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Abstract
Polymer electrolyte fuel cells (PEFCs) are among the most promising energy conversion
technologies for a broad range of applications, offering zero-emission electricity generation by
converting hydrogen directly into electrical energy at high efficiencies. Tremendous
advancements have been made in terms of performance and durability but technological
challenges still exist which hinder their widespread adoption; these challenges range from
material durability to system design and operating strategies. Developing this technology requires
a comprehensive understanding of its fundamental operation, coupled with effective diagnostic
techniques.
Performance, temperature and hydration in a PEFC is a complex relationship governed by causeand-effect, where a change in one factor alters the other. These problems are exacerbated during
scale-up, advancing from small lab-scale single cells to large commercial automotive stacks,
where operational heterogeneities encourage large current and temperature variations, resulting
in varied local degradation rates and inefficient PEFC performance. This study characterises
these parameters in-operando by adopting diagnostic techniques such as current, temperature
and pressure mapping, coupled with electrochemical techniques, to garner a broader
understanding of the formation of these heterogeneities.
The development of new diagnostic techniques for both research and industry is also crucial for
the commercialisation of PEFCs, as stack-level diagnostic resources are limited. These are
required to be straightforward in application and interpretation, cost-effective and with short
testing times. Novel diagnostic techniques are presented in this study which aim to bridge this
gap in the diagnostic sector. Lock-in thermography is used to image sub-surface water content
during cell operation using a thermal imaging camera, producing water distribution images at
various penetration depths. A complementary transfer function technique is also developed,
termed heat-stimulus thermo-electric impedance spectroscopy (HS-TEIS), which considers the
complex relationship between imposed temperature change and electrical response as a function
of frequency.
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Impact Statement
Climate change is one of the greatest environmental challenges of our time and is an immediate
threat to our civilisation. The world is united in its commitment to tackling climate change, as an
example, by introducing policies that reduce global greenhouse gas emissions. This has been
actively pursued by improving energy efficiency in the current infrastructure and investing in clean
energy technologies. In particular, decarbonisation of the portable, stationary and automotive
sectors will have a large impact on global emissions, if the replacement technologies are more
energy-efficient, cost-effective and reliable.
Alternative technologies are being rapidly developed to combat emissions. Battery technologies
are currently at the forefront for vehicle transport; carbon capture and storage for an immediate
short-term industrial solution; hydrogen and biomass as a fuel/feedstock; and solar, wind and
nuclear power for decarbonising the electricity grid. These clean energy technologies, whilst
reflecting significant achievements in pursuing global goals, still face major obstacles. These
include capital costs, durability, application versatility and market adoption. As an example,
adopting battery-powered vehicles in urban areas can immediately resolve air quality concerns
produced by combustion engines. However, their long recharging times and the limited
infrastructure capacity for recharging are huge barriers to universal adoption. Their hybridisation
with smaller combustion engines is currently the most economically popular solution to reducing
emissions but still relies on fossil fuel use.
Fuel cell technologies present a viable, and more energy-efficient, solution to replacing fossil-fuel
based power systems, producing no tailpipe emissions. Their environmental lifecycle can be
further cleaned if hydrogen is produced through electrolysis, with electricity obtained from
renewable sources. The technology has matured from initial product development stages, proving
itself to be a viable power source; however, their wide-scale adoption is hindered by an
underdeveloped hydrogen infrastructure, general awareness about the technology and market
immaturity. Whilst they are now garnering significant attention in the portable, stationary and
automotive sectors, power reliability and complex operating controls hinder companies from
pursuing the technology. The difficulty lies in the limited understanding of these systems, their
complexity and the novelty in their innovation which makes it a risk for industries. The impact of
fuel cell power scaling is explored in this thesis both from a performance and design perspective.
To aid in the transition to a hydrogen and fuel cell-based economy, it is critical to simultaneously
develop diagnostic techniques and tools. As an example, it is vital to prepare the automotive
sector with the knowledge and tools necessary for repair and servicing. As fuel cells are
electrochemical systems, the fundamental diagnostic principles and equipment cannot be applied
as with combustion engines and thus the servicing market would require a radical change. This
thesis introduces two novel diagnostic techniques and combines existing tools to maximise the
quality of in-situ diagnostic information.
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Chapter One

Introduction
1.1.

Research Problem

The heavy dependence on fossil fuels for global energy demands is garnering increasing
consideration. Quality of air concerns, especially in overpopulated urban areas, are becoming an
overwhelming issue resulting in health problems and atmospheric changes. Transportation
emissions in particular were directly responsible for 7.0 GtCO2eq of global greenhouse gas
emission and 23% CO2 emissions, 80% of which were contributed by road vehicles in 2010 [1].
As of June 2019, there are 38.7 million vehicles registered on the UK roads [2]. However, these
numbers do not represent the total number of vehicles that produce harmful emissions, with
buses, trucks, off-road material-handling and agricultural vehicles of additional concern. The UK
government has published targets to achieve net-zero carbon emissions by 2050, with one plan
to ban the selling of new petrol, diesel or hybrid cars by 2030 [3]. The UK market has seen a
substantial rise in ultra-low emission vehicles (ULEVs) registrations in 2019, up to 600,000
vehicles, which emit less than 75 g km -1 of CO2 from the tailpipe [2]. The total UK vehicle
production is expected to reach 2 million by 2020 1, 11.25% of which will be hybrid vehicles, in
parallel to the overwhelming rise in the human population [4]. The need for alternative fuelled
vehicles is immediate and a rapid increase in range and efficiency with a drop in cost is essential
to make them competitive with petrol vehicles.
Alternative energy conversion technologies with high efficiencies show great promise for a broad
range of applications and with respect to automotive propulsion, electrochemical devices are at
the forefront. Low-temperature fuel cells could potentially compete with internal combustion
engines (ICEs) due to higher energy efficiencies, direct fuel conversion to electricity, reliable
operation and simple maintenance with little or no harmful emissions produced. The
commercialisation of these technologies has been hindered by factors such as: durability
concerns, a lack of hydrogen infrastructure in the economy and impractical costs, mostly
attributed to manufacturing processes.
For vehicular applications, the lifetime of the fuel cell is required to be at least 5000 hrs and even
longer periods for buses and trucks according to the US Department of Energy in 2015, with a
degradation rate per cell between 2-10 μV h-1 [5]. Factors such as material degradation, load
cycling and frequent start-ups and shutdowns need to be investigated to improve system design.
To accomplish this, it is important to develop and utilise diagnostic techniques to comprehensively
analyse the performance of single cells and stacks at multi-length scales, both in laboratory
facilities and as on-board diagnostic tools for commercial systems.

1

Due to the initial Brexit and economic uncertainty, UK commercial vehicle manufacturing output has fallen
sharply by 12.3% from 2019, although electric and hybrid vehicle production had risen by 34.7%. Now the
effects of the Coronavirus pandemic has seen April 2020 sales plunge by 97% from April 2019.
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1.2.

Fuel Cell Technologies

First demonstrated publicly by Sir William Grove in 1839 [6], fuel cells operate in reverse of the
electrolysis process in which chemical energy stored in continually replenished reactant fuel is
converted directly to electrical energy via an electrochemical process at high efficiency. Typically,
fuel cells operate with gaseous reactants being fed to a negative electrode (anode) and oxidant
gases to a positive electrode (cathode) to electrochemically react and produce electricity and byproducts. 200 years later, considerable improvements have been made to this simple process for
integration into a variety of applications from stationary, portables and transport.

1.2.1. Comparison with Combustion Engines and Batteries
Fuel cells differ from ICEs, which convert chemical energy in hydrocarbons into electrical energy
via a thermal reaction and a mechanical engine. Fuel cells directly convert chemical energy into
electrical energy at a higher theoretical maximum efficiency, as they are not limited by the Carnot
cycle, as with the ICE [7].
Both fuel cells and batteries are electrochemical devices that have two oppositely charged
electrodes separated by an electrolyte, sustaining an electrochemical reaction between a fuel and
oxidant, producing electrical energy directly. Batteries are energy storage devices (ESDs) whose
energy capacity is limited to the amount of chemical energy within the sealed battery itself.
Primary batteries discharge energy until reactants on the electrode deplete, thus having a limited
life-span, whilst secondary batteries are rechargeable. Fuel cells are energy conversion devices
(ECDs) and are able to theoretically provide an unlimited amount of energy as long as there is a
constant feed stream of fuel and oxidant [7]. Figure 1-1 demonstrates the differences in ion and
electron movement during charging/discharging in a closed battery and in a reactant-fed fuel cell.

Figure 1-1 – Comparison of (A) a lithium-ion battery and (B) a simple fuel cell schematic.

1.2.2. Overview of Fuel Cell Types
There are a number of fuel cell technologies (Table 1-1), with variable feeds, operating conditions
and applications depending on their advantages. Ideal characteristics for fuel cells in consumer
applications are quick start-up times and response to power demands. High power densities and
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electrical efficiencies are key in order to be competitive with combustion engines whilst remaining
relatively low in cost. Polymer electrolyte fuel cells (PEFCs) fit best to this category, whilst having
fuel sensitivity issues and expensive catalyst materials compared to solid oxide fuel cells
(SOFCs), they are available in much smaller sizes for portable applications and operate at a
considerably lower temperature, thus having faster start-up times. SOFCs on the other hand
require an external heating element to reach the operating temperatures of >600 ºC.

Table 1-1 – Overview of fuel cell types and comparison [8-11].

Operating
Temperature
Fuel
Electrolyte
Material
Catalyst
Material

PEFC

SOFC

AFC

PAFC

<90 °C

500-1000 °C

<100 °C

150-200 °C

H2

H2, CH4, CO

H2

H2

Yttria stabilised

KOH(aq) soaked

H3PO4 soaked

zirconia (YSZ)

in alkaline

in a porous

ceramic

polymer

matrix

Nickle + Silver

Platinum

60%

60%

40%

Sulphur

CO2

Fuel flexibility

High efficiency,

Low-temperature

and CO

low-

1-2% CO

operation, quick

tolerance,

temperature

tolerance, fuel

start-up times and

inexpensive

operation and

flexibility and

high efficiency

catalyst and

quick start-up

durable

solid electrolyte

times

Perfluorosulphonic
acid (polymer)

Platinum

Perovskites
(ceramic)

Electrical
Efficiency

35 - 60%

(HHV)
Contaminants

Advantages

CO, sulphur and
metal ions

Expensive
catalyst, sensitive
Disadvantages

to feed impurities,
thermal and water
management

Possible
Applications

Scale Size
Lifetime

Transportation,
portable and
stationary

Long start-up
times, hightemperature
corrosion

Sulphur, high
levels of CO

Expensive
Very sensitive

catalysts, slow

to CO2, requires

start-up times

pure O2

and loss of
electrolyte

Stationary and
continuouspower

Space/military

Distributed
generation

applications

<1 kW - 100 kW

100 W – 2 MW

< 5000 hrs mobile

< 90 000 hrs

10 – 100 kW

100 – 400 kW

5000 – 8000

30 000 – 60

hrs

000 hrs

PEFC – Polymer Electrolyte SOFC – Solid Oxide AFC – Alkaline

PAFC – Phosphoric Acid
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1.3.

Polymer Electrolyte Fuel Cells (PEFCs)

For low power applications and transportation, PEFCs are the most widely used fuel cell on the
market. Its scalable design and relatively high power density make it the most suited to the load
requirements of vehicles. In terms of global market share, the fuel cell industry is predicted to
reach ~$3 billion by 2022 with PEFCs dominating the largest percentage by the number of units
sold [12]. Issues with water and thermal management, durability and manufacturing cost show
that research and development is still required before PEFCs can become economically viable
as a replacement for ICEs and complementary with battery technologies.
A simplified schematic in Figure 1-2 displays a PEFC that holds two oppositely charged porous
carbon electrodes coated with platinum (Pt) catalyst material, separated by a thin electrolyte layer.

Figure 1-2 – Simplified PEFC schematic with ion and electron flow.
Relatively pure hydrogen is fed to the negatively charged electrode (anode) to partake in the
hydrogen oxidation reaction (HOR) (1-1), where it splits into H+ ions and electrons. The protons
then pass through the acidic electrolyte to reach the positively charged electrode (cathode) where
they are joined by the electrons that had simultaneously travelled through an external circuit and
generated an electrical output. Oxygen in either pure form or in air is passed through to the
cathode to react with the protons and electrons to form product water and a little heat in the
oxygen reduction reaction (ORR) (1-2). Overall reaction is presented in (1-3).
+
𝐻2(𝑔) → 2𝐻(𝑎𝑞)
+ 2𝑒 −

Anode:
Cathode:
Overall:

1
2

+
𝑂2(𝑔) + 2𝐻(𝑎𝑞)
+ 2𝑒 − → 𝐻2 𝑂(𝑙)

1

𝐻2(𝑔) + 𝑂2(𝑔) → 𝐻2 𝑂(𝑙)
2

(1-1)
(1-2)
(1-3)
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1.3.1. Membrane Electrode Assembly
Figure 1-3 is an illustrative overview of the components making up a cell, comprising of a polymer
electrolyte with a gas diffusion electrode (GDE) on either side, made up of a gas diffusion layer
(GDL) and catalyst layer (CL). This sandwich is termed the membrane electrode assembly (MEA)
and can be sold in separate pieces or as a final product. The MEA is placed between two plates
which act as current collectors for electron flow around the circuit and have etched flow fields for
gas supply to the MEA.
The GDL, typically made from porous carbon cloth/paper, provides electrical contact between the
CL and flow plates, structural support for the CL and distributes reactants across the catalyst area
whilst permitting product water to exit to the flow channels. To aid in water ejection and gas
diffusion, a microporous layer (MPL) is placed between the CL and GDL. The MPL consists of
polytetrafluoroethylene (PTFE), which acts as a hydrophobic barrier to prevent clogging of the
fibre’s pores [6, 13] mixed with carbon black. It enhances water removal by controlling the twophase flow and prevents the catalyst ink from penetrating through the GDL [14].
Catalyst at the electrodes bind the incoming reactants to its surface and separates them, which
would not be possible under normal operating conditions and low temperatures. Precious and
expensive Pt, or its alloy with transition metals, are commonly used and are made into
nanoparticles with a diameter between 1.5 – 5 nm [15] or an approximate CL thickness of ~10-50
μm depending on the method of fabrication [16]. The thinner the CL, the better the gas diffusion
and catalyst utilization, but at a reduced number of triple-phase boundary (TPB) sites. These are
the contact points of the electrolyte, gas-phase pores and electrodes where the electrochemical
reaction can only occur. Maximising the areas of TPBs facilitates large opportunities for reactions,
thus an improved cell performance. PEFC reactant feeds are required to be highly pure, with CO
levels of <10 ppm deemed acceptable [17]. CO poisoning is a major issue in PEFCs, as its strong
chemisorption onto the catalyst renders the Pt unusable and blocks the active sites, thus
increasing activation losses and reducing current densities [17].
The electrolyte allows the migration of ions from the anode to the cathode whilst restricting the
pathway for electron conduction so that they travel in the external circuit to generate a useful
current. The most common electrolyte is the perfluorosulphonic acid (PFSA) polymer membrane
Nafion (DuPont) that has a high proton conductivity (20 S m-1) at typical operating temperatures
[18, 19]. The membrane consists of a hydrophobic PFSA backbone for mechanical strength and
hydrophilic sulphonic acid groups to provide charged sites for H + transport. Water management
is crucial, as the electrolyte must be hydrated for effective H+ transport, thus PEFCs operate below
the boiling point of water. Desired electrolyte properties include: high ionic and low electronic
conductivity, high mechanical strength and low fuel crossover. Proton conductivity increases with
water content until a saturation point, as the hydrophilic sulfonic domains expand, characterised
by the water uptake. At higher temperatures, the membrane water intake increases as the
channels connecting the hydrophilic domains are further opened and the membrane can hold
more water [15].
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Figure 1-3 – Overview of a PEFC single cell with highlighted microscopic images of the GDL [14] and CL [20], illustrations of the electrolyte, TPBs and flow plates
and a graphical representation of the ionic and electronic transport across the cell.
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1.3.2. PEFC Assembly
The materials used to build a fuel cell are selected based on how complementary their properties
are to the PEFC requirements. A review of materials is discussed here along with the assembly
of a single and stacked PEFC. The PEFC designs used in this thesis are discussed in Chapter 3.

Figure 1-4 – ‘Exploded view’ of a generic PEFC prior to assembly, showing the single-cell
configuration and repeat cells to make a stack.
Figure 1-4 illustrates the architecture of a PEFC, assembled by placing each individual MEA
between two flow plates which also act as current collectors. In a stack, these become bipolar
plates, acting as a cathode for one cell and an anode for the adjacent. Flow plates are designed
for the following main functions: distribution of reactant gases and removal of product water by
the flow channels; current collection; mechanical support; MEA compression; and cooling.
Table 1-2 – Common flow plate materials [21-25].

