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ABSTRACT 

 

Developments in membrane-electrode assembly and stack technology have significantly 

improved the performance of polymer electrolyte membrane fuel cells; such that systematic 

studies focused on improving major challenges of overall cost and durability have become 

increasingly important. Consequently, interest in the examination of system derived impurities 

and their subsequent effects on performance durability has grown. 

Studies involving commercial polymer electrolyte membranes and model compounds 

have shown that when perfluorinated sulfonic acid (PFSA) membranes are exposed to hydroxyl 

radicals during fuel cell operating conditions, several chemical decomposition products can be 

generated. Along with losses in membrane conductivity and structural integrity, such PFSA 

membrane degradation products may also adsorb on the platinum based electrocatalyst, possibly 

leading to a loss in catalyst electrochemical surface area (ECA), oxygen reduction reaction 

(ORR) activity, or both. 

This work investigates adsorption characteristics and effects from model compounds in 

the forms of fluorinated organic acids, representing PFSA membrane chemical degradation 

species, on ECA and ORR activity for platinum based electrocatalysts including polycrystalline 

Pt, high surface area carbon supported Pt, and extended surface Pt. A reproducible method was 

developed in order to investigate surface coverage and adsorption properties due to carboxylate 

and sulfonate functional groups, fluorocarbon chain length, and model compound concentration. 

Data was obtained using a variety of electroanalytical techniques including mainly cyclic and 

linear sweep voltammetry, and electrochemical quartz crystal microbalance analysis. Information 

gleaned from this work shows that reversible adsorption occurs initially through carboxylate 
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anions, while intermolecular forces involving fluorocarbon chain length and ether and sulfonate 

moieties play a secondary role in molecular ordering at the electrode surface. Reversible losses 

in Pt electrocatalyst activity in regards to the ORR were realized most heavily for diacid 

compounds (greater than 44% loss in kinetic current) containing both carboxylate and sulfonate 

functional groups, followed by longer chain fluorinated carboxylic acids (17% loss in kinetic 

current). Fluorinated sulfonic acids and shorter chain carboxylic acids showed little to no effects 

on ORR activity at the concentrations (0.001 mM – 1 mM) studied. 
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CHAPTER 1 

INTRODUCTION TO SYSTEM CONTAMINATON FOR POLYMER ELECTROLYTE 

MEMBRANE FUEL CELLS 

 

Over the past couple decades the search for alternative clean energy sources has 

intensified, with much of the focus falling on fuel cells. A fuel cell, specifically one of the 

polymer electrolyte membrane genre, is an electrochemical device which takes gaseous hydrogen 

and oxygen and allows them to react electrochemically, producing usable energy in the form of 

electric current. The commercial implementation of fuel cells however, considered to be only a 

few years away from a reality, still has to overcome key issues such as overall cost and system 

component degradation and durability before feasible levels of mass production and profitability 

can be realized. 

While there are many underlying causes for performance durability / degradation when 

regarding fuel cells, this thesis specifically focuses on problems associated with the 

contamination / poisoning of the platinum catalysts that drive the electrochemical reactions at the 

heart of the fuel cell energy process. 

1.1 Introduction to PEMFCs 

The main difference between fuel cells and internal combustion engines (ICE) is that 

power in a fuel cell is derived electrochemically, whereas ICE automobiles use combustion to 

provide energy. When compared to ICE systems, fuel cells lend themselves to several 

advantages in regards to environmental impact and energy efficiency. Since the only exhaust 

component produced in a hydrogen fuel cell system is water, greenhouse gas emissions e.g. CO2, 

NOx, and SOx, are essentially reduced to zero. Also, since chemical energy is directly converted 
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to electrical energy, fuel cells are not limited by the Carnot efficiency typically associated with 

combustion and/or heat producing processes. The relationship between the theoretical maximum 

possible energy from combustion and electrochemical reactions with identical reactants is shown 

in Eq. 1.1: 

o
eq

o nFEKRTG −=−=∆ ln       [1.1] 

where ∆Go is the standard Gibbs free energy available from combustion, R is the universal gas 

constant, T is temperature, Keq is an equilibrium constant, n is the number of electrons involved 

in the reaction, F is Faraday’s constant, and Eo is the reversible equilibrium potential available 

from an electrochemical reaction. Eq. 1.1 can be rearranged to take on a more familiar look in 

the form of the Nernst equation, presented in Eq. 1.2: 

Q
nF
RTEE o ln+=        [1.2] 

where E is the theoretical cell potential under non-equilibrium conditions. Note the equilibrium 

constant Keq has been replaced by Q, the ratio of reactant activities, since this ratio is an 

equilibrium constant only at equilibrium. 

In a PEMFC, depicted in Figure 1.1, the hydrogen oxidation reaction (HOR) (reaction a. 

in Figure 1.1) occurs at the anode, and the oxygen reduction reaction (ORR) (reaction b. in 

Figure 1.1) occurs at the cathode. These two half-cell reactions combine to make an 

electrochemical cell, whose potential can be described by Eq. 1.3: 
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where 
2Hp  and 

2Op  are the actual partial pressures of hydrogen and oxygen in an operating cell, 

*
2Hp  and *

2Op  are reference partial pressures of 101.3 kPa and n is electrons transferred. 

 

Figure 1.1 A PEMFC where the hydrogen oxidation reaction (a) occurs at a., and the oxygen 
reduction reaction (b) occurs at b. 
 
 

The electrons formed at the anode (area b. on the left-hand-side of the membrane in 

Figure 1.2) are then utilized in an outside circuit, while the protons are conducted to the cathode 

(area b. on the right-hand-side of the membrane in Figure 1.2) through an electrolyte membrane 

(area a. in Figure 1.2). Prior to arriving at the catalyst layers (CLs), hydrogen and oxygen must 

first flow into the channels of their respective flow fields (area f. in Figure 1.2), which serve to 

distribute the gaseous reactants across the catalyst layers. The flow field (FF) (area e. in 

H2 in

Unused H2 + 
water out

a. −+ +→ eHH Pt 222
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Motor 
etc.e- e- O2/ 
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b. OHeHO Pt
22 22
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1

→++ −+
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water out
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Figure1.2) has two functional parts, the channels mentioned prior and the lands (area g. in Figure 

1.2).   

 

Figure 1.2 A side view of a PEMFC, illustrating the relative location of its material components. 
 

While the channels serve to supply reactant gas and remove product water, the land 

portion of the flow field permits electron flow to another cell placed in series, or to an outside 

power sink. The diffusion media (DM) (area c. in Figure 1.2), also serves as a pathway for 

electron flow, but does so from the CL to the FF. In addition, much like FF channels, the porous, 

carbon based DM aids in the distribution of reactants while allowing product water to pass into 

the flow field channels. As is evident from their described functions, both the FF and DM are 

major areas of interest in the realm of PEMFC water management and gas phase mass transport 

resistance. 

Side View (Slice)
a. Membrane (18~50um)

b. Catalyst Layers (2~50um)

c. Diffusion Media (180~300um)

d. Gasket

e. Flow Field
f. Flow Channels

g. Lands

d.d.

d.
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The Nernst equation for a PEMFC (Eq. 1.3) represents the theoretical maximum voltage 

possible when no current is being drawn from the system, and is a function of reactant partial 

pressures as well as temperature. However, the reversible equilibrium potential (Eo, first term on 

the RHS of Eq. 1.3) is a function of temperature only, as displayed in Eq. 1.4:1 

)298(109.023.1 3 −×−= − TE o      [1.4] 

where 1.23 V is the reversible equilibrium potential at 25oC (298 K), 3109.0 −×  is an empirically 

derived constant, and T is in K. Note that the thermodynamic contribution to the reversible 

equilibrium potential with respect to temperature is negative. Combining Eq. 1.3 and Eq. 1.4 the 

overall Nernst relationship for a PEMFC can be described by Eq. 1.5. 
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As in any electrochemical system the theoretical maximum voltage (E) is not nearly the 

same as the observed cell voltage (Ecell). For a PEMFC this difference is due to slow oxygen 

reduction reaction kinetics as well as resistive and mass transport losses. 

1.2 Oxygen Reduction Reaction (ORR) 

 As mentioned above, the two main electrochemical reactions responsible for producing 

power in hydrogen PEMFCs are the HOR and the ORR, which occur at the anode and cathode 

respectively. Due to inherent differences between the two reactions in regards to the electron 

transfer mechanism, the kinetics responsible for the ORR are much more slow and sluggish 

when compared to the HOR. For this reason, power generation in a fuel cell is typically limited 

by the rate of the ORR generated at the cathode, and is why the majority of catalysis and 

performance durability research is directed towards the ORR process. 
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 In a fuel cell, the ORR must occur at what is known as a “triple-phase boundary;” a 

region where electronically connected free catalyst sites (typically Pt), PEM ionomer electrolyte 

(for proton supply) and oxygen gas are present at the same time and space. Coupled with the 4-

electron transfer mechanism which occurs in the overall reaction expressed in Eq. 1.6: 

𝑂2 + 4𝐻+ + 4𝑒−  → 2𝐻2𝑂      [1.6] 

(compared to a 2-electron process for the HOR), the difference in reaction rates occurring at the 

anode and cathode starts to become apparent. Both reactions can be expressed by the Butler-

Volmer equation describing electrode kinetics, shown in Eq. 1.7: 

 𝑖 = 𝑖𝑜 �𝑒𝑥𝑝 �
𝛼𝑎𝐹
𝑅𝑇

𝜂� − 𝑒𝑥𝑝 �−𝛼𝑐𝐹
𝑅𝑇

𝜂��     [1.7] 

where i is electrode current density, io is exchange current density, αa is anodic charge transfer 

coefficient, αc is cathodic charge transfer coefficient, n is number of electrons transferred, F is 

Faraday’s constant, η is activation overpotential, R is universal gas constant, and T is absolute 

temperature. 

 The exchange current density, along with overpotential, are two key kinetic parameters 

found in Eq. 1.7 that help explain the limiting nature of the ORR. During electrochemical 

equilibrium, the forward and reverse reactions equal each other, creating a net electrode current 

of zero. This electrochemical reaction rate found at equilibrium is known as the exchange current 

density, and indicates how rapidly the electrochemical reactions are intrinsically occurring at the 

electrode surface, i.e. how well the electrocatalyst facilitates the reaction. The exchange current 

density depends on the type of electrochemical reaction as well as the nature of the electrode 

surface on which the reaction occurs. Thus, catalyst and electrode materials have a strong 

influence on the exchange current density. The data in Table 1.1 shows exchange current 

densities in relation to the ORR ranging several orders of magnitude for various electrocatalyst 
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materials and conditions. Comparatively, exchange current densities in relation to the HOR are 

on the order of several hundreds of mA/cm2
Pt; or approximately eight orders of magnitude higher 

than those for ORR. 

 

Electrode 
material/catalyst 

ORR exchange 
current density 

A*cm-2 

Measurement 
conditions Ref. 

Pt 2.8 x 10-7 Pt/Nafion 
Interface, 30 °C 

2 
PtO/Pt 1.7 x 10-10 Pt/Nafion 

Interface, 30 °C 
2 

PtFe/C 2.15 x 10-7 0.5 M H2SO4, 
60 °C 

3 
RuxSey 2.22 x 10-8 0.5 M H2SO4, 

25 °C 
4 

RuxFeySez 4.47 x 10-8 0.5 M H2SO4, 
25 °C 

5 
47% Pt/C (TKK) 2.5 x 10-8 PEMFC, 80 °C 6 

20% Pt/Vu 2.7 x 10-9 PEMFC, 75 °C 7 
 
Table 1.1 ORR exchange current densities for various electrocatalyst materials and conditions.8 

 
 

The overpotential in Eq. 1.7 represents the bias one must apply to the electrode in order 

to drive the net electrochemical reaction forward and allow measureable current to flow, and is 

further detailed in Eq. 1.8:6 

𝜂𝑂𝑅𝑅 = 2.303𝑅𝑇
𝛼𝑐𝐹

log � 𝑖+𝑖𝑥
10𝐿𝑐𝑎𝐴𝑃𝑡,𝑒𝑙∙𝑖𝑜,𝑠(𝑇,𝑝𝑂2)

�    [1.8] 

where αc is the cathodic transfer coefficient, Lca (mgPt/cm2) is the cathode Pt loading, 

APt,el(m2
Pt/gPt) is the electrochemically available Pt surface area in the MEA, and 𝑖𝑜,𝑠(𝑇,𝑝𝑂2) 

(A/cm2
Pt) is the catalyst-specific exchange current density for the ORR. Although Eq. 1.7 shows 

that current increases exponentially with increasing overpotential, the overall power of the fuel 

cell does not necessarily improve according to Eq. 1.9. 
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 𝑊 = (𝐸 − 𝜂) ∗ 𝑖       [1.9] 

where W is power, E is the Nernst (thermodynamic) potential, η is overpotential, and i is current 

density. Eq. 1.9 shows that as overpotential increases, the overall cell potential decreases, 

lowering the total power output of the cell. A representation of the relationship between power 

and voltage is shown in Figure 1.3. 

 

 

Figure 1.3 General relationship between voltage and power for a common hydrogen PEMFC.8 

 

Although Figure 1.3 illustrates processes found in an actual PEMFC, which includes voltage 

losses other than those purely kinetic e.g. ohmic and mass transport losses, the influence of 

overpotential on current and power density can still be seen. Figure 1.4 shows a summary of the 

different component voltage losses due to: kinetic losses at the cathode, ohmic losses in the 

membrane, and oxygen mass transport losses. 
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Figure 1.4 Summary of losses for different PEMFC components due to increases in 
overpotential.8 
 

 
 In order to understand the kinetic properties of a given catalyst in regards to the ORR, 

certain metrics have been established in the electrochemical community. The three most 

important measurable quantities used to describe an ORR catalyst are electrochemical surface 

area (ECA), specific activity, and mass activity. In contrast to the geometric surface area of a 

catalyst coated electrode, the ECA represents all sites available for catalysis to occur. For very 

high surface area catalysts, the ECA value can be several orders of magnitude higher than the 

geometric area of the electrode surface. 

 Specific activity and mass activity both give an indication of a given electrocatalyst’s 

performance towards the ORR, however they represent fundamentally different attributes. 

Specific activity is the current (measured at 0.9 V in an oxygen atmosphere) normalized to the 
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ECA of the catalyst, and represents the intrinsic reaction rate taking place at the catalyst surface. 

In order to determine an electrocatalyst’s true activity, the exchange current density is of 

fundamental interest and the desired value to be measured. Practically, however, this value 

cannot be measured explicitly due to the extremely low currents typically associated. The way 

exchange current density is surmised is through extrapolation of measured values back to a 

calculated Nernst potential. This extrapolation method in turn lends itself to a high degree of 

uncertainty. Empirically measurable numbers (current at 0.9V) used to determine specific and 

mass activities are easier to cross compare and contain no extrapolation errors. Therefore, current 

at 0.9 V is used as the representative parameter since it can be easily measured and is still 

considered part of the “kinetic region” of a typical i-V curve. Mass activity is the current 

measured at 0.9 V normalized to the mass of catalyst (in this case Pt) present in the 

electrocatalyst layer. Fundamentally, specific activity gives a more accurate assessment of the 

actual capability of a given catalyst to perform oxygen reduction. Economically, however, mass 

activity becomes the more important metric since it describes the effectiveness of a given mass 

(directly related to cost) of catalyst’s ability to perform oxygen reduction. 

 In order to physically measure ECA, specific activity, and mass activity, both in-situ and 

ex-situ techniques can be utilized. In-situ techniques can be labor intensive as they require 

assembling an MEA and an actual PEMFC, and measurements taken accordingly either through 

current vs potential (i-V) curves or cyclic voltammetry (CV) at the anode or cathode. 

Conversely, ex-situ measurements can give accurate assessments of catalyst performance 

without the need for an actual PEMFC assembly. Ex-situ experiments typically involve the use 

of a rotating disk electrode (RDE) for use in a three-electrode electrochemical cell. ECA can be 

measured by a variety of techniques; with the two most common using CV for analysing 
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integration of the hydrogen underpotential deposition (HUPD) region, and CO stripping 

measurements. Specific and mass activities in regards to the ORR are measured simultaneously 

through the use of linear sweep voltammetry (LSV) performed in an oxygen atmosphere. RDEs 

are typically glassy carbon surfaces shrouded in a Teflon cylinder, and preparation involves the 

synthesis of a catalyst ink which is then applied to the electrode surface as a thin film. 

Polycrystalline surfaces represent another type of RDE and preparation involves polishing and 

cleaning the electrode surface. 

1.3 System Contamination of PEMFCs 

 While there has been a concerted effort to develop membranes and electrocatalysts that 

significantly improve the performance of polymer electrolyte membrane fuel cells (PEMFCs), 

systematic studies on the magnitude and mechanism of electrocatalyst performance degradation 

due to foreign chemical species i.e. contaminants, have been less prevalent. Contaminants in this 

case are defined as any chemical species present in a PEMFC that doesn’t contribute to the basic 

fuel cell reactions; converting hydrogen and oxygen into water, heat, and electricity.9 With a 

Department of Energy 2017 target of less than 10% voltage degradation over 5000 hours of 

automotive fuel cell performance, and a 2013 status of 3600 hours, improvement in the area of 

durability is still required.10 Air, fuel, and system i.e. balance of plant (BOP), derived chemical 

impurities represent significant contributors to irreversible performance loss. However due to the 

wide variety of possible factors affecting durability, many component degradation and failure 

mechanisms are not well understood.11 Researchers have however determined that degree of 

performance loss can be severe, and in some cases catastrophic, when certain chemicals come 

into contact with the cell. Results for these studies show, in many cases, severe effects on fuel 

cell performance due in large to chemisorption of poisoning anionic and organic compounds in 
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the catalyst layer, as well as foreign cation uptake in the membrane. Membrane conductivity, 

specific and mass activity, and ECA have all been found to be affected under certain conditions. 

