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Abstract

One of the major issues limiting the introduction of polymer electrolyte membrane fuel cells
(PEMFC) is the low temperature of operation which makes platinum-based anode catalysts
susceptible to poisoning by trace amounts of CO, typically present in reformed fuel. In order to
alleviate the problem of CO poisoning and improve the power density of the cell, operating at
temperature above 100 °C is preferred. Nafion® type perfluorosulphonated polymers have been
typically used for PEMFC but cannot function at temperatures above 100 .OC' In addition, higher
temperatures will enable more effective cooling of the cell stacks and provide a means for

combined electrical and heat energy generation.

The solution to improved PEMFCs technology is to develop a new polymer electrolyte
membrane which exhibits stability and high conductivity in the absence of liquid water. A High-
Temperature PEMFC based on a Phosphoric acid (H;POs) doped Polybenzimidazole poly[2,2-
(m-phenylene)-5,5 bibenzimidazole] (PBI) membrane has been developed and demonstrated as
an alternative to Nafion® for operation at temperatures up to 200 °C. PBI membranes, when
doped with phosphoric acid, do not rely on hydration for conductivity; a significantly lower
water content of the membrane, compared to Nafion, is required for proton transport. The
resulting system improvements include; high CO tolerance, simple thermal and water
management, excellent oxidative and thermal stability, and good proton conductivity at elevated
temperatures. Two issues associated with phosphoric acid in the PBI based fuel cell are the lower
activity of the electrocatalysts and the potential loss of the acid into the fuel cell gas/vapour
exhaust streams. The limited oxygen permeability and slow oxygen reduction kinetics in

phosphoric acid is a major limitation for the performance of PBI based PEMFCs.

The kinetics of oxygen reduction in PBI/H3PO4 has been studied in electrochemical single
electrode cells. Several Membrane Electrode Assemblies (MEAs) have been manufactured to
allow optimisation of the electrode performance. Various electrochemical techniques such as
chronoamperometry, polarisation curves and Frequency Response Analysis (FRA) were used to
study and separate the effects of the various phenomena taking place at the electrode surface: IR

losses, mass transport and kinetics. A new Electrode structure utilizing PTFE has been developed

i|Page



allowing higher oxygen permeability and therefore enhanced performance of 0.55 W ¢cm™ with
oxygen and 0.27 W c¢m? with air (atm) at temperature as low as 120 °C. The Platinum loading
was reduced to 0.4 mgp; cm™ at the cathode and 0.2 mgp, cm? at the anode. Further reduction of
cathode platinum loading to 0.2 mgp cm™ was achieved without dramatic drop in the

performance by utilising Pt based binary alloy catalyst (Pt-Co/C).

A simplified thin film steady-state, isothermal, one dimensional model of a proton exchange
membrane fuel cell (PEMFC), with a polybenzimidazole (PBI) membrane, was developed. The
electrode kinetics were represented by the Butler-Volmer equation, mass transport was described
by the multi-component Stefan Maxwell equations and Fick’s law, and the ionic and electronic
resistances described by Ohm’s law. The model incorporated the effects of temperature and
pressure on the open circuit potential, the exchange current density and diffusion coefficients,
together with the effect of water on the acid concentration and ionic conductivity. The
polarisation curves predicted by the model were validated against experimental data for a

PEMFC which included the effect of temperature and oxygen/air pressure on cell performance.

An additional problem which faces the introduction of PEMFC technology is that of supplying or
storing hydrogen for cell operation, especially for vehicular applications. Consequently the use
of alternative fuels such as methanol and ethanol is of interest, especially if this can be used
directly in the fuel cell, without reformation to hydrogen. A limitation of the direct use of alcohol
is the lower activity of oxidation in comparison to hydrogen, and hence to improve activity and
power output higher temperatures of operation are preferable. The performance of a high
temperature direct methanol fuel cell (DMFC) using PBI based electrode assemblies was
investigated. The performance of the system was limited by poor methanol oxidation kinetics in
a phosphoric acid environment and consequently power performance was inferior to that

achieved with low temperature DMFCs based on Nafion membranes.
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Chapter One: Introduction and Objectives

1 Introduction and objectives

1.1 Overview

Proton exchange membrane Fuel Cells (PEMFC) have been considéred as a suitable alternative
to internal combustion engines because of their high power density, high-energy conversion
efficiency and low emission level. However the current Proton Exchange Membrane Fuel Cell
technology suffers several limitations. These limitations are due to the inherent difficulties of
hydrogen production, purity, distribution and storage, and secondly a function of the membrane
upon which the technology has been based thus far. For membrane materials such as Nafion®,
and similar to perform as highly effective proton conducting materials, they need to be fully
hydrated during operation and therefore operate at temperatures lower than 80 °C. Such a
limitation in operating temperature results in several technical problems, which have delayed

commercialization and require costly solutions.

With current PEMFCs; decreased catalytic activity and increased sensitivity to poisonous species
such as sulphur and carbon monoxide [1], capable of deactivating catalyst materials, are
significant at low temperatures. The operating conditions dictate that noble metal catalysts and
high cost polymer membranes are required [2], along with complex system construction and
operation with respect to water and thermal management [3]. Further challenges for technology
development include: fuel supply, low value of heat energy [4], low overall efficiency (~30%),
limited co-generation of heat and power for stationary applications and poor integration with

hydrogen fuel supply systems (reformers) [5].

Developments of High Temperature PEMFC technology will doubtless aid in the rapidly
growing area of alternative fuels for fuel cells [6]. Direct use of methanol and ethanol is an
option for many fuel cell applications, since elimination of the fuel pre-processors for reforming
and CO removal is desirable [7]. However, direct ethanol fuel cell technology is far from
satisfactory as anode catalysis is not sufficiently active at temperatures below 100 °C. High
temperature operation will improve the overall fuel cell performance and allow the use of

renewable and sustainable carbon neutral fuels.
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The solution to improved PEMFCs technology is to develop a new polymer electrolyte
membrane which exhibits stability and high conductivity in the absence of liquid water. Many
different types of alternative high-temperature polymer electrolyte membranes have been studied
[8-10]. One of the most promising is acid-doped poly [2,2-(m-phenylene)-5,5 bibenzimidazole]
known as PBI. Polybenzimidazole (PBI) is a relatively low cost ($70-100/1b) non-perfluorinated
basic polymer (pK, = 5.5) easily doped with strong acids to form single phase polymer
electrolyte [11, 12]. PBI was firstly proposed by Aharoni and Litt [13] and later demonstrated
by Savinell, Wainright et al [14, 15] as a polymer electrolyte in its acid doped form.

Savadogo and Xing [16] compared the conductivity of PBI membranes doped in various acids,
and found that the conductivity changes are in the order of H,SO, >H;P0O, > HC1O4 > HNO; >
HCI1 for high doping levels. While PBI films are not stable (dissolve) in hot concentrated
sulphuric acid, phosphoric acid offers many advantages over the other studied acids at elevated
temperature, including: excellent thermal, chemical and electrochemical stability at the operating

conditions of fuel cells [17] and low volatility at temperatures above 150°C.

PBI membranes, when doped with phosphoric acid, do not rely on hydration for conductivity; a
significantly lower water content of the membrane, compared to Nafion, is required for proton

transport. The resulting system improvements include:

e High CO tolerance: Li et al [1] report a CO tolerance of 3% CO in hydrogen at current
densities of 0.8 A cm? at 200 °C and 0.1% CO in hydrogen at 125 °C and current
densities lower than 0.3 A cm’, where CO tolerance is defined by a voltage loss less than
10 mV. Samms et al [3] similarly reported CO tolerance of 1% at 170 °C.

e Simple thermal and water management, excellent oxidative and thermal stability [11].

e Good proton conductivity at elevated temperatures: Acid-doped PBI has a very good
proton conductivity and thermal stability at temperatures up to 200 °C [5, 15, 18-20].

o Near zero electro-osmotic drag [21]: which means that the proton transport through the

PBI membrane does not involve water transport.

Low gas permeability [22] and methanol crossover [23, 24].
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e Excellent oxidative and thermal stability and good mechanical flexibility at elevated
temperature up to 200 °C [25].
e More effective cooling of the cell stacks and provides a means for combined electrical

and heat energy generation [4].

1.2 Limitations

Two issues associated with phosphoric acid in the PBI based fuel cell are the lower activity of
the electrocatalysts and the potential loss of the acid into the fuel cell gas/vapour exhaust
streams. The limited oxygen permeability and slow oxygen reduction kinetics in phosphoric acid
(phosphates and impurities within adsorb on platinum) is a major limitation for the performance

of PBI based PEMFCs.

1.3 Project Objective

The aim of this research is the design, fabrication, electrochemical testing and evaluation of

electrodes for phosphoric acid doped PBI high temperature PEMFCs.

The research program was comprised of the following goals:

¢ Synthesis and characterisation of PBI polymer and films, as they are no longer available
commercially for fuel cell research.

e Obtain kinetic and mass transport information on oxygen reduction at PBI/H3;PO,
interface by testing several electrodes’ performance in three-electrode cell.

e Fabricate HT-PEMFCs membrane electrode assemblies and compare and optimise their
performances from the collected polarisation curves.

e Utilise other electrochemical techniques such as frequency response analysis and
chronoamperometry to provide further information about electrode performance.

e Test system tolerances to CO/CO; in order to estimate the system performance under

reformate.
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o Investigation of methanol as an alternative anode fuel for HT-PEMFCs.
e Development of a simple one dimensional model for PBI fuel cell allowing increase
understanding of their behaviour, enable prediction of their performance and assist with

their operational control.

This thesis is divided into eight chapters.

In Chapter 1, an overview of high temperature fuel cell with a focus on PBI based is presented.

Chapter 2, describes PBI and other high temperature polymers synthesise and characterisation in

terms of proton conductivity, methanol cross-over and mechanical properties. -

Chapter 3, describes half cell tests (three electrode cell) used to obtain kinetics information
regarding oxygen reduction reaction in PBI/phosphoric acid interface. The three phase
boundaries are also discussed and the effect of ionomer properties (permeability, density &

conductivity) and content in the catalyst layer are investigated.

Chapter 4, data from several fuel cells is presented and discussed. The effects of catalyst
thickness (Pt:C ratio), PBI, acid & catalyst loading, and binder/electrolyte materials; for both

anode and cathodes are investigated along with CO/CO; tolerance.

In Chapter 5, data from a three electrode cell is discussed for methanol oxidation in phosphoric

acid/PBI interface. High temperature direct methanol fuel cells are also fabricated and analysed.

In Chapter 6, chronoamperometry data is presented to establish the contribution of mass
transport on system performance. EIS (electrochemical impedance spectroscopy) is also used to
provide further information about electrodes structure and effect on the overall cell performance.
A simplified circuit model is built and an attempt is made to relate the circuit components to the
physical phenomenon taking place at the electrode surface in terms of kinetics, mass transport

and IR losses.
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In Chapter 7, one dimensional isothermal fuel cell model is developed. The model is used to
simulate the influence of operating condition, cell parameters and different fuel gas compositions

on the cell voltage current density characteristics.

In Chapter 8, conclusions of the study are presented which form the basis for the

recommendations for future work.

Due to the diversity of the chapters’ topics, the relevant literature reviews are provided

separately for each chapter.
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2 Preparation of High Temperature Membranes

In this chapter, PBI and SPEEK polymers were synthesized and characterized in terms of degree
of sulfonation using 'H-NMR (SPEEK), molecular weight distribution, using GPC (PBI) and
chemical structure using FTIR (PBI).

Membranes were later prepared either directly from the synthesised polymers or with composite
materials (TiO;). The prepared membranes were characterized in terms of their mechanical

properties (tensile stress), methanol permeability and proton conductivity.

2.1 Introduction

In the recent years research has been carried out trying to develop ionically conducting polymer
electrolyte membranes that operate at temperatures above 100 °C. According to the proton

conduction mechanism, these membranes can be classified in to three main groups [1]:

Sulfonated polymers: where the polymer is modified by bonding acidic groups (such as sulfonic
group SO™) onto the backbone as side chain, making it exhibit ionic conductivity. Most common
candidates that exhibit good thermal and chemical stability are: flouropolymers (Nafion), silicon-
based (polysiloxanes) or aromatic hydrocarbons such as polybenzimidazoles (PBI),

polyetheretherketone(PEEK) and polysulfones (PSF).

Inorganic-organic composite: this is usually obtained by incorporating solid inorganic proton

conductors such as zirconium phosphates or hetropolyacids into a polymer matrix, which can be
functionalised (ionic conductive) or not. Incorporating hygroscopic nano-crystalline oxides such
as TiO; or SiO; into functionalized polymer matrix, helps in retaining water, increasing the

operating temperate limit.

Acid-base polymer complexes: polymers (amide, ether or alcohol) have basic properties (hold

basic sites) and as such can easily react with strong acids by establishing hydrogen bonds in acid-
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base complex systems, this in some cases can lead to the formation of blend membranes between
a polymer, exhibiting acidic properties, and another exhibiting basic properties, such as
polybenzimidazole (basic)-sulfonated polyetheretherketone (acidic) blend [2]. Another good
example of acid-base complexes is phosphoric acid doped PBI; PBI exhibits good thermal and
mechanical properties arising from the presence of three benzene rings in the polymer backbone
while phosphoric acid offers excellent thermal, chemical and electrochemical stability
accompanied by low volatility under fuel cell operating conditions, at temperatures above 150
°C.

Among the three main groups, three candidates were selected for investigation in this research:
i. Sulfonated polyetheretherketone, a much cheaper to produce polymer compared to
solfonated flouro polymers.
1l Phosphoric acid doped polybenzimidazole, a promising acid-base complex that
exhibits good proton conductivity at elevated temperatures. -
iii. Titania based composite membranes using SPEEK, acid doped PBI and Nafion as

polymer materials.

2.2 Polymers Synthesis

2.2.1 Sulfonated polyether-ether-ketone (S-PEEK) polymer synthesis

Polyether-ether-ketone is a class of polymers consisting of sequences of ether and carbonyl
linkages between phenyl rings. PEEK is commercially available under the name of Victrex®
PEEK™ (ICI advanced materials, U.K). PEEK is a high performance thermoplastic material with
excellent friction and wear properties, high stability at elevated temperatures (Tg 143-145 °C and
Tm 340 °C), excellent resistance to wide range of chemical environment and good electrical
properties over wide range of frequency and temperature. However, PEEK is similar to PBI in
the fact that its proton conductivity as pristine materials is very low (less than 10* S cm'l) and

requires function groups to facilitate proton conduction. While in the case of PBI, there is a
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maximum of two sites available for the acid to bond to, any excess acid will be mobile in the
polymer matrix; Poly-aryl-ether-ketones can be sulfonated directly by reacting it with
concentrated sulphuric acid [3], or prepared indirectly from sulfonated monomers [4]. The level
of sulfonation is dependant on the number of aromatic rings bridged by oxygen atoms (Fig. 2-1),
as only O-phenyl-O units can be sulfonated, while O-phenyl-CO groups remains un-sulfonated.
Therefore, increasing the number of ether groups relative to carbonyl groups leads to an increase

in the available number of sulfonation sites on the polymer backbone.

SO3H
o H,S0, 95-98%wt o
| — 1
o o C (o} o C
30~35°C
n n
Poly ether ether ketone (PEEK) Sulfonated poly ether ether ketone (S-PEEK)

Figure 2-1. Direct synthesis of polyetheretherketone.

A wide range of equivalent weights can be obtained from the direct sulfonation of PEEK
depending on the reaction conditions; the substitution with sulfonic groups is Ortho directed due
to the high activity of the four equivalent sites [5] in the hydroquinone unit between the ether

segments. The extent of sulfonation is a function of:

Temperature: At room temperature (22 °C), the IEC increases slowly with sulfonation time and
almost reaches a plateau at about 1.7 (mEq g"), at higher temperature (e.g., 55 °C), the IEC
increases sharply, the first-type substitution (2.56 mEq g™') nearly comes to an end in about 5
hrs, then surpasses this value, which corresponds to 100% Ortho substitution. This implies that
another type of substitution has been initiated at higher temperature (55 °C), in other words,

more than one sulfonic group has been attached to one repeating unit of PEEK [6].

Sulphuric acid concentration: increasing the concentration above 98% (100%) leads to cross-

linking due to sulphone formation [7].
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Reaction time; as mentioned above the reaction time affects the sulfonation degree, depending on
the reaction temperature. To achieve 100% Ortho substitution can take up to 700 hrs at room
temperature {8] and 5 hrs at 55 °C [6]. However the initial PEEK to acid ratio does not affect the

progress of the reaction [9].

2.2.2 Polybenzimidazole polymer synthesis

Brinker and Robinson disclosed the synthesis of aliphatic polybenzimidazole in 1959 [10]. Two
years later, Vogel and Marvel [11] were the first to prepare poly[2,2-m-(phenylene)-5,5-
bibenzimidazole] from 3-3-diaminobenzidine and aromatic dibasic acids at temperatures 200-
350 °C.

Iwakura et al [12] prepared polybenzimidazoles from 3-3-diaminobenzidine hydrochloride
(DAB) and isophthalic acid (IPA) in poly-phosphoric acid (PPA) by solution poly-condensation
at temperatures between 170-200 °C, according to the reaction below (Fig. 2-2). Offering lower
reaction temperature and homogeneous solution polymerization, however, the proposed reaction
has a major disadvantage arising from the necessity of working at low solid content (3-5 %) and

therefore the recovery and re-use of Poly-phosphoric acid.

Isophthalic acid
P Water

o o H-0-H

| |
H-0-C C-0-H
@ )
PPA N N
+ — 4 \
170~200 °C c c
N /
HN NH, "‘ ’;‘
HzN NH!

Diaminobenzidine

poly[2,2-m-(phenylene)-5,5-bibenzimidazole)

Figure 2-2. Synthesis of polybenzimidazole using solution poly-condensation route,
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The most practical process for an engineering scale is the solid-state polymerization. Plummer
and Marvel used melt polymerization to produce Polybenzimidazoles [13] following pioneering
work by Vogel and Marvel [14], starting from diaminobenzidine (DAB) and diphenyl
isophthalate (DPIP) according to the reaction below (Fig. 2-3):

Water
H-O0-H
Dipheny! isophthalate +
(o] Pheno!

l .
c-0 O—-H

‘ +
Triphenylphosphite N N
+ T X
250~370 ° N /
HN NH; h N

H:N NH, ‘

Diaminobenzidine

poly[2,2-m-(phenylene)-5,5-bibenzimidazole]

Figure 2-3. Synthesis of polybenzimidazole using melt polymerisation route.

The synthesis typically involves two stages: Initial heating:, melt polymerization at temperatures
200-300 °C until a pre-polymer with inherent viscosity of 0.13-0.3 dl g”!, on average takes 0.5 to
3 hours [15]. This is followed by a second step, where the polymer is powdered and reheated to
390-400 °C for a period 1.5-3 hours increasing the molecular weight of the polymer and

consequently its inherent viscosity [16].

Hedberg and Marvel [17] demonstrated a single stage reaction similar to the poly-condensation
reaction; however, they have substituted PPA with sulfolane, which is easily recovered by
distillation.

Foster and Marvel [18] suggested replacing DAB with Benzophenone-3,3',4,4"-tetracarboxylic
dianhydride (BTDA) to obtain more soluble polymeric products.
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Recently, Kim et al [19] and Shin et al [20], prepared a new precursor to prepare

polybenzimidazoles utilizing a new synthesis route at low temperatures.

Polymer prepared with both methods exhibit inherent viscosities in the range of 0.6-0.8 dl g’
when measured as 0.4 g of PBI in 100 cm® of 97 % sulphuric acid at 25 °C in glass capillary

viscometer.

Ln[ flowtime of solution/ flowtime of solvent]
Solution concentrationin (g dl™ )

ninherenl = I‘V' =

To be able to obtain membranes with good mechanical properties from polybenzimidazole (PBI)
polymer, the polymer should have an inherent viscosity from 0.8 to 1.1 dl g 211,

The intrinsic viscosity is obtained from the inherent viscosity [22] using the equation:

[’7] =1 '0585ninherem [2]

The intrinsic viscosity directly depends on the molecular weight of the studied polymer [22, 23];

the Mark-Houwink equation describes this dependence:

[n]=x M 3]

Where [n] is the intrinsic viscosity, K and a are constants the values of which depend on the
nature of the polymer and solvent as well as on temperature and M,, is the average molecular
mass.

Values for K =1.35326x10*& a = 0.73287 were given [22, 23] for a molecular weight range of
2.1 to 1800 kDa. Other value for K=3x10* & a = 0.75 were given [24] over a narrower range of
7 to 51 kDa (Fig. 2-4). The erliear values from [22, 23] were used in this study due to their
validity over wider range of molecular weight and the good agreement with the values obtained

using Gel Permeation Chromatography (GPC) for molecular weight distribution analysis.
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Figure 2-4. Molecular weight & intrinsic viscosity relation using Mark-Houwink equation.

Polymer with higher molecular weights can be achieved, by either altering the reaction
conditions, such as the monomer ratio or addition of catalyst or by extracting high molecular
weight material from the polymer using an appropriate solvent (fractionating) [25]. The latest
was used by Case Western University to obtain high molecular weight PBI from commercial
powder [26]. Several catalysts have been suggested for PBI synthesis, most of which are
phosphorus based [27, 28]; such a catalyst was used for the melt polymerization route with one
stage or two stages [15, 22]. Similarly, in the poly-condensation route, poly-phosphoric acid is
used as solvent, with or without the addition of P,Os as catalyst.

Other suggested catalysts are arylhalo phosphorus based [23], organosilicon halide based [29],
tin based [30] and aryl phosphonic based [31].

More recently, Choe [32] studied several phosphorus based catalyst and monomers for PBI

production using melt polymerization; among several catalysts studied,

dichlorophenylphosphine gave superior results, leading to PBI with an inherent viscosity of 1.5
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dl g with an optimum concentration around ~1% wt based on the weight of DPIP or IPA

depending on which monomer was used for the synthesis.

For the lab scale production in this research, the poly-condensation route using PPA was more
favourable over the solid state route, due to the following difficulties encountered in the solid
state reaction:
e Monomers used in solid-state reactions are very sensitive to oxygen, so the reactor has to
be degassed several times and purged continuously with nitrogen during the reaction, or
| operated under high vacuum conditions.
e Adhesion of polymer product to the reactor walls.
e Melted ionomers without solvent have very high viscosity make the mixing very difficult.
e Poor thermal conductivity of the ionomers and the polymer product, lead to slow heat

transfer from reactor walls to the reacting core.

In order to enhance the molecular weight of the prepared polymer a small quantity of
dichlorophenylphosphine (1.5%wt of IPA) can be added as catalyst during the synthesis process
[32]. Even though the suggested catalyst proved to be useful in the melt polymerisation route, no

information is available on its effects on the adopted poly-condensation method.

2.3 Experimental

2.3.1 PBI polymer preparation

In the proéedure for preparation of PBI, 0.025 moles (5.36 g) of 3-3-diaminobenzidine (99%
Aldrich) was reacted with 0.025 moles (4.15 g) of isophthalic acid ((99% Aldrich) in 311.85 g of
poly-phosphoric acid (Aldrich) by solution poly-condensation at temperature of 200 °C.

DAB was first added to PPA, at room temperature, while stirring and purging with nitrogen and
0.063 g (1.5% wt of IPA) of the catalyst dichlorophenylphosphine (97% Aldrich) was then
injected. The mixture was then heated to 200 °C under nitrogen, and the IPA was introduced.
Initially the mixture colour turned to dark blue/green and after ~30 mins the mixture became
purple. This was accompanied by an increase in volume due to formation of bubbles (foam).

Even though water vapour (bubbles) formation was rapid, PBI synthesis requires much longer
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times as the water evolution is the second most rapid reaction in the condensation after the amine
reaction [33]. After 9 hrs the mixture was poured into cold de-ionised water to stop the reaction.
PBI was obtained as a yellow precipitate; the precipitate was washed with sodium hydroxide
solution, until neutralisation. Further washing with dilute hydrochloric acid was introduced to
remove un-reacted monomers. The powder was then immersed in a saturated solution of sodium
bicarbonate overnight. Finally, PBI powder was boiled, rinsed thoroughly with de-ionised water,

dried and pulverized.

During the synthesis of PBI, addition of catalyst increased the inherent viscosity of the polymer
product from 0.8 to 2.4 dI g™, corresponding to an increase in average molecular weight from 17
to 62 kDa, but also broadened its polydispersity (MWD). For example, when the concentration
of dichlorophenylphosphine was increased from 0 to 0.57 to 0.86 %wt (of DPIP) the
polydispersity increased from 2.56 to 3 to 3.3, respectively [32]; comparable results were
obtained experimentally. Increasing the dichlorophenylphosphine concentration from 0 to 1.5

%wt (of IPA) lead to MWD increase from 2.8 to 4.6.

Two samples from the same PBI batch (using dichlorophenylphosphine as catalyst) were
dissolved in DMAc, one at room temperature and the other at 250 °C and their molecular weight
distributions were determined. The sample dissolved at room temperature was 100 % soluble,
whilst the sample dissolved at 250 °C required filtration to remove approximately 10 %wt of a
non-soluble part. The resulting molecular weight distributions are given in Table 2-1 and
compared with those of a commercially available PBI and PBI synthesised without catalyst. PBI
synthesised using catalyst had a much higher molecular weight. The polymer obtained after
dissolving in DMAc at low temperature had a higher molecular weight than that dissolved at 250
°C. The observed reduction in the average molecular weight and narrowed polydispersity, after
heat treatment, can be attributed to cross-linking occurring during heat treatment with DMAc,
where 10 wt% of the polymer become insoluble. Plummer and Marvel [13] found that
polybenzimidazoles prepared from DAB underwent cross-linking when heated above 350 °C
where they became insoluble in all known solvents. Similarly, Colson et al [34] prepared

polybenzimidazole films starting from DAB, and found that the prepared polymers became
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insoluble in common organic solvents after heating above 140 °C (cross linking), especially those

exhibiting high inherent viscosity (1 — 1.5 dl gh.
2.3.2 SPEEK polymer preparation procedure

I.n the preparation of the polymer, 30 g of oven dried PEEK 450P M,~39000 Da (Victrex, U.K)
was added to 1.5 dm® of 95-98% sulphuric acid (Aldrich) in a water jacketed flask under
vigorous stirring at room temperature. The temperature was then increased rapidly to 35 °C and
after 3 hrs the solution colour became reddish-brown and all the PEEK pellets were dissolved.
The temperature was maintained with a water bath equipped with heating/cooling controller
(Grant) until the desired reaction time was reached.

To terminate the sulfonation reaction, the solution was poured gently into a large access of ice-
cold water under continues mechanical agitation. The creamy-white coloured precipitate
(SPEEK) formed was a difficult to filter colloid, which was then separated with centrifuge. The
obtained polymer was washed and centrifuged several times until the pH was close to neutral.

Finally, the powder was filtered using a 0.2 um pore size cellulose acetate membrane and dried

at 100 °C under vacuum.

2.4 Polymer Characterisations

2.4.1 Sulfonation degree determination using TH-NMR

The sulfonation degree is given by:

_ sulfonatedrepeating units
total number of repeating units

x100% [4]

'H NMR spectra of SPEEK was used to determine the degree of sulfonation (DS). A 2-5 wt%
solution of the SPEEK in DMSO-ds (Aldrich) was prepared and measurements were obtained
using a Bruker NMR spectroscope.
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The presence of sulfonic group causes 0.25 ppm down-field shift in the hydrogen Hg signal (~
7.5ppm) compared with that of Hc and Hp of the same hydroquinone ring. All the four Hp's
signals appear at low field (to the left of Hg) due to the de-shielding effect of the carbonyl group
[35]. The intensity of the Hg signal is directly related to the Hg content in the polymer and

therefore the degree of sulfonation per repeat unit.

\
( Hc Ho Hs Ha o Ha Hs
|
_-oQo@é‘@—
Hg Ha
He SOH B A Ha Hs

J
Sulfonated poly ether ether ketone (S-PEEK) n

The DS can be derived from the ratio of the area under the Hg peak (AHg) and sum of the areas

. of the all the other aromatic hydrogen peaks (AHu a' g 5’ c p) using the equation below [36]:

DS 4H,
12-2DS Y 4H

(3]

A4,4,8.8',C,.D

For example, for an integrated areas (A) under the peak of Ha o', He and Hpp'c,p 0f 5.97, 1 and

9.915, respectively, a sulfonation degree of 67.1% was determined.
Figure 2-5 shows the typical NMR spectra for SPEEK, the increase in the peak intensities can be

easily seen with an increase in the sulfonation degree (DS) from 29.05, 49.08, 70.79 & 89.87,

respectively.
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Figure 2-5. '"H-NMR spectra of SPEEK at various sulfonation degrees.

Alteratively, the DS was determined by titration: 1-2 g of SPEEK was placed in 0.5 M sodium
hydroxide and left for a day to fully react, the solution was then back titrated using 0.5 M HCl
and phenolphthalein as indicator [37]. The titration method was only used to confirm the results
obtained from NMR spectroscopy, as it requires large amounts of polymer to carry out the
titrations with reasonable accuracy (error ~20%).

Figure 2-6 shows the effect of reaction time on sulfonation degree at the studied reaction
temperature of 35 “C, where it can be seen that the sulfonation degree exhibited a logarithmic

dependence with reaction time.

Increasing the sulfonation degree lead to an increase in conductivity and on the other hand
greater swelling and brittleness. For sulfonation degrees < 30%, SPEEK is insoluble in most
organic solvents or water, while for sulfonation degree above 70% the polymer become soluble
in methanol and partially soluble in hot water. The complete sulfonation of PEEK leads to fully
water soluble polymer [38]. A sulfonation degree around 60% was found to be a good

compromise between conductivity and mechanical properties (brittleness and swelling) [39]
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Figure 2-6. Effect of reaction time on sulfonation degree as measured by 'H-NMR.

2.4.2 PBI Molecular weight distribution using GPC

Gel Permeation Chromatography (GPC) was carried out by RAPRA technologies (U.K) using
HPLC (Waters model 150C, U.S.A) equipped with PLgel guard plus 2 mixed bed-B columns (30
cm, 10 pm). Prior to tests the system was calibrated with narrow distribution poly(methyl
methacrylate) calibrants. The solvent used (for measurements and calibration) was
dimethylacetamide (DMAc) with 1 % added lithium chloride as stabilizer.

The nominal flow-rate used was 1.0 mL min™ at operating temperature of 80°C. Refractive index
was used as the detection method. Data capture and subsequent data handling was carried out

using Viscotek ‘Trisec’ 3.0 software.

The obtained PBI distribution from GPC with no added catalyst showed a Gaussian normal
distribution for narrow distributed batches, whilst with catalyst addition a wide bi-modal or

multi-modal distribution (polydispersity) was observed (Fig. 2-7). This behaviour is normally
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observed in polymers and particularly in radical polymerization. Either there are two different
reaction routes leading to bi-modal distribution or this is a consequence of the Trommsdorff or
gel effect. The Trommsdorff effect is a peculiar auto-acceleration phenomenon that takes place at
intermediate or high conversions and is caused by diffusion limitations that only hinder the
termination step. This results in an increase in rate of polymerization where a noticeable amount
of heat is suddenly produced when the viscosity is relatively high and mass and heat transfers are
hindered [40].

Addition of catalyst may have led to radical polymerization, accompanied by the Trommsdorff
effect, which explains the bi-modal distribution obtained. The presence of radical sites explains
the cross-linking after the heat treatment. Gehatia and Wiff [41] studied the molecular weight
distribution of polybenzimidazole polymers and they similarly found it to be of multi-modal

nature.

Table 2-1. Effect of catalyst on PBI molecular weight and poly-dispersity.

Sample Mw Mn Mw/Mn
Commercial (dissolved) 170,000 . 65,700 2.6
Liquid form (Aldrich) 171,000 65,400 2.6
Synthesised 186,000 66,500 28
without catalyst 179,000 63,000 2.8
Synthesised with catalyst dissolved at 415,000 88,100 4.7
250°C 412,000 91,900 4.5
Commercial 158,000 57,300 2.6
Powder form (Aldrich) 154,000 58,300 2.6
Synthesised with catalyst dissolved at 623,000 116,000 5.4
room temperature 609,000 112,000 5.4

In Table 2-1 the M, is the weight average molecular weight given by:
S N M}
M, =5 ——
w Z N‘-M, [6]
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M, is the number average molecular weight given by:
D N.M,

N; is the number of molecules of molecular weight M;.

M (7]

125
i
Sample C Sample S
| Commercial solution Synthesised with
1.00 1 catalyst dissolved at
Sample D room Temp
| Synthesised without
Gt catalyst
2 0751
<l ‘ Sample C
= } Commercial powder
= | Dissolved atroom T
3 0.>01
‘ Sample H
i Synthesised with
. | catalyst dissolved at
0.25 1 250°C
000
3.00 7.00

Figure 2-7. Molecular weight distribution using gel permeation chromatography.
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2.4.3 PBI Chemical structure using Fourier transforms infrared spectroscopy (FTIR)

The main infrared spectra of PBI have been discussed previously in several publications [42-47].
In this study, the focus was in the range of 2000 to 4000 cm” where most of the informative N-H
stretching modes occur in order to confirm the chemical structure of the synthesised polymer.
Below 2000 cm™ the spectrum is characterized by some narrow peaks attributed to localized
normal vibrations of the phenyl groups (pristine PBI) [44] and hydrogen bonds between acid
anions and the polymer (doped PBI) [48].

The spectra of commercial PBI (Aldrich) and home-made PBI are compared in both film form
(Fig. 2-9) and in powder form mixed with KBr (Fig. 2-8). The obtained spectra of the
synthesised polymer match that of the commercial material very closely. The results obtained
from the powder samples were sharper, with clearer peaks, unlike the spectra from the film
samples. Spectra from the KBr/powder mixture disc shown in Figure 8 did not contain a medium
peak at 3615-3618 cm’! corresponding to the stretching of the O-H bond from the absorbed water
[46] by the polymer. By observing the spectra in figures 2-8&2-9, the following bands can be

identified:

e Isolated free N-H stretching at 3395-3414 cm'(strong) [44].

e Imidazole and benzene rings overtone at 3185 cm™ (weak) [47].

e Ring associated C-H groups stretching at 3050-3065 cm’' (medium).

e C=C and C=N stretching at 1624-1629 cm(very strong).

e Vibration of the Imidazole ring at 1282-1287 cm™'(very strong).

e No DMACc traces were found (no C-H stretching from CHj in DMAc at 2940 cm").

The bands obtained above confirm the structure of PBI and confirm the presence of the

imidazole ring and the three N-H distinguishable bands at 3410, 3145 and 3065 cm™, which is in
very good agreement with the previous reported work on PBI spectra [42-47].
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2.5 Membrane preparations

2.5.1 Preparation of SPEEK membranes

A solution of 5% wt of the SPEEK in DMAC was prepared with the aid of gentle heating. The
solution was poured onto optical flat Pyrex glass, and spread by means of a doctor blade. The
solution was left to evaporate in an oven at 80 °C for several hours. Finally, the formed

membranes were cured at 150 °C under vacuum for 4 hours.
2.5.2 Preparation of PBI Membranes

PBI powder (IV = 0.7-0.9 dl g!) was dissolved in N,N dimethylacetamide (DMAc) at a
temperature of 250 °C (80 °C above the boiling point of DMAc) in an autoclave. In this
procedure, the autoclave was purged with nitrogen and heated gradually to 250 °C, whilst the
equilibrium pressure was increased to 6 bars. The temperature was then held for 5 hours with the
solution stirred to allow the majority of the polymer to dissolve. Lithium chloride (2 % wt) was
added to the solution in order to prevent the ‘phasing out’ phenomenon [49]. The cooled solution
was then filtered to remove the un-dissolved polymer. The solution was then poured onto an
optical glass and kept in an oven at a temperature of 90 to 110 °C for 12 hours to produce a 40-60
pm thick membrane. The formed membranes were then cured at temperatures of 200°C for 2 hrs
to remove any traces of DMAc. After cutting the membrane into several samples, residual traces

of solvent and lithium chloride were removed by boiling in de-ionised water for 1 hour,

2.5.2.1 PBI membrane doping Level

Pristine PBI has a negligible conductivity of 2-8x10% S m™ (at 25 °C and 0-100% RH [50]) and
it requires doping with phosphoric acid to facilitate proton conduction: the higher the doping
level the higher doped-PBI conductivity. However, PBI mechanical properties and tensile stress
deteriorate dramatically by increasing the doping level. Doping was achieved by immersing the
membranes in a phosphoric acid solution of known concentration for a minimum period of 4
days at room temperature. After doping, the membranes were dried under vacuum at 110 °C until
a constant weight was achieved [51]. The doping level was calculated from the membrane

weight gain before and after doping [52].
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The effects of doping level on membrane tensile stress and proton conductivity were previously
studied by Li et al [52]; they found that for PBI membranes with medium molecular weights, i.e.
IV between 0.6 and 0.9 dL g'l, the optimum doping level was around 5 moles H;PO,; per PBI
repeat unit where a compromise between conductivity and mechanical properties was achieved.

The doping level was affected by the following factors:

Acid concentration: increasing acid concentration increased the doping level or acid uptake.

Figure 10 shows this dependency at room temperature for a membrane with thickness in the
range of 40 pm to 60 pm. Whilst the maximum amount of bonded acid to polymer backbone
(imidazole ring) is 2 moles per mole polymer (2 PRU), the rest of the acid is freely mobile in the
polymer matrix and held by hydrogen bonds.

Doping temperature; increasing the temperature will enhance acid diffusion to/within the

polymer film, for example increasing the temperature from 20 to 60 °C (at fixed concentration of

11 M) increased the doping level from 4.5 to 6.8 per repeat unit.

Membrane thickness: the thicker the polymer film the larger the film equilibrium acid uptake,

however, such equilibrium might take longer to achieve. For example, for a fixed 85% wt/wt
H;PO4 (14.7 M) concentration, membrane films with thickness of 40 pm to 60 pm achieved
doping level of ~9.8 per repeat unit, whilst a doping level of 14 per repeat unit was achieved

when the thickness of the membrane films was in the range of 90 pm to 110 pm.
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Figure 2-10. Variation of PBI doping level with phosphoric acid concentration.

2.5.3 Preparation of nano-composites membranes

Watanabe et al [53, 54] proposed a self humidifying composite membrane with highly dispersed
nano-size metal oxides with or without the addition of nano-size (1-2 nm) platinum. The nano-
crystalline platinum inside the membrane will catalyse the reaction between H, which had
diffused through the membrane (crossover) and oxidant (O2), generating water inside the
membrane. This makes it possible for water dependant membranes to operate at low humidity or
without external humidification [55]. However, the addition of Platinum to the membrane is an
expensive solution accompanied by the increasing risk of hot spots generation. On the other
hand, hygroscopic nano-crystalline oxides such as TiO; or SiO; will retain some of the produced
water within the composite membrane. In the preparation of the membrane, titania can be mixed
directly with an appropriate solution of the ionomers and cast on flat surface [56, 57], or

impregnated as titanium alk-oxide into the membrane which is hydrolysed to form titanium
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dioxide [58]. However, when using the latter technique only low percentages (~2%) of TiO, can
be achieved.

In this work the recast from solution technique was chosen to prepare composite membranes of 5
%wt TiO, in Nafion™, SPEEK and PBI, due to the ease and precision in controlling the amount
of TiO, added. Starting from solutions of 5% wt of Nafion 117 in low aliphatic alcohols
(Aldrich), 5% wt of SPEEK in DMAc (home-made) and 5% wt PBI in DMAc¢ (home-made), an
appropriate amount (5%wt of dry composite polymer) of nano-metric size (<25 nm) titanium
dioxide (99.7% Aldrich) was added and dispersed by means of ultrasonic bath. After reaching a
suitable viscosity, the solution was cast on an optical flat Pyrex glass at 80 °C, and then
thermally treated at 150 °C for PBI & SPEEK and 110 °C for Nafion. For comparisons the
following membranes were used: commercial Nafion 117 (184 um) and in-house casted Nafion,
SPEEK and PBI membranes of similar thicknesses 70, 50 & 50 pm, respectively, using the
above procedure without the addition of titania.

The prepared membranes were evaluated in terms of methanol cross-over and conductivity. SEM
images of the cross-section of the composite membranes (by fracturing them in liquid nitrogen)
are shown in figure 2-11. A homogenous distribution of titania in the polymer matrices can be

seen, despite this, large agglomerates of titania (300-800 nm) were observed.

Titania

Nafion SPEEK  10pm

Pristine
Polymer

SEM images of pristine and titania composite PBI, SPEEK and Nafion membranes.

Figure 2-11.

29'])”;0



Chapter Two. Preparation of High Temperature Membranes

2.6 Mechanical properties

Several factors affect the mechanical properties of a polymer film including: molecular weight,
composition, solvent used for casting and uniformity of the membrane (amorphous or crystalline
structure). The glass transition temperature of SPEEK is about 50 °C higher than that of PEEK
(T, 143 °C) and increases slightly with an increase of sulfonation [59]. For PBI (T 425-436 °C)

it decreases sharply with increase in the doping level [60].

Table 2-2 summarise the tensile stress results and accordingly the elongation at break values
measured at ambient conditions (temperature and humidity) for the prepared PBI, doped PBI, S-
PEEK and compared with Nafion® 117. It can be concluded that Nafion® 117 with the lowest
glass transition temperature (T, 132 °C) exhibited high elasticity (elongation at break ~150 %)
compared to doped PBI and SPEEK. SPEEK on the other hand exhibited good mechanical
properties (high tensile strength) superior to that of Nafion, which made it a good candidate for
membranes in PEMFC applications. The tensile strength values of SPEEK was in the range of
57-69 MPa which is in very good agreement with the values obtained by Li et al [61].

The relationship between sulfonation degree and tensile stress was also examined, and it was
found that tensile strength fell with increasing the sulfonation degree. For PBI, a severe loss in
mechanical properties and elasticity was observed when the polymer was doped with phosphoric
acid. Even at a relatively low doping levels (5.6 PRU), a compromise between mechanical
properties and conductivity was suggested by Li et al [52]. The tensile strength fell to less than
one third of its initial value compared with pristine PBI. Li et al reported tensile strength values
for non doped PBI of 107 MPa and 20 MPa for similar doping level (4 PRU) and molecular
weight (i.v. ~0.7 dL.g™)[1] which is in good agreement with results of this work.
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Table 2-2. Summary of tensile stress and elongation at break measurements for PBI, doped PBI, SPEEK &
Nafion 117.

Room Temp Tensile strength Elongation at Thickness (pm)
(Mpa) break (%)

'SPEEK 69.13+13.68 31.74 + 8.63 55,120

SPEEK 57.84+13.29 31.13 £7.77 80, 115

dL.g"
Doped PBI 34.43 + 3.4 32.96+ 43 45

(5.6 PRU)

2.7 Methanol permeability measurements

A two-compartment glass cell was utilised for permeability tests. One compartment (V, = 75
mL) was filled with pure methanol and the other (Vg = 75 mL) was filled with deionised water.
The membrane (area 4.9 cm?) was clamped between the two compartments and both solutions
were stirred continuously during the experiment. Methanol concentrations were measured
continuously during experiments. The methanol concentrations were obtained by measuring the
refractive index for 0.5 ml sample from each compartment at fixed time intervals and compared

the corresponding value with the calibration curve.
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The variation of methanol concentration in the receiving compartment with time is obtained from

Fick’s first law (assuming Cp << Ca):

iC.() . D-K
V, BA2=9. .C
2 g L [8]

Where C, and Cp are methanol concentrations in compartment A and B, respectively, S and L
are the membrane area and thickness respectively; D and K are the methanol diffusivity and

partition coefficient between the membrane and the adjacent solution respectively.

The membrane permeability, P, is defined as the product of D and K. The time lag, to, is

explicitly related to the diffusivity:

b2k .
° 6 [9]

Figure 2-12 shows a comparison of methanol permeability at room temperature for Nafion117,
cast Nafion (~70 pm), SPEEK (~50 um) and PBI (~50 pm) films, and the influence of 5% wt

TiO, in the composite membranes.

Polybenzimidazole films had lower permeabilities, i.e. superior methanol barrier, with values of
7x10® cm? s for pristine films and 2 x10® cm? s for PBU/TIO, composite, these values are in

1 at room

good agreement with reported values for PBI in the range of 10% -10° ecm? s
temperature [62-64]. SPEEK had a permeability of 9% 107 cm? s and 8x107 em®s™ with TiO, in
close agreement with reported values for SPEEK in the range of 107 cm? 57[65). Nafion had the
highest permeability of 4, 5.2 & 5 x10" cm? s for Nafion 117, cast Nafion & cast Nafion with

TiO,, respectively. Reported values for Nafion in the literature are in a similar range of 10 cm?

s [65].
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Figure 2-12. Methanol permeability for PBI, SPEEK & Nafion and their titania composite.

A minor increase in methanol cross-over was noticed with the cast Nafion compared with the
commercial N117, which can be attributed to different casting conditions and different solvent
used [66]. Nafion cast from low aliphatic alcohols solution containing water produces porous
membranes, due to the low volatility of water compared to alcohols, a solid film will be formed
on the surface of the membrane restricting water removal from the membrane and forming
trapped bubbles in the polymer matrix. Sacca et al [67] and Baglio et al [56] suggested a method
to resolve this problem by using a dry residue of Nafion, from the low aliphatic alcohols
solution, and then dissolving it in appropriate solvent like DMAc or DMSO, followed by hot

pressing the membrane above its glass transition temperature at 160 °C for 10 mins [56].
Figure 2-13 shows water permeabilities for the studied films at room temperature (from

compartment B to compartment A). Values for water permeability across Nafion, SPEEK and

PBI were in the same range as methanol permeability i.e. 10°,107& 10%em®s™!, respectively.
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Figure 2-13. Water permeability for PBI, SPEEK & Nafion and their titania composite.

Small reductions in MEOH cross-over were obtained when adding 5% wt of TiO, to membranes.
Further reductions can be obtained by using higher percentages of TiO> and new methods to
prepare the composite, such as sol gel, in order to obtain more homogeneous structures in the
membrane/fillers interface, as large agglomerates (300-800 nm) were observed using the

commercial materials (Aldrich).

To avoid precipitation of the inorganic composites during the preparation, a chelating agent such
as acetyl acetone can be added [68]. Otherwise, membranes with non-homogeneous distribution
will be obtained, with one (dull) side completely covered with titania agglomerates and the other

(shiney) side dominated by the polymer matrix [69].
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2.8 Conductivity measurements

2.8.1 Phosphoric acid doped PBI membrane’s conductivity

To assess the acid doped PBI membranes for high temperature PEMFC, their conductivities were
measured using the four point probe technique, by frequency response analysis (Voltech TF2000,
UK). The technique used four equally spaced probes (Fig. 2-14) in contact with the measured
material; two of the probes were used to source current while the other two were used to measure
the voltage drop. The membranes were cut into 10 mm x 50 mm strips and placed across four
platinum foils with equal spacing of 5 mm. AC impedance measurements were carried out
between frequencies of 1 and 20 kHz. The membranes were held at the desired conditions of
temperature and humidity for 3 hours to ensure steady state equilibrium was achieved,

measurements were taken at 30 minute intervals.

| The effect of relative humidity (RH) on membrane conductivity was investigated in a test rig
incorporating a humidifier capable of supplying a water saturated nitrogen stream to a
membrane conductivity test cell, and a humidity analyser. For measurements, the membrane was
maintained at the desired temperature in the test cell and the relative humidity was changed by
varying the humidifier temperature (low to high), whilst maintaining the nitrogen flow rate at 1.2
dm’® min™". Relative humidity was measured using a Vaisala HUMICAP® (Finland) intrinsically

safe humidity and temperature transmitter.

PBI conductivity strongly depends on three main factors: acid doping level, temperature and
relative humidity. During conductivity measurements the temperature and the relative humidity
were varied using two doping levels: 5 moles of H;PO, per PBI repeat unit for composite PBI
study & 5.6 moles of H3POs per PBI repeat unit for standard PBI study. The values of
conductivities obtained are shown in Figure 2-15. Conductivity increased with an increase in
humidity and temperature. However, at a similar relative humidity, no significant gain in proton
conductivity was obtained by increasing the temperature above 175 °C. This effect was a result
of water lost by phosphoric acid dimerisation [70]. It is known that, at elevated temperatures,
phosphoric acid starts to dehydrate; this process occurs in many stages, the first two of which are

shown below:
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First stage: 2H;PO, < HP,0; + H,0!
Second stage: HiP,0; +H;POs. & HsP3Op0+ HO'

The equilibrium concentrations of these reversible reactions depend on temperature and relative
humidity and the dimerised products have lower proton conductivity than phosphoric acid [71].
This explains the observed increase in dependency of conductivity on humidity at elevated

temperatures, above 170 °C [64].

PBI with phosphoric acid doping level of 5.6 per repeat unit had a conductivity between 2 and 6
S m” in the temperature range 120 to 200 °C under very low humidity (1-7%). These results
agree very closely with results obtained by He et al [72] and Ma [73].
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Figure 2-14. Schematic drawing of proton conductivity measurement cell.
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Figure 2-15. Phosphoric acid doped PBI (5.6 PRU) conductivity in the range of 120-200 °C.

2.8.2 Composite membrane conductivity

2.8.2.1 Nafion composite membrane

Figure 2-16 compares proton conductivities obtained for commercial treated nafion 117 with that
cast nafion and its composite membrane in the temperature range of 60-100 °C.

The conductivity of Nafion 117 in its fully hydrated mode (liquid water) approached 10 S m
and was much higher than that in saturated water vapour (100% RH) ca~5 S m”. This effect is
known as the Schroeder’s paradox [74], which deteriorates with increase in temperature and
more apparent in thinner membranes. Nafion water uptake from water vapour (saturated RH
100%) is much lower than that from liquid water (fully hydrated) 21 compared to 14 (mole of
water per mole of sulfonic group) under the same conditions, respectively [75]. This
phenomenon is explained by a critical pore size in which liquid or vapour is the favourable state
[76]. When fully hydrated, Nafion 125 (125 pm) had a water uptake of 0.225 compared to 0.37
(g H,O per g dry polymer) for Nafion 117 (184 pm) at 25 °C [77]. Li et al reported values for
Nafion 117 conductivity in the range of 5-7 S m’ for RH = 80% and a temperature range of 25-
80 °C [24]. ‘
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Figure 2-16. Proton conductivity of Nafion 117, re-casted Nafion & titania composite Nafion.

The conductivity of re-casted Nafion films is an order of magnitude lower than that of

commercial Nafion 117, which is attributed to the following three reasons:

II.

Membrane thickness: Nafion 117 has thickness of 184 pm compared to that of re-casted

Nafion of ~70um. The effect of membrane thickness causing non-linearity in water
content under the same conditions should always be carefully considered when
comparing performances of PEFCs [78]. For thinner membranes, such as Nafion 115
(127 pm) less water is held by the membrane (uptake) and therefore a lower conductivity
is expected: values of 1 to 3 S m™" were reported for the temperature range between 20
and 100 °C under 100 % relative humidity [65]. Higher values were reported by Yang et
al for Nafion 115 in the range of 4 t0 6.7 S m™" at 80 °C and relative humidity from 60 to

80% [79]. However, all the reported values are much lower than that of Nafion 117.

Effect of drying at 105 °C during the re-casting procedure: Nafion exhibits an irreversible

conductivity decay (almost an order of magnitude) at temperatures of 120 °C and above;
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even at very high relative humidity RH 95% [80]. When Nafion is dried at a temperature
of 105 °C its water uptake drops dramatically. Hinatsu et al noticed a fall from 0.37 to
0.18 (g H,O per g dry polymer) [77], while Zawodzinski et al reported a fall from 21 to
12 (mole of water per mole of sulfonic group) [75]. As a consequence of the fall in water
uptake, drop in conductivity is observed under similar conditions. Sone et al [81] reported
an order of magnitude fall in the conductivity of Nafion 117 after heat treatment at 105
°C; conductivity values before the heat treatment were 1,3 and 7.8 S m™ dropping to 0.1,
1 and 2 at relative humidity of 40, 80 and 100%, respectively.

III.  Effect of Solvent: The solvent used during membrane preparation can have a severe

effect on the cast membrane’s conductivity. For example using DMF instead of DMAc to
prepare SPEEK (60% DS) membranes resulted in an order of magnitude fall in
conductivity from 1 to 0.1 S m” (at room temperature and 100% RH) [59]. Similarly,
acid doped PBI prepared using trifluoroacetic acid (TFA) had a better proton conductivity
and poorer mechanical properties (more crystalline) than that prepared using DMAc [71].
Sacca et al [67] and Baglio et al [56] suggested using a dry residue of Nafion (from the
low aliphatic alcohols solution) and then dissolving it in an appropriate solvent like
DMAc or DMSO to improve membrane characteristics. Moore and Martin [66] reported
large differences in physical properties of Nafion membranes prepared using different

solvents.

