 

4.2.1 Electrode preparation  

 For the cyclic voltammetry experiments, 3mm glassy carbon electrodes were 

used. The working electrodes were polished using 1.0 µm, 0.3 µm, and 0.1µm alumina 

slurries on a Buehler polishing cloth, and then sonicated in acetone prior to film 

deposition. For the the RDE studies an ExchangeDisk Pine E4QT RDE glassy carbon 

electrode with a diameter of 5mm was used. The electrode was polished using γ-

alumina and a 1 µm Buehler Metadi diamond paste on a polishing cloth until obtaining 

a mirror finish.  In order to deposit an ionomer film onto the electrode, the RDE 

analytical rotator (Model AFMSRX) was turned upside down as seen in Figure 4.1. 

10µL of the ionomer solution were deposited on the electrode surface and left rotating 

at 500 rpm for 4 minutes. A profilometer was used to determine the membrane 

thickness, which was of the order of 250 nm in the dry state.  
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Before performing electrochemical measurements, the phosphonium modified 

electrodes were soaked in 1.0 M NaOH solution for an hour in order to exchange the 

CO3
2- ions found initially in the film.  

4.2.2 Electrochemical Measurements 

(a) Cyclic Voltammetry 

The measurements were conducted in a standard three-electrode cell 

configuration with the ionomer modified glassy carbon working electrode, a home-

Ionomer 
Aliquot  

RDE 
Rotator  

Figure 4.1: Ionomer modified RDE electrode preparation setup where the RDE 
rotator is flipped upside down in order the deposit an aliquot of the phosphonium 
ionomer solution to get a film of ~250 nm in the dry state. 
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built Ag/AgCl reference electrode and a Pt counter electrode. Cyclic voltammetry was 

performed using a CV-27 potentiostat and homemade software developed under 

LabView®. Solutions were made maintaining a constant concentration of TMPD of 

1.0 mM while varying the concentration of sodium chloride (NaCl) electrolyte.  

(b) Rotating Disc Electrode Voltammetry (RDE) 

RDE is a technique where the working electrode is rotated to induce a flux of 

analyte to the electrode. By varying the rotation rate one can study the diffusion of 

redox active molecules through solution as well as the ionomer films. Using the mass 

transport limited current and the Levich equation, we can obtain the diffusion 

coefficient, which tells us the rate at which electroactive molecules arrive at the 

electrode surface.  

4.2.3 Chemicals 

 For the ion-exchange process and the electrolyte solutions, sodium hydroxide 

(≥99.0%, AR ACS) and sodium chloride (98.0%, ACS Macron) were used, 

respectively. N, N, N′, N′-tetramethyl-p-phenylenediamine (TMPD) dihydrochloride 

(98.0% Aldrich) was also employed. All solutions were made with deionized water 

(18 MΩ cm Barnstead Nanopure Model). High purity argon and nitrogen were 

supplied by Airgas.   

4.3 Results and Discussion 

4.3.1 Redox Chemistry of TMPD in Ionomer Films 
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 Prior to conducting the transport studies, the redox response of TMPD on both 

the bare glassy carbon electrode and the ionomer modified electrode was examined. 

The cyclic voltammetric response of TMPD at the bare (Figure 4.2) and ionomer 

modified electrode (Figure 4.3), with 0.1 M concentration of supporting electrolyte, 

showed a significant difference. In particular, the response at the ionomer modified 

electrode exhibited a high degree of irreversibility. When comparing the anodic and 

cathodic currents, a smaller cathodic peak was evident at the ionomer modified 

electrode.  We assume the diminution in current is due to the electrostatic repulsion of 

electrogenerated TMPD+ by the cationic sites that are connected to the polymer 

backbone of the ionomer film. TMPD+ is electrostatically expelled from the ionomer-

electrode interface.   
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Figure 4.2: Cyclic voltammogram of 1 mM TMPD in 0.1 M NaCl at a bare glassy 
carbon electrode at a scan rate of 20 mV/s.   
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In order to investigate the effect that the electrolyte has in the redox chemistry 

of TMPD, the concentration of NaCl was increased to 1.0 M.  Figures 4.4 and 4.5 

present the redox response of TMPD in 1.0 M electrolyte at the bare and ionomer 

modified electrode, respectively.  When the concentration of the supporting electrolyte 

was increased to 1.0 M, the cathodic peak of the oxidation of TMPD at the ionomer 

modified electrode reappeared. We believe that this arises as a result of the decrease in 

the Debye length, making it easier for the electrode to screen the charges generated by 

the formation of TMPD+ within the electrolyte film.  
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Figure 4.3: Cyclic voltammogram of 1 mM TMPD in 0.1 M NaCl at an ionomer 
modified glassy carbon electrode at a scan rate of 20 mV/s.  Film thickness ~250 nm 
in the dry state. 
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Figure 4.4: Cyclic voltammogram of 1 mM TMPD in 1.0 M NaCl at a bare glassy 
carbon electrode at scan rate of 20 mV/s.   
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Figure 4.5: Cyclic voltammogram of 1 mM TMPD on 1.0 M NaCl at an ionomer 
modified glassy carbon electrode at a scan of 20 mV/s.  Film thickness ~250 nm in 
the dry state. 
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4.3.1 RDE Study of the Transport of TMPD in the Ionomer Film 