Gas diffusion media, flow fields, filters, and bipolar plates have also shown the ability to become 

obstructed and/or corroded when certain chemicals are present. 

1.3.1 Air Source PEMFC Contaminants 

 Air intake foreign chemical compounds have the ability to negatively impact the cathode, 

membrane, and also the anode to a small degree based on gas crossover rates through the 

membrane. Airborne contaminants have been extensively studied. Likewise, due to the almost 

innumerable different compositions of contaminants that can be drawn from the atmosphere, 

including automotive exhaust and industrial manufacturing processes, the list of potential 

impurities found in the air intake of a fuel cell is immense. Table 1.2 shows a summary of 

potential contaminants originating from the atmosphere and is by no means exhaustive. 

 

Component Contaminant 
(organic) 

Contaminant 
(inorganic) Reference 

Ambient air 

 
C6H6, C3H8 CNCl, 

CH3POFOCH(CH3)2, 
ClCH2CH2SCH2Cl, 

diesel emissions  
 

 
HCN, NH3, NH4

+ (created from NH3 in 
contact with the membrane), O3, H2S, 

SOx (SO2, SO3), NOx, ( NO, NO2), 
COx (CO, CO2), rock-derived particles 
(containing Na, Mg, Al, Si, P, S, Cl, K, 
Ca, Ti, Cr, Fe, Ni, Cu, Zn, Pt, Pb), Cl- 

 

9, 12-23 

 
Table 1.2 Summary of potential airborne contaminants present in PEMFCs. 
 

Contamination at the cathode is of great concern due to the already sluggish behaviour of the 

ORR. SOx, NOx, COx, O3, and other organic species have all been found to contaminant 

PEMFCs, resulting in severe damage to the MEA leading to performance degradation.13, 20-24 
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Since the ORR is the kinetically limiting reaction in a PEMFC, any decreases in ECA at the 

cathode (resulting from contaminant adsorption to the catalyst layer) or activity (resulting from 

adsorbed contaminants affecting the ORR direct pathway) have detrimental effects on overall 

performance. Because it is not economically viable to run pure oxygen through the cell, the 

cathode air intake is always subject to a multitude of foreign chemical species which the intake 

filters are sometimes unable to capture. Subsequently, research continues on studying air stream 

contamination, specifically, the pathways and mechanisms by which poisoning from different 

chemical species occurs and mitigation strategies designed to limit performance loss. 

1.3.2 Fuel Source PEMFC Contaminants 

Hydrogen fuel stream contamination occurs on the other side of the fuel cell and mainly 

affects the anode, membrane, and to a small degree the cathode based on the rate of gas 

crossover through the membrane. Numerous studies focusing on the performance impact of 

impurities found in the anode fuel stream have been conducted. Although the hydrogen fuel used 

in PEMFCs is not subject to nearly as many foreign species as atmospheric air is, the purity of 

the hydrogen is still directly related to cost. Coupled with the fact that the majority of hydrogen 

being produced today is synthesized through steam reformation of natural gas, impurities exist in 

actuality, and Table 1.3 shows a summary of those identified in the hydrogen fuel stream of a 

PEMFC. 

 

Component Contaminant 
(organic) 

Contaminant 
(inorganic) Reference 

Hydrogen fuel 
stream 

 
CH4, HCOOH 

 

CO, CO2, H2S, 
NH3 

23, 25-28 

 
Table 1.3. Summary of potential hydrogen fuel stream contaminants present in PEMFCs. 
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All the contaminants listed in Table 1.3 have been shown to cause severe performance 

losses. CO has long been known to be one of the strongest poisons for Pt catalysts, irreversibly 

binding to the metal surface and effectively blocking any reaction from otherwise proceeding.  

Contamination at the anode is typically not as detrimental as that of the cathode. However, 

compared to the cathode, catalyst loadings at the anode are substantially lower, and any loss in 

ECA due to adsorbed species can still lead to severe performance losses. 

1.3.3 Balance of Plant Source PEMFC Contaminants 

The last main source of contaminants present in PEMFCs arises from the PEMFC itself, 

specifically, through the chemical degradation of BOP and MEA components. While extensive 

research has significantly reduced the cost of the MEA materials over the last decade, a more 

recent push to reduce the cost of BOP materials is underway. A summary of the cost shared by 

various components of a PEMFC is shown in Figure 1.5. 

 

 

Figure 1.5 Summary (2012) of cost distribution among PEMFC system components.29 
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Through the use of cheaper “off the shelf” materials, costs can be significantly reduced. 

However, as cost of materials decrease, so does their resistance to chemical degradation, and 

therein a problem occurs. Tables 1.4 and 1.5 show a summary BOP components associated with 

various sub-systems of a PEMFC, and the common contaminants found to originate from these 

materials. As Table 1.4 suggests, the variety and complexity of PEMFC system components is 

vast, making the goal of understanding degradation rates and pathways of all potential materials 

a daunting challenge. 

 

Air management Fuel management Fuel cell stack Integration 

Compressor, 
humidifier, heat 

exchanger, valves, 
sensors, 

seals/sealants, 
conduits/hoses 

Gas metering, 
recirculation pump, 

valves, sensors, 
seals/sealants, 
conduits/hoses 

 
Bipolar plates, 
seals/sealants, 

subgaskets, 
membranes, 

electrodes, insulators 
and ports, 

seals/sealants, 
conduits/hoses 

 

Stack manifolds, 
seals/sealants, 
conduits/hoses 

 
Table 1.4 Summary of various BOP materials found in PEMFC subsystems. 

 

Component Contaminant 
(organic) 

Contaminant 
(inorganic) Reference 

 
Balance of Plant 

e.g. structural 
materials, assembly 
aids, seals, gaskets, 

hoses 
 

Hydrocarbons and aromatics (e.g. 
hexanediol, glycol, 

methylbenzenediamine, phenol, 
caprolactam, methacrylates) 

Si, Al, S, K, 
Fe, Cu, Cl, F, 
SOx, Na, Ca, 

oils 

23, 30-32 

 
Table 1.5 Summary of potential BOP contaminants found in PEMFCs. 
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 Recent studies investigating balance of plant components (e.g. structural materials and 

assembly aids) have shown fuel cell performance loss occuring due to additives and compounds 

that leach out of certain materials over time.30, 31, 33-36Additional studies have investigated the 

performance impact of foreign metal ions (e.g. Fe3+, Ni2+, Cu2+, Cr3+, Al3+ and Co2+), originating 

from the bipolar plates and catalyst layer.32, 37-42 Finding the right balance between material cost 

and chemical stability will be a key milestone for the commercial implementation of PEMFCs.   

Impurity studies such as those previously mentioned have made it clear that a detailed 

understanding of the mechanisms and sources of all fuel cell contamination pathways is required 

in order to develop effective performance loss mitigation strategies. Additionally, another 

possibility exists in regards to sources of PEMFC contamination. In this scenario, the polymer 

electrolyte membrane itself could be a source of impurities. Through the unavoidable formation 

of membrane chemical decomposition products arising from normal fuel cell operation, it is 

hypothesized that these compounds can migrate and adsorb into the cathode catalyst layer, 

leading to performance loss. This phenomenon is the focus of this thesis. 

1.4 Polymer Electrolyte Membrane Chemical Degradation 

While there are many different chemical families of PEMs, perfluorinated sulfonic acid 

(PFSA) membranes have seen widespread use due to their relatively high ion conduction 

properties and chemical stability. However, although PFSA membranes are typically more stable 

than membranes based on hydrocarbon linkages, they are by no means immune to stresses 

encountered during fuel cell operation, and can be prone to degradation under many types of 

conditions. Degradation of PFSA PEMs can be characterized in two main categories: mechanical 

and chemical. Mechanical degradation is commonly associated with physical stresses (e.g. 
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freezing, drying, swelling) leading to membrane fatigue, cracking, and/or pin-hole formation. 

Chemical degradation, on the other hand, can be characterized by an overall thinning of the 

membrane, leading to the release HF along with other small molecules cleaved off the polymer 

chain. Stresses causing chemical degradation of PEMs typically involve large amplitude voltage 

and humidity cycling, leading to free radical producing side reactions that in turn, are able to 

chemically attack certain parts of the polymer chain. Table 1.6 lists the reduction potentials of 

reactive oxygen species that can form in a PEMFC and lead to chemical attack. 

 

Half Cell Reaction Reduction Potential at pH = 0 (SHE) 

∙ 𝑂𝐻 + 𝐻+ + 𝑒− → 𝐻2𝑂 2.59 

∙ 𝐻 + 𝐻+ + 𝑒− → 𝐻2 2.30 

∙ 𝑂𝑂𝐻 + 𝐻+ + 𝑒− → 𝐻2𝑂2 1.48 

𝐻2𝑂2 + 2𝐻+ + 2𝑒− → 2𝐻2𝑂 1.74 

 
Table 1.6 Summary of reactive oxygen species that can lead to chemical attack of PFSA 
membranes during PEMFC operation.43 

  

Of all the oxidizing species listed in Table 1.6, ·OH is by far the most reactive and has the 

potential to create the most harm. Several mechanisms for hydroxyl radical formation in 

PEMFCs have been proposed, with the main pathways involving the break-down of hydrogen 

peroxide (formed during incomplete reduction of O2) or reactions between H2 and O2 

(originating from gas-crossover through the membrane) at the catalyst surface. Regardless of the 

formation mechanism, chemical attack on the membrane by hydroxyl radical can proceed by a 

number of various routes due to a high propensity for hydrogen atom abstraction from O-H and 

C-H bonds, leading to formation of water molecules. 
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Previously, studies involving commercial membranes and model compounds have shown 

that when perfluorinated sulfonic acid (PFSA) membranes are exposed to peroxides and 

hydroxyl radicals, several chemical decomposition products can be generated.44-46 Membrane 

degradation is suggested to occur by way of a polymer chain unzipping mechanism initiated by 

attack from the hydroxyl radical at various parts of the PFSA chain. Figures 1.6-1.8 describe the 

chemical degradation pathways in detail, with the main mechanism suggested to involve attack at 

the carboxylic acid groups, which are unintentionally introduced during the manufacturing 

process of Nafion® via hydrolysis of the persulfate initiators used for the polymerization process, 

and which releases fluoride (F-).45  

 

 

 
Figure 1.6 Main-chain degradation mechanism; unzipping of the main chain by radical attacks to 
COOH groups.45 
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Post fluorination of backbone end groups reduces degradation,47 although some residual fluorine 

release remains even when reactive end groups are virtually eliminated,44, 47 pointing toward 

additional mechanisms, for instance, from side-chain degradation. 

 

 

 
Figure 1.7 Side-chain degradation mechanism; unzipping the side chain via radical attack to the 
C-S bond.45 
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Figure 1.8 Side-chain degradation mechanism; radical attack to the CF backbone carbon. The 
same mechanism can be assumed for the attack to the tertiary carbon in the side chain.45 
 
 
Two compounds in particular, perfluoro(2-methyl-3-oxa-5-sulfonic pentanoic) acid (DA-Naf) 

and perfluoro(4-sulfonic butanoic) acid (DA-3M), both shown in Figure 1.9, arise along with HF 

as the main membrane degradation compounds of Nafion® and 3M™ commercial PFSA 

membranes, respectively.44, 46 
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Figure 1.9 Chemical structures of studied diacid model compounds representing Nafion (DA-
Naf) and 3M (DA-3M) PEM chemical degradation products. 

 

Along with losses in membrane conductivity and structural integrity, the aforementioned 

degradation products may adsorb on Pt based electrocatalysts, leading to a loss in catalyst ECA, 

ORR activity, or both. To date, little effort has been put forth in determining the impact PFSA 

chemical degradation compounds have on catalyst performance, and is the central focus of this 

thesis. 

1.5 Thesis Organization 

The overall approach of this research and thesis is to elucidate and quantify the impact 

that PEM degradation products have on Pt electrocatalyst ECA and oxygen reduction reaction 

activity. Through the use of ex-situ electrochemical experiments using model compounds, this 

research serves as a stepping stone to both aid in the assessment of new catalysts and materials as 

well as enable the determination of PEMFC voltage losses under operating conditions where 

PEM chemical degradation is occurring. 

The main objective of chapter two was to develop a reliable and reproducible method for 

investigating the impact that contaminating compounds may have on Pt electrocatalyst 

performance. Studies involved the use of ex-situ, control studies monitoring the changes in Pt 

electrocatalyst ECA and activity, which inherently occur over time even in a clean system. The 

experimental methods developed were specifically designed to look at PEM chemical 

degradation products in the form of model compounds, however the generality and robustness of 
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the methods produced are able to encompass a wide variety of chemical families in future 

studies. 

 Chapter three assesses the effects that model compounds, representing PFSA membrane 

chemical degradation products, have on ECA and ORR activity for Pt electrocatalysts. Specific 

chemical functional groups and differences in perfluorocarbon chain length were investigated in 

order to elucidate the influence that model compound chemical structure has on Pt electrode 

adsorption. Results found in this chapter are discussed in the journal article, “Impact of Polymer 

Electrolyte Membrane Degradation Products on Oxygen Reduction Reaction Activity for 

Platinum Electrocatalysts,” (submitted to the Journal of the Electrochemical Society), Jason M. 

Christ, K.C. Neyerlin, Ryan Richards, Huyen N. Dinh. 

 In chapter four, ORR activity losses and changes in ECA are compared among three 

different Pt electrocatalyst surfaces in the presence of PFSA chemical degradation model 

compounds (DA-Naf and DA-3M) at increasing concentrations. Trends and differences in 

adsorption impact are discussed. Results found in this chapter are discussed in the journal article, 

“Concentration Effects of Polymer Electrolyte Membrane Degradation Products on Oxygen 

Reduction Activity for Platinum Catalysts,” (submitted to the Journal of the Electrochemical 

Society), Jason M. Christ, K.C. Neyerlin, Ryan Richards, Huyen N. Dinh. 

 Chapter five examines Pt electrode surface coverage of PFSA PEM chemical degradation 

model compounds through the utilization of an electrochemical quartz crystal microbalance 

(EQCM). By studying changes in mass occurring at the electrode surface due to compound 

adsorption, percent coverage can be determined. Results are corroborated with ORR activity 

losses determined in previous chapters, and are discussed in the journal article, “Organic 

Perfluorinated Diacid Adsorption on Platinum Catalysts: An Electrochemical Quartz Crystal 

22 
 



Microbalance Study.” (in preparation), Jason M. Christ, Charles B. Staub, Ryan Richards, Huyen 

N. Dinh. 

 This thesis concludes with chapter six, where the performed work is summarized and 

future research proposals are discussed. 

 Appendix A contains control study results in regards to ORR activity losses for 

polycrystalline Pt, Pt/Vu, and NSTF electrodes in the presence of different concentrations of 

model compound contaminants. 

 Appendix B contains the permissions from the journals in which each chapter was 

submitted, as well as permissions from all co-authors to reuse the papers in this thesis. 
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CHAPTER 2 

METHOD DEVELOPMENT FOR STUDYING THE ELECTROCHEMICAL IMPACT OF 

CONTAMINANTING CHEMICAL COMPOUNDS ON ELECTROCATALYST 

PERFORMANCE USING A ROTATING DISK ELECTRODE  

 

Understanding the behavior of an electrochemical system to be studied, while present in 

its clean, controlled, baseline state, is essential in order to accurately determine electrode surface 

adsorption effects caused by foreign chemical compounds. Failure to recognize the importance 

of control studies could result in severe inaccuracies and misrepresentations of specific chemical 

effects on electrochemical behavior and could lead the experimenter to erroneous conclusions 

about a given system. Several experiments were thus conducted in order to accurately assess 

several key metrics such as ECA and ORR activity losses during control studies, as well as the 

length of time required to reach steady state electrode behavior after injecting a foreign chemical 

species into the electrochemical cell. Results from these studies helped determine the 

experimental parameters used when studying the effects that model compounds, representing 

polymer electrolyte membrane (PEM) chemical degradation products, have on Pt rotating disk 

electrode (RDE) surfaces. 

The initial phase in determining the adsorption effects of PEM degradation products on a 

polycrystalline platinum RDE involved using CV to monitor the impact that adsorbing 

compounds have on the hydrogen underpotential deposition (HUPD) region as well as on oxide 

formation. A polycrystalline Pt surface was initially chosen in order to gain fundamental insight 

on adsorption without interference from ionomer and/or carbon supports. Figure 2.1 shows a 

typical CV trace taken on a freshly polished and clean, polycrystalline Pt RDE. HUPD and oxide 
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formation regions are highlighted (dashed areas of Figure 2.1). Changes in ECA, along with any 

additional peaks or changes in the shape and/or overall size of the HUPD and oxide formation 

regions associated with the CV trace, provide a strong indication that compound adsorption is 

occurring at the electrode surface. 

 

Figure 2.1 Baseline CV trace for polycrystalline Pt RDE in 0.1 M HClO4, scan rate 50 mV/s. 

 

2.1 Experimental Apparatus and Setup 

 Electrochemical experiments performed in this thesis utilized a custom made, glass, 3-

electrode cell, shown in Figure 2.2. Electrochemical measurements were taken using an Autolab 

PGSTAT302N. A reversible hydrogen electrode (RHE) and a platinum mesh were used as the 

reference and counter electrode respectively. 
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Figure 2.2 Electrochemical cell and RDE setup. 

 

Data was collected at room temperature in a custom glass electrochemical cell purged with either 

99.9999% pure nitrogen or 99.998% pure oxygen (Matheson Tri Gas). Electrochemical 

experiments utilized 0.1 M perchloric acid electrolyte (diluted from 70% HClO4 double distilled 

veritas grade, GFS Chemical) along with a polycrystalline Pt rotating disk electrode (RDE) (Pine 

Instruments). The electrode surfaces were prepared by polishing with 0.05 μM alumina slurry 

followed by rinsing and sonication in 18.2 MΩ water. 