7Zawodzinski et al [75] studied the relation between water content and water permeability
through Nafion 117 membranes; they reported values of 4 to 5 (moles of water per mole of
sulfonic group) at 30 °C and corresponding conductivities in the range of 1 to 2 S m™! at 30 °C
for similar water permeabilities to that obtained in this work, in the range of 2-3 x 10° cm?s™,

Good water retention (uptake) is achieved with the addition of titania nano-particles. This is
reflected by enhanced conductivity of the composite films at similar relative humidity, from 1.3
t0 3.92 S m™ at 80 °C and 100% RH, in comparison to that of pristine materials. However, even
with the enhancement in the conductivity of the composite membranes it is still lower than that

of Nafion 117 due to the earlier mentioned reasons. This is also reflected in the water
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permeability values, where composite membranes showed enhancement in the water
permeability over re-cast Nafion, but again the values were still below those of Nafion 117 [75]
and therefore lower conductivity. As temperature increases from 80 to 100 °C, the conductivity
of Nafion 117 remained constant (under the same humidity content) while the composite

membranes showed an increase (under the same humidity content).

Further enhancement in water retention can be achieved with better titania dispersion and
correspondingly smaller agglomerate size. Chalkova et al [69] and Baglio et al [82] studied the
effect of TiO, surface and physio-chemical properties on the performance, and found that the
effect of filler surface area (for similar functional groups) become important determining the

water retention properties at high temperatures.

7.8.2.2 SPEEK composite membrane
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Figure 2-17. Proton conductivity of re-casted SPEEK & titania composite SPEEK with 60% DS.
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Figure 2-17 shows the proton conductivity of SPEEK (with sulfonation degree of 60%) and that
of its titania composite in the temperature range of 60 to 120 °C and relative humidity in the
range of 50 to 100%. The maximum conductivity was achieved at 80 °C for SPEEK (DS 60%)
over the entire humidity range with maximum value of 0.45 S m’! at 100% RH. The results are in
very good agreement with the work of Kobayashi et al [8] and Rikukawa et al [38], where they
found, similarly, maximum conductivity for SPEEK (DS 65%) with 100% RH at 80 °C with
conductivity values in the range of 0.1 S m’'. Mikhailenko et al [83] found a similarly maximum
conductivity for SPEEK (DS 50%) around 90 °C and they also reported a shift in the maximum
conductivity towards 140 °C for SPEEK with sulfonation degree of 72% and above.

While for composite SPEEK the maximum conductivity depended on relative humidity, for high
humidity content (RH 100%) a maximum value of 0.67 S m™! was obtained at 60 °C, and for low
humidity content (RH 50%) a maximum conductivity of 0.024 S.m™ was obtained at 100 °C. At
relative humidities up to 80%, the cdmposite SPEEK showed advantages over standard SPEEK
for temperatures up to 100 °C: above such temperature no improvements were observed. For
relative humidity close to saturation (RH 100%), the composite showed enhancement only at low
temperatures up to 60 °C, thereafter the conductivity of compos@te membranes was even lower

than that of standard SPEEK (60% DS) at 100% RH.

SPEEK conductivity greatly depends on humidity, more so than that of Nafion 117 [84], as well
aé the sulfonation degree. For DS 65% conductivity values were in the range between 0.0079 and
0.81 S m' at 100% RH and temperature range of 25 to 100 °C [85], and for DS 50% between 0.4
and 0.2 S m™ at 100% RH and temperature range of 25 to 100 °C [83]. The measured values for
SPEEK with DS 60% at 100% RH were in the reported range between DS 50 — 65 % with value
0of0.45 S m™! at 80 °C [83, 85]. SPEEK membranes showed similar behaviour to re-cast Nafion,
where they both exhibited poor conductivity and difficulty in water retention at elevated

temperatures, partially caused by the low film thicknesses (~50 pum).
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2.8.2.3 PBI composite membrane
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Figure 2-18. Proton conductivity of re-casted acid doped PBI & titania composite acid doped PBI (5 PRU).

Figure 2-18 shows the conductivity of phosphoric acid doped PBI and its titania composite with
doping level of 5 moles acid per repeat unit of polymer. PBI (5 PRU) conductivity was in the
range of 1 to 4 S m" at low humidity (RH >10%), close to the reported values for PBI (5.6) (Sec.
2.8.1). Good conductivities in the range of 1 to 2 S m™ were obtained even at low operating

temperatures 60-80 °C at intermediate humidity (RH 50%) which agree with those previously

reported [86].

Titania nano particles did not offer any advantage for PBI based membranes; on the contrary it
reduced its conductivity. PBI membranes showed good conductivity with doping level of 5 PRU
even at low humidity and elevated temperatures. The main proton conduction mechanism occurs
in the free excess phosphoric acid in the amorphous regions [73], and not in the polymer salt
complex. The polymer forms crystalline salts with acid (one acid per imidazole group) which has
only a small contribution to the conductivity [71], which means the interaction between the

titania and the polymer matrix do not contribute to the overall conductivity. On the contrary, it
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might have a negative influence by occupying space in the polymer matrix which is normally

substituted with highly conducting mobile (free) phosphoric acid.

2.9 Summary and conclusions

Nafion membranes exhibit high proton conductivity under fully humidified conditions (RH~100
%), however Nafion conductivity falls sharply above 100 °C, due to reduced humidity under
atmospheric conditions and fall in water uptake from water vapour, in comparison to liquid
phase. Phosphoric acid doped PBI offers good proton conductivity extending over a wide range
of operating temperature up to 200 °C, with no or very low humidity. PBI conductivity improves
with increasing humidity; which is more significant at high temperatures. However, this
dependency is much smaller than that of Nafion and makes PBI the best choice of membrane for

anhydrous operation above 100 °C.

The conductivity of SPEEK showed an even higher dependency on humidity than that of Nafion;
the conductivity values depended on the degree of sulfonation. For sulfonation degrees of 70 %
and above, SPEEK become partially soluble in water and fully soluble in MEOH. A sulfonation
degree of 60 % was considered to be a good compromise between conductivity and mechanical
properties; at such sulfonation levels the conductivity was an order of magnitude lower than that
of PBI, even at high humidity content (RH~100 %). A fall in conductivity was observed at
temperatures above 100 °C for SPEEK, with sulfonation degree of 60 %. Even though there is
published work in the literature [84, 87] showing good conductivity of SPEEK in the range of 1-
4 S m! (similar to PBI) at temperatures up to 140 °C, the operating conditions of such systems
are unrealistic requiring pressurised steam and very high sulfonation degree (brittleness and
swelling / solubility issues).

In terms of methanol cross-over, PBI is an excellent barrier for methanol with a permeability one

order of magnitude lower than SPEEK and two orders of magnitude lower than Nafion.
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3 Oxygen Reduction in PBI/H;PO, Interface

3.1 Introduction

In electrochemical systems, the exchange current density jo, depends on both temperature and
concentration. In PEMFC the effective exchange current density, for hydrogen oxidation is
several orders of magnitude greater than that for oxygen reduction (cathode reaction), ca. 10* vs.
10° A cm? Pt at 25 °C and 1 atm [1]. The slow kinetics of oxygen reduction is a key factor that
limits the performance of fuel cells. This means that, at a given current density, the voltage
losses in the cathode are usually significantly higher than those of the anode. Therefore,
enhancing the cathode activity has been a major focus for PEMFC electrode development.

In this chapter, the active specific areas of several commercial PY/C catalysts were measured
using the method based on the hydrogen under potential deposition charge. Half cell tests (three-
electrode cell) were carried out in order to obtain kinetics information regarding oxygen
reduction at a PBI/phosphoric acid interface. The three phase boundaries were discussed and the
effect of ionomer properties (permeability, density & conductivity) and content in the catalyst
layer were investigated. The active electrochemical surface area of the electrode was also

measured and the corresponding platinum utilisation reported.

3.2 Cyclic Voltammetry and Electrochemical Surface Area (ESA)

The Electrochemical Surface Area (ESA) is one of the most important parameters for

characterizing PEM fuel cell electrodes. A higher ESA implies a better electrode, as more
catalyst sites are available for electrode reactions. The electro-catalysis mechanism is based on
the electrode—electroactive species charge transfer through the electrode surface. Hence reaction

rate, and consequently the current, is proportional to the real electrode surface area.

3.2.1 Cyclic Voltammetry and UPD
When comparing the activity of catalyst surfaces, knowledge of the catalyst electrochemical
surface area (ESA) is essential. Table 3-1 summarises estimated ESAs, from XRD spectra,

assuming spherical particles and its variation with the catalyst Pt:C ratio reported in [2].
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The commonly used electrochemical technique for the determination of metal electrode active
surface area is anodic stripping of hydrogen adsorbed in the under-potential deposition potential
(UPD) region. This corresponds to the total charge passed during hydrogen
adsorption/desorption after accounting for the double layer capacity [3].

Table 3-1. Platinum-carbon weight percentage relation with average particle size, data taken from Ref [2].

Catalyst Pt Particle Size (A) Pt/ (m° g")
5% ek b AlSaT e i ] 85 el
£10% A e AN o) S 1 |

N R U R R e TR

Hydrogen adsorption on the platinum electrode surface is achieved by applying sufficiently
negative potentials to the electrode in contact with an aqueous solution. Three regions can be

distinguished, (shown in Figure 3-1) in the cyclic voltammetric curve of a Pt electrode in contact

with an acid solution [4].

The “oxygen region” is found at positive potentials. During the positive sweep prior to O,
evolution, a hydrated Pt oxide monolayer is formed (anodic current). The reverse process will

take place in the cathodic sweep.
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Figure 3-1. Typical observed platinum cyclic voltammogram in acidic media with regions of interest

indicated, potentials are versus SHE at room temperature.

In the centre of the voltammetric curve is a region where only low currents (positive anodic for
the positive sweep and negative for the negative sweep) can be found. This is the double-layer
region where only capacitive processes take place. The value of the double layer charging

current Iy (non-faradic) is directly proportional to the capacity of the double layer and the scan

rate:
I,=C,-v 1)

Where Cg is the capacity of the double layer and v is the scan rate.

Finally, the “hydrogen region” is found at negative potentials. At more negative potentials the
reduction of H™ and the adsorption of H atoms become stronger:

H'(aq) + ¢ +site — H(ad)
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This process continues as electrode potentials become more and more negative, until the
formation of a H(ad) monolayer is achieved. Once the Pt surface is fully covered by hydrogen
atoms, the adsorption of H» molecules will take place:

2H(ad) — H,(ad)
These adsorbed molecules come together to form hydrogen molecules, which will eventually

form bubbles that will leave the Pt electrode surface when they have grown large enough:

nH,(ad) — nH,(g) + 2n-sites

The sharp rise in the cathodic current is due to hydrogen evolution [5]. When the potential is
reversed, the opposite processes (anodic currents in the hydrogen region) take place.

The electrochemical surface area (cm® mg"' Pt) of the electrode can be calculated from the
charge transfer (Qn, mC mg'l Pt) for the hydrogen adsorption and desorption in the hydrogen
region (0.05-0.4 V vs SHE) of cyclic voltammograms [6].

An average value of 210 puC cm? of the real electrode surface for a clean smooth platinum
electrode can be considered for rough platinum polycrystalline surfaces- Pt(100,101&111) [7,
8].

The ESA obtained for a given catalyst layer is highly dependent on the method used to prepare
the surface under investigation [3]. The use of binding agents (e.g. Nafion, PTFE) tends to
change accessible ESA. A high loading will usually result in a thick electrode, limiting

electrolyte access to the catalyst and a corresponding drop in the measured ESA.

The columbic charge for hydrogen desorption (Qu) was used to calculate the active platinum
surface of the electrodes. The value of Qu was calculated as the mean value between the charge
exchanged during the electro-adsorption (Qaas) and desorption (Ques) of Ha on Pt sites. The

contribution of charge from the double layer region was subtracted from both Q.4 and Qyes

before calculating Qu.
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3.2.2 ESA measurement details

The experiment was performed in a glass cell with a silver/silver chloride reference electrode
connected to a luggin capillary probe. The working electrode was glassy carbon electrode (GCE)
with 3.0 mm dia. (BASi) with a geometric surface area of c.a. 0.07 cm?. The counter electrode
was a platinum wire. The electrolyte was 0.5 M H,SOs, The voltammetric experiment was

carried out using EG&G Princeton applied research Model 273 digital Potentiostat/ Galvanostat.

Platinum supported on Vulcan XC-72R carbon from E-Tek Corporation (20%, 30%, 40%, 50%,
60% wt) was dispersed in dilute water-ethanol (1:1 v/v) ink, 0.014 mgp (2 mgp cm?) was
applied to the surface of the glassy carbon by means of micro-pipette, then dried in an oven at 80

°C.

Three different scan rates were applied 20, 50 and 100 mV s, The measurements were carried

out three times each, the average values was reported with its corresponding standard error.

3.2.3 ESA results and conclusion

The ESA is calculated using:

Iumb)
'S4 2)_ QH (CO
E (cm ) 0.21*107* {columb.cm '2) (2]
Where QO is given by: |
0y =['1-a B

t is the time when the hydrogen adsorption (or desorption) starts and t¢ is the moment when the
monolayer is fully saturated (or cleared). The faradic current, I, is the measured current

subtracted from the double layer current.
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Figure 3-2. Cyclic voltammogram of 60% Pt on Vulcan XC-72R from Etek inc. using scan rate of 0.02 V s in

0.5M H,SO, potentials are versus SHE at room temperature.

Table 3-2. The electrochemical surface area measured from UPD and the estimated from x-ray diffraction

Pt/C ESAurp XRD* ESAxxo Utilisation
%wt m” gp Foinm = ORI S M gt iR ol
306G 5 15 FI4 () NENTSEINS- > s N 0 R IS5 214311 S
AT R e R TR A A
100 RIS A7 T A N S B | OO BB 47,0 A
50% A T A e A L R e AR R 6

60 R 6! £ | Ry 7 A Ry c R 7 A 2 )

*data taken from reference [2]
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Table 3-3. Double layer charging current and the corresponding double layer specific capacity

Pt/C La@2omvis (C)  la@2omvis (Pt/C) Ca (O) Ca (Pt/C)
20% 0.88+0.17 0.71%0.14  450+12 E
730% ~ 089%0.16  0.62£0.11 45619 31.9%13 |
0% 1284011 0772007  655£23 39314
e 50% : Al.l"'l‘i' 0.04 ;;’0.'5‘5','-;*}\0'.02 . 567+£19  284x1
60% 1.89 £0.13 10.75 +0.05 10;)'31 F 401433 |

Table 3-2 summarises the results calculated for the ESA of 20%, 30%, 40%, 50% & 60%wt Pt
on Vulcan XC-72R supplied by Etek Inc. Comparison of the measured values with the estimated

values from XRD spectra [2] are reported.

It can be noticed that the measured ESAs are approximately half those of the estimated values

This is explained as follows:

- The estimate values exhibit large inherent error values arising from several assumptions:
quoted metal to carbon percentage, homogenous spherical platinum distribution and accuracy of

XRD average particle size.

. The measured values are affected by the binder [3] and the thickness of the measured
layer, due to porosity issues and the hydrophobic properties of the carbon support- not all
catalytic sites are accessible by the liquid electrolyte. This is clearly observed from the utilization
of the catalyst, where all the studied catalyst exhibits values close to 50% except for 20% Pt/C,

which had a value of ca. 40% due to its too thick layer.

The catalyst specific electrochemical surface arca measured using cyclic voltammetery
correspond to 50-30% of the given value by the manufacture (XRD) when placed in the

electrode structure [1].
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Table 3-3 summarises the results of the double layer charge: two values were reported, one
denoted as (C) which consider the mass of carbon only, assuming that the charging current arises
mainly from the carbon (specific area of 250 m’ g') and neglecting the contribution from
platinum (specific area of 30-50 m® g"), and the other denoted as (Pt/C) where the total mass of
the catalyst is considered.

The reported values of the charging current (scan rate of 20 mV s™') and the specific capacity are
in close agreement with reported values in the literature: lu@omvis 0f 0.6 A gland Cyof 22 F ¢!
for untreated Vulcan [9] and lugzomvsis of 2 A g with Cqg of 92-112 F g for porous Vulcan

electrode [10].

3.3 Electrodes and three phase boundaries
The electro-catalysts used in the PEMFC are usually based on platinum or its alloys for both

anode and cathode. There have been numerous efforts to minimise the use of platinum in the
catalyst layer by increasing catalyst activity. This has been achieved by supporting finely
dispersed platinum nano particles, ca.~1.5 nm, with an area of 185 m* g on suitable carbon
blacks or graphite- the maximum theoretical area for platinum is 240 m? g" [1]-. In addition a
high degree of optimisation of the electrode structure has taken place to enable low loadings of

Pt catalyst, of the order of 0.1-0.2 mg cm’? for anodes and 0.2-0.5 mg cm for cathodes [11, 12].

There are three different participants in electrochemical reactions, electrons, protons and
gaseous-liquid reactant/product. The reaction will only take place on the catalyst surface where
all the three species have access (Figure 3-3). Electrons travel through electrically conductive
solids, i.e. from the catalyst particles to carbon substrate (in case of supported platinum). Protons
travel through the ionomer electrolyte, therefore an intimate contact between the catalyst and
jonomer is required. Finally, gaseous reactant should be easily transported to reaction sites;
similarly, product water should be easily removed to prevent flooding, i.e. restricted access of

oxygen due to pore blocking. This problem can be solved by providing a porous structure next to

the catalytic sites.
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Figure 3-3. The three phase boundary for porous catalyst layer.

The electrochemical reaction will take place at the three phase boundary formed by the ionomer,
solid and void phases. However, the reaction zone is not limited to a single three phase boundary

line as gas permeates through the polymer electrolyte too.

Connecting the catalyst with a binder forms the electrode/catalyst layer in a PEMFC. The binder
typically used was polytetrafluoroethylene (PTFE): a non-wetting component within the
electrode. The bound catalyst structure is applied either to the membrane or first to the backing
layer and then to the membrane. The binder performs very important functions. It “fixes” the
catalyst particles within a layered structure and enables some degree of electronic conductivity
between particles (contact between carbon particles). It also provides the overall architecture of
the electrode, enabling access of gas into the structure (hydrophobic regions) while enabling

movement of water (in hydrophilic regions).

One of the most important features required of any electrode structure is a high degree of

intimacy of the catalyst particles and the membrane to ensure high proton mobility.
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Consequently a development in electrode structure design was to incorporate a hydrophilic
jonomer into the electrode as a binder. This enhanced the membrane/catalyst contact and reduced
the platinum loading requirements. In most state-of-the-art membrane electrode assemblies
(MEAs), the catalyst is largely covered in a thin layer of electrolyte ionomer. The optimum
thickness of such a layer depends on a balance between the proton mobility and oxygen
solubility/diffusivity through this layer. Thicknesses for Nafion based ionomer in the range of
0.5 to 3 nm were suggested in the literature [13-17].

To minimise the voltage losses due to the rate of proton transport and reactant gas permeation in
the depth of the catalyst layer, it should be relatively thin. On the other hand, the platinum active
surface area should be maximised. To obtain thin catalyst layers a high Pt:C ratio should be used;
however, small Pt particles and therefore larger active areas are achieved with low Pt:C ratios
(Table 3-1).

The influence of catalyst layer thickness and Nafion content on the electrode performance
continues to be an area of study [11, 12, 14, 18-21]. Optimum Nafion contents range from 27 to
40 wt% depending on the nature of the electrodes: different Pt loading or Pt/carbon support, i.e.

catalyst thickness and different ink preparations 1.e. porosity.

Reshetenko et al [22] suggested that the Nafion content depended on porosity of the structure for
high platinum loadings 3-4mg cm? i.e. low overall porosity, the Nafion content should be in the
range of 10 %wt, which increased to 20% when platinum loading fell to 1 mg cm™. The porosity,
on the other hand, is inversely proportional to its ionomer content. The effect of Nafion on the
catalyst layer pore size, pore size distribution, pore area, and pore volume were reported based
on porosimetry measurements [23]. Sasikumar et al [20] similarly identified optimum nafion

content of 20, 40 and 50% wt for lower platinum loadings of 0.5, 0.25 and 0.1 mg cm?,

respectively.

Qi and Kaufman [11] recommended a Nafion content of 30% for electrodes with low platinum
loading of 0.2-0.35 mg cm’2. Similar Nafion contents were considered by Li and Pickup [24] and

Lufrano [25]. A volcano plot relation was proposed [25] for the effect of nafion content on
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conductivity and accessible electrochemical surface area (ESA), where increasing nafion content
above 30% led to electrical isolation of the catalyst or carbon particles. Song et al [12] suggested
that the sharp drop in performance observed when increasing nafion content above 35% (0.4 mg
em”? using 20% P¥/C) was also attributed to slow oxygen transport through thick ionomer films,
which became more significant at elevated temperatures. Other researchers suggested that the
best Nafion content depended on the molecular weight of the ionomer or its ion exchange
capacity (IEC) [26] or operating oxygen partial pressure and stoichiometry; 35% for oxygen

operation compared to 22% for air operation [27].

Another approach to optimise the catalyst layer was to fabricate electrodes with different

distribution or loading gradients for both ionomer and catalyst (PtC ratio).

Antoine et al. [28] studied the effect of catalyst loading gradients on performance. They reported
a better performance for low porosity active layer when catalyst particles were located close to
the gas diffusion layer, but for highly porous layers, the performance improved when they were
located close to the proton exchange membrane. Wang et al. [29] numerically modelled the
influence of gradients in Nafion contents on performance and concluded that an improvement in
performance is obtained when the Nafion content increases toward the membrane. These results
were also verified experimentally [30]. In the cathode catalyst layer, oxygen diffuses through
two different components: gas pores and electrolyte. When the volume fraction of gas pores is
sufficiently large, oxygen diffusion in the electrolyte is the dominant process and diffusion in gas
pores may be neglected. When the volume fraction of gas pores is relatively small compared to

the volume fractions of liquid or solid electrolyte, oxygen diffusion in gas pore is significant and

cannot be neglected [31].

An increasing Nafion content distribution in the catalyst layer from GDL towards membrane
results in a better performance overall, compared to that with a uniform nafion distribution. This
is explained by improved oxygen transport near the GDL/CL interface by virtue of the increased
porosity due to lower Nafion content, which leads to a lower electrochemical reaction rate near
the GDL/CL interface than that with a uniform nafion distribution. Similarly, near the CL/PEM

interface, proton migration is improved because of the higher ionomer content. However, oxygen
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transport is compromised due to a decrease in porosity, leading to a lower electrochemical
reaction rate in this region, compared with the uniform Nafion distribution case. In the middle
region of the CL, the electrochemical reaction rate is larger than that of the uniform Nafion case

and this is responsible for the increased performance [32].

Song et al [32] modelled the effect of platinum distribution with constant Nafion content (30 %
wt). They used low Pt loading close to the GDL side (using low Pt:C ratios ) and high Pt loading
close to the membrane (using high Pt:C ratios). The reaction rate near the GDL/CL interface was
slightly lower than in the case of the uniformly distributed Pt cathode, but the increase of Pt
loading near the CL/PEM interface resulted in a higher reaction rate compared to the uniform Pt
loading cathode. Because the overall increase of the electrochemical reaction rate near the
CL/PEM interface was larger than the overall decrease near the GDL/CL interface, the catalyst
layer with optimized distribution of Pt loading showed the higher performance than that for the
uniform distributed case.

It can be concluded that the CL with a stepwise porosity distribution, with higher porosity near
the GDL and lower near the membrane, performs better than that with uniform distribution,
especially at high current density. This is attributed to better O, distribution in the CL, thus

extending the reaction zone forward towards the membrane side [27].

3.4 Nafion, PBI and phosphoric acid

As mentioned above the optimum ionomer content in the catalyst is a balance between the
jonomer conductivity and oxygen permeability. Tables 3-4, 3-5, 3-6, 3-7, 3-8 & 3-9 provide
published values of conductivity, density, and oxygen, hydrogen and methanol permeability

(diffusion and solubility) for pristine PBI, acid doped PBI, phosphoric acid, Nafion and PTFE.
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Table 3-4. Proton conductivity of PBI, phosphoric acid and nafion at various temperature and relative

humidity

Material Temperature RH Conductivity Ref
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Table 3-5. Density of PBI, phosphoric acid, Nafion and PTFE at various temperatures.

Material Temperature Density Ref
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bmﬂ

PBI PR & 134 [41]
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H,PO488.28% ,130%, .726%,1.632°,1. [34]

FE T ‘ Z5 | e 215 [43]

The water content in Nafion greatly affects the degree of swelling and therefore gas permeation
through the membrane, since water content has a significant influence on the diffusivity [44].
The permeation of gases through Nafion takes place in the intermediate region, which consists of

the flexible amorphous part of the polytetrafluoroethylene backbone [45]. When fully hydrated,
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Nafion’s permeability is close to that of water and its conductivity is in the range of 0.1 S.cm™,
on the other hand when dry, Nafion’s permeability is close to that of PTFE and its conductivity is
negligible.

Similarly, pristine PBI has negligible conductivity and oxygen permeability. On the other hand at
extremely high doping levels, PBI’s conductivity and oxygen permeability approach those of

- phosphoric acid under the same conditions.

When doped with 5 mol of phosphoric acid per mole repeat unit of the polymer, a level
necessary to obtain high enough proton conductivity for fuel cells, the polymer membrane
exhibits a volume swelling of 118 %, resulting in separation of the polymer backbones [46], and
correspondingly increase in permeability. The permeation of both hydrogen and oxygen

increases with increase in acid doping level [46, 47].

The ratio of the permeability coefficient for hydrogen and oxygen also varies with doping level,
i.e. 40 for pristine PBI and 4 for the acid doped PBI [46]. Similarly, it falls from 3.5 to 2 for dry
Nafion and 102 %wt wet nafion, respectively [44].

Wainright et al. [33] studied the vapour permeability of PBI at elevated temperatures. The
permeation of methanol vapour at 80 °C was found to be 300 times lower than that for Nafion.
The gas permeability of PBI membranes at 150 ‘C was comparable to that of Nafion, for
hydrogen and lower in the case of oxygen at 80 'C [46].

Ayad et al. [48] studied the oxygen perfncability through Nafion, sulfonated polyimide & PBL
Values differed by almost an order of magnitude: 9% 102 mol cm cm™ s for Nafion and 0.5x10°
12 ¢ 1072 mol ecm cm? s™* for PBI and S-PI, respectively at 25 °C. They suggested that the

optimum amount of ionomer depended on its O, permeability 25% wt for nafion and 15% wt for

SPEEK and P-IS.

Unlike Nafion based PEMFCs, there is limited data available in the literature on optimizing PBI /
phosphoric acid based electrodes. Kim et al used platinum loading of 0.55 mg cm? (20 %PV/C
catalyst) and fixed the doping level in the catalyst layer to 6 moles acid per mole polymer (6
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PRU) or 2:1 weight ratio, they achieved an optimum amount for acid-PBI of 20 %wt,
corresponding to PBI and acid loading 0f 0.23 & 0.46 mg cm?, respectively.

Wang et al. [49] used platinum loading of 0.5 mg cm’ (20% PYC catalyst) and PBI loading of 0,
03&09mg cm’ with no precise amounts of acid added (few micro litres). They found that the
best performance was achieved with PBI loadings of 0.9, 0 & 0.3 mg cm?, respectively. They

concluded the preparation method and ionomer-acid content had a severe impact on PBI based

electrodes.

Pan et al. [50] used platinum loading of 0.5 mg cm™ (20% PY/C catalyst) and fixed the doping
level in the catalyst layer to 12-15 moles acid per mole polymer or 4-5:1 weight ratio; they
suggested PBI and acid loading of 0.7 & 2.8-3.5 mg cm?, respectively.

Seland et al. [51] studied different catalyst thickness using different Pt:C ratios. They concluded
that the optimum performance was obtained with a thin catalyst layer using 50% PVC. They
fixed the acid doping to 6 PRU (acid molecules per repeat PBI unit) and suggested optimum PBI
loading of 0.4 and 0.6 mg cm™ for anode and cathode, platinum loading of 0.36 and 0.6 mg cm'z,

respectively, accompanied by acid loading 0f 0.8-1.2 mg em™.

Scott et al. [52] and Lobato et al. [53] studied the effect of catalyst ink solvent on the fuel cell
performance, they reported enhancement using a colloidal ionomer in the ink (Acetone)
compared with a standard ionomer solution method (DMAc), using platinum (20 % Pt/C) and
PBI loadings of 0.5 & 0.7 mg cm’, respectively. This was attributed to different pore sizes and

pore size distributions. Similar work was reported on Nafion systems [54].

Kongstein et al. [55] have recently shown that PBI based catalyst layer performance can be
improved by using non homogenous platinum distribution, similar to the technique described
earlier for Nafion. They used low Pt loading close to the GDL side, using 20% Pt:C ratio, and
high platinum loading close to the membrane, with 50% Pt/C with total platinum loading of 0.6
mg cm™. This electrode showed advantages over standard 0.6 mg cm™ 50% Pt/C. They also
recommended PBI loading of 0.2-0.4 mg cm?>.
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Table 3-6. Vapour methanol permeability through PBI and nafion at various conditions.

Vapour
Material Temperature RH Species :_) ity Permeability  Diffusion  solubility Ref
activi

PBISPRU

PBISPRU

CPBBPRU. » e 9234 i
Nafion117 80 “n/a “n/a 27360 " e

Table 3-7. Liquid methanol permeability through PBI and nafion at 25°C and fully hydrated conditions.

Material Temperature Water content Species Concentration Permeability Ref

P =

Fully hydrated

Nafion1ls 25 =

10-100%

e
ad

Nafion117 A 2 Full hydrate Methanol .

Nafion117 25 Fullyhydrated  Methanol 100% 4000 This work

66|Page



Chapter Three: Oxygen Reduction in PBI/H3;PQy Interface

Table 3-8. Hydrogen and oxygen permeability through pristine and doped PBI, and phosphoric acid at various conditions.
Permeability solubility Ref

Material Temperature RH% Species Diffusion

10 0" mol cm

MOl CIX

cm S

PBI 0 pru
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Table 3-9. Hydrogen and oxygen permeability through Nafion, PTFE and SPEEK at various conditions.

Material Temperature  Water content Species Permeability Diffusion solubility Ref

107“ mol cm 0™ mol cm™

Cm

Nafionl17

Nafionl17

Nafionl17

Nafionl17

Nafionl17 80 0 H, 14.4

Nafionl17

Nafion117 80 102% wt H 68.4 - - [44]

Nafionl17

Nafion125 80 0 0, 7.5 - - [65]
Naf 25

Nafion125 80 0 N 3 - - [65]
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3.5 Electrode preparation

The required PBI loadings were initially estimated using published data as shown below.
Suggested PBI loading in the' literature varied between 0.2 and 0.9 mg cm™ for platinum loading
of 0.5-0.6 mg cmusing 20%Pt/C. The acid loading varied in the range of 0.46 to 3.5 mg cm?,
As shown earlier PBI conductivity and oxygen permeability depended on its acid content or
doping level, whilst 25% wt was found to be the optimum amount for nafion, under the above
mentioned conditions, leading to loading of 0.83 mg cm™. To maintain similar volume fractions
(27%) and considering the density values, from table 3-5, Nafion loading of 0.83 mg cm™ is
equivalent to PBI loading of 0.556 mg cm™. From Table 3-4 it is seen that PBI (6PRU) exhibits
half the conductivity of nafion under their nominal operating conditions (80°C, 80-90% RH for
Nafion and 150-175°C, 1-10%RH for PBI), requiring twice the volume of PBI to maintain the
same conductivity. On the other hand, from Tables 3-8 & 3-9 it can be seen that the hydrogen
permeability for dry PBI (6 PRU) at 150 °C is similar to that of dry Nafion at 80 "C and the
oxygen permeability of PBI (6 PRU) is 25-75 % of that of dry Nafion at 80 'C. However,
Nafion’s permeability increases almost an order of magnitude (8.5 times) by increasing its water
content from dry to 102 % wt at 80 "C and RH 90-100 % , a typical operating conditions for
Nafion. On the other hand, PBI’s (6 PRU) permeability increases only by a factor of 2 when the
relative humidity is increased from 1 to 10 % at 150 °C, the typical operative range for PBI. This
means that the PBI film thickness over the catalyst layer should be 4 times less than that of

Nafion to maintain similar oxygen transport. The above estimations are based on the PBI density

only and ignore the contribution of the acid.

In this work a value of 0.72 mg cm? for PBI’s loading was chosen for 20 %Pt/C with platinum
loading of 0.5 mg cm. Platinum loading was fixed and PBI loading was scaled to 0.27 and 0.12
for 40% PY/C and 60% PVC, respectively, maintaining the ionomer film thickness over the
catalyst or the volume fraction at 0.32. The acid loading was varied. Two different doping levels

were investigated for each case; doping levels of 6 &16 PRU for 20% PvC, and 3 & 6 for both
40% and 60% PVC.
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The PBI film thickness & is calculated by

m ,,7
Prar (4]

Sc+Sp

51’31 =

Mpg is the mass of PBI per unit area (PBI loading), p is the density and S; and Sp, is the specific

surface area of carbon and Platinum, respectively, per unit area.

The catalyst inks were prepared by mixing the required amount of PBI (6% wt in DMAc) with
acetone under continuous sonication [52]. After achieving a stable colloid an appropriate amount
of PYC catalyst (ETEK) was added, and the ink was airbrushed on top of a teflonised
GDL/MPL(micro porous layer). After the desired weight was achieved the electrodes were dried
at 160 °C to remove any traces of DMAc. The electrodes were later boiled in de-ionised water
and dried at 100 ‘C. The necessary amount of high purity (99.999 %, Aldrich) 85% wt
phosphoric acid was mixed with DI-water and airbrushed on top of the electrodes. The electrodes
were later hot pressed on top of pre-doped PBI membranes (5.6 PRU) at 150 °C for 10 min
applying a load of 40 kg cm and left to cure for two weeks to obtain a uniform acid-PBI

distribution.

3.6 Three electrode electrochemical cell

The electrodes were placed in specially designed mica-filled PTFE (Quadrant-EPP) body (Figure
3-4) equipped with gas inlet and outlet. The electrode was positioned so that the membrane faced
downwards in contact with the liquid electrolyte and the GDL faced upwards in contact with a
gold plated phenolic-resin impregnated graphite flow fields (parallel), to ensure good electrical
contact. PTFE encapsulated Viton® O-ring was used to guarantee good sealing between the
liquid electrolyte (hot phosphoric acid in the glass cell) and solid electrolyte (doped PBI
membrane). The glass cell was heated by means of a circulating heating bath (Haake) with
heating oil (Therminol). Platinum mesh was used as counter electrode as there was hot
phosphoric acid electrolyte. A water cooled jacketed silver-silver chloride electrode was used as

the reference and was connected to the cell by a luggin capillary.
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Experiments were conduct at 100, 120 and 140 °C to ensure that only water vapour is produced.
Above 140 °C 85% wt phosphoric acid produced large amounts of bubbles as the operating
temperature approached the boiling point of 85% wt phosphoric acid (154-158 °C), and above

such temperature poly-phosphoric acid started to be generated, dissolving the PBI membranes.
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Figure 3-4. Schematic drawing of the mica-filled PTFE cell used to carry out the half cell tests.
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3.6.1 Cyclic voltammetry in H;PO,

The cyclic voltammogram of platinum in H3PO4 system is affected by trace amounts of

phosphorous acid (H3PO3) and other impurities [64, 68, 69], and this effect increases at elevated

temperature because of the following reactions [70]:

H;PO, +2H™ +2¢” — H3PO; +H,0 (E° =0.28 V at 25 'C)
H;PO; +2H" +2¢” — H3PO, +H,0 (E° =0.50 V at 25 °C)

In reagent grade phosphoric acid, the hydrogen peaks (UPD) are not sharply defined, with the
cathodic current in the hydrogen region tending to be larger, and the anodic current tending to be

smaller, than in purified phosphoric acid, as a result of impurity adsorption [71].

In this study, to reduce the effects of phosphoric/phosphorous acid reductions, the
electrochemical surface arca (ESA) was measured at room temperature from the hydrogen

adsorption peaks (cathodic sweep) over the IR-corrected voltammogram range of 0.4 to 0.04 V

(vs. SHE) under argon.

Table 3-10. Electrochemical surface area measured for the prepared electrodes and the catalyst used.

20% Pt/C 20% PUC  40% P/C  40% Pt/C  60% Pt/C  60% PUC
6PRU 16PRU___ 3 PRU 6 PRU 3 PRU 6 PRU
TElectrode 3481 | e 6IS SRR SO R A DR e A3 e
s 2 e el (T T
Eg:“::gs;_, 51144  5l.1+4  473+44 473+44 36231 36231
| ’P‘%‘i‘f@‘j 6813 eRg0r i sl L h T
ti R, 0 =5 - SR N e alend i ks 5 .

X e

S of L AR e R B R RN e S )

From Table 3-10 it can be concluded that the PBI doping level in the catalyst layer, after
correcting for IR effects, did not have a large impact on the accessible electrochemical surface
area of the electrode. This can be explained by the electrodes being covered with a thin polymer
film initially before being impregnated with the acid later, to provide proton conductivity. On the
other hand it can be noted that the measured electrochemical surface area using PBI (40 %

volume) as electrolyte was lower than that of the catalyst measured ESA using 0.5 M sulphuric
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acid. This is explained by easier access (porosity and wettability issues) to the catalytic sites for
the liquid acid compared to the acid trapped in the solid polymer matrix, especially with thicker

layers (1 mgp of catalyst was studied in electrode case compared to 0.014 mgp, in the catalyst

case).
3.6.2 Results and discussion

Linear sweep scans were carried out at a rate of 5 mV s from 1.15 V to 0.1 V vs. SHE. After the
electrode was held initially at 1.15V for 20 seconds prior to the sweep, differences in current

densities at fixed potentials were used to measure differences in performance

3.6.2.1 Effect of doping level on performance

With a constant volume fraction of PBI, increasing the doping level (acid content) will initially
enhance the performance, as pristine PBI has a very low conductivity and oxygen permeability
and ORR kinetics improves by increasing [H']. However, on the other hand the electrolyte film
thickness surrounding the catalyst agglomerates will increase by increasing the doping level until

it reaches a critical thickness beyond which mass transport will dominate. This can be derived

from Fick’s law for diffusion:

N = —‘j— = DgJBI—HSPO‘ (Cdissolve - CP!)
% 4 S [5]

Where Doz, Caissove & & are oxygen diffusion, solubility and film thickness (8= 8pp; + S3p04)

respectively.

Figure 3-5 shows the influence of doping level (in PRU) on linear sweep voltammograms for
20% Pt/C electrodes. Increasing the doping level from 6 to 16 PRU led to deterioration in the

performance (lower current densities) especially under air operation which demonstrates mass
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transport limitation. The difference in the performance between air and oxygen was much larger

in the high doping case of 16 PRU than that of low doping case of 6 PRU.

0.2
00 |

0.2

0.4

:

S 06 —20%PYC 6PRU air 120C
0.8 —20%PYC 6PRU 02 120C
1.0 ——20%PYC 16PRU air 120C
A2 | —20%PYC 16PRU 02 120C
-14

0.0 0.2 0.4 0.6 08 10 12 1.4

E/V
Figure 3-5. Linear sweep polarisation curves (vs. SHE) for oxygen reduction reaction using 20% Pt/C and

doping levels of 6 & 16 PRU at 120 °C.

On the other hand, increasing doping level from 3 to 6 PRU for 40% Pt/C (Figure 3-6) led to a
remarkable improvement in the performance when operating with oxygen (no mass transport
limitation), but not with air. Kinetic enhancement, due to increased acid content, was observed
with pure oxygen, but at a low oxygen concentration (air operation) mass transport effects
dominated, leading to lower overall performance, which produced larger differences between air

and oxygen performance at higher doping levels.

Similar behaviour was seen for the 60% Pt/C electrodes with doping levels of 3&6 PRU at 100
°C (Figure 3-7). However, after increasing the temperature (enhancement in kinetics and mass
transport) to 120 °C (Figure 3-8), under air operation, higher doping level electrodes (6 PRU)

showed better performance over lower doping level of 3 PRU. With pure oXxygen operation, high
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doping levels showed advantages over lower doping level of 3 PRU at low overpotentials
(beginning of polarization curve). However at higher overpotentials (below 0.7 V vs. SHE) the
performance of electrodes with a lower doping level (3 PRU) surpassed (overruns) that of 6
PRU. This is indicated by a lower value of transfer coefficient (a) for both high doping level

electrodes, as will be discussed later.

0.2
0.0
-0.2
-0.4
';5 -0.6 —40%PY¥C 3PRU air 120C
-0.8 —40%PY¥C 3PRU O2 120C
-1.0 40%PYC 6PRU air 120C
42 —40%PVC 6PRU O2 120C
'y 02 04 06 08 1.0 1.2 1.4

E/V

Figure 3-6. Linear sweep polarisation curves (vs. SHE) for oxygen reduction reaction using 40% Pt/C and

doping levels of 3 & 6 PRU at 120 °C.

76|P:lgc



Chapter Three: Oxygen Reduction in PBI/H POy Interface

0.2
00 |
-0.2
-0.4

Y

£

S -os — 60%PYC-3PRU-air-100C
-0.8 —60%PYC-3PRU-02-100C
-1.0 | — 60%Pt/C-6PRU-air-100C
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Figure 3-7. Linear sweep polarisation curves (vs. SHE) for oxygen reduction reaction using 60% Pt/C and

doping levels of 3 & 6 PRU at 100 °C.
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Figure 3-8. Linear sweep polarisation curves (vs. SHE) for oxygen reduction reaction using 60% Pt/C and
igu -0.

doping levels of 3 & 6 PRU at 120 °C.
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3.6.2.2 Effect of surfactant addition on performance

The addition of small amounts of perfluronated surfactant (as low as 0.1% wt), known as C6,
(Trideca-fluroro hexane-1-sulfonic acid potassium salt) was suggested by Li et al [72, 73] to
enhance the performance of oxygen reduction in phosphoric acid. The surfactant was believed to

reduce the viscosity of phosphoric acid at elevated temperatures leading to better oxygen

permeability.

Considerable enhancement in cell performance was observed (Figure 3-9) by adding 0.5% wt of
C6 surfactant (Trideca-fluroro hexane-1-sulfonic acid potassium salt, Aldrich) to electrodes with
high doping level (16 PRU) and operating with air, whilst a small impact was observed under

oxygen operation. This suggests that surfactant enhancement arose from improved mass

transport (oxygen permeability).

0.2
0.0
02!
04
&
:\(). -0.6 —20%PYC 16PRU-surf air 120C
-0.8 —20%PYC 16PRU-surf 02 120C
-1.0 | ——20%PYC 16PRU air 120C
«1.2 | —20%PYC 16PRU 02 120C
'1'40.0 0.2 04 06 08 10 12 14

E/V
Figure 3-9. Effect of surfactant on linear sweep polarisation (vs. SHE) curves for oxygen reduction reaction

using 20% Pt/C and doping level of 16 PRU at 120 °C.
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3.6.2.3 Effect of catalyst layer thickness on performance

The effect of the catalyst layer on electrode performance at constant doping level of 6 PRU is
shown in Figure 3-10 for pure oxygen operation. The 40% PUC electrode showed the best
performance. However under air operation, 60% Pt/C (thinnest catalyst layer) showed the best

performance, closely followed by 40% PY/C as the performance was influenced by mass

transport.

The data suggest that there was an optimum thickness for the catalyst layer, depending on the
doping level in the membrane and the catalyst layer. It has already been shown in the literature
[74] that there was an optimum thickness for a phosphoric acid fuel cell electrode of ~ 10 um,
where most of the catalytic reaction takes place. It can be seen from Figure 3-11 that, at low
doping level of 3 PRU, a small difference in performance was obtained between air and oxygen
operation for the 40% Pt/C electrode. However, 60% Pt/C electrode showed lower performance
to that of 40% Pt/C under air and similar performance with oxygen. Mass transport limitations in
the 60% PVC electrode performance, reflected by the large difference in performance with air or
oxygen, can be explained by the thin layer 60% Pt/C electrode. This meant that most of the
catalyst agglomerates were deposited or located near the membrane, and the actual doping level

of the electrode was no longer 3 PRU, due to acid mobility (flooding) from the membrane (6
PRU) to the catalyst layer (initially 3 PRU).
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Figure 3-10. Effect of catalyst thickness using constant Pt loading of 0.5 mgp, em? and various Pt:C ratio (20,

40 & 60% Pt wt) on linear sweep polarisation curves (vs. SHE) for oxygen reduction reaction at doping level

of 6 PRU at 120 °C.
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Figure 3 11. Effect of catalyst thickness using constant Pt loading of 0.5 mgp, cm™ and various Pt:C ratio (40
i =35 '

& 60% Ptwt) on linear sweep polarisation curves (vs. SHE) for oxygen reduction reaction at doping level of 3
(]
PRU at 120 °C.
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3.6.2.4 Temperature effect on performance

The effect of temperature on the ORR electrode performance is shown in Figure 3-12. Increasing
the operating temperature led to enhancement in the electrode performance, mainly in the kinetic
region, with both air and oxygen operation. This was expected due to an increase in the exchange
current density and therefore the kinetics of the reaction.

However the kinetic enhancement, due to increase in oxygen partial pressure (air to oxygen) was
much more significant than that due to an increase in temperature of 40 “C. This is a typical

characteristic of phosphoric acid fuel cell electrodes, owing to their low oxygen permeability.

0.2 r
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—60%PYC 6PRU air 120C
40 | —60%PYC 6PRU 02 120C
—60%PYC 6PRU air 140C
-1.2
—60%PYC 6PRU 02 140C
'1'40 5 0.2 04 06 0.8 1.0 12 14

E/V
Figure 3-12. Effect of temperature on linear sweep polarisation curves (vs. SHE) for oxygen reduction

reaction at 60% Pt/C and doping level of 6 PRU.
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3.6.3 Chronoamperometry

Chronoamperometric current transients at the platinum micro electrodes have been recorded at a
potential where the oxygen reduction is entirely diffusion controlled [75] (0.05 V vs SHE). The

transient current equation obtained from Fick’s first and second law of diffusion can be described

by:

. nFCdi.uolve \' Dgfl IH3PO nFCa'issolv gﬁl {HyPO,
J(t) = \/; + 5 2 [6]

It can be seen from equation 6 that plotting j(t)/nF vs. the inverse of square root of time will give
a straight line slope of CD'? and intercept (limiting current)of CD/5. From these two values (for
known 5) we can obtain Caissove & Doy separately. Due to experimental limitations the slope of
the plot could not be obtained. The potentiostat used had maximum current of ~1.4 A which
limited the transit current drop above such value; however the limiting currents were recorded at

steady state since their values were below 1.4 A (Figure 3-13).

From Table 3-8 and reference [62] it can be seen that PBI and H;PO,4 have similar oxygen
solubilities (Cgissolve), and increasing the doping level enhanced oxygen diffusion and therefore
overall oxygen permeability (D.C). It has been shown in [62] that oxygen diffusion varies
logarithmically with doping level, and doping level is directly proportional to 8;3p0s where § =

8ppr+ Suspos. This confirms the above observation (Sec. 3.6.2.1) regarding an optimum doping

level for oxygen permeability.
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Figure 3-13. Limitations observed for current transients of 40% Pt/C at different conditions (0.5 mgp, cm?),

3.6.3.1 Effect of catalyst layer thickness on limiting current

Figure 3-14 shows the effect of catalyst layer thickness on the observed limiting current density.
It can be seen that the 40% Pt/C electrode exhibited the highest limiting currents under air and
oxygen operation, which suggests that 40% Pt/C had the maximum oxygen permeability among

the studied electrodes, which is consistent with the data obtained from the polarization curves

earlier.
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Figure 3-14. Effect of catalyst layer thickness on limiting current density for 20, 40 & 60% Pt/C electrodes
with doping level of 6 PRU at 120 °C.

3.6.3.2 Surfactant addition effect on limiting current

Figure 3-15 shows the effect of surfactant addition on the observed limiting current density.
Surfactant addition lead to higher limiting currents under air and oxygen operation, compared to
that of the same electrode (16 PRU) without the surfactant, due to improvement in oxygen
pcrmeability for 20% Pt/C electrodes doped with 16 PRU. Increasing the doping level, from 6 to
16 PRU, lead to a large reduction in the limiting currents with both air and oxygen, indicating a

decrease in the oxygen permeability, as discussed earlier.
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Figure 3-15. Limiting current density for 20% Pt/C electrodes with doping levels of 6 & 16 PRU at 120 °C
with (16 PRU) & without surfactant (6&16 PRU).

3.6.3.3 Acid doping level effect on limiting current

As shown previously (Sec. 3.6.2.1) increasing the doping level above 6 PRU led to a reduction in
oxygen permeability. Figure 3-16 shows the impact of doping level (from 3 to 6 PRU) on the
limiting current of 40% Pt/C. An increase in oxygen permeability (limiting current) was
obtained, with both air and oxygen operation, with increased doping level from 3 to 6 PRU.
Similar results were obtained with a 60% Pt/C electrode (Figure 3-17) operating with oxygen.
However it can be seen that the 60% Pt/C electrode with doping level 3 PRU gave higher
limiting current than that for a 6 PRU doping level, under air operation. Additionally the 60%
PY/C electrode with doping level of 6 PRU had lower limiting current (oxygen permeability) than

that of the 20% PV/C electrode, with the same doping level. These results can be explained as

follows:

e

J
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Although the 60% Pt/C electrode was thinner than the 20% Pt/C, the catalyst layer was flooded
by phosphoric acid resulted in very low porosity and mass transport limitations in the porous
structure. Mass transport through the porous media was ignored in equation 6 (Cgissone is related
to the Po; inside the pores), in contrast to that through the electrolyte thin film, which is not valid

in very thin layers flooded by acid. Additionally, the ESA of 60% Pt/C electrode is lower than
that of 20% Pt/C electrode (larger Pt particles size).

14

1.2 A

0.4 -

02 4

m40%PYC3PRU air ~ ®40%PUCBPRU air  W40%PYC3PRU 02  ®40%PYC 6PRU 02

Figure 3-16. Limiting current density for 40% Pt/C electrodes with doping levels of 3 & 6 PRU at 100 °C.
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Figure 3-17. Limiting current density for 60% Pt/C electrodes with doping levels of 3 & 6 PRU at 100 °C.

The measured oxygen permeabilities from Eq.5 (at limiting current where Cp, = 0) (Figure 3-18)
at doping level of 6 PRU and a temperature of 120 °C for the three studied electrodes 20, 40 &
60% Pt/C under pure oxygen operation were in the range of 1.3-1 5%x10"* mole cm em™ s atm™!

which is in very good agreement with the data from [62] (2.2><10'12 mole cm ecm™? s atm™ at 150

°C Table 3-8).
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Figure 3-18. Average oxygen permeability through PBI thin film doped with 6 PRU at 120 °C for various

electrodes.

37 Oxygen reduction Kinetics in PBI-phosphoric acid interface

3.7.1 Transfer coefficient background literature

The symmetry factor f is the ratio between the effect of potential on the electrochemical free
energy of activation and its effect on the electrochemical free energy of the reaction (formation
of the activated complex). In other words, B is the fraction of an applied potential that influences
the activation energy and hence the rate of electrochemical reaction. p is fundamental parameter,
its value varies from 0 to 1 since it is only discussed with single step (one electron) reactions,
i.e. Bat Bc= 1. The p value is related to the shape of the free-energy barrier and the position of
the activated complex along the reaction coordinates [76].

a, the transfer coefficient, is an experimental parameter obtained from current potential
relationship. It is equal to the inverse of Tafel slope b expressed in units of 2.3 RT/F at high
current densities.

The reaction rate relation £0 overpotential loss for a multi-step reaction can be written using the

well known Butler-Volmer equation as:
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. . aaF —(ZCF
1 =1y €Xp 7777 —exXp RT 77) [7]

n is the overpotential, i is the current (rate) and i is the exchange current density. a,+ a, doesn’t

necessarily add to unity. Generally, a,+ ac= n/v [76, 77] where n is the electron transferred in the
overall reaction. v, the stoichiometric number, is the number of times the rate determining step

must occur, for the overall reaction to occur once.

The relationship between a and B is dependant on the mechanism of the reaction [78]. a can be

expressed by the following equation [76, 79] using the quais-equilibrium approximation:
s
a==+r
v A (8]

Where s and r are the numbers of electrons transferred in steps preceding and in the rate-

determining step, respectively.

Generally two Tafel slopes are observed for oxygen reduction on Pt in dilute acids. Damjanovic
et al [80-82] attributed this phenomenon to a change in intermediate adsorption isotherm
(adsorbed oxygen species) from Temkin conditions (60 mV dec™) which is applicable for narrow
over-potential range (0.2-0.3 V) to Langmuir condition (120 mV.dec™”) considering the first
electron transfer as the rate determining step. Tarasevich [83] explained this behaviour by a

change in the surface coverage of the chemisorbed oxygen-containing species.

Bagotzky and Tarasevich [84] studied the relationship between the surface coverage by oxygen
0o and electrode potential in dilute sulphuric acid and found it to be, to a first approximation,
linear and can be expressed by Temkin adsorption isotherm for medium coverage (1.45 to 0.95 V
vs. SHE with coverage from 0.95 to 0.15, respectively):

1 1zF
6, =A+—InP, = A+—=—
° F fRT" [%]

Where f is the heterogeneity factor; 15-12 for platinum (assuming adsorbed species z = 2), and
A is constant related to the standard free energy of adsorption at zero coverage 6. Similar results

were concluded for concentrated phosphoric acid [85].
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At potentials below 0.725 V (vs. SHE) oxygen coverage on a platinum surface approaches zero
[84]. Similarly, Muller, Mansurov & Petrii [86] showed that alpha was independent of potential

in the range of 1.6 to 0.8 V in dilute sulphuric acid, where the oxygen coverage depended

linearly on potential in the studied range.