The RDE results obtained for the TMPD at a bare glassy carbon electrode and 

at an ionomer modified electrode, in NaCl solution, are shown in Figures 4.6 and 4.7, 

respectively. The electrodes were rotated between 50 and 1200 rpm. When compared, 

the TMPD response in the ionomer modified electrode showed a decrease in in current 

from ~0.6 mA/cm2 to ~0.2 mA/cm2 in the upper rotation rate. TMPD at the ionomer 

modified electrode exhibited a smaller diffusion coefficient when compared to the 

bare electrode. Table 4.1 summarizes the diffusion coefficients obtained from both 

electrodes.  
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Figure 4.6: RDE profiles for 1 mM TMPD/0.1 M NaCl at a bare RDE glassy carbon 
electrode at a scan rate of 20 mV/s.   
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As seen in earlier experiments using ionomer modified electrodes such a 

current decrease is attributed to the shielding effect of the ionomer film to the 

electrode surface. Moreover, the electrostatic repulsion of electrogenerated TMPD+ 

from the ionomer film due to its interaction with the cationic sites of the film could 

further contribute to the change in RDE profiles.  
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Figure 4.7: RDE profiles for 1 mM TMPD/0.1 M NaCl at a ionomer modified RDE 
glassy carbon electrode at a scan rate of 20 mV/s.   
 

Table 4.1: Diffusion coefficients of TMPD obtained at the bare and ionomer modified 
glassy carbon electrode. 
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4.4 Conclusions 

 The cyclic voltammmetric and RDE studies using TMPD as a neutral redox 

probe enabled a better understanding of the transport mechanism in the ionomer film. 

The redox reaction of TMPD at the ionomer film modified electrode indicated a higher 

degree of irreversibility when compared to the bare electrode.  The significant 

difference in peak currents and the quasireversibility at the ionomer modified 

electrode are associated to repulsive interactions of the electrogenerated TMPD+ and 

the cationic sites of the ionomer film. The diffusion coefficient of TMPD decreased at 

the ionomer modified electrode.  In addition, limiting currents also decreased due the 

shielding effect of the ionomer film on the surface of the electrode.  
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CHAPTER 5 

THE OXYGEN REDUCTION REACTION (ORR) AT AN ALKLAINE 

ANION EXCHANGE MEMBRANE IONOMER FILM MODIFIED 

ELECTRODE 

 

5.1   Introduction 

With the development of high performance cationic, hydroxide-conducting 

alkaline anion exchange membranes (AAEMs), alkaline fuel cells are becoming a 

feasible alternative to traditional acidic (PEM) fuel cells. A fuel cell is composed of an 

anode, a cathode, and an electrolyte layer. At the anode, fuel (hydrogen or a small 

organic molecule) oxidation takes place while the oxygen reduction reaction (ORR) 

occurs at the cathode.1 The ORR’s slow kinetics, resulting in very high overpotentials, 

has hindered the widespread deployment of this technology.2 Working in alkaline 

medium enables the use non-precious metals as catalysts for the ORR taking place at 

the cathode.3 From previous work of past Abruña-group members, PdxCuy was found 

to be a promising, less expensive (than Pt) catalyst for this reaction. We have tested 

various compositions of sputtered metal thin film PdxCuy electrodes with a 300 nm 

thick ionomer layer, (synthesized at Cornell University by the Coates group), to 

further study a more realistic cathode membrane (assembly) interface and gain a 

deeper understanding of the processes taking place at the various interfaces. For 

electrochemical characterization, we employed the rotating disk electrode (RDE) 

voltammetry method in a three-electrode electrochemical cell using 0.1M NaOH as 
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the electrolyte solution. Our results of the best PdxCuy composition, in terms of onset 

potential, were consistent with previous findings prior to incorporating the AAEM.4 

However, the limiting current was adversely affected when the membrane was 

applied, suggesting transport limitations. 

 

5.2   Experimental 

5.2.1   Preparation of Ionomer Modified PdxCuy Thin Film Electrodes 

Phosphonium polymer samples with a 1:2.5 ratio of functional to structural 

components were prepared as reported previously.5  The polymer was synthesized in 

the Cl- form and was ion-exchanged to the OH- form by immersing the sample in 1.0 

M NaOH solution and stirring for 20 minutes. This procedure was repeated three 

times, changing to a fresh solution of base after every 20 minutes, to ensure complete 

displacement of Cl- by OH-.  Subsequently, the sample in the OH- form was immersed 

in 1.0 M Na2CO3. A complete conversion of the polymer to the CO3
2- form eliminates 

potential degradation of the polymer due to nucleophilic attack by OH-. To ensure 

complete removal of any residual OH- and CO3
2-, the samples were soaked in DI water 

for 20 min.  This process was repeated twice. The polymer, in the CO3
2- form, was left 

drying overnight between two sheets of tissue paper to remove any excess water.  The 

dried sample was weighed accordingly to obtain a 1.0 wt % in the final ionomer 

solution. A prescribed volume of n-propanol was added to the sample, in a sealed 

capped vial with a stir bar, and left stirring at room temperature until the polymer 

dissolved completely.  

5.2.2   Rotating Disk Electrode (RDE)  
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The RDE setup consisted of a rotator equipped with a control unit (Pine Model 

AFMSRX). The RDE electrodes were disks (5 mm in diameter) of glassy carbon 

modified with thin films of different PdCu compositions. They were inserted into the 

change disk type RDE tips (Pine E4QT Series ChangeDisk RDE tips). The change 

disk type tips allow the electrodes to be removed from the holder for further 

characterization using other methods. The AAEM ionomer thin films were deposited 

on the RDE electrodes by employing the rotator as a spin-coater. For this purpose, the 

rotator assembly was mounted upside down on the support pillar. The rotator shaft 

(with the RDE electrode unit mounted) was then inserted into the rotator assembly 

such that the exposed face of the RDE electrode was facing up. An aliquot of 20 µL of 

the ionomer solution was then placed on to the stationary electrode surface and 

subsequently the electrode was rotated at a speed of 1,000 rpm for 5 minutes.  