2.2 Determination of Stable Adsorption Time for Model Compounds 

Prior to investigating adsorption characteristics of PEM degradation model compounds, a 

study was performed to determine the time required for steady state compound adsorption while 

rotating the RDE at 2500 rpm. (Note: 2500 rpm was the lowest rotation speed at which purge gas 

bubbles were consistently removed from the electrode surface). A small aliquot of HCl, chosen 
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due to the well-known adsorption/poisoning effects of Cl- on Pt,1-3 was injected into the cell 

(resulting in a cell concentration of 0.1 mM HCl) while performing a continual CV scan. HCl 

injection occurred at the start of the cathodic potential sweep (1.4 V vs RHE), at a scan rate of 

100 mV/s. Subsequent CV scans were performed until stable, sequential voltammograms were 

obtained. Figure 2.3 shows CVs for polycrystalline Pt baseline, initial HCl injection, and steady 

state post HCl injection. Results show subtle effects on the Pt oxide reduction region 

approximately 5 seconds after the initial injection, and a steady state CV reached after 

approximately 10 seconds, indicating that the time it takes for injected Cl- ions to reach the 

electrode surface was quite fast and likely dominated by convection. However, although a steady 

state CV was obtained only 10 seconds after injection in the case of HCl, we anticipated that this 

may not be the case for larger, more complex organic compounds. 

 

Figure 2.3 Time (10 seconds) required for HCl to interact and equilibrate on polycrystalline Pt 
electrode in 0.1 M HClO4, scan rate 100 mV/s, rotation at 2500 rpm. Initial impact observed at 
ca. 5 seconds; steady state CV observed after ca. 10 seconds. Black dash: baseline; blue dash: 
initial scan after injection; red solid: steady state CV. 
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In order to obtain a more complete understanding of the time required for stable 

adsorption of larger, organic molecules on the electrode surface, caprolactam and hexanediol, 

molecules with known adsorption effects and more representative (in regards to their organic 

nature and size) of the PEM degradation compounds of interest, were studied using the 

previously described injection procedure. Figures 2.4 and 2.5 show that time constant 

representations for caprolactam and hexanediol respectively, are in one aspect similar to HCl, 

since the time from injection to initial electrode interaction is fast (<10 seconds). However, time 

required for the CV to reach steady state was significantly greater (2.5 minutes compared to 10 

seconds for HCl) for both compounds.  

 

   

Figure 2.4 Time required for caprolactam to interact and equilibrate on polycrystalline Pt 
electrode surface in 0.1 M HClO4, scan rate 100 mV/s, rotation at 2500 rpm. Initial impact 
observed after ca. 10 seconds; steady state CV observed at ca. 2.5 minutes. 
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Figure 2.5 Time required for hexanediol to interact and equilibrate on polycrystalline Pt 
electrode surface in 0.1 M HClO4, scan rate 100 mV/s, rotation at 2500 rpm. Initial impact 
observed after ca. 5 seconds; steady state CV observed at ca. 2.5 minutes. 

 

A summary of the initial electrode impact and time required to reach a steady state CV for the 

compounds discussed above is shown in Figure 2.6. The longer time required reaching steady 

state when injecting hexanediol and caprolactam, compared to HCl, was likely due to the more 

complex nature and assumingly weaker adsorption of the organic compounds to the 

polycrystalline Pt surface. Therefore, we determined to allow approximately 2.5 minutes to pass 

after introducing compounds for which no prior adsorption information was known. The 

adsorption time of 2.5 minutes also coincidentally proved to be the necessary amount of time for 

the nitrogen environment of the cell to recover after contaminant injection. During injection, an 

unavoidable amount of air i.e. oxygen, enters the cell. In order to maintain a proper and 

controlled CV, the oxygen must be removed through nitrogen purging, and the determined 

adsorption time of 2.5 minutes was the proper amount to suffice.  
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Figure 2.6 Time required for electrode impact and CV stabilization for hexanediol and 
caprolactam. 

 
 

2.3 Measuring Impact on Polycrystalline Pt ECA and Oxide Formation Using CV 

With the goal of preventing oxidation and maintaining the chemical integrity of injected 

compounds/contaminants of interest, scanning potentials were kept low (0.04 – 0.55 V) upon 

injection. Another reason 2.5 minutes (and no longer) was chosen as the adsorption time (section 

2.2) is due to the inherent loss in ECA that occurs when scanning at low potentials and rotating 

the electrode at 2500 rpm. ECA loss, shown in Figure 2.7, was observed only while rotating the 

electrode. Although extreme care was taken in maintaining a clean cell environment, observed 

losses in ECA were seemingly due to trace contaminants from the clean electrolyte and/or purge 

gas used in the electrochemical cell adsorbing onto the highly sensitive polycrystalline Pt 

surface. This inherent loss was unavoidable and further emphasizes the importance of the control 

studies undertaken and discussed here. 
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Figure 2.7 Effect on ECA for polycrystalline Pt RDE after rotating at 2500 rpm in 0.1 M HClO4 
electrolyte, scan rate 50mV/s. Black: baseline; red: 1 min rotation; blue: 2 min rotation; gray: 3 
min rotation; purple: 4 min rotation; green: 5 min rotation. 

 
 

Figure 2.8 in turn shows the control partial CV scan used to compare subsequent results obtained 

with foreign/contaminating species.  

 

Figure 2.8 Control adsorption scan for polycrystalline Pt after rotating at 2500 rpm for 3 min in 
0.1 M HClO4 electrolyte, scan rate 50mV/s. 
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An adsorption time of 2.5 minutes thus allows for sufficient stabilization of the injected 

contaminant on the electrode surface while still maintaining enough character in the low 

potential CV to observe adsorption effects. Figures 2.9 and 2.10 show partial CV experiments 

performed with hexanediol and HCl respectively.  

 

Figure 2.9 Partial CV scans for hexanediol (0.1 mM) in 0.1 M HClO4; scan rate 50 mV/s. 
Electrode was rotated at 2500 rpm for 2.5 minutes after compound injection. 

 

An important point to emphasize when interpreting partial scan CV results is that either a loss in 

ECA or change in the shape of the CV trace can indicate species adsorption. 

Hence, the experimental protocol used in determining the effects PEM degradation 

compounds have on ECA for a polycrystalline Pt RDE is as follows: After establishing 

baseline/control CVs, model compound solution (aqueous) was injected into the electrochemical 

cell while undergoing continual potential cycling (0.04 V – 0.55 V) at 50 mV/s and rotation at 

2500 rpm; potential cycling was continued for ca. 2.5 minutes (8 CV cycles). After low potential 

CV scanning was completed, electrode rotation was halted and a stable, low potential CV trace 

36 
 



was obtained. The upper potential limit was then increased to 1.2 V, and a full cycle CV (0.04 V 

– 1.2 V) was performed until a stable, complete CV trace was obtained (~10 cycles). 

 

Figure 2.10 Partial CV scans for HCl (0.1 mM) in 0.1 M HClO4; scan rate 50 mV/s. Electrode 
was rotated at 2500 rpm for 2.5 minutes after compound injection. 

 

2.4 Conclusions 

After investigating the critical experimental parameters necessary for understanding 

electrochemical performance under controlled baseline conditions; a facile, accurate, and 

reproducible experimental protocol was established. Although the information gleaned was 

through the study of a small range of chemical compounds, due to the robustness and non-

specific nature of the methodology produced, the protocol lends itself successful for studying a 

wider variety of chemical families. Hence, all RDE studies reported in this thesis follow the 

experimental methods evaluated above unless otherwise stated. 
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CHAPTER 3 

IMPACT OF POLYMER ELECTROLYTE MEMBRANE DEGRADATION PRODUCTS  

ON OXYGEN REDUCTION REACTION ACTIVITY  

FOR PLATINUM ELECTROCATALYSTS  

 

A paper submitted to Journal of The Electrochemical Society 

Jason M. Christ,*a K.C. Neyerlin,b Heli Wang,b Ryan Richards,a Huyen N. Dinhb 
 
 

3.1 Abstract 

The impact of model polymer electrolyte membrane degradation compounds on the 

relevant electrochemical parameters for the oxygen reduction reaction (i.e. electrochemical 

surface area and catalytic activity), was studied for both polycrystalline Pt and carbon supported 

Pt electrocatalysts. Model compounds, representing previously published, experimentally 

determined and also fundamentally chosen polymer electrolyte membrane degradation products, 

were in the form of perfluorinated organic acids that contained combinations of carboxylic 

and/or sulfonic acid functionality. Perfluorinated carboxylic acids of carbon chain length C2 – C6 

were found to have an impact on electrochemical surface area (ECA). The longest chain length 

acid also hindered the observed oxygen reduction reaction (ORR) performance, resulting in a 

17% loss in kinetic current (determined at 0.9 V). Model compounds containing sulfonic acid 

functional groups alone did not show an effect on Pt ECA or ORR activity. Greater than a 44% 

loss in ORR activity at 0.9 V was observed for diacid model compounds DA-Naf (perfluoro(2-

* Primary researcher and author 
a Colorado School of Mines, Golden, CO 80401 
b National Renewable Energy Laboratory, Golden, CO 80401 
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methyl-3-oxa-5-sulfonic pentanoic) acid) and DA-3M (perfluoro(4-sulfonic butanoic) acid), 

which contained both sulfonic and carboxylic acid functionalities. 

3.2 Background and Introduction 

While there has been a concerted effort to develop membranes and electrocatalysts that 

significantly improve the performance of polymer electrolyte membrane fuel cells (PEMFCs), 

systematic studies on the magnitude and mechanism of electrocatalyst performance degradation 

due to contaminants arising from system components have been less prevalent. With a 

Department of Energy 2017 target of less than 10% voltage degradation over 5000 hours of 

automotive fuel cell performance, and a 2013 status of 3600 hours, improvement in the area of 

durability is still required.1 Air, fuel, and system derived chemical contaminants can contribute to 

irreversible performance loss. However, due to the fact that many factors can affect durability in 

a fuel cell system, it is difficult to relate the performance loss to the degradation of specific 

component(s). And failure mechanisms are not well understood.2 

Numerous studies focusing on the performance impact of impurities found in the anode 

fuel stream (e.g. CO, CO2, H2S, NH3, CH4 and HCOOH), as well as common airborne 

contaminants present in the cathode stream (e.g. SOx and NOx) have been conducted.3-11 In 

addition, various research groups have examined the impact of aromatic contaminants and 

environmentally common anionic and cationic species.12-18 Additional studies have investigated 

the performance impact of foreign metal ions (e.g. Fe3+, Ni2+, Cu2+, Cr3+, Al3+ and Co2+), 

originating from the bipolar plates and catalyst layer.19-25 Results of these studies show, in many 

cases, severe effects on fuel cell performance due in large to anion adsorption and irreversible 

chemisorption of poisoning compounds on the catalyst layer, as well as foreign cation uptake in 

the membrane. More recently, an investigation of species originating from balance of plant 

40 
 



(BOP) components (e.g. structural materials and assembly aids) has shown fuel cell performance 

loss due to additives and other compounds that leach out of BOP materials over time.26-31 

Additionally, the polymer electrolyte membrane itself could be a source of contaminants. 

Through the unavoidable formation of membrane chemical decomposition products arising from 

fuel cell operation, it is hypothesized that these compounds can migrate and adsorb into the 

cathode catalyst layer, leading to performance loss. The effect of membrane degradation 

products on the catalyst is the focus of the study presented here.   

Previously, studies involving commercial membranes and model compounds have shown 

that when perfluorinated sulfonic acid (PFSA) membranes are exposed to peroxides and 

hydroxyl radicals, several chemical decomposition products can be generated.32-34 Two 

compounds in particular, perfluoro(2-methyl-3-oxa-5-sulfonic pentanoic) acid (DA-Naf) and 

perfluoro(4-sulfonic butanoic) acid (DA-3M), both shown in Figure 3.1, arise along with HF as 

the main membrane degradation compounds of Nafion® and 3M™ commercial PFSA 

membranes, respectively.34, 35 Along with losses in membrane conductivity and structural 

integrity, the aforementioned degradation products may adsorb on Pt based electrocatalysts, 

leading to a loss in catalyst ECA, ORR activity, or both. To date, little effort has been put forth 

in determining the impact PFSA chemical degradation compounds have on catalyst performance.  

Much of the previous literature mentioned has focused on in-situ experiments monitoring 

the effects contaminating species have on overall fuel cell performance. While these studies are 

useful for providing information on performance degradation resulting from realistic and/or real 

world operating conditions, they lack insight into which specific PEMFC components are 

affected and to what extent. Only through ex-situ experiments can the effect from anode, 

membrane cross-over, and oxygen diffusion limitations be eliminated and specific adsorption 
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and kinetics occurring at the catalyst surface be determined.9 Although there have been 

numerous ex-situ studies investigating the impact common anions (e.g. Cl- and Br-) have on 

ORR activity, only a small number of studies have examined other possible fuel cell 

contaminants.8, 9, 36-39 This work thus utilizes ex-situ cyclic voltammetry (CV) and linear sweep 

voltammetry (LSV) using a rotating disk electrode (RDE) to investigate the effects of seven 

model compounds (see Figure 3.1) on electrocatalyst performance. As mentioned previously, 

model compounds DA-Naf and DA-3M represent experimentally determined degradation 

compounds of Nafion® and 3M™ membranes respectively.34, 35 Model compounds nonafluoro-

1-butanesulfonic acid (SA1) and tridecafluoro-1-hexanesulfonic acid (SA2) were chosen to gain 

fundamental insight on the adsorption effects solely due to the sulfonic acid functional group and 

also to investigate the effect of fluorocarbon chain length on sulfonate anion adsorption.32 

Trifluoroacetic acid (TFA), heptafluorobutyric acid (HFA), and undecafluorohexanoic acid 

(UFA) were chosen to gain fundamental insight on the adsorption effects solely due to the 

carboxylic acid functional group and fluorocarbon chain length on carboxylate anion adsorption. 

 

 
 

Figure 3.1 Structures and acronyms of model compounds studied. 
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In this work, we aim to expand on the understanding of how compounds formed by the 

degradation of system components, specifically PEMs, affect electrocatalyst ECA, ORR activity, 

or both. 

3.3 Experimental 

Electrochemical measurements were taken using an Autolab PGSTAT302N. A reversible 

hydrogen electrode (RHE) and Pt mesh were used as the reference and counter electrode 

respectively. Electrochemical experiments were performed in 0.1 M perchloric acid electrolyte 

(diluted from 70% HClO4 double distilled veritas grade, (GFS Chemical).  Polycrystalline Pt 

RDE (Pine Instruments) and a Pt/Vulcan carbon (Pt/Vu) (Tec10V50E, Tanaka Kikinzoku Kogyo 

(TKK)) thin film applied to a glassy carbon RDE (Pine Instruments) (in the form of a catalyst ink 

and dried in air at 40 °C) were utilized as the working electrodes. Inks consisted of a mixture of 

7.6 mL water, 2.4 mL IPA, 40 μL Nafion ionomer, and 7.4 mg of Pt/Vu, and bath sonicated in 

ice for 20 min. Pt loadings of 17 µg/cm2 were applied to the glassy carbon surface. Experiments 

were performed at room temperature in a custom glass electrochemical cell purged with either 

99.9999% pure nitrogen or 99.998% pure oxygen (Matheson Tri Gas).  

3.3.1 Electrochemical Baseline Procedure  

After electrochemical break-in of the electrode under N2 purge (50 cycles between 0.04 - 

1.4 V at 100 mV/s), a baseline ECA was determined from the integration of hydrogen 

underpotential deposition (HUPD) region of the subsequent CV trace (final of three scans at 50 

mV/s from 0.04 - 1.2 V). Next, a baseline partial CV scan was obtained in the low potential 

window of 0.04 - 0.55 V under the same conditions. The electrochemical cell was then purged 

with oxygen for 10 min while rotating the electrode at 2500 rpm prior to obtaining baseline ORR 

activity measurements. The electrochemical potential was scanned in the anodic direction from -
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0.01 - 1.0 V while rotating the RDE at 1600 rpm and at a scan rate of 20 mV/s. All ORR 

measurements shown were measured at altitude (5,675 ft) and corrected for altitude and ohmic 

resistance (iR). Activities are reported as kinetic currents and calculated following Eq. 3.1 

𝑖𝑘 = 𝑖0.9𝑉 ∙ 𝑖𝑙𝑖𝑚
𝑖𝑙𝑖𝑚−𝑖0.9𝑉

      [1] 

     
where ik is kinetic current, i0.9V is current measured at 0.9 V, and ilim is the diffusion limiting 

current. 

3.3.2 Model Compound Contamination Procedure  

DA-Naf and DA-3M were obtained in their lithium salt forms from collaborators at 3M at 

a reported purity of >95%, with the major trace component being LiF (shown below to be non-

adsorbing for Pt surfaces). UFA was obtained from SynQuest Laboratories with a reported purity 

of 99%. SA1, TFA, HFA and SA2 were obtained from Sigma Aldrich with reported purities of 

97%, 99%, ≥99.0%, and ≥98.0% respectively. All compounds were used as received. After 

baseline ECA and ORR activity measurements were acquired, a small aliquot (ca. 1 mL) of the 

(aqueous) model compound solution of interest was injected into the cell (ca. 140 mL of 

electrolyte) in order to obtain a model compound cell concentration of 0.1 mM. Contaminated 

electrochemical experiments were subsequently performed. Model compound solutions were 

injected into the cell electrolyte while the potential was scanned continuously between 0.04 V – 

0.55 V while the cell was under N2 purge. Full potential CV scans (10 cycles) were then 

performed until a steady state was reached. All CV scans were performed at 50 mV/s. Due to 

solubility limitations as well as excessive bubble formation during electrochemical 

measurements, model compound concentration in the cell was kept at 0.1 mM in all experiments, 

which is likely above concentrations that may be found in an actual operating fuel cell.40 The 

working electrode was rotated at 2500 rpm after injection for a predetermined amount of time 
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(ca. 2.5 min) to mix the solution and to allow the injected compound time to adsorb and 

equilibrate onto the working electrode surface. 