Conway et al [87-89] studied oxygen adsorption and oxide formation on platinum, and reported
several stages of surface oxidation, where more stable oxide is produced at high potentials or at
longer periods of time at fixed potential. The initial stage of surface oxidation at platinum [88] in
the range of 0.7 to 0.9 V (vs SHE) in dilute acidic environment corresponds to faradaically
electro-sorbed OH [89]. This is a reversible stage demonstrated by low Tafel slope (~27 mV dec’

1Y of the reduction process and the lack of hysteresis between anodic and cathodic sweeps [87].

The first Tafel slope for ORR on Pt of 60 mV dec™ suggests a value of a = 1 (at room
temperature). If the rate determining step (rds) was charge transfer with, typically, a B equal to
0.5 and considering one electron transfer, from Equation 8 this suggests that s/v is equal to 0.5.
Thus either a value for s equal to 1 and value to v equal to 2 should be assumed, which is
unlikely, as two identical charge transfers have to occur and reaction order of 0.5 with respect to
gen should be observed, which is not the case (typically reaction order = 1) [80].

OXY
Alternatively, a value of s equal to 2 and value to v equal to 4 can be disregarded as the total
number of electrons involved in the reaction are 4.

If the rate determining step was chemical i.e. r = 0 and s/v = 1, several mechanisms can satisfy
this condition have been proposed; such as the hydrogen peroxide path, metal peroxide path,
electrochemical oxide path or Hoar’s alkaline path. However, Riddiford [90], Appleby [85] and
Damjanovic [80] showed that, although all the proposed mechanisms satisfied equation 8, they
failed under Langmuir isotherm conditions to explain the reaction orders of 3/2 with respect to

protons and 1 with respect to oxygen and Temkin isotherm should be considered to fulfil the

observed reaction orders.
The obtained second Tafel slope for ORR on Pt of 120 mV dec’! suggests a value of 0.5 for o (at

room temperature). Several suggested mechanisms could explain the observed slope, with the’

first electron transfer as rate determining step (rds) [85] and P equal to 0.5.
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$+0, 2250,

S--0,+H*+e"—5>8SO,H (rds)
Or [83]: _
S-0,+e” ——>MO; (rds)

Where S is the available catalytic site.

Since intermediates of the reaction are adsorbed on the surface of the electrode substrate
Conway and Gileadi [91], Damjanovic et al [80, 82] and Appleby [85] gave the following rate
equation (Eq. 10) for the rate controlling electrochemical step under Temkin conditions at

potentials sufficiently far from equilibrium, assuming negligible free energy of adsorption for O,

compared to that of O;H radicals

i=k,FF, [H*]exp(— %Ci) exp(— %) [10]

Where k; is constant, 8 is the total coverage of all O;H radicals, AG’ is the Gibbs free energy for
O,H radicals adsorption at zero coverage (negative number), and q, enthalpy-coverage factor, is
the rate of change (decrease) of free energy of adsorption with coverage (equal to zero for a
Langmuir isotherm). Under Temkin isotherm (AGe = AG®+ 0 = AH? + g6 -T AS®). The positive
sign for g6 arise from the fact that

AG® is negative i.e. |AGo| = |AG’| - g6.

Assuming AS? does not vary with 6 and since AH’ is the heat of adsorption at zero coverage, we

can write:

Bq6; ﬂnF)
“RT [11]

b2

For large values of g, i.e. Temkin isotherm and under quasi equilibrium conditions we can write

[76]:
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7] q0 VF
[T_—H}exp(ﬁ) = K,F, em(ﬁ_) [12]

Where 0 is the oxygen species coverage at potential V (vs. SHE), and K is the equilibrium

constant of adsorption at zero coverage.

Since q is large we can ignore the pre-exponential terms so we can write {85, 92] at constant pH

qol=Fov [13]
And therefore,

ov
(53),, % s

Platinum surface coverage with oxygen species as function of potential and pH can be give by

[80, 101, 102]:

pH -6, [15]

2.3RT
Op. o) =KV +K 7

However from equation (15) we can write:

ov
(5), % iz

Assuming B = 0.5 and 67 =6, comparing equations (14) and (16) and substituting equation (15) in

(11) we obtain:

. ) 0.5Fn +0.5RT pH 0.5nF
icP, |H - _vont
Al ]eXP( T )exx)( T ) [17]
Or finally,
} F
ioc P |H* 12 _nr
1 oC 02[ ]/ CXP( RTJ [18]
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The obtained rate equation describes the observed oxygen partial pressure and pH dependence. It

also has the observed first Tafel slope under Temkin conditions and the second observed Tafel

slope under Langmuir conditions (q=0).

Conway and Bockris [79] showed that, even under the Quasi-equilibrium approximation
assumption, the rate constant of the rate determining step is 100 times (or more) smaller than that
of other steps, there are limits to the overpotential range in which mechanistically significant
Tafel slope can be derived. They simulated several curves and obtained two linear regions where
the first slope was equal to the predicted value from the quasi-equilibrium treatment and the
second slope was c.a ~120 mV dec”. They confirmed that it was the change of the effective
concentration of the intermediate species involved in the rate determining step, with potential,

that leads to a decrease in the usual one-electron Tafel slope of 118 mV dec™.

3.7.1.1 Transfer coefficient dependence on temperature

The transfer coefficient is affected by the double layer structure and adsorption of impurities [78,
93], and the latter generally increase the value of a. In the presence of impurities the assumption
of 6y = 0 is not valid, and since the heat of adsorption of impurities and phosphate ions is
temperature dependant that will give rise to a transfer coefficient which depends on temperature.

Conway et al [94] showed that the apparent temperature dependence of alpha can be caused by a

change of f(6) or free sites, 1-61, with temperature (specifically adsorbed anions). This is

explained by the following equation:

oli _o[ms0)], pF
v~ 8V RT

[19]

Where f(8) involves potential and temperature dependent terms.

Parsons [95] suggested that the temperature dependence arose from the specific adsorption of
anions. Anion adsorption will alter oxygen surface coverage because of competition with oxygen
groups, columbic repulsion between the adsorbed anions and the adsorbed oxygen species (OH
or O), and alteration in the interfacial field in the double layer [96]. It was shown that phosphoric

acid adsorbs strongly on a platinum surface [114] with enthalpy of adsorption equal to -92 kJ
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mole™! and entropy of adsorption equal to -219 J mole™ K'(at standard state of 6°=0.5 & C’=1
mole L), The adsorption is reported to be [114] potential dependant with an adsorption

maximum at ~0.8V (SHE), where alpha is typically measured.

The dependence of alpha on temperature can also be explained by a change in the double layer
thickness with temperature, due to variation in the adsorption of abnormal entities (impurities
and phosphoric acid)[64]. Bockris and Gochev [115] suggested that, in the presence of adsorbed
species, alpha will strongly depend on the double layer structure. If a non-aqueous solution

contains a trace of water (e.g. concentrated phosphoric acid at elevated temperatures), the water

occupancy of the double layer will depend on temperature.

Alternatively, Conway et al [94, 97] suggested that the entropy of the reaction may become more
significant when the enthalpy of the reaction is small leading to an apparent temperature

dependence of alpha. They explained the experimentally observed dependence of Tafel slope on

temperature by the following equation:

b=+23RT /(B, + BT) [20]

By and Ps are the enthalpic and entropic components of the overall symmetry factor f.

They attributed the temperature dependence to a change in the entropy of activation, which could

be caused by potential dependant solvent orientation.

On a Nafion interface, the variation of o with temperature was linear with slope of 0.0034 K
[98, 99]. Two activation energies were obtained, a high value of 73.2 kJ mole™ at low current
densities (oxide-covered platinum, with a Tafel slope of 60 mV dec™) and a lower value of 27.6
kJ mole™ at high current densities (oxide-free platinum, with a Tafel slope of 120 mV dec™).
Oxygen reduction in phosphoric acid exhibits higher activation energy than that for nafion, as

result of the combined effect of heat of adsorption of anions and heat of solution of oxygen

[100].
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3.7.1.2 Transfer coefficient and activation energy in phosphoric acid systems

Damjanovic and Brusic [80] reported that oxygen coverage in 0.1 M HCIO4 changed linearly
with potential in the range of 1 to 0.8 V (vs. SHE). The i/V curves also shifted by 100 mV for a
unit change in pH in perchlorate acid solutions. In sulphuric acid solutions, at low current
densities (Temkin conditions) the voltage dependence on pH was 90 mV per pH unit and

changed to 110 mV per pH unit under Langmuir conditions [81].

The surface coverage of oxygen species on platinum, at low current densities, as a function of

potential and pH can be given by [80, 101, 102]:

2.3RT

By =KV +K pH -6, [21]

Where K is constant (0.85 V™), 8y is constant, which depends on the reference potential, 6, =
KV, = 0.85%0.77 = 0.65, when potentials are referred to SHE. Vy is the potential, where 0
extrapolates to zero, in zero pH solution. Equation 21 suggests that a positive shift in the
potential range where the adsorption isotherm will change from Temkin conditions (which can
prevail only in a narrow range of potential [82]) to Langmuir (at c.a. 6 ~0.2) will occur as
electrolyte pH decreases.

In hot concentrated phosphoric acid, 85% wt, c.a. 14.7 M (pK,; = 2.148 or pH = 0.49 at 25 °C),

the following equation for the 1¥ proton ionization were given [103]:

9,
K, = 7_97ﬂ-4.5535 +0.013486T [22]

At 150 °C pKar = 3.041, leading to pH = 0.94. Substituting this pH value in equation 21 with
value of @ = 0.2, we obtain a value of V equal to 0.92 V (vs. SHE). This means that in hot
phosphoric acid, high oxygen coverage will shift towards more positive potentials, and Langmuir
(6 ~0.2) Tafel slope of 120 mV dec” is expected at potentials below 0.92 V. Sepa, Vojnovic and
Damjanovic [102] showed that at pH =1 for 8 = 0.2 the potential was 0.9 V vs. SHE and
increased to 0.96 V at pH = 0.

95‘|Page



Chapter Three: Oxygen Reduction in PBI/H;PQ, Interface

In hot phosphoric acid above 0.9 V (SHE), ORR using Pt supported on carbon is affected by
mixed potentials (carbon and platinum oxidation) and therefore cannot be used to obtain Tafel
slopes [104]. Using unsupported platinum it was possible to obtain the first Tafel slope at
potentials above 0.9 V (SHE) on oxide-free Pt black in very pure 85% wt phosphoric acid at

120°C [105].

In very high purity phosphoric acid solutions a was temperature independent [64]. Petrii, Marvet
and Malysheva [106] studied the effect of impurities in phosphoric acid, and attributed the
observed hysteresis, between the anodic and cathodic sweeps for oxygen reduction, to inorganic
(metallic cations) impurities. They also reported increase in oxygen adsorption overvoltage and
reduction in its reversibility with increase in phosphoric acid concentration, which can be

suppressed by using platinum oxide instead.

Appleby [85] studied the effect of impurities in phosphoric acid on the Tafel slope. He observed
values of 60 mV dec™ to 80 mV dec’! in purified solutions in the temperature range of 25 to 136
°C, and values in the range of 80 to 90 mV dec” in analytical grade solutions. A Tafel slope in
the range of 60 to 120 mV dec’! is typically observed in impure phosphoric acid solutions,
depending on the adsorption of the impurities and phosphoric ions [85]. This adsorption is

concentration, temperature and potential dependant.

The effect of phosphorous acid impurities in phosphoric acid on oxygen reduction was
investigated by Sugishima et al [68]. Tafel slopes varied from 125 mV dec’! (alpha 0.473) to 215
mV dec” (alpha 0.275) when the impurity concentration (phosphorus acid) increased from 0 to
2.48x10% mol L™,

Clouser et al [107], studied the effect of temperature on a in phosphoric acid, and obtained Tafel

slopes in the region of ~120 mV dec!, while alpha varied linearly with temperature with a slope

of 0.0014 K.

McBreen et al [108] also reported Tafel slope in the region of 120 mV dec’!, but independent of

temperature, which suggests a linear dependency of alpha with temperature. They also reported a
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change in Tafel slope from 120 mV dec”! to 60 mV dec™ was observed, with increased oxygen

partial pressure above 3 atmospheres.

Appleby [109] reported values of a from 0.49 at 25 °C to 0.562 at 95.9 °C in 85% wt phosphoric
acid. Similarly, O’Grady et al [110] reported values from 0.53 at 25 °C to 0.68 at 70 °C in 85%
wt phosphoric acid, and alpha varied linearly with temperature with a slope of 0.0034 K Huang
et al [69] observed a value (85% wt H3POy) of 0.47, 0.61 & 0.67 at temperatures of 25, 100 &

150 °C, respectively.

However, Liu et al [62] reported a value of a = 0.92 (Tafel slope 90 mV dec™) at 150 °C for
phosphoric acid doped PBI (doping level is 6 and 1 RH %). The value is in good agreement with
the work of Kunz and Gruver [104], who reported a = 0.94 (Tafel slope 90 mV dec™) at 160 °C
(96% wt H3PO4) using PYC as catalyst.

In phosphoric acid doped PBI a values varied with doping level; Tafel slopes started from 90
mV dec’! and increased with doping level approaching those of phosphoric acid of ~120 mV dec’
! at high doping levels. Liu et al [62] reported values of 92, 94, 101 & 104 mV dec™ at doping
levels of 4.5, 6, 8 & 10 PRU, respectively.

Various values has been reported for the activation energy of oxygen reduction, on platinum in
phosphoric acid, 92 kJ mole™ with (a = 0.94) [104], 95.8 kJ mole™ with (a ~1) on oxide-free
Platinum [85], 54.8 kJ mole™ (a = 0.5-0.56) [109] and 72.4 kJ mole™ with (a = 0.53-0.68) [64]
on oxidized platinum. Similarly, activation energy on oxidised platinum at a nafion interface of

73.2 kJ mole™ (at o = 1) and oxide-free Pt on nafion of 27.6 kJ mole™ (at a = 0.5) has been
reported [98, 99].

3.7.2 Experimental results and discussion

In this work Tafel slopes measurements were made in the potential range of 0.9-0.8 V (vs. SHE)
using the linear sweep curves , at potentials above 0.9 V, ORR in H3PO, using carbon supported
catalyst is affected by mixed potentials (carbon and platinum oxidation) and therefore cannot be

used to obtain Tafel slopes [104]. Prior to calculations, the i-V curves were corrected for IR
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losses (R obtained from AC impedance measurements) and mass transport losses using Nernst

correction [62, 64, 68, 85, 104-110] (i.i)/(iL-1) where ip is the limiting current observed for the

given studied sweep (see Figures 9-1 & 9-2, Appendix: A).

Figure 3-19 shows the effect of temperature on the observed transfer coefficient at doping levels
of 3, 6 & 16 PRU. An approximately linear dependence of alpha on temperature was observed
experimentally with slope of 0.0043 K" obtained for high doping level of 16 PRU, 0.0052 K
for doping level of 6 PRU and 0.0053 K" for doping level of 3 PRU. The values are in good
agreement with values obtained for phosphoric acid of 0.0034 K'[110].

1
X
0.95 -
0.9 - X
0.85 ~
0.8 -
@
5075 4
<
(=]
0.7 4
4~ 3pru O2 this work
0.65 =& 6pru O2 this work
=—16 pru O2 this work
061 = 3pru 02 from Ref [62]
- —*=6pru 02 from Ref [62]
0.55 -
=®-16 pru 02 estimated from Ref [62]
05 * ‘
370 380 390 400 410 420 430

Temperature / K

Figure 3-19. Transfer coefficient dependence on doping level and temperature.

Table 3-11 summarise the observed activation energy values and the pre-exponential factors (A)
of ORR using doping levels of 3 & 6 PRU obtained from Arrhenius plots of the exchange current

density at the temperatures of 100, 120 & 140 °C using air and oxygen.
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It can be seen that the activation energy increased by lowering doping level. On the other hand,
as shown in Figure 3-19, alpha decreased with increased doping level. This reflects the direct
relation between alpha and activation energy where a value of ~60 kJ mole” was obtained for
alpha in the range 0.75-0.95 and ~40 kJ mole™ for alpha in the range 0.68-0.88. The values lie
within the range given in the literature for oxidized (a ~0.5) and non-oxidized platinum (o ~1).

The observed high uncertainty in the calculated activation energy is caused by non-linear
increase in In(ip) with temperature (Arrhenius plot, Figure 3-20). The increase in In(io) from 100
to 120°C was larger in comparison to the increase from 120 to 140 “C. This non-linearity is

caused by decreased oxygen concentration (solubility) at a given oxygen partial pressure with

increased temperature (Henry’s law).

2.5 -8-40%-3 PRU-02 —<40%-6 PRU-02 ~—-60%-6 PRU-02
20%-6 PRU-air —+-40%-3 PRU-air —-60%-3 PRU-air
-3 -
-3.5 -

Ln (ig) / A.cm2
ES
(3]

[
3]
L

[

o

(4]
1

24 2.45 2.5 2,55 2.6 2.65 2.7
1000/T / K-

Figure 3-20. Arrhenius plot of In (ig) with temperature for various studied electrodes.

Increasing the doping level will increase the acid volume fraction and therefore [H'] and

explains the increase of exchange current density, jo p, With increasing doping level, from
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reaction rate equation [4] (equation 18). The same conclusion can also be drawn from the
dependence of alpha on doping level, where higher a values (at lower doping levels) lead to
lower exchange current densities due to the dependency of current on potential (alpha).
Exchange current densities on poly-crystalline 20% Pt/C of 2.1, 3.1 and 6.3%x107 A cm™p were
obtained for doping level of 3, 6 & 16 PRU, respectively at 100°C. These results are in close
agreement to jo p values in ortho-phosphoric acid at 100 °C [69, 85, 108].

Liu et al [62] reported a similar dependency of jo pr on PBI doping level for ORR on a sputtered
Pt micro band electrode. jo p; varied from 0.18, 0.29 & 2.4x10° A cm™?p with doping levels of

4.5, 6 & 10 PRU, respectively at 150°C.

Table 3-21. Activation energy and pre-exponential factors for ORR at different doping levels.

. z Ln(A) Ln(A)
talyst Dopin . . re- re-
LR . Activation Activation s .
Pt/C Level s exponential  exponential
energy O; energy air
factor O, factor air
T Wt% PRU ‘kimole™  kImole™ ‘ R
20 6 1388407 30312 799 ERIT L 41 TN
A0 SRS 0 A0 2 B R T TR T
A0 6T 4] 212185 123 5000 R e
i S0 STAG S RA0 B30 LR TR T RO R D Oy T
60 6 31510 P06 RGO | 4157 TEKS a7 ] S e

It can be seen from Table 3-22 that the reaction order increased with increased temperature until
reaching the typical value of ~1 (Equation 18) at 140 °C. This can be attributed to different
reaction mechanisms, where the hydrogen peroxide route would be more favourable in the
presence of adsorbed impurities [85, 112]. The influence of impurities, on the mechanism, will
drop with increasing temperature due to their low heat of adsorption [85].

Another explanation for the observed reaction order temperature dependence is the non-linearity

between 6 and oxygen partial pressure Po2, where under Langmuir isotherm is given by:
0

1-6,

2t (23]
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The derived reaction rate equation 18, with reaction order of 1 with respect to Po,, was obtained

from the assumption that 67 = 6 and 6 is small enough so that

(%

~ 0 24
= [24]

However, in the presence of impurities 61 # 0 but 01 = 0 + Oimpurities, therefore for small values of
0 equation 24 is no longer valid, and 6 will not linearly depend on Pg; (smaller dependency
leading to reaction order lower than 1). At elevated temperature, adsorption of impurities will
decrease due to their low heats of adsorption, and therefore 61 = 0 leading to a reaction order of 1
with respect to Poz. Both explanations are consistent with the effect of temperature on @, from

described in equation 19 where it depends on 6 (impurities adsorption) and B (reaction

mechanism).

Table 3-22. Reaction order with respect to Po; at different temperatures and doping levels.

Catalyst Doping = jat09Veyg  jat0.9Vgyg Reaction
Pt/C level Po2=0.21 Por=1 order Pg;

491E-03
309E-02 095
(862E-03 0S5
197E-02 085
T TR T
T e
3.40E-02
1.00E-02.
2.00E-02
1.08E-02
2.05E-02

3.62E-02 098

1.89E-03
492E03
6.81E-03
" 4.86E-03

5.50E-03

60 ST £ Y RS 140 7.73E-03
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3.8 Conclusions
For oxygen reduction at platinum supported carbon in phosphoric acid doped PBI, the catalyst

layer structure and composition play an important role in electrode performance.

The acid doping level in the catalyst layer affects the oxygen permeability, with a doping level of
6 PRU exhibiting the best oxygen permeability, of those studied. However an optimum doping
level might lie in the range between 3 and 6 PRU which wasn’t investigated. The optimum

doping level depended on temperature and oxygen partial pressure, as both affects the

permeability.

Similar to phosphoric acid systems, the transfer coefficient (a) depended on temperature. The

dependency is explained by adsorption of impurities and thermodynamic effects.

The kinetics of oxygen reduction in PBI doped phosphoric acid is similar to that of phosphoric
acid at high doping levels. Doping level affected the activation energy 6f the reaction, transfer
coefficient and exchange current density. Increased doping level increased the exchange current
density although decreased a values. The influence of doping level on electrode kinetics
depended on temperature and oxygen partial pressure, where a compromise between exchange
current density and transfer coefficient was realised. A high doping level was favourable at low
temperatures, high oxygen concentrations or low operating overvoltages whilst low doping was

favourable at high temperatures, low oxygen concentrations or high operating overvoltages.

An optimum catalyst layer thickness exists that provides a balance between good oxygen
transport and fast kinetics. At loading of 0.5 mgp, cm'z, 40% Pt/C (estimate catalyst thickness of
~12 pm assuming 40% porosity, see Sec. 6.2) gave better performance than 20% & 60% Pt/C
(estimate catalyst thickness of ~7 um assuming 40% porosity). However, the optimum thickness
might lie in the range between 40 and 60% PY/C (i.e. 50% Pt/C) due to the fact that, at low
oxygen concentration and high doping level, 60% Pt/C showed advantage over 40% Pt/C. An
optimum catalyst layer thickness of 10um was reported in the literature for phosphoric acid fuel

cells. This factor will be looked into more details in the next chapter.
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4 Optimisation of PBI Membrane Electrode Assembly

4.1 Introduction

As discussed in the previous chapter, the catalyst structure plays a major part in determining an
electrode’s performance; whilst on the other hand increasing the ESA of the catalyst layer by
utilizing catalyst with lower Pt to carbon ratio (smaller particles size) did not necessarily enhance
the performance of the PBI-phosphoric acid fuel cell. At a loading of 0.5 mgp, cm™ the best
performance achieved in this work was with catalysts with Pt content in the range of 40-60%
Pt/C. This can be explained by:

i) an optimum particle size for mass activity, reported to be ~3.5 nm for phosphoric acid fuel
cells [1]; which was in good agreement with the ﬁndings of this work 2.8-3.7 nm, and

ii) an optimum thickness for the catalyst layer, reported to be ~10 pm [2] for phosphoric acid
fuel cells and found to be in the range of 5.6-12.7 um in this work (assuming 40 % porosity in
the catalyst layer 40-60% Pt/C).

In this chapter data from several fuel cells is presented and discussed. The effects of catalyst
thickness (Pt:C ratio), PBI loading, acid loading, catalyst loading and binder/electrolyte

materials; for both anode and cathode are described to enable more detailed study of the catalyst

layer.

4.2 PBI based MEA’S

4.2.1 Experimental

4.2.1.1 Cell design

In the corrosive environment of hot phosphoric acid, the choice of materials available to stand
the operating harsh conditions is limited. Graphite and Titanium are good candidates due to their
relatively low cost and high stability. For the experimental single cell, titanium was selected due
to better mechanical properties and low hydrogen permeability over graphite. However it was
necessary to gold plate the surface in contact with the MEA, as oxide formation in this increase
its contact resistance.

The fuel cell is shown schematically in Figure 4-1. The titanium cell body used had a 3 cm x 3

cm gold plated parallel flow fields. Mica filled PTFE inserts were used to surround the flow
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fields and provide location for the O-ring seal and dynamic hydrogen electrode (DHE). The solid
state DHE consisted of two platinum wires on each side of the membrane located outside the O-
ring: a distance of 10 mm away from the MEA edge to avoid side current effects (the membrane
used ~50pum). A small current of 1.0 mA cm? (~10 pA) was applied (to perform hydrogen

evolution reaction) by means of 9 V battery connected in series with appropriate resistance

The temperature of the cell was controlled by thermostatically controlled cartridge heaters
inserted into the cell body The gases were passed into a home-made humidifier at 16 °C prior to
entering the cell at ambient temperature, this provided small humidification of 0.36% RH at 150
°C (unless otherwise mentioned). The flow rates were controlled manually by means of
appropriate flow meter designated for each gas (Platon (RM&C), U.K). The cell was tested

under ambient pressure unless otherwise specified.

4.2.1.2 Instruments

A Powerstat 20 A potentiostat (Sycopel, U.K) combined with high impedance multi channel data
acquisition card (national instrument, NI6010) was used to carry out the electrochemical
measurements, which enabled continuous monitoring of anode, cathode (vs DHE) and cell
performances separately. Polarisation curves were recorded using a cathodic sweep at a scan rate

-1 . .
of 5 mV s. Previous tests confirmed that this was slow enough to approximate to steady state

operation.

The conductivity of each MEA was measured using Gill AC frequency response analyzer (ACM
instruments, UK) in the range of 30 kHz to 30 mHz (15 mA amplitude) and the relative
humidity was obtained from an intrinsically safe humidity sensor (Vaisala HUMICAP®

Finland).
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Figure 4-1. Schematic diagram of the titanium testing fuel cell.
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4.2.1.3 Spraying machine and electrode preparation

A spraying machine was built to deposit catalyst layers; to achieve reproducible spraying pattern
and catalyst layer structure/porosity. A CNC milling machine (Sherline 2010, USA) was used to
provide the desired spraying pattern, whilst a fixed stainless steel spraying (0.5 mm) nozzle

(Schlick 970S8, Germany) and associated metering valve was used to control the spray mixture

(with nitrogen) and ink flow rate.

The catalyst ink was prepared either by sonicating the catalyst and PBI in acetone/DMAc, for
PBI based MEAs, or the catalyst and PTFE dispersion (60% wt, Aldrich) in water-ethanol
mixture, for PTFE based MEAs. The required amount of PA acid was then added to the surface

by means of a micro-pipette and the electrodes were left for a week to cure to obtain uniform

acid distribution.
Gas diffusion electrodes suitable for high temperature operation (non-woven carbon cloth)

incorporated with wet proofed micro porous layer (obtained from Freudenberg (FFCCT

Germany) were used as substrates to deposit the catalyst layer for both anode and cathode.

4.2.2 Anode Performance

4.2.2.1 Effect of PBI content

Anodes were prepared using 0.2 mgp cm? 20% PYC (ETEK) with PBI loading of 0.28 and 0.7
mg cm’? and fixed doping level of 8PRU.

Figure 4-2 shows the effect of PBI content on the anode performance. Using the higher of the
two PBI content caused very significant anode polarisation, (e.g. > 200 mV at 100 mA cm?)
even for the fast hydrogen oxidation reaction. Thus, increasing the PBI content above 0.28 mg
cm? lead to severe mass transport limitations, even at elevated temperatures, due to lower
porosity and hydrogen permeability through a thicker PBI ionomer film. This counteracted any
potential advantages of increased ionic conductivity provided by PBI in the catalyst layer.

Notably with the lower PBI content the anode polarisation was low, cf. 20 mV at 500 mA cm’
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As oxygen permeability through PBI is even lower than that of hydrogen, especially under air

operation, this suggested that a minimum PBI content would be required for cathodes.

4.2.2.2 Effect of acid doping

Figure 4-3 shows the effect of doping level on the anode performance with a PBI loading of 0.7
mg cm2 Increasing the doping level dramatically enhanced the anode performance even at very
high doping level of 20 PRU. Increasing the acid content lead to enhancement in conductivity
across the catalyst layer, more accessible ESA and better hydrogen permeability over pristine
PBI. For anodes using 0.5 mgp cm™? 20%Pt/C with doping level of 20 PRU a superior
performance was obtained, for example with an overpotential value of only ~10 mV at a current
density of 600 mA cm™ and temperature of 150 °C. Increasing the doping level up to 20 PRU did

not appear to impose mass transport limitation on the anode when operating with pure hydrogen.

250 -
—20%Pt/C 0.7 mg.cm-? PBI 8PRU 120C
200 - —20%Pt/C 0.7mg.cm-* PBI 8PRU 150C
—20%Pt/C 0.7mg.cm-* PBI 8PRU 175C
E 150 - 20%Pt/C 0.28mg.cm-* PBI8PRU 120C
o
@ —20%Pt/C 0.28mg.cm-*PBI8PRU 150C
% 100 + —20%Pt/C 0.28mg.cm-? PBI8PRU 175C
w
50 -
0 T T T T T 1
0 100 200 300 400 500 600

j/ mA.cm2

Figure 4-2. Effect of temperature and PBI content on anode polarisation performance, potentials measured

vs. DHE, Anode 20 %Pt/C, platinum loading 0.2 mgp, cm™.
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Figure 4-3. 20% Pt/C anode performance vs. DHE with pure hydrogen using 0.5 mgp, em” and 0.7 mg cm™

PBI with various acid doping levels at 150 °C.

4.2.2.3 Reformate gas tolerance

An advantage of operating at elevated temperatures is improved platinum CO tolerance, which
enables simpler operation with reformate gas, e.g. less shift reforming. Figure 4-4 demonstrates
the effect of using reformate gas on the anode performance in comparison to pure hydrogen. The
dilution effect of using 50 % vol carbon dioxide, for example, led to an increase in anode over-

potential from 24 to 37 mV (vs. DHE) at 600 mA em™,

The cell showed good tolerance to carbon monoxide, for example, at 175 °C, using 10 % vol
carbon monoxide increased the anode over-potential from 24 to 62 mV at a current density of
600 mA cm” and low platinum loading of 0.2 mg cm™. Above 10% vol CO a dramatic fall in
anode activity was observed due to poisoning. For example with 30% vol CO, (Fig. 4-4) the

anode performance was limited and current densities up to 600 mA cm were not achievable.
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Figure 4-4. Effect of CO & CO2 on anode performance vs. DHE using 0.2 mgp, em? 20% Pt/C and 0.28 mg

cm? PBI with doping level of 8 PRU, H2 flow rate of 0.2 Ipm and temperature of 175 °C.

4.2.3 Cathode Performance

The effect of acid loading, surfactant addition and ionomer on cathode performance were studied
and described in this section. Cathodes were prepared using 0.5 mgp, em’? of 30% Pt/C (ETEK)

with a PBI content of 0.55 mg cm” in order to maintain ionomer volume fraction of ~ 32% in the

catalyst layer (see Chapter 3).

4.2.3.1 Effect of acid doping

As seen in Chapter 3 there was an “optimum’” acid loading for a given PBI content and catalyst
layer thickness. Figure 4-5 shows the effect of doping level on cathode performance. Using

oxygen, increasing the doping level from 0 to 2.5 PRU shifted the polarisation curve to lower

over-potentials without an apparent change in the slope of the curve; suggesting no considerable

change in the transfer coefficient, mass transport or resistance. Increasing the doping level

further to 11 PRU led to a greater reduction in cathode performance, compared to that with 2.5
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PRU. The slope of the polarisation curve also increased compared to that with 2.5 and 0 PRU.
The addition of acid should enhance electrolyte conductivity and potentially reduce the potential
drop through the catalysts layer which may be seen in smaller slope of the polarisation curve.
However greater quantities of PA may cause kinetic limitations through co-adsorption of
phosphate, and also mass transport limitations. With pure oxygen and for small over-potentials it
is not expected that severe mass transport limitation would occur. This is confirmed from
operation with 1 bar (gauge) oxygen (Figure 4-5) where increasing the oxygen partial pressure
did not affect dramatically the slope of the polarisation curve, even though the kinetics
enhancement shifted the polarisation curves to lower over-potentials. Overall, from the data, the
further addition of the acid decreased the transfer coefficient (a), which was confirmed in
Chapter 3 (see effect of acid doping on «).The calculated values of a were 0.92, 0.905 & 0.79 for
doping levels of 0,3 & 11 PRU at 150 °C, respectively.

Comparing the electrode performance with air (Figure 4-6) and oxygen (Figure 4-5), it can be
seen that electrodes with doping level of 2.5 PRU did not suffer major mass transport limitations
within the current densities used; the slopes of the polarisation curves slope were also similar.
Similar conclusions can be drawn for the 11 PRU doping level, where even though the slopes
under oxygen at 0 and 1bar (gauge) were different from that of low doping level, the slopes were

similar under air operation which confirmed the influence of acid on the transfer coefficient.
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Figure 4-5. Effect of doping level on cathode performance under oxygen vs. DHE (IR included) using 0.5 mgp,

em™ 30% PUC and 0.55 mg cm™ PBI with various doping levels.
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Figure 4-6. Effect of doping level on cathode performance under air & oxygen vs. DHE (IR included) using

0.5 mgp. cm™ 30% PU/C and 0.55 mg cm™ PBI.
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Non-doped electrodes (0 PRU) using oxygen produced similar polarisation curve slopes to that
with 2.5 PRU. However with air the slope decreased compared to that with oxygen operation

suggesting mass transport limitations, which is expected due to the very low permeability of

oxygen through pristine PBL

4.2.3.2 Effect of surfactant addition

As seen from Chapter 3, the addition of perfluorinated surfactant (0.5% wt known as C6) lead to
enhancement in oxygen permeability through the PBI/H;POy interface. Figure 4-7 shows the
effect of surfactant addition on cathode performance for 40%Pt/C electrodes prepared with 0.5
mgp cm’> 40% Pt/C, 0.45 mg cm™ PBI and doping level of 6 PRU. An enhancement in activity is
clearly seen with both air and oxygen operation. For example, using air, at current density of 100
mA cm’? a potential increase from 100 to 500 mV was observed with the surfactant addition. In
addition, an apparent limiting current density of ~180 mA cm™ was observed with oxygen,
without surfactant addition, whilst no limiting current was observed with 0.5% wt surfactant

within the current density range studied. The measured transfer coefficient was ~0.85 and did not

vary with C6 addition.
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Figure 4-7. Effect of 0.5% wt surfactant addition on cathode performance vs. DHE (IR included) using 0.5

mg em2 40% Pt/C and 0.45 mg cm’ PBI with doping level of 6 PRU.
Pt

4.2.3.3 Doping level influence on conductivity

Figure 4-8 shows the effect of electrode doping level on the through plane conductivity of
MEA'’s. Increasing the doping level above 2.5 PRU led to a slight increase in the overall
conductivity. Electrodes without doping had very low conductivity, 0.005 S em™, compared to

0.025 S cm’* with the doped electrodes, at 150 °C and RH 2 %.
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Figure 4-8. Doping level effect on MEA’s through plane conductivity using 0.5 mgp, cm? 20% Pt/C at the
anode and 0.5 mgp, em™ 30% Pt/C at the cathode, with PBI loading of 0.7 & 0.55 mg em?, respectively, and

RH 10% at 100 & 120 °C and 2% at 150 °C.

4.2.3.4 Effect of ionomer materials, Nafion or PBI/H;PO,4

From tables 3-8 and 3-9 in Chapter 3, it was noted that hydrated Nafion has a much higher
conductivity and oxygen permeability (at 80 °C, 34.2x10™ mol cm em™® s atm™) [3] than that
of pristine PBI (at 80 "C, 0.05%10"* mol ecm em™ s atm™) [4]. However Nafion water uptake
falls dramatically at elevated temperatures (above 80 “C) and with low humidity. For dry Nafion
the oxygen permeability (at 80 °C, 3.1-4.1x10"* mol cm em™ s atm™) [3, 4] is similar to that of

PTFE (at 80°C, 6.1x10"* mol cm cm” s atm™) [5] and PBI with doping level of 6 PRU (at
150°C, 2.18x10" mol cm em? s atm™) [6].

The Nafion conductivity in the temperature range of 100-140 °C, at low relative humidity (<2 %)
is in the range of 10°-107 S ecm™ [7]. In accordance to theoretical models, the apparent Tafel
slope should be ~240 mV dec”' double the true value of 120 mV dec™ in the situation of very
large electrolyte resistivity inside the catalyst layer [8, 9]. This was also demonstrated
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experimentally for Nafion in dry conditions and was explained by the logarithmic dependence of

IR losses on current density and consequently product water generation [10].
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Figure 4-9. Effect of binder/electrolyte on cathode performance vs. DHE (IR included) with nafion 30% wt

and PBI 0.45 mg cm™ PBI (6 PRU with 0.5 %wt C6) at 120 °C.

In this study, cathodes with 40% Pt/C 0.5 mgp, cm™? were prepared with 30% wt nafion as
jonomer or 0.45 mg em” PBI with 6 PRU. Both electrodes used the standard 20% Pt/C 0.2 mgp,
cm anode and were hot pressed on the standard 5.6 PRU PBI 50 pm thick membrane.

Figure 4-9 shows the effect of ionomer type (nafion or PBI/H3PO4) on cathode performance. It
can be seen that PBU6 PRU (with perfluronated surfactant C6) gave better performance than
Nafion; with greater transfer coefficient; the polarisation curve exhibited lower overpotentials.
However, Nafion has, even under dry conditions, a better oxygen permeability than PBI 6 PRU,
which was reflected in the similar slopes of the polarisations curves with air, air 1 bar and
oxygen at the studied high current densities. With PBI 6 PRU the slopes of the polarisation
curves fell, beyond current density of 50 mA em’, with lower oxygen partial pressure, even with

surfactant addition, also indicating mass transport losses. The enhanced mass transport of nafion
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was also seen in its higher limiting current. PBI based electrode had lower limiting current than
that of nafion based electrode under air operation (Fig. 4-7 & 4-9).

The measured apparent Tafel slopes were 261 mV dec' for nafion in comparison to 96 mV dec™
for PBI (6 PRU) at 120 °C. This corresponds to transfer coefficient values of 0.3 & 0.81,
respectively. The observed high value of Tafel slope for dry Nafion was in close agreement to
the estimated value of 240 mV dec”! givenin [8, 9].

On the other hand, the obtained exchange current densities (by extrapolating Tafel slope to 1.1
V) for nafion was three orders of magnitude higher than that of PBI. This can be explained by

2 was obtained for

2

higher oxygen solubility and lower ions adsorption. Value of 1.28x 10° A cmpy
nafion with oxygen, which is in good agreement with the reported value of 1.41x10° A cmp,
(O3, 80 °C) [11]. A value of 3.19% 10 A cmp? was obtained for PBI (6 PRU), which is in good
agreement with the reported value of 2.9x10° A cmp? for PBI (6PRU) at 150 °C with oxygen
[6]. Catalyst specific area of 16 m’ g’1 was considered in the calculations for the used 40% Pt/C
(roughness factor of 80), this value was obtained from hydrogen under potential deposition

(UPD) for 40% PYC electrode utilising PBI (6 PRU) (Chapter 3).

43 New PEMFC MEA development

While PBI is considered a good candidate for membrane materials due to its low permeability,
addition of PBI to the catalyst layer as ionomer for proton conduction through the catalyst layer
and binder, imposes mass transport limitation on anode and cathode performances depending on
the thickness of the film formed on the catalyst sites. Furthermore, addition of phosphoric acid is
necessarily to facilitate oxygen permeability and proton conduction, as the conductivity of non-

doped PBI is very low (in the range of 10* S em™[12]).

In this study, it was decided to eliminate PBI from the catalyst structure and rely on the
conductivity of phosphoric acid as electrolyte, to give the following advantages:

o Conductivity of Phosphoric acid 0.568 S cm™ at 150 °C is an order of magnitude higher
than that of doped PBI 6 PRU ~0.047 S cm™ at 150 °C and 5% RH [6].

Oxygen diffusion in Phosphoric acid (98% wt) 30x10°® em? s is an order of magnitude
higher than that of doped PBI 6 PRU 3.2x 10° cm? s at 150 °C [6].

123 |Page



Chapter Four: Optimisation of PBI Membrane Electrode Assembly

o Dissolved oxygen concentrations (solubility), 0.68x10 mole cm™ for doped PBI 6 PRU
compared to 0.5x10% mole cm™ for 95%wt phosphoric acid at 150 °C and atmospheric

pressure [6].

PTFE was introduced in the catalyst layer to provide the following functions:
1. Binder.
2. Amorphous phase to hold the phosphoric acid.
3. Enhance porosity.
4. Facilitate transport of oxygen to the catalyst layer by repelling the phosphoric acid from
the catalyst structure (hydrophobic properties) and provide higher oxygen permeability
(two order of magnitude), e.g. at 80 °C PTFE exhibits an oxygen permeability of 6.1 mol

em cm?s’! atm™ [5] compared to 0.05 mol cm em? st atm™ for pristine PBI [4].

In phosphoric acid fuel cells, typically 30-50% wt of PTFE is used [13]. In this work the effect
on MEA performance of the following factors were investigated: Catalyst loading, Pt:C
ratio/thickness, acid content, PTFE content, membrane doping level, dehydration (175 °C), air
flow rate, oxygen partial pressure, reformate operation, PFM addition, heat treatment, catalyst

carbon support, Pt-alloys effect and flow field pattern.

4.3.1 Catalyst loading effect

The effect of catalyst loading (0.4, 0.52 & 0.61 mgp, cm'z) on cell performance, at 120 °C using
oxygen and air as oxidants, is shown in Figures 4-10 and 4-11 respectively. The anodes used
20% Pt/C with loading of 0.2 mgp cm? and 2 mg cm™ acid as electrolyte. The cathodes had no
added-acid and conductivity purely relied on mobile acid from the membrane (doped at 5.6
PRU); 40%wt PTFE was added as binder for 0.4 & 0.52 and 20% wt for 0.61 mgp, cm™
electrode. The data shows that increasing the catalyst loading, increased the cell potential as a
result of higher electrochemical surface area (i.e. enhanced kinetic region). However, an increase
in the catalyst loading would increase the catalyst layer thickness, resulting in potential losses
due to mass transport and resistance. Moreover, there is an optimum catalyst thickness that

provides maximum accessible surface area in terms of proton conductivity from mobile acid
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from the membrane and oxygen diffusing from the gas channel. This optimum depends on
oxygen concentration: at high oxygen concentration higher loading/thickness is favourable whilst

the opposite case applies at lower oxygen concentration (air operation).

With oxygen (minimum mass transport limitations), increasing the loading increased the
performance. However IR losses countered the kinetics enhancement at higher current densities
when increasing the loading from 0.4 to 0.52 & 0.61 mg cm™, Whilst with air operation
(apparent mass transport limitations) increasing the catalyst loading above 0.52 mg cm™ (whilst

maintaining Pt:C ratio) did not significantly improve overall performance as mass transport

seems to dominate at low oxygen concentration.

Another effect of changing the cathode layer loading/thickness was on the OCP. With the cell
running on oxygen, increasing the loading increased the OCP due to smaller influence of
hydrogen cross-over on the mixed potential. Increasing the cathode thickness means more

surface area is available for oxygen reduction when hydrogen is oxidized at catalyst sites closer

to the membrane.
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Figure 4-10. MEA performance using oxygen at 120 “C with 0.4, 0.52 & 0.61 mgp, cm? (50% wt) on the

cathode and 0.2 mgp cm™ (20% wt) on the anode.
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Figure 4-11. MEA performance using air at 120 “C with 0.4, 0.52 & 0.61 mgp, cm” (50% wt) on the cathode

and 0.2 mgp cm” (20% wt) on the anode.
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4.3.2 PTFE loading effect

Typically, 30-50% wt PTFE is added to the cathode catalyst layer in phosphoric acid fuel cells.
PTFE offers several advantages; particularly enhancing mass transport through a more porous
structure. However, excess PTFE will lead to further IR drop, due to a thicker layer (more

porous) and less ionic & electronic conductivity (PTFE is non-conductive).

Figure 4-12 shows cell performance at 120 °C using 20 and 40% wt PTFE in the cathode. The
observed enhancement at high current densities using 40% PTFE resulted from superior oxygen
transport through the catalyst layer. To investigate the mass transport effect further a mixture of
oxygen/helium (20% vol oxygen) was passed through the cathode and the performance was
compared to that of air. While air and hele-ox have similar oxygen concentrations (~20% vol)
the oxygen binary diffusion with helium is much higher (order of magnitude) than that with
nitrogen. This can be readily established from Slattery-Bird correlation for binary diffusion [14],
D;;. The effects of porosity and tortuosity can be accounted for using Bruggeman correlation

leading to the effective binary diffusion D;;*T=Djjxe":

/2
DSI:%[\/T—T—J ( cd ”)'/3( c.l cJ)S/u{_AZ"*’"Ml';j g’ [1]

Where T, and P are the gas critical temperature and pressure, respectively. M is the molecular
weight of the gas, € is the porosity and t is the tortuosity. a and b are constants, a is 0.0002745

for di-atomic gases and 0.000364 for water vapour, while b is 1.832 for di-atomic gases and

2.334 for water vapour.

For example, the binary diffusion for oxygen-nitrogen (air) at 175 °C is 4.4x10° m? 5!

compared
to that of oxygen-helium under the same conditions; 1.8x10* m? s, The performance was
enhanced noticeably by replacing nitrogen with helium, which highlights the fact that the cell
suffers from mass transport limitation in the gaseous phase (through the porous structure) and is
not only dominated by permeability through the thin film (acid/polymer); which obeys Henry’s

law (depends on oxygen partial pressure).
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Figure 4-12. MEA performance using air/heleox at 120 °C with 0.4 mgp cm™ (50% wt) on the cathode and 0.2

mgpt em? (20% wt) on the anode.

43.3 Acid loading effect and surfactant addition

The acid doping level or acid film thickness over the catalyst site plays an important role on
overall performance. Increasing film thickness, &, will lead to better protonic conductivity as the
volume fraction of the acid in the catalyst layer will increase. On the other hand, increasing &
will lead to a smaller oxygen flux across the thin film, which will impose further mass transport
limitations, as defined from Fick’s law:

H,PO, r( _ )
_ —D<)~ € CP] Cd:.\:m[u'

Ny, =—= = 2]

Where Noz is the molar flux of oxygen, Cp, is the oxygen concentration on the catalyst surface,

and Caissolve 18 the oxygen concentration in the acid film at the studied temperature.
1SSOIV v

In this work two separate studies of acid content in the anode and cathode have been carried out.
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4.3.3.1 Acid and surfactant effects on cathode performance

Figure 4-13 shows the acid doping level effect on the cathode performance at 120 °C, with air
and oxygen operation. Increasing the doping level from 0 to 1 mg cm? lead to a shift in the
polarisation curve towards lower over potentials due to improved kinetics. Note that with no
added acid to the cathode it was still present due to acid mobility from the membrane. When
operating with pure oxygen an enhancement in voltage was observed over the entire studied
current density range. However with air operation the enhancement was observed at low current
densities (kinetic control) whilst at high current densities (mass transport control) no
improvement was observed, due to mass transport limitations countering the effect of enhanced

Kinetics arising from the thicker acid film over the catalyst sites.

0 mg/cm2 acid 0.4 mg/cm2 Air
0 mg/cm2 acid 0.4 mg/cm2 O2
=1 mg/cm2 acid 0.4 mg/cm2 Air

=1 mg/cm2 acid 0.4 mg/cm2 02
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Figure 4-13. MEA performance using air and oxygen at 120 °C with 0.4 mgp cm™ (50% wt) doped with 0&1

mg cm acid on the cathode and 0.2 mgp, em™ (20% wt) on the anode.

Figure 4-14 shows the effect of acid doping level and surfactant on cathode performance at 120

°C with air & oxygen operation. Increasing the doping level above 1 mg em?to 2 mg cm” in the
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cathode imposed mass transport limitation on the cathode performance with both air and oxygen
operation. This was seen in lower performance at high current densities (mass transport control)

where the acid film thickness increased beyond a crucial optimum point balancing between

conductivity and mass transport.

1.2 - 50%Pt/C_02_120C
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Figure 4-14. MEA performance using air and oxygen at 120 °C with 0.4 mgp cm™ (50% wt) doped with 0 & 2
mg em” acid with 0.5% wt C6 on the cathode and 0.2 mgp, cm™ (20% wt) on the anode.

Also shown in Fig. 4-14 the influence of Surfactant addition (0.5% wt of C6 Trideca-fluroro
hexane-1-sulfonic acid potassium salt) gave as shown earlier, an improvement in cathode
performance when using PBI as binder (Fig. 4-7), by enhancing oxygen permeability through
PBI. Similarly, surfactant addition at low concentrations has been reported to enhance oxygen
permeability through phosphoric acid by reducing its viscosity, enabling faster oxygen diffusion
(15, 16]. Figure 4-14 on the contrary shows that for PBI-free electrode surfactant addition
reduced cell performance due to mass transport limitations (lower performance at high current
densities and lower limiting current) in comparison to that with a cathode contain 2 mg em™ acid
without surfactant. The different results obtained with PBI and PTFE as binder are explained by

the hydrophobic properties of PTFE and hydrophilic properties of PBI. The surfactant led to
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reduction in the surface tension between the added acid and PTFE, increasing cathode flooding
with acid [17] and reducing the overall cathode porosity and thereby imposing oxygen mass

transfer limitation.

4.3.3.2 Acid effect on anode performance

Figure 4-15 shows the effect of acid and PBI content on the anode potential (vs. DHE) at 120 °C.
It can be seen that the addition of PBI to the anode catalyst layer (0.2 mgp, cm? 20% PvC)
reduced the anode performance (increased potentials) even at the same acid content. This can be
attributed to slower hydrogen diffusion through and lower conductivity of PBI and the fact that
free acid (liquid) has greater access to catalytic sites (electrochemical surface area) than the
polymer/polymer acid mix due to reduced porosity. Increasing the acid content from 0.2 to 2 mg
cm? increased the anode performance substantially; this can be attributed to a smaller IR drop
across the catalyst layer and more catalyst sites becoming accessible. However, increasing the
acid loading, beyond 2 mg em?, led to a small enhancement in anode performance at high

current densities (resistance improvement).

With a system operating on pure hydrogen the mass transport effect in the anode can be
neglected, thus increasing doping level in the anode up to 4 mg cm? led to the enhancement in

the performance without apparent mass transport limitation.
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Figure 4-15. Anode performance vs. DHE using hydrogen at 120 °C with 0.2 mgp cm” (20% wt) on the anode

with different acid/PBI content.

4.3.4 Oxidant flow rate/concentration effect

Figure 4-16 shows the cell performance with different air flow rates at atmospheric pressure and
120 °C. An increase in performance, at higher current densities, was observed when flow rate
was increased, resulting from enhanced mass transport and therefore limiting current density. A
maximum increase was obtained at 0.45 lpm (STP) (air stoichiometry of A = 2) and increasing A

any further did not lead to any noticeable improvement.
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Figure 4-16. Cell performance using air at 120 “C with 0.2 mgp, em™? (20% wt) on the anode and 0.61 mgp, cm’
2 (50% wt) with 40% wt PTFE on the cathode at different air flow rates.

It is well established that an increase in operating pressure enhances the performance of PAFCs
due to the low oxygen permeability through phosphoric acid [18, 19]. The effect of oxygen
partial pressure was examined using; atmospheric air, air 1.0 bar, atmospheric oxygen and
oxygen at 1 bar. Figure 4-17 shows that increasing the oxygen partial pressures, at 150 °C,
enhanced the cell performance in both the kinetic region (low current densities) and mass

transport region (high current densities).

Improvements in kinetics arise from an increase in the exchange current density due to an

increase In oxygen partial pressure (lower diffusion polarisation) and therefore surface

concentration:
. .re, C Y i E . T
oo o2l g
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Where jo (A cmgeomeric) i the reference current density, i (A cm?p) is the exchange current
density at reference temperature Trr and concentration C™, Cp, is the oxygen concentration on
the catalyst surface which directly proportional to oxygen partial pressure. a (m? g") is the
catalyst specific (electrochemical surface area) L is the catalyst loading, which correspond to the
weight of platinum per unit area (g cm™). y is the pressure coefficient or the reaction order with

respect to oxygen, Ec is the activation energy of oxygen reduction in hot phosphoric acid.

This reduces the kinetic overpotential losses as defined by the Butler-Volmer equation:

, , =gy F o F
Jo = Jo.c| €XP —ET——(UC) —exp R‘T (n.) (4]

Where 1 is the cathode overpotential losses and a is the transfer coefficient for cathode

reaction.
The kinetic improvement is also accompanied by a thermodynamic improvement (increase in

cell reversible potential), using Nernst equation:

_ (s _1asy) Rt [(Ch/Ch)Co /CE )"
OCFrp —{ nF nF J+ nF n (a o /af,on 5]

Where AH? and AS° are the enthalpy and entropy of the reaction, respectively. C%2, CY02& a%ao

are the reference hydrogen, oxygen concentration and water activity, respectively.Co, is the

dissolved oxygen concentration on the catalyst surface (referred to earlier as Cpy).