 

5.2.3   Film Thickness Measurements 

To verify that the appropriate film thickness was achieved, a Tencor Alpha Step 500 

contact profilometer was used.  Step edges were created on identically prepared 

samples using a pointed swab that was previously inmersed in n-propanol.  An 

average of the values was used to determine the thickness of the spin-coated film. 

 

5.2.4   Oxygen Reduction Reaction (ORR) 

A custom built three-electrode electrochemical cell was used for the RDE 

experiments.  A high surface area Pt wire and a saturated Ag/AgCl (BASi) were used 

as counter and reference electrodes, respectively. The various 5 mm glassy carbon 
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slugs with PdxCuy sputtered films were inserted into the interchangeable RDE 

electrode assembly and into the shaft along with a glass cap to maintain an oxygen 

atmosphere during experiments. 

The electrochemical cell was filled with 50 mL of 0.1 M NaOH electrolyte 

solution for testing. Prior to experimentation, the solution was purged with nitrogen 

gas for 15 minutes to remove any residual gases. Afterwards, the electrode was 

electrochemically cleaned by cycling the potential from -0.6 to +0.3 V vs. Ag/AgCl at 

a scan rate of 50 mV/s until the cyclic voltammetric response no longer changed.  The 

nitrogen gas was switched to oxygen gas for 15 minutes and rotating disk electrode 

experiments were performed at a scan rate of 20 mV/s and at rotation rates ranging 

from 50-2000 rpm. After each rotation, the cell and electrolyte solution were purged 

with oxygen gas for 7 minutes. 

 

5.2.5   Data Analysis 

The data collected were analyzed using the Levich equation (Equation 5.1).6  

The number of electrons involved in the reaction was determined by setting the D0 

(diffusion coefficient) and concentration of oxygen (O2) to be 1.93 x 10-5 cm2s-1 and 

1.25 mM, respectively.7 The Levich analysis was performed on the mass-transport 

limited currents at the specified rotation rates.  

 

5.3   Equations 

In rotating disk electrode voltammetry, the number of electrons that are involved 

in the redox reaction can be obtained from the Levich equation  
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Equation 5.1:               𝑖� = −0.62𝑛𝐹𝐴𝐷a:/,𝜔:/$𝜈��/�𝐶a∗   

 

where il is the limiting current at a given rotation rate (ω), n is the number of electrons 

transferred, F is Faraday’s constant, A is the electrode area (cm2), D is the diffusion 

coefficient of the redox active species (cm2/s), ω is the electrode rotation rate (rad/s), ν 

is the kinematic viscosity (cm2/sec) and C is the solution concentration of the redox 

active species (mol/cm3). For the analysis of O2, a diffusion coefficient of 1.93 x 10-5 

cm2/s was used as previously determined by Blizanac et al.2 The Levich equation is 

valid when the system is mass-transport limited at all rotation rates and this is 

evidenced by the linearity of the Levich plot (il vs. ω1/2). 

 

5.4   Chemicals  

Sodium hydroxide (≥99.0%, AR ACS) and sodium carbonate (100.0% AR ACS 

Mallinckrodt), were used for the ion-exchange process and for preparing the 

electrolyte solutions. To make ionomer solutions, n-propanol (99.7%, Sigma Aldrich) 

was employed. All solutions were made with deionized water (18 MΩ cm Barnstead 

Nanopure Model).  Airgas supplied the high purity oxygen and nitrogen. 

 

5.5   Results and Discussion  

Pd1Cu9 to Pd9Cu1 compositions were tested in 10% increments with a 300 nm  

AAEM film, and the recorded voltammetric profiles were compared. Many of the 
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profiles had overlapping regions, but compositions containing more palladium than 

copper had smoother voltammetric profiles and higher onset potentials. For easier 

comparison and interpretation, we compared a palladium-rich composition, a copper-

rich composition, and an electrode that had equal parts palladium and copper (Figure 

5.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

As can be seen, the palladium-rich compositions had more positive onset 

potentials. This is expected due to the high activity of palladium as an electrocatalyst 

for the ORR, relative to copper.  While the Pd8Cu2 composition exhibited the highest 

activity, it was also the most expensive. Performance and cost are key factors/metrics 

when selecting an electrocatalyst. By combining palladium and copper, we hoped to 

Figure 5.1: Metacomparison of different Pd:Cu compositions tested: Pd8Cu2, 
Pd1Cu1 Pd2Cu8 with a 300 nm thick AAEM layer. Rotation rate,1500 rpm in 0.1 M 
NaOH. Scan rate of 20 mV/s. 
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achieve good electrocatalytic activity/performance, as measured by both kinetics and 

cost. 