The protocol used to determine model compound effects on the ORR was similar to that 

used for the CV experiments: after establishing a baseline CV under N2 purge, the cell was 

purged with O2 for ca. 10 min and a subsequent baseline LSV was obtained by sweeping from -

0.01 V to 1.0 at a scan rate of 20 mV/s. The cell solution was then purged with N2 and the model 

compound solution was injected. After obtaining an ECA post injection, the cell was again 

purged with O2 for 10 min and ORR measurements were taken in the model compound 

containing solution.  

3.3.3 ORR Performance Recovery Procedure 

In order to investigate whether the poisoning impact on ECA and ORR activity was 

recoverable, the electrode was removed from the model compound containing cell, gently rinsed 

with DI water, and inserted into a clean, oxygen purged, auxiliary cell and ORR performance 

was again measured. Recovery CVs were subsequently performed following a N2 purge. 

Baseline, model compound, and recovery results were compared. 

3.4 Results and Discussion 

3.4.1 Adsorption Impact of Perfluorosulfonic Acids (SA1 and SA2) 

Electrochemical results for the adsorption of model compound SA1, shown in Figure 3.2, 

indicate that under the experimental conditions tested, the compound is non-adsorbing on 

polycrystalline Pt in the studied potential window (0.04 – 1.2 V). 

When compared to baseline polycrystalline Pt performance, no changes in Pt CVs or 

ORR performance were observed with 0.1 mM SA1. The absence of SA1’s influence on 
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polycrystalline Pt agrees with previous studies on adsorption of triflic acid (CF3SO3H)41, 42 and 

PFSA ionomer.43   

  
 

Figure 3.2 Impact of SA1 (0.1 mM) on CV (a) and ORR (b) for polycrystalline Pt in 0.1 M 
HClO4. Baseline: black dash; SA1: red solid. 

 

The authors reported a weak interaction, i.e. non-specific adsorption, between the 

sulfonate ion and Pt surface. However, there were other CV, LSV, and surface enhanced Raman 

spectroscopy studies that reported chemisorption of the sulfonate ion when a Nafion® ionomer 

film was applied to a polycrystalline Pt surface.44-46 It was suggested that film crystallization 

from the ionomer film application method enhanced the interaction between sulfonate groups 

and the Pt substrate.43 Low concentrations and different structural nature (ionomer fragments in 

solution as opposed to an applied film) of the compound used in this study may also contribute to 

differences in the observations. Results of this SA1 study showed that the sulfonic acid 

functional group, along with the attached fluorocarbon chain, is very weakly or non-adsorbing on 

the polycrystalline Pt surface when SA1 is present at low concentrations (≤ 0.1 mM).  

In order to better understand the effect of fluorocarbon chain length on platinum 

electrode adsorption, model compound SA2 was investigated. The results on the impact SA2 has 
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on both CV and ORR performance are shown in Figure 3.3. Similar to the results obtained from 

the SA1 study, the SA2 data suggests that there is no significant adsorption taking place at the 

electrode surface in both the CV and ORR experiments. Considering the fluorocarbon chain 

length and subsequent increased surfactant nature of SA2, it can be concluded that an increase in 

hydrophobicity is not sufficient in inducing an effect on electrode performance when no other 

adsorption processes are occurring. 

  
 

Figure 3.3 Impact of SA2 (0.1 mM) on CV (a) and ORR (b) for polycrystalline Pt in 0.1 M 
HClO4. Baseline: black dash; SA2: red solid. 
 
 

Thus, increasing chain length, and presumably steric hindrance and pKa of the molecule, 

did not change the adsorption effect or performance loss for perfluorinated sulfonic acids present 

at low concentrations (≤ 0.1 mM). These findings are promising for working fuel cell systems as 

it indicates that the chemical functionality in SA1 and SA2 should not have any inhibiting impact 

on Pt catalyst performance. 

3.4.2 Adsorption Impact of Perfluorocarboxylic Acids (TFA, HFA, and UFA) 

Impact of TFA on Pt CV and ORR are shown in Figure 3.4.  Increase in both the anodic 

and cathodic peak currents at 0.3 V (Figure 3.4a) indicates TFA adsorption on the electrode 

surface and/or that TFA affects the hydrogen adsorption/desorption process.  Onset of Pt oxide 
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formation was also hindered in the presence of TFA, which shifted from 0.75 V to a slightly 

higher potential of 0.8 V. 

 

  
 

Figure 3.4 Impact of TFA (0.1 mM) on CV (a) and ORR (b) for polycrystalline Pt in 0.1 M 
HClO4. Baseline: black dash; TFA: red solid. 
 

 
Although Figure 3.4a shows that TFA alters the hydrogen adsorption process on the Pt surface, 

there was no impact (<5% loss in kinetic current) on ORR activity compared to baseline 

measurements (Figure 3.4b). An important point drawn from the TFA results is that although a 

compound may exhibit adsorption effects on the electrode surface during CV analysis, it should 

not necessarily be considered a contaminant/poison if that compound shows no impact on ORR 

activity. Also, since ORR is measured at higher potentials than those of the hydrogen adsorption 

process, effects observed at low potentials may not necessarily indicate an ORR performance 

loss. 

Adsorption characteristics exhibited by TFA in this study correlate well with previous 

reported investigations. Through a study utilizing CV and FTIR on Pt single crystals, it was 

found that, similar to acetate anion,47, 48 trifluoroacetic acid specifically adsorbed by its 

dissociated form in a bidentate bridged structure, with both oxygens specifically and reversibly 
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bonded perpendicular to the metal surface.49 Although it has been reported that at a concentration 

of 1 mM, acetic acid shows a small effect on oxygen reduction for polycrystalline Pt,50 the fact 

that ORR performance was not affected in this current work indicates that TFA either exhibits 

weaker adsorption, or that the low contaminant concentration (0.1 mM) was not sufficient to 

produce an effect. The trifluoroacetate ion was also found to be less strongly bonded than the 

parent acetate ion, most likely due to the presence of the fluoromethyl withdrawing electron 

density away from the carboxylate, thus causing a weaker affinity for the Lewis acid character of 

the Pt surface.49 Discovery of the existence of a less compact trifluoroacetate anion adlayer when 

compared to acetate also provides further evidence of weaker competition with coadsorbed 

oxygen.49  

In addition to TFA two longer chain perfluorocarboxylic acids, HFA and UFA, were 

investigated here to probe the possible influence of the perfluorocarbon chain length on 

adsorption. Results for HFA (Figure 3.5) showed that CV scans exhibited very similar behavior 

to TFA. Similarly, ORR activity remained unaffected. 

  

   
 

Figure 3.5 Impact of HFA (0.1 mM) on CV (a) and ORR (b) for polycrystalline Pt in 0.1 M 
HClO4. Baseline: black dash; HFA: red solid. 
 

 

49 
 



Figure 3.6 shows the impact of UFA on a polycrystalline Pt electrode.  It is apparent from the 

CV that UFA exhibited much stronger adsorption than TFA and HFA, especially in the oxide 

formation region.  Greater hindrance of Pt oxide formation suggests that UFA is interacting with 

the Pt surface more strongly than TFA and HFA, inhibiting water molecules from adsorbing and 

subsequently forming oxides on the surface up until a potential (~0.85 V) where oxides 

eventually form. 

 

  
 

Figure 3.6 Impact of UFA (0.1 mM) on CV (a) and ORR (b) for polycrystalline Pt in 0.1 M 
HClO4. Baseline: black dash; UFA: red solid; ORR recovery: gray dash. 
 

 
When comparing the results of UFA impact on ORR activity (Figure 3.6) to the shorter chain 

analogues, it becomes evident that the length of the perfluorocarbon chain does indeed play a 

role in adsorption at the electrode surface. While TFA and HFA do not exhibit any impact on 

ORR performance, UFA inhibits the ORR significantly, inducing a 17% loss in kinetic current 

(transport corrected current measured at 0.9 V), suggesting that after initial adsorption through 

the carboxylate species, further site blockage occurs through either steric effects or subsequent 

adsorption by the fluorocarbon chain itself.42 Recoverability experiments showed that the ORR 
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performance was completely recovered (>95%) when the contaminated electrode was gently 

rinsed with DI water and introduced into a clean auxiliary cell with fresh electrolyte. 

In an attempt to explain the differences observed in adsorption properties among the 

different chain length perfluorocarboxylic acids, literature investigating the behavior of self-

assembled monolayers on metal surfaces was analyzed. Studies involving self-assembled 

monolayers of alkanethiols on Au and Cu surfaces have shown that increases in molecular chain 

length are directly related to increases in both molecular ordering at the metal surface and 

enhanced surface blocking properties.51-54 As chain length increases in the molecular layer, 

greater cohesive intermolecular forces along with less steric mobility allow for a more densely 

packed molecular arrangement at the metal surface.52 Conversely, the lower molecular ordering 

of short chain compounds would allow for a more open structure for active species e.g. 

molecular oxygen, to penetrate.51 Similar reasoning can be gleaned from this study in order to 

explain the differences in adsorption properties observed among the perfluorocarboxylic acids, 

which clearly shows the longest chain compound exhibiting the highest degree of adsorption 

relative to oxide formation and ORR performance loss. 

3.4.3 Adsorption Impact of Li ion on Pt Electrode Performance 

Since model compounds DA-Naf and DA-3M were received in their lithium salt 

derivatives, studies were carried out in order to determine what degree of impact, if any, the 

lithium ion (in the form of lithium fluoride) had on both Pt CV and ORR activity. Performance 

impact of LiF was investigated for polycrystalline Pt at 0.1 mM, 1 mM, and 2 mM in order to 

determine the effect, if any, of both fluoride ion and lithium ion at all experimentally relevant 

concentrations. (2 mM was chosen to represent lithium concentrations for the diacid model 
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compound salts in a complimentary study). Figure 3.7 shows results taken for CV / ECA 

measurements and ORR activity measurements.   

 

  
Figure 3.7 Impact of LiOH on CV (a) and ORR (b) for polycrystalline Pt in 0.1 M HClO4.  
Baseline: black dash; 0.1 mM LiOH: red dot; 1 mM LiOH: gray dash; 2 mM LiOH: blue solid. 
 

 
Results indicated no apparent impact on Pt ECA or ORR activity in the concentrations 

relevant to this study and are in agreement with previous work done with alkali ions and Pt 

electrodes in acid electrolytes.55 Also, since the fluoride ion is known to be non-adsorbing on 

metal surfaces, the major trace impurity (LiF) reported for DA-Naf and DA-3M posed no issue.56 

Thus, the electrochemical results for DA-Naf and DA-3M compounds were analyzed as obtained 

without any compensation or normalization due to the lithium ion. 

3.4.4 Adsorption Impact of Pefluorinated Diacids (DA-Naf and DA-3M) 

Effects of diacids DA-Naf and DA-3M, shown in Figures 3.8 and 3.9 respectively, show 

both similarities and differences when compared to the above studied perfluorocarboxylic acids. 

CV traces for both diacid compounds show almost identical adsorption characteristics with those 

for TFA and HFA, however their impact on ORR activity differed substantially. DA-Naf impact 

on ORR (see Figure 3.8b) showed a 44% loss in kinetic current, suggesting a stronger ORR 
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hindering mechanism for the diacid when compared with the monofunctional compounds 

previously examined above.   

  
 
Figure 3.8 Impact of DA-Naf (0.1 mM) on CV (a) and ORR (b) for polycrystalline Pt in 0.1 M 
HClO4. Baseline: black dash; DA-Naf: red solid; ORR recovery: gray dash. 

 
 

  
 

Figure 3.9 Impact of DA-3M (0.1 mM) on CV (a) and ORR (b) for polycrystalline Pt in 0.1 M 
HClO4. Baseline: black dash; DA-3M: red solid; ORR recovery: gray dash. 
 

 
Similar to DA-Naf, a 47% loss in kinetic current (Figure 3.9b) was observed due to DA-3M 

diacid adsorption for polycrystalline Pt. Recoverability experiments for both diacid model 

compounds showed that the ORR performance was completely recovered (<95%) when the 
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contaminated electrode was gently rinsed with DI water and introduced into a clean auxiliary cell 

with fresh electrolyte. 

According to the literature cited above41-43, 47-49 and based on the results of this study 

showing non-adsorption of the sulfonate group, adsorption of the diacid compounds therefore 

must occur through the carboxylate end of the fluorocarbon chain. However, greater reduction in 

activity for the ORR observed in the presence of the diacid model compounds, compared with 

the perfluorocarboxylic acids, suggests that the terminal sulfonate group still plays a role after 

initial adsorption of the molecule. One possible explanation is through secondary adsorption of 

the sulfonate anion to the Pt surface. The sulfonate anion, as mentioned previously, has been 

shown to effectively adsorb to Pt surfaces under proper conditions.44-46 Initial carboxylate 

adsorption in this case may allow the sulfonate group to reach the surface in such a way where 

bond formation is more preferable (in contrast to the non-adsorbing nature of the lone 

perfluorinated sulfonate species reported earlier). Secondary bonding would thus lead to 

increased surface coverage and a greater reduction of Pt sites available for molecular oxygen to 

adsorb. Sterically, however, it is probably unfavorable for the diacid molecule to align with the 

surface in an orientation conducive for adsorption through both functional ends. 

Perhaps a more reasonable explanation for the greater impact of ORR activity for the 

diacid model compounds arises from studies of self-assembling monolayers of alkanethiols and 

the effect of terminal endgroups on surface availability for active species.  Hydrophilic and polar 

terminal groups have shown to produce higher stabilized monolayers of alkanethiols on Au 

surfaces through the formation of a hydrogen bond network throughout the layer.52, 54, 57  In the 

case of DA-Naf and DA-3M, sulfonate would be such a structure that would allow for hydrogen 

bonding to occur among adsorbed species, leading to greater surface blocking of molecular 
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oxygen and subsequent lowering of ORR activity.  It has also been reported that hydrogen 

bonding among terminal groups may have a stronger influence on molecular layer stability at the 

surface than does molecular chain length,52 which would also help explain in this work the 

enhanced performance loss of the diacids compared with UFA. Lastly, possible enhanced 

physisorption processes occurring at the metal/solution interface due to the dual functional 

groups may also be contributing to the lower ORR activities observed for the perfluorinated 

diacid compounds. Multilayer formation occurring through intermolecular forces may also 

contribute to higher stability of the organic layer. 

A summary of the effects on polycrystalline Pt ORR performance for all compounds 

studied are shown in Figure 3.10. 

 
Figure 3.10 Summary of the effect on polycrystalline Pt ORR activity due to model compound 
adsorption. Control performance loss is represented by dashed line. 

 
 

In order to obtain a more complete idea of the overall impact PEM chemical degradation model 

compounds have on platinum electrode performance, ORR activity was analyzed at 0.8 V since it 

is a more relevant potential in regards to actual fuel cell performance. Results of performance 
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impact at 0.8 V were compared with those at 0.9 V and are shown in Figure 3.11. All results are 

oxygen transport corrected and are thus represented as kinetic current losses. Performance 

impact at 0.8 V was more severe than at 0.9 V although the standard deviations are also much 

higher. The same general performance trends are seen at both potentials. Greater performance 

impact at 0.8 V is not surprising considering the competitive adsorption processes occurring 

between model compound and oxide formation at the electrode surface. At 0.8 V, there are less 

oxide species occupying the surface therefore allowing more opportunities for model compounds 

to adsorb. 

 
Figure 3.11 Summary of the effect on polycrystalline Pt ORR activity due to model compound 
adsorption comparing kinetic current loss at 0.8 V (red) and 0.9 V (black). 

 
 

Model compound electrochemical studies were also performed using a Pt/Vu 

(Tec10V50E, (TKK)) thin film applied to a glassy carbon RDE. Experimental procedures were 

the same as were used for polycrystalline Pt. Model compound impact on ECA observed through 

CV scans followed similar behavior compared with polycrystalline Pt. Adsorption was observed 
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to take place at similar potentials however the overall magnitude of change in the CV trace was 

less for all compounds. Similarly, performance loss in regards to ORR was dampened in the case 

of UFA, DA-Naf, and DA-3M however the overall trend in performance loss among all 

compounds followed that of polycrystalline Pt. The results of the Pt/Vu study are shown in 

Figure 3.12, and Figure 3.13 shows the comparison of ORR activity losses occurring at 0.8 V.  

Although less noticeable, model compound adsorption effects at 0.8 V are equal or more severe 

in all cases.   

 
Figure 3.12 Summary of the effect on Pt/Vu ORR activity due to model compound adsorption. 
Control performance loss is represented by dashed line. 
 
 

In order to determine the effect, if any, that model compounds DA-Naf and DA-3M may 

have on the ORR kinetics (4 electron vs 2 electron transfer), rotating ring-disk electrode (RRDE) 

experiments were performed where Pt/Vu was applied to the glassy carbon disk and ORR 

performed with the polycrystalline Pt ring being held at 1.2 V to detect any peroxides being 

formed.8  The results are shown in Figure 3.14. 
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Figure 3.13 Summary of the effect on Pt/Vu ORR activity due to model compound adsorption 
comparing kinetic current loss at 0.8 V (red) and 0.9 V (black). 
 

 

 
Figure 3.14 Ring currents measured by RRDE during exposure of DA-Naf and DA-3M (both 0.1 
mM) for Pt/Vu ORR. 

 
 

The peroxide detection results indicate that no appreciable amount of peroxide was being formed 

during oxygen reduction when compared to the baseline measurement and thus can be 

determined that the overall electron transfer kinetics are not being altered by adsorption of the 

studied model compounds. 
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3.5 Conclusions 

Effects on Pt catalyst performance from seven different model compounds representing 

PFSA polymer electrolyte membrane degradation products were investigated. Due to the diacid 

nature of DA-Naf and DA-3M, experimentally determined compounds derived from the 

decomposition of Nafion and 3M polymer electrolyte membranes respectively, several additional 

model compounds were selected to better isolate adsorption effects from individual 

functionalities (sulfonic acid and carboxylic acid) as well as perfluorocarbon chain length.  