In the data of Fig. 4-17 improvements in mass transport can be clearly distinguished at higher
current densities, whilst operation with oxygen did not show apparent mass transport limitation.
Increasing the air pressure from 0 to 1 bar, increased the limiting current from 1.4 to 1.8 A cm™
at 150 °C. In addition, a pressure increase can also enhance the overall cell ionic conductivity,
where it shifts the equilibrium between phosphoric acid and water vapour, leading to a lower
acid concentration and therefore higher conductivity. It has been reported that at 169 °C an
increase in pressure from 1 to 4.4 atmosphere led to shift in phosphoric acid concentration from

100% wt to 97% wt [13].
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Figure 4-17. Cell performance using different oxygen partial pressure at 150 “C with 0.2 mgp, cm™ (20% wt)
on the anode and 0.61 mgp cm™* (50% W) with 40% wt PTFE on the cathode.

4.3.5 Performance under reformate feed and CO influence

Carbon monoxide and carbon dioxide was introduced in the anode gas stream to study the
performance with a simulated reformate feed. Carbon dioxide would impose some mass
transport limitation at high concentration and current densities (ignoring any effect of reduction
of carbon dioxide to carbon monoxide by hydrogen at the studied temperature [20]). Carbon
monoxide would slow the kinetics of hydrogen oxidation because of its adsorption (poisoning)

on platinum active catalytic sites. As the temperature rises Pt tolerance to CO poisoning

increases.

Figure 4-18 shows the cell performance with 20% & 33% vol CO; and 2.5% vol CO at 150 °C.
The anode exhibited a high tolerance to impurities in the gas feed even at temperature as low as
150 °C. The voltage losses at a current density of 1.5 A cm™ were only 8, 12 & 22 mV when

switching from pure hydrogen to 20%, 33% vol CO; and 2.5% vol CO, respectively. This
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demonstrated a major advantage for HT-PEMFC where cells can operate with high CO tolerance

offering simpler and lower cost reformer design.
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Figure 4-18. Cell performance under reformate using oxygen at 150 “C with 0.2 mgy, cm™ (20% wt) on the

anode and 0.61 mgp, cm™ (50% wt) on the cathode.
4.3.6 Dehydration and relative humidity effects

Figure 4-19 shows the effect of dehydration on the I-V curves for HT-PEMFC at temperature of

175°C and various RH and time intervals.
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Figure 4-19. Cell performance using oxygen at 175 “C with 0.2 mgp cm™ (20% wt) on the anode and 0.61 mgp,

cm (50% wt) on the cathode at different RH and time intervals.

A noticeable decrease in the slope of the I -V curve (mainly attributed to membrane resistance)
for a cell operating at 175 °C (or above) was observed with no external humidification. The
polarization curves were obtained immediately after the system has reached 175 °C. Later, the
data was collected at intervals with a further reduction in performance observed, until a steady
sate condition was reached after 1 hour. This effect was likely to be a result of the water loss
produced by acid dimerisation. At elevated temperatures, phosphoric acid starts to dehydrate,

which can occur in many stages, the first two of which are illustrated below:

First stage: 2H;PO; — HP0; + H,0'
Second stage: H4P>0, + H3POy4 o HsP;0,0+ H,0O'

The equilibrium concentrations of these reversible reactions are temperature and relative
humidity dependent. The dimerised products are less proton conductive than phosphoric acid

[21] which explains the above observation. To illustrate the above suggestion, 1% RH
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humidification was introduced into the hydrogen stream and the system was held for 30 mins
before taking the first measurement. An enhancement in the slope of the I- V plots was observed,

presumably due to an increase in conductivity.

Frequency response analysis was used to measure the cell conductivity at elevated temperatures.
A frequency range of 30 KHz - 30 mHz was used with amplitude of 15 mA around. the OCP. The
resistance value can be obtained when the phase shift is equal to zero (the impedance is pure
resistance without any capacitance or conductance behaviour). Figure 4-20 shows the‘ effect of
temperature on the frequency response and thus the overall system resistance at RH <1 %. The
total through plane resistance was 0.075, 0.068 & 0.0787 ohm for temperatures of 125, 150 &
175 °C, respectively. This results in overall average conductivities of 1.07, 1.1‘8 & 1.02 x 1028
cm’!, considering a membrane thickness of 60 um (anode catalyst layer of 20 pm and cathode
catalyst layer of 13 pm). The resistivities were two to three times higher than that of the
membrane alone. This difference is attributed to protonic and electronic resistance through
catalyst layers, to contact resistance and electrical resistance in gas diffusion layer and micro
porous layers.

The above observations confirm that the loss of conductivity, when the temperature was
increased to 175 °C without humidification, can be explained by dehydration of the phosphoric
acid (boiling point of H3PO4 85% wt is ca.154 °C).
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Figure 4-20. Frequency response analysis Nyquist plots at range of 30 KHz - 30 mHz for MEA operating at
temperatures of 120, 150 & 175 °C and RH <1 % around OCP.

4.3.7 Membrane doping level effect on cell performance

Pristine PBI has a negligible conductivity and requires doping with phosphoric acid to facilitate
proton conduction. The higher the doping level, the higher the conductivity. However, the
mechanical properties and tensile stress of PBI deteriorate dramatically on increasing the doping
level. A balance between conductivity and mechanical properties is achieved at doping level of
c.a. 5.6 PRU [22]. Apart from its effect on the overall conductivity, the membrane doping level
will affect the cathode performance. As seen carlier, whilst the cathode did not contain added
acid, it relied on acid mobility from the membrane to provide proton conduction and access to
catalytic sites. The anode utilized 0.2 mgp cm” of 20% Pt/C with an added acid content of 2 mg
cm”.

Each PBI unit can hold 2 acid molecules by hydrogen bonding to the two imidazole rings. After

the maximum degree of protonation of the nitrogen atoms is reached (at 2 PRU), any further acid
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will be free mobile acid, held in the membrane matrix. Infra Red spectra has shown the presence
of free H3PO; at doping level above 2 PRU (2.1 PRU) [23].

Figure 4-21 shows a comparison between standard doping membrane (5.6 PRU) and low doping
membrane (4 PRU) on cell performance at 150 °C. Reducing the membrane doping level, from
5.6 to 4 PRU, had severe impact on polarisation curves; significantly reducing cell potentials due
to lower membrane and catalyst layer conductivities. Additionally, the kinetic region was
severely affected (at low current densities); which can be explained by less accessible catalytic

sites (ESA) due to less electrolyte available in the cathode catalyst layer.

0.9 =— 50%Pt/C air 150C 5.6PRU
50%Pt/C air 1bar 150C 5.6PRU

— 50%Pt/C 02 150C 5.6PRU

= 50%Pt/C air 150C 4PRU
50%Pt/C air 1bar 150C 4PRU

= 50%Pt/C 02 150C 4PRU
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Figure 4-21. Comparison between standard doping membrane (5.6 PRU) and low doping membrane (4 PRU)

influence on cell performance at 150 °C using 50% Pt/C at the cathode with loading of 0.4 mgp, cm™.

High doping level membranes (20 PRU) were also investigated. The high acid content in the
membrane means that there was a large quantity (18 PRU) of free acid available to flood the
catalyst layer. To accommodate this free acid a change in the anode and cathode structures would
be needed. Figure 4-22. shows the impact of catalyst layer structure (anode and cathode) on cell
performance using a highly doped membrane (20 PRU) at 120 °C.
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Figure 4-22. Catalyst layer structure impact on anode (vs. DHE) & cell performances using highly doped

membrane of 20 PRU at 120°C.

The standard anodes utilised 0.2 mgp, cm? 20% Pt/C, and did not contain PTFE and were
impregnated with 2 mg em™ acid when using membranes doped with 5.6 PRU. This structure
had to be modified to include 10 %PTFE in order to accommodate the large quantities of mobile
acid expected to flood the anode structure when using highly doped membrane. However, this
measure was not sufficient, where the cell performance was limited by anode mass transport: a
limiting current was observed in the anode performance at extremely low current densities
(Figure 4-22). Increasing the anode catalyst layer thickness by increasing the Pt loading from 0.2
to 0.4 mgp em? 20% Pt/C and maintaining the PTFE content of 10 % led to an increase in the
observed limiting current value at the anode, although the overall cell performance was still
dictated by poor mass transport through the flooded anode. Increasing the anode catalyst layer
hydrophobicity (using 40% wt PTFE) and reducing the catalyst thickness by maintaining the Pt
loading of 0.4 mgp: em™ and changing Pt:C ratio to 40% Pt/C led to a remarkable increase in

anode limiting current density to 300 mA cm™. Finally, using anode platinum loading of 0.3 mgp,
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cm? (20% Pt/C) with high PTFE content (40% wt) resulted in no apparent mass transport
limitations in the anode performance, at the studied current densities up to 1.8 A cm”.

Similarly, the PTFE content in the cathode was kept fixed (40% wt), and the platinum loading
was fixed at 0.4 mgp cm?, however, the cathode catalyst layer thickness was increased by

utilising a lower platinum to carbon ratio (30% Pt/C instead of 50% Pt/C).
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Figure 4-23. Comparison between standard doping membrane (5.6 PRU) and high doping membrane (20
PRU) influence on cell performance at 150 °C using 30 % Pt/C at the cathode with loading of 0.4 mgy, em?,

Figures 4-23 and 4-24 compare the cell performance with MEAs utilising the standard doped
membrane of 5.6 PRU and higher doped membrane of 20 PRU, at temperatures of 150 & 175 °C,
respectively. Utilising a highly doped membrane gave no major advantage over the standard
doped membrane at 150 °C, and a small improvement in the polarisation curves (resistance
effects) at 175 "C. However, considerable enhancement in the limiting current was observed with
air and air at 1 bar which is attributed to a superior “three phase zone structure™ arising from
more available electrolyte for the thicker electrode layer. Whilst a large difference in the doping

level was expected to have a major impact on the membrane resistance, the use of thick catalyst

layers for both anode and cathode, to restrict access of free acid from the membrane flooding the
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active layer, resulted in large IR losses through the catalyst layer countering the enhancement in

membrane resistance.
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Figure 4-24. Comparison between standard doping membrane (5.6 PRU) and high doping membrane (20

PRU) influence on cell performance at 175 °C using 30% Pt/C at the cathode with loading of 0.4 mgp, cm™.
4.3.8 Heat treatment effect on electrode performance

As shown earlier, hydrophobicity of the catalyst layer (PTFE content), membrane acid content
and cathode catalyst content play major roles in determining cell performance. All the mentioned
factors dictate acid (electrolyte) volume fraction in the catalyst layer and therefore the three
phase boundaries.

Heat treatment of PTFE, at temperature of 350 °C for 30 mins under an inert atmosphere
(sintering) leads to a more hydrophobic structure (for the same PTFE content) where Teflon
fibres, usually less than 10 nm thick, are formed spreading over all carbon particles or clusters
[24]. This process is normally applied to phosphoric acid fuel cell electrodes [25], where a high

degree of hydrophobicity is required to stop the electrode flooding from highly mobile acid (no
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hydrogen bonds between the matrix and the phosphoric acid within) from the fully saturated

silicon carbide matrix (used as solid electrolyte).
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Figure 4-25. Compares cell performance at 120 °C of MEAs using standard cathode electrode and heat
treated cathode electrode utilising 0.4 mgp, cm” 50% Pt/C with 40% wt PTFE.

Figures 4-25 & 4-26 show a comparison in cell performance, at 120 °C, between the standard
cathode and heat treated cathode utilising 0.4 mgp, cm” with 40% wt PTFE fabricated using 50%
pt/C and 40% PUC, respectively. Heat treatment produced a dramatic reduction in cathode
performance, where the heat treated cathode exhibited a very high degree of hydrophobicity
repelling any mobile acid coming from the membrane. Therefore, the cathode had a very low
acid (electrolyte) content, resulting in a very small active three phase zone close to membrane
boundary, whilst the remainder of the cathode layer remained relatively inactive. This is clearly
seen in the large fall in potential at low current densities, due to kinetic losses and low active

clectrochemical surface area.
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Whilst PTFE heat treatment (sintering) has proved useful in the presence of high quantities of
mobile acid i.e. phosphoric acid fuel cells and perhaps highly doped PBI, it had a negative
impact for membranes exhibiting low acid mobility (doping) where the inherited high

hydrophobicity blocked the small amount of electrolyte required in the catalyst layer; resulting in

an inactive electrode.
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Figure 4-26. Compares cell performance at 120 “C of MEAs using standard cathode electrode and heat

treated cathode electrode utilising 0.4 mgp, em™ 40% Pt/C with 40% wt PTFE.

4.3.9 Effect of catalyst’s carbon support on cell’s performance

The effect of catalyst carbon support on cell performance, using two materials; Vulcan XC-72R
(ETEK U.S.A) and ACOI advanced carbon (Johnson Matthey, U.K) was examined. The
Platinum to carbon ratio was constant 10 40% Pt/C, whilst both catalysts exhibited similar

electrochemical surface area and average particles sizes (as determined from X-ray Diffraction);

2.8 nm (ETEK) and 2.3 nm (JM).
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The two carbons supports had different morphologies and hydrophobic properties, and therefore
would produce different catalyst layer structures, in terms of three phase boundaries and their
interaction with the acid electrolyte (wettability). The density of the carbon support determines
the thickness of the catalyst layer and thus electrode performance accordingly. Whilst Vulcan
XC-72R has a density of 1.7 - 1.9 g em™ at 20 °C [26], no information was available on the
density of the advanced carbon support ACOI from JM.
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Figure 4-27. Shows the effect of catalyst carbon support on cell performance at 175 °C, electrodes utilised 0.4

i em” 40% Pt/C with 40% wt PTFE with Vulcan XC-72R (ETEK) & ACO01 Advanced carbon support

(Johnson Matthey).

Figure 4-27 shows the effect of catalyst carbon support on cell performance at 175 °C, with
cathodes utilising 0.4 mgp: cm™ 40% PUC with 40% wt PTFE. At low current densities, Vulcan
gave superior performance to the ACO1 support, suggesting better oxygen reduction kinetics due
to higher available electrochemical surface area. Similarly, the slope of the I-V curves of the
cathodes utilising Vulcan as catalyst support exhibited less IR losses, compared to that of ACO1.

This data suggests that ACO]1 has a lower interaction with the acid electrolyte (more hydrophobic
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than Vulcan) leading to a lower acid content in the catalyst layer and therefore lower
conductivity and accessible electrochehical surface area. Another explanation is that AC01 had
a lower density than that of Vulcan leading to thicker catalyst layer thickness (higher IR losses)
and, since the acid electrolyte can diffuse from the membrane to a limited catalyst layer
thickness, a large portion of the catalyst surface would become inaccessible, resulting in slower

kinetics. It is also reasonable to consider the combination of both factors.

4.3.10 Pt:C weight ratio & catalyst layer thickness

With a fixed acid content in the membrane, there is an optimum thickness for the cathode
catalyst layer (with no added acid) that provides the best balance between mobile acid
electrolyte, from the membrane, and supply by diffusion of gaseous oxygen from the flow
channel, in other words to maximize the available three phase boundaries.

Figure 4-28 shows the cell performance using 40, 50 & 60% PUC (at fixed Pt loading of 0.4 mgp,
cm?) with oxygen at 120 "C. At low temperatures and pure oxygen operation (minimum mass
transport limitations) 40% Pt/C gave the best performance, followed by 50% Pt/C and 60% PUC.

This directly corresponded with the order of electrochemical surface area (smallest average

particles size).

Figures 4-29 & 4-30 show cell performance using 40, 50 & 60% PYC with air at 150 'C & 175
°C, respectively. With air operation and high operating temperatures leading to lower oxygen
solubility and higher phosphoric acid viscosity (dehydration), 50% Pt/C showed advantages over
40% PUC, suggesting the optimum thickness shifted towards lower values as the oxygen
concentration fell. As temperature increased from 150 to 175 °C, the viscosity of phosphoric acid
increased due to dehydration [21] and furthermore, oxygen solubility fell (Henry’s law) leading
to a greater impact of mass transport on cell performance, reflected by a slightly lower limiting
current at 175 °C compared to 150 °C. This makes selection of the optimum thickness of the

catalyst layer more critical and therefore broadens the difference between the best performance

obtained by 50%PvC and those of 40 & 60% Pt/C.
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Whilst 60% Pt/C showed the smallest limiting current value (under air), explained by the flooded
cathode structure, from acid electrolyte in the membrane, when utilising very thin catalyst layer.
The slope of the polarisation curves was affected by a combination of mass transport effects (for
example the difference in the slope between air and oxygen operation) and the typical effect of
resistance. It can be seen that 60% Pt/C gave the worst polarisation performance and the smallest
limiting current, while it exhibited the smallest IR loss through its thin catalyst layer. This
confirms that the poorer polarisation obtained with the 60% Pt/C layer was attributed to mass
transport effects (flooded structure).
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Figure 4-28. Compares cell performance under pure oxygen at 120 “C of MEAs using 40, 50 & 60% Pt/C
cathode electrodes utilising 0.4 mgp, em? with 40% wt PTFE.
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Figure 4-29. Compares cell performance under air at 150 °C of MEAs using 40, 50 & 60% Pt/C cathode

clectrodes utilising 0.4 mgp, em™ with 40% wt PTFE.
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Figure 4-30. Compares cell performance under air at 175 °C of MEAs using 40, 50 & 60% Pt/C cathode

electrodes utilising 0.4 mgp, em’® with 40% wt PTFE.
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4.3.11 Pt-alloys effect on cathode performance

4.3.11.1 Introduction

A correlation between the nearest-neighbour distance (dn-n) and the oxygen reduction activity of
various platinum alloys has been reported for phosphoric acid electrolytes [27, 28]. The oxygen
reduction activity in hot phosphoric acid (200 °C) on platinum and platinum alloys increases
linearly as the nearest-neighbour distance in the electro-catalyst decreases. A composite analysis
shows that data for supported platinum alloys [28] are consistent with bulk metal data [27] with
respect to specific activity, activation energy, pre-exponential factor and percent d-band
character. The kinetic parameters of the oxygen reduction reaction, in hot concentrated
phosphoric acid, on highly dispersed platinum have been rationalized in terms of the rate
determining step being the rupture of the O-O bond via various dual site mechanisms [29]. The
spacing between the sites at which the 0-O bond rupture occurs would play a critical role in the
overall reaction rate and an optimum spacing should exist if the rate-determining step was
assumed to be oxygen reduction involving dual sites mechanism with lateral adsorption of

oxygen molecules on the electro-catalyst surface (bridge model) followed by rupture of the O-O

bond [13].

The optimum nearest-neighbour distance (ds.n) will facilitate rapid adsorption and bond rupture,
while larger dy.n, will lead to restricted adsorption and therefore dissociation might occur prior to
adsofption. On the other hand smaller d,, will lead to limited adsorption due to repulsive forces
[28]. The enhanced activity of platinum alloys over platinum can also be explained by the
number of unpaired electrons in the d band and therefore, the oxygen coverage on the surface, as
each oxygen requires two electrons from the metal d-orbit to form a bond. There is an optimum
value for the d-band vacancy (per atom) [13] which controls the strength of the oxygen
adsorption bond, or the %d character, the extent of the participation of the d orbitals in the
metallic bond, influencing the heat of adsorption, where a balance between oxygen coverage and

the strength of the M-O bond of the adsorbed oxygenated groups (-O,H) is reached.

In phosphoric acid the (Pt-M/C) alloyed, disordered structure interact more strongly with

impurities than the ordered structures (Pt/C). Chromium addition caused a decrease in Tafel
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slope due to oxide reduction effects [30]. It was found that the Tafel slope measured at room
temperature and atmospheric pressure on platinum increased from -110 mV dec™ in low H;PO,
concentrations (10% wt) to -134 mV dec! in 85% wt H3PO,. This agrees with the findings of
this work where the Tafel slope increased by increasing the doping level (Chapter 3). While the
Tafel slopes for Pt-Co (90:10 a/o) and Pt-Cr (65:35 a/o) changed from 111 and 101, at low
concentration, to 126 and 118 mV dec! with 85% wt H;PO,, respectively [31]. Anodic
adsorption isotherms indicated that the high H;PO4 concentrations also obstructed adsorption of

oxygen from solution. These effects were attributed to blockage of electro-active sites by the

adsorption of H;PO4 molecules [31].

Appleby [32-34] studied oxygen reduction on various metals and alloys in phosphoric acid. For
Pt-Ru alloys it was concluded that ig for ORR decreased and Tafel slope increased by increasing
the ruthenium content in the alloy. Similarly, the activation energy for ORR in H3POy4 fell when
moving from pure platinum (22.9 keal mole™) to pure ruthenium (11.7 kcal mole™). This means
that at elevated temperatures the platinum exchange current density will overtake that of pure

ruthenium at (~80°C) and Pt-Ru (1:1) at (~100°C).

Wakabayashi & Watanabe et al studied oxygen reduction on Pt-Fe (54:46), Pt-Co (68:32), and
Pt-Ni (63:37) a/o electrodes in 0.1 M HCIO,. The apparent rate constants for ORR at these
electrodes were found to be 2.4-4.0 times larger than that at a pure Pt electrode, whereas their
apparent activation energies were comparable to that at the Pt electrode. However, the apparent
rate constants for ORR at the alloy electrodes decreased with higher temperatures, above 60°C,

and were almost the same values as for the Pt electrode [35].

Pt-Fe (75:25 alo) catalysts were also studied for oxygen reduction in PAFC. The mass activity
(mA g’ Pt) of the alloyed catalyst is about the same as that of the pure Pt catalyst due to the
particle sintering in the alloyed catalyst. However, the specific activity (mA m™ Pt, based on

UPD) of the alloyed catalyst is estimated at twice that of pure Pt catalyst [36].

On the contrary, different Pt-Co activity testing under phosphoric acid fuel cell conditions

demonstrated that the most highly alloyed catalysts were not significantly more active than pure
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Pt catalyst of comparable crystallite size [37]. Loss of cobalt in the phosphoric acid environment
was the lowest in catalysts which were the most alloyed, and where the Pt-Co (3:1) ordered
phase was present [37]. It was found that the clean annealed surface of the alloy is pure Pt and
the subsurface is enriched in Co [38]. Furthermore, this Pt surface does not behave like pure Pt
for the chemisorption of carbon monoxide or oxygen [39]. The alloyed Pt-surface binds CO less
strongly and oxygen more strongly. However, when heated in oxygen at fuel cell temperatures,
even at very low pressures, the surface region is de-alloyed by oxidation to form a cobalt oxide
over-layer [39]. The oxide over-layer dissolves in hot concentrated phosphoric acid, leaving a

de-alloyed pure Pt surface region on top of the bulk alloy.

Alloying platinum (Pt-Co/C and Pt-Fe/C) affects the initiation and extent of surface oxide
formation. Correlation of water activation and surface properties was reported [40]. Shift and
lowering of water activation on supported Pt alloy electrocatalysts relative to Pt at high water
activity or high relative humidity (low acid concentrations, trifluoromethane sulfonic acid
(TFMSA 1 M)) was observed. At low acid concentration the alloys shift the formation and extent
of water activation on the Pt alloy surfaces, namely the formation of oxygenated species above
0.75 V (typical potential for initiation of surface oxides on Pt) [40]. The lowering of oxide
formation agrees well with the extent of enhancement of ORR activity. Activation energies at
low acid concentration (1 M) were similar for Pt and Pt alloys, indicating that the rate limiting
step remains unchanged [35]. Comparison between the inherent activity for ORR on supported Pt
and Pt alloy nano-particles without the effect of oxide formation via activation of water was
achieved by using high acid concentrations (6 M). At lower water activity (6 M) with negligible
water activation (and hence surface oxides), the Pt surface was found to possess a higher activity

for ORR as compared to the alloys [40].

The reduction in oxide formation, a surface poison for molecular oxygen adsorption on Pt alloys
in the fully hydrated state (1 M TFMSA) is correlated to an increase in ORR activity. However,
lowering of water activity, resulting from a shift in concentration to 6 M, shows that while there
is an increase in ORR activity for P/C, due to lowering of surface oxide formation, a
corresponding effect with Pt alloys does not occur [40]. This further supports the assumption of

ORR activity being dependent on surface coverage by oxides [41]. The relatively similar values
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of activation energy for Pt and Pt alloys seem to indicate that the differences in ORR activity
arises primarily from contributions to the pre-exponential term in the Arrhenius expression, of

which the prime contributor is the surface coverage of oxides [40].

4.3.11.2 Effect of Pt alloy cathode catalysts

Four different Pt alloys were studied, 40% Pt-Fe/C, 60%Pt-Ru/C, 20%Pt-Ni/C & 20%Pt-Co/C
(Etek, U.S.A). All the studied alloys exhibited the atomic ratio of (1:1 a/o) while the average
particles size (from XRD) were in the range of 3-4 nm except for Pt-Ru alloys which was in the
range of 2-3 nm. Their performance was compared to that of pure Pt/C with similar platinum
weight percentages, i.e. 20, 30 & 40% Pt/C, with average particles size (XRD) 0f2.2,2.5 & 2.8
nm, respectively. The platinum loading was 0.4 mgp cm? for Pt-Fe and Pt-Ru, whilst a loading
of 0.2 mgp cm” was used for Pt-Ni and Pt-Co, due to the low metal to carbon ratio, to try and
maintain a desired catalyst layer thickness to minimize mass transport effects on the cell
polarisation.

Figure 4-31 compares cell performance under various oxygen concentrations at 150 °C of MEAs
using 40% Pt-Fe/C (~30% Pt) & 30% Pt/C cathode electrodes utilising 0.4 mgp cm? with 40 %
wt PTFE. Pt-Fe alloy showed clear advantages in the kinetic region (low current densities) over
standard platinum at all the studied oxygen concentrations. The observed kinetic enhancement
was not due to catalyst layer structure, as both electrodes had similar Pt:C ratios (30% wt) and
loading of 0.4 mgp cm? and therefore similar catalyst layer thickness with close limiting
currents values (for each oxygen concentration). The data confirms the reported advantage of Pt

alloying (with iron) for ORR kinetics [35].

Figure 4-32 compares cell performance under various oxygen concentrations at 150 °C of MEAs
using 60% Pt-Ruw/C (~40% Pt) & 40% Pt/C cathode electrodes utilising 0.4 mgp, cm? with 40 %
wt PTFE. From the data it can be concluded that Pt-Ru is not a suitable catalyst for oxygen
reduction as large overvoltage losses were encountered in the kinetic region. This was seen in the
large potential losses in the polarisation curves, without an apparent linear region or limiting
currents; suggesting that the electrode was mainly under pure activation control due to the slow

kinetics of oxygen reduction in Pt-Ru alloy electro-catalyst surface [32].
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Figure 4-31. Compares cell performance under various oxygen concentrations at 150 °C of MEAs using 40%

Pt-Fe/C (~30% Pt) & 30% Pt/C cathode electrodes utilising 0.4 mgp, cm’ with 40% wt PTFE.

Figure 4-33 compares cell performance under various oxygen concentrations at 120 “C of MEAs
using 20% Pt-Nv/C (~17% Pt) & 20% Pt/C cathode electrodes utilising 0.2 mgp, em? with 40%
wt PTFE. Figures 4-34 & 4-35 compare the alloy performance (0.2 mgp, cm'z) with 0.4 mgp, em?
for 30% Pt/C at temperatures of 120 & 175 °C, respectively. All data show the expected

improvement in cell performance on increasing the oxygen partial pressure.
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Figure 4-32. Compares cell performance under various oxygen concentrations at 150 “C of MEAs using 60%

Pt-Ru/C (~40%Pt) & 40% Pt/C cathode electrodes utilising 0.4 mgp, cm™ with 40% wt PTFE.
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Figure 4-33. Compares cell performance under various oxygen concentrations at 120 °C of MEAs using 20%
ig :

PL-Ni/C (~17% Pt & 20% Pt/C cathode electrodes utilising 0.2 mgp, em™ with 40% wt PTFE.
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It can be seen from Fig. 4-33 that the Pt-Ni alloy produced enhanced kinetics for the ORR (low
current densities) when compared to standard platinum (20%PtC, same loading) at 120°C, even
though the alloy had a smaller electrochemical surface area, as a result of alloying (average
particles size of 3-4 nm) in comparison to the standard platinum (2.2 nm). Additionally, the Pt-Ni
alloy at loading of 0.2 mgp cm? gave similar cell voltage characteristics in the kinetic region (up
to a typical operating voltage of 0.6 V) to that of 30% Pt/C with a loading of 0.4 mgp cm™.
However, any enhancement in performance disappeared at elevated temperatures. At 150 °C
(Fig. 9-3, Appendix A) the Pt-Ni alloy showed a similar performance to that of platinum
(20%PYC, 0.2 mgp cm?) and at 175 °C the 0.2 mgp cm? Pt-Ni/C alloy gave inferior
performance to that of 30% Pt/C with a loading of 0.4 mgp, cm™ (Fig. 4-34) over the entire

potential range.

1.2 7 = 30%Pt/C_air_120C_0.4mg.cm-2
| 30%Pt/C_air_1bar_120C_0.4mg.cm-2
1 =
= 30%Pt/C_02_120C_0.4mg.cm-2
- — 20%Pt-Ni/C_air_120C_0.2mg.cm-2
w == 20%Pt-Ni/C_air_1bar_120C_0.2mg.cm-2
“o.6 - — 20%Pt-Ni/C_02_120C_0.2mg.cm-2
0.4 -
\
0.2 -
i o o ST
0 | - T T T T — 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

jlA.cm?

Figure 4-34. Compares cell performance under various oxygen concentrations at 120 °C of MEAs using 20%
Pt-Ni/C (~17% Pt) & 30% Pt/C cathode electrodes utilising 0.2 mgp, e for the oy i T e o
pure Pt with 40% wt PTFE.
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Figure 4-35. Compares cell performance under various oxygen concentrations at 175 °C of MEAs using 20%
Pt-Ni/C (~17% Pt) & 30% Pt/C cathode electrodes utilising 0.2 mgp cm™ for the alloy and 0.4 mgp, cm™ for
pure Pt with 40% wt PTFE.

Figure 4-36 compares cell performance under various oxygen concentrations at 150 °C for
MEAs using 20% Pt-Co/C (~17% Pt) & 20% PYC cathodes utilising 0.2 mgp em™ with 40% wt
PTFE. The Pt-Co alloy showed advantage over the standard 20% Pt/C at 120 °C (both with
Joading of 0.2 mgp cm™) even though that the alloy had a smaller ESA. The Pt-Co alloy

maintained its better performance (unlike Pt-Ni) than Pt (20%PtvC, 0.2 mgp, cm':) at a

temperature of 150 g o
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Figure 4-36. Compares cell performance under various oxygen concentrations at 150 “C of MEAs using 20%

Pt-Co/C (~17% Pt) & 20% Pt/C cathode electrodes utilising 0.2 mgp, em™ with 40% wt PTFE.

Figure 4-37 shows cell performance under various oxygen concentrations at 175 "C of MEAs
using 20% Pt-Co/C (~17% Pt) & 30% Pt/C cathode electrodes utilising 0.2 mgp, cm™ for the
alloy and 0.4 mgp em” for pure Pt with 40% wt PTFE. It is clear that at 175 °C the 0.2 mgp cm’?
Pt-Co alloy had an inferior performance compared to 0.4 mgp, em” 30% PUC, whilst at 150 °C
both electrodes shows comparable performance in the kinetic region of the polarisation curves.
This behaviour suggests that the alloy performance does not depend on temperature as much as
the standard platinum. However, it has been shown in the literature that Pt-Ni and Pt-Co alloys

exhibit similar activation energies for oxygen reduction to that of platinum [35, 37].
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Figure 4-37. Compares cell performance under various oxygen concentrations at 175 °C of MEAs using 20%
Pt-Co/C (~17% Pt) & 30% Pt/C cathode electrodes utilising 0.2 mgp, cm™ for the alloy and 0.4 mgp, cm™ for
pure Pt with 40% wt PTFE.

It is reported that cobalt dissolution was a common problem for Pt-Co alloy in PAFCs [37]. The
degradation and the dissolution process is expected to occur over hundreds hours of operation
and not over the short period of experiments (three days) used in this study. In this study it was
observed that recovery in the performance (or in other words the alloys enhanced performance)
over standard platinum returned when the temperature was lowered back to 120 °C in case of Pt-
Ni and 150 °C in case of Pt-Co. This suggests that the observed effect of temperature was not
due to dissolution, but due to a drop in water activity at elevated temperatures, where phosphoric
acid started to dehydrate [21]. The fall in water activity at elevated temperatures results in an
increase in ORR activity for Pt/C due to lowering of surface oxide formation, a corresponding

effect with Pt alloys does not occur [40].
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4.3.12 Effect of Flow field design effect

The flow-fields used for this study were with geometry of 29 x 29 mm and channel depth of 1.5
mm with channel to land ratio maintained at 1.5 (1.5 mm wide channel & 1 mm wide for the
contact rib). Three cells were fabricated with different patterns (graphite blocks inserted into
titanium cell body) utilising the same flow-fields geometry. The first pattern was a standard
parallel channel, the second utilised serpentine flow channels and the third utilised interdigitated
flow-fields (same as parallel but with dead-end channels, where gas had to flow through the
channel across the rib and exit from the opposite side of the next neighbour channel) (Figure 4-
40).

It should be noted that as seen earlier in the effect of air flow rate on cell performance, or more
specifically the observed limiting current under air operation, a lambda value close to 2 is

sufficient for cell operation with no further enhancement was observed in the limiting current

beyond this stoichiometry.
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Figure 4 38. Compares cell performance under various air flow rates using standard parallel flow fields at
1 -30.

120 °C of MEAs using 40% Pt/C cathode electrode utilising 0.2 mgp, cm™ with 40% wt PTFE.
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Figure 4-38 shows cell performance at various air flow rates using the standard parallel flow
fields at 120 °C with MEAs using 40% PC cathode electrode utilising 0.2 mgp em” with 40%
wt PTFE. When the air flow rate (atmospheric) was increased from 20 to 105 em’ min™ (STP)
(mLpm) the observed limiting current increased accordingly. Above 105 em’ min™ (or A of 1.2)
no clear enhancement was observed as there was no clear limiting current. The observed effect of
the low value of stoichiometry of 1.2 in comparison to the earlier reported value of 2 is due to the
lower platinum loading in the catalyst layer (0.2 mgp, em™) in comparison with 0.6 mgp, cm™
used earlier. The low platinum loading led to large overpotential losses, due to kinetic activation,

and the cell potential reached zero volts at a current density of 0.55 A cm™ in comparison to 1.38

A cm’ obtained earlier.
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Figure 4-39. Compares cell performance under various air flow rates using parallel, serpentine &

interdigitated flow fields at 120 °C of MEAs using 40% Pt/C cathode electrode utilising 0.2 mgy, em? with
40% wt PTFE.

Figure 4-39 compares the performance of the three flow fields with different air flow rates at 120

°C using MEAs with 40% Pt/C cathode electrode utilising 0.2 mgp, em™ with 40% wt PTFE. It
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can be seen that at 105 em® min” and 50 cm® min” there was no apparent difference in the
observed limiting current between the three flow-fields, with air operation. This is likely to be a
result of the use of the small 9 cm?’ geometry as differences are more likely to occur with
electrodes of large geometry, especially at high operating temperature. However, reducing the air
flow rate to 20 cm’ min” (STP), where the system was under complete mass transport control
some small difference in the limiting current was observed with the three patterns. The
interdigitated flow field offered the highest limiting current, or in other words the best oxygen

distribution (current) over the electrode surface, followed by serpentine and finally the parallel

flow field.
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Figure 4-40. Schematic drawing of the graphite inserts with the three studied flow fields patterns.
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4.4 Conclusions

For higher temperature proton exchange membrane fuel cells, phosphoric acid doped PBI
appears to be good candidate for the membrane material. It exhibits good conductivity at
clevated temperatures and low hydrogen & oxygen permeability. This however makes
PBI/H;PO, less attractive as a candidate for the ionomer material in the catalyst layer.

Alternative structure based on PTFE and H;PO4 shows advantages over PBI based electrodes

due to higher oxygen permeability.

There was an optimum thickness [2] for the catalyst layer that provided a balance between acid
content in the catalyst layer (added or mobile from the membrane) and oxygen permeability from
the flow channel. This optimum thickness was achieved using 40% to 50% Pt/C catalyst and it
depended on the operating temperature and oxygen partial pressure. Lower oxygen
concentrations required a thinner catalyst layer or higher Pt:C ratio. Electrodes fabricated from
60% Pt/C (thin catalyst layer) showed limited performance due to flooding from mobile H;PO,

acid from the membrane.

Pt alloys showed advantages over non-alloyed platinum as cathode catalysts, allowing lower
platinum loading at 0.2 mgp, cm. However, such enhancement was subject to the operating
temperature Or more precisely the water activity, where at elevated temperatures (under non-
humidified conditions) above 150 °C, phosphoric acid dehydration started to occur leading to
low water activity and conductivity. At low water activity, platinum showed advantage over Pt-
Ni alloy at temperatures of 150 °C and above or Pt-Co at temperatures of 175 °C and above.
With a high water content, Pt alloys suppress the initiation and extent of surface oxide formation
on platinum surface and therefore offers enhanced oxygen adsorption. The fall in water activity
at elevated temperatures resulted in an increase in ORR activity for PY/C, due to lowering of

surface oxide formation, a corresponding effect with Pt alloys does not occur [40].

The stability of the Pt alloys in hot phosphoric acid and high operating voltages is also

qucstionable. The degradation of the alloyed catalyst in short term testing was not apparent
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however, it is evident from the literature that the de-alloying process and formation of cobalt

oxide and cobalt dissolution in hot phosphoric acid does occur [37].

Finally, the impact of flow fields’ pattern is minimal at the studied cell geometry (9 cm?).
Interdigitated flow-fields offered the best oxygen distribution over the electrode geometry
followed by serpentine pattern and lastly parallel pattern. The system required an air

stoichiometry (1) of 2 at the maximum operating current density under atmospheric air operation

(1.2-1.4 A cm™).
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5 High Temperature Direct Methanol Fuel Cell

5.1 Introduction

Pristine PBI has a very low methanol permeability compared to Nafion® 117, which makes PBI a
potential membrane for Direct Methanol Fuel Cells (DMFCs). For example at 25 °C
permeabilities of PBI and Nafion are 0.0083x10"2 and 2.3x107'2 mol ecm c¢m? s atm™
respectively [1]. However, the data are for non-doped PBI films; as the experiment involved
liquid water which would have leached the doped acid out of the membrane. The methanol cross-
over is expected to increase dramatically at elevated temperature as methanol diffusion in the
gascous phase is much higher than that in liquid phase and doped PBI is more permeable than
non-doped PBI; considering the fact that PBI swells and expand when acid doped, resulting in a
more porous structure. Moreover typical PBI membranes used are ¢.a. 50 pm thick compared to

c.a. 180 pm for Nafion 117 (200 pm under humidified conditions). This chapter examines the

use of PBI membranes in the direct methanol fuel cell.

5.2 Background and review

Jones and Roziere [6] showed that, at 80 °C, methanol’s vapour permeability through doped PBI
(3PRU) and Nafion 117 were 92.34x10"? & 27360x10™% mol cm cm™ s atm™, respectively.
Similarly, Wang et al [2] reported methanol vapour permeability, through doped PBI (SPRU) at
180 °C, of 166.4x10™> mol cm cm™ s atm™ at 0 RH% and increased to 298.5x10™% mol cm cm™
25! atm™ at RH 7.5 %.

Methanol crossover rates through doped PBI membranes have been determined by direct
measurement of the methanol permeability [3], by a methanol sorption technique [4] and by real-
time analysis of the cathode exhaust stream of an operating cell using mass spectrometry [2].
Each of these measurements yielded crossover rates equivalent to 10 mA cm’ for (~76 um) thick
films, at least ten times less than that observed with Nafion [5]. Methanol permeability data are

summarised in Tables 5-1 and 5-2 for vapour and liquid phases.
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At a doping level of 5 PRU PBI membrane have been reported to have near zero osmotic drag
coefficients in the range of (0.01-0.09) with vapour water: methanol molar ratio feed in the range

of (1:0-1:1) [3].

Table 5-1. Vapour methanol permeability through PBI and nafion at various conditions.

Vapour
Material Temperature RH  Species . Permeability Diffusion solubility Ref
activity
: P 10%mol em  10°cm®  10°mol
OC ; % B ) \,1 i .‘ i e A ‘_3‘ i 1 b
‘ o b CIN ST Iy (R0 SEE A oms atm o
e — . - 5_‘ — o R AL A A S L bl A iR i
PBISPRU 180 o Methanol  0.25-0.5 280-298.5 - = (2]
PRISPRUE T80 i 0N Methanol i L T 66 AT S R o T A e 9]
b AR B Z.ain Rl sl Spee FURCTESRE A SR A< Pt O Fiken Shoaliid Sia s AT 3 2175- R e
PBISPRU 150 0  Methanol 0.01-0.1 6.7-67 0.01 [4]
6526
"PBBPRU 80  n/a Methanol na 9;“25‘;4“;;';"*"‘1"‘““'j R SR LA
Nafion117 80 n/a Methanol n/a 27360 - " -

Increasing cell temperature above 60 °C in Nafion based DMFCs causes a significant increase in
cell performance and at 90 °C and above, high power densities of 200 mW cm™ were achieved
[8]. However, this required operation with pressurised oxygen (2-5 bar) to maintain the required

water content in the nafion membrane and minimise mass transport losses at the cathode.

Early work [9] on the performance of DMFC used relatively high loading of Pt-Ru catalyst in the
range of 4-8 mgp cm’? to achieve high power densities (>200 mW cm™) with pressurised oxygen
and temperature of 130 °C. More recently, an equivalent performance has been reported with half

the catalyst loading at 110 °C [8].
The feed concentration of methanol is an important consideration in Nafion based DMFCs. Half

cell studies (0.5 M H;SOs) showed enhancement in methanol oxidation with increased

concentration up to 8 M [10]. However, in practice the enhancement in methanol oxidation
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above 1-2 M does not translate into higher cell performance due the problem of methanol cross-

over [8].

Table 5-2. Liquid methanol permeability through PBI and nafion at 25 °C and fully hydrated conditions.

Water
Material Temperature Species Concentration  Permeability Ref
content

ly
hydrated

Methanol 3% 2300 (1]

Methanol 10-100% 18 [11]

= ' Fully e '
Nafionl117 25 Methanol 3% 2000 (13]

Nafion 117 25 Methanol 100% 4000 This work

Lim et al [14] reported cell performance of 0.39 V at current density of 100 mA em? at 90 °C
with 2.0 M methanol. The catalyst loadings were 2 mgp cm? unsupported Pt-Ru (1:1) at the
anode and 4.5 mgp em™ 60% PY/C at the cathode. Allen et al [15] reported cell voltage of 0.4V at
current density of 100 mA cm™ and 90 °C, with 1.0 M methanol, utilising 1 mgp, cm™ of 60% Pt-
Ru/C (1:1) at the anode and 1 mgp, cm™ of 60% PY/C at the cathode. Shen and Scott [16] obtained
0.39 V at 100 mA cm2 with 2 M methanol feed at 80 °C; with 1 mgp cm™ 60% Pt-Ru (1:1) at the
anode and 1 mgp cm’ 60% PC cathode. Shukla et al [17] obtained higher performance of 0.5 V
at 100 mA cm? and 90 °C with 1.0 M methanol by increasing the cathode loading to 4.6 mgp,
em’? 60% Pt/C and maintaining the anode loading at 1 mgp, cm™ 60% Pt-Ru (1:1).
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Scott et al [18] also showed improved performance of 0.52 V at 100 mA em™” and 75 °C by
increasing the anode loading to 2 mgp cm? (50% Pt-Ru/C, 1:1) and maintaining the cathode
loading at 1 mgpt cm? (Pt black). Typical OCPs with Nafion based DMFCs were in the range of
0.6-0.7 V depending on methanol concentration (0.125-2 M), oxygen pressure and temperature
(25-90 °C). All the reported data were with atmospheric pure oxygen.

There is limited data available in the literature on PBI based DMFC. Wainright et al [4, 5, 19]
&Wang et al [20, 21] reported PBI/H3PO,4 (5 PRU) based MEAs for high temperature direct
methanol fuel cells. They used high catalyst loadings of 4 mgp, cm on both anode (Pt:Ru 1:1
a/0) and cathode (Pt-black). Wang et al [21] obtained a current density of 100 mA cm™ at 0.42 V
with (water : methanol) molar ratio of 2:1 and pure oxygen at 150 °C. The open circuit voltage
was 0.8 V with a cross-over current of 10 mA em™ for 110 pum membrane (5 PRU). Wainright et -
al [4, 19] obtained a current density of 100 mA cm™ at 0.52 V with methanol: water molar ratio

of1: 4 and pure oxygen at 200 "C using the same catalyst loading and membrane thickness.

More recently, Wainright et al [5] studied the effect of temperature and methanol feed on cell
performance. They used the same membrane doping level of 5§ PRU and reduced its thickness to
75 pm whilst maintaining high catalyst loading of 4 mgp cm™ on both anode (Pt:Ru 1:1 a/o) and
cathode (Pt-black). At a fixed anode feed of 2:1 (water : methanol) and temperatures of 150,
170, 190 & 200 °C they observed cell potentials of 0.42, 0.44, 0.47 & 0.51V, respectively at a
current density 100 mA cm™ with pure oxygen. They also observed increase in cell potential
(performance) from 0.45 t0 0.5 to 0.55 V at current density of 100 mA cm™ when the methanol

mole ratio in the anode feed was decreased from 1:1 to1: 2 tol: 4, (methanol: water) respectively

at 200 °C with pure oxygen.

This suggests that PBI based DMFCs has inferior performance to that of Nafion at similar
catalyst loading, even though PBI based DMFCs operates at higher temperatures than those

based on Nafion.

171 |Page



Chapter Five: High Temperature Direct Methanol Fuel Cell

5.3 Exgerimental

MEA’s (9 cm? geometry) were fabricated using 1 mgPt cm-2 60% wt Pt-Ru alloy 1:1 a/o
supported on Vulcan XC-72R (ETEK) as anode electro-catalyst and 0.5 mgPt cm-2 30% and 50
o, wt Pt/C as cathode electro-catalyst (ETEK). A 1.0 or 2.0 M methanol solutions (in DI-water)
was pumped, using a valve-less piston head pump head (Masterflex, U.S.A) through home-made
vaporizer heated to the desired temperature. The vapour was then fed to the anode of the cell
held at the studied temperature. Methanol solutions of 1 and 2 M corresponded to a volumetric
concentration in the vapour of 1.88 and 3.92% vol, respectively. Polarisation curves were
recorded manually by holding the specific current density for two minutes until a stable voltage

was obtained. The other cell detailes are given in Chapter 4 (same testing cell).

5.4 Results and discussion

5.4.1 Temperature effect on performance

Higher open circuit potentials around 800 mV have been observed with PBI fuel cells compared
to those of 650 mV with Nafion 117 with pure oxygen and similar methanol concentration feed

[18]. This indicates that lower cross-over rate occurred through the PBI membrane leading to

higher cathode potentials.

Polarization curves were recorded at different operating temperatures (120, 150 & 175 °C) and
with oxygen and air at the cathode (30% PY/C). Figure 5-1 shows polarization curves using ~2
o4vol MeOH in the vapour phase (1.0 M solution). The PBI loadings were 0.35 (6 PRU) and 0.55
mg cm™ (6 PRU), in the anode and cathode, respectively. The difference in voltages with air and
oxygen was similar at all temperatures, ca.72 mV starting from OCP, which suggests that there
were no mass transport limitations at the cathode in the operating current density range. This was
expected as the same cathodes operated at very high current densities using hydrogen as fuel
(limiting current of 1.5 A cm’ with air at 150 °C). Similarly, no major mass transport limitations
were expected at the anode due to the high operating temperature, and low operating current

densities (the electrode is under kinetic control).
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In contrast to the theoretical behaviour the open circuit voltage decreased as the methanol
concentration increased or temperature decreased due to the fact that the PEM is permeable to
protons, water and methanol. Consequently, there was a crossover flux of methanol from the
anode to the cathode; which is a major reason why the observed (rest) cell voltages were lower
than the theoretical estimated potential. Higher methanol concentrations will increase the rate of
methanol diffusion across the membrane and thus, under steady state conditions, higher
concentrations of methanol are present at the cathode. Higher methanol concentrations at the
cathode will increase the cathode polarisation due to the mixed potential caused by methanol
oxidation.

Increasing the operating temperature was expected to enhance both anode and cathode kinetics,
due to increased exchange current density. This was reflected by a shift in the polarisation curves
towards lower over-potentials, without apparent changes in the slopes of the polarisation curves.
Increasing temperature should lead to better CO (adsorbed) tolerance and therefore better
methanol tolerance at the cathode. Increasing oxygen concentration in the cathode (from air to
oxygen) will enhance the oxygen reduction reaction activity and help CO removal (oxidize it)
and therefore the mixed potential in the cathode and consequently the observed open circuit will
increase. These factors are also accompanied by thermodynamic effect of oxygen concentration
(Nernst equation). This is clearly reflected in the open circuit voltage values at different oxidant

concentrations and temperatures shown in Table 5-3.

Table 5-3. Open circuit voltage of ~2%vol (1.0 M) MeOH and air or oxygen as oxidant.

120 °C 150 °C 175 °C
Air PBI (5PRU) 62mvV._ 704mV T2 MV
OxygenPBl (SPRU) TRV sVt i8S Vet
EwAirNernst)  1.07mvV. - 106mV 105mV
By | Al sl
Y T T S R S0
AirNaflon 117[18]  532mV. 555mV  6l6mV
Oxygen Nafion 117[18] 620 mV T ‘ : 642 mVe i e 67Sm Ve
" E,ev Air (Nernst) 1.13mV 1.11 mV © 1.08mV
EEOTE N A T T AR
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-a- 2%vol MeOH 120C air
2%vol MeOH 120C 02
—— 2%vol MeOH 150C air
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— 2%vol MeOH 175C 02
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00— 7 = = —— 7
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Figure 5-1. HT-DMFC operating at temperatures of 120, 150 & 175 °C with oxygen and air with loadings of

1/0.5 mg cm™ Pt-Ru/Pt for anode/cathode, respectively.
5.4.2 Methanol feed concentration

Figure 5-2 shows the DMFC performance using ~4% vol methanol feed. The performance
generally is lower than that achieved with a 2% methanol vapour. The difference in performance
with air and oxygen increased as temperature increased. The difference was also larger in the
case of ~4% methanol feed in comparison to 2% feed; at a given temperature. Overall, the data
indicate that increasing the methanol concentration intensified the effect of methanol crossover

on the cathode, especially when a low cathode loading was used (0.5 mg cm™).
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Figure 5-2. HT-DMFC operating at temperatures of 120, 150 & 175 °C with oxygen and air with loadings of

1/0.5 mg c¢m” Pt-Ru/Pt for anode/cathode, respectively.

5.4.3 Methanol oxidation in phosphoric acid

Figure 5-3 shows anode polarisation curves measured in the DMFC (vs. DHE) at various
temperatures, with a 29% vol methanol feed. The high over-potentials, e.g > 400 mV at 100 mA
cm>, at relatively low current densities, reflect the slow kinetics and low exchange current

density of methanol oxidation in hot phosphoric acid (see Fig. 5-6 below).

The activity of methanol oxidation in hot PBI/H3POy electrolyte was not as high as might be
expected, at the elevated operating cell temperature, compared with results obtained at low
temperatures with Nafion or H,SOs. This slow enhancement of activity with temperature can be
caused by strong adsorption of anions from the high concentration of H;PO,4 and low water
activity, which blocks adsorption of water or oxygen species necessary to react with the adsorbed
organic species [22]. It has been previously shown that apart from the effect of un-dissociated

acid molecules adsorption, the gains in activity arising from the Arrhenius factor (activation
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energy) may not exceed losses in activity due to lower water activity in the concentrated acid
[23]. While the activation energy of methanol oxidation in phosphoric acid is similar to Nafion
and sulphuric acid c.a. 20.9 kJ mole™, the exchange current density of methanol oxidation in 100

9, H3PO4 at 190 °C is 1.7 107 A cm™ [24] this is very low compared to that of Nafion at 90 °C
5x10° A cm™[17].

450
——2%vol MeOH 120C

—=2%vol MeOH 150C
2%vol MeOH 175C

400 -

350 -

w

o

o
L

7 = 2%vol MeOH 120C
-=- 2%vol MeOH 150C
2%vol MeOH 175C !

N
(3]
o

E/ mV (Vs DHE)
N
o
o

0 20 40 60 80 100 120

Figure 5-3. Anode performance for methanol oxidation operating at temperatures of 120, 150 & 175 °C using

2% vol MeOH and a loading of 1 mg cm” Pt-Ru for anode.

5.4.4 Electrolyte effect on methanol oxidation

Because of the observed derogatory influence of phosphoric acid on methanol oxidation the
effect of the electrolyte on methanol oxidation was studied. A catalyst loading of 0.02 mg Pt-
Ru/C (60%wt Pt:Ru 1:1 a/o) was placed on a glassy carbon tip, a 20 % wt Nafion was used as
binder. The potential was swept from -180 mV vs. Ag/AgCl with scan rate of 2 mV s™'. The

electrolyte was either 0.5 M sulphuric acid or 0.5 M phosphoric acid.
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Figure 5-4 shows the effect of electrolyte on methanol oxidation reaction using Pt-Ru/C 1:1 a/o.
The performance decreased dramatically when replacing sulphuric acid with phosphoric acid as
electrolyte, even when Nafion was used as the binder. Although at low overpotentials (the
beginning of the kinetic region) the performance was similar, at higher current densities there

was a large reduction in current with phosphoric acid, which can be related to strong adsorption

of phosphate anions [22, 23].