After characterizing each composition with regards to onset potential and cost, the 

optimal composition was determined to be Pd1Cu1. It had an onset potential virtually 

identical to that of  palladium rich compositions, while significantly decreasing the 

price. Note, that the cost in Figure 5.2 is solely the cost of the electrocatalyst and does 

not include the cost of the membrane, which would be constant for all electrocatalyst 

compositions. To test the effects of the membrane, we compared the cathodic 

(negative-going) sweeps of the Pd1Cu1 electrode with and without the membrane 

(Figure 5.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: Eonset and catalyst cost as a function of Pd content. Points were 
determined at a rotation rate of ω = 350 rpm at 20 mV/s in 0.1 M NaOH. 
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Interestingly, the onset potential was more positive on the electrode with the 

membrane, perhaps due to a binding property of the membrane or to a high partition 

coefficient for oxygen, resulting in an effectively higher initial concentration of 

oxygen. An increase in the onset potential is desired, since it means that the 

electrocatalyst has a lower overpotential, requiring less energy to drive the oxygen 

reduction reaction. However, the membrane also decreased the limiting current of the 

ionomer modified electrode. This could be due to transport inhibiting effects of the 

membrane for oxygen to reach the surface of the electrode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Comparison of Pd1Cu1 ORR electrocatalytic activity with and without 
the AAEM membrane. 1500 rpm in 0.1 M NaOH. Scan rate of 20mV/s 
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We used the limiting current data of the Pd1Cu1 electrode, with and without the 

AAEM, and used the Levich equation to determine the number of electrons transferred 

(Figure 5.4). The electrode with the membrane had a 1.66 electron count, while the 

electrode without the membrane had a 3.42 electron count.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

 

5.6   Conclusions  

Under alkaline conditions, pure palladium is clearly the best ORR catalyst we 

tested with respect to its fast kinetics and reaction pathway. Because of its high cost, 

we looked at other compositions comprised of palladium and copper while using an 

Figure 5.4: Comparison of Pd1Cu1 Levich plots with and without the AAEM. 
1500 rpm in 0.1 M NaOH. Scan rate of 20 mV/s 
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alkaline anion exchange membrane. Consistent with previous work from past group 

members, the Pd1Cu1 was the best composition, even with the added AAEM. The 

electrode had a very good onset potential, comparable to a palladium rich electrode, 

while significantly reducing the price to about half. When the membrane was added, 

we observed an interesting shift of the cathodic sweep to a more positive onset 

potential. However, the membrane seems to have caused the current to decrease, likely 

due to transport limitations. More experimentation will be required to determine 

whether the membrane is causing a 2-electron mechanism instead of a 4-electron 

mechanism, or whether there were problems with the surface of the electrode itself. 
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CHAPTER 6 

STRUCTURAL ANALYSIS OF AN AMMONIUM BASED 

ALKALINE ANION EXCHANGE MEMBRANE 

 
6.1   Introduction 

Since the early 1970’s, there has been substantial amount of studies done to 

precisely define the morphology of Nafion1-8.  The greatest interest for the use of 

Nafion was in its use as proton conducting membrane in fuel cells.  The molecular 

organization of this perfluorinated polymer is said to be the responsible of its high 

proton conductivity, mechanical stability and water management amongst others 

which are critically important for efficient operation of proton exchange membrane 

(PEM) fuel cells and electrolysis systems9. Alternate proton conducting membranes 

have been developed but have yet to come close to the performance of Nafion. 

Historically, the first morphological model of Nafion was denominated as the cluster-

network model.   Gierke and co-workers concluded that the hydrated form of the 

polymer contains ionic clusters with Bragg spacing of 3-5 nm2.  The spherical clusters 

are phase separated into hydrophobic and hydrophilic regions.  The hydrophobic 

region is composed of continuous semicrystalline tetrafluoroethylene segments and the 

hydrophilic regions consist of sulfonated groups that change size during water uptake.  

Swelling upon hydration of these spherical clusters form narrow channels and serve as 

a pathway for ionic transport. Although, to this date, the morphological model of 

Nafion is still a debate, it still serves as a foundation of many morphological studies.   
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There has been significant interest recently in adapting systems such as PEMs, that 

function under acidic conditions, to be viable operating under alkaline conditions10. 

Alkaline anion exchange membranes (AAEMs) conduct hydroxide (OH-) ions instead 

of protons which enables the use of less noble and inexpensive metals when compared 

to PEM fuel cells11,12. The advent of AAEMs promises to redefine the basic material 

challenges and opportunities for low-temperature fuel cells.  

Recently we have designed AAEM materials that exhibit promising properties for 

operation in alkaline fuel cells. In particular, an AAEM material that consists of a 

polyethylene backbone functionalized with quaternary-ammonium cation tethered to 

the backbone by an alkyl chain13.  This candidate material exhibits favorable 

mechanical stability and high hydroxide ion conductivity (44 mS/mol at 20 °C). 

Similar to Nafion, detailed knowledge of chemical microstructure is required to ensure 

optimal performance of these materials.  The study of the morphology at the nanoscale 

of AAEMs is crucial for tailoring the mechanical and transport properties of these 

polymer membranes. Previous work has demonstrated that strategies on controlling 

the morphology of the membrane results in a significant increase of ionic conductivity 

without affecting its structural integrity. 

Despite the considerable advances made in the AAEM field, fundamental studies 

have yet to be done to define the molecular and supramolecular motifs of these 

materials.  By conducting x-ray scattering experiments, chemical structure and 

morphology relationships were investigated for the candidate material, which is the 

subject of the present work.  Scanning transmission electron microscopy (STEM) and 

conducting probe atomic force microscopy further confirms the morphological motifs 
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found.  This chapter gives an overview of the applied characterization techniques to 

investigate the morphological characteristics of a novel quaternary ammonium 

alkaline anion exchange membrane.  

	  
6.2   Experimental 

6.2.1   Polymer Sample Preparation 

Synthesis of tetraalkylammonium functionalized polyethylene was carried out 

using procedures reported previously.12   All samples were comprised of a 1:3.75 

molar ratio of functional to nonfunctional components - the functional component 

being the cationic (hydrophilic) segment and the nonfunctional being the polyethylene 

(hydrophobic) backbone.  Because of the solvent processability property of this 

material, the same polymer can be used both as a polymer electrolyte membrane and a 

soluble ionomer material. The polymer electrolyte membrane sample, with a 

molecular weight of 38,765 g/mol, was casted onto a fluoropolymer-lined metal 

dish.  After removal from the dish, a free-standing membrane film was obtained for 

further characterization.   