Graphite
Material

Stainless
Steel

Aluminium

Composite
Material

Typical Thickness (mm)

4-6

1-2

1-2

0.1-2

Density (g cm-3)

1.79

7.9

2.7

1.85

Tensile Strength (MPa)

40

480-2240

58-550

68

Surface Corrosion

Very Low

Yes

Yes

No

Electronic Conductivity (S cm-1)

100-660

1.32×104

3.767×105

0

Thermal Conductivity (W m-1 K-1)

280

16

237

0.25
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Common flow plate materials are listed in Table 1-2. Desired requirements include: high tensile
strength to reduce plate thickness; corrosion resistance; high thermal conductivity to eject waste
heat; low cost; and quick manufacturing. Low-power PEFCs use resin-impregnated graphite due
to its reasonable strength and corrosion resistance; however, approximately 60% of the stack
cost comes from etching the flow fields [26] and is a large contributor to the stack volume and
weight. Graphite is brittle and porous by nature and thus plates must be thick to prevent cracking,
whilst etching the flow channels is a strenuous manufacturing route. Metal plates are viable
alternatives with higher mechanical strength, lower fabrication costs by metal stamping and the
ability to be rolled out thinly. There is a risk of metal oxide formation in the corrosive PEFC
environment and thus corrosion resistance surface coatings are required. Coating the metal
plates with gold, graphite, conductive polymers, silver or palladium for example can increase
corrosion resistance [27]; however, issues such as different thermal expansion rates of each
material can form micro-cracks, thus limiting the operational life of the fuel cell [6].
An alternative fuel cell technology is the printed circuit board (PCB) fuel cell, developed by the
likes of Bramble Energy (UK) [28]. The approach has the benefit of low-cost, ease of manufacture,
no need for bulky endplates and flexibility in terms of the shape formed. PCB-FCs reduce the
weight and volume of stacks by using composite materials of woven fibreglass cloth with an epoxy
resin laminate (FR4) for the flow plates and endplates. The flow plates extract a current through
a Cu layer on the FR4, which is further plated to avoid corrosion. Layers of fibre-glass (prepreg)
sheets, pre-impregnated with epoxy resin, seal the layers together.
The flow field design is crucial in maintaining an adequate reactant, water and thermal distribution
in the cell [29-31]. Poor designs could lead to local electrode flooding and membrane dehydration
[32], gas starvation [33] and poor catalyst utilisation. Parallel, inter-digitated, single- and multichannel serpentine configurations are the most commonly implemented designs [34-36]. Design
objectives aim to minimise pressure drops and promote even mass transfer, although the
presence of a slight pressure drop accelerates convection and thus improves fluid flow [6].
Serpentine flow patterns are continuous from start to finish and as there is only one path for water
to travel, its removal is effective as it is forced out; however, there are opportunities for reactant
depletion before reaching the end of the ‘snake’. Significant pressure drops occur around 180º
bends and in the middle of long channels, which are alleviated by increasing the number of
serpentine paths [34].
For high power applications where a significant amount of heat is produced, cooling channels are
integrated into the bipolar plates to maintain operating temperatures, with their configurations
dependant on the method of cooling. Small PEFCs (1-10 kW) are typically operated with an opencathode in which air from the atmosphere directly enters the cathode plate either passively or
through blowers to both supply oxidant and cool the cell (Figure 1-5 (A, B)). Closed cathode
systems are mostly used in research and for high powered stacks (Figure 1-5 (C)). Small cells (<
25 cm2) do not produce enough heat at moderate current densities (< 2 A cm -2) but larger systems
would require liquid cooling.
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Figure 1-5 – (A) Passive air-breathing PEFC from Horizon demonstration kits; (B) fan air-cooled
open-cathode Horizon PEFC; (C) closed-cathode PEFC.
Current collectors, made from any type of conductive metal, sandwich the cells together, creating
a series electrical current, with points of contact for the load cables. Endplates connect external
piping to the PEFC to distribute and remove gas. The cell is compressed together using tie rods.
The assembly of a fuel cell and the optimal MEA compression presents a crucial step to achieving
maximum performance and avoid irreversible morphological damage. Compression is important
in PEFCs to ensure good electrical conduction, mass transport and gas and liquid sealing [37].
Over-compression causes structural damages and leaves plastic deformations on the MEA, thus
reducing performance [38]. The crushing effect experienced on the GDL decreases the porosity
which inhibits the supply of reactant to the electrode and the removal of water, inducing flooding
[37]. Alternatively, under-compression can reduce the electrical connection between the bipolar
plates and GDL. Gasket material is used to: electrically isolate the endplates from the cells to
prevent shorting through the bolts; seal the manifolds to avoid leaks; and compress the MEA.
Gaskets come under two main categories: compressible (EPDM rubber, silicon) and
incompressible (PTFE). Preference between the gasket types is at the discretion of the
manufacturer and studies into gasket durability within a PEFC environment focus on the impurities
formed during degradation, which may contaminate the MEA [39-42]. Gaskets need to be
uniformly compressed throughout the stack with recommended compression between 0.5-1.5
MPa [37, 43]. Thick endplates are used to distribute the compressions uniformly across the MEA
rather than at the points located by the bolts. During compression, opposite facing bolts are
tightened to alleviate the stresses of compression and the torque is increased slowly. The effects
of compression on performance is investigated in Chapter 4.
Multiple cells are connected in series to boost the voltage output whilst the current is determined
by the MEA surface area. A trade-off is established between having a reasonable sized active
area and a suitable number of cells. The larger the stack, the greater material and operational
costs. For automotive and portable applications, size and weight are critical elements that must
be reduced along with the total stack cost and ease of manufacturability.
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1.3.3. PEFC Operation
Non-optimal operating strategies have a profound effect on performance stability [44-48].
Automotive demands in particular, can actuate harsh operating conditions on the MEA, such as
dynamic load changes and frequent start-up/shutdown procedures [49], which are exacerbated
by: the cathode inlet relative humidity [50, 51], cell temperature [52], cell design [53, 54], cycling
frequency [55], local gas starvation [56, 57] and air-fuel boundary layers at the electrodes [58].
To alleviate the stresses on the PEFC, they are hybridised with batteries or super-capacitors that
aid during start-up and allow the PEFC to ramp safely to operating level.
Replicating these experiments in laboratory conditions is challenging and time-consuming and
results vary depending on imposed conditions. To unify testing protocol, accelerated stress tests
(ASTs) are employed to expedite degradation rates by imposing extreme performance conditions
that simulate real operation, significantly reducing testing time [59, 60]. The impact of startup/shutdown cycling on the local PEFC performance is investigated in Chapter 8.
There are two types of established flow operations for PEFCs: flow-through anode (FTA) and
dead-ended anode (DEA) mode. DEA differs from FTA in that the anode outlet is closed, with
intermitted purges to remove mostly built-up water and nitrogen in the system [61], replenish
hydrogen fuel and instantaneously recover the cell voltage [62]. DEA mode has the benefit of
requiring fewer auxiliary components, employing a single pressure regulator and a purging valve
at the outlet. In FTA operation, the reactant feed rate is determined by the requirement of the
load, multiplied by the stoichiometric ratio. Humidification of the inlet gases before entering the
stack can prevent membrane dry out, caused by Ohmic heating at high loads. Water or steam
injection and bubbling the gas through water are common ways of humidification [6].

1.4.

Thermal and Water Management

Expansion in PEFC power output greatly accentuates complications with thermal and water
management, which markedly disturbs performance and causes irreversible damage. An
understanding of these mechanisms is required to characterise their relationship.

1.4.1. PEFC Thermal Management
PEFCs are approximately 40-50% efficient during typical operation [63] and the energy not
converted to electrical power is dissipated as heat [64]. This heat can build-up during operation
and significantly affect the operating conditions and power output. Problems such as over-heating
can occur, which requires active cooling. Thermal gradients form, producing local hot-spots, due
to uneven current distributions or cooling across the MEA, accelerating local degradation [44].
At low current densities, insufficient heat is produced to maintain a high operating temperature.
Thus, heating cartridges are employed to raise the internal temperature and enhance
performance at start-up and low current densities. Significant amounts of heat are generated in
stacks, which rely on effective thermal management through cooling mechanisms. Operating the
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PEFC at relatively high temperatures can boost performance as more product water is vapourised
and kinetics are enhanced [6]. However, this also requires effective water management, as the
membrane humidity is intrinsically related to the local operating temperature.

1.4.2. PEFC Water Management
Water management is crucial for durability and is a careful balance of the vapour and liquid water
content within each cell [65]. There are two sources for water introduction, its production at the
cathode and through humidification of the inlet gas lines. Reactant humidification is accomplished
by passing the gases through a water source saturated with water vapour at the allotted
humidification temperature [15]. If the MEA is not suitably hydrated, due to high temperatures or
a lack of humidification, it accelerates membrane degradation and reduces ionic transfer, leading
to membrane thinning and pinhole formation [66-68]. Alternatively, flooding impedes gas flow to
the electrodes, resulting in reactant starvation, local cell reversal and accelerated carbon support
oxidation [69] which weakens the attachment of Pt particles, leading to Pt agglomeration,
oxidation and dissolution [70] and ultimately reduces the limiting current density [65, 71].
At the cathode, water is either transported back to the anode through the membrane via
concentration-dominated back-diffusion and thermo-osmosis or wicked away to the cathode flow
channel [72]. At the anode, water is dragged to the cathode through the membrane by ‘electroosmotic drag’ transport [73] via sulphonic acid groups that react with passing water to produce
H3O+ [74], causing the membrane to expand [16]. However, the PFSA backbone is hydrophobic
and drives the acceleration of water out of the membrane. At high current densities, the electroosmotic drag can be greater than the back-diffusion, resulting in a dry membrane, whereas cold
regions within the cell result in local condensation. This has been noted under the lands of the
flow field, exacerbated by the reduced GDL porosity by the crushing effect of the flow plate [75].
The use of a hydrophobic MPL impedes water accumulation at these susceptible areas where
mass flow can be inhibited [76]. Water can also accumulate in the flow field bends, attributed to
a decreasing pressure gradient and liquid water accumulates on the channel walls [31, 77].
Establishing an effective PEFC water management is difficult to obtain and detect, particularly
with large active areas or dynamic load operation, as the spatial membrane hydration is
exceedingly heterogeneous and varies with time. Diagnostic techniques are required to observe
the local humidity and suggest operational modifications to maintain it. By understanding the
parameter distributions within the PEFC, with relation to the implemented flow field geometry, a
conclusive model and guideline can be presented for developers that do not have access to such
tools.
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1.5.

Research Objectives

This work develops advanced diagnostic techniques to be utilised in both research and
commercial environments. A greater understanding of the intrinsic relationship between
performance, thermal and water management in PEFCs is explored, termed the hydro-electrothermal relationship and its resulting impact on durability. The effect of active area size is also
crucial, as the majority of research output utilises small single cells which cannot be considered
representative of real working conditions. Thus, a comprehensive study of the issues presented
in larger systems are discussed, using both pre-existing and novel diagnostic techniques with
recommendations suggested for design improvement.
Chapter 1 provides an introduction and literature review on PEFC fundamentals, materials and
cell operation.
Chapter 2 outlines existing diagnostic techniques utilised in the field of electrochemistry, a review
of published literature on the subject and discusses gaps in research knowledge pertaining to
PEFC characterisation.
Chapter 3 presents the equipment and the experimental workstation set-up.
Chapters 4 to 8 describe the detailed analysis and discussion on the advanced diagnostic
techniques developed in this thesis and their application to the study of PEFCs. This includes: a
general overview of fuel cell characterisation, utilising a myriad of diagnostic tools(Chapter 4);
lock-in thermography as an in-situ and in-operando water detection tool (Chapter 5); heatstimulus thermo-electric impedance spectroscopy (HS-TEIS) which uncovers the direct
relationship between performance, water management and temperature at different operating
regimes and conditions (Chapter 6); current, temperature (Chapter 7), catalytic activity and
hydrogen crossover (Chapter 8) mapping for spatial characterisation.
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Chapter Two

Advanced Diagnostics
This section provides a methodology of the performance indicators used in fuel cell testing as well
as other electrochemical devices. These are used as a standard in research to generate data that
other fuel cells are compared against to track performance improvement or deterioration.
Literature using these diagnostic techniques is briefly reviewed to generate a greater
understanding of the hydro-electro-thermal relationship of PEFCs and their application to this
thesis is discussed further in Chapter 3.

2.1.

Polarisation Curve

Polarisation plots are used to generate ‘ideal’ performance curves, illustrated in Figure 2-1, and
are experimentally obtained by varying either the cell current or potential and observing the
response. As a cell begins to draw a load, it is no longer in equilibrium and the system experiences
overpotentials. These irreversible losses cause the performance and cell potential to drop from
the theoretical maximum value. As the load is increased, different magnitudes of loss mechanisms
are encountered.

Figure 2-1 – Ideal and real PEFC polarisation and regions of significant voltage loss.
Overpotentials are inflicted by various transport and kinetic processes during operation, being
mainly dependent on operating conditions: temperature, humidity, reactant concentrations,
pressure and cell design. Theoretically, a fuel cell can have a potential of 1.23 V, the electrical
potential between the two electrodes subjected to gas flow with a disconnected circuit, defined by
the Nernst equation (2-8). In practice this potential is reduced to approximately 1 V, termed the
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open-circuit voltage (OCV), and is representative of efficiency losses caused by undesired
species crossover and internal currents from stray electrons through the electrolyte [8].

2.1.1. Thermal and Nernst Voltage
The maximum reversible adiabatic (thermal) voltage that the system can theoretically obtain is
dependent on the higher heating value (HHV) and is only a function of temperature. This is where
liquid water is produced and the condensation that ensues results in higher heat recovery. It
assumes that all potential chemical energy from the reaction is converted to electrical work.
Because product water in a PEFC is either liquid or vapour, heating values are defined by (2-1,
2-2) [78].
1

𝐻2(𝑔) + 𝑂2(𝑔) → 𝐻2 𝑂(𝑙)
2
1

𝐻2(𝑔) + 𝑂2(𝑔) → 𝐻2 𝑂(𝑔)
2

∆𝐻𝑓,𝐻2𝑂,𝑙 = 𝐻𝐻𝑉 = 285.83 kJ mol−1

(2-1)

∆𝐻𝑓,𝐻2𝑂,𝑔 = 𝐿𝐻𝑉 = 241.82 kJ mol−1

(2-2)

The difference between the enthalpies is 44.01 kJ mol-1, equal to the molar latent heat of
vaporisation of water at 25°C [78]. HHV is considered in PEFC research, as the low operating
temperatures facilitate mainly liquid water presence. The predominant causes of potential loss in
the system are attributed to: activation (kinetic), Ohmic and mass transport (concentration)
overpotentials as well as fuel crossover and mixed potentials. All these losses occur throughout
operation, but in crude terms, the curve can be dissected into regions where different voltage loss
mechanisms ‘dominate’ (Figure 2-1).

2.1.2. Activation Losses
For the electrochemical reaction to occur, an activation barrier (∆𝐺 ‡ ) must be overcome for the
conversion of reactants at the electrodes. The overall rate of conversion is limited by the slowest
reaction step, but this activation barrier can be reduced by the use of catalysts. Whilst the overall
reaction in the cell is galvanic (spontaneous) and should produce electricity with the consumption
of reactants, there are kinetic activation barriers that need to be overcome. For electrochemical
reactions, this is in the form of lost potential (overpotential) [8]. The ORR at the cathode
contributes a significantly larger kinetic loss than the HOR due to the greater number of
intermediate steps and its significant molecular reorganisation. The activation losses (𝜂𝑎𝑐𝑡 ) are
described by the Butler-Volmer equation or the simpler empirically derived Tafel equation (2-9),
assuming 𝜂𝑎𝑐𝑡 is large (50 – 100 mV at room temperature) and the forward reaction dominates
[16].

2.1.3.

Ohmic Losses

Resistance to charge transport (𝜂𝑜ℎ𝑚𝑖𝑐 ) occurs when electron flow encounters resistance in the
electrodes and fuel cell components (𝑅𝑒𝑙𝑒𝑐 ) and ions (H+) encounter resistance in the electrolyte
(𝑅𝑖𝑜𝑛𝑖𝑐 ). This loss obeys Ohm’s law and is proportional to current (2-10) [16]. The transport of the
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two charged species are unequal due to their large differences in mass and the medium in which
they flow. The electron’s small size and the good electrical conduction of the circuit wire renders
their Ohmic losses negligible in comparison to ion transport. The migration of H + through the
electrolyte to the cathode is driven by a voltage gradient. This is dependent on the number of
immediate ‘free spaces’ for its ‘hopping’ mechanism, created by defects in the lattice structure.
The larger the resistance, thicker the membrane and lower the hydration, the more difficult it is
for ion flow. The resistance also scales inversely with area, defined by the fuel cell’s area-specific
resistance (𝐴𝑆𝑅).

2.1.4. Mass Transport Losses
For increasing current density, the rate of which non-charged reactants and products are supplied
and removed from the CL becomes the leading cause for cell failure. The rate of gas transport to
and from the surface cannot keep up with the required demand and the cell potential inevitably
drops to zero. As reactants are depleted at the electrodes and their concentration subsequently
drops, the voltage is also reduced due to increasing kinetic losses. Two significant mass transport
limitations are: diffusion of reactants at the CL, which are consumed and form a concentration
gradient; and convection of reactants in the flow channels to the diffusion layer by the bulk motion
of fluid. As the reactant gas reaches the electrode, its concentration linearly drops, correlated to
the rate of reaction. This region is known as the stagnant diffusion layer and the greater the
concentration difference, the greater drive of reactant to the electrode surface. In this diffusion
layer, diffusion transport dominates mass transport (𝜂𝑐𝑜𝑛𝑐 ) (2-11) and its thickness can change
depending on flow conditions, flow plate geometry or electrode structure. If the reaction rate is
faster than fuel replenishment at higher load requirements, local starvation occurs.