Another observation was that the limiting current value with phosphoric acid was half that for
sulphuric acid. This suggests a lower methanol’s surface concentration (adsorbed), or lower

diffusion coefficient, (or a combination of both) in H;PO, (with respect to H,SOy).

45
40

35 - — Nafion 20C H3PO4
- Nafion 20C H2S04

30 -

1/ mA

15

-200 0 200 400 600 800 1000
E/ mV vs Ag/AgClI

Figure 5-4. Methanol oxidation (1.0 M) at a temperature of 20 "C using 0.5 M sulphuric and 0.5 M

phosphoric acids. the catalyst loading was 0.02 mg cm” Pt-Ru.

Figure 5-5 shows the effects of temperature on methanol oxidation in 0.5 M phosphoric acid,
with PBI as a binder. Increasing the temperature lead to enhancement in kinetics due to an

increase in the exchange current density 1. Figure 5-6 shows the Arrhenius plots for methanol
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oxidation in PA. The activation energy was calculated from the slope of the plot of Ln (ip) with

respect to 1/T (K™).

-F
Ini, = 2 +In4
°"RT ‘ [1]

where E, is the activation energy, A is the pre-exponential factor; the slope of the line is give by

-EJ/R.

The activation energy of methanol oxidation on Pt-Ru (1:1) was 17.7 kJ mole”, which is in

close agreement to the value reported in the literature for hot phosphoric acid of 20.9 kJ mole™

[25].

The obtained transfer coefficient for methanol oxidation in phosphoric acid was 0.825 % 0.01 in
the temperature range of 20-80 °C using 1.0 M methanol. This value is in very good agreement
with the reported value of 0.832  0.075 in phosphoric acid [24].

Scott et al [18] reported transfer coefficient value of 1.425 + 0.015 for methanol oxidation at a
Nafion interface in the temperature range of 70-95 °C and methanol concentration range of
0.125-1 M. The observed lower value in phosphoric acid was caused by the adsorption of
phosphate anions and other impurities from phosphoric acid [22].

Similarly, transfer coefficient values 0f 0.974, 1.4 & 2.61 were obtained for methanol oxidation
on PBU/H;PO; interface (6 PRU) at temperatures of 120, 150 & 175°C, respectively using 2% vol
methanol vapour feed. The higher values of a in PBIVH3POs; in comparison to pristine
phosphoric acid, were also observed for oxygen reduction, where o decreased with doping level
and approached the value in phosphoric acid at high doping levels (>16 PRU). Similarly, an
increase in transfer coefficient with temperature was also observed for oxygen reduction, the
increase was caused by reduction in phosphate /impurities adsorption with temperature (low heat

of adsorption) and other thermodynamic effects (Chapter 3).
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Figure 5-5. Methanol oxidation (1.0 M) at different temperatures using 0.5 M phosphoric acids, the catalyst
loading was 0.02 mg c¢m” Pt-Ru and 20% wt PBL
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Figure 5.6. Arrhenius plot for 1 M methanol oxidation at different temperatures using 0.5 M phosphoric

acids, the catalyst loading was 0.02 mg cm™ Pt-Ru and 20% wt PBI.
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5.4.5 Binder effect on methanol oxidation

A study was carried out to investigate the effects of binder in the catalyst layer. The amount of
binder was constant at 20 %wt, the electrolyte was 0.5 M H;3POq, and the catalyst loading was
0.02 mg cm’? Pt-Ru; similar to that used the previous experiments. Figure 5-7 shows the
performance comparison between PBI and Nafion as binder. It is clear that Nafion brought both
kinetics and mass transport advantages. The data using Nafion at 20 °C were similar to that for
PBI at 50 °C, and the mass transport limiting current using Nafion at 20 °C was similar to that for
PBI’s at 80 °C. This can be explained by the lower methanol permeability through the PBI thin
film in comparison to Nafion. Previous measurements showed methanol permeability of
0.0867x10™"% mol cm em? s atm” for pristine PBI compared to 2.5-4.65x10™? mol cm cm? 5™
atm’! for Nafion at room temperature, i.e. a difference of approximately two orders of magnitude.
Similar results have been reported for oxygen permeability [26]. However PBI permeability

improves dramatically by increasing the doping level [2].

Overall despite the advantages of using Nafion as binder the problem with the material is its
limitations as an ionic conductor at temperatures above 80 °C which severely limits its use in

HT-PEMFC. What is required is a material that will enhance its water retention at higher

temperatures.
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Figure 5.7. Methanol oxidation (1.0 M) comparison between PBI and Nafion as binder at different

temperatures using 0.5 M phosphoric acids, catalyst loading was 0.02 mg.cm” Pt-Ru.

5.4.6 HT-DMFC Cathode performance

In this work a low loading of 0.5 mg cm Pt/C was used for the catalyst layer. Figures 5-8 and 5-
9 show DMFC cathode performance (vs. DHE) using air and oxygen, respectively, at various
temperatures. The voltage loss due to cross over was reflected in the open circuit voltages (vs.
DHE) of ca. 880 mV with oxygen and 810 mV with air. These values reflect a low cross over
effect due to a low methanol feed concentration, low methanol permeability through PBI and

thick cathode layer (30% PY/C was used).

It can also be highlighted that, when operating with air, cross-over effects were more apparent
due to the low oxygen concentration. Only a small gain was observed in the kinetic region when

the temperature was increased from 120 to 150 °C; this can be attributed to cross-over effects
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countering the effect of temperature on oxygen reduction kinetics. However, increasing the
temperature further to 175 °C led to noticeable improvement in kinetics, caused by higher
cathode tolerance to methanol at elevated temperature (higher CO tolerance). When operating
with oxygen a reduced effect of cross-over was observed, as the oxygen surface coverage
increased (high oxygen concentration). Consistent improvements were observed in the kinetic

region when the temperature was increased from 120 to 150 to 175 °C.

900 1
800 %
700 -
i 600 -
= 1
» 900
=
E 400 -
— : —— Cathode 120C air (anode 2% vol MeOH)
w 300 -
200 a& Cathode 150C air (anode 2% vol MeOH)
100 - - Cathode 175C air (anode 2% vol MeOH)
Ot——7——1 1 ‘ . \ — —
0 10 20 30 40 50 60 70 80 90
j ! mA.cm™

Figure 5.8. Cathode performances for oxygen reduction operating at different temperatures of 120 °C using

air with loading of 0.5 mg em” Pt.
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Figure 5-9. Cathode performances for oxygen reduction operating at different temperatures of 120 °C using

oxygen with loading of 0.5 mg cm™ Pt.

5.4.6.1 Cross-over effect on cathode performance

The effect of using a 50% Pt/C as catalyst rather than 30% Pt/C was investigates whist keeping
the loading at 0.5 mgp cm’, which meant that cathode thickness was more than halved. This
ideally should have imposed lower IR drop, lower mass transport, and greater cross-over effects.

Figure 5-10 shows the effect using 30% & 50% P/C on cell performance with 4 % vol MeOH at

various temperatures. Relatively low open circuit potentials were observed with the 50% Pt/C

catal
greater influence from methanol cross-over. Due to the high rate of methanol crossover, the

kin

yst (540 mV 50% Pt/C compared to 780 mV 30% Pt/C at 150 °C with oxygen) indicating a

etic region was not observed very clearly. At higher current densities, an improvement in the
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performance over the 30% Pt/C was observed, due to the higher conductivity through the thinner

catalyst layer.

—— 30% Pt/C cathode 120C 02 (anode 4%vol MeOH)

— 30% Pt/C cathode 150C air (anode 4%vol MeOH)
— 30% Pt/C cathode 150C O2 (anode 4%vol MeOH)

-=- 50% Pt/C cathode 120C 02 (anode 4%vol MeOH)

E 500 -

A0 50% Pt/C cathode 150C air (anode 4%vol MeOH)
300 - 50% Pt/C cathode 150C O2 (anode 4%vol MeOH)
200
100

0 AL’—’—’_"‘/—’_’_F T = T = 1
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j/ mA.cm?

Figure 5-10. HT-DM FC operating with oxygen and air using 30% and 50% Pt/C on the cathode, the catalyst
loadings was 1/0.5 mg cm Pt-Ru/Pt for anode/cathode.

The cross-over rate was measured by supplying inert gas to the cathode, and oxidizing the
crossed over methanol at 1.1 V vs. DHE (Figure 5-11). The limiting current density jjim
approached a value of c.a. 17 mA cm™ with the operating conditions of 150 °C and 4% vol
methanol. The methanol permeability characteristics can be determined from the limiting current
density using the following equation

Fl - DC - jllm
uxmclhunaltru.\'&m-er i 5 == nF

(2]

Where the product DC is the methanol permeability through a membrane of thickness & and F is

Faraday constant (96485 C mole™).
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The calculated permeability was 1.47x10"? mol cm cm™ s atm™, and was in close agreement
with the reported value in the literature for similar conditions [4]. Similarly, the limiting current
density for methanol cross-over of c.a. 17 mA cm? using a membrane with thickness of 50 pm

was comparable to the reported value in the literature of c.a. 10 mA cm? for a membrane of

thickness of 110 pm [4].
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Figure 5-11. Methanol cross-over rate determined by steady-state electro-oxidation of crossed-over methanol

and determining the limiting current on the cathode at 150 °C using 4% vol MeOH in the anode

5.4.7 Performance degradation

A potential limitation for HT-DMFC using phosphoric acid doped polybenzimidazole is the
degradation of the performance over time. Similar degradation was observed in phosphoric acid
fuel cells [24], and it has been suggested that ruthenium metal dissolves at high temperatures and
potentials.

Figure 5-12 shows the typical performance of the HT-DMFC over a week of operation. The

system was purged with nitrogen for 10 mins before shutting down everyday (7 hours of
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operation each day).The performance fell continuously on a day by day basis and, for example,
the current density fell from 37 to 27 to 15 to 10 mA cm™ at 100 mV, on day 2, 4, 6 & 7,
respectively, operating at 120 °C using air. The degradation in the performance can be attributed
to two main factors:

e Losses of ruthenium and activity of Pt-Ru in phosphoric acid [24].

e Acid losses in the membrane and catalyst layer leads to high IR drop due to very high

humidity in the anode stream.

800 1

——2%vol MeOH 120C air day2

2%vol MeOH 120C air day4
-=-4%vol MeOH 120C air day6
- 2%vol MeOH 120C air day7

T T - - : -

15 20 25 30 35 40 45 50
j/ mA.cm?

Figure 5-12. Cell performance for methanol oxidation operating at temperature of 120 °C using 2 & 4% vol

MeOH and a loading of 1 mg cm Pt-Ru for anode over a week of operation.

To identify the cause of the degradation behaviour, the anode performance was recorded (vs.
DHE) for a period of one week (data is IR free) and is shown in Figure 5-13. Noticeably anode
performance did not change significantly; tending to rule out the assumption of a major loss of
performance due to ruthenium dissolution within the one week period. However if a slight Ru
loss and consequently migration to the cathode occurred, this may still have a negative impact on
gen reduction kinetics due to the materials lower ORR activity.

08%
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Frequency response analysis was used to measure the cell conductivity at 120 °C and 2 % vol

methanol feed over the studied week and the results are summarised in Table 5-4.

Table 5-4. MEA through plane resistance variation over different operating days.

Day 2 4 6

Resistance 0.33 0.63 1.5

A dramatic decrease in the cell conductivity was observed over the week, which was probably
caused by loss in acid content of both membrane and catalyst layer. It was noticed that the initial
cell resistance was four times higher than that of the hydrogen PEMFC at similar conditions, i.e
0.07 Ohm at 120°C and RH 1 %. This can be explained by a thicker anode catalyst layer (loading
of 1 mgp cm2 of 40%Pt-20%Ru /C instead of 0.2 mg em 20% Pt/C), a thicker cathode catalyst
layer (0.5 mg em™ of 30% P/C instead of 0.4 mg cm™ of 50% Pt/C) and acid wash-out from the

membrane due to high water content in (humidity) the methanol feed.

>
E 200 | -=- 2% vol MeOH day2
W 150 —— 2% vol MeOH day4
100 — 4% vol MeOH day7
‘ —— 2% vol MeOH day6
50 -
0 YT
0 10 20 30 40 50 60

j/ mA.cm?

Figure 5-13. Anode performances for methanol oxidation operating at temperature of 120 °C using 2 & 4%

vol MeOH and a loading of 1 mg em” Pt-Ru for anode over a week of operation.
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In addition, the complete shut down of the system might also have caused formation
(condensation) of liquid water which enhanced wash out of the acid. Slower performance
degradation was observed when the system was kept at a temperature of 120 °C during the shut
down of the system (stopping the fuel vapour feed) for a period of three days. However, due to
the high water content in the anode feed (2-4% vol methanol feed); loss in phosphoric acid and
therefore loss in conductivity and performance still occurred. This was confirmed by the

presence of phosphoric acid in the water-methanol condensate from the anode exhaust.
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5.5 Conclusions

A vapour feed HT- DMFC was demonstrated with reasonable performance and high open circuit
potential arising from low cross-over (permeability) of methanol through the membrane and high
CO tolerance at the cathode at elevated temperatures. The cell suffered from high anode
polarisation which resulted in significantly lower performance even at higher temperatures than
that achievable with low temperature cells using Nafion as the membrane. A major factor is the

very poor methanol oxidation kinetics in a phosphoric acid environment.

An improvement in performance may be possible by using a higher methanol concentration to
enhance methanol oxidation, which may offset the detrimental effect of increased methanol
crossover, The latter effect is further compounded by the fact that only relatively low current
densities have been achieved with PBI membranes, although can be partially overcome by using
higher catalyst loadings [4, 5, 19-21]. Higher methanol concentrations [5] may also result in

higher methanol sorption (kinetics) and lower electro-osmotic drag of water /methanol with

* protons.

In addition, acid wash out and therefore conductivity loss was a major limitation for HT-DMFC

based on phosphoric acid doped PBL
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6 Chronoamperometry and Frequency Response Analysis for HT-PEMFC

6.1 Introduction

It was found earlier that with varying amounts of PBl/ H;PO, /PTFE there was an optimum
catalyst thickness that provides a balance between oxygen permeability and proton transfer or on
other words, mass transport and accessible ESA (kinetics). This layer was found to be in the
range of 40-50% PYC with loading of 0.4-0.6 mgp cm?, this is in good agreement with the
results reported for PBI/H3PO4 system [1].

This chapter contains SEM (scanning electron microscopy) images used to determine the catalyst
layer thickness and the results were compared with chronoamperometry data to establish the
contribution of mass transport on system performance.

EIS (electrochemical impedance spectroscopy) was also used to provide further information
about electrodes structure and effect on the overall cell performance. A simplified circuit model
was built and an attempt was made to relate the circuit components to the physical phenomenon

taking place at the electrode’s surface in terms of kinetics, mass transport and IR losses.

6.2 Catalystlaver thickness

To calculate the average catalyst layer thickness for both anode and cathode electrodes a cross
section of the studied MEAs was made by fracturing them, after the tests, in liquid nitrogen and
then using the obtained SEM images (Figure 6-1). Analysis was performed using the UTHSCSA
Image Tool Kit Tool 3.0 program (University of Texas Health Science Centre at San Antonio,
San Antonio, TX) calibrated prior to measurement in micrometers. Sixty measurements were
taken from different sections of the fracturedMEAs for each electrode. An average thickness
value was obtained accordingly with the standard deviation.
Table (6-1 & 6-2) summarises the results of cathode and anode electrodes, respectively, The
estimated thickness was calculated based on the following densities measured at 25 °C:

e PBI1.34gcm>[2].

e PTFE 2.15gcm™ [3].

e Carbon Vulcan XC-72R 1.8 g cm” [4] (similar value was considered fbr advanced carbon

support ACO1 form Johnson Matthey 40% Pt/C (JM) electrode as no information is

available on the density of this carbon).
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e Platinum 21.45 g cm™ [5].
e Cobalt 8.92 g cm™ [6].
e Phosphoric acid (88.28-101.6) wt% 1.726-1.8875 g cm? [7].

The estimated porosity was calculated from the measured and estimated thickness. Phosphoric

acid was not considered in the thickness calculations as the acid was added after the fabrication

of the catalyst layer. This means that the actual porosity was lower than the value reported due to

acid filling some of the available void space. The acid added to the anode layer was 2-4 mg cm”

2

corresponding to 1.06 to 2.32 pm thickness (similar amounts for cathode layer will be considered

in the analysis for mobile acid from the membrane).

The following observations on the electrodes can be made:

The best performance anode and cathodes had a thickness c.a. 10 um, in agreement with
the reported 10 pm optimum thickness for PAFCs [8].

In-situ measured membrane thickness was in the range of (39.34 £ 6.16 um), while the
pristine membrane was 40 um thick and the doped membrane thickness was in the range
of 55-60 um. During hot pressing the membrane was compressed to an average measured
thickness of (~ 40 pm): this confirms that some of the acid in polymer matrix had to
move away to the catalyst layer due to compression. The non-uniformity in the catalyst
layer thickness leads to non-uniformity in the membrane thickness after compression
reflecting high value of standard deviation (STDEV) in the membrane thickness
measurement (£ 6.16 um).

The non-uniformity (STDEV) in the catalyst layer increased with increase in catalyst
layer thickness and carbon to metal ratio. This can be explained by the fact that the
stability of the aqueous based catalyst ink dispersions was deteriorating by increasing
carbon content in the ink. Carbon dispersion depends on the carbon surface pre-treatment
(oxygenated group on the surface), however generally it was easy to disperse carbon in
ethanol or water : ethanol (1:1 v/v) inks. On the other hand initial, PTFE dispersions used
to prepare the catalyst inks were aqueous based due to hydrophobic properties of PTFE.
Therefore ethanol addition will lead to agglomeration in the PTFE dispersion (ethanol
wets PTFE surface). For PBI based anode electrodes (no PTFE) non aqueous inks were

used (DMAc/acetone) reflecting small STDEV value and low porosity.
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o The porosity increased with increasing PTFE content at fixed Pt:C ratio. PBI based
electrodes had much lower porosities than those of PTFE electrodes. For similar PTFE
and PBI content, PBI electrodes were expected to be thicker (PTFE have bigger density
than PBI) and have lower porosity, therefore poorer mass transport behaviour.

e Anodes with 10% PTFE had an average porosity of ~ 55% compared to ~ 35% for
anodes with 5% PBL The porosity fell to 43.6% for PTFE electrode and ~10% for PBI
electrodes when loading of 4 mg cm of phosphoric acid were considered.

e Considering the same quantity of acid for the cathode meant that, for 60, 50, 40 & 30%
Pt/C (0.4 mgp cm’) electrodes, the acid volume fractions (with no porosity) were 62, 47,
35 & 24% v/v, respectively. On the other hand, taking an average porosity of 50 % for
the mentioned electrodes or corresponding thickness of 7.48, 9.78, 13.24 & 19.02 um,
acid addition will lead to drop in porosity to 19, 26.3, 32.5 & 37.8% for 60, 50, 40 & 30
o, Pt/C electrodes, respectively. Considering Fick’s law for diffusion with a Bruggeman

correlation for a porous structure:

NO = - Dozgr(CPf - CChanneI)

: F (1]

Where ¢ is the porosity, T is the tortuosity and & is the diffusion layer thickness.

The average oxygen concentration in the catalyst layer Cp at a given current density (or oxygen
flux No;) is inversely proportional to the ratio (€/ 8). The values of (€7 8), taking t as 1.5 [9] and
using the values quoted above for porosity and thickness, were 110.6, 137.7, 139.8 & 122.2 cm™
for 60, 50, 40 & 30% Pt/C electrodes with 4 mg cm™ acid, respectively.

It can be concluded that electrodes fabricated with 40-50% Pt/C exhibited the highest oxygen
concentration in the catalyst layer at a given current density and therefore were expected to
exhibit the best performance (IR effects are minimal due to high conductivity of pristine H;PO,).
Similarly, the 50-40% Pt/C electrode porosity was ~30% (after acid impregnation) with acid
volume fraction to Pt+C (without porosity) in the range of 47-35% (50-40% Pt/C). This means
that the 50% PC electrode had one third of its structure as voids (oxygen transport or vapour
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water removal), one third for catalytic sites and electrical connection (Pt+C) and the last third for

proton conduction (acid electrolyte).

As found above the volume fraction of acid electrolyte in the standard anodes (0.2 mgp cm™,
20% Pt/C) & cathode (0.4 mgp cm?, 50% Pt/C), exhibiting similar porosity and thickness (Table
6-1&6-2), was around one third of the catalyst layer, which also agrees with the measured
electrode ESA (from UPD) utilisation of 31.55 + 5.75% & 35.45 £ 5.05% for cathode & anode,
respectively. The reported utilisation was with respect to the standard catalyst ESA measured in
half cell using liquid electrolyte reported in Chapter 3 (42.1 & 68.1 m’ g" for 50% & 20% Pt/C,
respectively).

The 60% Pt/C electrodes exhibited the highest acid volume fraction (to Pt+C) of 62% v/v and the
lowest oxygen concentration in the catalyst layer (¢'/ 8), therefore its lower performance was due
to acid flooding in comparison to 50% PYC electrodes. Finally, PBI based electrodes
experienced the lowest porosity and smallest thickness (low density), which makes the layer
even more critical after acid addition in comparison to PTFE based structures. All the above

remarks agree with the observation of the experimental electrode performance (see Chapter 4).

Table 6-1. Cross-section measurements of cathode electrodes fractured in liquid nitrogen.

Theoretical Estimated Average- Thickn-
mges b i L thickness porosity measured ess
el (wE28) L (V) S /6) (um) (%) thickness (am)  STDEV
DA .60% PU 9312 1 40% e S T A S 5 S O R o8 BT o D
04  60%PtRu 1:1  40% By 08 (IR 3 |0 R SES 7oA PR 10 7 [ 0
3 R A T S D by TN i O O e S S BT
e S Py S | S AQ A BRI £ (51112 W AR 1 0 A4 ML) 05,
ORI 50% Pr T T A0 % S AR R SR A 12,94 +3.15
O Tele) B4 0% RN i3 AU SRRt 660 S S B 40 03 e |40 R o
040M)  40%Pt 23 40% SO S R 2R
04 30%Pt 37 40% 9.51 52.71 20.97 +4.27
0.2 20% PRl ST 409 A T 81 T S e S o B 570
B 20%PtCo 1:5 40% 764 3761 . 1251 %257

—
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Table 6-2. Cross-section measurements of anode electrodes fracturedin liquid nitrogen.

20% Pt/C PBI Theoretical Estimated  Average-measured Thickness
(mgpe cm’?) (wt %) thickness (um)  porosity (%) thickness (jum) STDEV

5% 453 S - e 54 0,35 +2

20 PUC PTFE Theoretical Estimated Average-measured * Thickness

(mgee cm'z) (wt %) thickness (am)  porosity (%) thickness (pm) STDEV

A S I TR R
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Figure 6-1. Shows SEM cross-sectional images of the liquid nitrogen fractioned MEAs.
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6.3 Chronoamperometry and mass transport

Chronoamperometry is an electrochemical technique in which the potential of the working
electrode is stepped, and the resulting current from Faradic processes occurring at the electrode

is monitored as a function of time.

The double layer capacitance, measured from cyclic voltammetery, were 0.88 & 0.82 Farads for
11.56 cm? cathode (0.4 mgp, cm” 50% PY/C) and anode (0.2 mgp cm? 20% PY/C) respectively,

corresponding to an average specific capacity (with reference to catalyst Pt:C) of 71-94 F g™,

The measured current is the sum of both faradic current and charging current. The current-time
transient was recorded at 0.01 sec intervals. To separate Faradic and non-Faradic effects the
measurements were considered at time t > 0.8 s of the step potential. This is justified as follow:
The limiting current, a steady state faradic current at t = 60 s and E = 0.02 V, for the studied
electrodes varied in the range of 0.4-1.7 A cm’ under various oxygen partial pressures (air, air at
1 bar & air at 2 bar). With geometric area of 9 cm’ the total current was in the range of 3.6 and
15.3 A. The measured current at 0.8 s for all the studied electrodes -with limiting current range
between 1.7 and 1.4 A cm™- was equal to or below 115 % of the final limiting current value.
This lead to maximum faradic current for the studied electrodes of 17.6 A. The potentiostat used
was capable of a maximum current of 20 A which leaves us with a minimum of 2.4 A available
for the charging double layer current. Considering a potential step of 0.85 V (from OCP to

diffusion control potential) and maximum double layer capacitance of 1.78 F (measured for the

anode), using the equation below [10]:

Coa er arge
Tcz%g_ [2]

charge
Where Cioad is the capacity of the capacitance to be charged, Vinarg is the voltage step and Linarge

is the maximum amount of current available for the charging (or discharging) process. The time

to charge the double layer, Tc, will be 0.76 s which is below the minimum chosen value of 0.8 s.
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6.3.1 Diffusion in finite and semi-infinite length:

In this section two diffusion cases were considered to explain oxygen diffusion in the electrode:
1.  Diffusion in semi-infinite length

II.  Diffusion in finite length.

6.3.1.1 Diffusion in semi-infinite length

At a potential where the oxygen reduction is entirely diffusion controlled, we can write for a

planer electrode [11]:

i0)= nFAC, /Dy, N nFAD, C,, 5
o m 5 ]

Where the first term of the equation is the well know Cottrell equation (from Fick’s second law

of diffusion) and the second term is the case of Fick’s first law of diffusion (equation 1) when the
system is running at the steady-state (limiting current) i.e. oxygen surface’s concentration Cp =
0. Chronoamperometry has been commonly used to obtain oxygen mass transport parameters in
phosphoric acid and nafion [12-15] from the plots of current vs. inverse of the square root of
time. From the slope and intersect (or CD®’ & CD values), respectively, the diffusion coefficient

and concentration (solubility) can be obtained.

However, in this work plotting the current from 0.8 to 60 s with the inverse of square root of
time did not lead to a straight line. This was not totally un-expected as the Cottrell equation was
derived for planar, non-porous structures. Pajkossy et al [16-18] have shown that for porous
electrode (rough and partially active) the decay of the diffusion controlled current from an
initially homogeneous medium to va completely absorbing fractal boundary, exhibit t* time-

dependence instead of the conventional 12

(Cottrell equation) with the exponent a being
determined by the fractal dimension, Dy, of the interface as o. = (Dg - 1)/2 [19]. Where 1< Dy <2
for partially blocked surface or active islands on inactive support. Pajkossy and Nyikos

suggested [18] the general form of Cottrell equation:

. nFACD 2 -0.5 ‘
l(t)=_m_[}/l /D]a [4]
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Where y & ) are geometrical factors and the rest symbols have their usual meanings.

It can be seen that Cottrell equation is a special case when a= 0.5 for non-porous planar
structures.

By plotting log [iw] vs log [t] a straight line should be obtained with slope of —a and (att = 1s)
an intercept of log [or] (Fig. 9-4, Appendix A), where of is fractal Cottrell coefficient given by

[17]:

_nFACNDT 5/ J-03
UF - \/;— [}/ﬂ- /D]ﬂ [5]

Table 6-3 shows fractal Cottrell coefficient and fractal dimension for 40% PYC electrodes; the
fractal dimension was around 1.1 and was unaffected by heat treatment. On the other hand the
fractal Cottrell coefficient increased slightly with increasing temperature and significantly by
increasing oxygen partial pressure or oxygen binary diffusion (changing the inert gas from
nitrogen (air) to heleox (80% He- 20% O5)) while maintaining oxygen partial pressure. This was
expected as the fractal Cottrell coefficient is directly proportional to the oxygen concentration
and diffusion. This shows that oxygen mass transport to the electrode was not only limited by
diffusion through electrolyte thin film, but also through diffusion in the gaseous phase; which
cannot be ignored. Additionally, it can be seen (Table 6-3) that the difference in fractal Cottrell
coefficient (or observed current) is established at very small time intervals 1 s (or less) between
air (Log [or] =1.041) and heleox (Log [or] = 1.151) even though the initial oxygen partial pressure
was the same, suggesting an equilibrium is established quickly in the gaseous phase even at short
time intervals due to the fast oxygen diffusion in the porous structure (4.53 x10° & 1.85x10”° m?
s for air and heleox at 175 °C, respectively) in comparison to diffusion through the electrolyte
film 107 m?s? at 175 °C (steady-state current is reached after ~60 s).

Considering steady-state operation at limiting current ip and using Fick’s first law of diffusion
we can write equation 6 &7 for oxygen petmeability through the thin film electrolyte and the
porous gaseous phase, respectively:

= iL = _Doz (CP' —CCa/)
% " nFA 5 [6]
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N = iL i — DIO: (PC{H — PChunneI) [7]
% " nFA 5

Where Doa, D 02 are oxygen diffusion coefficient through the thin electrolyte film and porous
media, respectively. 8 & &' are diffusion length (thickness) of electrolyte film and porous media,
respectively. Cp 1s oXygen concentration at the platinum surface (zero for limiting current
condition), Cca is the oXygen concentration or solubility in the polymer electrolyte equilibrated
with an oxygen partial pressure in the catalyst layer boundary Pcy where HCca = PCMA (H is
Henry’s constant for oxygen solubility in the electrolyte) and Pchannel 1S 0Xygen partial pressure in

the channel (assumed constant under high stoichiometry excess of 2.2).

Considering a planer Pt electrode (roughness factor of 1) i.e. A in equation 6&7 is the same, and

by solving equation 7 for P, and substituting in equation 6, with re-arranging;:

= iL = = DIO: DO: (CPI = H_l PChanneI)
% nFA H™'D, 6 +D, 6

(8]

The obtained equation suggests that the system overall behaviour will still follow Fick’s law with
an overall diffusion coefficient equal to Doz D’o2 and equivalent diffusion length equal to Do, &

+D'02 8 H'. For Doz << D’02 equation 8 reduces to Eq. 6.

Table 6-3. Fractal Cottrell coefficient and fractal dimension for 40% Pt/C electrodes.

Electrode T (O Po, (atm) Dy Log [oy]
40% P/C heat treatedair 120 ¥, ‘ i ‘ S
0% Pt/C no heat treatment alr T l20h
40% PUC o heat treatmenthelcox S VI S S B
B IO% T PUC 110 heat treatmient aif Zabm 196 14120~ 0"42 T G R

0% PUC o heat reatmentair 1501 02N T L

Although, equation 4 showed a good fit for most of the data, it lacked, in some cases, agreement
over the entire time range (0.8-60 s) whilst good agreement was obtained for all the electrodes in
the range of 0.8-10 s. This arises from the fact that the Cottrell equation assumes that
concentration changes due to potential step (known as Nernst diffusion layer) do not reach the

end of the electrolyte layer during the time of the experiment (i.e. t—o0, i—0) and therefore valid
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for very short period of time. The finite length diffusion is not appropriate for the presentation of
the studied electrode case where during the experiment the diffusion layer will reach the end of

the thin film and equilibrium will be established between gas-electrolyte-electrode (i.e. t—oo
i—iL). ’
6.3.1.2 Diffusion in finite length

The Cottrell equation is derived from the solution of Fick’s second law of diffusion for one

dimensional transport [20]:
aCO(-x,t) =D 32C0(x,t)
—*~o

ot ox? Bl
With boundary conditions for semi-infinite system.
Co(x,0)=C;, | [10]
mco(x,z)=c; [11]
C,(0,6)=0 (fort>0) [12]

The first condition (Eq 10) expresses the homogeneity of the solution before applying the
potential step. The second condition (Eq 11) states the semi-infinite diffusion condition, i.e. the
regions distant from the electrode are unaffected by potential step and therefore have constant
concentration equal to the initial concentration. The third condition (Eq 12) expresses the
condition at the electrode surface after the potential step (and equal to zero because the system
under pure diffusion control).

However, for finite length systems (also known as bonded diffusion) or for diffusion of species
through thin films (un-stirred electrolyte) of thickness (L) the Cottrell equation is no longer valid

as the boundary conditions change to:

C,(x,0)=C, 0<x<L [13]
0C,(x,t) _ _

o =0 (forx=L&t>0) [14]
C,(0,6)=0 (for t>0) [15]
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The first condition remains unchanged, restricted to the electrolyte thickness (L), while the
second condition expresses no flow of the diffusing substrate beyond the thickness (L) or in
other words the phase boundary at x = L is impermeable (reflective boundaries). The third
condition remains unchanged. The solution for (Eq. 9) using the above boundary conditions is
cither a series of error function (or related integrals) which is suitable for small times or a
trigonometrical series which converges more satisfactorily at large time values [21, 22] . It has
been shown [23] that, by neglecting the higher order terms in error function series and

trigonometrical series, the solutions for (Eq. 9) are equations (16&17) respectively:

() =24 o Do [16]
Jnt L 16

For short time periods t << L*D

. . . 2nFACD, Dt
For long time periods t >> LD ()= ""0 TP, ,

Where iy, is the limiting current obtained as t approach infinity.

Equation 16 is the Cottrell equation which is valid for short periods of time (less than L¥/D) i.e.
when the concentration effects of the potential step do not reach the finite length L (infinite
diffusion). While Equation 17 is valid for longer periods of time (more than L?/D) for the finite
length diffusion. ‘
Considering diffusion through the electrolyte thin film with Doz for oxygen in (85-98 %wt)
phosphoric acid in the range of 10" cm?® s™ for temperature range 100-150 “C [12, 14], while L
the electrolyte film thickness normally range 0.5-3 nm for nafion [24, 25]. The film thickness L
is calculated by:

_ My po,

’DH3P04(SC +SP:)

[18]

Mpyspos is the mass of acid per unit area, pis the acid density and S; and Sy is the specific
2

surface area of carbon and Platinum, respectively, per unit area. For acid loading of 2 mg cm®

the corresponding film thickness for cathode (0.4 mgp, cm? 50% Pt/C) and anode (0.2 mgp, cm™?
. Pt CM
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20% Pt/C) is 5.4 and 9.1 nm, respectively (assuming uniform distribution and 100% ESA

utilization).

This means that L/D = 2.9x103& 8.3x107 s for cathode and anode, respectively and suggests

that only equation 17 can be used for the studied current transient as L¥/D has an extremely small

value.
For diffusion with finite length L with a transmissive boundary i.e. 0Cqy 0x#0, the solution of

the diffusion equation becomes [26]:

[19]

412
ex ’——
i(t)= nFAC,, /Do, _ nFAC'Oz,/DO2 p( Dozt]-*’1
2 - Ji

D, t D, t

2

For short time periods t << L’/D

) nFAC,, \/-D—o,
l(t)= -—-—\-/_t——' [20]

For large time periods t>> LD  i(t) 21]

While equation 20 is the same as the Cottrell equation, equation 21 is the limiting current
expression obtained from Fick’s first law of diffusion (equation 3 & 6). The solution given by
equation 19 should satisfy the observed response, however, it is difficult to extract directly terms
that can express the observed exponential dependency on time. The applied large amplitude

transients lead to nonlinear, often exponential, responses [27].

Crank [21] has shown that the total amount of diffusing species through unit area of the face x =
L of the membrane in time t, Q,, for a plane electrode covered by membrane with finite length

film L is given by a series expression. Taking only the leading terms of this series we can write:
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D(C,-C)t 2L(C + C,)
QI = L - ”2

Where:

(1 - exp(‘ ”;Dt D + 45;2C° (1 - exp(— ”Z)t)] [22]

i) _20,
nFA ot (23]

Where C; & C; are the constant (O) species concentration at the membrane boundary and

electrode boundary, respectively. Co is the initial uniform concentration within the membrane. In

our case Co=C; & Cz= 0 (diffusion control) & D is the diffusion coefficient of the diffusing

species (O2) through the membrane.

Therefore we can write:

i) _DC, _2D(C,-2C,) exp| - 7' Dt
nFA

[24]

L L L

In this special case where Co=C; equation 24 becomes similar to the suggested Eq. 17 [23].

For t—, i(c0) —ir, limiting current, we can write:

For t—0 & i(0) we can write:

Equation 24 can be rewritten considering j = VA:

g’%JTC' (25]
JO=j.+Uo- jL)exp(— ”—Ll-)i) [27]
JO)= i+ Kexp(— —:-) (28]
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Where K, known as the system gain, is equal to jo-j.= 2 nSpFLDC, and 7t is the response time
constant equal L/ 7°D. Sp, is the platinum surface area (covered by thin film acid) per electrode
unit geometrical area, also known as roughness factor. C; is the dissolved oxygen in the
electrolyte film, using Henry’s law for solubility at temperature T (Kelvin) we can write P, =
H;C,, for example for 96% wt H3POs, Hasp3 =2 m’ atm mole™ [11]. Po2 ((atm), denoted earlier as
Pca) is the oxygen partial pressure at the membrane face boundary at x =L. We can thus write K

as:
K =2nFS,,LDC, =2nS, LFDP,,H"' 29]

6.3.2 Transient response time constant

The current transient decayed exponentially with time (Fig. 6-2). The time constant, 1, is

obtained from equation 28 where t =t for j(t) = j.+ 0.368K and K = jo-ji. (data was extrapolated

based on best fit to obtain jo).
Tables 6-4 & 6-5 summarise the values for K & 1, for various electrodes at 120, 150 & 175 °C

and with air, air at 2 atm and heleox (21%0,-79% He).

Table 6-4. Values of cathode electrodes chronoamperometry response gain K in A cm™.

Air (1 atm) Air (2 atm) Heleox (1 atm)
e Pemghros 120C 150C  175C 120C 150C  175C  120C  150C  175C
0.4-60%-0 022 017 009 029 025 016 030 025 0.1
0.6-50%-0" 026 024 015 mwa na na 035 034 0.7
0.4-50%-0" 0.5 0147 nal a7 na a7 020 7018 7 004
" 0.4-50%-0 “021 020 012 039 wa 016 030 025 017
0.4-50%2 08 007 004 ma " wma wa 025 013 005
04-50%-2F*  wa 012 007 nwa 018 013 wa 019 0l
0.4-50%0LD* 013 019 0077 022 " T028 058 023 027 0,09
0.4-40%-0 020 0.9 009 030 029 016 030 030 015
0.4.40%-0HT* 008 012 006 014 016 012 013 013 008
0.4-40%0IM* 7 006 0.06 00T R0 00 0 T e 0 0 T O 2 AT 0,0 7 070 1570

——
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(O

J“04-30%-OHD*.7', AN 1700 ot
0.19

0.4- 30%-0 g G 1 007

02-18%-0-Co* 020 0. 29‘::’:}_ 013 039
02-16%-0-Ni* 025 025

It can be observed (Table 6-5) that the response time constant t for a given electrode was
independent of oxygen partial pressure (dissolved oxygen concentration) and independent of
diffusion coefficient in the porous media (same for air and heleox). T values varied in the range
of 2-17 s and decreased with increase in temperature. This confirms that, for a given electrode
(or L), T depended on oxygen diffusion through the thin film only (Eq. 27), where the latter
decreases with temperature. For calculated values of L (using equation 18) in the range of 10% m
and time constant values 2-17 s this (t is equal L?/ n’D) leads to diffusion coefficient (D) values
in the range of 0.6-5 X 10" cm® s, By considering diffusion coefficient in thin film electrolyte
(phosphoric acid) D ~10% cm?® s for temperature range 100-150 °C [12, 14] and the previous
values for the time constant, we obtain L in the range of 1.4 - 4.1 x 10* m. The value is
unrealistic as it is an order of magnitude larger than the thickness of the overall catalyst layer and

four orders of magnitude larger than the estimated thin film thickness.

Table 6-5. Various cathode electrodes chronoamperometry response time constant t values in s.

Air (1 atm) Air (2 atm) Heleox (1 atm)

‘;fmgpt-Pt%-mg mrm 120C 150C )

T 120C 1sIC 170
T _

6.08 339 26

(‘0"6”’56%16“ T 613 45 2 A D RBE N /R ST a O TUA ML ST 4B B3 80 B A Wy

04-50%0' 703 573 77 414

il 0 4 50%- 43§ i 3‘88 265 J
0. 4'50%‘2 e et 551 ‘ 395 /|
0.4- 50%—2-F* na  5.69 P

04-50%-0LD* 115 47 3, 367 2887

e———
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p‘4-’40%,-,q R RaAy 2720 ‘

'0.4-40%-0HT* 901 56

0.4-40%0dM* 1046 3.76

0.4-30%0HD* 1058 1173 14,

0430%0 968 602 554

0 53 0%/ VR 7 0 Wi A7 e
0.2-18%-0-Co* T TPl R T TR
02-16%-0-Ni* 1216 667 A9 135 U AN 7745 M 0,73 i ST

mgyspos: amount of added acid loading, 1: with 20% PTFE content while rest of the electrode contained 40% wt, F: with added
perfluronated surfactant (0.5% wt), LD: low doping membrane (4 PRU), HT: heat treated cathode, JM: Johnson Matthey with
advanced carbon support catalyst ACO1, HD: high doping membrane (20 PRU), Ni: 20%Pt-Ni/C catalyst & Co: 20%Pt-Co/C

catalyst.

As shown in Table 6-4, K decreased with increased temperature and was greater with a greater
diffusion coefficient in the porous media and oxygen partial pressure. K should be (Eq. 29)
directly proportional to C; and D (diffusion in the thin film). However, it is usually less
dependant on oxygen diffusion through the porous media, Dporous, Which will influence slightly
P, and therefore Ci. The observed decrease of K with temperature can be explained by a
decrease in solubility C; and decrease in diffusion due to increase in phosphoric acid
concentration (viscosity) with temperature. However, the product C;D increased with
temperature (at least from 120 to 150 °C) which can be observed from the steady-state limiting
current values. It is also expected from equation (25 & 26) that K is equal to twice the limiting
current value or j(0) is equal to 3 j(x0) which was not observed experimentally.

The above disagreements between observed and predicted K arise from the fact that equations 24
(or 17), used to derive K, are suitable for long periods of time only and therefore are not suitable
to estimate j(0) (att = 0). Similarly using equation 16, suitable for short periods of time, will lead
to unrealistic j(0)—. Additionally, there are limitations in the solution due to the assumption of
constant C; during the experiment, whilst in reality C, depended on Pp; which in turn depended

upon j(t) through diffusion in the porous media and diffusion of vapour water product
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— air 120C — air 150C — air 175C = air 1bar 120C —air 1bar 150C —air 1bar 175C
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jlA.cm?
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08 1 : T T T .
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Figure 6-2. Shows typical current-time transient response for MEA utilising 60% Pt/C cathode.

The large deviation between the observed and estimated time constants and consequently
between the observed diffusion coefficient values obtained from the transient time constant of
0.6-5 x 10" cm® s and the values obtained from steady-state conditions (limiting current) or the
reported values in the literature D ~10° cm® s can be explained by slow solubility equilibrium
between Po; and Ci. As the film was very thin, the diffusion length would have reached the end
of the film in a very short period of time and the observed diffusion in the thin film would be
limited by how fast oxygen could dissolve in the thin film. This effect can be considered as a
diffusion process with coefficient Dsolubitity and how fast dissolved oxygen can diffuse through the
thin film. So we can write Dobserved = D Dgolupiity suggesting Dsonupitiy ~10° cm® s, In this
analysis it was assumed that Sp is independent of oxygen concentration and therefore
independent of time; however in reality a drop in Sp, is expected with increasing j or decreasing
C, due to oxygen starvation and therefore Sp; is expected to be function of time and therefore
contribute to T. Additionally, the diffusion of product water out of the thin film was ignored,

which was another contribution to T.
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Another explanation for the small observed values of D could be that D and L, used to determine
the time constant T (given in equation 24) are not the explicit oxygen diffusion coefficient in the
thin film and the thin film thickness, respectively, but are represented by the diffusion coefficient

equal to D’02D '120D02 and diffusion length equal to
D,, D, ,6 + D, oD, s'LHISp + 2D, D, & as will be seen later in equations 30 & 31.

6.3.3 Oxygen permeability and limiting current

Table 6-6 summarize the observed limiting current values for the studied electrodes at various

conditions.

Table 6-6. Cathode limiting current densities, ji_in A em?,
Air (1 atm) Air (2 atm) Heleox (1 atm)
AR Y o !,mﬁ: " o0 eyt g 9 TITRI R e ae —

060 0.68

0.4-40%-0.
0.4-40%-0HT
0.4-4

10.4-30%-0HD* O
0.4-30%-0

043

©0.2-16%-0-Ni* 056 042 ' 0.68 056 056 045

e
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Figures 6-3, 6-4 & 6-5 show the limiting current density for non-doped 60, 50, 40, 20, 17 & 15%
Pt/C cathodes at different temperatures and oxygen partial pressures. It can be easily concluded
that 50% Pt/C electrodes gave the highest limiting current densities at most of the studied
conditions apart from a high oxygen concentration (air at 2 atm) and low temperature (120 °C).
This directly agrees with the polarisation curves results obtained earlier (Chapter 4) where 50%

Pt/C showed the best performance under air operation, while 40% Pt/C showed advantages with

pure oxygen at 120 & 150°C.

| B 15%Pt/C
m17%PtC
@ 20%PUC
m30%Pt/C
040%Pt/C
050%PUC

W 60%Pt/C

120 150 175
T/°C

Figure 6-3. Shows the effect of Pt:C ratio or catalyst thickness on the observed limiting current density when

operating with air at temperatures of 120, 150 & 175°C.
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1.6
it m15%PYC
- m17%PUC
1 m20%PUC
5
= W 30%PUC
=
i 0 40%PUC
0.4
050%Pt/C
0.2
W 60%PUC
0 Lo
120 150 =

T LPC

Figure 6-4. Shows the effect of Pt:C ratio or catalyst thickness on the observed limiting current density when

operating with heleox at temperatures of 120, 150 & 175°C.

il

T/°C

B15%PUC

B17%PtC

@20%Pt/C

W 30%Pt/C

jL/A.cm?

040%Pt/C

050%PtC

W 60%Pt/C

120

Figure 6-5. Shows the effect of Pt:C ratio or catalyst thickness on the observed limiting current density when

operating with air 2 atm at temperatures of 120, 150 & 175 °C.
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Figure 6-6 shows the effect of acid content on 30% Pt/C electrodes. The electrode with high acid
content was denoted as HD where high doping level membrane of 20 PRU was used in
comparison to a standard doping level of 5.6 PRU. Although electrodes contained no added acid
the electrode associated with a high doping level membrane should exhibit much higher acid
content in the catalyst layer in comparison to the other electrodes. It can be seen that a greater
acid content lead to lower limiting current values at 120 °C; however the limiting current
increased rapidly with temperature, where it became similar to that with a low acid content at
150 °C and much higher at 175 °C. On the other hand the limiting current of electrodes with low
acid content did not vary significantly with temperature or dropped slightly at 175 °C. This can

be explained by increases in Sp; and L with increase in acid content: therefore the system became

more dependant on Do; and consequently on T.

1.2/

m20%Pt/C

W 30%Pt/C

k-
< 0.6 -
=
@ 30%PYC
0.4 HD
0.2 -
W 40%PYC
0+
120 150 175
T/°C

Figure 6-6. Shows the effect of 30% Pt/C electrode’s acid content on the observed limiting current density

when operating with air at temperatures of 120, 150 & 175 °C.

Figure 6-7 shows the effect of acid content on 50% PYC electrodes. The electrode containing low
acid content was denoted as LD where a low doping level membrane of 4 PRU was used in
comparison to a standard doping level of 5.6 PRU. Although two electrodes contained no added

acid and the third one contained added acid (2 mg cm™? with standard doping level membrane)
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the electrode associated with low doping level membrane should exhibit much lower acid
content in the catalyst layer in comparison to the other electrodes. It can be seen that more acid
(2 mg cm™) lead to lower limiting current values at 120 °C; however the limiting current
increased rapidly with temperature where it became higher than that with the standard acid
content (0 mg cm™) at 150 “C and much higher at 175 °C. On the other hand the limiting current
of electrodes with low acid content (0 mg cm™ & LD) did not vary significantly with temperature
or dropped slightly at 175 °C.

Electrodes with very low acid content (LD) gave very low limiting currents over the entire
temperature range, due to very low Sp; as there was a very small amount of mobile acid in the
membrane matrix available to move to the catalyst layer and therefore low accessible platinum
surface area. This was also reflected in the cell performance where low doping electrodes
showed the worst performance. Similarly, standard doping electrode showed advantages over
high doping level at high current densities at 120 °C while the case reversed at 150 and 175 °C.
From equation (8) we can write for electrode with platinum surface area Sp.:

e nk. SP:D(‘)ZDO2 Pehanne”
SpDo, 6 + Dy 'L H

Ji (30]

1.6 4
1.4
@ 50%Pt/C LD-
0mg(H3PO4)
1.2 4
1 -
E
Sos- W 50%PY/C-
- Omg(H3PO4)
=
0.6
0.4 -
@ 50%Pt/C-
0.2 - 2mg(H3PO4)
0 -
120 150 175
TS0

Figure 6-7. The effect of 50% PU/C electrode’s acid content on the observed limiting current density when

operating with air at temperatures of 120, 150 & 175 °C. LD denotes membrane with low doping level of 4

PRU.
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Figure 6-8 & 6-9 show the effects of electrode hydrophobic properties on the observed limiting
current for 40 & 50% PUC electrodes, respectively. Increasing the hydrophobicity of the
electrode by heat treatment, or by utilising different carbon support (40% Pt/C case), will lead to
lower acid content and therefore lower Sp; and accordingly lower limiting current. The lower Sp,
will also lead to slower kinetics as seen earlier from the polarisation curves (Chapter 4). Similar
conclusions can be drawn for increasing the hydrophobicity of the electrode by increasing PTFE
content (50% Pt/C case) where a high PTFE content, (lower acid content) led to higher porosity
and therefore higher limiting current at 120 °C. However, the limiting current for electrodes with
high PTFE content or low acid content did not vary significantly with temperature. On the
contrary the limiting current with low PTFE content electrodes (high acid) showed greater
dependency on temperature (increase) and therefore the limiting current value for both electrodes
became very close at 175 °C.

These results are in good agreement with the results obtained from the polarisation curves

(Chapter 4) where higher acid doping was favourable at high operating temperatures.

@ 40%Pt/C HT

W 40%Pt/IC JM

@ 40%Pt/C

120 150 175
T.I%C

Figure 6-8. The effect of 40% PU/C electrode’s hydrophobic properties on the observed limiting current
density when operating with air at temperatures of 120, 150 & 175 °C. HT denotes heat treatment & JM
denotes Johnson Matthey advanced carbon support AC01.
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Figure 6-9. The effect of PTFE content of 50% Pt/C electrodes on the observed limiting current density when
operating with heleox at temperatures of 120, 150 & 175 °C.

Table 6-7 summarises the limiting current ratio jisoy jia20) and jiazsy jraso for temperature
ratios of 150/120 °C and 175/150 °C for all electrodes at various oxygen partial pressure. It can
be seen by comparison of the limiting current ratio that the second ratio was always lower than
the first, suggesting that the permeability through the thin film DC, increased from 120 to 150 °C
and fell thereafter at 175 °C. Both the oxygen diffusion coefficient in porous media D" and the
diffusion coefficient through thin phosphoric acid film, D increased with temperature while C, or
(H") oxygen solubility decreased with temperature. The rest of the parameters in equation 30 are
temperature independent. It has been shown [14] that the activation energy of oxygen diffusion is
around three times larger than the heat of oxygen solution in 85-96% wt H;PO, for the
temperature range of 100-150 °C, therefore the overall product DC) increased with temperature
up to 150 °C [14], above which 85% wt phosphoric acid started to dehydrate and became more
dependant on humidity content and operating temperature which will led to a sharp increase in
the viscosity and therefore sharp decrease in diffusion coefficient. On the other hand although
solubility decreases with temperature, it increases with the phosphoric acid concentration for a

given temperature [28]. At 175 °C the overall product DC is expected to decrease in comparison
to the value at150 °C under relatively low humidity conditions (RH <10 %).

216|Pﬂgc



Chapter Six: Chronoamperometry and FRA for HT-PEMFC

Table 6-7. Limiting current ratios for various electrodes at different temperatures

Air (1 atm) Air (2 atm) Heleox (1 atm)

0.4-40%-0HT*

6%-0-Ni*

0.2-1

Table 6-8 summarises the limiting current ratios ji. heleox / jL air a0d jL air 2atm / JL air at 120, 150 &
175 °C. The first ratio reflects losses of mass transport through the porous media by increasing
D' by a factor of four (air and heleox) and the second ratio reflects losses of mass transport
through the thin film where Po, was doubled (air at 1 atm and 2 atm). From equation 30 it was
expected that the limiting current ratio of ji(ir 2am)/ jLir) Should be equal to 2. However, all the
observed values were below 2. While equation 30 expresses the oxygen partial pressure in the
catalyst layer, Po2 falls with increase in the flux (current density) due to mass transport through
the porous structure. Equation 30 also lacks terms representing water flux of vapour product out
of the thin film through the porous media which would lead to a further fall in Po,. Including

such a term with the simplifying assumption that Pchannel a120) = 0, we can write:
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: nFS D5, Dy 6Do, PeranncE
= SpDo, Dyt 08 + Djy,0D0,6"L H+2Dy, D, &S,

[31]

Where D 1120 is the vapour water diffusion coefficient through the porous structure.

Table 6-8. Limiting current ratios using different oxygen partial pressure and diffusion coefficient (porous

media).