SA1 and SA2 had a lone sulfonic acid moiety (with attached perfluorocarbon chain) and 

showed no impact (<5% loss in kinetic current) on either CV performance or ORR activity. TFA 

had a lone carboxylic acid functionality and showed observable adsorption effects in CV scans 

but no significant impact on ORR activity. Influence of carboxylic acid fluorocarbon chain 

length was investigated and was determined that ORR performance was not affected by the 4 

carbon chain HFA compound but was impacted (17% loss in kinetic current) when a chain of 6 

carbons (UFA) was introduced. However, in the sulfonic acid case, an increase in chain length 

from 4 to 6 carbons did not alter electrode performance. 

DA-Naf and DA-3M each have both carboxylic acid and sulfonic acid functionality and 

showed effects on both CV and ORR performance. ORR performance impacts from DA-Naf 

(44% loss in kinetic current) and DA-3M (47% loss in kinetic current) were greater than all other 

perfluorinated acids studied. Since the same functionality was present in all compounds, diacid 

results suggest that the sulfonate terminal group must play a further role in adsorption, where 

either initial carboxylate adsorption allows for subsequent sulfonate adsorption or where a 

hydrogen bonding network is formed among terminal sulfonate groups, effectively blocking the 
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surface from molecular oxygen adsorption. In-situ ATR-FTIR methods are currently being 

developed and future work is planned to probe this area further. 

This work has shown that although performance effects due to compounds derived from 

the chemical decomposition of PFSA membranes may be severe in some cases, facile electrode 

cleaning with DI water and subsequent performance recoverability should alleviate manufacturer 

concerns. It is hoped that the learnings from this systematic study of functional groups and chain 

length can be used to understand the metal surface interactions of other organic contaminants 

possessing similar chemical functionality.    

3.6 Acknowledgements 

We gratefully acknowledge funding from the U.S. Department of Energy Office of 

Energy Efficiency and Renewable Energy (EERE), Fuel Cell Technologies Office. The authors 

would also like to thank collaborators at 3M who provided materials for this study. 

3.7 References 
 

1.  J. Kurtz, H. Dinh, S. Sprik, G. Saur, C. Ainscough and M. Peters, DOE Hydrogen and Fuel 

Cells Program: FY 2013 Annual Progress Report (2013). 

2.  R. Borup, J. Meyers, B. Pivovar, Y. S. Kim, R. Mukundan, N. Garland, D. Myers, M. 

Wilson, F. Garzon, D. Wood, P. Zelenay, K. More, K. Stroh, T. Zawodzinski, J. Boncella, J. 

E. McGrath, M. Inaba, K. Miyatake, M. Hori, K. Ota, Z. Ogumi, S. Miyata, A. Nishikata, Z. 

Siroma, Y. Uchimoto, K. Yasuda, K.-i. Kimijima and N. Iwashita, Chemical Reviews, 107, 

3904 (2007). 

3.  J. J. Baschuk and X. G. Li, Int. J. Energy Res., 25, 695 (2001). 

4.  R. Mohtadi, W. K. Lee and J. W. Van Zee, Journal of Power Sources, 138, 216 (2004). 

60 
 



5.  X. Zhang, H. M. Galindo, H. F. Garces, P. Baker, X. Wang, U. Pasaogullari, S. L. Suib and 

T. Molter, Journal of the Electrochemical Society, 157, B409 (2010). 

6.  X. Zhang, U. Pasaogullari and T. Molter, International Journal of Hydrogen Energy, 34, 

9188 (2009). 

7.  T. Okada, in, F. N. Büchi, M. Inaba and T. J. Schmidt Editors, p. 323, Springer New York 

(2009). 

8.  Y. Garsany, O. A. Baturina and K. E. Swider-Lyons, Journal of the Electrochemical 

Society, 154, B670 (2007). 

9.  M. Chen, C. Du, J. Zhang, P. Wang and T. Zhu, Journal of Power Sources, 196, 620 (2011). 

10.  X. Cheng, Z. Shi, N. Glass, L. Zhang, J. J. Zhang, D. T. Song, Z. S. Liu, H. J. Wang and J. 

Shen, Journal of Power Sources, 165, 739 (2007). 

11.  M. Nilsson, X. Karatzas, B. Lindstrom and L. J. Pettersson, Chemical Engineering 

Journal, 142, 309 (2008). 

12.  M. C. Betournay, G. Bonnell, E. Edwardson, D. Paktunc, A. Kaufman and A. T. Lomma, 

Journal of Power Sources, 134, 80 (2004). 

13.  K. Matsuoka, S. Sakamoto, K. Nakato, A. Hamada and Y. Itoh, Journal of Power Sources, 

179, 560 (2008). 

14.  W.-M. Yan, H.-S. Chu, Y.-L. Liu, F. Chen and J.-H. Jang, International Journal of 

Hydrogen Energy, 36, 5435 (2011). 

15.  K. Kortsdottir, R. W. Lindstrom, T. Akermark and G. Lindbergh, Electrochimica Acta, 55, 

7643 (2010). 

16.  J. L. Rodriguez and E. Pastor, Electrochimica Acta, 45, 4279 (2000). 

61 
 



17.  H. Li, J. Zhang, K. Fatih, Z. Wang, Y. Tang, Z. Shi, S. Wu, D. Song, J. Zhang, N. Jia, S. 

Wessel, R. Abouatallah and N. Joos, Journal of Power Sources, 185, 272 (2008). 

18.  J. St-Pierre, Journal of Power Sources, 196, 6274 (2011). 

19.  M. J. Kelly, G. Fafilek, J. O. Besenhard, H. Kronberger and G. E. Nauer, Journal of Power 

Sources, 145, 249 (2005). 

20.  M. Sulek, J. Adams, S. Kaberline, M. Ricketts and J. R. Waldecker, Journal of Power 

Sources, 196, 8967 (2011). 

21.  H. Li, J. Gazzarri, K. Tsay, S. Wu, H. Wang, J. Zhang, S. Wessel, R. Abouatallah, N. Joos 

and J. Schrooten, Electrochimica Acta, 55, 5823 (2010). 

22.  H. Li, K. Tsay, H. Wang, J. Shen, S. Wu, J. Zhang, N. Jia, S. Wessel, R. Abouatallah, N. 

Joos and J. Schrooten, Journal of Power Sources, 195, 8089 (2010). 

23.  R. Jia, B. Han, K. Levi, T. Hasegawa, J. Ye and R. H. Dauskardt, Journal of Power 

Sources, 196, 3803 (2011). 

24.  T. Y. Paul, E. A. Bonn and B. Lakshmanan,  (2013). 

25.  M. S. Opu, M. Ohashi, H.-S. Cho, C. S. Macomber, H. N. Dinh and J. W. Van Zee, ECS 

Transactions, 50, 619 (2013). 

26.  C. Macomber, H. Wang, K. O'Neill, S. Coombs, G. Bender, B. Pivovar and H. N. Dinh, 

ECS Transactions, 33, 1637 (2010). 

27.  H. Wang, S. Coombs, C. Macomber, K. O'Neill, G. Bender, B. Pivovar and H. N. Dinh, 

ECS Transactions, 33, 1617 (2010). 

28.  H.-S. Cho, M. Ohashi and J. W. Van Zee, ECS Transactions, 41, 1487 (2011). 

29.  C. S. Macomber, J. Christ, H. Wang, B. S. Pivovar and H. N. Dinh, ECS Transactions, 50, 

603 (2013). 

62 
 



30.  H. Wang, C. S. Macomber and H. N. Dinh, ECS Transactions, 50, 659 (2013). 

31.  H. Wang, C. Macomber, J. Christ, G. Bender, B. Pivovar and H. N. Dinh, Electrocatalysis, 

5, 62 (2014). 

32.  C. Zhou, M. A. Guerra, Z. M. Qiu, T. A. Zawodzinski and D. A. Schiraldi, 

Macromolecules, 40, 8695 (2007). 

33.  L. Ghassemzadeh, K.-D. Kreuer, J. Maier and K. Müller, The Journal of Physical 

Chemistry C, 114, 14635 (2010). 

34.  J. Healy, C. Hayden, T. Xie, K. Olson, R. Waldo, A. Brundage, H. Gasteiger and J. Abbott, 

Fuel Cells, 5, 302 (2005). 

35.  M. Emery, M. Frey, M. Guerra, G. Haugen, K. Hintzer, K. H. Lochhaas, P. Pham, D. 

Pierpont, M. Schaberg, A. Thaler, M. Yandrasits and S. Hamrock, ECS Transactions, 11, 3 

(2007). 

36.  N. Markovic, M. Hanson, G. McDougall and E. Yeager, Journal of Electroanalytical 

Chemistry, 214, 555 (1986). 

37.  N. M. Markovic, H. A. Gasteiger, B. N. Grgur and P. N. Ross, Journal of Electroanalytical 

Chemistry, 467, 157 (1999). 

38.  V. Stamenkovic, N. M. Markovic and P. N. Ross, Journal of Electroanalytical Chemistry, 

500, 44 (2001). 

39.  T. J. Schmidt, U. A. Paulus, H. A. Gasteiger and R. J. Behm, Journal of Electroanalytical 

Chemistry, 508, 41 (2001). 

40.  M. Takasaki, Y. Nakagawa, Y. Sakiyama, K. Tanabe, K. Ookubo, N. Sato, T. Minamide, 

H. Nakayama and M. Hori, ECS Transactions, 17, 439 (2009). 

63 
 



41.  M. Teliska, V. S. Murthi, S. Mukerjee and D. E. Ramaker, J. Phys. Chem. C, 111, 9267 

(2007). 

42.  A. Berna, J. M. Feliu, L. Gancs and S. Mukerjee, Electrochemistry Communications, 10, 

1695 (2008). 

43.  T. Masuda, F. Sonsudin, P. R. Singh, H. Naohara and K. Uosaki, J. Phys. Chem. C, 117, 

15704 (2013). 

44.  R. Subbaraman, D. Strmcnik, V. Stamenkovic and N. M. Markovic, J. Phys. Chem. C, 114 

(2010). 

45.  R. Subbaraman, D. Strmcnik, A. P. Paulikas, V. R. Stamenkovic and N. M. Markovic, 

Chemphyschem, 11 (2010). 

46.  J. Zeng, D.-i. Jean, C. Ji and S. Zou, Langmuir, 28 (2012). 

47.  M. Heinen, Z. Jusys and R. J. Behm, J. Phys. Chem. C, 114, 9850 (2010). 

48.  A. Rodes, E. Pastor and T. Iwasita, Journal of Electroanalytical Chemistry, 376, 109 

(1994). 

49.  E. Pastor, A. Rodes and T. Iwasita, Journal of Electroanalytical Chemistry, 404, 61 (1996). 

50.  S. Gilman, Electrochimica Acta, 65, 141 (2012). 

51.  D. A. Hutt and G. J. Leggett, Journal of Physical Chemistry, 100, 6657 (1996). 

52.  E. Cooper and G. J. Leggett, Langmuir, 14, 4795 (1998). 

53.  G. K. Jennings, J. C. Munro, T. H. Yong and P. E. Laibinis, Langmuir, 14, 6130 (1998). 

54.  M. J. Esplandiu, H. Hagenstrom and D. M. Kolb, Langmuir, 17, 828 (2001). 

55.  D. Strmcnik, K. Kodama, D. van der Vliet, J. Greeley, V. R. Stamenkovic and N. M. 

Markovic, Nature Chemistry, 1, 466 (2009). 

56.  D. C. Grahame and B. A. Soderberg, Journal of Chemical Physics, 22, 12 (1954). 

64 
 



57.  E. Cooper and G. J. Leggett, Langmuir, 15, 1024 (1999). 

 

 

 

65 
 



CHAPTER 4 

CONCENTRATION EFFECTS OF POLYMER ELECTROLYTE MEMBRANE CHEMICAL 

DEGRADATION PRODUCTS ON ELECTROCHEMICAL SURFACE AREA AND 

OXYGEN REDUCTION REACTION ACTIVITY FOR VARIOUS PT CATALYSTS 

 

A paper submitted to Journal of The Electrochemical Society 

Jason M. Christ,*a K.C. Neyerlin,b Ryan Richards,a Huyen N. Dinhb 
 
 
4.1 Abstract 
 

A rotating disk electrode (RDE) along with cyclic voltammetry (CV) and linear sweep 

voltammetry (LSV), were used to investigate the impact of model membrane degradation 

compounds on the electrochemical surface area (ECA) and oxygen reduction reaction (ORR) 

activity of polycrystalline Pt, Pt/Vulcan carbon (Pt/Vu), and nano-structured thin film (NSTF, 

3M) Pt electrodes. ORR kinetic currents (measured at 0.9 V and transport corrected) were found 

to decrease linearly with the log of concentration for both model compounds on all Pt surfaces 

studied. Model compound adsorption effects on ECA were more abstruse due to competitive 

organic anion adsorption on Pt surfaces superimposing with the hydrogen underpotential 

deposition (HUPD) region. 

4.2 Introduction 
 

System contamination in polymer electrolyte membrane (PEM) hydrogen fuel cells has 

been a growing area of interest in recent years due in large part to the potential detrimental 

effects inflicted on fuel cell performance and durability.1 While system contamination typically 

* Primary researcher and author 
a Colorado School of Mines, Golden, CO 80401 
b National Renewable Energy Laboratory, Golden, CO 80401 
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originates from sources outside of the membrane-electrode assembly (MEA), e.g. fuel2, 3 and air 

stream impurities4-6 as well as the degradation/chemical leaching of balance of plant components 

(i.e. structural materials and assembly aids),7-12 there also exists the possibility that the MEA 

itself could lead to the formation of chemical impurities. Results from both in-situ and ex-situ 

studies have shown that as PEMs undergo chemical degradation, small molecules are released 

from the polymer network and can eventually be transported throughout the cell.13, 14 

Previous studies showed that several chemical decomposition products were generated 

when perfluorinated sulfonic acid (PFSA) membranes were exposed to peroxides and hydroxyl 

radicals.13, 15 In addition to the release of HF from either membrane type, two compounds in 

particular, both in the form of a diacid, perfluoro(2-methyl-3-oxa-5-sulfonic pentanoic) acid 

(DA-Naf) and perfluoro(4-sulfonic butanoic) acid (DA-3M) (shown in Figure 4.1), have been 

identified as the main degradation compounds of Nafion and 3M commercial PFSA membranes 

respectively.14, 16  

 

 

Figure 4.1 Chemical structures of studied diacid model compounds representing Nafion (DA-
Naf) and 3M (DA-3M) PEM chemical degradation products. 

 

In addition to losses in membrane conductivity and structural integrity due to PEM chemical 

degradation, the aforementioned degradation products may also adsorb on the fuel cell 

electrocatalyst layer, leading to a loss in ORR activity and/or Pt ECA. To date, little effort has 
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been put forth in determining the impact that PFSA chemical degradation compounds have on 

catalyst performance.       

The work herein shows the effect of DA-Naf and DA-3M, in the form of model organic 

compounds on ECA and ORR activity via ex-situ CV and LSV experiments. In order to gain a 

broad understanding of Pt electrocatalysts, polycrystalline Pt, Pt/Vu, and NSTF catalysts were 

studied in a range of model compound concentrations (from 0.001 mM – 1 mM) that could 

realistically be found during fuel cell operation.17 

4.3 Experimental 

DA-Naf and DA-3M were obtained in their lithium salt forms from collaborators at 3M 

with a reported purity of >95% and the major trace component being LiF. No adsorption effects 

of LiF at any concentration relevant to this study were observed in an investigation using a 

polycrystalline Pt electrode (data not shown). Consequently, it was determined that the LiF 

impurity would pose minimal interference with model compound adsorption. All compounds 

were therefore used as received. Electrochemical experiments utilized 0.1 M perchloric acid 

electrolyte (diluted from 70% HClO4 double distilled veritas grade, GFS Chemical) along with 

polycrystalline Pt and glassy carbon rotating disk electrodes (Pine Instruments). 

Polycrystalline Pt electrode surfaces were prepared by polishing with 0.05 μM alumina 

slurry followed by rinsing and sonication in 18.2 MΩ water. Pt/Vulcan carbon (Tec10V50E, 

Tanaka Kikinzoku Kogyo (TKK)) surfaces were prepared by applying 10 μL of a catalyst ink 

(7.6 mL water, 2.4 mL IPA, 40 μL Nafion ionomer, bath sonicated in ice for 20 min and dried at 

40 °C) to a glassy carbon surface at a Pt loading of 17 µg/cm2. NSTF (provided by 3M) 

electrodes were prepared by applying 10 μL of a catalyst ink (4.5 mL water, 0.5 mL IPA, bath 
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 sonicated in ice for 20 min, then horn sonicated in ice for 1 min, and dried at 40 °C) to a glassy 

carbon surface at a Pt loading of 40 µg/cm2. 