2.1.5. Modelling and Polarisation Analysis
Table 2-1 lists all relevant equations for constructing a simple 0D models of an ‘ideal’ polarisation
curve (Figure 2-1) including thermodynamic equations (2-3 – 2-6), the maximum OCV (2-8) and
overpotentials (2-9 – 2-12). The parameters used are listed in Table A1 in the Appendix. Parasitic
open circuit losses (𝑗𝑙𝑒𝑎𝑘 ) are included to represent current leakage, gas crossover and any
unwanted side reactions [16]. Efficiency equations (2-7) define the fuel utilisation and irreversible
losses due to thermodynamics and overpotentials. Power and heat generation is characterised
through (2-13, 2-14). The reference temperature is taken at the standard 25 °C (298K) and
pressure at 1 bar (1.01 × 105 Pa). When generating an ideal polarisation curve, the following
assumptions are made: ideal gas law applies; liquid water is produced at the cathode; isothermal
and isobaric system; constants apply continuously; degradation not included.
In reality, experimental polarisation curves will look very different. Generating data from a PEFC
requires time and is often not an accurate representation of how the fuel cell will operate under
dynamic loads. For every current density, a steady-state voltage needs to be recorded. The ramp
rate will affect the internal temperature and humidification, which in turn influences the cell
potential; however, cell heterogeneity is not possible to observe without mapping techniques.
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Table 2-1 – Fuel cell modelling equations for constructing a polarisation curve and other performance indicators.
𝐸0 =

Theoretical fuel cell potential
Thermal voltage
𝑇

Enthalpy difference

∆𝐻𝑃→𝑅 = [ℎ̅𝑓,𝐻2𝑂 + ∫ 𝑐̅𝑝,𝐻2𝑂 (𝑇)𝑑𝑇 ]
298

𝐻2

𝑇

Entropy difference

𝑐̅𝑝,𝐻2𝑂 (𝑇)
𝑑𝑇 ]
𝑇
298
𝐻

∆𝑆𝑃→𝑅 = [𝑠̅𝑓,𝐻2𝑂 + ∫

2

Real fuel efficiency

−∆𝐺 𝑇∆𝑆 − ∆𝐻
=
𝑛𝐹
𝑛𝐹
−∆𝐻
𝐸 00 =
𝑛𝐹

(2-3)
(2-4)

𝑇
𝑇
1
− [ℎ̅𝑓,𝑂2 + ∫ 𝑐̅𝑝,𝑂2 (𝑇)𝑑𝑇 ] − [ℎ̅𝑓,𝐻2 + ∫ 𝑐̅𝑝,𝐻2 (𝑇)𝑑𝑇 ]
2
298
298
𝑂
𝑂
𝐻
2

(2-5)

2

𝑇 𝑐̅
𝑇 𝑐̅
1
𝑝,𝑂2 (𝑇)
𝑝,𝐻2 (𝑇)
− [𝑠̅𝑓,𝑂2 + ∫
𝑑𝑇 ] − [𝑠̅𝑓,𝐻2 + ∫
𝑑𝑇 ]
2
𝑇
𝑇
298
298
𝑂
𝑂
𝐻
2

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝜂𝑡,𝑚𝑎𝑥 × 𝜂𝑣𝑜𝑙𝑡𝑎𝑔𝑒 × 𝜂𝑓𝑢𝑒𝑙 = (1 −

(2-6)

2

𝑇∆𝑆
𝑉
1
) × ( 0) × ( )
∆𝐻
𝐸
𝜆

(2-7)

1/2

Nernst equation

𝑝𝐻 𝑦𝐻 (𝑝𝑂 𝑦𝑂 )
𝑅𝑇
𝐸=𝐸 +
ln [ 2 2 2 2
𝑛𝐹
𝑝𝐻2𝑂 𝑦𝐻2𝑂
0

𝑅𝑇
𝑅𝑇
ln 𝑖𝑜 +
ln 𝑖 = 𝑎 + 𝑏 log 𝑖
𝛼𝑛𝐹
𝛼𝑛𝐹

(2-8)

]

Activation loss (Butler-Volmer)

𝜂𝑎𝑐𝑡 = −

(𝑇𝑎𝑓𝑒𝑙)

(2-9)

Charge transport loss

𝜂𝑜ℎ𝑚𝑖𝑐 = 𝑖𝑅𝑜ℎ𝑚𝑖𝑐 = 𝑖[𝑅𝑒𝑙𝑒𝑐 + 𝑅𝑖𝑜𝑛𝑖𝑐 ] = 𝑖 × 𝐴𝑆𝑅𝑜ℎ𝑚𝑖𝑐

(2-10)

Mass transport loss
Overpotential
Power density
Heat generated

𝜂𝑐𝑜𝑛𝑐 = (

𝑅𝑇
1
𝑖𝐿
𝑖𝐿
) (1 + ) ln (
) = 𝑐 ln (
)
𝑛𝐹
𝛼𝑤
𝑖𝐿 − 𝑖
𝑖𝐿 − 𝑖

𝐸𝑐𝑒𝑙𝑙 = 𝑉 = 𝐸 0 − [𝑎𝐴 + 𝑏𝐴 ln(𝑖 + 𝑖𝑙𝑒𝑎𝑘 )] − [𝑎𝐶 + 𝑏𝐶 ln(𝑖 + 𝑖𝑙𝑒𝑎𝑘 )] − [𝑖 × 𝐴𝑆𝑅] − [𝑐 ln

(2-11)
𝑖𝐿
]
(𝑖
𝑖𝐿 − + 𝑖𝑙𝑒𝑎𝑘 )

(2-12)

𝑃 =𝑖×𝑉

(2-13)

𝑃ℎ𝑒𝑎𝑡 = 𝑖 × (𝐸 00 − 𝑉)

(2-14)
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2.1.6. Thermal Dependence of Voltage Loss Mechanisms
Although the polarisation curve crudely characterises the electrical behaviour of the PEFC, its
thermal dependence can be indirectly studied through the electrical response. The modelling
equations in Table 2-1 may be a function of temperature, but their simplification subverts the
thermal dependence on performance.
The theoretical, ideal gas behaviour Nernst equation (2-8), shows that the gas partial pressures,
enthalpy (2-5) and entropy (2-6) change are all a function of temperature; where increased
temperatures reduce OCV in a PEFC [79]. The experimental OCV is always lower than the
theoretical, where the thermodynamic value of the oxygen electrode is 1.23 V vs. NHE at 25 °C
[64]. This is predominately due to a reduction in reactant partial pressure, losses from hydrogen
crossover and side reactions at the electrodes [80-82]. Comprehensive studies by Zhang et al.,
observed a decrease in OCV with increasing temperature for a PEFC operating at 3 atm and
100% RH [80]. By measuring the gas partial pressures in the feed streams, they found that the
decrease in reactant partial pressure was the main contributor to OCV loss, which is dependent
on the cell humidity. They further compared theoretical and experimental OCV results with
hydrogen crossover measurements and the discrepancy in results were attributed to the mixed
potential of the Pt/PtO catalyst surface and hydrogen crossover. They observed an increase in
crossover with rising temperatures. Mixed potentials are generated due to the oxidation of the Pt
catalyst surface and/or impurities, as well as the corrosion of the catalyst carbon support, with an
accelerated degradation rate at elevated temperatures [83]. Membrane dehydration and localised
thermal hotspots can expedite membrane thinning, which further increases crossover rates and
degradation [84, 85].
Activation losses are attributed to the kinetics of the electrochemical reaction and are dominant
around 0.8-1.0 V per cell [86]. Higher temperatures increase the exchange current density, which
defines the speed of the equilibrium reaction rate. The thermal activity of the reactants also
increases, improving the probability of a reaction occurring as it surpasses the activation energy
barrier. Thus, the overall reaction rate increases with temperature. However, the ORR kinetics
are negatively impacted at low RH, due to a reduction in proton conductivity, but is unaffected
above 50-60% [87]. At mid to high current densities, activation overpotentials become almost
constant, irrespective of the cell temperature [44].
Ohmic loss contributions are due to two main factors: electrical contact resistance, which is chiefly
linked to cell compression homogeneity [88] and membrane hydration for proton conductivity [89].
Small temperature fluctuations do not affect the cell compression by the expansion/contraction of
the bulk materials and thus changes in Ohmic loss are associated with membrane resistance.
This loss is prevalent throughout operation; however, is dominant between 0.5-0.8 V per cell.
Ionic conductivity in the membrane improves with water content [90]. Sridhar et al., found that an
increase in membrane water uptake was pronounced between 40-60 °C at a constant flow rate
due to an enhanced convective driving force [91]. There was only a marginal increase at 70 °C,
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reported as the water transport limit of the membrane; however, further work was not conducted
to see if this was due to membrane dehydration at higher cell temperatures.
Mass transport limitations that dominate <0.5 V per cell, are dependent on the supply and removal
of reactants and products from the electrodes, governed by the movement of convection in the
flow channels and diffusion in the GDL [92]. GDL material properties [93], gas flowrates [77] and
pressure drops in the flow field design [94] all affect the limiting current density; however, the cell
temperature ultimately determines the water content and distribution [95]. Elevated temperatures
improve the gas diffusion rate from the CL and evaporate more liquid water which is removed by
the gas stream until excessive temperatures dehydrate the membrane [96].

2.2.

Impedance Techniques

Impedance techniques are non-destructive, in-situ diagnostic tools, widely implemented to
characterise and decouple the mechanistic phenomena of electrochemical devices for different
operating strategies and design attributes. They utilise transfer functions to observe behavioural
responses to imposed parameter perturbations, with larger impedances suggesting higher
parameter resistances. These parameters can be electrochemical, thermal, pressure or any other
controllable activity that will result in a behaviour response.

2.2.1. Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) is a powerful, non-invasive and non-destructive
diagnostic tool that characterises valuable mechanistic information of electrochemical devices to
assess their state-of-health. The technique applies an AC excitation signal to either the potential
or current (2-15) and the response is captured (2-16). The response signal will also be a sinusoid
of the same frequency (2-17), but with an altered amplitude and phase shift. A greater analysis
of wave functions are provided in Section 2.7.4. The impedance (𝑍) of the cell (2-18), which is
defined as the ability of the circuit to resist electrical flow, is the ratio of the input to output signal.
𝐸 = 𝐸0 exp(𝑗𝑤𝑡)

(2-15)

𝐼 = 𝐼0 exp(𝑗𝑤𝑡 − 𝑗ϕ)

(2-16)

𝑤 = 2𝜋𝑓

(2-17)

𝑍=

𝐸
𝐼

=

𝐸0 exp(𝑗𝑤𝑡)
𝐼0 exp(𝑗𝑤𝑡−𝑗ϕ)

=

𝐸0
𝐼0

𝐸

𝐸

𝐼0

𝐼0

(cos 𝜙 + 𝑗 sin 𝜙) = 𝑅𝑒 ( 0 ) + 𝑖 𝐼𝑚 ( 0)

(2-18)

In a fuel cell, different mechanisms occur which can impede electron flow, such as: electrode
kinetics, species diffusion and charge transfer at the electrode/electrolyte interface. Each
mechanism proceeds with differing time constants from microseconds (electric double-layer
charging), to minutes (temperature effects) to days and months (degradation) [97]. Even the HOR
and ORR proceed at differing time constants and are distinguishable from each other [98]. By
transforming these time constants to the frequency domain, the different processes can be
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distinguished. Thus, when performing EIS, steady-state performance must first be established
and then the perturbation frequencies are swept between 1 mHz to 100 kHz. Bode and Nyquist
plots (Figure 2-2(A, B)) are used to plot the impedance spectra for further analysis.
Electrochemical cells, such as fuel cells, are not linear systems, illustrated by the polarisation
curve (Figure 2-2(C)). However, if a small AC perturbation (1-20 mV or <10% DC load) is applied
to the fuel cell, causing its electrical performance to oscillate within a small region, the
performance becomes pseudo-linear and the impedance analysis is simpler to perform [99].

Table 2-2 – Variables of the electrical model that resist electron flow in a circuit
Variable

Equation

Impedance

Resistor

𝐸 = 𝐼𝑅

𝑍=𝑅

Inductor

𝐸=𝐿

𝑑𝐼
𝑑𝑡

𝑍 = 𝑗𝑤𝐿

Capacitor

𝐸=𝐶

𝑑𝐸
𝑑𝑡

𝑍=

1
𝑗𝑤𝐶

Figure 2-2 – (A) Nyquist plot of a simplified fuel cell impedance model using an electrical
analogy to differentiate the mechanistic processes; (B) corresponding Bode plots of the
impedance and phase shift; (C) the pseudo-linear response when small electrical perturbations
are applied.
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The impedance to electron flow is analogous to resistors, capacitors and inductors and equivalent
electrical circuits are used in EIS analysis to distinguish the different mechanisms (Table 2-2). If
the different losses occur in succession, the analogy can be thought of as additive impedances
in a series circuit. Otherwise, if they occur simultaneously, they follow a parallel circuit. The
impedance is a complex number where the real component is the resistance of the DC circuit and
the imaginary component is the combined capacitance and inductance. Both capacitors and
inductors affect the magnitude and phase shift of the response waveform.
Figure 2-2(A) presents a simplified electrical analogy for a PEFC. The first real-axis intercept on
the Nyquist plot, or the high-frequency resistance (HFR), is associated with the Ohmic resistance
(𝑅m ), predominantly due to membrane and contact resistance. Its impedance is analogous to a
resistor and is independent of frequency [99].
The two following arcs with decreasing frequency are attributed to the activation resistance at the
anode (HOR) and cathode (ORR) with a large loop indicating sluggish reaction kinetics. As to be
expected, due to the faster HOR kinetics, its impedance loop is notably smaller than for the ORR,
and in real fuel cell experiments, the anode impedance is typically overwhelmed by the cathode
impedance [99]. Their impedances are the parallel combination of the double-layer charging
(capacitance) and the kinetic Faradaic resistance (resistor). The double-layer exists on the
interface between the electrode and electrolyte as ions are absorbed on to the electrode,
generating a non-faradaic current. The electrode becomes charged and a barrier forms which
acts like an insulator e.g. capacitor (Figure 2-2(A)). Factors that affect the double-layer include:
potential, temperature, ionic concentration, oxide layers, electrode roughness and impurity
adsorption. The resistance to charge transfer is associated with the kinetics occurring on the Pt
surface [100], with transfer rates governed by: reaction rates, temperature and concentration.
The diameter of each arc conveys the size of the activation resistance (𝑅𝑓 ) and the frequency at
the apex can be used to determine the double-layer capacitance (𝐶𝑑𝑙 ) using (2-19). Mass
transport resistances, which are a result of species diffusion limitations, are modelled by the
Warburg impedance (2-20) and the Warburg coefficient (𝜎𝑖 ) (2-21). At high frequencies, the
Warburg impedance is low, as the diffusing species do not have to travel far. Adversely for lower
frequencies, the impedance increases and is seen as a 45° angle on the Nyquist plot. It is
assumed for this analogy that the diffusion layer is infinitely thick.
𝑤=
𝑍=

1

(2-19)

𝑅𝑓 𝐶𝑑𝑙
𝜎𝑖
√𝑤

𝜎𝑖 = (𝑛

(1 − 𝑗)
𝑅𝑇

2
𝑖 𝐹) 𝐴√2

(2-20)

(

1

𝑐𝑖0 √𝐷𝑖

)

(2-21)

A complete fuel cell characterisation is obtained by measuring the impedance at different points
on the polarisation curve. As the load increases, the PEFC impedance behaviour will change as
the different overpotential contributions will alter such as high kinetic impedance at low current
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densities and dominating mass transport losses at higher current densities. Operating conditions
will also change the cell impedance and its effects on the different impedances can be easily
isolated with EIS. Impedance can also vary spatially within a cell, with studies using localised
impedance measurements along a single channel observing increased mass transport effects at
lower potentials, resulting in reactant starvation downstream and a reduced local current [101].
Studies on the effects of operating conditions on fuel cell impedance are presented in Chapter 4.

2.2.2. Alternative Impedance Techniques
An electrical stimulation also produces an internal heat generation response. Electro-thermal
impedance spectroscopy (ETIS) detects the spatial location of heat generation in a fuel cell using
lock-in thermography [102] and has also been applied to batteries [103]. In this technique, a
periodic electric stimulus was imposed on the cell over a range of frequencies (100 μHz to 1 Hz).
This resulted in an internal heat generation modulation captured through the surface temperature
response, where heterogeneities corresponded to the current density distribution. A low amplitude
ratio of the surface temperature response to the electrical modulation indicated a greater thermal
impedance of the cell or a lower local current density. A greater differential heat generation term
was significant under higher loading conditions, related to the decreased efficiency of heat
dissipation.
Other impedance techniques applied to electrochemical devices include: (1) thermal impedance
spectroscopy (TIS) as a thermal characterisation tool to determine heat transfer properties,
predominantly used in battery research to obtain thermophysical properties of the cell materials
[104-106]. (2) Electrochemical pressure impedance spectroscopy (EPIS) which investigates the
effect of reactant gas pressure modulation on the electrical response of PEFCs, separating the
effect of water dynamics from reactant starvation under different reactant humidification levels
[107]. (3) Hydro-electrochemical impedance imaging (HECII), which investigates the spatially
resolved water exchange characteristics in PEFCs through neutron imaging to electrical
perturbations, focusing and quantifying the amount of local water generation during the
perturbation, as opposed to water accumulated over time in the system [108].

2.3.

Cyclic Voltammetry

Cyclic voltammetry (CV) is an electrochemical diagnostic technique that characterises the in-situ
catalytic activity of a PEFC [109]. The technique can be accomplished by either a two or threeelectrode arrangement, with a scanned potential applied via. a reference electrode to a working
electrode (Figure 2-3(A)) whilst measuring the current through the counter electrode. For a PEFC,
the anode works as both the reference and working electrode, whilst the cathode is the counter.
Hydrogen and inert gas (nitrogen or argon) is fed to the anode and cathode, respectively. The
resulting current response is captured and presented in a cyclic voltammogram. The
voltammogram provides qualitative information about the relative rates of reaction and diffusion
processes occurring on the cathode electrode surface. It can be segmented by its characteristic
peaks, highlighted in Figure 2-3(B).
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Figure 2-3 – (A) Applied potential scan in CV; (B) typical cyclic voltammogram of an electrode
with Pt catalyst on a carbon support. Alphabetic markers are discussed in the text.
There are two contributions to current flow: constant capacitive charging current of the doublelayer and the non-linear hydrogen adsorption/desorption on the catalyst surface. Position A
characteristically has three peaks attributed to the desorption of hydrogen ions. It is indicative of
the HOR on a Pt surface (2-22), which is typically a very fast process, represented by the TafelVolmer equation.
𝑃𝑡 − 𝐻𝑎𝑑𝑠 → 𝑃𝑡 + 𝐻 + + 𝑒 −

(2-22)

The two discernible peaks, located at approximately 100 and 275 mV, depict the desorption of a
hydrogen layer off Pt(100) and Pt(110) crystal surfaces, respectively, generating a positive
(anodic) current. The higher the current generated, the more Pt sites available for desorption.
Peak currents occur at a potential where all active Pt surfaces are saturated and the mass
transport rates of species are at a maximum, driven by the largest concentration gradient between
the bulk species and those at the electrode surface [110]. There is then a drop in current for
increasing voltage at position B, where only a small capacitive current flows, attributed to the
charging of the double-layer. Position C sees an increase in the anodic current at about 0.8 V
attributed to the formation of a PtO surface on the CL. Voltages above 1 V are avoided during CV
tests to prevent oxygen evolution and carbon oxidation [111].
The voltage reversal from positions D to E generates a negative (cathodic) current as the PtO
layer formed a prior is reduced back to Pt before returning to the capacitive current of the doublelayer. Finally, at position F, the opposite of position A is occurring, where a hydrogen layer is
being adsorbed on the Pt surface. Voltages lower than position G are avoided to prevent hydrogen
evolution at the electrode.
The peaks exhibited at A and F and at C and D should theoretically be identical if the electrontransfer process is fast. However, in reality the diffusion rate of the reactant is faster as the current
takes some time to respond to the applied voltage. The process is deemed partially
thermodynamically irreversible and the peaks are separated. This is amplified for high-scan rates
where the diffusion layer is reduced, resulting in a greater flux of reactant species and higher
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currents are observed [109]. The activity of the catalyst is evaluated based on the voltammogram.
A higher activity will generate a higher peak current and a lower onset potential.
The electrochemical active surface area (ECSA) of the electro-active Pt is calculated by the
electric charge for either adsorption or desorption of hydrogen on Pt (𝑄), the charge required to
reduce a monolayer of protons on smooth Pt (210 𝜇𝐶 𝑐𝑚−2 ) [112] and the Pt loading on the
electrode, presented in (2-23). Common practice is to extract the atomic hydrogen adsorption
charge by integrating the voltammogram between a horizontal straight baseline from the doublelayer capacitance region (~0.4 V) and the maximum cathode current, illustrated in Figure 2-3 (B).
𝐸𝐶𝑆𝐴(𝑐𝑚2 𝑔𝑃𝑡 −1 ) =

𝑄(𝜇𝐶 𝑐𝑚 −2 )
210(𝜇𝐶 𝑐𝑚 −2 )×𝐿𝑝𝑡 (𝑔 𝑐𝑚 −2 )

(2-23)

ECSA results indicate the number of catalyst particles that can be utilised in the reaction;
however, it is only used on a qualitative basis. Although the Pt loading may be stated by
manufactures, the catalyst availability is dependent on its contact with the electrolyte and GDL.