A\ heleox/ J .IL air JL air 2atm/ JL air b/a %

0.4-60%-0

10.6-50%-0"
Gl i 8 190 na

' 0.4-50%-0

0.4-50%-2-F* /2 e IO B 110 TR T M 10 R D3 M g A | [ 15

o TR h Ry er sy Ry R PP T AP ¥ N ThE
14 it k f- v i e oA 148 1 2R 1 ; a0
1.16 3?;7 kil a6 140 0 13s LD _l‘-,ks"“?‘ 5

2-16-0-Nl* T W R R A L R

The proposed solution (Eq. 31) still predicts ji(ir 2amy jLain) to be equal to 2 while all the observed
values were < 2 (Table 6-8). This suggests that Fick’s first law of diffusion is not suitable to

represent diffusion in the porous media as it cannot account for interactions between gas
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molecules;. Additionally the assumption of Pcramnein20) = O predicts a linear relation between
Pcagizo) and j, while in reality an increase in j will lead to an increase in Pchanneitizo) and
therefore an exponential dependence. The Stefan-Maxwell equation is more suitable in this case
and will be discussed in more details in the Chapter 7. Additionally, the humidity or Py effects
on H and Do should be accounted for, especially at elevated temperatures, as they are affected
by phosphoric acid concentrations which in turn are functions of water content and temperature.
We can re-write equation 31 as:

nFPChannel
LH + o
SuDo,  (Dy, +2Dy0)¢

JL= [32]

The first term in the denominator represents mass transport losses through the thin film while the
second represents losses through the porous media. It shows that the limiting current will
increase when we have a structure with a high Sp; and low L. For a given acid content, a more
uniform distribution of acid, will lead to an increase in Sp and decrease in L. However increasing

acid content will also have a counter effect from its effect on the porosity € and consequently on

jL.

The higher jieleon) / jL@ainy value indicate greater mass transport losses through the porous media.
Calculations using the Slattery-Bird correlation [29] show that oxygen-helium mixture exhibits
binary diffusion coefficient four times higher than that of oxygen-nitrogen and water-helium
mixture exhibits binary diffusion coefficient eight times higher than that of water-nitrogen over
the studied temperature range. If we considered the first term in the denominator of Eq. 32 to be
(a) and the second to be (b), then b/a is the ratio of the mass transport contribution between the
porous phase and the thin film phase. By using the diffusion coefficient ratios obtained from the

Slattery-Bird correlation we can write:

lb 1 _ jL(heleo.v)
] a+ P
Jutheleon) A , Te-arranging: = 5_ —_— Ji1ain [33]
jL(ﬂi’) ! a J Liheleox) -1
a+t b 7jL(alr)
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Table 6-8 shows the corresponding b/a% for the studied electrodes. The average values for non-
doped electrodes with 40% PTFE utilising 0.4 mgp cm’? of 60, 50, 40 & 30% PYC are 15.1,
21.8, 16.1 & 12.9 %, respectively. While diffusion in the pores of the catalyst layer is controlled
by its length and porosity €' /8°, the diffusion through the electrolyte film is controlled by Sp/L.
The 60% Pt/C electrode had the smallest catalyst layer thickness, &' and for a given acid content
had the smallest porosity. On the other hand it had a relatively high L as it had the highest acid
volume fraction and a medium value for Spr where most of the catalytic sites are accessible.
However 60% Pt/C exhibited the largest average Pt particle size. Moving towards 50 %Pt/C the
catalyst layer thickness increased (8’) and correspondingly the porosity (lower acid volume
fraction) also increased, while L fell and Sp increased therefore the ratio of b/a increased,
reaching its maximum. As the thickness of the cathode catalyst layer increased further (40 &
30% Pt/C), the porosity remained the same (as acid volume fraction became low) and for similar

L values to 50% P¥/C, S, fell, therefore b/a values decreased accordingly.

Values of b/a increased from 12.9 to 19.9 for 30 %Pt/C by increasing acid content (from
standard 5.6 PRU membrane to 20 PRU HD). Also b/a values decreased from 21.8 to 10.7 for
50% Pt/C, by reducing the acid content from the standard 5.6 PRU membrane to 4 PRU LD. This

is explained by the increased acid content increasing Sp; and reducing €', leading to increased b/a

values and vice versa.

6.4 Study of HT-PEMFCs using frequency response analysis

6.4.1 Introduction

The PBI based HT-PEMFCs were studied earlier using polarisation curves (linear sweep), cyclic
voltammogram and chronoamperometry, where the electrodes were driven to a condition far
from equilibrium through large perturbations on the system. Another approach is to perturb the
system with very small magnitude signal and monitor the system’s response around the steady-
state, allowing the system to be studied over wide range of frequencies (time). Electrode systems

with non-linear polarisation show linearity when subjected to small perturbations in current or

potential. For an activation controlled process we can write:
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. on, F |
=l o) [34]

For small perturbation of Ai and resulting potential response An, we obtain:

oF '
i+ Al =i, exp +An,)— 15
1+ Al 10 (< ((nac ”ac) RT) [ ]

Subtracting equation 35 from 34 and dividing the result by equation 34, we obtain:

Ai oFAn
—=¢ ac __l 36
i XP( RT ) [36]

For small values of aFAWRT << 1 or for An <10 mV at 150 °C, we can write (with accuracy

above 99 %):

cxp( 27 <14 2221 -
RT RT

Combining equations (36) & (37), we finally obtain:

M oAy v, AT

38
i RT w= A aF i [38]

The overpotential loss due to kinetic activation at current i can be expressed simply by a resistor
R,.>. The physical meaning of this equation is that even when the j vs. n relationship is
exponential, a small interval of this curve near any steady state value can be linearised [27].

Figure 6-10 shows the linearisation of the j/E curve around steady-state using small perturbation

in the current.
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Eo+AE sin (wt+8°)
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Figure 6-10. Linearisation of the j/E curve around the steady-state using small perturbation in the current.

For small current or voltage perturbations, the changes in concentration of reactants/products
near the electrode surface are small therefore the associated equations can be linearised too.

Considering that the system is affected by mass transport of reactants, at steady- state equation

34 becomes:

B Gty
'—lo(Co) exp( RT) [39]

Where v is the reaction order (equal to 1 for oxygen), Co is the reactant reference surface

concentration where i is measured (O.C.P) and C is the surface concentration at current i (i > iy

& C <C0).

If we separate the overpotential losses due to kinetics and mass transport, 1) = Ny + Nyass We can
write:

S AR RT i RTS]
= Zlac” Y — =—In(=)=>R =—In(—
=l X ) 2 e = o ) 2 R = oy K v L&0)
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’7 Co RT . C,
m(lSS :> - 1 :> R - 1 Ly 41
C CCXP( ) ”ma.u aF n( ) muss aFl n( C ) [ ]
Similarly equation 35 becomes:
. CA aF
i+ A =0 +Am— 42
i+Ai=1, C, exp((n n) RT) [42]

Where C, is the oxygen surface concentration at current flux of i+Ai. Subtracting equation 42

from 39 and divide the result by equation 39, for small values of aFAW/RT << 1 we can write:

Ai _C, oF
A i1]-1 "
T C( RT+) [43]

If we separate the overpotential loss due to kinetics and mass transport, we can write:

RA +R:‘m = .[}_'7. = Anxt + Zlmass, Anm.ass [44]
Al Al Al

Rma:s +—— ac —(—"1) [45]

Substituting R, from 38, and re-arranging:

- O
s aF i AINC aF\i Ai C,

Therefore:

RT{C{(1 1 1
.RA RA+RA = — -—(-—-{--——)—_._ 4
total — mass aﬁw ( CA l Al Al [ 7]

It can be seen that with a small current perturbation Ai, the mass transport losses can be
separated from kinetics losses and be represented by a resistor at low frequencies. As Ca(w) = Cx
ijs a function of frequency (time), at low frequencies (close to steady-state condition) w—0

Ca(0)— Ca<C, while at high frequencies as @—0 Ca(0)—C and RAmass —0. This means in very
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short periods of time, the system will be under pure kinetic control before mass transport effects

takes place.

It should be stressed here that R, refers to the activation loss around the steady-state operation
of current i+Ai and overpotential n+An and is completely different from R, given by equation
40. While R®, the charge transfer resistant, does not contain mass transport contribution from
the ac perturbation signal, i.e. Ca,—C, however it contains inherited mass transport effect from
the steady state operation as can be seen from equation 38. The current density at the steady-state

potential n, is measured at a steady-state surface concentration C and not the initial surface

concentration at rest potential Co.

Similarly, R2,..ss is completely independent from Rpass (equation 41), while RAmass expresses
mass transport losses due to perturbation in current Ai and therefore perturbation in concentration
C-C, with respect to the steady-state current i and therefore the steady-state concentration C.
While Rumass €xpresses the mass transport losses at concentration C, due to current flux I, with

respect to the initial rest potential conditions io and Co.

A focus of this work was to utilise the AC impedance technique to obtain more information
about the performance of the cathode electrodes, in other words to gain more knowledge about

conductivity, kinetic and mass transport phenomena in the electrode.

6.4.2 Model selection

While EIS is a very sensitive technique used to clarify electrode process and derive its
characteristic parameters, it does not provide a direct measure of physical phenomena.
Interpretation of impedance data requires the use of an appropriate model, which can be a
mathematical model based on probable physical theory (such as kinetics & diffusion processes)
that predicts theoretical impedance [30, 31], or relatively empirical model [32-35] in which the

parameters obtained do not necessarily have a clear physicochemical significance, or a hybrid' of
H

both.
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The principal disadvantage of the physical method is the level of mathematics required to
properly analyse impedance data [31]). For example a system with one adsorbed species is
expected to produce two semi circles in the impedance plan (two time constants), while the
experimental data often shows only one, this will lead to too many free parameters. Instead a
simple model using one time constant should be used [26].

Another limitation of impedance data modelling is that the same data can be represented by
different equivalent circuits [36]. For example system displaying two capacitive loops (two time

constants) can be adequately presented by three types of circuits as shown below (a, b & ¢):

C.
G G H
R R3 R,
Rs

Voigt Ladder

(a) (b) ©)
For a proper choice of parameters the behaviour of the three circuits is indistinguishable, as they

will display the same impedance spectrum over the entire frequency range [26, 37].

In this section analysis of the obtained PBI impedance spectra was carried out, and four
equivalent circuits were suggested to fit the observed spectra. An attempt was also made to relate

the components of the circuits to physical phenomenon occurring on the electrode.

The impedance spectra were obtained by employing Autolab PGSTAT 30 (Eco Chemie, The
Netherlands) controlled by FRA 4.9. The frequencies were swept from 30 KHz to 10 mHz
recording six points per decade with an AC signal aptitude of 15 mA. The obtained data was
fitted to the chosen circuit using ZSimpWin V3.21 software (Princeton Applied Research,
U.S.A) utilizing Complex Non-linear Least Square errors technique (CNLS).
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The impedance spectra are commonly plotted in Nyquist diagrams. The X and Y axis of the
diagram represents the real and the imaginary impedances, respectively with no direct
information regarding the applied frequency.

For a monochromatic input signal, v(t) = Vi, sin (wt), at a given frequency f (f = w/2n) the
resulting steady-state current is i(t) = I sin (wt+8). Where 0 is the phase angel between voltage
and current and is 0° for pure resistance, +90° for pure capacitance and -90° for pure inductance,

 is the angular frequency, and the impedance magnitude is given by |Z| = Vp/ im.

The impedance is given by:

Z(0)| = Z (@) + Z"(jw) (48]

Where Z is known by the real part of the impedance and Z' is known by the imaginary part of
the impedance due to its association with j (the imaginary number).

Z =|Z|cos(w) & Z' =|Z|sin(w) [49]

The phase shift and the modulus are equal to:

6=tan"(Z'/Z) &|Z|=(Z Y +(Z )} [50]

Figure 6-11 shows a typical obtained Nyquist plot of the impedance spectra for a PBI based
PEMFC. The spectra were very similar to that reported in the literature [38]. At very high
frequencies (above 10 kHz) the observed inductive behaviour was due to mutual inductance (i.e.,
cable) effects [37] while the intercept on the real axis in the high-frequency range of the
spectrum (1-10 kHz) corresponded to the ohmic resistance, R (electronic + protonic). The
overall resistance (anode + cathode), R%oa;, the sum of mass transport and charge transfer
resistance, is obtained from the difference between the high-frequency real Z-axis intercept and
the low frequency real Z-axis intercept. Similarly, in Nafion based PEMFCs, a single semicircle
is observed in the complex plane, reflecting a combination of the charge transfer resistance, the

mass transport resistance, and ohmic resistances in the cathode [39].
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The lower frequency part of the spectrum, typically when frequency is less than 1 Hz, represents
the sum of a capacitive loop in the anode spectrum and an inductive loop in the cathode
spectrum, which appear in a similar frequency range where it is not possible to extract
quantitative data from the lower frequency part of the local two-electrode spectra [38]. The low
frequency inductance is also explained by several factors: instrumental artifacts [40], adsorbed
intermediates or solution soluble intermediates (thin film) [41], oxygen starvation in the pores of
PAFCs cathode [42], reaction consisting of two successive electron transfer step proceeded by an
adsorbed intermediate species [43, 44], an indirect four-electron reaction or a two-electron

reduction oxygen reduction followed by a disproportionation reaction [45].
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Figure 6-11. Typical Nyquist plot of the impedance spectra for PBI based PEMFC.

By taking closer look at the spectra we can see that there are two semi circles merged together

rather than one large one, small one at high frequencies and larger one at lower frequencies.

Bode diagram can give clearer image about the time constants of the system as it shows plot of

the phase angle and impedance magnitude relation with frequency, separately.
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Figure 6-12. Typical Bode diagram for PBI based MEA running at OCP.

Figure 6-12 shows typical obtained PBI based MEA Bode diagram. It can be observed from the
logarithm of impedance magnitude plot Log |Z| (also known as amplitude ratio AR) that there are
four asymptotes corresponding to three break point or corner frequencies. This corresponds to
three time constants (t = 1/o = 1/2nf) [46]. Starting from high frequency towards the low
frequency we observed the first break point frequency (1/2nt;) from the intersection of the first
two asymptotes. The first asymptote is directly proportional to frequency (positive slope) which
is typical inductance (L) behaviour (Z=-wL/j), this can also be concluded from the negative
values of the phase shift. The second asymptote is inversely proportional to frequency (negative
slope) which is typical capacitance behaviour; this can also be concluded from the positive
values of the phase shift. The capacitive behaviour can be represented by either a capacitance (C)
or constant phase element (CPE) (Zc = 1/ joC & Zcpe = Zo/(jw)"). The first time constant is not
due to the studied system characteristic but due to a series inductance-capacitor circuit, where the
inductance is the machine wires self-inductance. The second time constant is obtained from the

intersection of the second and third asymptotes; where the latter also exhibits capacitive
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behaviour with a higher dependency on frequency. The third time constant is obtained from the
intersection of the third asymptote and the fourth asymptote, where the latter is frequency
independent and can be assigned to pure resistance (phase angle is equal to zero): this behaviour
is obtained from a parallel capacitance-resistor or parallel CPE-resistor as the impedance
decreased with frequency and then reaches a steady value at low frequencies (AC—DC no

current will flow through the capacitance but through the resistor only).

While the second time constant was obtained from intersection of two asymptotes with
capacitive behaviour, circuit connections such as two capacitors (or two CPE (1.2> n >0.8) or
capacitor with CPE) connected together with serial or parallel connection cannot explain such
behaviour; they will lead to one observed asymptote (as one equivalent capacitor will be visible
by the AC signal). To obtain such behaviour a resistor must be connected in parallel to the first
observed capacitor (2™ asymptote) and this resistor should be connected in series with the next
capacitor (or CPE) presented by the 3" asymptote. Such a connection should lead to a horizontal
asymptote (frequency independent) between the 2" and the 3™ asymptotes with two time
constants (2 & 7°°2) arising from its intersection with the 2 and the 3™ asymptotes. However if
the frequency, where the charging of the second capacitance becomes important, is higher than
(1/2n T'2), no such horizontal asymptote will be observed and two asymptotes with different
negative slopes will be seen. This means that the impedance of the second capacitance will start
to become important at a given frequency higher than the frequency where the impedance of the
first capacitance becomes negligible. This can also be seen from the Nyquist diagram where the
second semi-circle starts before the first one is complete. Similarly, there is a possibility of a
horizontal asymptote between the first and the second asymptote, suggesting a series connection

between the inductor and resistor, which in turn is connected in series to the first capacitor.

Simply each semi-circle (time constant) is presented by a resistor connected in series with
capacitor which in turn is connected in parallel to a resistor (known as Randles circuit). Or in
some cases the first resistor can be equal to zero and the semi circle is presented by capacitance
in parallel with resistor. Two circuit configurations (Voigt and ladder) explaining the above
observations are given below (d, e, f & g) with the two possibilities for the series connection

between the resistor and capacitor (asymptotes 2 and 3).
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L\Mras C2 Ca
R,
R Rs
Ladder Voigt
(d) (e)
C, C
Lwires 11 Lwires : I
HF
AVAVAY.
Ladder Voigt
® (9)

While the suggested four simple circuits can describe the observed impedance spectra, more
complex circuits involving more elements can also lead to the same impedance spectra, however,

they will lead to too many free parameters as discussed earlier.

Inevitably, all the electrolytic cells are disturbed in space, thus their impedance often cannot be
well approximated by the impedance of an equivalent circuit involving only a finite number of
ideal circuit elements (C, R & L). The use of disturbed impedance elements (such as CPE) will
greatly aid in the process of fitting the observed impedance data for a cell with disturbed

properties [37].

Impedance studies on the double layer capacitance at solid electrodes usually show deviation
from ideal behaviour manifested by frequency dependence [37]. The deviation from ideal
capacitance behaviour corresponds to a frequency—dependent phase angle which is presented by
CPE. The capacitance dispersion depends strongly on the state of the electrode’s surface

(roughness) and ion adsorption [26].
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As shown earlier the impedance of CPE is given by Zcpg = Zo/(jo)" = 1/Y(joo)" where Yy is the
admittance in F s™', when n = 1, 0.5, 0 & -1, CPE presents pure capacitor, infinite Warburg
impedance, pure resistance, and pure inductance, respectively.

Two semi circles were observed in the impedance spectra for the oxygen reduction reaction, the
high frequency semi circle was assigned to kinetic losses whilst the low frequency semi circle

was assigned to mass transport losses [47].

The mass transport. losses in this study can not be represented by introducing the conventional
Warburg element. The Warburg element (W) is limited to semi-infinite linear diffusion and does
not take into account the finite size of electrochemical célls, which means that the diffusion layer
thickness cannot be greater than the cell dimensions or in our case the thin film thickness. This
difficulty arises at low frequencies [48]. This is clear from the impedance spectra where when
dealing with the Warburg element a straight line with 45° angle is expected in the Nyquist plot at
low frequencies (Zw = ow®’ - jcm-o.s’ see equation (53) for o), which is not the case. The
capacitive arc, seen in the low frequency range, was attributed to a finite diffusion process [37];
as discussed earlier we are dealing with finite length diffusion with a transmissive boundary.
Therefore a new element, known as O element (or finite length Warburg) with parameters Y, &

B, given by equation 52, is requifed.

Holze et al studied [49-51] the kinetics of oxygen reduction at porous teflon-bonded fuel cell
electrodes and showed that the process was limited by diffusion and adsorption of oxygen
species. They represented the diffusion impedance Zq by a resistor Rq (or here R%n,s5) connected
in parallel with capacitor. The solution of Fick’s diffusion equation for finite length layer L,
using Nernstian diffusion impedance theory was given by Lasia et al [26], Armstrong [52],

Diard et al [53] and others [54]:

TN (L D (511

Therefore, the diffusion impedance becomes:

_o(l-)) JZ§ _oV2 jo 1
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Where o is the mass-transfer coefficient given by:

RT

RT
53
n’F*C,J2JD [53]

1 1
o= + = —=t——
T=%0 T nZFZ\/E[CO,/DO CR,/DR]

For simplification the assumption that the diffusion coefficients for O and R species were similar

was made (D = Do = Dg). Separation of the imaginary and non-imaginary part is now possible:

[sinh(2LJ§% ) +sin(2LJ2—a;- )jl—j[sinh(ZL : ’5% ) —sin(2L /% ):,
Z,=R, p r = -
ZLJ— cosh(ZLJ— )+cos(2L,’—— )]
2D L 2D 2D

Where the resistive part (non-imaginary), represented by a resistor Ry, of the equation is given

by:

[54]

R o RIL 20l
‘" nwFDC, D

[35]

Similarly, adsorption can be separated into a capacitive and resistive part connected in

parallel[50]:

RT
R, =——
ads nZFZCk [56]
2F2C
C, =2
ads RT [57]

Where k is the adsorption rate constant, equal to (1/Rags.Cags), and C is the adsorbed species

surface concentration.

From the diffusion impedance given in equation 52, it can be seen that when L—o0 or 0—o (o
>4nD/L?) we end up with a traditional Warburg element for semi-infinite diffusion as expected
and a straight line with slope of 45° degree should be observed in the high frequency range
followed by semi circle. However, such observations are not always found due to the

coalescence (masking) problem of the double layer semi-circle and the 45° straight line [54]. The
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same conclusion was drawn, from the chronoamperometry measurements earlier, where the time
required for the diffusion layer to reach the end of the thin film L (infinite to finite length) is

smaller than the time required to charge the double layer.

At low frequencies (0—0) the diffusion impedance becomes pure resistance (Cmass or CPE

works as insulator when AC— DC) equal to Rq4 (or R%mass) given in equation (55), with a
diffusion time constant equal to:

16=1/0m=Ra.Ca= LY/ 27 D [58]

This is similar to the time constant expression given earlier during the chronoamperometry

measurements.

If we represent mass transfer diffusion in terms of resistor R4 and capacitance Cgq, from equation
55 & 58 we can write:
22
C,= n°F* LC,
RT 2r

[59]

This is very similar to the adsorption capacitance Cygs given in equation 57
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Equivalent circuit (h) has been suggested for simple one step reaction with diffusion limitation
by Randles [55], Armstrong et al [56] and Franceschetti [57], on the other hand equivalent circuit
(i) was suggested by Wagner [58] and Wang et al [59, 60] for the oxygen reduction reaction with

diffusion limitation.

PBI based PEMFCs have also been represented, with no mass transport effects, as a resistor in
parallel with CPE (circuit h or i) [61] or by equivalent circuit h with mass transport effects Z4
expressed as a finite length Warburg element [62] (element O, or CPE4 connected with in
parallel resistor Rq). Here R; was the total ionic and electronic resistance of the studied system,
Cg was the double layer capacitance, R,. was the charge transfer resistance and Z4 was the mass

transfer impedance expressed in different forms.

For a single fuel cell consisting from two electrodes circuit (j) was suggested [37], assuming the
anode and cathode were identical, Cq in this case was Cy/2, similarly, R,; was 2 R, (R,c anode+
R, cathode) and Zq was 2Z4. An additional capacitance Cq, known as geometric impedance was

introduced. This capacitance explained the cell capacitive behaviour at high frequencies; in
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particularly when using a solid electrolyte, due to high surface electrodes with an insulator in

between, and can be given by:

Co=—1" [60]

Where € & g are the dielectric constant of the electrolyte and vacuum, respectively, S, is the

surface area and, 1, is thickness of the membrane electrolyte (electrodes separation).

With Sa equal to 0.1344 m? (catalyst loading of 0.4 mgp, cm’? 50% PtC, with Pt and carbon
specific areas of 86 and 250 m? g, g = 8.85x10"2 F m"! and 1 = 4x10”° m, C, is equal to
9.5x10™* F considering a dielectric constant for PBI equal to 3.2 [63], or C; is equal to 9x10° F
considering dielectric constant for phosphoric acid doped PBI (5.6 PRU) equal to 29.21. The
latter was obtained from the assumption that the dielectric constant for phosphoric acid doped
PBI is given by:

& =Epp1Prar T En,po, P, po, [61]

Where ¢ is the volume fraction and gy3pos = 61 [64].

This data show that Cg (10'3-104 F) should be between one to two orders of magnitude smaller
than Cgq (in the range of 0.1-1°F, measured values from cyclic voltammogram were 0.88 & 0.82
F for 11.56 cm? cathode (0.4 mgp cm? 50% Pt/C) and anode (0.2 mgp em 20% PYC)) and

therefore it should appear (charge) at much higher frequencies before Cq.

Armstrong [52] has shown that for electrochemical reactions involving simultaneous adsorption
and finite length diffusion, the latter cannot be taken into account by simply adding the Warburg
clement, as the mass transfer coefficient, involved in the low frequency limit, will no longer be
expressed by equation 53 but it will involve much more complex terms; that are beyond the
purpose of this study.

The use of the Warburg finite element is unjustified in the case of slow electrode reactions [65]

or in the case of slow diffusion of species through electrode/electrolyte interface, where even a
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small surface imperfections would be sufficient to dominate motion of atoms within the

electrode [66].

Gileadi [27] has shown that that the charge transfer time constant (relaxation time) under a

small-amplitude transient is given by:

URT 1
T = CdIRcr - 'nT;CdI [62]

And the diffusional time constant is given by:
RT
Jri =5=C Vo€
( clB; r) ‘ .

Where v is the stoichiometric coefficient for oxidized (O) and reduced form (R) of the diffusing

species.

Assuming v =1 and Do=Dr for simplification, we can write:
t,/ _WFCD
T4 4RT iC,

[64]

If the ratio Tc/Ta is larger than 10’ the reaction can be said to be kinetic controlled. Below such a
value the system will be under mixed control and separation of kinetic and diffusion processes is
possible, however when 1., < 14 the system is under diffusion control and the separation of kinetic
from diffusion parameters is not possible [27]. In other words the diffusion limitation will
become important (at high frequencies) even before the double layer capacitance is charged.
Considering that the current density (i) is a linear function of concentration (C), 1./14 becomes
also (Eq. 64) a linear function of concentration (C), and therefore drops by increasing i or
polarising the electrode. ,

To estimate T./s the following data is used: The oxygen solubility in 85% wt Phosphoric acid at
150 °C of 0.25 mol L' atm™ [14] and the oxygen diffusion coefficient of ~10° cm® ™ [12, 14],
with the earlier measured double layer capacitance (cyclic voltammogram) of 0.88 F (or 0.098 F

m?) and minimum current density of 0.015 A (or 0.00167 A cm™) around OCP, which is the
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amplitude of the impedance signal or 0.115 A (or 0.013 A cm'z) which is the amplitude of the
AC impedance signal in addition to the minimum stationary (DC) current of 0.1 A used to
polarise the electrode (9 cm?). This will lead to tc/7q values of 0.2 & 0.0265, under air operation
and 5 & 0.658, under oxygen operation, respectively. The obtained t./14 values suggest that the
separation of Zo int0 Zmass and Z,. is not possible. Therefore it is expected that R,.,Cyq & Ry,Cq

are expressed using a single resistor Riot = Ruc + Ry and capacitance Cio = Cgi + Ca.

The discussed circuits h, i and j match the suggested equivalent circuits from the PBI impedance
spectra observation of d, e & f, respectively. Further analysis is required to find the most suitable
circuit and if possible assign each of the circuit elements to its physical meaning.
At high frequency, fast processes become visible and as we move towards lower frequencies
slower processes become visible instead. The following processes are expected to occur from
high towards lower frequencies:

¢ Electron/proton conduction, i.e. Rs.

e Charging/discharging the smallest capacitance in the system, in this case C,.

e Second capacitance (in size) charging/discharging, i.e. double layer (Cy)).

e Kinetic losses (Rac)

e Finite length diffusion (thin film) accompanied with semi-infinite diffusion (porous

structure) (capacitance/CPE Cy in parallel with resistor Rg).

There can also be adsorption of oxygen intermediates species on the catalyst surface (capacitance
Cads in parallel with resistor Rug). However, some of the above processes will occur at similar
time periods (frequency), making it difficult to clearly separate all the mentioned processes

individually, for example as seen earlier that diffusion effects will start even before the whole

double layer is charged.

The interpretation of EIS data remains a complex problem, however, a simplified model of the
porous electrode response can help to understand and optimise fuel cell performance [67]
Further analysis will be required by studying different operating conditions in order to help in

understanding the observed spectra and separate the parameters’ effects.
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6.4.3 Cell around OCP impedance

6.4.3.1 Temperature effect on cell impedance spectra

Figure 6-13 shows the effect of temperature on impedance spectra. The overall system through
plane resistance values R, which correspond to the first high-frequency real Z-axis intercept, at
RH <1 % were 0.075, 0.068 & 0.0787 ohm for temperatures of 125, 150 & 175 °C, respectively.
These results suggest overall average conductivities of 0.0107, 0.0118 & 0.0102 S em’,
considering a membrane thickness of 60 pm (anode catalyst layer of 20 pm and cathode catalyst
layer of 13 pm). The resistivities were two to three times higher than that of the membrane alone.
This difference is attributed to protonic and electronic resistance through catalyst layers, contact
resistance, and electrical resistance in gas diffusion layer and micro porous layers.

The above observations confirm that the loss of conductivity, when the temperature was
increased to 175 °C without humidification, was due to dehydration of phosphoric acid (boiling

point of H;PO4 85 %wt is ca ~154 °C).

The difference between the high-frequency real Z-axis intercept and the low frequency real Z-
axis intercept correspond to Rit = Rac + Rmags. The system is idling around the OCP, therefore
diffusion effects are excepted to be minimum and the reduced arc diameter Z,y with increase in
temperature indicates enhancement in the kinetics (drop in Z,) due to increase in the exchange
current density (activation energy). The observed Ry, at temperature of 120, 150, 175 °C were
0.3, 0.126 & 0.06 ohm, respectively. The ratio of Ry at 120°C /150 °C and 150°C /175°C were
2.38 & 2, respectively. It can be seen that the higher the temperature, the lower is the decrease in
the ratio of resistance [61]. In other words the relationship is not the expected exponential
relation; this is either due to mass transfer countering the kinetic enhancement (concentration) or

reduction in the kinetics itself due to a fall in water activity [68] especially above 150°C.
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Figure 6-13. Impedance spectra at different temperature around OCP for MEA utilizing 4 mgy3po4 em? in
the anode and 0.52 mgp; cm? (50% Pt/C) in the cathode with 40% PTFE.

Figure 6-13 shows the Bode diagram of the impedance amplitude for the data given in Fig. 6-12.
While the capacitive behaviour of the first high frequency arc did not seem to vary with
temperature, a decrease in the second capacitive behaviour was observed with increase in
temperature. The time constants for the low frequency arc at temperature of 120, 150, 175 °C
were 0.0583, 0.0245 & 0.0084 s, respectively (frequencies of 2.73, 6.5 & 19 Hz, respectively
corresponding to max -Z”). The time constant is equal to RiCir where Cj¢ is the capacity of the
large low frequency arc. The ratio of t120/ T150 and 1150/ T175 were, 2.38 & 2.92 respectively. By
comparing the time constant ratios we can conclude that the decrease in the time constant from
120 to 150°C was solely attributed to the decrease in total resistance Zy (i.e. Cys is unaffected).
However, the lower time constant (ratio) from 150 to 175 °C is much larger than the fall in the

R... ratio, suggesting a lowering in Cj from 0.194 F at 120 & 150 “‘C to 0.14 F at 175 °C.
tot ?

The low frequency arc can be assigned mainly to contributions from the double layer, as mass

transport effects should be minimal around OCP. This suggests that the additional observed
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reduction in time constant from 150 to 175 °C was related to a decrease in double layer

capacitance due to a lower water activity (phosphoric acid dehydration).
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Figure 6-14. Bode diagram at different temperature around OCP for MEA utilizing 4 mgyspos cm™ in the
anode and 0.52 mgp cm” (50% PU/C) in the cathode with 40% PTFE.

6.4.3.2 Anode/Cathode effects on cell impedance spectra

Figure 6-15 shows impedance spectra around OCP obtained with hydrogen at the anode and
oxygen or hydrogen at the cathode. The total resistance largely fell when switching cathode gas
feed from oxygen to hydrogen due to a change in the reaction occurring at the cathode; from
oxygen reduction to hydrogen evolution (proton reduction to hydrogen). The total resistance fell
by factor of 2.9 from 0.726 to 0.251 ohm, because the hydrogen evolution reaction is much faster
than oxygen reduction.

A straight line with slope of 45° was observed in both spectra at high frequencies. This slope is
related to finite length mass transport limitations (as discussed earlier). The fact that such a line
was not observed in the rest of the studied MEAs and was observed in both spectra (hydrogen &

oxygen feed) suggests that the mass transport limitation was anode related, due to a large PBI
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content in the anode of 0.28 mgpp; em™ (20% PYC 0.2 mgp, cm?). This was also confirmed from

the low limiting current value observed in the anode polarisation (Chapter 4).
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Figure 6-15. Impedance spectra with hydrogen at the anode and oxygen or hydrogen in the cathode around
OCP at 120 °C for MEA utilizing 2.5 mguspos cm™ with 0.28 mgpg; cm™ in the anode and 0.4 mgp, cm™ (50%
Pt/C) in the cathode with 40% PTFE.

On the contrary to Ry the time constant of the low frequency arc increased by factor of 4.2 (2.73
& 0.64 Hz) when switching from oxygen to hydrogen. This suggests that Cy for the cathode
under hydrogen was larger than that under oxygen. This can be explained by a larger double

layer with hydrogen than oxygen, due to under potential deposition of hydrogen (UPD).

6.4.3.3 Oxygen partial pressure effects on cell impedance spectra

Figure 6-16 shows impedance spectra for different oxygen partial pressure in the cathode, using
air and oxygen, and are compared to that of heleox (0.21 O, / 0.79 He). It can be seen that losses

in the porous structure did not contribute to the total impedance, where Z,,, for air was the same
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as that with heleox, around OCP, even though the oxygen binary diffusion with helium was
almost four times faster than that with nitrogen. Increasing oxygen partial pressure from air to
oxygen led to drop in total impedance Ry, from 1.336 to 1.216 ohm (corresponding to ratio of

0.91). Similar observations were reported in the literature [69].
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Figure 6-16. Impedance spectra for different cathode oxidants around OCP at 150 °C for MEA utilizing 4

mgspos €m with 0.05 mgpg: ¢m” in the anode and 0.4 mgp, cm™ (50% Pt/C) in the cathode with 40% PTFE.

It can be seen that the high frequency arcs were identical, while the time constant of the low
frequency arc (the large arc) slightly decreased when switching from air to oxygen with time
constant ratio of 0.86 corresponding to a fall in Ry This suggests that Cjs around OCP was not

affected by oxygen partial pressure (or concentration) in the film around OCP.

It can be concluded that the high frequency arc was related to the electrode structure and
independent of the reaction or reactant concentration and therefore can be assigned to Cy, whilst
the low frequency arc, around OCP, can be attributed mainly to double layer as it was

independent of oxygen concentration, it was also affected by water activity. For a polarised
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electrode this will change as the double layer will vary with potential and there will be mass

transport contributions.

While the intercept at low frequency represent Ri = Rg + R, and considering negligible Ry
around OCP, R, fell with temperature and oxygen concentration increase. However, R, is equal
to RT/aFi (equation 38) around OCP and therefore it is expected that Rac.02/Racair= 0.21 while
the observed value was only 0.91. Ry values varied using the same cathode materials at OCP at
similar operating conditions (temperature of 150 “C & pure oxygen) where it increased from
0.126 to 1.22 ohm, when the rest potential varied from 0.72 to 0.8 V (different MEAs). The
estimated value for standard potential of oxygen reduction is 1.14 -1.1 V for temperature range
of 125-180 °C [12], while the observed OCP is a lower mixed potential, depending on the cross-
over rate icross and other phenomena (carbon corrosion, platinum oxidation, etc..). Therefore I # iy
at OCP, and the overvoltage | Eo- E | is no longer equal to zero. Therefore we can re-write
equation (38) at OCP as:

RA=%=£ 1
ac Ai CZFi0+i

Cross

[65]

The higher the cross-over rate icross the higher the overvoltage loss 1 (or the lower the observed
OCP) and consequently the lower the observed Zio, (Ric®). When switching from oxygen to air
the OCP fell from 0.8 to 0.755 V due to a fall in oxygen concentration- thermodynamically
(Nemst) it is expected to fall by ~29 mV- therefore the kinetic concentration effect was
suppressed by the thermodynamic effect and the overvoltage in the case of air was higher than

that with oxygen, reducing the estimated resistance ratio of 0.21 (at equal overvoltage) to the

observed ratio of 0.91.

6.4.4 Impedance of polarisable cathode electrode

To eliminate the anode contribution in the spectra, a Dynamic Hydrogen Electrode (DHE) was
used as reference electrode [70, 71] and the cathode impedance was studied for various MEAs
As seen earlier the impedance was greatly affected by the steady-state potential, however, in this

case an external potentiostat Powerstat 20 A (Sycopel Scientific Ltd, U.K) was used to polarise
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the electrode, as the potentiostat used for FRA measurements was limited to 1 A Autolab
PGSTAT 30 (Eco Chemie, The Netherlands). The extemal potentiostat had to operate in the
galvanostat mode (fixed current) rather than potentiostat mode (fixed potential) due to conflict
between the two systems in the potentiostatic mode, where the external potentiostat would try to
hold the potential at the fixed set value and the other would try to perturb the potential (or
current) with the specified AC amplitude.

6.4.4.1 Effect of steady-state current

It should be noted in the case of a polarisable electrode, the measured impedance does not
correspond to the cell impedance alone but incorporates the impedance of the resistor used to

polarise the cell Rpolar (extemnal galvanostat) to achieve the desired steady-state current, as shown

in circuit (k) below:

AC
----- iac e
EoctEac
i'ac
— > Lo
A

RpolarzEDC/ inc

———
I ac ipcti " ac

Equivalent circuit
k

We can therefore write:
| 1 1,1 1
= + =27 ——
Z Z observed 1 . l

cell
Zcell E

cell

Z [66]

observed Polar

244 | ‘P“a»gev'



Chapter Six: Chronoamperometry and FRA for HT-PEMFC

Similarly,
1 RTE 1 RS
R a = —= cell )= ac
ac_observed 1 + i aFEcelI +RT (i) : RT [67]
oA —
Rac Ecel[ oFE cell
And,
(e
Rta aF \ C,\i Ai Al
Rtliml_observed = RaAc observed + Rrﬁa:s_observed = 1 ' - RTA [68]

.Ro 1+l———C-‘—l+_L__L
Ecell ! E aF(CA i Ai Al

cell

We can then conclude that the measured (observed) charge transfer impedance of the polarisable
cell is lower than the actual charge transfer impedance (cathode in this case) by a factor of

(1+RT/aFEcen), except for the case where Ece; = Eocp as there is no net DC current flowing in

this case and Zpolar—> .

This means that Zepserved Will decline quickly with an increase in, I, due to two effects; the first
fall in R®, (directly proportional to the inverse of i) and the second a fall in Ecen (exponentially
dependant on the inverse of current under kinetic control). Zgpservea Will continue to fall when i is
increased until mass transport effects become dominant (C/Ca) and Zgpservea Will increase.
However, when mass transport effects become very severe, the value of (VEcen) will become very
large and Zopserved Will decrease again. Therefore it is expected that Zmass will decrease with
increasing i, reaching a minimum and then increase again. This behaviour has been reported
experimentally when studying the polarization-dependent mass transport parameters for ORR in

perfluorosulfonic acid ionomer membranes (Nafion) [70].

Equation 68 also shows that the difference between Zgpservea Of active and inactive electrodes,
concentration effects or temperature is minimized (except OCP case) especially at low Eg
values. Under a given steady-state current i, the more active electrode will exhibits smaller
values of Ryc or smaller Ruass, however, it will exhibit higher values of Ece and therefore the

overall effect will be minimized.
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Figure 6-17. Nyquist plot for 40% Pt/C cathode using 40% PTFE and 0.4 mgp, cm™ vs. DHE at 120 °C under

air operation and various current loads.

Figure 6-17 shows impedance spectra for a 40 %Pt/C cathode under various steady-state
currents. As expected from equation 68 when the current i increased, the potential Ecey fell and
the total impedance decreased rapidly. As the impedance decreased, the large low frequency
semi circle decreased until it merged with the high frequency semi circle at 5.0 Amps. With a
further increase in the current, beyond 5.0 A, an increase in cell impedance was observed and an
additional small semi circle was observed at very low frequencies and a new phase-shift was
observed at ~3 Hz. This was attributed to mass transport processes leading to additional

overvoltage losses [37] as the impedance related to diffusion are usually found in the low

frequency region.
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Figure 6-18. Amplitude ratio Bode plots for 40% Pt/C cathode using 40% PTFE and 0.4 mgp, em? vs. DHE at

120 °C under air operation and various current loads.

Figures 6-18 & 6-19 show the corresponding Bode diagram of the impedance spectra in Fig. 6-
17. It can be seen that the slope of the high frequency asymptote and therefore the time constant
(corresponding to the small high frequency semi-circle) did not change with current i. On the
other hand the slope of low frequency asymptote decreased rapidly with i due to a decrease in
Riot observea and therefore reduced the time constant. At 5.0 A the slope of the low frequency
asyr_nptote became similar to that at high frequency (time constant); while at 10.0 A, a new
asymptote (slope) was found at low frequencies; attributed to a mass transfer time constant.

Similarly, the phase shift peak shifted towards higher frequencies as the current increased. While
a new phase shift appeared at 10 A at low frequencies, caused by mass transport effects [37].

Similarly the PTFE content and correspondingly mass transfer effects was found to affect the

low frequency intercept [72].
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Figure 6-19. Phase shift Bode plot for 40% Pt/C cathode using 40% PTFE and 0.4 mgp, em? vs. DHE at 120

°C under air operation and various current loads.

6.4.4.2 Effect of oxygen partial pressure

Figure 6-20 shows Nyquist plots for a 40% PtC cathode electrode at 150 “C under air and
oxygen operation. At 0.1 A, a large difference between Zy observed Was seen for oxygen and air,
the reduction in Zi When switching to oxygen was mainly attributed to enhancement in iy and
therefore reduction in R, , as mass transport effects were minimal under these conditions. When
the current increased to 10 A, a large contribution from mass transport is expected and therefore
a large difference in Z is expected. However, there was a very small difference between
7 o3 sheerved fuir) AN Ziot_observed (02) because of the counter effect of the very low value of E.¢ under

air operation in comparison to Ecel under oxygen operation at 10 A.

Even though similar low frequency impedance intercepts were observed under air and oxygen at

10 A, the shape of the semi circles varied. In the case of oxygen, the high frequency semi circle
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was larger than the low frequency arc. On the contrary, with air operation the high frequency

semi circle was smaller than that of the low frequency semi circle.
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Figure 6-20. Nyquist plot for 40% Pt/C cathode using 40% PTFE and 0.4 mgp, cm™ vs. DHE at 150 °C under

air and oxygen operation and current load of 0.1 & 10 A.

This can be explained further by observing the corresponding Bode diagrams in Figure 6-21 & 6-

22. For a 10 A, steady-state current, and under oxygen operation, no new asymptote (slope) was

observed, whilst a new asymptote was observed under air operation, corresponding to the large

arc observed at low frequencies arising from mass transport losses. This effect can also be

confirmed from phase shift diagram where no new phase shift peak was observed under oxygen

operation,

whilst a new low frequency phase shift was observed at ~5 Hz under air operation.
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Figure 6-21. Amplitude ratio Bode plot for 40% Pt/C cathode using 40% PTFE and 0.4 mgp, cm™ vs. DHE at

150 °C under air and oxygen operation and current load of 0.1 & 10 A.
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Figure 6-22. Phase shift Bode plot for 40% Pt/C cathode using 40% PTFE and 0.4 mg, em vs. DHE at 150

°C under air and oxygen operation and current load of 0.1 & 10 A.
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6.4.4.3 Effect of temperature

Figure 6-23 shows Nyquist plots for a 40 %Pt/C cathode at temperature of 120, 150 & 175 °C
under air operation. Similar conclusions (to whole cell impedance) can be drawn about
electrode/membrane interface resistivity, as the high frequency intercept exhibited a minimum at
150 °C without humidification, due to dehydration of 85% wt phosphoric acid beyond 154 °C. At
0.1 A, Ziot observed (low frequency intercept subtracted from high frequency intercept) decreased as

the temperature increased, due to an increase in ip and reduction in Re.

0.12 W
—+—0.1A 120C air
0.1A 150C air
-o-0.1A 175C air
0.08 - x— 10A 120C air
+-10A 150C air
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Figure 6-23. Nyquist plot for 40% Pt/C cathode using 40% PTFE and 0.4 mgp cm™ vs. DHE at 120, 150& 175

°C under air operation and current load of 0.1 & 10 A.

At 10 A, a temperature of 150 “C gave the smallest Ziot observed followed by 175 and 120°C. This
suggests that 150 °C provided the minimum Zas or the best oxygen permeability. This can be
linked with the best conductivity observed at 150 °C, where a temperature increase would reduce

solubility (Henry’s law) and enhance diffusivity. However, dehydration above 154 °C would lead
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to an increase in phosphoric acid viscosity and consequently a decrease in diffusivity. This can

also be observed from the limiting current value which fell from 150 to 175 °C.
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Figure 6-24. Amplitude ratio Bode plot for 40% Pt/C cathode using 40% PTFE and 0.4 mgp, em” vs. DHE at
120. 150 & 175 °C under air operation and current load of 0.1 & 10 A.

The mass transfer effects are clearly apparent in Bode diagrams shown in Figure 6-23 & 6-24,
where a new asymptote (slope) appeared in the low frequency region at 10 A for all the studied
temperatures. Similarly, a new phase shift peak appeared ~5 Hz under 10 A operation, for all the
studied temperatures. 150 “C exhibited the smallest amplitude ratio and phase angle shift in
comparison to the other electrodes at 10 A. The total impedance at low frequencies Ry observed
did not vary at 150 °C using either air or oxygen (0.0135 ohm), whilst at 175 °C it increased from
0.0151 to 0.029 ohms when switching from oxygen to air.

252 |Page



Chapter Six: Chronoamperometry and FRA for HT-PEMFC

50.00 1 ®0.1A 120C air 0.1A150Cair  ®0.1A175Cair  x10A120Cair  + 10A150C air  x 10A 175C air
a®,
45.00 1 . -
-
40.00 - o
L o . -
® L]
35.00 - = . 2t
. . L4 .
o 30.00 - = g = .
E E ] x - °
= x
% 25,00 - aNiee e .
b x ¥ L]
_2 x - L]
o 20.00 - mxe %% o L
x x % 1 s
X x x
15.00 - Ry i 3
+ * x x ']
x ® + x Xxy X X u o
] X + * +
10.00 - A ‘+f’.‘i"f*¥*z T
] 5 x
® X *
5.00 e xBgx .t XL :
S TR T .
L_J,LL:LQLU St
0.00 : = ; R
0.01 0.10 1.00 10.00 100.00 1000.00 10000.00
Frequency / Hz
Figure 6-25. Phase shift Bode plot for 40% Pt/C cathode using 40% PTFE and 0.4 mgp, em” vs. DHE at 120,

150 & 175 °C under air operation and current load of 0.1& 10A.

6.4.5 Data modelling using equivalent circuits

The experimental data were fitted to the three suggested circuits (h, i & j) using ZSimpWin
V3.21 software (Princeton Applied Research, U.S.A) utilising Complex Non-linear Least Square
errors technique (CNLS). The data for circuit i (two forms for mass transport element O and

CPE/R), j & h are presented in Tables 6-9, 6-10, 6-11 & 6-12, respectively.

As stated earlier the inductance in this case was due to mutual inductance, i.e., cable effects in
the range of 107-10" Henri. The first resistor related to the high frequency intercept represented
the ohmic resistance (ionic + electric) in the range of 10? ohm, the value of the resistance
decreased slowly with increase in I, due to a fall in Z,.r and increase in proton conductivity with
increase in water production (relative humidity). It has been shown previously that membrane

resistance decreased with increase in current density for PBI based MEAs [73].
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Table 6-9 shows the result of circuit, e, with mass transport in finite length L represented by

20.5

element O with parameters Y, equal to 1/(27°0) (o is the mass transfer coefficient equal to

RT 2. 2 . N
) and B is equal to L°/D corresponding to diffusion time constant. Values of B
#FC,IND S

were in the range of 0.2-0.3 s>% and did not change with current (I) or when switching from air to
oxygen. These values were smaller than the value, obtained from chronoamperometry
measurements around the limiting current of 1.64 5%, however, they were still three orders of

magnitude higher than the estimated value from the reported diffusion coefficient and estimated

film thickness (Sec. 6.3.2).

On the other hand the admittance of element O is expected to be inversely proportional to mass
transfer coefficient o and consequently directly proportional to oxygen concentration (dissolved)
in the thin film (Eq. 52). On the contrary, the observed Y, increased with an increase in I and
increased more rapidly at higher I values. Yy also increased when switching from oxygen to air;
this increase became larger at higher operating currents. This suggests that the observed Yy is
inversely proportional to Cj rather than directly proportional (Eq. 52 & 53). Additionally, with
increased current, Ry should decrease (Eq. 38), Ruass should increase (Eq. 46) and, since Rpmags is
equal to B/Yo and B is independent of I (B? is equal to LD), Y, should also decrease. The
reason behind the unexpected behaviour of the apparent Yo was that Ry observed decreased
continuously with an increase in current (I), especially at high currents, due to a large decrease in
masking the effect of the increase in Rumass Which wasn’t considered in circuit e.

Zpolar
It thus can be concluded that circuit e, is not appropriate to describe the studied system.

While Zpolr is pure resistance and will only affect the values of R in the equivalent circuit (R s,
R, & Ry), it will have no effect on the capacitance. Zyr can be included in the equivalent
circuit, but it will lead to more difficult fitting due to free parameters. On the other hand the
value of Zpolar should be known from the steady-state value of current I and E, and therefore the

subtraction of its effect is possible.

Circuits ¢ and h are similar and their parameters are presented in Tables 6-10 & 6-12,

respectively. Where the high frequency arc is represented with a resistor-capacitance and the low
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frequency arc is represented by a resistor-CPE. The resistors in both cases are in series, as the
total resistor is the sum of both resistors (Rt = RmasstRac). In the equivalent circuit e, the
capacitors are connected in series 1/C¢q=1/C1+1/C; and therefore their values are larger than that

of circuit h, where the capacitances are connected in parallel Ceq= C+Cs.

Table 6-9. Equivalent circuit (e or i) with O element parameters using CNLS technique for 40% Pt/C cathode

electrode at 150 °C under air and oxygen operation.

LR(CR)O (O, 150 °C) 0.1A 0.5A 1A A T
L(Henr)  859B08 77708 704E08 LO4E-07  BS2E08
R (Ohm) 0009026 0009292 0008817  0.006776  0.006893
C (Faraday) 4348 = 02127 01474 01024 01368
'R (Ohm) 002402 0004363 000576 000529 0005011
‘O?'Yo(Ohmlseco's) 66T 2 207 D T 66 T 6652 N lrfop)
0-B (sec™) o 0,2852 80 “01967 TUU0.0563 009433 0291
LR(CR)O et T T e
i 15000 it i T |
L(Henri  B808E08  LI2E07  O90SE-08  6.74E-08  1.02E-07 o
"R (Ohm) _ 0.008046  0.008751 '.‘:7'_0008727 ~0.007898 " "0007375‘

‘ '(Far”a‘day)' e
'R (Ohm) R : s 05745 o 001562“5"“ ’ ‘_f0004375‘ 0009227 0.003541
" 0-Y,(Ohm’ secs) TS 514 GRS 0 T BN O RSN 2 ()3 Sy .0 s

O-B (sec™) 0;3352 0 2668 R0 22 S HE 0.2 TO2 R D3 TR

For circuit e (Table 6-10) the capacitance responsible for the high frequency arc remained
constant at ~ 0.3 F until a current of 1.0 A, and then slightly increased at 5.0 A and reached
unrealistic value of 426 F at 10 A under oxygen operation. While the CPE, responsible for the
low frequency arc, decreased and then increased with an increase in (I), in the range of 0.2 -1.0 F

and had similar values under air and oxygen operation (Table 6-10).
Circuit e can be discarded as it led to unrealistic values for the high frequency capacitance and

the low frequency capacitance (CPE) was not affected by mass transport as would be excepted-

(air and oxygen operation led to similar capacitances).
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Table 6-10. Equivalent circuit (e or i) with CPE/R elements parameters using CNLS technique for 40% Pt/C

cathode electrode at 150 °C under air and oxygen operation.

LR(CR)(QR) 0.1A 0.5A 1A 5A 10A
(0, 150 °C)

0.009607
02828
0.06004

gV

~ LR(CR)QR) ,
(air 150 °C)

T

Circuit j and h (Table 6-11 & 12) are very similar. The only difference is that circuit h contains

two sets of capacitor (or CPE) resistors in a ladder form representing two different time constants
(high and low frequency arcs), while circuit j contains three sets of capacitor-resistor in a ladder
form representing three different time constants, in an attempt to separate the kinetics effect from
mass transport effects or in other words in order to split the low frequency arc into two different
time constants. To fit circuit j to experimental data was not successful where it can be seen
(Table 6-11) that the first time constant was extremely small with small values for the first
capacitance, in the range 103-10"* F obtained. Additionally the values of the second and the third
capacitances-resistor (time constant) were very similar to the first and second capacitances-

resistor of circuit h (Table 6-12), respectively. This confirmed the previous conclusion that the
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separation of the charge transfer time constant from the diffusion time constant was not possible

for the studied system.