Electrochemical measurements were taken using an Autolab PGSTAT302N. A reversible 

hydrogen electrode (RHE) and a platinum mesh were used as the reference and counter electrode 

respectively. Experiments were performed at room temperature in a custom glass 

electrochemical cell purged with either 99.9999% pure nitrogen or 99.998% pure oxygen 

(Matheson Tri Gas). After baseline ECA and ORR activity were attained, a small aliquot (ca. 1 

mL) of an aqueous solution containing the model compound of interest was injected into the 

electrochemical cell (containing 140 mL of electrolyte) to yield the desired contaminant 

concentration. The working electrode was rotated at 2500 rpm in order to quickly disperse the 

contaminant and achieve steady state, and ECA and ORR activity measurements for the 

contaminated electrode were subsequently performed. Model compounds were injected during a 

continuous low potential partial CV scan (0.04 V – 0.55 V), under purge of nitrogen for a 

predetermined amount of time (ca. 2.5 min) in order to allow the injected contaminant to adsorb 

and equilibrate onto the working electrode surface. Note, the low potentials also initially 

maintain the chemical integrity of the injected species by preventing their possible oxidation at 

higher potentials. All CV scans were performed at a scan rate of 50 mV/s. After a full CV of the 

contaminated Pt electrode was obtained, the electrochemical cell was purged with oxygen, and 

ORR activity subsequently measured. All ORR measurements were performed at a scan rate of 

20 mV/s, sweeping anodically, and were IR corrected. Please note that at the elevation of our 

laboratory (~6000 ft above sea level) the atmospheric pressure is merely ~82 kPa, resulting in a 

lower oxygen concentration in our electrolyte and a subsequently lower limiting current range 

(4-5 mA/cm2) than is typically seen for RDE work performed at sea level (5-6 mA/cm2). After 
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the CVs were recorded and the ORR activity obtained, the model compound concentration was 

increased and the experiment repeated in order to maintain identical cell conditions. Model 

compound concentrations were increased incrementally each by an order of magnitude from 

0.001 mM to 1 mM in all experiments in order to bracket the concentration range suspected to be 

present in operating fuel cells.17 

4.4 Results and Discussion 

Polycrystalline Pt, Pt/Vu, and NSTF were investigated in order to encompass both 

fundamental and practical catalyst surfaces, and the significant differences in Pt atomic structure 

among the three electrode surfaces. With surfaces being close to atomically flat, polycrystalline 

Pt electrodes have both the lowest roughness factor (cm2
Pt/cm2

elec) and hence the lowest number 

of total Pt sites. Polycrystalline Pt surfaces are inherently unsupported, represent the most 

fundamental surface of this study, and have the highest ORR activity per site.18 The Pt/Vu 

electrodes perhaps represent the most relevant of the three due to the ubiquitous use of Pt 

supported carbon materials in state-of-the-art MEAs. Since the catalyst material consists of Pt 

nanoparticles (2-3 nm) supported on Vulcan carbon, the Pt/Vu surfaces have the highest ECAs of 

this study and the lowest observed intrinsic ORR activity per Pt site.18 NSTF, representing Pt 

extended surfaces, are hybrid structures featuring characteristics of both polycrystalline Pt and 

Pt/Vu. The NSTF Pt surface structure consists of thin Pt films coated on organic whiskers. This 

results in ECAs on the same order of magnitude as Pt/Vu surfaces and ORR activities 

approaching those for polycrystalline Pt surfaces.19 It is our hope that by examining the 

contamination effects of these specific surfaces, we can glean information about the severity of 

ORR poisoning in relation to initial Pt activity and Pt structure. 

 

70 
 



4.4.1 DA-Naf / DA-3M Adsorption Characteristics 

For all Pt electrode surfaces studied, it can be seen from Figures 4.2 and 4.3 that the 

presence and concentration of model compounds DA-Naf and DA-3M have a direct impact on 

both the Pt CV and the ORR polarization curves. Impact on ORR performance began to appear 

at 0.01 mM for all surfaces, while changes in CV were first observed at a concentration of 0.1 

mM. Similar adsorption characteristics were observed with both model compounds for all Pt 

surfaces, with the only digression occurring at high concentrations (1 mM) of DA-Naf. In 

regards to CV scans, polycrystalline Pt and NSTF surfaces showed close to identical model 

compound adsorption behavior while the Pt/Vu surface exhibited attenuated effects 

comparatively. Symmetric increases in current observed in the HUPD region for both the anodic 

and cathodic scans, as shown in Figures 4.2 and 4.3 (a-c), indicates charge transfer for both 

compounds begins reversibly in the low potential region, close to the point of zero charge (pzc) 

of Pt (~0.285 V),20 although initial adsorption may proceed at lower potentials. Model compound 

adsorbates also appear to become displaced by oxides as higher potentials are approached, as 

indicated by the minimal change in shape of the oxide formation CV region. Shifts in oxidation 

onset towards higher potentials as model compound concentration increased suggests adsorbates 

present on the surface were able to hinder oxide formation before eventually becoming 

displaced. Shifts towards lower potentials of the HUPD peak at ca. 0.3 V with increasing model 

compound concentration gives evidence for competitive adsorption between the model 

adsorbates and hydrogen atoms. This potential shift of the HUPD peak is most clearly observed 

for the polycrystalline Pt and NSTF surfaces, suggesting a more facile adsorption mechanism 

involving either the distribution of crystal facets among the three surfaces or the specific 

geometries of the more planar, extended Pt surfaces. 
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Figure 4.2 Voltammograms (a-c) and ORR polarization curves (d-f) of polycrystalline Pt (top 
row), Pt/Vu (middle row), and NSTF (bottom row) electrodes in the presence of DA-Naf at 
increasing concentrations. Baseline curves (black dash), 0.01 mM (gray), 0.1 mM (red), 1 mM 
(blue). 
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Figure 4.3 Voltammograms (a-c) and ORR polarization curves (d-f) of polycrystalline Pt (top 
row), Pt/Vu TKK (middle row), and NSTF (bottom row) electrodes in the presence of DA-3M at 
increasing concentrations. Baseline curves (black dash), 0.01 mM (gray), 0.1 mM (red), 1 mM 
(blue). 
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Adsorption likely occurs through the carboxylate anion, found in both compounds, forming a 

bridged structure with both oxygens at the surface. Such a mechanism has been shown by other 

groups to be the primary mode of bonding for carboxylic acids with metal surfaces.21-23 Given 

the similar structural nature of DA-Naf and DA-3M (see Figure 4.1), the correlation of their 

adsorption characteristics should not be surprising. However as mentioned, effects shown in the 

voltammograms for all three Pt surfaces with DA-Naf present at 1 mM did showcase the subtle 

differences between the two compounds and were most likely indicative of increased molecular 

interactions due to the ether functionality found in DA-Naf. 

Structurally, the only difference between DA-Naf and DA-3M is the presence of an 

additional ether and fluoromethyl group. Although it would be difficult sterically, the ether 

functionality found in DA-Naf could affect the adsorption of said compound in the examined 

potential window if it were able to reach the electrode surface. Studies investigating the 

hydrocarbon dimethyl ether (DME) have shown that the current in the HUPD region decreased 

through adsorption on Pt electrodes as well as destructive chemisorption at higher potentials.24-26 

DA-Naf results did not indicate any destructive chemisorption, due to the lack of additional CV 

peaks associated with dehydrogenation (defluorination in this case) and intermediate formation 

commonly found for DME oxidation. The shift of CV current in the double-layer region along 

with an alteration of the oxide formation region observed at 1 mM (see Figures 4.2 a-c) suggests 

a greater adsorption interaction is taking place for the DA-Naf, compared to the non-ether 

containing DA-3M species (Figure 4.3 a-c). Greater strength of the C-F bond (compared to C-H) 

adds to the stability of the compound and may prevent further decomposition upon adsorption to 

the electrode surface.27 In a study investigating adsorption of fluorinated ethers on metal and 

metal oxide surfaces, it was determined that adsorption of perfluorodiethyl ether on a Pt(111) 
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surface was weaker than its hydrogenated counterpart.28, 29 Furthermore, the compound was 

shown to reversibly adsorb exclusively by Van der Waals forces on both Pt(111) and ZrO2 

surfaces without decomposition.28, 29 The difference in adsorption energy between the fluorinated 

and hydrogenated structures was attributed to increased steric hindrance of the ether O by the 

larger fluoromethyl groups and also to the depletion of electron density at the oxygen lone pair 

by the fluorine atoms.28-30 

Perhaps the greatest disparity in adsorption processes occurring for DA-Naf compared 

with DA-3M can be seen in Figure 4.4, which shows partial CV (low potential) scans for all 

studied catalyst surfaces. Due to the competitive nature of anion adsorption process within the 

HUPD region, ECA measurements in the presence of adsorbing anions are normally not 

indicative of the actual electrochemically active Pt surface area. As observed in Figure 4.4f, the 

anion adsorption process can superimpose with the typically observed HUPD current, possibly 

increasing the apparent ECA, if it is calculated via HUPD. The partial CV scans taken in the 

presence of DA-3M show the same reversible adsorption butterfly peaks occurring at 0.3 V 

observed in the full scan. In the presence of DA-Naf, the partial scans showed a steady decrease 

in ECA (measured by integration of the HUPD area) as concentration was increased. A 

pronounced loss in ECA was observed at the highest concentration of 1 mM. The loss in charge 

in the HUPD region, observed for DA-Naf (Figure 4.4 a-c), strongly suggests that additional 

processes other than carboxylate anion adsorption are occurring. Since it is sterically unlikely 

that the ether oxygen found in DA-Naf would be able to directly bond to the electrode surface, a 

different explanation for the loss in HUPD charge involves increases in intermolecular 

interactions via hydrogen bonding among adjacent model adsorbates. 
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Figure 4.4 Low potential CV scans (after 2.5 minutes continuous cycling upon model compound 
injection) of polycrystalline Pt (top row), Pt/Vu (middle row), and NSTF (bottom row) 
electrodes in the presence of increasing concentrations of DA-Naf (a-c) and DA-3M (d-f). 
Baseline curves (black dash), 0.1 mM (red), 1 mM (blue). 
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According to Figure 4.4, it would appear that hydrogen atoms were able to effectively displace 

DA-3M from the surface. When DA-Naf was present, however, surface sites previously 

available for hydrogen adsorption evidently became blocked as concentration increased. 

Assuming surface coverage increases with concentration, it could be reasonable to suggest that 

as the proximity of each separate DA-Naf molecule on the surface reaches a threshold, hydrogen 

bonding among adjacent ether oxygens could occur, resulting in the electrode surface becoming 

obstructed to a greater extent and preventing hydrogen atoms from reaching the platinum 

surface. Figure 4.5 shows the correlation between measured ECA loss and logarithmic 

concentration dependence, which shows a digression from linearity occurring at 1 mM DA-Naf. 

 

Figure 4.5 ECA loss vs. log of concentration of DA-Naf, obtained at low potential CV scans, for 
polycrystalline Pt (a), Pt/Vu (b), and NSTF (c) electrodes. 
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This digression from linearity further suggests that additional surface / intermolecular 

interactions are occurring as concentrations reach higher values.  

Differences in adsorption / ECA impact during low potential scans (0.04 – 0.55 V) for 

DA-Naf compared with all other model compounds has led to suggestions of possible critical 

micelle formation being responsible for the observed discrepancy. Surface tension analysis was 

thus conducted for series of concentrations for DA-Naf in order to determine if micelle formation 

is occurring at concentrations relevant to those for contamination studies. Figure 4.6 shows the 

results of IFT (interfacial surface tension) measurements taken using a Kruss DSA 100 (Drop 

Shape Analysis) system (courtesy of Dr. Yin from the petroleum engineering department at 

CSM).  

 
 
Figure 4.6 Surface tension measurements (IFT vs log concentration) for DA-Naf. 
 

 
Although standard deviations at some concentrations are quite severe, results in Figure 4 indicate 

that micelle formation is not occurring at 1 mM, the highest concentration used in this 

contamination study. The fact that surface tension values do not level off as higher 
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concentrations are approached proves there is still sufficient molecular space at the water-air 

interface for DA-Naf molecules to occupy. (Micelle formation only begins at the critical point 

where there is interfacial saturation (thus the surface tension reaches a minimum value) and any 

increase in concentration forces the compound to agglomerate). 

4.4.2 DA-Naf / DA-3M Impact on ORR 

Figures 4.2 and 4.3 (d-f) show the concentration impact of DA-Naf and DA-3M for 

polycrystalline Pt, Pt/Vu, and NSTF electrodes for ORR polarization curves. Diffusion limiting 

currents were not significantly altered in any case. However, a decrease in activity (reported as 

% loss in kinetic current measured at 0.9 V) was observed for all catalysts, at concentrations 

starting as low as 0.01 mM, and becoming more severe as concentration of model organic 

compound increased. A summary of the overall ORR performance loss vs. DA-Naf and DA-3M 

concentration is shown in Figure 4.7 for all three catalyst surfaces tested (polycrystalline Pt, 

Pt/Vu, and NSTF). The performance impact of DA-Naf and DA-3M on ORR activity for the 

NSTF catalyst shows an identical trend, with the overall performance loss falling in between that 

of polycrystalline Pt and Pt/Vu. These results seem reasonable since structurally the extended 

surface of NSTF has characteristics of both the other two catalyst surfaces. A possible 

explanation for the differences in activity loss observed among the three electrocatalysts may 

involve surface site availability. Since the total number of available Pt sites on a polycrystalline 

Pt surface is approximately an order of magnitude less than that of a Pt/Vu surface, and a factor 

of five less than a NSTF surface, the effective concentration sensed by the polycrystalline Pt 

electrode is higher than that of the other two. However, the total moles of model compound 

present in the electrochemical cell, even at 0.1 mM, was still 4.5 orders of magnitude higher than 
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the number of Pt/Vu electrode surface sites, so the relative difference in Pt site abundance among 

the three surfaces is minimal.  

 

Figure 4.7 Summary of ORR activity loss vs. concentration of DA-Naf (left) and DA-3M (right) 
for polycrystalline Pt (black), Pt/Vu (gray), and NSTF (striped) electrodes. 

 
 

Another explanation for the observed disparities in ORR activity loss involves the actual 

differences in surface structure among the three electrodes, with either the planar i.e. atomically 

flat nature of the polycrystalline surface or distribution of Pt (hkl) facets perhaps being more 

conducive for model compound adsorption and molecular ordering at the surface. 

In order to gain a further understanding of the type of concentration-based adsorption 

being exhibited by DA-Naf and DA-3M, kinetic current loss was plotted against log 

concentration for all electrode surfaces studied. Results in Figure 4.8 show linear correlations 

between kinetic current loss and concentration for polycrystalline Pt, Pt/Vu, and NSTF catalysts. 

Assuming kinetic current loss is directly related to surface coverage, logarithmic dependence of 

surface coverage on concentration can be attributed to a Temkin adsorption isotherm model;31 a 

treatment used when adsorbate-adsorbate interactions are present and accounted for.  
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Figure 4.8 ORR activity loss vs log of concentration of DA-Naf (a-c) and DA-3M (d-f) for 
polycrystalline Pt (top row), Pt/Vu (middle row), and NSTF (bottom row) electrodes. 
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Similar relationships have been found through studies of acetate adsorption on polycrystalline Pt, 

which adsorbs through the same carboxylate functional group as present in DA-Naf and DA-

3M.31, 32 Although the results in Figure 4.8 are in slight contrast to ECA loss correlations of 

Figure 4.5, the difference in trends can most likely be explained by the inherently different 

adsorption processes competing in the HUPD at low potential versus Pt oxide formation at 

higher potentials. 

4.5 Conclusions 

Model compounds representing PEM chemical degradation products, at increasing 

concentrations, were studied to determine their impact on ECA and ORR activity for 

polycrystalline Pt, Pt/Vu, and NSTF electrodes. It was found that kinetic current loss for all Pt 

surfaces studied increased linearly with the log of concentration for both model compounds. The 

disparity in CV scans between DA-Naf and DA-3M compounds at high concentration (1 mM) 

was attributed to the ether oxygen found only in DA-Naf, leading to increased intermolecular 

interactions at the electrode surface. Although severe losses in ORR activity were found at 

higher concentrations, such concentrations would most likely be rare in an actual fuel cell. 

Losses in ORR activity found at lower contaminant concentrations likely provide a more realistic 

picture. Additional experimental techniques such as electrochemical quartz crystal microbalance 

and surface enhanced infrared electrospectroscopic methods may provide further insight into the 

electrode surface adsorption processes and are currently under way. A systematic and 

fundamental investigation of model compounds with specific acid functional groups as well as 

differences in perfluoro chain lengths also adds to the understanding of adsorption processes for 

other membrane degradation products with different chemistries, and is being conducted 

concurrently with this study. As PFSA membrane technology improves, chemical degradation 
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product concentrations will most likely continue to decrease and thus should not cause major 

concern for manufactures, however, different chemical families of membranes may also pose 

risks and further investigation for these materials may be required. 
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CHAPTER 5 

SURFACE COVERAGE OF POLYMER ELECTROLYTE MEMBRANE CHEMICAL 

DEGRADATION PRODUCTS FOR A POLYCRYSTALLINE PLATINUM 

 ELECTRODE: AN ELECTROCHEMICAL QUARTZ CRYSTAL  

MICROBALANCE STUDY 

 

A paper in preparation 

 
Jason M. Christ,*a Charles B. Staub,b Ryan Richards,a Huyen N. Dinhc 

 
 

5.1 Abstract 
 
 Surface coverage of model compounds representing polymer electrolyte membrane 

(PEM) chemical degradation products on a platinum electrode was studied using an 

electrochemical quartz crystal microbalance (EQCM). No adsorption was detected for a 

perfluorosulfonic acid model compound at 0.1 mM. Mass changes were observed for both 

perfluorocarboxylic acids, with the longer chain acid exhibiting increased surface coverage (66% 

at 0.9 V) and stronger adsorption strength. Perfluorinated diacids, representing degradation 

products of a Nafion and 3M membrane, showed surface adsorptions of 47% and 74 % at 0.9 V 

respectively. Increases in mass were measured for both diacids well into the oxide formation 

region, suggesting that the compounds are not fully displaced by surface oxides and that the 

terminal sulfonate functional group plays a role involving intermolecular forces during 

adsorption.   

* Primary researcher and author 
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5.2 Introduction 
 

Polymer electrolyte membrane fuel cells (PEMFCs) are on the verge of becoming a 

significant source of energy production worldwide in the coming decades. However, 

performance durability losses originating in the membrane electrode assembly (MEA) continues 

to hinder progress. Although there are many known causes for durability loss, one such cause is 

due to system contamination. There are numerous sources of contaminating compounds i.e. 

interactive chemical species not participating in the electrochemical reactions producing current, 

found in PEMFCs. Air at the cathode,1-5 fuel at the anode,6-11 balance of plant (BOP) 

components,12-17 and the MEA materials themselves have all been shown to contain and/or 

produce contaminating species, either through impurities or chemical degradation. These 

contaminants in turn are able to adsorb on the electrocatalyst layer and/or infiltrate the PEM and 

affect performance. This study specifically focuses on the adsorption and surface coverage of 

contaminants produced through the chemical degradation of the membrane, in the form of model 

compounds, for a Pt electrode. 