A polymer electrolyte membrane sample with same properties but with a lower 

molecular weight was synthesized to prepare the soluble ionomer material.  The 

decrease in the molecular weight was found to increase solubility of the 

polymer.  When using the 38,765 g/mol polymer, the maximum solubility in n-

propanol was 1 wt%; while that of a molecular weight of 23,259 g/mol was ~5 

wt%.  Ionomer solutions with high polymer loadings (>1 wt%) are needed to make 

sufficiently thick films (~200 nm) appropriate for the current study. The polymer 
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samples in the I- form were exchanged into the hydroxide (OH-) form and 

subsequently to the carbonate (CO3
2-) form as in a procedure already established. The 

effect of incorporating CO3
2- anions into the polymer increases the solubility of the 

material when compared to the Cl-/OH- forms. As aforementioned, the polymer 

sample was solubilized in an appropriate volume of n-propanol in a glass vial with a 

stir bar.  It was placed in a silicon oil bath with a temperature of 80 °C and left stirring 

overnight to ensure complete dissolution of the polymer sample. 

The obtained ionomer solution was spin coated onto silicon wafers using a 

commercial Laurell Model WS-400A-6NPP/LITE spin coater.  The silicon wafers 

were previously submerged in a concentrated sulfuric acid to remove any impurities 

from the surface.  They were then rinsed with DI water and n-propanol and dried using 

argon.  The silicon substrates were mounted onto the spin coater chuck and an aliquot 

of the ionomer solution was introduced onto the substrate. The spin coater was ramped 

to a speed of 1000 rpm for approximately 2 minutes to ensure evaporation of any 

residual solvent.  The resulting film was used for further characterization. 

To verify that an appropriate film thickness was achieved, a Tencor Alpha Step 

500 contact profilometer was used.  Step edges were created on identically prepared 

samples using a pointed swab that was previously submerged in n-propanol.  An 

average measurement of these step edges were used to determine the thickness of the 

spin coated film.   
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6.2.2   Transmission Electron Microscopy 

The TEM images were obtained using a FEI Tecnai F-20 transmission electron 

microscope operating at 200 keV. Samples were prepared by introducing an aliquot of 

ionomer solution onto 5 nm thin amorphous Si TEM grids from 

temwindows.com.  The films were left drying for 2 hours in an inert atmosphere and 

immersed in 1.0 M KI solution for 1 hour and subsequently rinsed with DI water to 

remove any residual salt in the sample. Converting the film into the I-- form prior to 

collecting images serves to distinguish between the hydrophobic and the hydrophilic 

regions of the ionomer. 

6.2.3   Conducting Probe Atomic Force Microscopy (Cp-AFM) 

Conducting probe atomic force microscopy (Cp-AFM) analysis was carried out 

on AAEM ionomer thin films deposited onto oxidized Si wafers.  The topography and 

phase images were obtained simultaneously with an atomic force microscope Veeco 

Dimension 3100 Ambient AFM STM.  All the images were acquired at tapping mode 

at typical resonant frequencies of 140 kHz and a spring constant of 5 N/m.  

6.2.4   Small-Angle X-Ray Scattering (SAXS) Analysis 

Small-angle X-ray scattering (SAXS) measurements were collected on a 

MedOptics fiber coupled CCD camera area detector at the D1 station of the Cornell 

High Energy Synchrotron Source (CHESS) with an incident photon energy of 10.734 

keV (1.155Å).  The free-standing membrane samples were mounted in a custom-made 

cell and data were collected in transmission mode.  Measurements of the spin-cast 
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ionomers were carried out at grazing incidence short angle x-ray spectroscopy 

(GISAXS) in a hydration chamber. 

6.2.5   Chemicals 

n-propanol, sulfuric acid.  Solutions were prepared in high purity deionized water (18 

MΩ cm Barnstead Nanopure Model No. 7148). Potassium iodide and Nafion (Sigma-

Aldrich).  For deaerating the solutions, high purity nitrogen and argon gases were 

purchased from Airgas.     

6.3   Results and Discussion 

6.3.1   TEM Characterization 

The morphology of the ionomer thin films was studied by STEM-HAADF 

(Figure 6.1). Casting of the thin films and ion exchange with I- are described in the 

experimental section. It has been previously demonstrated that the use of salts such as 

I- stains the hydrophilic regions of the ionomer films.  Due to Z-contrast in the images, 

it can be seen that the I- rich regions of the thin films will be brighter and thus 

identified easily. The hydrophilic regions seen in the STEM images shows that gives 

clear evidence of an interconnected channel structure with channel widths on the order 

of 10-50 nm. The channels apparent in the STEM images are likely due to 

spontaneous phase segregation of the ionic domains of the polymer into an 

interconnected three-dimensional structure. 
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To guarantee that the imaging was performed correctly.  Nafion was imaged 

under the same conditions and compared to existing micrographies found in 

literature.14  Both micrographs show ionic clusters of ~10 nm in diameter with equal 

distribution of sulfonate groups. 