Table 6-11. Equivalent circuit (j or f) parameters using CNLS technique for 40% Pt/C cathode electrode at
150 °C under air and oxygen operation.
L(C(R(C(R(QR))))
(0, 150 °C)
(Henr |
C(Faad) 0001397 0001095 0001104 0000631  8.09E-4
~0.01311 001177  0.007806  0.004862

C (Farad) 0.03428 0.0346 0.03615 005182  9.53E-23

0.1A 0.5A 1A SA 10A

04911  1.708

0.0466 0.01004

U146E-07  2.67E-07
£ 0.000864  0.002801  0.0052
7001108 0.009997 001276
0. 0574

“R(Ohm) 001358 0.01218
: 5

001571 001278  0.01113
04112 05196 1416
2Qn 0.8423 0.8546 0.8254

10,7744

Equivalent circuit h (Table 6-12) seemed to provide the best fit for the studied system as

discussed below.
Values of the first capacitance-resistor pair, responsible for the high frequency arc, did not vary
when switching from air to oxygen. The first capacitance increased slowly with I, in the range of

107 F; the values were very close to the estimated value for the geometric capacitance C, and
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very low for the double layer capacitance Cq. The first resistance (in parallel with the first
capacitor) had low values in the range of 10 ohms and slowly fell with an increase in current I;
values were similar for air and oxygen. The first resistor does not have a physical meaning but
corresponds to the end of the first semi circle and the beginning of the second semicircle, in other
words the end of the effects of the geometric capacitance and the beginning of the double layer
capacitance effects.

The second capacitor (CPE) increased with I, where it started from the same value for air and
oxygen at OCP of 0.291 F (not shown in the table) or close values of 0.291 F and 0.32 F for
oxygen and air, respectively at 0.1 A. As I increased the capacitance increased slowly under
oxygen and rapidly under air. This result means that the observed capacitance was the sum of the

double layer capacitance and mass transport capacitance.

The double layer capacitance can be obtained at OCP, where the mass transport contribution is
negligible and is in the region of 10" F, which is in good agreement with the results obtained
from cyclic voltammetry. The mass transport capacitance can be obtained from the subtraction of
the double layer capacitance (the second capacitance at OCP) from the second capacitance (low
frequency) at given current L The increase of Cmass With I is expected, from equation (63) it can
be seen that the diffusion time constant 14 was directly proportional to the square of the mass
transfer coefficient, o, and consequently inversely proportional to the square of oxygen
concentration at the Pt surface Ca. 14 1s equal to Ry4.Cq (0F Rmass.Cimass), and from equation (46)
Rinass is inversely proportional to i and directly proportional to ((C/Cs)-1) and therefore the time
constant value will decrease with I and increase only when C, becomes very small or ((C/C,)-1)

very large. Therefore, Cmass should increase rapidly with a decrease in Cj or an increase in L

The second resistance (incorporated with the second capacitor) had large values (order of 107
ohm) and fell rapidly with L. This is typical behaviour of R,q, where at OCP, ignoring cross-over
current, Ry is equal t0 Rac (Rmass is minimal and Zpy, is infinity) and the second capacitance
associated with it, is equal to Cdi (Cmass = 0). As I increases Zponr decreases Rio ovserved =
(RocRonass)/(14( RactRumass)/ Zpolar)) and the associated éapacitance becomes equal to CyrtCrass.

Ryt in this case is equal to the low frequency intercept subtracted from the high frequency

intercept or the sum of the first and the second resistors (in series).
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Table 6-12. Equivalent circuit (h or d) parameters using CNLS technique for 40% Pt/C cathode electrode at

150 °C under air and oxygen operation.

LR(C(R(QR)))

s 0.1A 0.5A 1A 5A 10A

L (Henri) 6.20E-08  102E-07 ~ 204E-07  2.08E-07  120E-07

ROmm) 001272 001205 0011 0008107 0006731

0 C(Farad)  0.03031  0.03331 0.03647 0.06578  0.06496

~ R(Ohm) 7002056 001742 001539 00101 0004
CQY,(F's™) 02907 10,2986 SR 0:308 SR EIN0. 4069 T 38

i (0 RA 0 8463 08565 08674 09533 07371

CR(Ohm) 01776 007653 004631 0008134 0007462
(air 150 °C)

L(Henr)  T0SE-07  7.64E-09  45SE-08  837E-08  204E-07
R(Ohm) 001246 00116  0.01082 0.008805 0008141
C (Farad) 100437  0.04983 005249  0.05612 0.1237
R(Ohm) 002046 001648 001396 001225 0.00407
R 032267 0A0RS 05008 3967 TS e
o 08767 08585 08356 07807 0877
RGO 0I966T 009449006174 002758 0009286

In summary, even though the interpretation of impedance spectra is complicated, vital
information about electrode performance can be obtained. The double layer capacitance can be
obtained from the low frequency arc capacitance around OCP. Ry observed cOrresponds to the low
frequency intercept (subtracted from the high frequency intercept) and is equal to R, and

RT_1
aF iO +irross

at OCP. The mass transport capacitance Cpags gives direct information about the

mass transport coefficient and can be used to compare electrode performances. It can be obtained
from the double layer capacitance subtracted from the low frequency capacitance. Similarly,
Riot_observed €an be used to compare various electrodes performance; where low Ry observed at

lower currents suggests better kinetics, while at higher currents suggest better mass transport

performance.
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6.4.5.1 Double layer capacitance

Figure 6-26 shows the double layer capacitance of electrodes with various Pt:C ratio at
temperatures of 120, 150 & 175 “C with no added acid in the catalyst layer. It can be seen that
increasing the carbon content in the catalyst layer (thickness), with fixed Pt content, lead to an
increase in the double layer capacitance due to the larger surface area (interface). However,
increasing the catalyst thickness beyond 40% PVC i.e. towards 30% Pt/C, did not lead to a

further increase in Cq as the catalyst was too thick and only a fraction of it was accessible to the

mobile acid electrolyte from the membrane.

A decrease in the double layer capacitance was also observed with a temperature increase from
150 to 175 °C, due to a fall in water activity (dehydration of phosphoric acid); the change in the
double layer with temperature was one of the reasons given for the observed dependency of the

transfer coefficient on temperature in phosphoric acid systems (see Chapter 3).

0.35 0.4mgPt.cm-2 60%Pt/C W 0.4mgPt.cm-2 60%Pt-Ru/C ®0.4mgPt.cm-2 50%Pt/C
[
| ®0.2mgPt.cm-2 20%Pt/C 00.4mgPt.cm-2 40%Pt/C W 0.4mgPt.cm-2 30%Pt/C

120 150 175
TI°C

Figure 6-26. Double layer capacitance of various electrodes with different thickness (or Pt:C ratio) at

different temperatures.

260|Page



Chapter Six: Chronoamperometry and FRA for HT-PEMFC

The effect of acid content on the double layer capacitance is shown in Figure 6-27. Decreasing
acid content in the catalyst layer, by using a membrane with lower acid doping, LD, (4 instead of
5.6 PRU) or by increasing the electrode hydrophobic properties with heat-treatment, HT, meant a
smaller acid/Pt-carbon interface and therefore smaller Cy. It is also shown that the catalyst
carbon support affects the double layer, as carbon was responsible for large portion of the
electrolyte-catalyst interface surface area. Changing the catalyst support form Vulcan XC-72R
(40% Pt/C, ETEK) to advanced carbon support ACO1 from Johnson Matthey. JM, (40 %Pt/C,
JM) led to sharp increase in the double layer capacitance from 0.3 to 0.47 F at 120 °C (using

loading of 0.4 mgp: cm’ with electrode area of 9 cm’).

057 ms50%PtC LD W 50%PY/C 040%PYC HT 040%PYC W 40%PYC JM
0.45 -

0.4 -

i
0.35 -

120 150 175
THEC
Figure 6-27. Double layer capacitance of various eclectrodes with different acid content at different

temperatures.

6.4.5.2 Charge transfer resistance Rac

Figure 6-28 shows the charge transfer resistance, at OCP, for various electrodes at temperatures
of 120,150 & 175 °C using oxygen. It can be clearly see that there was an optimum thickness for
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the catalyst layer for a given mobile acid content in the membrane. The smallest charge transfer
resistance and therefore the fastest kinetics was observed with 50% Pt/C followed by 40% Pt/C
electrodes; which agrees with the results obtained from the polarisation curves. The 60% Pt/C
electrode exhibited the largest average Pt particle size, the smallest surface area and therefore the

largest charge transfer resistance amongst the Pt based catalyst.

The 60% Pt-Ru/C (40% Pt -20% Ru) electrode showed very high charge transfer resistance in
comparison to PUC catalyst; the value was 17 times higher than that of 40% Pt/C (similar Pt ratio
and average particles size) at 120 °C, reflecting very slow kinetics (ip 17 times smaller) for
oxygen reduction and therefore a large activation energy. This was also observed in the
polarisation curves where the electrode was completely under activation control. The large
activation energy explains the high dependency of R, on temperature where it fell sharply from
120to 150 °C.

It should be noticed that there was no considerable change in Ry for Pt/C and Pt-Ru/C catalysts
from 150 to 175 °C. PBI-based PEMFCs have shown less prominent decrease in R, from 150 to
175 °C in comparison to that from 120 to 150 °C [61]. It was also shown that R, did not vary
considerably in the range of 150 to 180 °C [38, 73], while an increase in R,c was reported above
175 °C [73]. This phenomenon can be explained by a fall in the oxygen solubility and therefore

concentration countering any kinetic enhancement due to a temperature increase (activation

energy).

Whilst the low frequency intercept Rt at OCP and low currents were governed solely by R, and
Rumass Was negligible, there were inherent concentration effects in R,, because it represented the
charge transfer resistance, at a given steady state condition (OCP or with current I), with a steady
state concentration. Therefore increasing the steady-state current or increasing the temperature
will lead to a fall in the steady-state concentration and therefore increase in Ra. The
concentration effects were different from Rmag, which represented the concentration effects
(losses) due to signal perturbation and were only visible when Cj (surface concentration with

perturbation) was sufficiently smaller than C (steady-state concentration) as expected from

equation (46).
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9 4 o,
m50%PYC W40%Pt/C 0O50%PYCLD W40%PYCHT @30%PYC D60%PYC H60%
S oPt-Ru/C

Rac I Ohm

a2 150 175
TlC

Figure 6-28. Charge transfer resistance at OCP for various electrodes at temperatures of 120, 150 & 175 °C

using oxygen.

6.4.5.3 Mass transport capacitance and low frequency intercept

As discussed earlier mass transport capacitance is related to Ca, because as I increases C & C

: A

decrease, and (C/C,) Increases. When (C/C,) becomes large enough, mass transport effects (due
to perturbation) become apparent, leading to the appearance of a new arc at low frequenci

ies,

corresponding t0 Rpass , and a sharp increase in the capacitive )

N moré difficult to detect due to the masking effect of Zyoia (both resistors are connected in

parallel) as it only appears at high values of I, where cell voltage becomes low and th

Zporar becomes very small and the increase in Ry, due to Ruas, becomes invisible. a nantf erefore

severe mass transport cases, where Rnass appears at low current values. On the o,th:r ha r;)m the

capacitive behaviour is not affected by Zpolar because Zpop: is a pure polarisation reSistornam(i):ass
as

no capacitive behaviour.
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Figure 6-29 shows the mass transfer capacitance Qnmass for various electrodes at temperature of
120 °C using air. The sharp increase in Qmass indicates the development of new arc due to mass
transport effects arising from the large value of (C/C,) and the low value of C (steady-state
surface concentration). It is clear from the Qmass values that the mass transport coefficient of the
electrodes decreased in the following order 40% Pt/C, 60% Pt/C, 30% Pt/C, 20% Pt/C & 40%

Pt/C (HT), which agrees with the observed limiting current at the same conditions; 10.17, 8.1,

9.54, 5.67& 3.78 A, respectively.

10
-8 40%PYC HT -8-30%PUC -8-60%PUC -8-40% PUC — 20%PYC
8
L 6
P
n
(]
§
4
2
0
0 2 4 6 8 10 12
i/A

Figure 6-29. Mass transfer capacitance Qp, for various electrodes at temperature of 120 °C using air.

Figure 6-30 shows the mass transfer capacitance Qmass for 60% P/C electrode at temperatures of
120, 150 & 175 °C using air and oxygen. It can be seen that mass transport effects became less
apparent when switching from air to oxygen and more apparent with a temperature increase
reflected by a shift in the sharp increase of Qumass towards lower operating current. This is because
Qumass 15 affected by the square of the transfer coefficient o (l/CDO'S), and therefore it depends

more on oxygen concentration (C) than on oxygen diffusion (D).
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On the other hand, values of the limiting current (C.D) for the 60% Pt/C electrode, using air fell
from 9.54 to 9.45 to 9.36 A when the temperature increased from 120 to 150 to 175 °C,
respectively.

As the concentration decreased rapidly with temperature (enthalpy of solution) and diffusion on
the other hand increased with temperature (activation energy of diffusion), the overall product
(limiting current) did not vary considerably with temperature, on the contrary the product

l/(Cz.D) and as result Qnass greatly depends on temperature.

10
-&- 60%Pt/C 120C 02 -=-60%Pt/C 150C 02 -#- 60%Pt/C 175C 02
—— 60%Pt/C 120C air -8~ 60%Pt/C 150C air ——60%Pt/C 175C air
8 {
L
P
)
«©
£
<]

6 8 10 12 14 16
ilA

Figure 6-30. Mass transfer capacitance Q, for 60% Pt/C electrode at various temperatures using air and

oxygen.

The low frequency intercept, Ri observed, can be used to compare electrode performance, in terms
of kinetics and mass transport, where it is equal to I/((1/(RactRimass))+(1/Rpolar)). At small values
of current I, Ry dominates (Rmass—0 & Rpoir —o0) while at high values of current Rpolar
dominates as cell potential Ecey—0 (Rpass—0& Ry —0).

Figure 6-31 shows the low frequency intercept Ri for 60% Pt/C, 40% Pt/C and 40% Pt/C HT

electrodes at temperature of 150 “C using oxygen. It can be seen that 40% Pt/C exhibited the
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sharpest fall in Ry observed With @ small current increase; from OCP to 1.0 A (0.11 A cm’?)
followed by 60% PUC and finally 40% Pt/C HT. This corresponds to larger cell voltage at the
measured operating current and correspondingly faster kinetic, which was also confirmed from

the observed improved kinetic region in the polarisation curves.

In the middle current range, an increase in Riot observea Was observed with 40 %PvC HT
indicating severe mass transport limitations. This results agrees with the limiting current values,
obtained under the same conditions (150 °C, O,) where no limiting current was observed for 40%
PYC and 60% Pt/C; a limiting current of ~ 11 A was observed in the case of 40% Pt/C HT (1.22

A cm?). At high currents, Rit_observed became very small and no further uscful information could

be obtained.

The observed reduction in both mass transport and kinetics of 40% Pt/C HT, suggests that the
heat treatment led to a reduction in the accessible electrochemical surface area by the mobile

acid electrolyte, because of increased hydrophobicity and possible sintering (agglomeration) of

platinum particles.
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—— 60%PYC 150C —=— 40%PY/C 150C —=— 40%PY/C HT 150C
e 40%PUC 180C .- 40%PUYC HT 180C
3 {
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£
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Figure 6-31. Low frequency intercept Ry, for various electrodes at temperature of 150 °C using oxygen.

Figure 6-32 shows the low frequency intercept Ry observeda fOr various electrodes at temperature
of 120 °C using air. The 40% Pt/C showed the sharpest drop in Ris observea as current increased
and thereby the best kinetic behaviour and on the contrary 40% Pv/C HT showed the slowest
change in Rugt observea With current and therefore the worst kinetic behaviour. Once again this data
agrees with the data obtained from polarisation curves. In the middle current range, an increase
in Riot observed Was observed in the 40% Pt/C HT electrode response, followed by another increase
observed for 30% Pt/C at higher current, due t0 Rpass, While Ryt observea Values for 60% Pt/C and
40% Pt/C continued to decrease, with 40% Pt/C exhibiting the lowest value. As the current
became too large, the R observed Of the 60% Pt/C electrode continued to fall whilst the value for

the 30% Pt/C electrode fell again, after the previous increase, below that for the 40% Pt/C which

showed a slight increase.

The observed limiting current values under the studied conditions had the following order 40%
Pt/C > 60% Pt/C > 30% PVC > 40% PYC HT. While the first increase in R by 40% Pt/C HT

followed by 30% PUC -caused by mass transport effects- confirmed the limiting current
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observation, the low values for 60% PYC followed by 30% PY/C and finally 40% Pt/C, at very
high current (10 A under air), might be misleading. Where at high currents, Riot_observed—Rpolar
and the electrode with the lowest Rpor Will show the lowest Ryor observes. However, the lowest
Rpolar corresponded to the electrode with the lowest Eci and correspondingly the worst
performance (mass transport). The same conclusion can be drawn by observing the behaviour of
Riot observed for the 30% Pt/C electrode, which decreased below the value for 40% Pt/C at high
currents (9 A) after the observed increase at 6.5 A. Similar behaviour could have occurred in the
case of 60% Pt/C in the range of 5 to 10 A, (increase followed by decrease) where no data is
available.

Therefore in the middle current range (5 A) where Ry, effects were apparent and Ryo gbserved WS

not dominated by Ry, the same sequence of limiting current was obtained for Riot observed-

—— 60%Pt/C 120C —=—30%Pt/C 120C ——40%Pt/C 120C —=—40%PT/C HT

\+mm 120C —=- 30%PVC 120C —*— 40%PVC 120C ~— 40%PT/IC HT

Rtot / Ohm

Figure 6-32. Low frequency intercept Ry, for various electrodes at temperature of 120 °C using air.

Figure 6-33 shows the low frequency intercept Ru observea for the highly doped 50% Pt/C (HD)
and standard 40% P¥/C electrodes at temperatures of 120 & 150 °C using air & oxygen. It can be
seen that the highly doped 50% PY/C (2 mg cm™ acid added) had faster kinetics (fall in
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Riot observed) than that of the standard 40% Pt/C, due to a larger acid (electrolyte) volume fraction
in the catalyst layer and correspondingly higher ESA. However, for a given initial porosity,
higher acid content leads to lower final overall porosity and as a result poorer mass transport.
This can be observed from the large difference in Rio observea between air and oxygen operation
for the 50% Pt/C HD electrode, in comparison to that for the 40% Pt/C electrode or from the
early increase of Riot observed at relatively low currents under air operation and the lower

Riot observed Values (under air & oxygen) at medium currents (5 A) of 40% Pt/C in comparison to

50% Pt/C HD.

The temperature increase led to a sharper decrease in Ryot_observed With increased current (for small
currents) due to the expected enhancement in the kinetics. Whilst at medium and high currents,
Riot observed increased slowly with increased current (or remained steady) and the rate of increase

became faster with increased temperature. This suggests a decrease in mass transport with

increased temperature caused by fall in oxygen solubility.

0.4 -8~ 40%Pt/C 150C 02 =4~ 40%Pt/C 150C air -#- 50%Pt/C HD 120C 02

T —4— 50%Pt/C HD 120C air -#-50%Pt/C HD 150C 02 -&- 50%Pt/C HD 175C 02

0.3

Rtot / Ohm
=)
(%)

0.1

0 4 8 12 16
i1A

Figure 6-33. Low frequency intercept Ry for highly doped 50% Pt/C (HD) and standard 40% PUC electrodes
at temperatures of 120 & 150 °C using air & oxygen.
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6.5 Conclusions

Electrodes fabricated with 40-50% PtC exhibited the highest oxygen concentration in the
catalyst layer at a given current density and therefore exhibited the best performance. Similarly,
50-40% Pt/C electrode’s porosity was ~30% (after acid impregnation) with acid volume fraction
to Pt+C (without porosity) ratios in the range of 47-35 % (50-40% Pt/C). This means that 50%
Pt/C electrodes have one third of its structure as free space (void) for oxygen transport or vapour

water removal, one third for catalytic sites and electrical connection (Pt+C) and one third for

proton conduction (acid electrolyte).

Chronoamperometry measurements were performed in attempt to obtain mass transport
information for the studied electrodes. The current transient varied exponentially with time,
having a time constant which depended on LD for finite length (L) diffusion, as the

conventional Cottrell equation for semi-infinite diffusion is not valid for expressing the system

response.

The obtained values for oxygen diffusion in the thin film, D, using the response time constant
where much smaller than the reported values measured using semi-infinite diffusion in
phosphoric acid electrolyte (Cottrell equation) or the calculated values obtained from the steady-
state limiting current (D.C/L) of the same system using the reported oxygen solubility values.
The slow system response or the slow observed diffusion under transient conditions arose from
the slow equilibrium between oxygen partial pressure and oxygen concentration in the thin film,
in other words, in very short times the diffusion layer reached the end of the thin film (L) and the
oxygen diffusion (flux) was limited by the rate of oxygen dissolving into the thin film, which can
be represented by a diffusion process (Dsoluilicy)-

The response time constant did not vary with oxygen partial pressure, and decreased with
increased temperature as expected. However, there was a larger decrease in the time constant
from temperatures of 120 to 150 °C in comparison to that from 150 to 175 °C. This was caused
by phosphoric acid dehydration and consequently increased viscosity slowing down both the

solubility process Dsolbitity and oxygen diffusion through the electrolyte film Dg;.

270|Page



Chapter Six: Chronoamperometry and FRA for HT-PEMFC

Three different relationships for the steady-state oxygen permeability (D.C) or limiting current
values with increase in temperature (from 120 to 150 to 175 °C), were observed depending on
electrode thickness, acid content and oxygen partial pressure. While a temperature increase will
lead to a decrease in oxygen solubility, it will also lead to an increase in diffusion. However the
rate of increase in diffusion will fall as temperature increases due to dehydration and increase in
viscosity. The solubility and diffusion at a given temperature also depends on water activity or in
other words phosphoric acid concentration. Therefore, the product (D.C) can experience the

three observed possibilities, either increase, decrease or exhibit a maximum value with an

increase in temperature.

The decrease in solubility with temperature has counteracting effect on the increase in kinetics
with temperature; where both processes vary exponentially with temperature (heat of solution
and activation energy). This was reflected by the slow increase of kinetics above 150 °C for PBI-
free electrodes- half cell tests also showed non-linearity in the variation of Ln[ip] with
temperature at a given oxygen partial pressure for PBI-based electrodes (Chapter 3). This was
also reflected in the kinetic region of the polarisation curves, where no remarkable enhancement
was observed for PTFE-H;PO4 electrodes above 150 °C, and a slow enhancement was still
observed in the PBI based electrodes (Chapter 4). Therefore, as temperature increased the
performance of PBI based electrodes approached that of PBI-free electrode, whilst at lower
temperatures, PBI-free electrodes had superior performance over that of PBI-based electrodes. In
other words, at 150 °C fast oxygen diffusion in phosphoric acid (liquid) in comparison to
PBI/H;PO, (gel) gave rise to enhanced performance (solubility values are similar), whilst at 175
°C this enhancement was suppressed by a lower solubility and slower increase in diffusion due to

increased viscosity of phosphoric acid caused by dehydration; effecting mainly PBI free

electrodes.

Frequency response analysis was used to compare electrode performance in terms of kinetics,
ohmic and mass transport losses. Simple equivalent circuit was used to fit the observed spectra.
For polarisable electrodes under small to medium steady-state current operation, the model was

capable of identifying electrodes with the best kinetic or mass transport behaviour and

classifying behaviour in terms of relative performance.
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However, care must be taken in interoperating the results at OCP or high steady-state currents.

1
iy +i

Ccross

At OCP the charge transfer resistance is equal to RT , where the OCP is no longer

equal to the reversible potential given by Nemnst equation, and electrodes with higher cross-over
rate (combined with corrosion rate, etc..) will have smaller OCP and therefore exhibit smaller
apparent charge transfer resistance. Similarly the thermodynamic oxygen concentration effects at
OCP (Nemst equation) will counter the kinetic effect and correspondingly a small difference, if
any, will be observed in the charge transfer resistance when changing oxygen concentration,

where lower oxygen concentration will lead to a lower cell voltage and therefore reduce the

observed charge transfer resistance.

At high current densities the effect of the equivalent resistance used to polarise the electrode to
steady-state current i (Rpoia= Ecer/i) dominates the observed circuit impedance and electrodes
with the worst performance, at a given current i, will exhibits the smallest cell voltage Ecy and

the smallest R polar and consequently will show the smallest overall circuit impedance.
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7 Modelling of HT-PEMFCs

7.1 Introduction

A model of a high temperature fuel cell using PBI membranes has been developed using
thermodynamics, transport and kinetic equations. The model considers mass transport through a
thin film electrolyte as well as through the porous media. The model uses available experimental
physical and chemical property data for the related phosphoric acid fuel cell, when appropriate.
This Chapter reviews the area of PEMFc modelling and introduces a pseudo one dimensional
model for the cell made up of a membrane (PBI phosphoric acid doped) sandwiched between
two catalyst layers bounded by gas diffusion layers. The catalyst interface was presented using
macro-homogeneous model. The model is used to simulate the influence of operating condition,

cell parameters and different fuel gas compositions on the cell voltage current density

characteristics.

7.2 Literature Review

There are numerous mathematical models of Nafion® type PEMFCs that have been reported in
the literature. The models vary from empirical (curve fitting) and zero dimensional; essentially
coupled thermodynamic; kinetic and resistance approaches; to one/two dimensional
phenomenological approaches. One of the early phenomenological models of a PEMFC with
Nafion® membrane was developed by Bemardi and Verbrugge [1]; since then, significant
developments have been made. Models were used to study concentration and current
distributions in PEMFCs [2], to map liquid saturation and temperature distributions [3] for
comparison with experimental data, to solve equations describing multi-component flow in
diffusion layers and flow channels [4] or to modle mass transport in porous electrodes|[5].

The mass transport in PEMFC electrodes was considered to be either a single phase [6] where no

water liquid is formed or a two phase [7] involving an electrolyte/water film. It was found [8, 9]
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that under the assumption of no liquid water formation, the model consistently over predicted
measured polarization behaviour.

On the other hand, results showed that the inclusion of liquid water transport greatly enhanced
the predictive capability of the model and was necessary to match experimental data at high
current density [10]. This could be achieved in the form of one dimensional [11], two

dimensional [12] and three dimensional models [13, 14].

In comparison, there has been little modelling of PEMFCs based on PBI membranes. The first
proposed model was a parametric model; a very low value of 9.2 % was used for cathode
porosity with a high value for the transfer coefficient (a) equal to 2. However such a model could

not explain the limiting current observed under air operation [15].

A second one dimensional model; assumed the Tafel approximation to describe the electrode
kinetics, with a transfer coefficient equal to 0.5 while the exchange current density was fitted to
the polarisation curves using least square error method leading to reaction order for oxygen equal
to 0.7 [16]. The simulated polarisation curve showed a better fit for air than for oxygen; where
the model underestimated the performance at the higher current densities. The influence of
humidity and consequently product water generation on membrane conductivity was given as a

reason for the observed behaviour (the model assumed constant membrane conductivity).

A third model considered a three dimensional structure, with transfer coefficient (a) equal to 2
and reaction order (y) equal to 1. However, once again the model failed to explain the observed
difference between air and oxygen operation: oxygen simulation underestimated the
experimental data, whilst with air operation the simulated data over predicted the experimental
data at high current densities; where contrary to experimental results, no limiting current was

observed [17].

Scott et al, has also proposed a one dimensional model for PBI based fuel cells. They described
electrode kinetics by the Butler-Volmer equation and mass transport by the multi-component
Stefan Maxwell equations coupled with Darcy’s law. The model had a good fit with the

experimental data but failed to show limiting current under air operation [18].
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Similarly, one and two dimension degradation models were constructed to simulate the steady
state polarisation curves recorded at different times during aging test. The models again failed to
show any apparent mass transport limitations under air operation (limiting current) and used a

equal to 1 and y equal to 1[19, 20].

The failure of the reported models to predict the mass transport limitations under air operation
and therefore over estimating cell performance particularly at high current densities was caused
by the assumption that mass transport solely occurred through the porous media. This is similar
to the single phase mass transport observation discussed earlier in Nafion based PEMFC models.
In reality an electrolyte (PBI/Acid) thin film surrounding the catalyst sites (particles) is present
and mass transport though this phase should be considered. In this film reactants have to dissolve
in the electrolyte media and diffuse through it to reach the catalytic sites, in a similar way to two
phase mass transport approach where diffusion through liquid water is considered. Diffusion
through the acid electrolyte is much slower in comparison to that through porous media and can
explain the observed PBI-PEMFC mass transport behaviour. The effect of the electrolyte thin
film has been realised and modelled in phosphoric acid fuel cells [21, 22].

This absence of a thin film model approach also explains the relatively thick catalyst layers and
very low porosity used in previous reported models [15, 16] in attempts to compensate for the
thin film effects and to try matching the experimental data.

Similarly, while most the models used value for reaction orders equal to one, alpha values varied
from 0.5 to 2. This corresponds to; at 150 °C unrealistic Tafel slopes of 168, 84 & 42 mV dec’!,
respectively. No such values have been reported for oxygen reduction in PBI or phosphoric acid
environment at the studied conditions. As shown erliear (Chapter 3) alpha values change with
doping level, for example at 150 °C; the lowest Tafel slope observed at the minimum doping
level of 4.5 PRU was 92 mV dec”! (o = 0.91) increasing to 104 mV dec™ (a0 = 0.81) at doping
level of 10 PRU [23, 24] and 90-135 mV dec! (o = 0.93-0.62) for phosphoric acid fuel cells [25-

31].
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Additionally, empirical models have been developed to study temperature effects in PBI based
PEMFCs. A change in the transfer coefficient (increase) with temperature was obtained using
non linear square errors fitting method [32]. This result agrees with the finding of this work

(Chapter 3) and similar documented behaviour in PAFC [25, 27, 28, 33].

Modelling of PBI PEMFCs will increase understanding of their behaviour, enable prediction of
their performance and assist with their operational control. Thus, a one dimensional (1D) model
of the high temperature PBI based PEMFC was developed and is described below that includes
the potential and current distribution in the catalyst layers and considers multi-component mass

transport through porous media and a thin electrolyte film.

7.3 Mathematical Model of the Fuel Cell

The mathematical model of the fuel cell is one dimensional where the gas flow channels are not
considered. The fuel cell consists of two diffusion layers, anode and cathode catalyst layers and
the membrane. The assumptions adopted in the model are:

e Steady state and isothermal operation.

e Mass transport is solely due to diffusion where convection effects are negligible.

o Ideal gas behaviour.

e ‘Membrane was impermeable to hydrogen and oxygen.

e Negligible contact resistances between components.

e No membrane swelling.

e Only gas phases present (no water condensation T>120°C).

e Catalyst layer treated as interface rather than a region (0D).

o Isotropic macro-homogeneous porous regions.

Isothermal operation was a reasonable assumption as the test cell temperature was controlled
using electrical heating. Ideal gas behaviour was appropriate, as the cell was not operated at high
pressure. As the cell was operated at relatively high temperatures, above the normal boiling point

of water, it was reasonable to assume there was no liquid saturation and single phase behaviour
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applied. The flow channel was not included in the model; the boundary conditions between the
flow channel and the diffusion layer are taken as the feed gas compositions, this can be justified

by the high gas flow stoichiometry used (> 2.2).

The macro-homogeneous model for the catalyst layer [34] assumes that the porous electrode is
an ‘average’ of the solid electrode and the electrolyte. Thus, the effective conductance of the
porous electrode is the weighted volume average of the respective conductance. Diffusion

coefficients and other properties are similarly averaged.

The objective of the model is to determine the effect of a range of operating variables and
parameters on the cell voltage of the PBI based fuel cell. The overall cell voltage is given from a
combination of the thermodynamic cell potential and voltage losses associated with Ohmic
resistances in the electrodes and membrane, and kinetic losses at the anode and cathode which

are influenced by mass transport restriction by:

U

cell

=E’ev_

7. |n.|-iR [i]
Where E. is the reversible cell potential, n refers to electrode polarisation losses and iR is the

Ohmic resistance losses.

74 Thermodynamic equilibrium potential

The overall electrochemical reaction in a PEM fuel cell running on H; as fuel and O, as oxidant
at temperature above 100 °C can be written as

Hy +1/202(g)_PI—)H20(g)

The thermodynamic equilibrium potential can be calculated using the Nernst equation:

ﬂ_I_Aﬁj.{,Eln[PH: (PO: )0‘5 a:,:o [1]

Erf,=-
rF ( nF nF nF o o (po Y03
0 PHz (Poz)
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Where P, is the partial pressure of the species X, AH and AS® are respectively the standard
enthalpy and entropy of the given reaction at temperature T and unit activity, and oo is the
water activity at the studied temperature. P%:, P’z & 0’0 are the reference oxygén, hydrogen

partial pressure and water activity, respectively. Their values are equal to unity.

The following equation is proposed [31] to calculate the change in the standard Gibbs free
energy AG? for the above reaction with temperature T (K):

AG; kJ.mol™ =-0.0000487792T2 +0.1934130924T -290.039925263 [2]

The enthalpy of water formation in the gaseous phase can be written accordingly

AH! = AH/ - AH}™ [3]

Where AH| is the enthalpy of water formation in liquid phase and AH1'® is the heat of

vaporisation (water) at temperature T (K).
The change of entropy of water formation in the gaseous phase with temperature was calculated
from the thermodynamic tables [35]. Least square errors technique (Fig. 7-1) was used to build a

function representing these changes:

AS, =-9967.35In(T)+12414.83 4]

Where AStisin JK”' and Tin K.
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Figure 7-1. Calculated entropy of water vapour [35] and the estimated values from the built logarithmic

function (Eq. 4).

The change of heat of vaporisation of water with temperature was obtained from [36], and fitted

using a third order polynomial (Fig. 7-2):

AH = -3.6985255 x10™ T +0.4833076T* —152.42584114T + 68260.578987 [5]

Where AH"® is in Joule and T is in K.
The enthalpy of vapour water formation (Fig. 7-3) can be easily calculated from equation 3 as

[37]:
AH' =-238.41-0.012256T +2.7656 x 10 T [6]

Where AH” isinkJ and T is in K.

Figure 7-4 shows the calculated standard cell reversal potential in the temperature range of 273-

500 K using the standard Gibbs free energy from equation 2 or 4 & 6. While equation 2 counts
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for the change of Gibbs free energy for water formation reaction with temperature including
phase change (liquid at low temperaturcs and vapour at higher temperatures), standard Gibbs free

energy calculated from equation 4 & 6 is for vapour water formation (even at low temperatures).

While water formation is an exothermic reaction (AH is negative), and water vaporisation is
endothermic (AH is positive); the sum is exothermic because the magnitude of the exotherm is
greater than the magnitude of the endotherm and |AHf| increases with temperature. Since the
entropy of water formation is negative and it is lower for gaseous water than for liquid water, the
overall standard free energy |AGq] decreases with temperature, the entropy temperature effects

counters the enthalpy of formation temperature effects and the standard cell reversal potential

falls with temperature.

Equation 2 includes the gradual phase change in water with temperature, therefore it is expected
that the change in AGr and consequently Er, with temperature is not linear (in the studied
temperature range of 275-475 K) due to the gradual change in water phase from liquid to vapour,
however, on the contrary linear dependency was observed for the calculated E.v (from Eq. 2)
with temperature. On the other hand, AGr obtained from equations 4&6 assumes water vapour
generation over the entire studied temperature range and was considered in this study. The
excepted linear dependency of Erv on temperature was observed (no phase change) and the two

simulated lines of Eq.2 and Eq. 4&6 intersects at temperature of 373 K at atmospheric

conditions.
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Figure 7-2. Comparison of the measured heat of water vaporization values from ref [36] with the estimated

values from the polynomial equation.
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Figure 7-3. Correlated values for water vapour formation enthalpy in the temperature range of 273-500 K.
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Figure 7-4. Standard cell reversal potential in the temperature range of 273-500 K using Gibbs free energy

from equation 2 or 4&6.

The cell reversal potential will deviate from the standard reversal potential depending on the

water activity and oxygen/hydrogen partial pressure (Nernst equation).

The water activity is given by [38]:
RH%
100

(7]

Auo = PH:o /P, H.0.—

Where Pyao is the water vapour pressure in equilibrium with the acid electrolyte, P'ino is the

saturation vapour pressure of pure water at the same temperature.

Typically PBI based fuel cells can operate under dry conditions (negligible humidification), in
this study the gas reactants where passed through a humidifier at room temperature (16 °C) prior
to entering the cell (RH = 0.36% at 150 °C), the initial water vapour pressure (O.C.P conditions)

was considered to be equal to water saturation pressure at 16 “C (289 K) i.e. Pm()=P'ggl=0_0]7

atm.
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Saturated water vapour pressures were obtained from steam tables [39]. The following

polynomial function (Fig. 7-5) was build to present this data in the temperature range of 273-500
K.

o (142.07682T‘ ~171026.12676T" + 78013638.11584T>

H:0 x10™  [8]
0 | ~15953375633.84717 +1231888491801.45

Where P is in atm and T is in Kelvin.

25 -
20 -
¢ Measuredsaturated H20 Pressure
15 - —Fitted saturated H20 Pressure
E
©
a® 10
5 -
0 B or . =0 I il T T 1
250 300 350 400 450 500

T/K

Figure 7-5. Comparison of measured saturated water vapour pressure from ref [39] with the estimated values

from the polynomial equation in the range of 273-200 K.

Considering that thin electrolyte film covering the catalyst surface, the partial pressure of the
reactants/products should be replaced with their activity in the electrolyte. The activity of
hydrogen and oxygen can be replaced by their concentration in the thin film considering their

activity coefficient is close to 1 (the concentrations are very low).

We can then write:
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T, [RD)*C, (Cof*  ap,

E.=E, +%Lp ; [9]
nF 0 P(R)
Where oxygen and hydrogen concentration (solubility) is obtained using Henry’s law:
Py, R,
Coy =g Co =13, Hol
T, Cyypo, T.Cuypo,

Where Py (atm) is the equilibrium partial pressure of species x above the electrolyte film and H*

(atm cm® mole™) is Henry’s constant for the given species-electrolyte (H3PO4) pair at a given

temperature T.

The term RT inside the logarithm expression in equation (9) was introduced to convert the
concentration Cyx (mole cm™) into pressure units (atm) to calculate the standard cell reversal
potential.

In reality the observed cell O.C.P is lower than the estimated value from the thermodynamics
Ev due to the effect of cross-over and other phenomena (carbon corrosion, etc..) where i#ig

leading to an overvoltage Mcrss-over €qual to (as will be shown later in the kinetic Sec. 7.7,

equation 58):

2
_ —RT In lcroST-over + 1+(-’-‘_".’M) [ll]

ncros:-over
aF 10.1: lO.c

Where o is the transfer coefficient and i, is the exchange current density.

The observed open circuit will be equal t0 Erey + Neross-over; typically for PBI membrane with
thickness 80-40 um the observed OCP with oxygen at 150 °C was in the range of 0.88-1 V. OCP
values of 0.95 V [32] and 0.9 V [15, 17] have been previously used for PBI PEMFCs models.

It should be stressed here that the observed OCP cannot replace E.y as 1, is solely measured at
E.. The effects of cross-over on polarisation curves can be ignored, as it is 6nly important at
very small currents and become negligible when polarising the electrode, where the total current
becomes equal to i (i >> icross-over) @S can be seen in equation 12, in other words the

1 + Icross-over

overvoltage losses due to mass transport becomes negligible:
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[ -

2
i + lfras:-over + 1 + l + lC"OSS_OVef
- RT In 2, 2,

ncross—over aF . ] 2
i i
+.1+
2i°,C ( 2i0,c )

[12]

7.5 Gas transport in porous media

7.5.1 Diffusion in the porous cathode

There are three species in the cathode gas stream; oxygen, nitrogen and water.
For the purpose of this model only one-dimensional diffusion, normal to the face of the electrode
is considered. Diffusion of multi-component gas streams through the porous carbon electrode

can be described using the Stefan-Maxwell equation:

X, RT XN,=XN,

—t= 13
oz P D7 [13]

J

X is the molar fraction of species i, N; is the molar flux of species i and D,frf is the effective
1

binary diffusion coefficient for the pair i-j in the porous medium.

D,-jeff can be calculated using the Slattery-Bird correlation [40] and corrected to account for the

porosity/tortuosity effects using the Bruggeman correlation [18]:

1

b 12
of -4 ___T_ k] n _1_ .
Dif] - P( [——]:‘j];,j} (PCJPCJ)| (Tc.lTr:.j)5 (Mx +——ij £ [14]
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Where T, and P, are the gas critical temperature and pressure, respectively. M is the gas
molecular weight, € is the porosity and 7 is the tortuosity. a and b are constants, a is 0.0002745

for di-atomic gases and 0.000364 for water vapour and b is 1.832 for di-atomic gases and 2.334

for water vapour.

The species’ flux can be given as follows:

Since nitrogen is inert species we can write:

NN:.S =0 [ 15]

And from mass balance we can write:
No,¢ = ‘%F [16]
Nyog = ;_1{, [17]

The sign of the flux determine the direction of flux; negative Nuxo means the species is
produced, while positive No, means the species is consumed. j is the current density per

geometric electrode area and F is Faraday’s constant.

Substituting the species flux in equation 14, we obtain:

LT EXM eO;g + :;:ng (18]
dz P \ Dilo, Di.mo
dXH,O RT Noz‘g XO:' XN:‘
—— — XHZO T -NH20 7 + 7 [19]
dz P D uo Dglho Do
Re-arranging equation 18:
ax N N
T S | [20]
/YvN2 p DN:_OZ DN:.H:O
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Integrating equation (20) with boundary conditions at the electrode channel interface z = 0,

Xnz=XN2 (for air 0.79)) and z = Z, Xn2=Xn; at the catalyst layer where Z is thickness of the gas

diffusion electrode:

RT}| Noag  Nuog
+—"—1Z
0 p ng.oz D Z’Q H20
XN = XNze [21]

The oxygen molar fraction is given by:
Xo =1-Xy —Xpo [22]

Combining Eq. (22) and (19) and rearranging for Xu20

[23]

dXH;O _ RT XY NO:,g + NH:_O + RT X Nyo Nyo RT N,,
= ol — e : ———— -—
= p "\ Dpg,, "\Dd,o DI.o) P DIy

Substituting Xn2 from 21

= ——XHZO eff [24]

dXyo RT No:,g +NH2‘0 +-1£X
dz p Do, 0

RT [ Nose , Ny |,
eff "3
0 e P DNz,Oz D:Iz‘llgo NH:O NH:O RT NHwO
N, eff - of - ‘ﬁ-“‘—.

Do, 0 DN:.”zO p D 0, H,0

For simplification, define constants a, b, h and c:

a'E ‘Noz‘g+NH:_0 b=£ Ny,o h_RT No, g N Nyo
14 Dg{uzo ’ p DS{_HZO ’ p D;{.oz‘ D:{.HZO

N N
&c —_-E_];Xg H:0  “"H:0 (25]
p z D;{H 20 D;{,H:o
Equation 24 becomes:
dX
= Mo +ee = [26]

Integrating 26 with boundary conditions (z = 0, X0 = X%20) at the channel interface, and (z =

Z, X0 = Xnz0) at the catalyst layer:
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a. b (4 [ b
Kuo = (Kho=g oy Jratge o (27]

Substituting 16 &17 in 25 leads to

by, p o R DMno=28o | _-RTj (28]
- - off eff - ]
a 4rP DY, DY, 4rPDY, ,
c X° ZD;}{.O: (DgZ,H:o 'D;/{.H,o) [29]
B/ ff 7/ 7/ - f of
h-a ! Dzz.uzo (D/s{.H;ODé,.H,o - 2DI$= 0, Dg,.H,o + DIS,.H,O DN,.OT)
And finally,
-jRT .
e 4FPDT 410 X° —x° ZD,Z‘O: (D:){.H:O - D;I{.H:O) 2
H,0 N. eff effl eff eff off of < -
? DN;.H;O (DN,,HZODO,‘HEO = ZDN,.O2 Do,.H,o + DN,.H,ODN{;) [30]
Xyo = o o
; o (pf _po A7) O 0 2D o
+ XO 2D;’:v0: (DO: .H;; D;:-H:o) = 7 4FP D;«”;,n;oDZyz.u, + 2
N, &, el e, [4 €]
* DT 40\Di 140D 1.0 = 2D37 0, D8 10 + D 40D 0,)

Xo2 can therefore be obtained from equation 21, 22 and 30,

7.5.2 Diffusion in the porous anode

The anode gas feed consists of a mixture of CHs, CO,, CO, H20 & H; when running on

reformate, for five multi-component gas anode species, we can write balances:

dx RT N,.

dcol =7XC0: Dc‘;-‘g [31]
z H, CO,

dX,, RT N,

el o
Hy H,0

dX RT Ny

e b [33]
dz p DY
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ax N
CHJ_ = -RlXCH‘ e;‘.‘.g [34]
dz p Dy, cu,
Where:
Nepg =05 Neog =0, Negp =0& Nyp, =0 [35]
J
Ny =2 36
Hy g 2F [ ]
This leads to,
RT NII:_K z
0 P D'cl”z‘mz
Xco, = Xco€ [37]
RT| Nuag 2
0 r| D7, Hi0
KXo =Xy B [38]
ey
0o | P\ Pco
Xeo=Xcoe ' [39]
XH2=1_XC02—XH:O_XCO_XCH‘ [40]

For pure (low) humidified hydrogen feed Xco:= Xco= Xcha =0.

7.6 Transport through thin film electrolyte

The macro-homogeneous model (Fig. 7-6) for the catalyst layer assumes that the catalyst layer is
an ‘average’ of the solid electrode and the electrolyte. Thus, the effective conductance of the
catalyst layer is the weighted volume average of the respective conductance; diffusion
coefficients & film thickness are similarly averaged, and so on.

Oxygen transport from the porous media to the catalyst active surface area occurs through a thin
polymer/acid film covering the catalyst agglomerates. The film provides proton conductive paths
from the catalyst active sites to the membrane. The average film thickness § can be estimated

using the following equation:
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mHSI’V ¥ m,,%
S Phu,ro, Prar

SaSy [41]

m is the total mass of PBI/H3POs per unit area(loading), p is the density and S./Sp, is the surface

area of carbon/platinum per unit area covered by the electrolyte.
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Figure 7-6. Shows diagram of catalyst layer using the thin film assumption.

Values of oxygen diffusion in phosphoric acid (98% wt) were reported to be 30 x 10 ecm?s™, an
order of magnitude higher than that of doped PBI (doping level of 6 PRU) 3.2 x 10 cm? s at
150 °C. Similar values of dissolved oxygen concentration was obtained for doped PBI (doping
level of 6 PRU) 0.68x10 mole cm™ and for 95% wt phosphoric acid 0.5 mole em™ at 150 °C

and atmospheric pressure [23].

Savinell et al, studied oxygen reduction at the platinum/phosphoric acid doped PBI interfa d
ce, an

found that oxygen diffusion was increased by increasing the volume fraction of amorph (fr
rphous (free)
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H,PO; (i.e. doping level) . They also suggested that the crystalline PBI regions are not involved

in proton or oxygen transport [23, 24].

To determine the oxygen/hydrogen concentration at the catalyst surface, we can derive from

Fick’s law for diffusion:

H,PO,
NO: _ - l)o,_‘3 * (Coz-Py - CO:((lissolve) ) [42]
SPl—ca{hode 5Calhode
H4yPO,
NH, _ - DH: ) (CH:—PI - CH:(dl‘smlve)) [43]
SPt—anode 5Anode

N is the molar flux (geometric area) obtained from equations 16 and 36, Cp is the reactant
concentration on the catalyst surface, Cyissolve is the equilibrium reactant concentration in the acid
film at the studied temperature. Spy as mentioned erliear is the real platinum surface area (ESA)

per unit area that is covered with an electrolyte film (also known as the roughness factor RF).

Due to insufficient data on hydrogen solubility in phosphoric acid at high temperature, it was
considered that hydrogen solubility is similar to that of oxygen [41] at the same conditions

(pressure, temperature & phosphoric acid concentration).We can write using Henry’s law for

solubility:
P
CHa(dissolve) = & [44]
) H;'{-zcugpo‘
B,
CO:(dissalve) = 0, - [45]
T, CH;PO‘

Where Cua, Coz are the dissolved hydrogen and oxygen concentration in phosphoric acid,

respectively. H is Henry’s constant at a given temperature and phosphoric acid concentration.
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Similarly, for the hydrogen diffusion coefficient in i i
phosphoric acid electrolyte w i
s yte we can write

HyP M
DH,‘ 0, =DgJPO4 0, =4DH,P04
2 2 0, 46
]
Hy

Figure 7-7 shows the limiting current (steady-state value) for 60%Pt/C at various oxygen partial
pressures and temperatures. At the limiting current, Cp, becomes zero, and j_ is directly
proportional with DCaissolve (Eq. 42). It can be seen that under air (atm) operation the product
DCgissonve decreased slowly with temperature, while for the same clectrode under air (1 bar
relative) the product DCaissolve exhibits a maximum at 150 °C. This effect is caused by variations
in diffusion coefficient D and Henry’s constant H at a given temperature with phosphoric acid
concentration and consequently water partial pressure above the electrolyte film, in other words

the concentration and viscosity of phosphoric acid at a given temperature depends on the

humidity content.

2
W — air 120C = air 150C = air 175C — air 1bar 120C = air 1bar 150C = air 1bar 175C

1.6

il Acm?

b

D8kE——r———t

t/s

Figure 7-7. The current-time transient response to a potential step where the electrode is entirel
ntirely under

diffusion control.
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Klinedinst et al studied oxygen solubility and diffusivity in hot phosphoric acid [43]. They
suggested that both gas diffusivities and solubilities exhibit exponential reciprocal temperature

dependencies, therefore:

Dg;m, =Aexp(-E,/RT) [47]
Cgissolved = Bexp(_ Anglu /RT) [48]

A and B are pre-exponential factors, E, is the diffusion activation energy and AH is the enthalpy

of solution. Both E; and AH change with the concentration of phosphoric acid.
7.6.1 Diffusion, temperature and phosphoric acid concentration

A second order polynomial was fitted using least squared error technique to fit the data obtained
by Klinedinst et al [43], for the activation energy of oxygen in phosphoric acid at different acid

weight concentrations (W). The correlation of the data with equation (49) is shown in Figure 7-8.
E, (kcal mole') = -0.011607142857 W2 + 1.9642142857W - 75.376 [49]

The high values of the diffusion activation energy were assigned to the extensive hydrogen bond
network and high viscosity of concentrated H3PO4 [44]. This also explains the decrease in
diffusion coefficient with increasing phosphoric acid concentration.

The calculated diffusion values were in the range of (10%-10° cm s™) depending on the
temperature and phosphoric acid concentration; values were in good agreement with values

obtained in the literature [31, 43, 45, 46].
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Figure 7-8. Comparison of the measured activation energy of oxygen diffusion in hot phosphoric acid at different

concentration from ref [43] with the estimated values from the fitted polynomial equation.
7.6.2 Solubility, temperature and phosphoric acid concentration
A third order polynomial was built to fit oxygen enthalpy of solution data obtained from ref [43]:

AH (kcal) = (-0.003125W> + 0.8371429W? - 74.95179W+ 2244.786) [50]
(keal)

Figure 7-9 shows the variation of enthalpy of solution for oxygen in phosphoric acid with acid
concentration. The enthalpy of solution (-AH, as AH < 0 for W < 96% wt) decreases with
increase in phosphoric acid concentration until it reaches negative values at 96% wt; this means
that a smaller decrease in the solubility of oxygen in phosphoric acid with temperature will occur
as the acid concentrations increases from 85 %wt to 95 %wt; beyond this concentration a slow

increase in solubility with temperature will occur.

When calculating the oxygen enthalpy of solution from (In (Co,) vs. 1/T plots), oxygen

concentrations were corrected to one atmosphere pressure assuming Henry’s law. This is because
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of the corresponding water vapour pressure above the electrolyte (H;PO,) at studied temperature

and electrolyte concentration [31].

Figure 7-10 shows the variation in oxygen solubility in hot phosphoric acid at different acid

concentration and temperatures from ref [43] with the estimated values from the fitted
polynomial equation.
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Figure 7-9. Comparison of measured enthalpy of solution for oxygen in hot phosphoric acid at different

concentration from ref [43] with the estimated values from the fitted polynomial equation.
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Figure 7-10. Variation in oxygen solubility in hot phosphoric acid at different acid concentration and

temperatures from ref [43] with the estimated values from the fitted polynomial equation.

Coz and Doy can be obtained from equations 47 and 48 for a given acid weight concentration. By
substituting their values into equations 42 and 43 will finally lead to Cp, the oxygen

concentration on the catalyst surface required in the Butler-Volmer kinetic equation.

7.6.3 Phosphoric acid concentration, temperature and water vapour pressure

MacDonald and Boyak [47] studied the density, conductivity and equilibrium water vapour
pressure of concentrated phosphoric acid from room temperature to 170 °C. Data from their work
was used to determine phosphoric acid concentrations (wt %) at a given temperature and water
vapour pressure.