Studies involving commercial membranes and model compounds have shown that when 

perfluorinated sulfonic acid (PFSA) membranes are exposed to certain peroxides and hydroxyl 

radicals, various chemical decomposition compounds are produced.18-20 Two compounds in 

particular, perfluoro(2-methyl-3-oxa-5-sulfonic pentanoic) acid (DA-Naf) and perfluoro(4-

sulfonic butanoic) acid (DA-3M), both shown in Figure 5.1, arise along with HF as the main 

membrane degradation compounds of Nafion® and 3M™ commercial PFSA membranes 

respectively.20, 21 The aforementioned degradation products (DA-Naf and DA-3M) have been 

shown to adsorb on Pt based electrocatalysts, leading to a loss in catalyst electrochemical surface 

area (ECA), oxygen reduction reaction (ORR) activity, or both.22 Along with model compounds 
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DA-Naf and DA-3M (diacids each containing a carboxylic acid and sulfonic acid moiety), model 

compound nonafluoro-1-butanesulfonic acid (SA1) (Figure 5.1) was chosen to gain fundamental 

insight on the adsorption effects solely due to sulfonic acid functional group. Trifluoroacetic acid 

(TFA) (Figure 5.1), and undecafluorohexanoic acid (UFA) (Figure 5.1) were also chosen to gain 

fundamental insight on the adsorption effects solely due to the carboxylic acid functional group 

as well as that of the fluorocarbon chain length.  

 

Figure 5.1 Structures and acronyms of model compounds studied. 
 

Many successful attempts have been made when trying to quantify the impact that certain 

contaminants have on performance by measuring both in-situ current and voltage losses of 

operating fuel cells, and ex-situ drops in specific and mass activity of platinum based 

electrodes.2, 10, 11, 22-25 While much useful information was gleaned from the results of previous 

performance studies, adsorption mechanisms and surface coverages of certain contaminants e.g. 

PEM chemical degradation products DA-Naf and DA-3M, remain elusive.26  

88 
 



Common cyclic voltammetric techniques used to measure ECA e.g. integration of the 

hydrogen underpotential (HUPD) region, are unable to accurately measure surface coverage of 

some anionic species due to the superimposition of anion and hydrogen atom adsorption and 

desorption currents.27 Also, since most electrochemical methods used to measure ECA are done 

at lower potentials, comparing losses in ORR activity (measured at 0.9 V) to losses in surface 

coverage due to contaminant adsorption is difficult. Simply determining if certain contaminants 

adsorb or not using voltammetry alone can be challenging, as not all adsorption processes 

involve the charge transfer process necessary to invoke a change in current measured.28 Certain 

electrochemical techniques have been developed e.g. electrochemical quartz crystal 

microbalance (EQCM) and surface-enhanced infrared absorption spectroscopy (SEIRAS), that 

can be used to understand adsorption properties and coverage of chemical species occurring at an 

electrode surface under potential control. For this study, it is hypothesized that EQCM analysis 

can help determine the surface coverage of PFSA PEM chemical degradation products, at 

various concentrations and potentials, on a polycrystalline Pt electrode. 

5.3 Experimental 

Electrochemical measurements were taken using an Autolab PGSTAT302N equipped 

with an EQCM module. The EQCM module, fitted with a 6 MHz oscillator, was used to measure 

frequency changes of AT-cut quartz crystals with a resonant frequency of 6 MHz and coated 

with Pt/TiO2 electrode layers on either side. A Pd/H2 electrode and a platinum mesh were used as 

the reference and counter electrode respectively. Preparation of the Pd/H2 reference electrode 

was carried out in a 3-electrode glass cell consisting of a Pd wire as the working electrode, Pt 

mesh counter electrode, and a reversible hydrogen reference electrode (RHE). The Pd wire was 

first electrochemically cleaned (0.1 V – 1.2 V, 500 mV/s, 100 cycles), then “charged” with 
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hydrogen by applying a constant current of -10 mA for 10 minutes. Open circuit potential 

measurements for the charged Pd/H2 electrode were 55 mV ± 3 mV (vs RHE), and stable for at 

least 8 hours, which was longer than the time required to conduct the experiments reported here.   

Experiments were performed at room temperature in a polypropylene EQCM cell 

(Metrohm) purged with either 99.9999% pure nitrogen or 99.998% pure oxygen (Matheson Tri 

Gas). All measurements were taken at a scan rate of 50 mV/s and performed in 0.1 M perchloric 

acid electrolyte (diluted from 70% HClO4 double distilled veritas grade, GFS Chemical). DA-

Naf and DA-3M were obtained in their lithium salt forms from collaborators at 3M™ with a 

reported purity of >95% and the major detected trace component being LiF. No adsorption 

effects of LiF at any concentration relevant to this study were observed in an investigation using 

a polycrystalline Pt electrode (data not shown). Consequently, it was determined that the LiF 

impurity would pose minimal interference with model compound adsorption. UFA was obtained 

from SynQuest Laboratories with a reported purity of 99%. SA1 and TFA were obtained from 

Sigma Aldrich with reported purities of 97% and 99% respectively. All compounds were used as 

received. 

After electrochemical break-in of the Pt electrode (50 cycles 0-1.2 V at 500 mV/s), and 

baseline CV and EQCM frequency response recorded simultaneously, a small aliquot (200 µL) 

of model compound solution (aqueous) was injected into the cell in order to produce a specified 

concentration. Model compound containing CV and EQCM signals were subsequently measured 

and compared with baseline scans. For results involving multiple concentrations, all experiments 

were performed consecutively on the same electrode surface, while incrementally increasing the 

cell concentration after CV and mass signals were recorded. ECA of the Pt surface was measured 

through integration of the HUPD region from the baseline CV. 
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5.4 Results and Discussion 

Mass changes for all experiments were calculated according to the Sauerbrey equation, 

described in Eq. 5.1: 

 

 ∆𝑚 = −
∆𝑓∙�𝜌𝑞𝜇𝑞
2𝑛∙𝑓𝑜2

      [5.1] 

 
Where Δm is the change in mass, Δf is the change in resonant frequency of the quartz crystal, ρq 

is the density of quartz (2.648 g/cm3), µq is the shear modulus of quartz (2.947x1011 g/(cm·s2)), n 

is the number of harmonic at which the crystal is driven (set to 1 by design), and fo is the 

resonant frequency of the fundamental mode of the loaded crystal (6 MHz). 

Voltammetric and EQCM responses for a polycrystalline Pt electrode in the presence of 

0.1 mM SA1 are shown in Figure 5.2. Both CV and EQCM curves in Figure 5.2 show complete 

overlap of the baseline and contaminant scans, indicating that the sulfonate containing SA1 

compound is non-adsorbing. (It is assumed that the sulfonic acid end of SA1 is completely 

dissociated into the sulfonate form given the differences in strength between sulfonic acid and 

perchloric acid electrolyte). This result is in agreement with previous studies investigating the 

adsorption properties of sulfonate on Pt surfaces.29 

Results for the adsorption of 0.1 mM TFA are shown in Figure 5.3. Increases in current 

and mass observed at ~0.3 V in the CV and EQCM scans respectively indicate that adsorption of 

TFA occurs. Adsorption in this case most likely proceeds through each oxygen of the 

carboxylate anion of TFA, forming a bridged structure to the Pt surface. Such a bonding 

mechanism has been confirmed by previous researchers investigating adsorption of carboxylic 

acids on Pt surfaces.30, 31 For this reason surface coverages were calculated assuming one mole of 

model compound i.e. carboxylate anion, per every two moles Pt sites. 
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Figure 5.2 Voltammetric and EQCM response for polycrystalline Pt. Black: baseline; red: SA1 
(0.1 mM) CV; blue: SA1 (0.1 mM) EQCM. 
 
 

Symmetry of the adsorption pattern in the CV scan and overlap of the mass response of 

the baseline and TFA scan at potentials lower than 0.3 V suggests that the adsorption process is 

reversible.32 A steady increase in mass moving in the anodic direction from 0.3 V to 0.75 V, 

followed by a small decrease in mass, suggests that TFA continues to adsorb onto the electrode 

surface as potential is increased, until oxide formation initiates. Formation of oxides effectively 

displaced all adsorbed TFA from the surface, as indicated by the overlap of the EQCM and CV 

signals, scanning in the cathodic direction from 1.2 V to 0.75 V. An increase in mass during the 

reverse scan suggests that upon oxide reduction i.e. oxide removal, TFA effectively re-adsorbed 

to the electrode surface until being removed again (in this case by adsorbing protons) upon 

entering the HUPD region. Surface coverage of TFA was determined to be 38% and 2% at the 

max coverage point (~0.7 V) and 0.9 V respectively.   
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Surface coverages for all adsorbed species measured were calculated according to Eq. 5.2: 

 𝜃 = ∆𝑚
𝑀𝑊ˊ∙12𝐶𝐻𝑈𝑃𝐷∙𝐹

     [Eq. 5.2] 

 
Where θ is surface coverage (ratio of moles adsorbed model compound per moles ECA Pt), Δm 

is change in mass (calculated from change in frequency), MWˊ is the normalized molecular 

weight of injected model compound, CHUPD is the integrated charge of the HUPD from the 

baseline scan, and F is the Faraday constant.   

 

Figure 5.3 Voltammetric and EQCM response for polycrystalline Pt. Black: baseline; red: TFA 
(0.1 mM) CV; blue: TFA (0.1 mM) EQCM. 
  

Because the electrode surface is immersed in aqueous 0.1 M HClO4 electrolyte, the 

electrochemically available Pt sites are never completely “free.”33 Water molecules and a small 

amount of perchlorate anion are adsorbed to the surface at all potentials where other adsorption 

processes e.g. oxide formation or hydrogen deposition, are not occurring. Therefore, in order for 
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other species to adsorb, in this case contaminant model compounds, previously adsorbed 

electrolyte must first be removed. Through studies examining perchlorate anion adsorption on a 

Pt electrode at 0.1 M (the same concentration of electrolyte used here) it was found that 7% of 

the Pt surface consisted of an adsorbed HClO4·2H2O species, with the remaining surface 

consisting of adsorbed pure water.33 The impact of this correction due to surface species removal 

is small (<10% of the MW of model compounds studied) but provides a more accurate analysis 

of the changes in mass occurring.  

CV and EQCM responses for 0.1 mM UFA, shown in Figure 5.4, are much more 

pronounced than those for TFA. Similar patterns observed in the CV scan at low potentials 

indicate adsorption is occurring initially at the same potential (0.3 V) although higher recorded 

mass changes suggest that adsorption may be proceeding at lower potentials. A shift in the oxide 

formation potential towards the positive direction indicates stronger adsorption of UFA as 

surface oxides were hindered from being formed, until more positive potentials were reached. As 

seen in the forward scan, peak mass was measured at ~0.8 V, the potential immediately before 

the hindered oxide formation initiated. A sharp decrease in mass measured as higher potentials 

were approached indicates the UFA compound was being displaced from the electrode surface 

by lighter weight, oxide species. Differences in the mass signals (UFA and baseline) at 1.2 V 

indicate that UFA is present at the surface, even in the oxide formation region. Hysteresis 

observed in the maximum adsorbed mass signals for the forward and reverse scans may represent 

differences in the amount of time available for adsorption to take place; moving from a hydrogen 

or oxygen occupied surface to a more conducive, free surface. Similar to TFA, mass begins to 

decrease as lower potentials are approached which lends further evidence to an anion adsorption 

processes. Based on molecular weight, larger increases in mass were expected for UFA (314.06 
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g/mol) when compared with TFA (114.02 g/mol) however the mass changes observed in Figure 

5.4 go beyond that of differences in molecular weight alone, and suggest that higher surface 

coverages exist when UFA is present. UFA surface coverage was calculated to be 104% at max 

coverage and 66% at 0.9 V. (Surface coverage of TFA was determined to be 38% and 2% at the 

max coverage point (~0.7 V) and 0.9 V respectively). Increases in surface coverage for UFA 

compared with TFA was postulated to be related to the increased chain length of UFA allowing 

for greater cohesive forces within the adsorbed organic layer, leading to higher molecular 

ordering on the surface and hence a greater density of compound adsorbed.22 

 
Figure 5.4 Voltammetric and EQCM response for polycrystalline Pt. Black: baseline; red: UFA 
(0.1 mM) CV; blue: UFA (0.1 mM) EQCM. 
 
 

EQCM results for diacid model compounds, DA-Naf and DA-3M are shown in Figures 

5.5 and 5.6 respectively. Both compounds exhibited similar adsorption behavior, with DA-3M 

showing slightly higher surface coverage than DA-Naf. 
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Figure 5.5 Voltammetric and EQCM response for polycrystalline Pt. Black: baseline; red: DA-
Naf (0.1 mM) CV; blue: DA-Naf (0.1 mM) EQCM. 
 

 
Figure 5.6 Voltammetric and EQCM response for polycrystalline Pt. Black: baseline; red: DA-
3M (0.1 mM) CV; blue: DA-3M (0.1 mM) EQCM. 
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Interestingly, although it was reported in a recent study22 that the impact on ORR kinetic current 

loss (measured at 0.9 V) was greater for DA-Naf and DA-3M compared with UFA, the surface 

coverages calculated here for both DA-Naf and DA-3M at 0.9 V were similar to UFA. Thus it 

was determined that the terminal sulfonate group for both DA-Naf and DA-3M must be playing 

a role in molecular adsorption to the electrode surface which further hinders oxygen reduction 

from occurring. Two scenarios are postulated on the mechanism of the sulfonate group; either 

the sulfonate anion is contributing to a secondary adsorption (after initial adsorption through the 

carboxylate anion), leading to a greater number of Pt sites covered per molecule, or, after 

carboxylate adsorption, the sulfonate anions are creating a stable network through hydrogen 

bonding, leading to a greater steric hindrance and barrier for molecular oxygen to reach the 

surface during the ORR.22 What is also interesting is the apparent increase in mass in the HUPD 

region on the reverse scan, beginning at ca. 0.2 V, and then ending in a sharp decrease in mass 

back to zero for the end of the scan. The data would suggest that as hydrogen is beginning to 

adsorb on the surface near the beginning of the HUPD region, both DA-Naf and DA-3M 

compounds become more attracted up to a point, after which hydrogen completely displaces all 

adsorbed model compound. Anion adsorption processes typically become less favorable as the 

electrode surface moves towards more negative potentials. Therefore, it could be reasonable to 

suggest that as hydrogen atoms begin to partially cover the electrode surface, the surface may 

become more conducive to anion adsorption for a period of time; likely related to enhanced 

hydrogen bonding among interacting species. Since this mass increase phenomenon was not 

observed in the other compounds studied, further support is added for the diacid function of the 

sulfonate group during adsorption. The mass spike was also more significant for DA-Naf, which 

would lend evidence towards the ether oxygen playing a role in the compound’s affinity towards 
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the partially hydrogenated surface. Table 5.1 summarizes the results of all model compounds 

studied by EQCM here, and compares surface coverages at 0.1 mM with ORR kinetic current 

losses previously measured at the same concentration.22  

 

Compound Structure CV 
impact 

ORR kinetic 
current loss 0.9 V 

Surface 
coverage at 

0.9 V 

Max 
surface 

coverage 
 

SA1 
 

  
No 

 
< 5 % 

 
< 0.01 

 
< 0.01 

 
TFA 

 

  
Yes 

 
< 5 % 

 
0.02 

 
0.19 

 
UFA 

 

  
Yes 

 
17 % 

 
0.66 

 
0.52 

 
 

DA-Naf 
 

  
 

Yes 

 
 

44 % 

 
 

0.47 

 
 

0.65 

 
 

DA-3M 
 

  
 

Yes 

 
 

47 % 

 
 

0.74 

 
 

0.84 

 
Table 5.1 Summary of surface coverages and ORR kinetic current losses22 measured for PEM 
degradation model compounds at 0.1 mM. 
 

Surface coverages reported in Table 5.1 correlate well with the previously reported losses in 

ORR kinetic current at 0.1 mM concentrations.22 The only data that appears anomalous would be 

that for UFA, which exhibited a surface coverage of 66% but affected ORR kinetic current by 

only 17%. This discrepancy must mean that oxygen reduction can still proceed even at Pt sites 

occupied by adsorbed carboxylate, suggesting the presence of dynamic electrode/solution 

interface with many rapid and reversible adsorption processes occurring simultaneously. 

Although maximum coverages for DA-Naf and DA-3M are lower when compared to UFA 

C CF2 CF2 CF2 SO3HHO
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O
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indicates a less dense molecular ordering at the surface, comparable coverages at 0.9 V while at 

the same time exhibiting near twice as great of ORR kinetic current losses supports the role of 

the terminal sulfonate group further stabilizing the compound at the electrode surface.   

 In order to obtain a better understanding of adsorption processes occurring for DA-Naf 

and DA-3M, concentration studies were undertaken measuring surface coverages at 0.01 mM, 

0.1 mM, 0.5 mM, and 1 mM. Figures 5.7 and 5.8 show EQCM and CV responses for DA-Naf 

and DA-3M respectively. CV responses shown in Figures 5.7 and 5.8 correlate well with a 

previous study23 displaying similar shifts in the oxide formation region towards higher potentials 

as well as shifts in the HUPD peak towards lower potentials. Mass changes associated with both 

DA-Naf and DA-3M showed steadily rising values as concentrations were increased. EQCM 

response profiles were similar at all concentrations, however, overlap between the forward and 

reverse scans was not observed at concentrations above 0.1 mM. Consistent positive mass 

changes measured during the reverse scan (compared to forward scan) indicate greater amounts 

of model compound are being sensed by the electrode surface when starting at more positive 

potentials. This phenomenon may be related to the increase in time available for adsorption to 

continue, and/or could also indicate a more conducive surface for adsorption as oxides are 

reduced. Since bonding is likely proceeding through anion adsorption through the carboxylate 

oxygens, it would make sense that adsorption starting at more positive potentials would be more 

facile than at more negative potentials.   