2.4.

Linear Sweep Voltammetry

Membrane durability is monitored by measuring hydrogen crossover rates caused by mechanical,
chemical and thermal mechanisms with significant increases at elevated temperatures and
relative humidity [113]. Oxygen crossover is not considered as it occurs at about half the rate of
hydrogen [114]. Although the membrane is designed to be impermeable to gases, hydrogen
crossover can accelerate membrane degradation and form local pin-holes due to mixed potentials
from side-reactions at the cathode [85].
Linear sweep voltammetry (LSV) is a technique similar to CV, a linear potential scan is applied
between the working electrode (anode) and the counter electrode (cathode) and the current
response is captured. Humidified hydrogen and inert gas are supplied to the anode and cathode,
respectively. The resulting voltammogram (Figure 2-4), observes increasing current response to
the potential sweep, indicative of the oxidation of hydrogen at the cathode. This peak current,
observed below 0.3 V, is used to determine the mass transfer-limited hydrogen crossover rate,
limited by the hydrogen permeation rate through the membrane (2-24).
𝐽𝑥−𝑜𝑣𝑒𝑟 =

𝑖𝑙𝑖𝑚
𝑛𝐹

(2-24)

Potentials above 0.3 V characterise the charging of the double-layer, as presented also in the CV
voltammograms, and thus are not considered for hydrogen crossover evaluation. However,
internal shorts between the electrodes, caused by membrane thinning, can be detected above
0.3 V. The increasing linear current response is inversely proportional to the short resistance, with
larger shorts forming steeper curves [84, 115].
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Figure 2-4 – Voltammogram from LSV analysis of a pristine cell at 35 °C and 75 °C, showing a
higher hydrogen crossover rate with elevated temperatures and a degraded cell at 50 °C with
both a higher hydrogen crossover rate and internal short [84].

2.5.

Current Interrupt

Current interrupt (CI) is a simple technique used to glean the membrane and electrical contact
resistance. The fuel cell current is instantaneously interrupted during operation, the transient
voltage response before and after the current drop is measured and by dividing by the cell current,
the Ohmic resistance is deduced. Whilst the results are the same as the HFR in EIS, they are
obtained at a much faster speed, do not require expensive hardware and can be applied to all
sizes of PEFCs [99, 116]. A high resistance suggests a dry membrane or poor electrical contact
between the PEFC components, such as a lack of compression. Conversely, the lower the Ohmic
resistance, the more optimal the PEFC operation; however, it does not indicate if the MEA is
flooding and thus, other complementary characterisation techniques are required. If CI is adopted
during operation, it can trigger a feedback loop in the control system to either cool the cell down
or increase the reactant humidification.

2.6.

Current Mapping

Current distribution mapping reveals the dynamic in-situ cell behaviour that is unobtainable
through polarisation analysis, which provides a singular global value. The current distribution
across the active area is highly heterogeneous, attributed to operating conditions and degradation
mechanisms [117-119]. Studies have observed increased performance variation due to: MEA
ageing [120]; inefficient operating conditions, discussed further in Chapter 7; poor flow field design
[121]; local voltage reversal at the anode outlet due to fuel starvation [122, 123]; and heat
generation due to undesirable internal currents [124]. Capturing the current distribution can
uncover a breadth of internal knowledge instrumental to cell design. Regions of low and high
density skew can be associated with performance inefficiencies and when current mapping is
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coupled with other techniques, the effects of various operating parameters and PEFC phenomena
can be investigated.
Current distributions are captured at high resolutions using a myriad of technologies including
segmented printed circuit boards (PCB) [125, 126], Hall effect sensors [121] and shunt resistors
[127]. PCB plates were first introduced to the anode flow plate by Cleghorn et al. [128] followed
by Brett et al. [125] for the cathode. Flow fields are etched directly onto the PCB plate, utilising
individual loads for each segment. Depending on the design, MEA segmentation might be
required, which involves dividing the electrode into smaller electrodes so the voltage, current and
resistance can be independently monitored [129] but this has fallen out of practice as it can
significantly change the cell operation [117]. Brett et al. built an array of 100, 4×2 mm2 current
collector electrodes with plated-through-hole (PTH) electrical connections mounted to a flow fieldetched cathode PCB housing [125]. Each segment was individually controlled potentiostatically,
without MEA segmentation, to prevent lateral current flow and ensure the measurement readings
were local. The effects of introducing air reactant into a single flow channel by the cathode inlet
was studied in real-time (Figure 2-5).

Figure 2-5 – Current response to air introduction in a single flow channel in real-time with
position 0 m as the cathode reactant inlet [125].
The local response was rapid, reaching a constant current after 2 s along each position in the
channel. The initial delay between air introduction and current response was due to the diffusion
of reactant to the CL. An approximate linear decrease in current is exhibited away from the
cathode inlet due to the change in O2 concentration as it is depleted across the channel.
Advancements in technology have greatly improved the resolution of mapping devices. An array
of Hall-effect sensors or shunt resistors are integrated into a PCB-plate, coated in a solid epoxy
resin layer, with individual gold-plated contact segments to measure the local current. A
multiplexer sends the shunt signals to an amplifier and analogue-to-digital (ADC) converter which
is sent to the computer for analysis. The segmented plate can be placed behind the flow plate to
map the anode, cathode or current flow between cells in a stack. The sensor plate used in this
thesis is discussed further in Chapter 3.
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Geske et al. designed a passive resistor network that was placed between cell 2 and 3 in a 5-cell,
200 cm2 PEFC stack [127]. The sensor unit was composed of a matrix of 112 low-Ohmic shunt
resistor sensors that measured the potential drop between two flow plates to study current flow.
Shunt resistors are able to gather higher resolution data compared to Hall-effect sensors due to
their small dimensions; however, major issues include the loss of resolution from in-plane currents
and non-uniform contact between the network and the plates [130].

2.7.

Thermal Mapping

The temperature distribution within a PEFC is rarely isothermal [6], with heterogeneities across
the MEA and between cell components. This is predominantly due to: heat generated through the
electrochemical reaction [44, 131]; heating or cooling systems [132]; reactant flow [45, 133]; the
water distribution which can lower the local temperature [134, 135]; and environmental conditions
[136]. Thermal measurement devices are either in-situ (sensor plates) or ex-situ (infrared thermal
imaging). Typical PEFC temperature monitoring is usually done via. insertion of a single or array
of temperature sensors e.g. thermocouples, which requires cell modification and lacks spatial
resolution across the cell and less with stacks. To study PEFCs and their causes of failure, nondestructive testing techniques must be adopted. A review of thermal mapping technologies are
discussed in this section along with a brief outline of heat generation in PEFCs.

2.7.1. PEFC Heat Generation
Heat generation within a fuel cell is a complex phenomenon requiring effective thermal
management to maintain cell temperatures. It is dependent on the operating voltage, local current
density, environmental conditions, PEFC materials of construction and active area size [63]. For
all electrochemical systems, heat generation is governed by two terms: the reversible entropic
heat generation (𝑄𝑟𝑒𝑣 ) and the irreversible heat due to Ohmic heating and kinetic overpotentials
(𝑄𝑖𝑟𝑟𝑒𝑣 ), (2-25 – 2-27).
𝑖

𝑄𝑟𝑒𝑣 = (−𝑇∆𝑆)𝑛̇ 𝐴 = (−𝑇∆𝑆)
𝑄𝑖𝑟𝑟𝑒𝑣 = [−

∆𝐺
𝑛̇ 𝑒 𝐹

− E] 𝑖 = [−

𝑄𝑡𝑜𝑡 = 𝑄𝑟𝑒𝑣 + 𝑄𝑖𝑟𝑟𝑒𝑣 = 𝑖 (

∆𝐻−𝑇∆𝑆
𝑛̇ 𝑒 𝐹

−∆𝐻
𝑛𝐹

(2-25)

𝑛̇ 𝑒 𝐹

− E] 𝑖

− E)

(2-26)

(2-27)

Heat (𝑄) is defined as the total energy of molecular motion whereas temperature (𝑇) is the
average energy of molecular motion. They are related by (2-28), incorporating the media’s mass
(𝑚), and its specific heat capacity at constant pressure (𝑐𝑝 ) for a steady-flow system [137]. There
are three forms of heat transfer: conduction, convection and radiation.
𝑄̇ = 𝑚̇𝐶𝑝 ∆𝑇

(2-28)
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When modelling the heat transfer through an energy balance (2-29), the reactants, products and
electricity generated must be considered, including their temperatures, humidity and pressures
(Figure 2-6). 𝑄𝑑𝑖𝑠 is the heat dissipated to the surroundings, 𝑄𝑐 is the heat removed by active
cooling and 𝑊𝑒𝑙 is the electricity generated.
∑ 𝑄𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 − ∑ 𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 = 𝑊𝑒𝑙 + 𝑄𝑑𝑖𝑠 + 𝑄𝑐

(2-29)

Figure 2-6 – PEFC stack flow chart for energy and heat transfer analysis.
Of the hydrogen fed into the PEFC system, approximately 45% of it is generated into waste heat.
From that heat generation: ~2% is removed by the exiting fluid, raising its temperature; ~5% is
used internally by the PEFC to evaporate water; <1% is removed from the PEFC surface to its
surroundings by natural convection or radiation; and the rest is removed by forced convection,
promoted within the cooling channels [138, 139].
Within a PEFC, conductive heat transfer occurs via. the direct contact of solid materials, for
example, between the membrane, CL, GDL and flow plates. They are governed by Fourier’s law
for the heat transfer of a single body (2-30) [6].
𝑘𝐴
𝑄̇ = − 𝑐 (𝑇2 − 𝑇1 )
𝐿

(2-30)

Thermal conductivity (𝑘) is the measure of heat transfer resistance in a material and is assumed
to be constant under the typical low operating conditions of a PEFC. Thermal conductivity is
assumed isotropic in most PEFC materials except for FR4 in a PCB-FC [25]. Solids, particularly
metals, are better heat conductors than gaseous species due to the tighter compaction of
molecules in a physical space, increasing opportunities of heat transfer through collisions. The
thermal diffusivity (𝛼) defines the rate of heat diffusion through a material (2-31).
𝛼=

𝑘
𝜌𝐶𝑝

(2-31)

Convection is the dominant mode of heat transfer between a solid and liquid or gas, where the
fluid motion directly contributes to the energy transfer [137]. Forced convection is attributed to the
movement of fluid with mechanical agitation, e.g. fan blowing air or an imposed pressure
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difference, whereas natural convection is due to the difference in density between hotter and
colder regions. Newton’s law of cooling applies (2-32), and is reliant on the heat transfer
coefficient (ℎ), an experimentally derived parameter independent of the fluid properties.
𝑄̇ = ℎ𝐴𝑐 ∆𝑇

(2-32)

Figure 2-7 presents a detailed schematic of the temperature profile and heat generation within a
single cell, highlighting the regions of conductive and convective heat transfer. Irreversible heat
is produced at the electrodes and ejected outwards through convection and conduction. The heat
transfer model can be represented by an electrical analogy, in which case the thermal contribution
of each cell component in Figure 2-7 would be additive as a series circuit.

Figure 2-7 – Temperature profile, heat generation and transfer processes of the individual
layers in a PEFC during operation (adapted from [140]). Dimensions and gradients not to scale.
These thermal models assume 1D heat transfer, which is rarely exhibited in real systems;
however, it greatly simplifies analysis. Perfect thermal contact is assumed between the bodies
whereas an additional contact resistance should be added for each boundary layer which
contributes an additional heat drop, caused by rough surfaces and trapped gases [137].

2.7.2. Infrared Thermography
Thermal imaging is a non-invasive, non-destructive and non-contact measurement technique for
analysing the surface temperature of materials. All objects emit infrared radiation at a temperature
above absolute zero (𝑇 > 0 K), which the human eye cannot detect due to the longer wavelengths
at a higher band region of 0.78 µm - 1 mm [141, 142]. Thus, an infrared imaging device is required
to process the recorded thermal waves into electrical signals and produce a thermogram.
Thermograms are false images where each infrared energy level recorded is assigned a colour
(Figure 2-8). The intensity of emitted thermal radiation is a function of the material’s temperature
and is an accurate tool for developing a thermal map of the material’s surface. The individual
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images are compiled together to produce films, showing the dynamic or transient operations of a
system. This form of imaging is used for a variety of applications: investigating defects in materials
[141], heat loss diagnostics from buildings [143] and in the medical sector to monitor patients
[144].

Figure 2-8 – Thermogram of a 175 W, open-cathode Horizon PEFC stack when operating at its
maximum current density and a low fan cooling.
Thermography can provide a visual representation of the operation of various electrochemical
devices including fuel cells, which are sensitive to temperature [44]. Ideally, PEFCs would operate
in isothermal conditions to facilitate even reactions across the electrode surface and maintain a
level of hydration required in the membrane. Water transport is directly linked to temperature; too
high a temperature may dry out the membrane, whereas low temperatures could cause flooding
[5]. Defects created during manufacturing, uneven compressions and uneven gas flow can also
produce varying temperatures across the cross-section of the fuel cell, as displayed in Figure 28. In this example, heat spots can be clearly seen, with a temperature difference across the stack
of more than 20 °C. However, this form of imaging, whilst indicating that there is an issue with the
fuel cell, does not exactly pinpoint the coordinates of the problem and alternative techniques are
required to spatially map the temperature. IR transmission windows can be integrated into the
PEFC endplates to allow direct imaging of the flow field. They must be constructed from materials
that will not interfere with IR readings by reflections, such as IR light-transparent barium fluoride
[145] or zinc selenide [146].
In a thermal imaging camera, a cooled IR detector in a vacuum-sealed case converts the incoming
radiation from the target object, using the Joule-Thomson effect, to produce a thermogram. The
semiconductors in the detector are cryogenically cooled to 60-100 K to single out the incoming
radiation using Stirling coolers and produce clearer images than uncooled detectors [147].
Uncooled detectors are monetarily cheaper as they process the incoming radiation by measuring
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changes in voltage, current or resistance using a sensor made of pyroelectric or ferroelectric
materials. Most modern cameras have a 2D array of nitrogen-cooled quantum detectors, made
from InSb or HgCdTe and are focal plane arrays (FPA) with quartz stabilised frame-rates. The
pixel array converts the incoming IR radiation into an electrical signal and further into digital
values.
When atoms of different energy levels collide, there is an exchange of kinetic energy from the
‘hotter’ atom to the ‘colder’. This elevation in energy levels causes an electron in the atom to move
to a higher energy orbit, thus becoming unstable. To stabilise, this electron releases some of its
energy and a photon to return to its original orbit. The energy of the photon is equal to the energy
difference in the electron states and determines the wavelength of the emitted electromagnetic
wave. The narrow-gap semiconductors in the detector are induced by this radiation and undergo
a change in the free charge carrier concentration. The current response of the detector (2-33), is
determined by the quantum efficiency of the semiconductors and the flux of incident photons,
after a minimum energy has been reached known as the cut-off wavelength [148]. This minimum
energy wavelength is determined by the bandgap between the valence and conduction bands of
the semiconductor.
𝐼𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 = 𝐶1 𝜂𝜆

𝜙𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
ℎ𝑐

(2-33)

The produced thermogram can be misinterpreted due to influences of: radiation from nearby hot
bodies to the target object which is reflected into the camera; the camera optics; and the IR
windows. The IR sensor is not sensitive over the whole spectral range and must be refined to the
temperature range that will be expected. The magnitude of these contributions will depend on the
material of the target object and its surface structure, described by the parameter emissivity.
Additionally, the phenomenon labelled the Narcissus effect occurs due to the reflection of the
camera on to the object itself which can lead to misleading temperature values [149]. Most of
these parameters can be adjusted from the raw detector data by the camera’s editing software.
There are two different approaches to infrared imaging [141, 150]:


Passive - radiation emitted from an object’s surface is measured without any external
heat simulation. The computation of temperature depends on the internal camera
calibration and the emissivity of the radiating object, which is not always known a prior.



Active - an external stimulus is imposed on the target object resulting in heat propagations
that are detected on the surface. Thermal contrasts will unveil the sub-surface structure
of the material.

Whilst passive imaging, also known as steady-state thermography, will be used occasionally to
monitor the temperature across the surface of electrochemical devices, active imaging will be the
main focus and its sub-surface defect detection capabilities during operation.
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2.7.3. Fundamentals of IR Thermography
Infrared radiation is a function of temperature; the higher the temperature of a target material, the
greater the intensity of emitted radiation and the shorter the IR wave it propagates [142]. When
emitted radiation (𝜑) falls on a surface, there are only three paths for it to take: absorption (𝛼)
transmission (𝜏) or reflection (𝜌). They obey the 1st law of thermodynamics for energy
conservation (2-34).
𝜑𝜌 + 𝜑𝛼 + 𝜑𝜏 = 𝜑

𝜌+𝛼+𝜏 = 1

(2-34)

Planck’s law of thermal radiation defines the magnitude of spectral radiance (𝑀𝜆,𝑇 ) as a function
of wavelength and temperature (2-35).
𝑀𝜆,𝑇 =

2𝜋ℎ𝑐 2
𝜆5

[exp (

ℎ𝑐
𝜆𝑘𝑇

) − 1]

−1

(2-35)

This law is valid for a blackbody, an object which absorbs all incident electromagnetic radiation
regardless of wavelength or direction and in turn, re-emits this radiation isotropically [141]. In
reality, blackbodies do not exist as all materials emit a certain percentage of radiation, defined by
the material emissivity. Kirchhoff’s law states that as the processes of emission and absorption
are simultaneous, if an object is at thermal equilibrium, the amount they emit must equal what
they absorb [142]. The closest form to a blackbody is a hole in a wall of a surface at a constant
temperature, where the depth of the crevice must be at least six times the diameter of the hole
[141]. Within this hole, incident light is either infinitely reflected or absorbed.