 

 

 

 

 

 

Figure 6.1: Representative dark field TEM images of the ammonium ionomer film cast 
on the TEM grid clearly shows phase segregated ionic domains.  Dry film thickness ~100 
nm 

Figure 6.2: Representative dark field TEM images of Nafion ionomer film cast on the 
TEM grid.  Dry film thickness ~100 nm 
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6.3.2   Conducting Probe Atomic Microscopy (Cp-AFM)  

The surface topography and phase maps of the Cp-AFM analysis highlights the 

morphology of the ammonium thin films deposited onto Si substrates. The images 

clearly indicate that the films exhibit a porous surface structure with features visible 

on two different length scales. The surface topographic map shows larger features 

consisting of irregularly-packed, roughly spherical structures with dimensions on the 

order of 100 nm. The spherical structures are themselves composited of smaller 

spherelites with radii on the order of 10-50 nm. As shown in Figure 6.3, in some cases 

the 100 nm spherical features were not readily visible in the AFM analysis, but the 

smaller features were always present. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.3: (a) Topographic and (b) phase images of ammonium ionomer thin film cast 
on Si wafer.  Dry ionomer film thickness ~100 nm. 
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Critically, the STEM and AFM data agree to a significant extent over the presence 

of a morphological motif with a characteristics size of 10-50 nm. The AFM 

topography and phase data, however, seem to indicate that these structures are largely 

spherical, whereas the TEM data suggest interpenetrating channels. These two 

conclusions are not necessarily incompatible, as the AFM measurement samples only 

the surface of the polymer structure, where the surface energetics may drive 

termination of the channel structure with spherical features. 

6.3.3   Small-Angle X-Ray Scattering (SAXS) 

Figure 6.4 compiles the results of several SAXS measurement on freestanding 

ammonium membrane samples. We clearly observed peaks in the scattering intensity 

from the AAEM materials as well as the Nafion control samples. The AAEM ordering 

peaks cluster in a range of d-spacings ranging from 3-5 nm. We found membranes that 

had been deliberately hydrated by submersion in aqueous solution showed a clear, 

single peak around 5 nm, whereas samples that had been exposed to ambient 

atmosphere exhibited a broad range of d-spacings from 3-5 nm. 

The inset of Figure 6.4 shows control data collected on a commercial 

freestanding Nafion film under identical conditions to those employed for the 

AAEMs. The ordering feature in the Nafion manifests at a d-spacing of 3-4 nm, also 

depending on the state of hydration, with membranes that had been submersed in 

aqueous solutions showing larger d-spacings than those that had been exposed to the 

ambient atmosphere. Additionally, the Nafion scattering peak has a much greater 

intensity than that of the AAEM, which might be due to a greater degree of order in 
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the Nafion membranes or simply a greater scattering contrast between the ordered 

features. 

 

 

 

 

 

 

 

 

 

Figure 6.5 shows GISAXS data for a simple hydration study of an alkaline 

AAEM ionomer film of ~200 nm dry thickness, deposited on a silicon substrate and 

exposed to water vapor via a drop of deionized water placed into a sealed analysis 

chamber along with the sample. The inset shows an equivalent experiment carried out 

on a Nafion ionomer thin film cast from a commercial 5 wt% solution. Similar to the 

freestanding membrane data, the scattering intensity for the AAEM ionomer thin film 

was much lower than that of the Nafion ionomer. 

Figure 6.4: Small angle x-ray scattering (SAXS) of the (a) ammonium based AAEM: 
non-annealed, annealed and hydrated form. (b) Nafion in annealed and hydrated form. 
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From the SAXS data there is clear evidence for ordering of the ammonium 

AAEM thin film samples are on the length scale of 3-5 nm. This type of ordering is 

consistent with many reports of phase-segregation in ionomer materials between 

hydrophilic domains containing the hydrophilic (functional) and hydrophobic 

(structural) units. It was further found that the ordering peak shifted toward larger d-

spacing in response to a change in hydration of the ionomer thin film, which strongly 

suggests that the ordering is intimately related to the interactions between the ionic 

domains and aqueous species.  

 

Figure 6.5: Small angle x-ray scattering (SAXS) of the (a) ammonium based AAEM (b) 
Nafion showing the effect of degree of swelling. 
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6.4   Conclusions 

In summary, we have performed a structural analysis of an ammonium AAEM 

using a variety of techniques. Analytical measurements demonstrated that the alkaline 

AAEM thin film naturally assumes a morphology with ionic domains organized into 

interpenetrated channels on the order of 10-50 nm.  Additional structural order also 

manifests over the 3-5 nm scale, and clearly varies as a function of state of hydration. 

It is not yet clear which of these structural features is primarily responsible for the 

high ionic conductivity of the AAEM materials. Further efforts are warranted to 

determine the structure of these ammonium based AAEM as a function of hydration 

and ambient environment.  
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CHAPTER 7 

REAL TIME FORMATION OF CARBONATES IN ALKALINE 

MEDIA VIA IN SITU LIQUID CELL TEM   

 
 
7.1   Introduction 

Alkaline fuel cells (AFCs) can have cost and kinetic advantages when compared to 

their conventional acidic counterparts.1  Mass production of AFCs has been hindered 

due to carbonate formation issues found in these systems. Negatively charged 

hydroxyl ions found in the liquid electrolyte can react with carbon dioxide from the air 

and/or from the CO2 originating from organic fuel cell oxidation.  A possible reaction 

leading to carbonate formation is presented in Equation 7.1.2 

 

Equation 7.1:          CO2 + 2 OH- -> CO3
2- + H2O 

 

The formation of potassium carbonate crystallites (K2CO3) depletes the hydroxide 

ion concentration in the electrolyte hence reducing its conductivity, leading to a large 

performance drop.  The K2CO3 crystallites can precipitate on the electrode and block 

access of fuel to the electrolytic sites.  Blocking these sites can structurally degrade the 

electrodes and lead to electrode failure. Carbonate formation is essentially irreversible 

with an equilibrium constant (Keq) equal to 7 x 1025.3 There are many technologies that 

can be integrated to mitigate or arrest the formation of carbonates in alkaline fuel cells.  
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However, additional fuel cell components increase device complexity and volume 

making it less attractive for portable and automotive applications.  