When attempting to calculate surface coverage at the studied concentrations higher than 

0.1 mM, greater than 100% coverage results suggesting that model compounds are adsorbed to 

the surface at more than one monolayer. Table 5.2 summarizes the surface coverages calculated 

for DA-Naf and DA-3M at 0.9 V for all concentrations studied. 
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Figure 5.7 Voltammetric and EQCM response for polycrystalline Pt. Black: baseline, red: DA-
Naf (0.1 mM), gray: DA-Naf (0.5 mM), blue: DA-Naf (1 mM). 

 

Figure 5.8 Voltammetric and EQCM response for polycrystalline Pt. Black: baseline, red: DA-
3M (0.1 mM), gray: DA-3M (0.5 mM), blue: DA-3M (1 mM). 
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Interactions between adsorbed species and those still in solution are very likely given their diacid 

i.e dianionic nature and preferable hydrogen bonding conditions (due to the strong acid 

electrolyte (0.1 M HClO4)). The surfactant nature of the model compounds themselves may also 

aid in intermolecular interactions due to the agglomeration of hydrophobic segments of 

individual fluorocarbon chains and hydrophillic carboxylate and sulfonate functional groups. 

 
Model Compound 
Concentration 

Surface coverage (θ) of DA-Naf 
measured at 0.9 V 

Surface coverage (θ) of DA-3M 
measured at 0.9 V 

0.01 mM 
 

0.30 ± 0.16 
 

0.18 ± 0.16 

0.1 mM 
 

0.47 ± 0.13 
 

 
0.74 ± 0.21 

 

0.5 mM 
 

1.73 ± 0.20 
 

 
2.33 ± 0.62 

 

1 mM 
 

2.32 ± 0.44 
 

3.05 ± 0.41 

 
Table 5.2 Summary of calculated surface coverages at 0.9 V for DA-Naf and DA-3M at different 
concentrations. 
 
 
 Plots of surface coverage vs concentration for DA-Naf and DA-3M are shown in Figures 

5.9 and 5.10 respectively. Nonlinearity at both standard and log scale representations of 

concentration would suggest that different adsorption isotherms are likely, depending on whether 

high or low concentrations are present. Differences in adsorption isotherms have been reported 

previously for a study of acetate anions in acidic media in which the authors suggested Langmuir 

type adsorption model for acetate present at low concentrations and a Frumkin-Temkin type 

adsorption model for higher concentrations.34   
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Figure 5.9 Plot of surface coverage at 0.9 V vs concentration for DA-Naf. Inset represents 
concentration on log scale. 
 
 

 
Figure 5.10 Plot of surface coverage at 0.9 V vs concentration for DA-3M. Inset represents 
concentration on log scale. 
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Since the model compounds DA-Naf and DA-3M are much more complex than acetate, any 

comparisons in adsorption models must be made with extreme caution. However, previous 

studies should warrant the possibility that more than one adsorption process may be occuring 

based on the concentration level for the model compounds in this study.   

Analyzing surface coverages at 0.9 V adds depth to the understanding of the relation 

between ORR activity losses and model compound concentrations. However, competing 

processes between oxide formation and model compound adsorption adds another layer of 

complexity. In an attempt to obtain a more accurate picture of model compound adsorption, 

surface coverage occurring at 0.5 V was analyzed. (0.5 V was arbitrarily chosen as a potential 

located in the “double-layer” region of the Pt CV trace, a region where no surface processes in 

regards to hydrogen deposition/oxidation or oxide formation/reduction are taking place). Table 

5.3 summarizes the surface coverages at 0.5 V determined for DA-Naf and DA-3M.  

 

Model Compound 
Concentration 

Surface coverage (θ) of DA-Naf 
measured at 0.5 V 

Surface coverage (θ) of DA-3M 
measured at 0.5 V 

0.01 mM 
 

0.28 ± 0.16 
 

0.24 ± 0.16 

0.1 mM 
 

0.46  ± 0.10 
 

 
0.76 ± 0.19 

 

0.5 mM 
 

1.31 ± 0.20 
 

 
1.96 ± 0.48 

 

1 mM 
 

1.88 ± 0.52 
 

2.85 ± 0.42 

 

Table 5.3 Summary of calculated surface coverages at 0.5 V for DA-Naf and DA-3M at different 
concentrations. 
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When compared to 0.9 V, overall coverages are on average lower at 0.5 V for both compounds. 

Trends in surface coverage vs concentration, shown in Figure 5.10 and 5.11 for DA-Naf and DA-

3M respectively, are similar for all sets of data. 

 

Figure 5.11 Plot of surface coverage at 0.5 V vs concentration for DA-Naf. Inset represents 
concentration on log scale. 
 
 
Although linearity seems to increase in the case of DA-Naf, additional data points taken at lower 

concentrations would eventually prove otherwise. The fact that coverages were higher in the 

oxide formation (0.9 V) compared with the double-layer region (0.5 V) provides evidence for 

non-specific surface bonding processes. Since oxide formation is not displacing either diacid 

from the surface as efficiently as the perfluorocarboxylic acids shown previously, it would 

surmize to suggest that strong physisorption activity is happening through both molecular-

surface and molecular-molecular interactions. 
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Figure 5.12 Plot of surface coverage at 0.5 V vs concentration for DA-3M. Inset represents 
concentration on log scale. 
 

A complete summary of surface coverage, concentration, and potential is provided in Figure 5.12 

for both diacid model compounds. In order to fully explain differences in isotherm models for 

the model compounds discussed here, more data points at many more concentrations (mainly 

lower concentrations) would be necessary in order to better explain coverages before multilayer 

adsorption starts taking place. However although more fundamental knowledge may be gained 

without interferences from multiple layers and/or compound agglomerations at the surface, lower 

concentrations are limited by the sensitivity of the EQCM instrument. 
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Figure 5.13 Summary of surface coverage at 0.5 V and 0.9 V vs concentration for model 
compounds DA-Naf and DA-3M. Black: DA-Naf at 0.5 V; red: DA-Naf at 0.9 V; gray: DA-3M 
at 0.5 V; blue: DA-3M at 0.9 V. 
 

5.5 Conclusions 

 Surface coverage of several model compounds representing PEM chemical degradation 

compounds were investigated using EQCM. All carboxylic acid containing model compounds 

demonstrated mass changes due to adsorption to varying degrees, while the model compound 

containing a sole sulfonic acid functional group showed no adsorption characteristics. Although 

both perfluorocarboxylic acids TFA and UFA were effectively removed from the surface as 

electrode potentials moved into the oxide formation region, perfluorodiacids DA-Naf and DA-

3M maintained surface coverage at higher potentials. Attempts to measure adsorption at higher 

concentrations for DA-Naf and DA-3M resulted in coverages of over 100%, suggesting that 

intermolecular forces are leading to adsorption greater than one monolayer. Although EQCM 
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provides both qualitative and quantitative information in regards to anion adsorption, specific 

details about bonding mechanisms can only be attained through spectroscopic methods. 

Electrochemical surface-enhanced infrared absorption spectroscopy (SEIRAS) methods are 

being developed in order to further elucidate bonding processes including the role of the 

sulfonate group for perfluorinated diacid adsorption. Information gleaned from this study, along 

with others investigating fundamental adsorption processes of contaminating compounds 

containing specific chemical functionalities, will help serve future investigations involving   

contaminants from different chemical families. 
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CHAPTER 6 

CONCLUSIONS AND PERSPECTIVES 

 

6.1 Conclusions and Perspectives 

 This thesis summarizes the research put forth in understanding the adsorption 

characteristics associated with PEM chemical degradation products and their effects on Pt 

electrocatalysts; part of a larger project investigating system contaminants in PEMFCs and their 

effects on performance. Developing an appropriate methodology for studying model compounds 

in an ex-situ environment was the initial focus of the study. Through a series of control studies, 

an in-depth understanding of the electrochemical system in its baseline state was attained, and 

contamination studies were subsequently able to commence. A comprehensive study 

investigating several model compounds, representing experimentally discovered PEM chemical 

degradation products (in the form of perfluorinated diacids each containing a carboxylic acid and 

sulfonic acid terminal group) and representing a Nafion ionomer degradation product (DA-Naf) 

and a 3M ionomer degradation product (DA-3M), was conducted next. Variations of the 

aforementioned PEM degradation products were also chosen to gain fundamental insight on 

adsorption effects due to specific carboxylic acid and sulfonic acid functional groups. Impacts on 

ORR and ECA for a polycrystalline Pt electrode along with a Pt supported on Vulcan carbon 

electrode were investigated for all compounds studied, and it was determined that ORR activity 

was affected by varying degrees in the order: perfluorinated diacids > long-chain 

perfluorocarboxylic acids > short-chain perfluorocarboxylic acids > perfluorosulfonic acids. 

 In order to gain a more realistic picture of the potential impact PEM chemical 

degradation compounds may inflict, a study involving a series of concentrations and different Pt 
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electrode surfaces was performed. Similar trends in ORR impact based on model compound 

concentration was observed for all Pt surfaces studied, with subtle variations in magnitude 

observed following the order (from largest impact to smallest) polycrystalline Pt > NSTF > 

Pt/Vu. Model compound concentrations as low as 0.001 mM were shown to inflict losses in 

measured ORR current at 0.9 V. 

 Lastly, research was put forth in order to develop a better understanding of the PEM 

degradation model compound adsorption processes. EQCM was utilized for monitoring changes 

in mass taking place at the electrode surface as a function of potential. Results helped confirm 

some of the conclusions made from previous studies about adsorption due to different chemical 

functional groups, and provided further insight on how surface coverage of different model 

compounds was influenced by potential. Diacids DA-Naf and DA-3M, which had previously 

showed the greatest impact on ORR activity, also showed the most resiliency to displacement by 

surface oxides as higher electrode potentials were approached. 

 Conclusions gleaned from the results reported here provide a thorough understanding of 

the adsorption properties of PEM chemical degradation compounds and the adverse effects they 

inflict on ORR activity for Pt electrode surfaces. Recoverability experiments showed strong 

indications that activity losses can be regained after cleaning the catalyst surface with pure water, 

alleviating concerns about potential irreversible losses occurring in real PEMFC systems.   

6.2 Future Research 

 Although the information reported is encompassing can be used in a variety of 

applications and areas of research, there is still room for more research to be done given the 

proper time and resources. A moderately simple experiment utilizing the exact same ex-situ 

techniques discussed in this thesis involves injecting effluent water released from a working 
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PEMFC into an electrochemical cell, and measuring the impact on ORR activity. Relevance of 

this proposed experiment is strong, as the effluent water released by a PEMFC is the very source 

from which PEM chemical degradation products (among other possible PEMFC system 

contaminants), are detected. 

 6.2.1 Electrochemical SEIRAS-ATR 

 In order to obtain the most specific details about the chemical bonds forming between 

studied model compounds and the Pt electrode, spectroscopic methods must be employed. 

Electrochemical surface-enhanced infrared absorption spectroscopy (SEIRAS) attenuated total 

reflection (ATR) is a potential technique that could help elucidate bonding mechanisms. In 

regards to PEM chemical degradation products specifically, although initial adsorption has 

essentially been confirmed to occur through the carboxylate anion, the exact role of the terminal 

sulfonate group has remained elusive. A SEIRAS-ATR electrochemical cell would allow 

spectroscopic information to be obtained from changes in dipole moments from organic 

compounds bonded to the electrode surface, as a function of electrode potential, without 

interference from the supporting electrolyte. The system could potentially be used to determine 

how the sulfonate group is interacting with the electrode surface, whether through direct or 

indirect bonding, a hydrogen bonding network, or by some other means. Although the possible 

results obtained are not guaranteed to be conclusive, further insight would undoubtedly be 

gained. 

6.2.2 In-Situ Studies 

 While ex-situ studies are able to provide the most detailed and fundamental information 

in regards to adsorption processes occurring on an electrode surface, only in-situ investigations 

can provide the most accurate picture of the actual performance losses incurred through the 
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presence of PEM chemical degradation model compound concentrations. Single cell PEMFCs, 

installed on an experimental fuel cell testing station and equipped with an infusion system 

designed to inject contaminating species at a controlled rate, would be able to accurately measure 

performance losses. Comparisons between overall in-situ performance losses and ex-situ ORR 

activity losses would shed light on the reliability of the ex-situ experimental techniques and their 

ability to predict performance losses in real world systems.  
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APPENDIX A  

CONTROL STUDIES REPRESENTING MODEL COMPOUND EXPERIMENTS  

WITH INCREASING CONCENTRATIONS 

 

Control experiments were performed in accordance with the concentration studies 

discussed in Chapter 4 of this thesis. Results for polycrystalline Pt, Pt/Vu, and NSTF electrodes 

are shown in Figures A-1, A-2, and A-3 respectively. Full CVs, partial CVs, and ORR LSV 

curves are displayed. 

The exact experimental protocol used for the model compound contaminant experiments 

was followed sans the actual injection of contaminants. Results shown for the control studies 

include cycle numbers (1st – 4th cycle) correlating to concentrations injected for the 

contamination study (0.001 – 1 mM). ORR activity losses measured in the contaminant study 

were corrected for the measured control activity losses. Activity losses accrued for the 1st cycle 

control experiment were also used as correction factors for the single concentration studies 

discussed in Chapter 3. Strong overlap of each repeated cycle indicates high system purity and 

provides confidence that the observed losses in the contaminant study are due solely to the model 

compounds being injected into the cell and not from impurities in the electrolyte or the 

electrochemical cell. 

Electrochemical glassware cleaning procedures were intense and described as follows: 

first, soak in concentrated H2SO4 for 24 hrs; next, soak in concentrated H2SO4 + NoChromix (an 

oxidizing agent) for 24 hrs; finally, boil in 18.2 MΩ water 6x, rinsing after each boil. Although 

extreme care was taken in cleaning and preparing the electrochemical setup, control losses still 

measured in ORR activity eludes to the extreme sensitivity of the electrochemical measurements. 
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Figure A-1a Control CV studies representing model compound concentration increases for 
polycrystalline Pt. Black dash: baseline; pink dot: 1st cycle; gray: 2nd cycle; red: 3rd cycle; blue: 
4th cycle. 

 

 
 

 
Figure A-1b Control ORR LSV studies representing model compound concentration increases 
for polycrystalline Pt. Black dash: baseline; pink dot: 1st cycle; gray: 2nd cycle; red: 3rd cycle; 
blue: 4th cycle. 
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Figure A-2a Control CV studies representing model compound concentration increases for 
Pt/Vu. Black dash: baseline; pink dot: 1st cycle; gray: 2nd cycle; red: 3rd cycle; blue: 4th cycle. 
 
 

 
 
 

Figure A-2b Control ORR LSV studies representing model compound concentration increases 
for Pt/Vu. Black dash: baseline; pink dot: 1st cycle; gray: 2nd cycle; red: 3rd cycle; blue: 4th cycle. 
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Figure A-3a Control CV studies representing model compound concentration increases for 
NSTF. Black dash: baseline; pink dot: 1st cycle; gray: 2nd cycle; red: 3rd cycle; blue: 4th cycle. 

 
 

 
 
 

Figure A-3b Control ORR LSV studies representing model compound concentration increases 
for NSTF. Black dash: baseline; pink dot: 1st cycle; gray: 2nd cycle; red: 3rd cycle; blue: 4th cycle. 
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A summary of the control cycle ORR activity losses measured for all electrodes studied are 

shown in Figure A-4. 

 
 

Figure A-4 Summary of control ORR activity losses for polycrystalline Pt (black), Pt/Vu (red) 
and NSTF (blue) electrodes. 

 
 

Ideally, the control losses in ORR activity for each cycle would be negligible. However, given 

the care taken in maintaining a clean electrochemical environment, the results shown are indeed 

acceptable and used without concern of undesired/additional contamination. 
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APPENDIX B PERMISSIONS FOR USE OF CHPTERS 3, 4, AND 5 

 

Emails from co-authors were received in response to the following email sent on 20 

August, 11:17 AM: “Dear all, If you are receiving this message, I require a response from you. 

In conjunction with our current protocols for including published material in a thesis, I am 

required to obtain written consent from all coauthors. Can you all please reply to me with your 

consent? Here is an example response: 

 “I, (your name here) hereby authorize Jason M. Christ to use any part, or all of the 

material reported for: submitted publications included in chapters 3 and 4, and planned 

publication included in chapter 5, for his final published thesis.” 

 If you could please respond at your earliest convenience I would greatly appreciate it. 

 Thanks, Jason.”  

 The responses received to the email were as follows: 

 “I, Huyen Dinh hereby authorize Jason M. Christ to use any part, or all of the material 

reported for: submitted publications included in chapters 3 and 4, and planned publication 

included in chapter 5, for his final published thesis.” 22 August, 10:30 AM 

“I, Ryan Richards hereby authorize Jason M. Christ to use any part, or all of the material 

reported for: submitted publications included in chapters 3 and 4, and planned publication 

included in chapter 5, for his final published thesis.” 21 August, 12:29 PM 

“I, Kenneth C. Neyerlin, hereby authorize Jason M. Christ to use any part, or all of the 

material reported for: submitted publications included in chapters 3 and 4, and planned 

publication included in chapter 5, for his final published thesis.” 21 August, 5:36 PM 
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“I, Heli Wang hereby authorize Jason M. Christ to use any part, or all of the material 

reported for: submitted publications included in chapters 3 and 4, and planned publication 

included in chapter 5, for his final published thesis.” 22 August, 9:03 AM 

“I, Charles Bingham Staub, hereby authorize Jason M. Christ to use any part, or all of the 

material reported for: submitted publications included in chapters 3 and 4, and planned 

publication included in chapter 5, for his final published thesis.” 20 August, 5:21 PM 
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