Figure 2-9 – (A) Radiance of blackbodies at temperatures between 0 °C to 150 °C; (B) peak
wavelength of emitted thermal radiation from a blackbody and the temperature ranges for
PEFCs and SOFCs.
A graphical representation of Planck’s law (2-35) in Figure 2-9(A), shows that at higher
temperatures, radiance increases but shifts to shorter wavelength emissions so that the camera’s
scanning region must be altered to this wavelength range to obtain thermograms. The spectral
distribution functions all have a positive skew; thus, most of the radiation is emitted at the lower
end of the spectrum. Objects above 500 ºC emit radiation that is visible to the human eye as
emitted wavelengths fall under the visible spectrum of 400-700 nm [142].
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If Figure 2-9(A) is converted into a logarithmic graph, a line connects the maximums of the
Planck’s curves, defined by Wien’s displacement law (2-36), which is then used to plot Figure 29(B) [148]. PEFCs operate between 20-80 ºC, so emitted wavelength ranges are expected
between 8-10 μm, but these values are only valid for blackbodies.
𝜆𝑚𝑎𝑥 (𝜇𝑚) × 𝑇(𝐾) = 2897.8

(2-36)

The emissivity of a material (ε) is defined as the ratio of the amount of radiation emitted from the
surface of an object to that emitted by a blackbody at the same temperature. Values range from
0 to 1, where an emissivity of 1 is for a blackbody where all absorbed radiation is re-emitted. This
parameter is multiplied with the blackbody radiation to compute the real thermal emission.
Figure 2-10 compares the spectral hemispherical emissivities and thermal radiations of
blackbodies, graybodies and selective emitters. Graybodies are materials with constant emissivity
values below 1 and are independent of wavelength [151]. Selective emitters have varying
emissivity with wavelength and thus are greatly dependant on it. In practical applications, constant
emissivity values for materials are assumed except when dealing with substances such as gases
or plastic foils, which behave like selective emitters [142]. Emissivity also varies with temperature
for many materials, but this can be neglected for the operating range of the PEFC. Water can
absorb IR radiation and thus can be seen in thermograms. However, the deeper the water, the
more it suppresses IR transmission in the camera’s spectral range [142].

Figure 2-10 – (A) Spectral hemispherical emissivites and (B) its corresponding thermal radiation
for blackbodies, graybodies and selective emitters (adapted from [142]).
Typical IR thermography would image a sample constructed of varying material compositions with
varying emissivity across the image. Accurate thermograms are thus difficult to obtain due to the
precision required for post-image processing to differentiate all the different materials. Coating
the material in black matt paint greatly improves the images taken as it produces a uniform
emissivity surface for the IR camera to study from, that is close to a blackbody. However, this
defeats the purpose of non-destructive testing.
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2.7.4. Lock-In Thermography
Lock-in thermography is a powerful, non-destructive diagnostic tool that is utilised in the
aeronautical [152, 153], solar panel [154] and electronics field [155-157] to image sub-surface
defects and material fatigue. It measures changes in the surface temperature to an imposed
external thermal stimulation with a thermal imaging camera. Its rapid inspection of large areas
and use of lab-based equipment renders it useful for those requiring information about a sample’s
internal structure. Pulsed thermography is similar to lock-in, where a pulsed heat flux is generated
on the surface of the sample e.g. flash lamp causing a pulsed irradiation of IR light. Whilst
experimental times are shorter with pulsed thermography, its inability to image temperature
modulations below the noise level of the camera excludes it from this work [151]. The sensitivity
of lock-in compared to other thermal imaging approaches is improved due to the averaging nature
of the technique and is emissivity independent [158].

Figure 2-11 – Annotation of the phase shift seen through surface temperature fluctuations to
the initial excitation due to differing material thermal diffusivities (𝛼), represented by the three
colours. In the case of a PEFC, the red wave (1) represents the cell body if it were made of
metal, which is the area outside the region of interest. Blue (2) and purple (3) is the water and
air inside the flow field respectively.
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Lock-in thermography utilises differing thermal properties of matter to detect internal structures or
material change in objects of interest. A sinusoidal thermal excitation is applied to the target
material in either heat or electrical form. This heat ‘wave’ or response propagates through the
object via conduction or convection and is detected as a time-varying temperature signal of the
same frequency as the stimulation, using a thermal imaging camera [159]. Thermal properties of
the propagated material, such as heat capacity, hinder the flow of heat transfer [151], resulting in
a phase shift between the excitation signal (input perturbation signal) and the detected thermal
response (output measurement signal) (Figure 2-11). An excitation signal applied across a single
isotropic material would yield an output signal with uniform phase delay across the plane of
interest. In the case of a PEFC, the presence of different components such as flow fields and
water will locally alter the phase shifts and amplitude response and allow internal mapping.
Thermal cameras with lock-in capability (or suitable post-processing) filter each pixel and by
comparing the amplitude and phase delays of the output signal to the initial perturbation,
ampligrams and phase shifts are produced [151]. Dynamic equilibrium of the system must be
established prior to recording, with only a small thermal perturbation required to be detectable by
the camera, without disturbing PEFC operation.
Evaluating different depths within the PEFC can be theoretically achieved by varying the lock-in
frequencies. Propagating thermal waves can only travel a certain material depth before their
signal is dampened due to the diffusive process of heat conduction [160] and this signal reduction
is dependent on the excitation frequency and the energy carried by the excitation [161-163]. The
thermal diffusion length (𝜇), is used to calculate a rough imaging penetration depth based on the
thermal properties of the sample (2-37). The lower the excitation frequency, (i.e. longer
perturbation period), the further the depth of imaging from the surface. Thus, the material structure
can be analysed by ‘slices’ with varying modulation frequency [164].
𝑎𝑑𝑖𝑓𝑓 (𝑚2 𝑠 −1 )

𝜇(𝑚) = √

𝜋×𝑓(𝑠 −1 )

(2-37)

Variations in the lock-in thermography approach have been applied to electrochemical devices.
New and aged Li-ion pouch cells were imaged by periodically pulsing the current and were able
to detect cracks and gas pockets [103]. Electro-thermal impedance spectroscopy (ETIS) was the
first reported use of lock-in thermography on a PEFC single cell, to pinpoint and visualise the
location of heat generation within the cell [102]. A periodic electrical stimulus was induced during
operation, thus altering the rate of heat generation in the cell due to the altered rate of
electrochemical reaction. However, there has yet to be a report of the application of lock-in
thermography whereby an external thermal stimulation is used to interrogate the internal
structural/compositional factors in electrochemical systems.

2.7.5. Internal Thermal Mapping
Mapping the internal PEFC thermal distribution provides detailed characterisation compared to
single value thermocouples or surface thermal imaging. Measuring the temperature as close to
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the CL as possible is desired, avoiding the effects of heat dissipation, to understand how
temperature impacts local kinetics and water distribution. The overall temperature distribution can
identify areas of high current density, hot spot formation and operational inefficiencies.
Thermal mapping at the GDL has been executed by inserting an array of thermocouples or
thermistors into the flow field plate [124, 165]. This requires significant cell modification which
impacts the performance, rendering it incomparable to real operation. An alternative method is to
map the back of the bipolar plate and if it is thin enough, an accurate description of the thermal
distribution across the MEA can be captured without affecting performance. This array of
thermistors can be integrated into the same sensor plate discussed in Section 2.6 to
simultaneously map the current and temperature distribution in the PEFC.

2.8.

Water Mapping

Effective water management is one of the most challenging aspects of fuel cell design and
operation. Mapping the water distribution provides a direct indication of its performance both
locally and over time. It is a delicate balance between water and vapour at typical PEFC operating
conditions.

H2 in
Air, in

H2 out
Air, out
H2 in
Air, out

H2 out
Air, in

Figure 2-12 – Neutron radiographs of the water distribution in a 25 cm 2 PEFC with 3-parallel
serpentine bends for varying current densities under co- and counter-current flow (adapted from
[166]). Humidified H2/air feed at 70 °C cell temperature and 100 kPa backpressure. Gas inlet
and outlet ports labelled.
X-ray radiography and tomography have been used to obtain high spatial resolutions down to ~1
μm with typical exposure times of 1 s to map water content within the MEA and flow field channels
[167-170]. Raman spectroscopy has resolutions of 25-50 μm and has been employed to
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investigate membrane swelling [171]. Optical techniques have also been used to map water
distribution by using transparent windows in the bipolar plates to observe water droplets within
the cell [172] but this has proven to affect the cell compression due to the different endplate
structure, thus altering the cell performance and water distribution.
Neutron radiography and tomography is highly sensitive to water in operating fuel cells and has
been used extensively to investigate operational parameters [173, 174], cell designs [175], coldstarts [176, 177] and stacks [178, 179] at high resolutions in both through-plane [180] and inplane orientations [176, 181]. Neutrons interact with the nuclei of atoms via absorption to form
radioactive isotopes or by scattering from collision with high sensitivity to light elements such as
hydrogen [182]. Neutron sources, either nuclear fission reactors or spallation sources, are chosen
based on the required flux for imaging with low exposure times. For PEFC imaging, cold neutrons
are preferred as they provide higher attenuations for water (3-5 cm-1) and have a higher probability
of interaction [183].
Increasing the current density results in an almost linear increase in water production [184-186].
Neutron imaging in both the through-plane and in-plane directions reveal varying water ‘thickness’
across the cell [75]. Water typically collects under the lands where GDL porosity is reduced by
the ‘crushing’ effect of the flow field [38, 187]. Water is either transported to the channels, where
it can coalesce and exit the cell [180, 188] or pass between electrodes through the membrane
[189].
The effect of flow direction on the PEFC water distribution was investigated by Kim et al. using a
25 cm2 cell with a 3-parallel serpentine design [166]. Water distributions were increasingly skewed
along the flow channels towards the outlets, with greater non-uniformity in co-current flow (both
outlets in the same position (Figure 2-12)). The effects of gravity were not considered in their
study; however, studies by Morin et al. utilising small-angle neutron scattering found that gravity
retains water in the cell when the gas is flowing upwards, which leads to better membrane
humidification [190]. A study by Wu et al. using a self-heating 25 cm 2 cell revealed that the water
management is significantly affected by the number of serpentine channels at the cathode (Figure
2-13) [31]. Single-channel serpentines exhibited the best performance and water distribution
uniformity but require a much higher parasitic power to recirculate reactants due to significant
pressure drops in the flow field. Severe flooding was observed in the quad-channel serpentines
which resulted in large voltage fluctuations. Water accumulation was predominantly seen in the
180° bends, skewed towards the cathode outlet and for quad-channel designs, predominantly in
the final bends. With increasing current density above 400 mA cm -2, the total quantity of liquid
water decreased by up to 43% as the effects of self-heating had dried the cell.
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H2 out

Air,
in

Air,
out

H2 in

Figure 2-13 – Neutron radiographs showing averaged liquid water thickness distribution in
single-channel, double-channel and quad-channel serpentine flow field during constant current
operation (10 min) at (A) 200 mA cm -2 and (B) 400 mA cm-2. Dashed red lines correspond to
anode features and solid green lines to cathode (adapted from [31]).
Whilst these imaging techniques are extremely powerful, they require either specialist equipment
access which limits the experimental time, or cell modification that can render them ‘artificial’ or
not representative of technological systems. Water mapping diagnostic techniques that can be
utilised in lab-based studies must be developed.

2.9.

Pressure Mapping

The assembly process of a single PEFC and stack requires sufficient contact pressure between
the plates to ensure gas sealing, adequate MEA compression and good electrical contact
between the current-carrying plates [37, 191]. It is a crucial design procedure that requires
optimisation before cell assembly. Pressure-sensitive films have been employed with
electrochemical devices to investigate the effects of: bolt torque [192, 193], clamping mechanisms
(bolt torqueing vs. hydraulics) [194, 195], disc springs [196], endplate thickness (Figure 2-14)
[197] and bolt positioning for single cells and stacks [198]. The drawbacks of using thin films are
that they can only be used once (pressure activated) and require assembly and disassembly of
the cell.
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Figure 2-14 – Contact pressure distribution over the MEA using pressure-sensitive thin films
with stainless steel endplates of (A) 30 mm and (B) 50 mm thickness (adapted from [197]).
There is a lack of contact in the centre of the MEA as cell compression is not well distributed
with 30 mm stainless steel endplates.
Piezoresistive sensor arrays have the added benefit of providing in-situ pressure measurements
in real-time. The array is embedded into a thin, flexible and reusable sensor sheet that can be
designed into different shapes and pressure ranges. Montanini et al. simultaneously observed the
real-time clamping pressure distribution and endplate deformation to find the optimal assembly
torque [199, 200]. Gatto et al. placed the pressure sensor between the electrodes in a PEFC to
find that a more rigid gasket resulted in a lower force distribution of the GDL [201]. The utilisation
of these pressure mapping is crucial for obtaining the optimal PEFC assembly procedure and little
work has combined it with other diagnostic techniques.

2.10.

Combined Diagnostic Techniques

Due to the complexity of PEFC performance phenomena, diagnosis requires an amalgamation of
diagnostic techniques that allow the evaluation of the phenomena whilst separating their
respective impacts on cell performance. Understanding how the electrochemical performance of
a PEFC and its temperature and water distribution are all intrinsically related is crucial to unlocking
durability obstacles, in addition to their behaviour for different operating regimes and cell designs.
Combined current and temperature distribution mapping has been used in abundance in the last
20 years [117, 118]. Areas of higher electrochemical activity can be linked to local heat
generation, where the higher temperature enhances kinetics and alleviates flooding effects.
Alternatively, hot-spots in regions of low current could be a result of membrane degradation and
pin-hole formation [202], indicating severe local membrane dehydration. Combined current and
thermal mapping has been applied to the central cell of an open-cathode, air-cooled, 5-cell stack
[132]. The cross-flow configuration produced high current results at the intersection of both
reactant inlets with a gradual drop towards the outlets. Temperature distributions followed the
current profile, relating to heat generation, except at the inlets where colder dry gas was
introduced. Current and temperature mapping have also been applied to a 250 cm2, 3 kW closedcathode stack operated with a cooling system [196]. The current distribution improved with
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increasing clamping pressure, with high currents passing through areas with greater contact
pressure. Current distributions were more sensitive to air flow rate than hydrogen and the
configuration of air-coolant-hydrogen in co- and counter-flow created pocketed areas of high
temperature and low humidity.
Coupling current and temperature mapping with water observation tools elucidate their complex
relationship [146, 173, 203]. The hydro-electro-thermal performance map (Figure 2-15) was
produced using a current and temperature mapping sensor plate at a neutron facility by Meyer et
al. [179]. From these maps, a range of analyses can be deduced including local dehydration or
flooding caused by temperature distributions and its effect on spatial performance to deduce the
optimal operating point for maximum efficiency.

Figure 2-15 – Electro-thermal and hydro-thermal performance map of an air-cooled, opencathode PEFC (adapted from [179]).
The high-resolution current measurement capabilities of these mapping devices can be
conveniently coupled with electrochemical techniques. Local CV and LSV measurements
produce spatial ECSA and hydrogen crossover maps that can be correlated with the deterioration
of performance observed in the current and temperature maps. A limited number of studies have
utilised this, observing higher crossover rates at the anode inlet [204, 205] and greater ECSA loss
at the outlets [206], but provide little critical discussion. This simple diagnostic technique can
simultaneously capture performance distributions and MEA deterioration throughout corrosion
studies, without disassembling the fuel cell.
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Localised EIS has been successfully demonstrated across the literature [101, 131, 207-209]. Brett
et al. measured the impedance along a single straight channel (Figure 2-16) [101]. The effect of
varying mass transport (from reactant consumption) and membrane hydration (inlet gases
humidified) resulted in a heterogeneous impedance along the channel. This information is
unobtainable through single-point EIS, which assumes the fuel cell is a 2D system of
homogeneous operation and would require obtrusive or expensive equipment to measure
otherwise, such as local humidity probes or neutron facilities.

Figure 2-16 – Complex plane EIS plots as a function of distance along the channel at cell
potentials of (A) 0.8 and (B) 0.6 V (adapted from [101]).
Combining conventional electrochemical diagnostic techniques with current and temperature
distribution mapping uncovers a breadth of knowledge when studying mechanisms for
heterogeneous cell behaviour. The results can further augment knowledge on the intricate
relationships between operating conditions and local degradation rates, to aid in design
development.
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Chapter Three

PEFC Design and Experimental Set-up
The design, manufacture and assembly of the in-house PEFC systems are presented in this
methodology section. The evolution of developing the workstations are discussed in detail so that
the diagnostic techniques can be replicated. The operating conditions and diagnostic parameters
used in each study in Chapters 4-8 are discussed here.

3.1.

Membrane Electrode Assembly Preparation and Conditioning

MEAs were prepared individually using lab-based equipment. The MEA consisted of a 15 μm
GORE Select polymer membrane (M820.15, GORE) with two 230 μm thick GDLs (Freudenberg
H23C9) containing a 15 μm MPL layer and 0.4 mg cm -2 Pt loadings (HyPlat) placed on either side
of the membrane. GDEs were hand-cut using a stencil to the required active area size and
geometry. Membranes requiring manifold and bolt holes were stamped out using a laser cutter
(HPC Laserscript). To ensure correct alignment of the MEA layers before hot-pressing, woven
Teflon fabric (Tygaflor, Saint-Gobain) with laser-cut MEA spacing and manifold holes were used
as a stencil, Figure 3-1(A). The MEAs were sandwiched between steel platens and hot-pressed
for 3 min at 150 °C with compression of 2.75 MPa (Carver Inc. 4122CE). Kapton film sheets
(DuPont) were placed between the MEA and steel platens to prevent GDL damage by the plates.

Figure 3-1 – (A) MEA assembly prior to hot-pressing using Teflon fabric sheets as a stencil for
MEA alignment; (B) effects of the conditioning protocol on cell performance and the increase in
performance with cycle number at 0.5 V.
The same MEA components and conditioning protocols were employed for all experiments to
ensure an accurate global comparison for: different MEA sizes, operational strategies, PEFC
designs and degradation studies. The assembly of a fuel cell and the optimal MEA compression
presents a crucial step to achieving maximum performance and avoiding irreversible
morphological damage [37, 187]. The assembly of MEAs for each in-house system is outlined in
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Section 3.2 and their optimal compression is deduced using pressure mapping techniques
(Chapter 4), torqued to achieve an MEA compression of ~0.5 MPa.
The conditioning protocol applied at the beginning of an MEA’s life will ultimately define the
maximum extractable performance. Prior to PEFC employment of a fresh MEA or a cell that has
been unused after a considerable time, sufficient conditioning must be applied to ‘activate’ the
MEA. To condition the MEA, reactant gases at 100% RH were fed to the system at room
temperature with no active cell heating. The current density was incrementally ramped up to 1 A
cm-2 and held for 15 min. 10 voltage sweeps were performed to temperature cycle the MEA
between 0.8 to 0.5 V at 0.05 V increments for 60 s each.
A gradual performance improvement is exhibited during conditioning (Figure 3-1(B)), related to
physical changes in the MEA [210] until performance stabilised. Note that the conditioning
protocol applied in Figure 3-1(B) did not include the initial galvanostatic hold at 1 A cm -2 and thus,
more cycles were required than usual to condition the MEA. A range of conditioning protocols
have been published in order to unify global testing, such as the US Fuel Cell Council (USFCC)
protocol [211]. They were not adopted in this thesis because work had already been published
with the conditioning protocol outlined above and to keep the results comparable, the conditioning
protocol was upheld.

3.2.