To obtain a good fit without using polynomials of very high order, they suggested expressing

concentrations as mole per cent X, instead of W (wt %) using the formula:

P 0.01w
0.01W +0.0544 (100 - W)

[51]
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At any given concentration, a linear relation was obtained between log (Py0 /mmHg) the

equilibrium water vapour pressure and 1/T (°C™"):
lOg(PH20)= —aT™ +b [52]

Values of a and b are listed in table 7-1 below at different mole %

Table 7-1. Values of constants a & b used in equation 52, at various acid concentration (expressed as mole %)
X (mole%) W (wt%) a b

Two functions were built to correlate a and b with X

a=aX*'-a,X’+a,X*-a,X+a, [53]

b=le4—b2X3+b3X2 -b,X+b, (54

Values for theses constants are given in the appendix.
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During simulation of the model in this work, X and W were continuously updated based on

water vapour pressure (or relative humidity) and temperature. W was obtained from X using;

98X

A
0.98X +(18.016—-0.18016.X) (551

Figure 7-11 compares the measured equilibrium water vapour pressure above phosphoric acid
solutions at different temperatures and concentrations from ref [47] with the estimated values
from the built polynomial in equation 52. It can be seen that Pyyo (or humidity) is highly
dependant on phosphoric acid concentration at the typical low humidity conditions for PBI based
PEMFCs gas feed. This means that phosphoric acid concentrations will vary greatly with the

water produced by the fuel cell (logarithmic relation).

800 -
Q A.\ ¥ 0 Measured 130C refd47
700 \Q A_\ o Measured 140C ref47
> 3 S & Measured 150C refd7
600 - S o Measured 170C ref47
\e2 “4 5 —— Fitted 130C
2 500 - I ok - -~ Fitted 140C
E R s ---- Fitted 150C
— 400 - 3 Q A T e TR Fitted 170C
Q,
T 300
200 -
100 -
0 - T T
70 75 80 85 90 95 100 105 110
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Figure 7-11. Comparison of measured equilibrium water vapour pressure above phosphoric acid solutions at

different temperatures and concentrations from ref [47] with the estimated values from the built polynomial

in equation (52).
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7.7 Kinetics

The Butler-Volmer equation was used to describe the kinetics at the anode and cathode:

. . —aRd.aF an.aF 56
Ja T loa €xp RT (Ua) —&xp T(Ul’) [ ]
. _aRd,cF )|- an.cF : ) 57
Je =ioc| €Xp —ﬁ—(m X\ —pr (. [57]

Where the subscripts a & c are for anode and cathode, respectively. a is the transfer coefficient,

ip is the exchange current density at the studied conditions per Pt unit area given by equation 60

below.

Assuming &y, , = o, . » it is convenient to substitute the hyperbolic sine function in 57 to give:

2
sinh 1| e | = ZRD | )y Ko [58]
a F 2iy, aF |2, 2i,,

Values of a can be obtained from Tafel slope b = 2.3 RT/ o F: as shown earlier (Chapter 3) alpha
values change with doping level, for example at 150 °C the lowest Tafel slope observed at the
minimum doping level of 4.5 PRU was 92 mV dec’!(a = 0.91) increasing to 104 mV dec” (a =
0.81) at a doping level of 10 PRU [23, 24].

Oxygen reduction in PBI-free electrodes environment (or for PBI electrodes with very high
doping level) is the same as that in phosphoric acid, while for PBI based electrodes, appropriate

transfer coefficient should be chosen; depending on the doping level.

Various Tafel slopes have been reported for phosphoric acid fuel cells in the range of 90 and 135
mV dec (@ = 0.93-0.62) at 150 °C [25-31]. A value of alpha equal to 0.75 (112 mV dec™) in the
middle of the reported range was considered. In this work, the closest available experimental

data for a PBI-free environment at 150 °C is from half cells results (Chapter 3) with a high
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doping (16 PRU) PBI electrode at temperature of 140°C, the obtained alpha value was 0.75, this

value agrees with the chosen reported alpha value for phosphoric acid.

While the discussed value for alpha are for temperature of 150 °C, alpha values vary with
operating cell temperature. Appleby [48] reported variations in of a with temperature from 0.56
at 25 °C to 0.66 at 136 °C in 85% wt phosphoric acid. Similarly, O’Grady et al [16] reported
values from 0.53 at 25 °C to 0.68 at 70 °C in 85% wt phosphoric acid. Huang et al [17] observed
a value (85 %wt H;POy) of 0.47, 0.61 & 0.67 at temperatures of 25, 100 & 150 °C, respectively.
Kunz and Gruver [18] reported o =0.94 at 160 °C (96%wt H3PO,) using Pt/C as catalyst.

The variation of dependency with temperature can be expressed as [49]:
a=a+cT [59]

Where a & c are constants. Values for c, the rate change of alpha with temperature, were 0.0014

[27], 0.0015 [48], 0.0034 [33] & 0.0043 (this work PBI 16 PRU).

The value of alpha and its variation with temperature (Table 7-2) depend on the catalyst

treatment and the impurity content in the acid [28, 48].

Table 7-2. Summarise alpha variation in temperature values from this work (chapter three) and Ref. [27, 33]

T This work Extrapolated from Obtained from Extrapolated from
C° 16PRU Ref [33]H;PO, Ref [27]H;PO, Ref [48]H,PO,
100 0.5864 0.7624 T "‘0.6022 ;“.“, 0 60%T
S 0N 0/67 2415 & B0 £304 S 0,630 IR S 06398
e 0D N O T e 62
175 0.9089 1101174 B 7017w e (O

The exchange current density was obtained using:
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c, Y E T
i P c
=1 ach y— exp| —— 1-— [60]
n (C”'f ) [ RT ( Ty JJ

i’ (A.cmp,'2 ESA) is the exchange current density measured at a reference temperature Tres and

reference dissolved oxygen concentration (solubility) Crer. Cpy is the reactant concentration on the
catalyst surface calculated from equation 42 (or 43 for hydrogen). a. (mp g') is the catalyst
specific accessible electrochemical surface area (covered by electrolyte) in the electrode
measured using cyclic voltammetry (31.55 & 35.45 m® g for cathode and anode electrodes
utilizing 50% P/C & 20% Pt/C, respectively); which correspond to 50-30 % of the given value
by the manufacture (128 m? g for 20% PY/C & 86 m® g for 50% PY/C [50]) when placed in the
electrode structure [51]. ac can also be estimated by multiplying the ionomer’s volume fraction in

the catalyst layer by the catalyst ESA.

L. is the catalyst loading, which corresponds to the weight of platinum per unit geometric area
(mg cm?). The product acLc is the roughness factor (dimensionless), which is the Pt
clectrochemical surface area divided by the electrode geometric area, referred to earlier as Sp.

The units of the product io™f Sp, or ip will be A cm’? (current density per electrode geometric

area).

y is the pressure coefficient or the reaction order with respect to oxygen in phosphoric acid/PBI,

a value of 1 (first order) was reported in references [23, 31].

E, the activation energy of oxygen reduction in hot phosphoric acid was found to be independent
of phosphoric acid concentration 92 kJ mole™ [21], 54.8 kJ mole™ [15], 62.34 kJ mole™ [48] and

72.4 k] mole™ [9]. The latter value was used as it lies in the middle of the range.
) Values for iOref vary in the literature, depending on the temperature, phosphoric acid

concentration and the dissolved oxygen concentration. Most values (Table 7-3) were in the range

of 102 A cmp, 2 and ip value from ref [30, 48] was used.
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Table 7-3. Summarise the reported exchange current densities for oxygen reduction in phosphoric acid

io /A.cmp{z H3P04 wt% T /o C Coz /mole.L" Ref

[30,48]
[25]

el i 4
Calculated concentrations from equations 48&50.

Similarly, a value of ig™'=0.144 A cm™at 160 °C (Cy,™'2.11x10™ mole L"), E/= 16.9 kJ mole™,

o = 0.5 and y = 1 for hydrogen oxidation in phosphoric acid was obtained from [41].

7.8 Conductivity and IR losses

To express the proton conductivity of acid doped PBI at different temperatures a modified

Arrhenius equation has been suggested initially [53] for polymer/acid (salt) complexes, and later

used by other researchers [54-57].

-B
o'.T=Aexp(R(T_n ] [61]

Values of A, the pre-exponential factor, and B, the activation energy, are humidity and doping

level dependant and are given in [54].
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Polynomial functions (equations 62 & 63) were fitted for A & B based on the relative humidity
at a given doping level (membrane doping level of 5.6 PRU in this case), which is given by:

A=expllkRE )+ (6 RH? )+ (5 RE )+ K (621
B =(k*RE®)+ (k2 RH? )+ (k2 RH )+ K [63]

The values of constants k* & k® are given in the Appendix.

The conductivity obtained from equation 61 along with the membrane thickness of (40 pm) were
used to determine the IR losses through the membrane. On the other hand the IR losses
(protonic) through the catalyst layer where obtained from the catalyst layer thickness (15 um)
and the effective phosphoric acid conductivity (product of phosphoric acid conductivity at the
studied condition and its volume fraction in the electrode). The conductivity of phosphoric acid

varies with temperature T and relative humidity (RH) (or phosphoric acid concentration W (wt

%))

The following functions for conductivity were given [47] for 84 < W < 94%:

K(Scm)=1.01365—1.21548 x 107 — (15447 x 107 - 6.42463x 10°W)T  [64]

for 95 < W £99%:
K(S cm) =-3.45285+7.77294 x 1072 W -4.50762 x 10~ w2

65
—(6.24637x1072 ~1.387186 x 107 W + 7.18336 x 107°W*)T [65]
(

The overall cell voltage is given by:

UeII =Erev —lnc|—|77a|_lR

€
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The iR drop is calculated from (61, 64 & 65) using Ohm’s law, anode/cathode activation & mass

transport over-potential from equation 58, and thermodynamic cell reversible potcntial from

equation 9.

7.9 Results and discussion

Matlab® V.7.3 and Simulink® V.6.5 equipped with Ordinary Differential Equation solver (ODE
45) was used to solve the model governing equations. The model results were compared to that
of experimental data for a 50 %Pt/C (0.4 mg cm’?) cathode and 20 %Pt/C (0.2 mg cm™) anode.
The cathodic sweep (from OCP to 0 V) was considered under pseudo steady-state conditions (5
mV s'); the conditions at which the quoted alpha values were measured. High resolution

experimental data were sampled every 1.0 mV step in order to allow for good comparison with

the model results.

79.1 Mass transport losses through the gas diffusion layer

The influence of the diffusion layer porosity, temperature and current density on the effective
oxygen concentration at the cathode is simulated to judge the impact of this component on cell
behaviour.

Figure 7-12 shows the effect of porosity on the cathode species’ mole fraction at the interface of
the diffusion layer and catalyst. The oxygen mole fraction as well as nitrogen mole fraction show
exponential dependency on porosity while the water mole fraction shows a logarithmic
dependency on porosity. This can also be concluded from equations 21, 22 & 30, We can also
see that at a current density of 5 A cm™ using air as cathode feed, the oxygen molar fraction is
only significantly affected at porosities less than 50 % and reaches zero at porosity of ~22 %;
where a limiting current will be observed.

Figure 7'-13 shows the effect of temperature on the cathode mixture mole fraction at a current
density of 5 A cm’. As temperature increases diffusion becomes faster and mass transport
limitations reduce, i.e. the mole fraction of species i (X;) becomes closer to its initial value X,
therefore oxygen and nitrogen mole fractions at the catalyst layer boundary increases with an

increase in temperature, while the water mole fraction decreases.
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Figure 7-12. The effect of porosity on the cathode gas mixture (air) at 150°C, under operating current density

of 5 A cm-2, Z=200 pm and 7 = 1.5,
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Figure 7-13. The effect of temperature on the cathode gas mixture (air) under operating current density of 5

A cm-2, Z =200 pm, porosity of 30% and = 1.5.
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Figure 7-14 shows the effect of current density on water and oxygen mole fractions at the
cathode boundaries for a 30% porosity and diffusion length of 200 um. No limiting current is
visible (Xo2 > 0) even at high current density of 5 A cm™ using air. This confirms the above
conclusion (Sec.7.2) regarding the failure of single phase models, with no electrolyte thin film

consideration, to explain the observed low limiting current 1 -1.5 A cm™ of PBI based fuel cells

under air operation.
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Figure 7-14. The effect of operating current density on the cathode gas mixture (air) at temperature of 150

°C, Z = 200 pm, porosity of 30 % and T = 1.5.

7.9.2 Oxygen partial pressure effects

Figure 7-15 compares simulated and experimental data for PBI based HT-PEMFC at different
oxygen partial pressures; from air (atm) to air (I bar) and pure oxygen. Large increases in
voltage were seen in both modelled and experimental data due to enhancement in kinetics and
mass transport when increasing oxygen concentration (partial pressure). This effect is due to the
low oxygen permeability in hot concentrated phosphoric acid. The experimental observed
limiting current increased from (~1.4 to 2.1 A em?) when doubling oxygen partial pressure (1

atm to 1.99 atm). The model data and the experimental data were in good agreement. However,
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small differences were observed in the slope of the polarisation curves, at high current densities,

where the model over-estimated the cell performance with air and air (1 bar pressure) whilst not

under oxygen operation.

The slope of the polarisation curves is affected by a combination of kinetic, mass transport and
IR effects. The observed difference of the slope at high current densities in this case was
probably caused by unknown kinetic or mass transport effects, and not IR effects, as a good

match in the slope was observed at high current densities under oxygen operation.

1.1
+ Experimental 02 150C

» Experimental air (1bar)

= Experimental Air 150C
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o
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Figure 7-15. Comparison between modelled and experimental results for HT-PEMFC utilising 50% Pt/C at

the cathode and 20% Pt/C on the anode at temperature of 150 °C and various pressures- alpha value of 0.75

was used for the cathode.

In order to improve the fit between the experimental data and the model prediction, it would

seem that a correction at high current densities should be made to the kinetic effect (lower o) or

mass transport (higher y).

Figure 7-16 shows the same experimental data set (as Fig. 7-15) with a lower alpha value for the
modelled data of 0.72 (~117 mV dec") opposed to the standard value used in the model of 0.75

(~112 mV dec'). As excepted an improved fit was observed between both modelled and
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experimental data at high current densities and low oxygen concentrations (partial pressure),
however, on the other hand the model underestimates cell performance at high current densities
under oxygen operation. This effect was observed in previous PBI models [16, 17]. While the
authors related such behaviour to a change in membrane conductivity with water produced, this
suggestion can not be substantiated in this case as such variation was considered in this model
(Sec. 7.8). The behaviour can be caused by either a variation (increase) in the transfer coefficient
with current produced due to an increase in humidity [23], or a decrease in cathode’s potential
leading to a decrease in impurities [49] and phosphoric ions adsorption [S8] on the catalyst
surface (has a maximum adsorption peak at 0.85 V [45]). However, if such effects were taking
place then alpha should also improve under air & air (1 bar) operation and the model should
underestimate cell performances; which weren’t observed. This suggests that the observed

deviation in the slope is caused by mass transport effects rather than kinetic effects.

+ Experimental 02 150C
s Experimental air (1bar)
= Experimental Air 150C
=+ Model 02 150C
-+ Model air (1bar) 150C

—=— Model air (atm) 150C

0 0.5 1 1.5 2 2.5
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Figure 7-16. Comparison between modelled and experimental results for HT-PEMFC utilising 50% Pt/C at

the cathode and 20% Pt/C on the anode at temperature of 150°C and various pressures- alpha value of 0.72

was used for the cathode.
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To introduce increased mass transport losses, the reaction order (y) with respect to oxygen in
phosphoric acid was increased from the commonly reported value of 1 [31] to 1.375, values
above 1 have also been reported for PBI/H3POj interface [23]. The reported values of reaction
order was measured at constant over-voltage n (and not constant voltage E) i.e. they where
measured from the exchange current density ratios (n = 0) where i, was measured at equilibrium

potential E., which in turn is affected by a concentration change (Nernst equation) as will be

discussed shortly.

Figure 7-17 shows the effect of the higher reaction order (1.375) on the cell voltage polarisation
curve and maintaining the standard value of alpha (0.75). An improvement in the model fit with
the experimental data at various oxygen pressures is seen where the model predictions followed

the experimental data very closely even at high current densities and different oxygen

concentration
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Figure 7-17. Comparison between modelled and experimental results for HT-PEMFC utilising 50% Pt/C at
the cathode and 20%Pt/C on the anode at temperature of 150 °C and various pressures- alpha value of 0.75 &

y = 1.375 was used for the cathode.
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A higher value of gamma than 1.0 can be caused by one or a combination of the following two

factors:

i- Thermodynamic effect of oxygen concentration losses:

While the oxygen concentration influence was accounted for in the Butler-Volmer equation (60)
the cell reversible potential was considered constant over the cell polarisation where thf;
equilibrium concentrations at rest potential (zero current) was considered. An additional change
in the reversible potential will occur due to lower oxygen concentrations (sce equation 9). This

shift is equal to (RT/2F) In (Co2/C%2) as given by the Nemst equation.

Thus, rather than writing equation 58 for high current densities as:

RT  j. T C
n,=—In(=)+—— 0
oF ( io) aF tn( Co, ) [66]

The overpotential is given by:

RT. j. sRT. Co . RT,,C
nc =___1n - +__1 0: 0:
oF (io) oF n(C32)+2F ln(cg ) (67]

This can be re-written as:

RT . j. yRT. C
= In(D) + L= In(=
=g (i0)+ — ln(cg,) [68]

Where 7 is equal to y + /2 or in this case 1+0.75/2=1.375, the value used for gamma in the

latest simulation.

Losses of surface area ( ESA) due to oxygen starvation:

ii-
Losses in the accessible electrochemical surface area might occur due to oxygen starvation
where at very low concentrations, oxygen will not be able to reach parts of the catalyst surfac;
even though they are available for reaction (covered with electrolyte).This effect would lead to a
further decline in performance at high current densities and low oxygen concentrations (in
comparison to gamma =1). Unfortunately, such an effect is not accounted for in this model and is
one of the limitations of the macro-homogeneous model, where it is assumed that the average

accessible catalyst layer is constant. However if such effects are present then the ESA b
e can be
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written as function of In (Coz/Cooz) which would effectively cause an increase in the apparent
pp

reaction order.

7.9.3 Porous media effects

The effect of mass transport losses due to diffusion through porous media can be secn by
comparing cell performances using air (0,-N;) and heleox mixture (O,-He) as oxidant at the
cathode. While both mixtures contain the same oxygen concentration (Xoz = 0.21), the inert gas
used in the mixture is different. The binary diffusion coefficients of oxygen-helium and water-
helium are four and eight times higher than that of oxygen-nitrogen and water-nitrogen,
respectively.

Figure 7-18 shows the enhancement in cell performance observed when switching from air to
heleox caused by mass transport enhancement through the porous structure.

Generally, a larger difference between the limiting currents using air or heleox is due to a greater
contribution of the porous media mass transport losses or the smaller the value of (7). Similarly,
to the earlier observation (Sec. 7.9.2) using a = 0.75 & y = 1, the model provided good
predictions of cell performance, however it over estimated the performance at high current
densities. On the other hand the model successfully estimated the limiting current values with air

and heleox. This suggests that the chosen value for porosity € of 22 % (tr = 1.5 [18)) is
appropriate for the studied electrode.
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Figure 7-18. Comparison between modelled and experimental results for HT-PEMFC utilising 50% Pt/C at

the cathode and 20% Pt/C on the anode at temperature of 150 °C using air and heleox mixture- alpha value of

0.75 was used for the cathode.

Figure 7-19 shows that when increasing the gamma value to 1.375, whilst maintaining the
standard value of alpha (0.75), an improvement in the model fit with the experimental data is
achieved. The model predictions followed the experimental data very closely even at high

current densities and with different oxidant of air and heleox.
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Figure 7-19. Comparison between modelled and experimental results for HT-PEMFC utilising 50% Pt/C at
the cathode and 20% Pt/C on the anode at temperature of 150 “C using air and heleox mixture- alpha value of

0.75 & y = 1.375 was used for the cathode.

7.9.4 Thin film and electrolyte distribution

As discussed earlier incorporation of the thin film in the model is essential to enhance the model
ability to predict cell performance at high current densities and low oxygen concentrations. The
thin film is responsible for the major contribution of the observed mass transport losses and
without it no limiting current will be observed below 5 A cm? (Sec. 7.9.1).

The electrolyte content is a crucial parameter for optimising the three phase boundaries and
therefore the electrode performance. Increasing the electrolyte content in the electrode will
increase the accessible ESA and increase the film thickness whilst reducing the porosity. The
electrolyte film thickness can be estimated using equation 41. Values of 50 &160 nm were

obtained for the studied cathode & anode, respectively.

Figure 7-20 shows the effect of cathode film thickness on cell performance under air operation.

Increasing the film thickness by factor of 2 and 4 led to a severe impact on cell performance even
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at relatively small current densities, as a consequence the limiting current fell from 1.32 to 0.78
& 0.43 A cm’, respectively. This shows the crucial impact of electrolyte content on cathode and
cell overall performance. Similarly, decreasing the film thickness enhanced the overall
performance due to enhancement in mass transport and correspondingly an increase in the
observed limiting current. These behaviours agreed with experimental observations (Chapter 4

and 6), where electrodes with the highest observed limiting current showed the best overall

performance over the entire potential range.

While the above analysis assumed fixed ESA, conductivity and porosity, in practice there is a
minimum film thickness below which the ESA will fall rapidly (conductivity also will fall, while
porosity will increase).

Considering a case where the film thickness is maintained constant and the ESA is halved this
corresponds to decrease in the acid content (volume fraction) in the cathode layer by half. Such a
change led to dramatic fall in cell performance in both the kinetic (activation) and the mass
transport regions of the polarisation curve; where the limiting current decreased from ~1.4 to
0.78 A cm2. On the other hand if the electrolyte content is increased (let say doubled) above the
optimum content, where no further significant increase in ESA is achieved, then the overall
performance will decrease due to mass transport effects caused by a doubling in the film
thickness.

This behaviour agrees with the experimental finding of the importance of acid loading (content)
in the cathode layer: excess acid (high doping case) led to severe mass transport limitations and

heat treatment (low doping case) led to dramatic impact on both the kinetic and mass transport

Josses.

The effect of electrolyte material was also examined by changing the electrolyte in the cathode
from phosphoric acid to PBI doped phosphoric acid (6 PRU) and would effectively correspond to
change in the diffusion coefficient. The oxygen diffusion coefficient in phosphoric acid (98 %wt)
30 107 cm? s”! is almost an order of magnitude higher than that of doped PBI (6 PRU) of
3.2x1 0t cm? s' at 150 °C, while oxygen solubilities are similar in both cases [23, 24].
Considering a case where the diffusion coefficient in the thin film was reduced by a factor of

five, by changing the electrolyte to PBI/ H3PO,, while the film thickness, ESA and oxygen
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solubility are maintained constant, the performance correspondingly dropped severely due to the
large impact of mass transport on the limiting current; which fell from ~1.32 to 0.35 A cm™. This
behaviour is in accord with experimental observations (Chapter 4) that PBI is not a suitable

jonomer material for the catalyst layer, due to its low oxygen permeability, in comparison to

H3POs.
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Figure 7-20. The effect of cathode film thickness and electrolyte type/content on cell performance utilising
50% Pt/C at the cathode and 20% Pt/C on the anode at temperature of 150 “C using air - alpha value of 0.75
& 7y = 1.375 was used for the cathode.

The effect of anode ionomer content and film thickness on cell performance is shown in figure 7-
71. A variation in anode film thickness had a less crucial effect on performance than that of the
cathode film, even though the anode initial film thickness was ~3 times higher than that of the
cathode: no limiting current was observed with oxygen operation (no mass transport limitation
from the cathode) up to 2 A em? (no experimental data is available beyond 2 A ¢cm™ due to
instrument limitations). This was caused by the high hydrogen concentration in the anode feed
(pure hydrogen) in comparison to air operation in the cathode. Even when the film thickness was
increased by factor of 2, no difference in performance was observed (up to 2.1 A ¢cm™) in the

first instance and on increasing the thickness by 4 a limiting current of 2.1 A ¢m was observed.
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Similarly a small impact on cell performance was observed by reducing the electrolyte content
by a factor of four, i.e. maintaining the film thickness and decreasing ESA by a factor of four. A
small decrease in the performance was observed at very high current densities (>1.5 A cm'z) and
a limiting current of 2.1 A cm™? was also visible.

By changing the electrolyte type in the anode electrode from phosphoric acid to PBI doped
phosphoric acid (6 PRU) and thereby decreasing the diffusion coefficient in the thin film by a
factor of five and maintaining the initial film thickness, ESA & hydrogen solubility, a
considerable reduction in cell performance was observed at high current densities due to mass
transport effects; where a limiting current was observed at ~1.6 A cm2: such limitation will not
be visible when the system is operated with air (typical limiting current with air due to the
cathode is 1.32 A cm?).

However, if the electrode film thickness was increased by 4, a major fall is observed in cell
performance and a limiting current is observed at low current densities of ~0.4 A cm’? with PBI

based electrode, cf. PBI-free electrode which exhibited a limiting current of 2.1 A cm?,

Overall the model predictions agree closely with the experimental findings (Chapter 4): during
anode catalyst layer optimisation, acid content was far less crucial than that of the cathode, the
anode catalyst layer was able to handle more acid before considerable mass transport limitations
became visible. Also a low PBI content in the anode catalyst layer (5% wt) did not show mass
transport limitation up to the studied current density of 2 A cm™. However, a larger PBI content

did lead to severe mass transport limitations and an observed limiting current (due to anode) at

low current densities.
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Figure 7-21. The effect of anode film thickness and electrolyte type/content on cell performance utilising 50%
Pt/C at the cathode and 20% Pt/C on the anode at temperature of 150 “C using oxygen - alpha value of 0.75 &
y = 1.375 was used for the cathode.

7.10 Reformate operation

One of the major advantages of high temperature operation is the high CO tolerance and
therefore the systems ability to operate with reformate gas feed without considerable losses in
performance. Reformate gas composition varies depending on the hydrocarbon used in the
reformation process. A typical diesel reformate composition, obtained from [59], contains 3%
CHa, 19% COx& 2.2% CO. Experiments earlier (Chapter four) have shown the high system

tolerance to CO and CO; impurities in the hydrogen stream.
The model was expanded to account for the poisoning effect of CO and possibly methane on the

catalyst surface. Model results were compared to experimental data on CO and CO, and was

Jater used to estimate the cell performance with a diesel reformate feed.
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CO poisoning effects on Pt in phosphoric acids system has been studied by several groups [41,
42, 60, 61]. There are two main effects of CO on anode performance; the first is a dilution effect
already accounted for in the Butler-Volmer equation and the other is a kinetic effect arising from

a reduction in active surface area because of CO adsorption on the Pt surface.

The rate determining step for hydrogen oxidation is the dissociation reaction (known as Volmer)
giving rise to the second order dependency of hydrogen oxidation rate on surface coverage and

Vogel et al [41] suggested the following equation:
g =iy (l'eco)z [69]

iOCO is the exchange current density for hydrogen oxidation after CO poisoning, i,is the exchange

current density for hydrogen oxidation without CO presence, and 6, is the surface coverage by

CO given by:

_ Volume Hydrogenadsorbed after CO
Volume Hydrogenadsorbed before CO

(71]

gco =

B0 s reported to vary linearly with In(CO/Hy) [41, 42, 60], although various values for the

constants of their relation dependency have been reported. Kohlmayr and Stonehart [61]
suggested that CO coverage is independent of temperature, in the range frpm 100 to 150 °C in
phosphoric acid media. Considering the heat of CO adsorption, it is expected that CO coverage
should exhibit an exponential dependency on temperature. Dhar et al [60] suggested the

following equation for the variation of CO coverage variation with temperature in H3PQy:

O0p = 19.9exp[-7.69x10°T]-0.085In [[510]] [72]
2

In this work equation 72 was used to express CO coverage on a platinum surface and its

variation with CO content, temperature and hydrogen content.
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Figure 7-22 shows the variation in CO coverage on platinum surface at various temperatures and
CO content in phosphoric acid taken from references [41, 42, 60, 61]. The data quoted from

reference [60] are the values used in equation 72 and adopted in this work.

1.2 -
——[60] 190C
1 4 -=-[60] 170C
| [60] 150C
—[60] 130C
S| = [42] 190C
g | —e—[61] 100-150C
s | ——[41] 160C
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o
(&)
0.4 -
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Figure 7-22. CO coverage on platinum surface from Ref [41, 42, 60, 61] in phosphoric acid.

In the case of carbon dioxide only its dilution effect was considered in the model; ignoring any

effect of reduction of carbon dioxide to carbon monoxide by hydrogen at the studied temperature

[62].

Under the circumstances of insufficient data on the effect of methane on the platinum surface in

phosphoric acid, two cases were considered:

Case A: Sustersic et al [63] showed that methane adsorption on platinum surface started from a
potential 0.2 V vs. NHE and reached a maximum adsorption peak at 0.25 V (vs. NHE). In H’l:-
PEMFC the anode potential does not exceed 50 mV (even at high current densities of 1.5 A cm™)
which is far below the minimum potential suggested for methane adsorption. Niedrach [64],
found that methane had low adsorption on platinum (0.28 at STP) compared to that of other
saturated hydrocarbons (moderate) except ethane, while unsaturated hydrocarbons exhibited very

high adsorption; 0.79 (at STP) for propylene and 0.91 (at STP) for cyclopropane. This suggests
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that consideration should be taken for non-saturated hydrocarbons in the reformate gas, and their

concentration should be determined. (Case A)

Case B: Taylor and Brummer [65], studied methane adsorption in 12 M H3PO, at 130 °C.
Similarly, they found a maximum adsorption peak at 0.25 V vs. NHE, however, on the contrary,
they observed methane adsorption at low potentials of 0.1 V and lower (vs. NHE) some 50% of
that at 0.25 V. This suggests that methane adsorption might occur even at the low operating

anode potentials.

Hsieh and Chen [66], studied methane oxidation on Pt in 1 M H,SO;. The rest potential was 100
mV vs. NHE, the exchange current density was 107 A cm™ at 80 °C and 1 atm methane, and the
activation energy was 125 kJ mole™. The activation energy was 3.5 larger than that of hydrogen
oxidation and the exchange current density was six orders of magnitude lower than that of
hydrogen oxidation. The rate of methane oxidation compared to hydrogen is negligible, so it can
be treated as an inert species with only dilution/concentration effect (case A), or considering the

worse case scenario as adsorption similar to that for CO (case B).

0.06 -
= Experimental pure H2 150C

x Experimental 20% CO2 150C
0.05 - + Experimental 33% CO2 150C
Experimental 2.5% CO 150C
0 Model pure H2 150C °

0.04 - o)
© Model 2.5% CO 150C o a

© Model 22% CO2 150C o A
a Model 33% CO2 150C .

Evs DHE/V

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
jlA.cm?

Figure 7-23. Experimental CO & CO, effects on anode performance at 150 °C with platinum (20% Pt/C)

loading of 0.2 mgp.cm”, compared to the model results.
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7.10.1 Model Simulations for diesel reformate

A comparison between the model and experimental CO and sz effects on the anode
performance at 150 °C is shown in figure 7-23. The voltage drop at a current density of 1.5 A
cm’? was for both experimental and modelled data 8, 12 & 22 mV when switching from pure
hydrogen to 20%, 33%vol CO; and 2.5%vol CO, respectively. This results in losses of power
density of 12, 18 & 33 mW cm’?, respectively. Very good agreement was observed (Fig. 7-23)
between the experimental and the model data over the entire studied compositions. A small
deviation was observed at high current densities where the experimental data approached a
plateau (curve) whilst the model data continued in the expected, close to linear variation. This
behaviour was also observed with pure hydrogen. Due to fast hydrogen oxidation kinetics and
high hydrogen concentrations used, IR losses were the main contribution for anode losses at high
current densities. Whilst no water flux through the membrane was considered in this model, the
flux of gaseous water product from the cathode to the anode will occur at high current densities,
driven by the large gradient in water content which in turn will cause the observed enhanced
proton conductivity of the anode (anode feed -in this experimental case- had a very low humidity
RH = 0.36% at 150 "C with humidifier temperature of ~16 °C). Water permeability of 1x10 to
3x10"* cm*(STP) m m?s™ Pa™ for phosphoric acid doped PBI membranes were reported [38] at
elevated temperatures of 125-150 °C.

Figure 7-24 shows the simulated anode performance at 150 °C with various reformate
compositions considering case A (concentration effect only for methane).
The following observations can be drawn:
e Methane has a worse dilution effect than CO,, at the same concentration of 22%. An
increase in anode potential in comparison to pure hydrogen of 11 mV was observed at
1.5 A cm’> when using methane (a power density loss of 16.5 mW c¢m™) compared to that

of 8 mV when using CO; (loss of 12 mW cm'z).

e The addition of the separate dilution effect of inert species (CO,, H,0, etc..) with the
poisoning and dilution effects of poisonous species (CO), does not add up to the

simultaneous effects of a mixture of both species. This is explained by equations 70 &
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72 [42, 60], where CO coverage is proportional to In([CO]/[H,]), which means that any
fall in hydrogen concentration, due to dilution by inert species, will lead to higher CO

coverage at the same CO concentration and therefore enhance the poisoning effect.

A 30 mV potential difference between pure hydrogen and the diesel reformate
composition taken from [59] at a current density of 1.5 A cm™ was obtained considering
only the dilution effect for methane (case A); reflecting a fall in power density of 45 mW

-2
cm .

The potential difference between pure hydrogen and diesel reformate increases to 50 mV
at the same current density, when adding 20% water to the gas stream (no information
was available for water concentration in the reformate mixture). However, 20% water
content should be reasonable for steam reforming case, which means a loss of 75 mW
cm? in power density at 1.5 A cm”. Water dilution is significant as the hydrogen
concentration falls from 75% to 55% leading to intensified CO poisoning effects, whilst
initially increasing water concentration in the stream is thought to be beneficial in terms
of proton conductivity enhancement. The maximum allowed water content in the gas
steam should also be considered to avoid acid losses (wash-out) and corresponding losses
of system overall conductivity. This was observed experimentally when operating HT-

DMEC with a high water content gas feed (Chapter 5).
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Figure 7-24. Modelled reformate composition effect on anode performance at 150 °C.

Figure 7-25 shows the modelling results for anode performance at 150 °C under various
reformate compositions, considering case A & B simultaneously. The voltage loss compared to
pure hydrogen increased from 30 to 35 mV when switching from case A to case B (methane
treated similar to CO as poisoning species) with 5 % methane in the gas feed at 1.5 A cm™. The
addition of 20 % water to the stream led to a voltage loss (compared to pure hydrogen) of 50 mV
and 55 mV for case A and B, respectively. This means a power density loss of 75 to 82.5 mW
cm2. Considering a system power density peak of 250-300 mW o' when Gperating with o

(atm), this would mean a loss of ca.30% of the generated power density.
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Figure 7-25. Effect of methane on anode potential modelled as inert species case A, and as poisoning species

(CO) case B, with various reformate compositions at 150 °C.
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7.11 Conclusions

A model of a high temperature fuel cell using PBI membranes has been developed using
thermodynamics, transport and kinetic equations. The model considers mass transport through a
thin film electrolyte as well as through the porous media. The incorporation of the thin film layer

is crucial for model accuracy, particularly at high current densities and low oxygen

concentrations (air).

Oxygen permeability through the thin electrolyte film varies for a given temperature depending
on the equilibrium vapour pressure of the product water above the thin film and,
correspondingly, the operating current density, due to variations in oxygen permeability with

phosphoric acid concentration (electrolyte film).

The model showed very good agreement with experimental data under various operating
conditions and oxygen concentrations. The model emphasises the importance and sensitivity of

the electrolyte content on electrode performance; particularly on the cathode which was observed

experimentally (Chapter 4).

Similarly, it was shown that the optimum content of electrolyte in the cathode is much lower
than that in the anode and deviation from an optimum content has a severe impact on cathode
performance, while electrolyte content at the anode has a less significant impact. This is caused
by the higher hydrogen concentration in the anode feed compared to the air operating cathode,
combined with a faster diffusion of hydrogen, compared to oxygen, in the thin film. These

conclusions were also supported experimentally during electrode optimisation (Chapter 4).

The model is a good tool for optimisation of the electrode performance and the understanding of

reasons behind performance limitations. For example, the model showed that acid doped PBI is

not suitable as ionomer for the cathode catalyst layer, and that pristine phosphoric acid is
preferred. Similarly, the anode can tolerate small quantities (loading) of PBI, however, excess
PBI will lead to severe mass transport limitations.
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The model was also used to predict cell performance under reformate operation. Good agreement
was observed between the available experimental data on CO and CO; effects on the anode and
model predications. A small content of poisoning species can be tolerated by the system due to
the higher temperature operation. However, the dilution effect of inert species (CO,, H;0, etc.)
when added to the gas stream will greatly intensify poisoning due to lower hydrogen

concentration, and thus higher CO coverage at the same CO concentration.

The maximum allowed water content in the gas steam should be considered to avoid the dilution
effect on hydrogen and corresponding poisoning effects. Possible acid losses (wash-out) and
corresponding losses of the overall system conductivity might also occur. Reformate gas should
ideally be cooled to temperatures below 100 °C (60-80 °‘C) to condense excess water and

maintain only a small fraction of water beneficial for system conductivity.
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8 Summary, Conclusions and Future Work

8.1 Summary and conclusion

Proton exchange membrane fuel cells (PEMFC) are currently based on Nafion® or similar
membranes and operate at low temperatures of less than 80 °C. The main challenges for
technology development are: (i) high materials cost (noble metal catalysts, polymer membrane,
etc) (i) complex system construction and operation with respect to water and thermal
management; (iii) fuel supply, i.e. on-board storage and re-fuelling of hydrogen or reformer-
purification units for hydrocarbons/alcohols (iv) low value of heat energy, low overall efficiency

(~30 %) and limited co-generation of heat and power for stationary applications.

Sulfonated poly ether ether ketone (SPEEK) showed even a higher dependency on humidity in
its conductivity than Nafion; the conductivity values were dependant on the sulfonation degree.
For sulfonation degrees of 70 % and above, SPEEK become partially soluble in water and fully
soluble in MEOH. At a sulfonation degree of 60 % the conductivity was one order of magnitude
lower than that of PBI, even at high humidity (RH ~100%). Overall this makes SPEEK an

unsuitable candidate for high temperature operation.

Phosphoric acid doped PBI offers good proton conductivity extending over a wide range of
operating temperature up to 200 °C. This conductivity depends on relative humidity, temperature
and acid doping level. For a doping level of 5.6 M H;PO, per repeat PBI unit and low relative
humidity (1-10%), the measured PBI conductivity varied between 0.02 to 0.06 S cm™ at
temperatures between 120 to 175 °C. Increased operating temperature above 175 °C and low
relative humidity did not add significantly to the conductivity due to dimerisation of the
phosphoric acid. PBI’s conductivity improves with increasing humidity; however, this
dependence is much smaller than that of Nafion, and becomes more significant at high
temperatures. These characteristics make PBI the best choice membrane for anhydrous operation

above 100 °C.

For oxygen reduction at platinum supported carbon in phosphoric acid doped PBI, the catalyst

layer structure and composition play an important role in electrode performance. The acid doping
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level in the catalyst layer affects the oxygen permeability; with a doping level of 6 PRU
exhibiting the best oxygen permeability, of those studied. However an optimum doping level
might lie in the range between 3 and 6 PRU which was not investigated. The optimum doping

level depended on temperature and oxygen partial pressure, as both affect the permeability.

The kinetics of oxygen reduction in PBI doped phosphoric acid are similar to those of
phosphoric acid at high doping levels. Doping level affected the activation energy of the
reaction, transfer coefficient and exchange current density. Increased doping level increased the
exchange current density although decreased o values. The transfer coefficient (a) for the ORR;
depended on temperature. The dependency is explained by adsorption of impurities and
thermodynamic effects. The influence of doping level on electrode kinetics depended on
temperature and oxygen partial pressure and a compromise between exchange current density
and transfer coefficient was realised. A high doping level was favourable at low temperatures,
high oxygen concentrations or low operating overvoltages whilst low doping was favourable at

high temperatures, low oxygen concentrations or high operating overvoltages.

Pristine PBI exhibits low hydrogen & oxygen permeability and therefore is a good candidate for
the membrane material. This however makes PBI a less attractive candidate for ionomer material
in the catalyst layer. PBI relies on phosphoric acid to provide its conductivity and oxygen
permeability; in a similar manner to Nafion reliance on water; to provide its conductivity and
oxygen permeability. Alternative structures based on PTFE and H3PO, show advantages over
PBI based electrodes due to higher oxygen permeability.

There was an optimum thickness for the catalyst layer that provided a balance between acid
content in the catalyst layer (added or mobile from the membrane) and oxygen permeability from
the flow channel. This optimum thickness was achieved using 40% to 50% Pt/C catalyst and it
depended on the operating temperature and oxygen partial pressure. Lower oxygen
concentrations required a thinner catalyst layer or higher Pt:C ratio. Electrodes fabricated from
60% Pt/C (thin catalyst layer) showed limited performance due to flooding from mobile H;PO,

acid from the membrane.
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Pt binary alloys and particularly Pt-Co/C showed advantages over non-alloyed platinum as
cathode catalysts, allowing lower platinum loading at the cathode of 0.2 mgp cm2, However,
such enhancement was subject to the operating temperature or more precisely the water activity,
With high water content, Pt alloys suppress the initiation and extent of surface oxide formation
on platinum surface and therefore offer enhanced oxygen adsorption. The fall in water activity at
elevated temperatures (above 150 °C) resulted in an increase in ORR activity for Pt/C, due to a

lowering of surface oxide formation; a corresponding effect with Pt alloys does not occur.

A vapour feed HT- DMFC was demonstrated with reasonable performance and high open circuit
potential arising from low cross-over (permeability) of methanol through the membrane and high
CO tolerance at the cathode at elevated temperatures. The cell suffered from high anode
polarisation which resulted in significantly lower performance than that achievable with low
temperature cells using Nafion as the membrane. In addition, acid wash out and therefore
conductivity loss was a major limitation for HT-DMFC based on phosphoric acid doped PBI.

Another major factor is the very poor methanol oxidation kinetics in a phosphoric acid
environment. An improvement in performance may be possible by using a higher methanol
concentration to enhance methanol oxidation, which may offset the detrimental effect of
increased methanol crossover. In terms of methanol cross-over, PBI was an excellent barrier for
methanol with permeability one order of magnitude lower than SPEEK and two orders of

magnitude lower than Nafion.

Chronoamperometry measurements were performed in an attempt to obtain mass transport
information for the studied electrodes. The current transient varied exponentially with time, with
a time constant depending on LD for finite length (L) diffusion. The transient time constant did
not vary with oxygen partial pressure, and decreased with increased temperature as expected.
However, there was a larger decrease in the time constant from temperatures of 120 to 150 °C in
comparison to that from 150 to 175 °C. This was caused by phosphoric acid dehydration and

consequently increased viscosity slowing down the solubility equilibrium and oxygen diffusion.
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Whilst a temperature increase will lead to a decrease in oxygen solubility, it will also lead to an
increase in diffusion. However the rate of increase in diffusion will fall as temperature increases
due to dehydration and increase in viscosity. The solubility and diffusion at a given temperature
also depends on water activity or in other words phosphoric acid concentration. Therefore, the

product (D.C) can either increase, decrease or exhibit a maximum value with an increase in

temperature.

The decrease in solubility with temperature counteracts the effect on the increase in kinetics with
temperature; where both processes vary exponentially with temperature (heat of solution and
activation energy). This was reflected by no observed increase in kinetics for PBI-free electrodes
above 150 °C, and a slow enhancement in PBI based electrodes. In other words, at 150 °C fast
oxygen diffusion in phosphoric acid (liquid) in comparison to PBI/H;POs (gel) gave rise to
enhanced performance (solubility values are similar), whilst at 175 °C this enhancement was
suppressed by a lower solubility and slower increase in diffusion due to increased viscosity of

phosphoric acid caused by dehydration; effecting mainly PBI free electrodes.

Frequency response analysis was used to compare electrode performance in terms of kinetics,
ohmic and mass transport losses. Simple equivalent circuit were used to fit the observed spectra.
For polarisable electrodes under small to medium steady-state current operation, the model was
capable of identifying electrodes with the best kinetic or mass transport behaviour and
classifying behaviour in terms of relative performance. However, care must be taken in
interoperating the spectra results at open circuit potentials or high steady-state currents. OCP is
affected by cross-over rate and thermodynamic oxygen concentration effects (Nernst equation)
and therefore will lead to smaller apparent charge transfer resistance. At high current densities
the effect of the equivalent resistance, used to polarise the electrode to the desired steady-state
current, dominates the observed impedance spectra and mask any useful information about

electrode performance.

A model of a high temperature fuel cell using PBI membranes has been developed using
thermodynamics, transport and kinetic equations. The model considers mass transport through a

thin film electrolyte as well as through the porous media. The incorporation of the thin film layer
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is crucial for model accuracy; particularly at high current densities and low oxygen
concentrations (air). Oxygen permeability through the thin electrolyte film varies for a given
temperature depending on the equilibrium vapour pressure of the product water above the thin
film and, correspondingly, the operating current density, due to variations in oxygen

permeability with phosphoric acid concentration (electrolyte film).

The model showed very good agreement with experimental data under various operating
conditions and oxygen concentrations. The model emphasises the importance and sensitivity of
the electrolyte content on electrode performance; particularly on the cathode; which was also
observed experimentally. The model is a useful tool for optimisation of the electrode
performance and helps in understanding the reasons behind performance limitations. For
example, the model showed that acid doped PBI is not suitable as ionomer for the cathode

catalyst layer, and that pristine phosphoric acid is preferred.

The model was also used to predict cell performance under reformate operation. Good agreement
was observed between the available experimental data on CO and CO; effects on the anode and
model predications. A small amount of poisoning species can be tolerated by the system due to
the higher temperature operation. However, the dilution effect of inert species (CO;, H;0, etc.)
when added to the gas stream will greatly intensify poisoning due to lower hydrogen

concentration, and thus higher CO coverage at the same CO concentration.

The maximum allowed water content in the gas steam should be considered to avoid the dilution
effect on hydrogen and corresponding poisoning effects. Possible acid losses (wash-out) and
corresponding losses of the overall system conductivity might also occur. Reformate gas should
ideally be cooled to temperatures below 100 °C (60-80 °C) to condense excess water and

maintain only a small fraction of water that is beneficial for system conductivity.
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8.2 Future work

The limited oxygen permeability and slow oxygen reduction kinetics in phosphoric acid

(phosphates and impurities within adsorbs on platinum) is a major limitation for the performance

of PBI based PEMFC electrodes. PBI is still an attractive material due to its relatively low cost

($70-100/Ib), excellent oxidative and thermal stability, good mechanical flexibility at elevated

temperature and basic properties (pK, = 5.5). PBI basic properties allow it to be easily doped

with strong acids to form single phase polymer electrolyte [1, 2]. Future work should consider

alternative acid dopants (at least for electrodes ionomer) for PBI that provide better

permeabilities and smaller adsorption on platinum. Fluorinated acids are one of the best

candidates for these dopants, several suggestion are given below:

Trifluoromethane sulfonic acid (TFMSA): measurements showed that TFMSA
conductivity and proton activity is 100 times higher than that of phosphoric acid at the
same temperature and concentration [3]. Its adsorption on platinum surface is much lower
than phosphoric acid [4], and both oxygen solubility and diffusion is an order of
magnitude higher than that in phosphoric acid under the same conditions [5].

The only limitation of TFMSA is its low vapour pressure (boiling point of 162 °C).
However, at low doping levels (two moles acid per mole PBI) no free acid will be present
and such limitation will not be seen. The low doping level impact on conductivity will

also be minimal dué to the high conductivity of TFMSA.

Perfluronated -organo sulfonic/phosphonic acids: Saffarian et al [6] observed an order of
magnitude faster oxygen reduction rate in Bis(trifluoromethylsulfonyl)-Methane
((CF3S0,).CH;) than that in phosphoric acid at similar conditions. However,
(CF3S0,):CH has a limited solubility of 1.15 M in water which restricts its use to low
temperatures. Such a limitation could be overcome by forming acid-base complex
(doping) with PBL Burton et al [7, 8] also showed encouraging results for oxygen
reduction in tetrafluoroethylene-1,2-bisphosphonic acid at 200 °C in comparison to
phosphoric acid where he obtained a mass activity of 61 mA mgp," at 0.7 V for the
perfluronated-organo-phosphonic acid in comparison to 55 mA mgp ' for phosphoric

acid.
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The alternative dopants can also show enhancement for PBI based HT-DMFCs, in terms of

improved methanol oxidation and lower acid wash-out rates (lower solubility in water).

The rate of improvements can be estimated using the built model by setting the appropriate
parameters for the new electrolytes conductivity, volume fraction, oxygen solubility, exchange
current density, etc .The model can be further developed by considering a one or two
dimensional catalyst layer (instead of 0D macro-homogeneous model) in order to provide clearer
current and oxygen concentration profiles in the catalyst layer. Further improvements include

incorporation of water and hydrogen cross-over and non-isothermal operation.

342|Page



Chapter Eight: Summary, Conclusions & Future Work

References

Wang, J.T., R.F. Savinell, J. Wainright, M. Litt, and H. Yu, 4 H-2/0-2 fuel cell using

acid doped polybenzimidazole as polymer electrolyte. Electrochimica Acta, 1996. 41(2):
. 193-197. v

Igontanella, JJ., M.C. Wintersgill, J.S. Wainright, R.F. Savinell, and M. Litt, High

pressure electrical conductivity studies of acid doped polybenzimidazole. Electrochimica

Acta, 1998. 43(10-11): p. 1289-1294.

Bhardwaj, R.C., M.A. Enayetullah, and J.O.M. Bockris, Proton Activities in

Concentrated Phosphoric and Trifluoromethane Sulfonic Acid at Elevated Temperature

in Relation to Acid Fuel Cells. J. Electrochem. Soc., 1990. 137(7): p. 2070-2076.

Zelenay, O.P., B.R. Scharifker, J.O.M. Bockris, and D. Gervasio, 4 Comparison of the

Properties of CF3SO3H and H3;PQOy in Relation to Fuel Cells. J. Electrochem. Soc., 1986.

133(11): p. 2262-2267.

Appleby, A.J. and B.S. Baker, Oxygen reduction on platinum in trifluoromethane

sulfonic acid. J. Electrochem. Soc., 1978. 125(3): p. 404-406

Saffarian, H., P. Ross, F.E. Behr, and G.L. Gard, Electrochemical Evaluation of

Bis(trifluoromethylsulfonyl) Methane as a Fuel Cell Electrolyte. J. Electrochern. Soc.,

1990. 137(5): p. 1345-1348.

Kanamura, K., A. Tanaka, D. Gervasio, V. Kennedy, R. Adzic, E.B. Yeager, D. Burton,

and R. Guneralne, Perfluoro-ethylene- 1,2-bis-phosphonic Acid Fuel Cell Electrolyte. J.

Electrochem. Soc., 1996. 143(9): p. 2765-2770.

Burton, D.J., Synthesis of novel fluorinated phosphonic acid electrolytes for phosphoric

acid fuel cells. Final report, January 1, 1989-June 30, 1991, in See also PB90-207366.

Sponsored by Gas Research Inst., Chicago, IL. 1992: United States. p. Pages: (28 p).

‘3437]l’age



Appendix A: Parameters for the Modeline Equations

9 Appendix A

1.20 T

1.00

0.80
—— Corrected data (IR + mass transport)

0.60 - —=— Raw data

EIV

—— Linear (Corrected data (IR + mass transport))

0.40

0.20

0.00
Log (i) /A

Figure 9-1. Tafel plot for raw and corrected data of 40% Pt/ C 3 PRU electrode at 140 °C (E vs. SHE).
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Figure 9-2. Corrected Tafel plots for 40% Pt/C 3PRU at temperatures of 100, 120 & 140 °C (E vs. SHE).
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Figure 9-3. Compares cell performance under various oxygen concentrations at 120 “C of MEAs using 20%

Pt-Ni/C (~17% Pt) & 20% Pt/C cathode electrodes utilising 0.2 mgp, em? with 40% wt PTFE.
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Figure 9-4. Log (i) vs. Log (1) transient at 120 °C for 40% Pt/C at various cathode’s feed (fractal boundary).
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The pre-exponential factors A&B in equation (47) and (48) are calculated using:

B= 1/( 0.0004444022(100-W)° - 0.01678248(100-W)* + 0.2476135(100-W)® - 1.714433(100-
W)? + 5.815734(100-W) - 7.662641)

A= 0.00000249927283 exp(1.76593087W)

A summary of a and b constants for equations 53&54 is tabled below:

o 639.232305358 bo 7.59437538894

aj 4.76099157122x10° b, 2.79345043928x107
e 1.13460344152x102 b, 6.74458517151x107°
o 0.968715904249 B 5.7142688687x10™
as 33.2532981315 by 0.209801719227

To obtain X from log (Pmmug) and 1/T °C™" the following function was built (valid from 120 to
180 °C)

X = gi(log(P))"2+g:log(P)tgs
Where:
g, = 107489083.7(1/T)’ - 3301976.439(1/T)’ + 30786.6253/T - 99.97517454.
g= -571882856.4(1/T)’ +17025276.36(1/T)’ - 159050.3432/T + 478.3506443.
g3= 2563470201(1/T)’ - 57770551.75(1/T)* + 427861.8321/T - 931.0823368.

k' 9.6082194551 k" 26300
K 0.0001968662247125 k" 0.62
o -0.01322071446206 k" -39.7
st 0.2257720843463 ke 527
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