To overcome these challenges alkaline solid polymer electrolytes (SPEs) were 

introduced to the fuel cell community.  These polymeric anion conducting materials 

are less susceptible to precipitation of carbonates due to the immobilization of the 

cations.  The conducting species are immobilized onto a polymer backbone essentially 

precluding the formation of carbonates.  No solid K2CO3 crystallites will be formed 

due to the absence of mobile cations (K+). It has been previously reported that 

carbonate precipitation gives rise to blocking of the gas diffusion layer which in turn 

decreases its conductivity, leading to large performance drops. In situ transmission 

electron microscopy (TEM) through liquids is a promising approach for exploring fuel 

cell processes as they occur on the nanometer scale.4-8 While there is an extensive 

database on characterization and degradation analysis of PEM fuel cell components in 

acidic media, very little has been done on alkaline fuel cell (AFC) systems.  In the 

following work, we have used in-situ transmission electron microscopy to view, in 

real time, carbonation formation in the presence and absence of an AAEM.    

7.2   Experimental 

7.2.1   Deposition of Ionomer onto TEM microchip 

An aliquot of the prepared ionomer solution was deposited on the silicon 

nitride window of the TEM chip and left drying until all the solvent yielding a thin 

enough (~100 nm) ionomer film for imaging. For contrast enhancement, the prepared 

sample was left soaking in a 1.0 M KI solution for 1 hour.  The negatively charged 

iodide ion binds to the cationic groups of the ionomer, enabling the identification of 
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the ionic domains of the sample.  The sample was later rinsed with DI water to remove 

any excess I-.  Before imaging, the membrane samples were plasma cleaned to remove 

any impurities that would contaminate the system and not allow a clear imaging of the 

sample.  

7.2.2   In Situ Electrochemical TEM Measurements  

A monochromated FEI Tecnai F-20 STEM/TEM at an operating voltage of 200 

keV was used for imaging. For the in situ measurements, a Protochips Poseidon holder 

was used in conjunction with a Gamry potentiostat.  To ensure no beam damage, 

electrolyte solution was continuously flowed into the cell at a rate of 300 uL/hr using a 

Harvard Instruments Model 11 Elite system. The patterned three-electrode cell was 

comprised of an evaporated platinum working electrode (WE) on the viewing 

membrane, a platinum counter electrode (CE) and a platinum reference electrode 

(RE).  

 

 

 

 

 

 

 

 Figure 7.1: Schematic of the in-situ TEM top chip. Evaporated Pt The working 
electrode (WE), counter electrode (CE) and reference electrode (RE) were all 
evaporated platinum. 
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For the Pt cyclic voltammetry in basic conditions, a 0.1 M sodium hydroxide 

(NaOH) solution was flowed into the in situ holder at the same rate previously 

mentioned.  Methanol oxidation was performed using a 0.1 M CH3OH/NaOH.    

7.2.3   Chemicals 

       Methanol anhydrous (ACS Macron chemicals), NaOH (99.0% Sigma Aldrich), 

HCl, Na2CO3 (99.0 % Sigma Aldrich), KI (99.9% Sigma-Aldrich).  All solutions were 

prepared using high purity deionized water (18 MΩ cm Barnstead Nanopure Model 

No. 7148). For deaerating the solutions, high purity nitrogen and argon gases were 

purchased from Airgas.     

7.3   Results and Discussion 

7.3.1   Hydration of the Film using in-Situ TEM Cell 

Prior to conducting any electrochemical studies using the in-situ liquid TEM 

cell, swelling of the AAEM was examined.  For this, a thin ionomer modified TEM 

chip was placed in the TEM high vacuum chamber and with the use of a syringe 

pump, water was slowly flowed into the cell. Figure 7.2 presents images of the 

phosphonium thin film before and after being exposed to water. Minimal swelling was 

observed as can be visually seen in a ‘before and after’ overlay color map image in 

Figure 7.3 where the red areas are those that changed and yellow/green areas are 

indicative of no change zones.  
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Figure 7.2: (a) Before and (b) after images of phosphonium ionomer modified 
TEM chip when exposed to water. 
 

Figure 7.3: Before and after image overlay of ionomer film when exposed to 
water to identify of areas of change (red) and no change (yellow/green).  
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7.3.2   Cyclic Voltammetry of AAEM in Base 

A cyclic voltammetric profile of the ionomer modified electrochemical liquid 

cell TEM microchip in 0.1 M NaOH was obtained at a sweep rate of 100 mV/s.  The 

voltammetric response is representative of a typical Pt CV in alkaline media.  Peaks 

that are characteristic of the oxidation and the reduction of Pt can be seen in Figure 

7.4. There is some evidence of solution resistance but it is to be expected due the large 

solution resistance of the thin electrolyte layer.  