Cell Design

This section outlines the design and manufacture of the in-house PEFCs with a discussion on
design improvements.

3.2.1. Printed Circuit Board (PCB) Cells
The PCB-FC (Figure 3-2) was constructed from flame-retarded plastic layers (FR4, ZOT) either
with or without copper layers for current collection. 0.2 mm thick FR4 endplates were used to seal
the back of each flow plate. Double-serpentine flow channels, 0.5 mm deep and 1.1 mm wide,
were milled into 1 mm thick FR4 plates with copper layers for the anode and cathode, constructed
in a counter-flow configuration, which promotes more homogeneous membrane hydration [190].
Inlet and outlet manifolds, 0.5 mm deep, were milled on the back-side of each flow plate to connect
the flow channels to the main gas supply. The copper layer was nickel (Balco Engineering) and
gold-coated (Spa Plating) using in-house electro-plating to a thickness of 5 μm to improve
corrosion resistance.
Epoxy resin ‘prepreg’ (Arlon EMD) sheets were used to irreversibly fuse the layers together and
provide suitable compression to the MEA. Prior to hot-pressing, they were kept in a vacuum for
24 hours to remove any moisture and ensure proper bonding. Once cured, each sheet of prepreg
layer measured ~70 μm in thickness. Both the endplate and flow plates were cut using a CNC
machine (Modela MDX-40, Roland) and the prepreg stamped out to include the MEA spacing and
manifolds using a laser cutter.
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The fuel cell components were assembled as shown in Figure (3-7(B)) between pieces of Tygaflor
and placed between two steel platens that provided even compression during heating. Alignment
pins were used to prevent the layers from moving. The assembly was evenly hot-pressed
(Bungard Elektronik) for 1 hr at 140 °C and 1.2 bar (0.12 MPa) clamping pressures, as dictated
by the prepreg curing requirements and the total surface area of compression. Overall cell
thickness was ~2.5 mm which is a significant reduction from conventional PEFCs.

Figure 3-2 – (A-D) Evolution of the 9 cm 2 PCB-FC flow plate design, illustrated as X-ray
drawings (manifold at the back of the plate). Dimensions are provided in mm with the channel
(C:), land (L:) and manifold (M:) dimensions provided for each design.
Various iterations of the PCB-FC were manufactured and tested, with the four largest changes
presented in Figure 3-2. The low thermal conductivity of FR4 resulted in rapid over-heating at
moderate current densities (~1 A cm -2) as heat generated was insufficiently removed by surface
convection, resulting in several damaged MEAs even during conditioning. Active cooling with a
fan allowed higher current densities to be reached; however, issues such as pin-hole formations
remained. Thus, the entire geometry of the cell was made thinner and smaller (Figure 3-2(A) to
(B)) to aid in heat ejection rates, which enhanced the performance drastically. The alignment pin
inserts were still required on the edges for the hot-pressing process, but were removed after
curing. Wider manifold dimensions compared to the flow channel resulted in greater exiting gas
bypass of the water droplets, without the same ‘flushing out’ effect as in the active flow field, thus
manifold channel dimensions were reduced from 3.32 mm to the 1.1 mm width of the flow
channels (Figure 3-2 (B) to (C, D)). A double-serpentine geometry with thicker channels is more

46

Chapter Three - PEFC Design and Experimental Set-up

effective at water removal than the single-serpentine in a counter-flow orientation as they impose
lower pressures drops and better gas supply to the MEA [212].

3.2.2. 25 cm2 PEFC
Two iterations of PEFCs with active areas of 25 cm 2 were designed in-house (Figure 3-3).
Serpentine flow designs with 5-channels and 4-bends were machined on to 6 mm graphite plates
using a CNC with a land width and channel depth and width of 1 mm. Current collectors were
made from copper plates that were further gold-coated (Silchrome Plating Ltd.) for corrosion
resistance. Incompressible Tygaflor sheets of 70 μm thickness were laser-cut to seal the edges
of the MEA, by layering three together to ensure suitable compression of the MEA (~10%). EPDM
rubber O-rings sealed the back of the flow plates to the current collector. Silicon sheets, 2 mm
thick, provided electrical insulation between the current collectors and endplates.

Figure 3-3 – ‘Exploded’ view of the (A) first iteration of the 25 cm 2 cell and (B) final iteration
after compression distribution design improvements were made.
For the first iteration (Figure 3-3(A)), severe deformation of the endplates were experienced on
compression, resulting in a lack of contact in the centre of the MEA. The placement of the four
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compression bolts on each corner of the 15 mm thick rectangular endplates and the square mass
milled from the endplates (to reduce neutron attenuation for other work) were discovered to be
the root causes. This was substantially improved (Section 4.2) by changing the PEFC to a square
geometry, placing the bolts in the middle of the endplate edges and adding an additional 5 mm
aluminium plate on top of the endplates with 0.5 mm protrusions either side of the bolt regions to
distribute the pressure more evenly.

3.2.3. 100 cm2 PEFC
The design of the 100 cm 2 PEFC was based on the Pragma Pro-RD stacks (Pragma Industries)
(Figure 3-4), customised to allow current, temperature and pressure mapping and improved for
uniform compression. Serpentine flow designs with 7-channels and 6-bends were machined on
to 6 mm graphite plates or 5 mm aluminium plates, with a land width and channel depth and width
of 1 mm (Figure 3-5). Flow distribution was in a U-type pattern between cells. Cooling channels
were milled to the reverse of the cathode plate (Figure 3-5) with the same land and channel
dimensions. These cooling channels were not used during operation but were used to evaluate
the effect of pressure distribution in Section 4.2. Flow paths are presented in Figure 3-4(C-E).

Figure 3-4 – (A) ‘Exploded’ view of the PEFC components prior to assembly; (B) placement of
the mapping device in the PEFC between the cathode flow plate and current collector; flow path
of the (C) anode, (D) cathode and (E) cooling (not used) flow channels.
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Copper current collectors were further gold-coated (Silchrome Plating Ltd.) along with the
aluminium flow plates for corrosion resistance. EPDM gaskets, 1.2 mm thickness cut with a laser
machine, ensured gas-tight operation and a suitable MEA compression. Aluminium endplates, 25
mm thick, were anodised for electrical insulation. Silicon gasket sheets provided further electrical
isolation between the endplate and current collectors. The compression bolts were sheathed with
PVC tubing to prevent shorting between the plates. Twelve compression bolts distributed around
the edges of the rectangular PEFC ensured uniform MEA compression at 0.5 MPa.
The PEFC system holds between 1 to 3 cells to make a stack. Cooling channels can be utilised
for heat ejection, but were not used in this thesis. Numerous iterations of gasket optimisation were
considered. Incompressible gaskets such as woven Teflon fabric or graphite sheets provided
insufficient gas-sealing for large active areas but were satisfactory for cells <25 cm 2.
Compressible EPDM, purchased from roofing supply companies and cut using an in-house laser
machine, provided effective sealing under compression, with excellent mechanical properties in
the PEFC environment [41]. Various thicknesses were evaluated, concluding that the 1.2 mm
thick EPDM, protruding 0.2 mm from the groove, ensured gas-sealed operation and effective MEA
compression.

Figure 3-5 – Blueprints of the anode and cathode flow plates. For a single cell, the anode
design could be used for both flow plates. For multi-cell design, the cathode flow plate had a
cooling channel integrated on the back of the plate. Dimensions provided in mm.

49

Chapter Three - PEFC Design and Experimental Set-up

3.3.

General Fuel Cell Testing Workstations

The combination of commercial fuel cell test stations and custom-built stations based on LabVIEW
(National Instruments) were utilised. Zero grade gases were supplied by BOC (London, UK) with
the following specifications: nitrogen (99.998% purity), air (99.998% purity) and hydrogen
(99.995% purity). The commercial fuel cell test station (840 Advanced Fuel Cell Testing System,
Scribner Associates) allowed automated control of the load, heating, gas humidification and flow.
The current interrupt functionality was programmed to operate continuously at 10 interrupts s -1
with the Scribner waiting 20 μs before measuring the IR-free voltage after the instantaneous
interruption of the current. As the Scribner systems were limited to a maximum current of 100 A
and 2 and 5 L min-1 for the anode and cathode, respectively, the 100 cm 2 cell was tested on a
custom-built rig.
The custom setup was built through hardware components and controlled through LabVIEW, a
coded virtual instrument that can be connected to hardware devices to run customised
experiments. The recording rate was set to 500 ms. The cell temperature, used as a reference
probe when heating, was measured by K-type thermocouples, connected to a data logger (USB
TC-08, Pico Technology). An electronic load (PLZ664WA, Kukusui) was operated in galvanostatic
or potentiostatic mode. Gas flow rates were controlled using mass flow controllers (MFCs)
(Bronkhorst) A minimum flowrate of 0.2 L min-1 was set for both anode and cathode, with
stoichiometric ratios of 1.5 and 3, respectively. A data acquisition board (DAQ) (National
Instruments) recorded cell voltages through analogue input (AI) channels. Cell heating was
employed using heating cartridges (OMEGA), inserted into the cell coated with thermal paste (RS
Components) and controlled by a PID controller (CN7500, OMEGA). The anode inlet gas line was
humidified by the bubbling method, regulated by the gas flow rate and water bath temperature set
to 30 °C. The LabVIEW programme was designed as a graphical interface for controlling all the
hardware components, with variable indicators and graphs (Figure 3-6).

Figure 3-6 – GUI for the custom LabVIEW fuel cell testing system.
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3.4.

Electrochemical Tests

Electrochemical tests were performed using a potentiostat/galvanostat system with a 30 A
booster (Gamry Reference 3000, Gamry). The anode operated as both the reference and counter
electrode and the cathode as the working electrode. Gases were set to 0.1 and 0.2 L min -1 for the
25 cm2 and 100 cm2 cell, respectively, under humidified hydrogen/nitrogen (anode/cathode). CVs
were run between 0.06 to 1 V at 20 mV s-1 and the ECSA was calculated using (2-23) by
integrating the reverse voltammogram between 0.4 V and the hydrogen evolution peak to obtain
the electric charge for adsorption of hydrogen on platinum (𝑄). LSVs were run between 0.15 and
0.6 V at 5 mV s-1 using (2-24) to calculate the flux of hydrogen crossover.

3.5.

Lock-In Thermography Setup

The experimental setup of applying a heat perturbation to the PCB-FCs is used for the lock-in
thermography (Chapter 5) and HS-TEIS (Chapter 6) techniques. The experimental setup for the
lock-in technique is illustrated in Figure 3-7(B-D). A Peltier module is used as the source of heat,
to generate a sinusoidal thermal excitation.

Figure 3-7 – (A) Computer-generated image of the cathode flow plate where the manifold is on
the back of the plate; (B) ‘exploded’ view of the fuel cell configuration showing the layers as they
would be before hot-pressing. Peltier module is attached to the anode endplate; (C)
experimental setup of the lock-in technique with heat transfer from the Peltier and heat
generated by the electrochemical reaction; (D) H-bridge for controlling the Peltier module.
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Peltier modules are heat pumps that provide either heating or cooling to the object they are in
contact with, depending on the direction of supplied direct current (DC), creating a temperature
gradient between their ceramic faces when a voltage is applied to it, defined by the Peltier effect
[213]. Commercial Peltier modules are available in a range of sizes, thicknesses and cooling
capacities. They consist of an array of semiconductors, typically bismuth telluride Bi2Te3 heavilydoped with impurities, sandwiched between two thin ceramic plates.
The heat stimulation must be sufficient to avoid excessive signal dampening of the propagating
thermal waves by the thermal resistance of the fuel cell materials. This is dependent on the
modulation frequency and amplitude of the perturbation. Whilst a Peltier module is used in these
studies to perturb the cell and maintain the cell temperature, any form of thermal modulation can
be used e.g. halogen lamps or heating pads integrated within commercial stacks. Two features
of waveforms are extractable from the oscillating signals captured with the technique: the
amplitude ratio and phase shift. For this application of the lock-in thermography technique, phase
shift images are used to map the water distribution, as they are less sensitive to non-uniform
heating from the Peltier module, surface emissivity and environmental reflections which are
typically problematic for steady-state thermography [158, 161, 162].
The Peltier module was placed on the anode side of the fuel cell and the thermal imaging camera
faced the cathode. The other face of the Peltier module was attached to a heat sink with a fan
blowing air over it, preventing over-heating of the Peltier module and ensuring thermal stability. A
1 mm thick thermal adhesive tape with a thermal conductivity of 1.6 W m -1 K-1 was placed in
between each component to ensure good thermal contact.
LabVIEW was used to control the hardware of the experiment and data was recorded at 5 Hz.
The code generated a sine wave based on the required perturbation frequency, which was
converted to a 1-9 V analogue output signal and sent to the thermal imaging camera using a
DAQ. The sine wave was further converted to a pulse-width-modulated (PWM) signal at a 1 Hz
frequency using an analogue-to-digital (ADC) converter as the Peltier module operates with a DC
current. The experimental frequency range is discussed in Chapter 5.
Analogue signals are represented by a sine wave whilst digital signals have two modes of
operation, ON and OFF, which constitute two different voltage values; the supply of DC power
and no power at all. Analogue signals are defined by (3-1) and graphically illustrated in Figure 38(A) where A is the amplitude of the waveform, B the frequency in cycles s -1, C the phase angle
shift (𝜙) and D is the shift of the whole wave across the y-axis.
𝑉 = 𝐴 sin(2𝜋𝐵𝑡 + 𝐶) + 𝐷

(3-1)
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Figure 3-8 – Graphical illustration of how analogue and digital signals can be generated and
modified. (A) Analogue signal modification of (3-1) with the black curve being the original sine
waveform; (B) fixed-frequency PWM signals at three different duty cycles.
DC signals are represented by a square wave operated by PWM, characterised by their duty cycle
and frequency. Figure 3-8(B) presents PWM signals at different duty cycles at a fixed frequency,
where increasing the duty cycle increases the time the PWM is ON, thus delivering a higher rate
of heating or cooling power from the Peltier to the PEFC. To achieve analogue heating/cooling
perturbations with the Peltier, the duty cycle changes with time whilst the frequency is kept fixed.
Low frequencies are typically used to allow sufficient time for heat transfer between the Peltier
module and PEFC. The PWM duty cycle varies from 0-100% depending on the location within the
analogue perturbation from the y-intersect and the maximum of its amplitude. When the analogue
signal is positive, the Peltier is heating the PEFC and cooling when in the negative. To alternate
the Peltier module from heating to cooling (Figure 2-11), the polarities of the applied voltage
needed to be switched (Figure 3-7(C)). Thus, an electronic H-bridge (Figure 3-7(D)) was built
using MOFSETs, powered by the pulsed digital output (DO) signals from LabVIEW. Between
tests, sufficient time was given to ensure thermal equilibrium was established before starting
acquisition.
The Peltier module (HP-199-1.4-0.8, TE Technology Inc.) was operated at 5 V using a power
supply (QPX1200SP, Aim-TTi) with a square area of 16 cm 2, covering the cell active area. The
Peltier module was used to provide a heat excitation whilst maintaining the cell temperature within
suitable operational limits. The cell was kept around a set point temperature of 40 ± 7 °C. Due to
cell over-heating, the current density was limited to 900 mA cm -2 due to limitations in Peltier
cooling capacity. Thermocouples recorded temperature readings of the endplate in contact with
the Peltier module.
The thermal imaging camera (640×512 FPA InSb FLIR SC5000MB) recorded thermograms at
25 Hz using commercially available software (Altair, FLIR ATS) and was calibrated for the
expected temperature range (15-80 °C). The Narcissus effect was removed using non-uniformity
compensation (NUC). The distance between the camera lens and PEFC surface was 7 cm. 7500
frames were recorded for each perturbation frequency for an acquisition time of 5 min. For the
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conventional thermogram images, a uniform emissivity of 0.94 was assumed for FR4 material
[214]. However, the phase and amplitude images are emissivity independent.
The Altair LI software compares each pixel of the surface temperature response to the excitation
signal sent to the camera. The analysis is performed in ‘E-mode’, used for examining thermoelastic effects and evaluates stresses in the material with a threshold of 0.01 DL (digital level) to
obtain phase images [215]. The original phase images from the lock-in technique mapped the
phase shift between the excitation signal and the detected thermal response. Depending on the
excitation signal frequency used, a large range of phase shift values are possible, which makes
it difficult to compare results for different conditions. Instead, the average of the phase values of
the surrounding bulk FR4 body for each frequency examined is subtracted from the total phase
images, as described by 3-2. The larger the phase difference between the two regions, the
improved rate of heat transfer. As the presence of liquid water in the flow channels will produce
smaller phase shift values than the bulk FR4 body, due to a greater thermal diffusivity, the phase
difference in 3-2 will be negative. This is further discussed in Chapter 5.
𝜙 = 𝜙𝑝𝑖𝑥𝑒𝑙 − 𝜙𝐹𝑅4,𝑏𝑜𝑑𝑦

(3-2)

The PCB-FC was operated on the Scribner test station in through-flow mode with both dry or fully
humidified inlet gases, to image the water distribution under dry and humidified reactant operation.
Between tests, the cell was purged with dry nitrogen gas to remove as much residual water from
the system. Minimum flow rates during testing were set to 0.1 L min-1 with stoichiometric operation
of 1.5 and 3 for the anode and cathode, respectively. Polarisation plots were produced in 50 mA
cm-2 intervals, held for 60 s until the voltage dropped below 0.3 V.

3.6.

Heat-Stimulus Thermo-Electric Impedance Spectroscopy Setup

The heat-stimulus thermo-electric impedance spectroscopy (HS-TEIS) diagnostic technique
utilises the same thermal excitation setup as the lock-in thermography technique (Section 3.5)
and indeed can be operated simultaneously, but does not require a thermal imaging camera. An
illustrative procedure of the technique is shown in Figure 3-9. An imposed thermal perturbation
(with a pre-defined frequency and amplitude) generates an electrical response (cell voltage and
Ohmic resistance through CI) in the fuel cell (or other electrochemical device) with the same
frequency, but different amplitude and with a phase shift. Comparing the perturbation and
response amplitudes and phase shifts reveal the direct impact of temperature on the
electrochemical transfer properties of PEFCs.
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Figure 3-9 – Illustrative diagram outlining the ‘HS-TEIS’ protocol.
The amplitude ratio, henceforth termed the thermo-electric impedance (TEI) (𝑑𝑉/𝑑𝑇), is the
quotient of the cell voltage oscillation to the imposed temperature perturbation. A large TEI value
implies the PEFC voltage is heavily sensitive to temperature variations at a given frequency, and
vice versa. The dynamic Ohmic resistance is simultaneously measured (using CI method) during
load operation, to investigate the voltage loss as a function of temperature attributed to the purely
Ohmic mechanisms. This voltage loss also oscillates with the thermal perturbation, and its
amplitude ratio is termed the Ohmic thermo-electric impedance (OTEI). It is assumed that the
purely Ohmic resistance of the fuel cell is dominated by the electrolyte and that any change in
system temperature that results in a change in the purely Ohmic resistance of the cell is due to
the electrolyte hydration. In practice, the temperature will have a small effect on other purely
Ohmic resistances, such as the electrical conductors and contact resistances, but these are small
in comparison to the electrolyte. The OTEI provides an indication of the time constant required to
hydrate and dehydrate the membrane based on heating/cooling cycles.
The TEI can be a positive or negative consequence of the thermal perturbation (voltage rise or
voltage drop) and this is captured in the phase shift. This is the time delay between the thermal
excitation and electrical response. A voltage rise will exhibit a phase delay between 0 to +180°,
whereas a drop will be between -180 and 0° (+180 and 360°). In conventional EIS, a phase shift
is exhibited due to the capacitive or inductive nature of the different mechanisms, such as the
charging of the double-layer. Whilst these mechanisms are also affected by temperature, their
contributions are small compared to other processes. The phase shift induced by the thermal
properties of the material between the Peltier and MEA was considered negligible, due to the
timescale of the processes of interest. The phase shift exhibited for the OTEI, attributed to the
hydration/dehydration time constant, is a small contribution over the frequency range of the study
and is thus neglected in the analysis.
Performing a frequency sweep can separate the overpotential mechanisms by their differing time
constants with respect to temperature, such as the time taken for a temperature change to
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alleviate or exacerbate flooding conditions (slow) or change the kinetic rate at the electrodes
(fast). The thermal dependence on the overpotentials is discussed in Section 2.1.6. Different
thermal perturbation frequencies were explored at first and it was found that frequencies below 5
mHz produced an electrical response deviation above 15% of the total cell potential, which would
not support a pseudo-steady state assumption. Frequencies higher than 0.07 Hz experienced
signal dampening by the PCB-FC materials and could not induce a sinusoidal electrical response.
The system was given time to reach a pseudo-steady state before progressing to the next
frequency. TEI and OTEI values are obtained at different points on the polarisation curve and
presented on Bode and Nyquist plots, as for conventional EIS. The OTEI can be subtracted from
the TEI response to further isolate the effects of mass transport (low frequencies) and kinetics
(high frequencies) along the polarisation curve.
The time-dependant (𝑡) temperature response of the Peltier module on to the anode endplate
(𝑇), the resulting oscillating cell voltage response (𝑉) and the Ohmic resistance from the current
interrupt method (𝑅) for each frequency (𝑓) are imported to MATLAB (R2017b). The results are
fitted to a sinusoidal curve using (3-3), illustrated in Figure 3-10, to extract the peak amplitude (𝐴),
phase offset (𝐵) and temperature or voltage offset (𝐶).
𝑇, 𝑉, 𝑅(°𝐶, 𝑉, 𝑚Ω 𝑐𝑚−2 ) = 𝐴 𝑇,𝑉,𝑅 sin(2𝜋𝑓𝑡 + 𝐵𝑇,𝑉,𝑅 ) + 𝐶𝑇,𝑉,𝑅

(3-3)

The peak amplitudes for both the temperature (𝐴 𝑇 ) and voltage (𝐴𝑉 ) oscillations are inserted into
(3-4) to calculate the TEI (𝑑𝑉/𝑑𝑇), a parameter that defines the cell voltage sensitivity to changes
in operating temperatures.
𝑑𝑉
𝑑𝑇

(𝑚𝑉 °𝐶 −1 ) =

𝐴𝑉

(3-4)

𝐴𝑇

The oscillating Ohmic overpotential is calculated as the product of the Ohmic resistance amplitude
(𝐴𝑅 ) and operating current density (𝑖) and by dividing by the thermal amplitude using (3-5), the
OTEI (𝑑𝑅/𝑑𝑇) is obtained.
𝑑𝑅
𝑑𝑇

(𝑚𝑉 °𝐶 −1 ) =

𝐴𝑅 (𝑚Ω 𝑐𝑚2 )×𝑖(𝑚𝐴 𝑐𝑚−2 )
𝐴𝑇

(3-5)

The real (𝑍𝑟𝑒𝑎𝑙 ) and imaginary impedances (𝑍𝑖𝑚𝑎𝑔 ) are derived through (3-6) and (3-7) and are
represented in Nyquist plots.
𝑍𝑟𝑒𝑎𝑙 =

𝐴𝑣
𝐴𝑇

𝑍𝑖𝑚𝑎𝑔 =

cos 𝜙

𝐴𝑣
𝐴𝑇

sin 𝜙

(3-6)

(3-7)
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Figure 3-10 – Peltier module-PEFC interface temperature (red) and cell voltage oscillation
(black) for dry gas operation at 100 mA cm -2 with a 0.04 Hz perturbation frequency. Cell voltage
is fitted to a sinusoidal curve to extract the phase shift (𝜙) and the average voltage amplitude
(𝐴𝑣 ), which when divided by the average temperature amplitude (𝐴 𝑇 ), gives the TEI. This
analysis is similarly employed for the OTEI.

3.7.

Mapping Experiments

Mapping experiments are presented in Chapters 4, 7 and 8 for a 100 cm 2 cell with a brief analysis
of the temperature and pressure distribution for a 25 cm 2 cell for dimension comparison.
Polarisation curves for the 100 cm2 cell were performed in 50 mA cm -2 increments for 150 s up to
1300 mA cm-2 and terminated if the voltage dropped to 0 V.

3.7.1. Current and Temperature Distribution Mapping
Segmented PCB sensor plates (S++ Simulation Services) were designed for both the 25 cm2 and
100 cm2 cells for high spatial resolution current and temperature distribution mapping. The
recording rate was set to 500 ms. The sensor plates were designed to act as an additional flow
plate, allowing current flow through the contact segments, with machined manifolds, gasket
grooves and alignment holes. For all experiments, the device was placed between the cathode
flow plate and the current collector (Figure 3-4(B)). A graphite sheet was placed either side of the
sensor plate to remove anomalous readings due to inhomogeneous electrical contact with the
fuel cell plates.
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The current and temperature was mapped across the active area of the 100 cm 2 PEFC (Figure
3-11) using a PCB board mounted with a 14 × 14 array of shunt resistors and 7 × 7 temperature
measurement cells with each current contact segment having an area of 50.5 mm 2, covering 3.5
flow channels. The 25 cm 2 sensor plate had an array of 10 × 10 current and 5 × 5 temperature
measurement cells. Temperature measurements were obtained by copper meanders in the PCB
supplied with a constant current of 2 mA. The voltage drop across each wire was recorded, with
changes proportional to the temperature variations. Current readings were employed through the
shunt resistors, which were relatively insensitive to temperature changes. A multiplexer scanned
each segment, sending the signals to an amplifier and ADC and sent to the computer by USB.

Figure 3-11 – Photograph of the current and temperature mapping device in the 100 cm2
PEFC placed between the cathode flow plate and current collector.

3.7.2. Accelerated Stress Tests
To simulate start-up/shutdown conditions in the experiments in Chapter 8, accelerated stress
testing (AST), as advised by the US Department of Energy (DoE) protocol, is employed [216].
The cell showed good durability and 5000 cycles were insufficient to notably affect the cell
performance, so 60,000 triangular sweep cycles were performed between 1.0 and 1.5 V at a
sweep rate of 500 mV s-1 under humidified hydrogen/nitrogen at the anode and cathode,
respectively. The durability tests were interrupted at set intervals to extract a ‘cold-start’
polarisation curve, followed by a spatial CV and LSV analysis. Preliminary results prior to AST
cycling are henceforth termed beginning-of-life (BoL).
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3.7.3. Pressure Distribution Mapping
The thin-film pressure sensor array (5052-HT, Tekscan) of 44 × 44 piezo-resistive sensels had a
spatial resolution of 62 sensels cm -1, covering the entirety of the PEFC active area (Figure 312(A)). The sensels were arranged into strips with a semi-conductive ink coating that changes its
electrical resistance when force is applied to it, sandwiched between two flexible polyester sheets.
The saturation pressure rating was 2.07 MPa. Tekscan I-Scan software was used to gather the
pressure data. The mapping device required equilibrating and calibration. The mapping sensor
was covered in paper shims to mitigate inhomogeneous contact and placed between two thick
steel plates with flat surfaces, compressed together using a large hydraulic press. The pressure
was adjusted up to the maximum expected load in the PEFC (2 MPa) and the sensor calibrated.
The pressure mapping device was placed in different locations within the cell (Figure 3-12 (B))
covered on either side with a paper shim. The cell torque was slowly increased during
compression studies in Chapter 4, allowing a 2 min relaxation time before image acquisition.

Figure 3-12 – (A) Schematic of the pressure mapping sensor; (B) placement of the sensor
inside the 100 cm 2 PEFC.

59

Chapter Four - General Characterisation

Chapter Four

General Characterisation
A fundamental understanding of PEFC performance is required to efficiently operate the system,
such as the effect of cell compression, operating conditions and design modifications. By
combining multiple diagnostic techniques simultaneously, a myriad of behaviours can be
observed in-situ and the complex relationship between electrical performance, thermal and water
management can be studied. Multi-length scale analysis of single cells with active areas of 9 cm 2,
25 cm2 and 100 cm2 uncovers fundamental operational phenomena that evaluates the effect of
active area size on performance, as research focus moves from lab-scale single cells to large
commercial automotive stacks. If the fundamental knowledge of the relationship between heat
and water both produced and introduced into a PEFC can be advanced and how stack component
geometries affect this network, then advancements in PEFC design can be progressed.

4.1.

Active Area Geometry and Cell Design

The output current and rated power is proportional to the active area size in a PEFC. Depending
on the intended application, the current desired and geometric limitations, the PEFC can be
designed to suit any power requirement. The idea of scale-up in PEFC design is at first a simple
one, where the geometries can be altered to the size of the active area and to accommodate
manifolds, bolts and gasket grooves whilst maintaining suitable MEA compression. Contrarily, the
effects on performance, thermal and water management cannot be scaled with active area, as
operational heterogeneities encourage large current density and temperature variations, resulting
in varied local degradation rates and inefficient PEFC performance.
The heat generated in a PEFC must be effectively removed to avoid overheating of components,
particularly the membrane which is susceptible to dehydration [135]. Heat can be removed more
easily around the perimeter of the active area or PEFC surface but cooling strategies must be
employed to extract heat from the central region of the cell, with favourable working temperatures
between 60-80 °C [217]. The in-plane direction heat transfer is inherently non-uniform due to the
interconnection of local current density, temperature, reactant concentration and water content,
which increases with active area size. Little work has been reported in the literature comparing
the effect of PEFC active area size on performance phenomena, with only speculations to the
increasing complexities with thermal and water management. Studies on the subject have mostly
focused on the effect of flow field designs, where not all architectures are suitable for large active
areas, requiring enhanced reactant transport and liquid water removal [218, 219].
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Figure 4-1 – Polarisation curves under varied operating conditions of a (A) 9 cm 2, (B) 25 cm2
and (C) 100 cm2 single cell. Cells were not subjected to active heating unless stated.
A polarisation analysis of the three PEFCs used in this thesis are presented in Figure 4-1 with dry
or humidified reactants and heated and non-heated conditions. Counter-flow reactant orientation
with air flowing with gravity is employed for each cell. The 9 cm 2 cell has an overall thickness of
2.5 mm and volume of 14 cm 3, presenting a drastic reduction from 545 cm 3 and 2175 cm3 for the
25 cm2 and 100 cm2 cells, respectively, utilising the PCB-FC architecture over the conventional
use of bulky metal plates. This translates to a substantial reduction in volumetric power density;
however, the performance in Figure 4-1(A) illustrates that further advancements are required to
match the performance of conventional cells in a closed-cathode system. The low thermal
conductivity of the FR4 plates leads to poor heat ejection and the temperature at the CL may be
considerably higher than the PCB-FC surface [220]. Higher current densities are obtainable if the
reactants are humidified or if the environmental temperature is lower, as in the case with winter
testing, which increases the rate of passive heat dissipation from the cell surface [217]. No change
in performance is seen between winter and summer operation for humidified reactant operation,
suggesting a high inclination to membrane dehydration with insufficient heat dissipation or
reactant humidification. Utilising an open-cathode structure for these small cells could
considerably boost performance as it would mitigate the heat transfer path of the FR4 plates.

61

Chapter Four - General Characterisation

As the 25 cm2 and 100 cm2 PEFCs have the same materials of construction and flow field design,
the key difference is their active area size and its effects on operational heterogeneities, in
particular, the rate of heat dissipation. The significant performance enhancement when a cell is
subjected to active heating and reactant humidification is evident in Figure 4-1(B, C), with
enhanced performance at low and mid-current densities due to improved kinetics [87] and
membrane humidification [90]. The performance of the 25 cm 2 cell in Figure 4-1(B) demonstrates
a 44.8% improvement at ~0.4 V, related solely to the active heating and reactant humidification.

Figure 4-2 – Temperature maps at 1300 mA cm -2 and their corresponding voltages for the (A)
25 cm2 cell with dry reactants and (B) 100 cm 2 cell with fully humidified hydrogen and dry air.
Images were obtained by a temperature mapping device. No active heating employed. Flow
direction annotated by cathode inlet (CI) and outlet (CO) and anode inlet (AI) and outlet (AO).
Performance of the 100 cm 2 cell subjected to no active heating but full humidification of the
hydrogen line experiences a polarisation phenomenon exclusively attributed to the effects of selfheating. With increasing current density, the rate of heat generation and water production
increases, but due to the low cell operating temperature, could induce flooding at the electrodes
[221, 222]. A juncture in the polarisation curve, where the cell undergoes a ‘voltage recovery’
phase, is attributed to the sufficient heat generation from the electrochemical reaction, which
raises the cell temperature to a threshold where performance improves and water distribution
homogenises, replicating the heated experiments. It is interesting to note that this self-heating
phenomenon is not experienced in the 25 cm2 cell (or not as pronounced) and is thus assumed a
direct consequence of the active area size. Figure 4-2 displays the temperature maps for both
cells at 1300 mA cm-2 captured by a temperature mapping device, with the 25 cm 2 cell almost 15
°C colder than the 100 cm 2 map. Although the 100 cm2 cell is operating at a higher voltage and
thus should be generating less heat per area (voltage efficiency), the longer lateral heat transfer
path to the active area perimeter with edge-cooling effects traps more waste heat, raising the cell
temperature. Further discussion about the self-heating phenomenon is presented in Chapter 7.
In general, performance of the 100 cm 2 cell (Figure 4-1(C)) suffers from not humidifying the air
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line; however, the electrical loads used were limited to 130 A and it is possible that the
performance could surpass the dry operation of the 25 cm 2 cell by further self-heating.

4.2.

Cell Compression

Applying adequate compression during PEFC assembly is crucial to extracting the maximum
performance. Over-compression of the MEA components can lead to morphological damage of
the GDL structure, altering its water management and reactant supply capability. Undercompression leads to gas sealing issues and a lack of electrical contact between the PEFC
materials, which is equally detrimental to performance and safety. Numerous studies have
determined an optimal MEA compression of ~0.5 MPa [37, 43, 88]. Corresponding bolt torques
are determined for the custom-built 25 cm2 and 100 cm2 PEFCs using the pressure mapping
sensor and the effects of compression on performance for the 25 cm 2 cell is investigated.
Compression of the 100 cm2 PEFC is enforced by increasing the torque in 1 Nm increments on
the tie-rods, clamped to both endplates with bolts, using a torque wrench. Pressure distributions
are captured by placing the pressure mapping device in the cross-section of the active area in
different locations in the cell (Figure 4-3). Increasing cell compaction exposes the imprints of the
cooling and flow channels, highlighting the large compression deviations imposed between the
plates and MEA. The imprints inflicted by the flow channels result in an irreversible lateral
displacement of GDL from the compressed regions under the land, creating a ‘tenting’ effect under
the channel [37, 223] with deformations increasing with compression [187]. However, the landto-channel compression ratio on the MEA (~1.2) does not change considerably during
compression, related to the linearly increasing tensile strains under the channel region [224]. A
heterogeneous contact pressure distribution between the plates at each torque (Figure 4-4(A, B))
are exhibited due to the effects of the tie-rod clamping mechanism [225]. Increasing interfacial
contact pressure is detected towards the endplates [197], but the most homogeneous pressure
distribution is imposed between the current collectors and endplates due to the compressibility of
the silicon gasket sheet (peak pressure deviation from average contact pressure). Regions of
high stress are imposed by the custom EPDM gaskets on either side of the flow plates [199], with
a lower average contact pressure for the cooling flow plate due to the etched cooling channel
design. In the MEA region, the average contact pressure applied to the active area is low whilst
the gaskets experience the high peak pressures, but the optimal bolt torque is determined based
on the average contact pressure on the MEA excluding the gaskets. With increasing components
in the cell (e.g. S++ plate or more cells), a greater bolt torque is required to achieve adequate
MEA compression.
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Figure 4-3 – Pressure distribution mapping of the 100 cm2 PEFC between the cooling flow plate (FP) and current collector (CC), flat FP to CC, CC to endplate (EP),
MEA region and MEA region with the current and temperature mapping plate (S++) at 1 Nm, 3 Nm and 6 Nm. Designs presented in Figure 3-5.
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Figure 4-4 – (A) Peak pressure and (B) average contact pressure at different spatial locations
in the 100 cm 2 PEFC at different bolt torque compressions (‘Active Area’ does not include
surrounding gasket but ‘MEA Region’ does).
The number of tie-bolts and their arrangement can have a significant impact on the pressure
distribution across the MEA. The first design iteration of the 25 cm 2 PEFC exhibits an exceedingly
heterogeneous pressure distribution in the MEA region (Figure 4-5(A)). The poor cell design of
four bolts placed in the corners and reduced thickness in the middle of the endplate results in
plate deformation and a lack of electrical contact towards the MEA centre (63.9% interfacial
contact), which can have a significant effect on the local performance [195, 226, 227]. With
increasing bolt torque, the interfacial contact increases but at the cost of severe over-compression
at the edges. Improvements are made to the final design by changing the endplate geometry to
a square and placing the bolts at the centre of the endplate edges (Figure 4-5(B)), which greatly
improves pressure distribution homogeneity and contact, but still has local areas of high pressure
[195, 200, 228]. By placing compression plates (Section 3.2.2.) on either side of the endplate
(Figure 4-5(C)), a suitable MEA compression is achieved, although the average contact pressure
decreases due to the extra plates added with a 1.8 Nm torque.

Figure 4-5 – Pressure distribution mapping of the 25 cm 2 PEFC in the active area region with
bolt torques of 1.8 Nm for (A) the first design; (B) final design without the compression plates;
and (C) final design with the compression plates.
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4.3.