 

 

 

 

 

 

 

  

 

 

 

 

TEM images were captured before and after undergoing the CV of the ionomer 

film in basic solution (Figure 7.5).  Figure 7.6 is an overlay of the before and after 

images showing no apparent changes in the morphological features of the ionomer. A 

Figure 7.4: Cyclic voltammetric profile of 0.1 M NaOH at a phosphonium 
ionomer Pt TEM microchip at a scan rate of 100 mV/s   
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very minimal shift was observed before and after cycling indicating that cycling in 

base does not degrade or swell the film.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5: (a) Before and (b) after images of phosphonium ionomer modified 
TEM chip when undergoing cyclic voltammetry in 0.1 M NaOH solution 
 

Figure 7.6: Before and after image overlay to identify of areas of changes (red) 
and no changes (yellow/green) occurred to the ionomer film after CV of 0.1 M 
NaOH solution.  
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7.3.3   Methanol Oxidation  

To further understand what occurs at the ionomer, methanol oxidation was 

studied. This was the first time this reaction was conducted in the TEM liquid cell. As 

mentioned previously, the solution was flowed slowly into the cell for about 1 minute 

to ensure that everything in the cell is immersed in CH3OH/NaOH. The same area that 

was previously studied for cycling in base was utilized for the methanol oxidation 

experiments. The cyclic voltammetric response was typical of the oxidation of 

methanol.  We see two distinct peaks that are due to the formation of the oxide Pt 

layer.  The reverse peak current is shifted towards more negative values and is smaller 

due to the Pt oxide species formed previously.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.7: Cyclic voltammogram of 0.1 M CH3OH/0.1 M NaOH solution of an 
ionomer modified Pt liquid cell microchip at a scan rate of 100 mV/s. Dry film 
thickness ~100 nm. 
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Formation of particles was seen immediately after conducting the reaction. 

They started as small individual particles and accumulated into larger ones as time 

progressed as seen in Figure 7.8. Resolution and contrast of the iodide used to stain the 

ionomer film remained the same suggesting that it was not responsible for the 

appearance of particles.  In order to confirm that the iodide stain was not contributing 

to the formation of the solids seen in the images, the same reaction was conducted 

without the ionomer film.   

(a)   (b)   

(c)   (d)   

Figure 7.8: Images captured (a) before (b) after 30 seconds, (c) 60 seconds and (d) 
90 seconds while conducting methanol oxidation in phosphonium ionomer 
modified Pt liquid cell microchip. 
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 In the absence of the ionomer, particles also formed when performing 

methanol oxidation.  These can be seen in the images in Figure 7.9 where the particles 

grew as time progressed very similarly as when the phosphonium ionomer was 

present. In order to assess the composition of these solid formations, energy dispersive 

X-ray (EDX) was performed.  Figure 7.10 presents the elemental map of the 

composition of the particles. Elements that were highly correlated to the particles were 

carbon, oxygen and sodium.  This confirms that the particles are indeed due the 

Figure 7.9: Images captured (a) before (b) after 30 seconds, (c) 60 seconds and (d) 
90 seconds while conducting methanol oxidation on bare Pt liquid cell microchip. 
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formation of sodium carbonate salts.  This represents the first time that the formation 

of carbonates has been imaged in-situ. The element maps of platinum appeared due to 

secondary fluorescence of the nearby Pt electrode.  In addition, silicon and nitrogen 

were also was present from the SiN TEM microchip window.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.10: Energy-dispersive x-ray (EDX) spectroscopy of the particles showing 
their composition containing (a) carbon (b) oxygen, (c) sodium, (d) platinum due 
to the nearby electrode, (e) nitrogen and (f) silicon, both from the silicon nitride 
window 
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Figure 7.11: Energy-dispersive x-ray (EDX) spectroscopy of the particles 
showing their composition containing (a) carbon (b) oxygen, (c) sodium, (d) 
platinum (e) nitrogen and (f) silicon, both from the silicon nitride window 
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EDX was also conducted in areas far away from the Pt electrode to minimize 

the secondary fluorescence of the nearby electrode.  Figure 7.11 presents the elemental 

map of the particles from an area significantly removed from the Pt electrode.  As in 

the previous EDX analysis, carbon, oxygen and sodium were present.  Also were 

silicon and nitrogen from the silicon nitride window. However, being significantly 

removed from the electrode, platinum was not present.  

7.4   Conclusions 

In situ TEM experiments with the liquid cell setup enable visualization in real 

time of the formation of sodium carbonate while undergoing the methanol oxidation.  

Carbonate formation was evident at a bare Pt TEM microchip and in the presence of a 

phosphonium ionomer thin film.  Previous electrochemical studies were conducted 

using only base as an electrolyte and minimal changes were observed. Minimal 

swelling occurred when exposing the ionomer thin film to water. 
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CHAPTER 8 

FUTURE DIRECTIONS 

 

A lot has been done in order to study the mechanistic and behavioral 

characteristics of the ammounium and phosphonium based AAEMs presented in this 

thesis.  However, in order to incorporate these materials in various applications 

different studies need to be conducted in order to assess performance, lifespan and 

reliability.  To conduct these studies, the materials need be integrated into a membrane 

electrode assembly (MEA) with all other fuel cell components. These other materials 

include and are not limited to, catalysts and gas diffusion layers. For PEM fuel cells 

there is a standardized procedure to construct the MEA but for alkaline materials, due 

to their novelty, a standardized of construction needs to be implemented.    

With a MEA in the alkaline state, device studies can be conducted in order to 

compare against performance requirements stipulated by governmental agencies. In 

order to commercialize these materials, they need to adhere to these performance 

metrics.  For future work, MEA construction and device testing needs to be done to 

both the ammonium and phosphonium based AAEMs.  In addition, the incorporation 

of different catalysts, like those synthesized and studied at Cornell University can be 

integrated in order to develop an all Cornell fuel cell.    

	  