Operating Conditions

The effects of cell temperature, reactant relative humidity (RH) and stoichiometry on performance
and mechanistic processes are studied using polarisation curves, CI and EIS. The improved 25
cm2 cell (Section 3.2.2) is utilised in this study, operated on the Scribner test station. Explored
temperatures are 50 °C, 60 °C and 70 °C at 30% and 100% RH; RH analysis at 30%, 50%, 70%
and 100% RH at 60 °C; and stoichiometric ratio comparison of hydrogen at 1.5 and 3 and air at
2, 3 and 5 at 60 °C and 30% RH.

Figure 4-6 – Polarisation analysis (top) and Ohmic resistance (bottom) exploring the effect of:
temperature at (A) 30% and (B) 100% RH at 50 °C, 60 °C and 70 °C; (C) RH at 30%, 50%, 70%
and 100% at 60 °C; and (D) reactant stoichiometry of the anode (a) and cathode (c) at 60 °C
and 30% RH. Fixed stoichiometric ratio of 1.5 (a) and 3 (c) for (A-C).
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Polarisation plots and corresponding Ohmic resistances are presented in Figure 4-6, obtained
potentiostatically from OCV to 0.3 V in 0.05 V increments, held for 60 s. It is assumed that the
purely Ohmic resistance of the PEFC is dominated by the electrolyte and that any change in cell
Ohmic resistance is due to the membrane conductivity. For all Ohmic resistance plots, similar
‘dish-shaped’ curves are exhibited with varying gradients, with the most exaggerated curves
observed at high flow rates, high temperatures and low reactant humidity. Low current densities
(<250 mA cm-2) produce little water that aids in membrane hydration and thus experience the
highest Ohmic resistances. In the mid-current density range (250-1500 mA cm-2), the Ohmic
resistance drops and plateaus as the increased water and heat production establish the best
membrane hydration state under the imposed operating conditions. At higher current densities
(>1500 mA cm -2), increased heat production raises the cell temperature to a degree that the
membrane dehydrates, irrespective of the increased water production from the higher load.

Figure 4-7 – EIS Nyquist plots exploring the effect of: temperature at (A) 30% and (B) 100% RH
at 50 °C, 60 °C and 70 °C; (C) RH at 30%, 50%, 70% and 100% at 60 °C; (D) reactant
stoichiometry of the anode (a) and cathode (c) at 60 °C and 30% RH. Fixed stoichiometric ratio
of 1.5 (a) and 3 (c) for (A-C). Missing impedance data for (D) for 3(a), 3(c) at 0.8 V.
Nyquist plots obtained through EIS analysis from 0.1 to 10 kHz, 10 points per decade and a 10
mV AC amplitude was applied to potentiostatic holds at 0.8 V and 0.5 V (Figure 4-7). Analysis at
0.8 V corresponds to a low-current density where activation overpotentials are most likely to
dominate, whereas 0.5 V corresponds to a mid-current density that mostly characterises the
combined effects of Ohmic and early mass transport phenomenon. HFR values agree
approximately to the CI results, with small deviations attributed to the different response current
density under potentiostatic operation, which varies the water production rate and thus membrane
hydration. This illustrates the difficulty with replicating PEFC experiments to achieve the same
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performance, as minor divergences in water, thermal or reactant distributions can disturb the
performance. Cooper et al., compared Ohmic resistance results by CI and impedance-based
methods, suggesting that discrepancies are also attributed to the response of the non-uniformly
polarised electrodes to large (CI) and small (impedance techniques) perturbations [229].
The small impedance arc attributed to HOR kinetics seen in the model in Figure 2-2(A) is absent
from all the experimental Nyquist plots. This has been broadly observed in the literature because
of the dominating ORR phenomenon and the diameter of the high-frequency arc characterises
the ORR charge transfer resistance [98]. Mass transfer limitations, representative of flooding
mechanisms that can restrict gas transport in the diffusion layer, are characterised by a second
impedance arc at low frequencies [230]. They are observed in some of the Nyquist plots in Figure
4-7, although their separation from the high-frequency arc are at times unclear. Inductive
behaviour at high frequencies, with the impedance data dropping below the real axis, is
associated with non-uniform electrical contact between cell components or instrumental artefacts
in the current carrying wires [98, 231]. Alternatively, inductive behaviour at low frequencies is
associated within the literature to: side reactions with intermediate species [232]; CO poisoning
[233]; adsorption of intermediates (O- and OH) from the ORR on the catalytic surface [234]; and
water build up [235]. Inductive loops at low frequencies are observed in Figure 4-7 for all
impedance data at 0.5 V or 0.8 V at low RH (30% RH at 50 °C and 60 °C). This is attributed to
the effects of water transport on impedance, where the AC component of the slow perturbation
(<1 Hz) alters the water production rate at the cathode and becomes more pronounced at high
current densities or low RH and temperature. Thus, the rate of water transport to the anode and
the slow uptake of water in the electrolyte forms an inductive loop associated with the time
constant of hydration and dehydration of the membrane [235, 236].
Operation at 30% RH (Figure 4-6(A)) exhibits greater Ohmic resistances with increasing
temperature, suggesting insufficient membrane hydration. Alternatively, at 100% RH (Figure 46(B)), the Ohmic resistance curves and thus membrane hydration are all similar irrespective of
cell temperature, with a 10 mΩ cm 2 deviation across the current densities. The corresponding
polarisation curves for 30% and 100% RH present contrasting behaviour to the Ohmic resistance
plots, uncovering the activation and mass transport contributions. For both RH conditions, higher
temperatures result in improved activation performances at low current densities (< 250 mA cm 2)

and reduced kinetic loops in Figure 4-7 (A, B) due to enhanced kinetics [86, 237], but culminate

in lower current densities at 0.3 V. The jump in Ohmic resistance values for 30% RH experiments
to 70 mΩ cm2 and 105 mΩ cm2 at 60 °C and 70 °C, respectively, suggest membrane dehydration.
Results at 100% RH are unexplained, as the Ohmic resistances are low (~46 mΩ cm2) and mass
transport problems (flooding) are more likely to occur at lower temperatures. MEA degradation is
disregarded as subsequent experiments did not exhibit reduced performance.
The effects of RH are explored in Figure 4-6(C), with the best performance exhibited for 70% RH
at 60 °C based on the polarisation performance and low Ohmic resistance range (44-55 mΩ cm2).
Decreasing Ohmic resistance values and ‘dish-like’ curve gradients are exhibited with increasing
RH, as the high water content results in better membrane humidification. However, the decreased
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Ohmic resistance in conjunction with poorer performance and a larger low-frequency arc in Figure
4-7(C) suggests electrode flooding at 100% RH [238].
The effects of stoichiometry is explored in Figure 4-6(D). Higher air stoichiometry at the cathode
results in an enhanced polarisation performance as the greater supply of reactant mitigates
possible regions of local reactant starvation [49, 57, 239]. Higher current densities are obtainable
as the ‘flushing-out’ effect of excess water in the GDL and channels improves with increased
reactant flow rate [240], although this simultaneously increases the Ohmic resistance as a greater
water concentration difference between the membrane and channels reduce the water content in
the membrane [241]. Little difference is seen for the hydrogen stoichiometric ratio, highlighting
the dominating impact of the ORR and cathode phenomenon in general, with slightly improved
membrane humidification with greater gas stoichiometry.

4.4.

Limiting Current Density

The ultimate current density obtained in a PEFC prior to voltage termination is termed the limiting
current density. A myriad of operational and mechanistic phenomenon contribute to the voltage
termination, with specific elements dominating others. Investigating the cause of the voltage drop
and pinpointing where across the active area it has originated will aid in precise modifications to
cell design and operation. Current and temperature mapping is utilised in the 100 cm 2 cell to map
the spatial performance variation at voltage termination when the cell is heated to 50 °C and 70
°C with dry air and fully humidified hydrogen.
Temporal graphs of the cell voltage and local current densities to the final load step change are
presented in Figure 4-8(A) (50 °C) and 4-9(A) (70 °C). Labelled regions are selected based on
their contrasting geometric locations, local RH, reactant concentration and water distribution:
cathode inlet, cathode first bend/ anode outlet (same through-plane location), centre of the active
area, cathode final bend/anode inlet and cathode outlet. The current density step change occurs
at 0 s and analysis is terminated when the cell voltage reaches 0.1 V.
Attained limiting current densities are 1300 mA cm -2 (50 °C) and 650 mA cm -2 (70 °C). Voltage
drops are immediate after the load step change, taking 51.5 s to reach 0.1 V for operation at 50
°C and 19.5 s for 70 °C, attributed to their contrasting RH distribution and subsequent membrane
dehydration. Decreasing cell voltage increases the local heat generation rate and thus the
subsequent current density (Figure 4-8(C), 4-9(C)) and temperature (Figure 4-8(D), 4-9(D)) maps.
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Figure 4-8 – Study at voltage termination when the 100 cm 2 PEFC is heated to 50 °C with dry
air and fully humidified hydrogen. (A) Temporal change in cell voltage and local current density
to the load step-change; (B) change in local current density at the start of the step-change (0 s)
and the voltage termination at 0.1 V; (C) current density and (D) temperature maps at 0 s, 10 s
and 51.5 s. Labelled cathode inlet (CI) and outlet (CO) and anode inlet (AI) and outlet (AO).
The top bisection of the cell presents the region of lowest water (liquid or vapour) presence due
to the entrance of dry air at the cathode inlet and the reduction in hydrogen RH along the anode
flow channel to the outlet. For increasing temperature, this region is the most susceptible to
membrane dehydration as liquid water vapourises and is removed by the gas stream, illustrated
by the greater current density change at 70 °C for the cathode first bend/anode outlet (-26.8%)
and cathode inlet (-24.3%). The same hypothesis is applied to operation at 50 °C, although the
overall lower temperature results in a smaller current density change of -19.5% and -13.0%,
respectively, and the current density skew is positive for the top region (Figure 4-8(C)) compared
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to 70 °C operation (Figure 4-9(C)) suggesting a better water distribution or membrane hydration
at the lower operating temperature. Note that although the cell is actively heated to 50 °C and 70
°C with a PID controller at the endplates, internal temperatures are expected to be higher.
Thermal hotspots form in regions of higher current density, but away from the inlets due to the
entrance of colder reactant.

Figure 4-9 – Study at voltage termination when the 100 cm 2 PEFC is heated to 70 °C with dry
air and fully humidified hydrogen. (A) Temporal change in cell voltage and local current density
to the load step-change; (B) change in local current density at the start of the step-change (0 s)
and the voltage termination at 0.1 V; (C) current density and (D) temperature maps at 0 s, 10 s
and 19.5 s. Labelled cathode inlet (CI) and outlet (CO) and anode inlet (AI) and outlet (AO).
Conversely, the bottom half of the cell is expected to have a greater water presence due to the
humidification of the hydrogen feed and the more readily accumulated water in the downstream
cathode flow channels due to pressure drops in the serpentine design [30] and the flow of air with
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gravity [190]. The bottom bisection at 50 °C presents a low current density skew as the lower
temperatures increase the likelihood of local flooding and subsequent reactant starvation. The
anode inlet region is at a higher current density compared to the cathode outlet due to the greater
concentration of reactant and higher gas flow, which prevents immediate water accumulation at
the inlet. A similar current density skew is observed in Figure 4-9(C), with higher current density
changes of +19.6% (cathode final bend/anode inlet) and +21.5% (cathode outlet), as higher
temperatures improve the local water distribution and membrane hydration. This illustrates the
importance of homogenising and optimising the thermal and water distribution, particularly with
large active areas, as temperature changes can either exacerbate membrane dehydration or
alleviate flooding mechanisms.
Performance in the central region of the active area at 50 °C benefits under the rising temperature
with the voltage drop due to better overall humidification distribution, whereas it suffers at the
excess temperatures at 70 °C operation. The best performance is generally observed in the
central region of the cell for both experiments until high temperatures dry out the membrane
locally. A greater analysis of current density and temperature distributions are discussed in
Chapter 7.
For both experiments, membrane dehydration in the cathode inlet and cathode first bend/anode
outlet regions are the principle instigators for the voltage termination. Viable strategies to increase
the limiting current densities include: hydrating the air feed and reducing the hydrogen RH to
prevent the two extremes of dehydration in the top bisection and flooding in the bottom half;
applying internal cooling mechanisms to prevent large thermal gradients forming within the cell,
which subsequently alter the current density and water profiles; and changing the cell design,
such as the flow channel architecture or thermal conductivity of the bipolar plates, to prevent
significant water accumulation or poor reactant and thermal distribution.
An overview of fuel cell characterisation was produced in this chapter, utilising various diagnostic
techniques such as polarisation curves, EIS, current, temperature and pressure mapping. It is
important to understand and study the fundamentals of PEFC operation, specifically the complex
relationship between performance, temperature, water distribution and pressure. Thus, when
developing novel diagnostic techniques, investigating new operational processes or developing
new PEFC designs, the fundamentals can be applied to their analyses.
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Chapter Five

Lock-In Thermography - Water
Distribution Mapping
Effective water management in PEFCs is essential to achieving optimal performance. Mapping
the water distribution is therefore a useful tool for understanding operation. One of the most
powerful ways of visualising water distribution is through neutron imaging. However, this has
limitations in terms of expense, accessibility and the ability to conduct representative operando
experiments in a neutron beam line. Here, a simple, cost-effective, lab-based, non-invasive water
visualisation tool is presented, using lock-in thermography, that allows the effect of operating
conditions to be assessed in-operando. The approach applies lock-in thermography, whereby a
controlled sinusoidal heat pulse on one side of a PCB-FC, is applied using a Peltier device, and
the temperature perturbation on the other side of the fuel cell is monitored using a thermal imaging
camera. By ‘locking in’ to the frequency of the imposed heat stimulus, it is possible to observe
water build-up within the cell by monitoring the phase shift between heat pulse and measured
temperature. The literature on water mapping studies is discussed in Section 2.8 and lock-in
thermography in Section 2.7.3. The theory of this diagnostic technique applied to a PEFC is
detailed in Section 3.5. This work validates the use of the lock-in thermography technique by
mapping the water distribution of a 9 cm 2 PCB-FC under different current densities and under dry
and humidified reactant conditions.

5.1.

Preliminary Validation

The lock-in thermography technique required demonstration of the depth inspection capability
prior to PEFC application. The validation looks at how varying the lock-in frequency allows an
object to be analysed by slices (varying depth ‘focus’). Figure 5-1(A) shows an exploded view of
the experiment, constructed of FR4 layers. The experimental protocol was operated identically to
the PEFC experiments, for comparable analysis. There are three 0.8 mm thick FR4 plates with
0.4 mm deep, 5 mm diameter circles milled out of them at different spatial locations, illustrated in
Figure 5-1(C). FR4 sheets of 0.2 mm thickness sandwich the composition, emulating the PEFC
endplates. Prepreg layers bind each layer together.
The approximate penetration depth calculation (2-36) is used to determine the required lock-in
frequency range (Figure 5-1(C)). For FR4, the through-plane conductivity is 0.25 W m -1 K-1,
specific density is 1360 kg m -3 and specific heat capacity is 1500 J kg-1 K-1 [24, 25]. A sample
calculation for the perturbation frequency is provided in (5-1). Contact resistances between the
layers are neglected. The lock-in perturbation frequency is investigated between 0.004 and 0.07
Hz with a 1 Hz PWM frequency. Lock-in frequencies higher than 0.07 Hz were not investigated,
as reaching steady thermal equilibrium was not possible with the Peltier module. Figure 5-2 shows
that the signal produced in the LabVIEW code and received by the thermal camera through the
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ALTAIR programme is delayed by 0.16 s, which is considered negligible on the time scale of
processes in this system. However, the heating perturbation to the fuel cell has a longer intrinsic
time delay. Thus, prior to each lock-in acquisition, the phase delay difference between the
LabVIEW signal and the Peltier response was corrected for, ensuring synchronization of the
perturbations for data processing.
𝑓𝑙𝑜𝑐𝑘−𝑖𝑛 =

𝑘
𝜇 2 𝜋𝜌𝑐𝑝

= (1×10−3)2

0.25
×𝜋×1360×1500

= 0.039 𝐻𝑧

(5-1)

Figure 5-1 – (A) ‘Exploded’ view of the depth inspection experiment showing the layers as they
would be before hot-pressing together. The Peltier module is attached to the back plate and the
thermal imaging camera is pointed at the front plate. (B) Photograph of the experimental setup
with the bottom right circle visible. (C) Inspection depths and approximate lock-in detection
frequencies for the different layers.
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Figure 5-2 – Observation of recorded 0.03 Hz perturbation signal from the LabVIEW software,
received by the thermal camera and the heating and cooling imposed on the FR4 by the Peltier
module.
Figure 5-3 shows the selected lock-in phase images generated for the different perturbation
frequencies, with corresponding approximate penetration depths from the surface facing the
camera labelled. Cross-correlation peak profiles are created for each image by drawing a diagonal
line profile from the top left to bottom right corner, normalised and plotted in Figure 5-4.
A discernible trend of decreasing overall phase shift is detected with longer excitation periods.
This is due to the reduced attenuation of the thermal wave through the sample, reiterated by the
reduction in noisy data. It should be noted that the figure legends are not fixed in Figure 5-3 due
to the large range of phase values, so the false-image colour should not be compared per image
but rather the magnitude and phase contrast.
The bottom right circle is not detected in any of the phase images, which suggests that higher
frequencies are required to image it, in accordance with the penetration depth equation. In
general, the phase contrast of the other two holes are higher than the surrounding FR4, due to
the presence of air inside the voids, which is 10 times less thermally conductive [242]. The central
and top left circle are visible in every image, but at varying intensities. The rough location of the
central circle is expected at 0.03 Hz and here it has the greatest contrast with the surrounding
FR4 body and visible top left circle, as evident by the peak in Figure 5-4. Decreasing frequency
sees the detection depth move further into the sample as proven by the signal reduction for the
central circle in contrast to the surrounding FR4 and a narrowing of the normalised peak.
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Figure 5-3 – Lock-in validation phase images at different perturbation frequencies with varying
legend range. As the perturbation frequency changes, the three circles are observed/hidden
from the phase images, dependent on the equivalent penetration depth, correlating to
estimation in Figure 5-1.
Contrarily, decreasing frequency features an increase in signal for the top left circle, but it is only
until 0.004 Hz that the normalised phase shift peak of the top left circle surpasses the middle
circle. Interestingly, these results are expected at 0.009 Hz, which is the depth location of the top
left circle. A perturbation frequency of 0.004 Hz should correspond to a penetration depth greater
than the sample thickness. It is clear that the penetration depth equation has a degree of
inaccuracy, but this is expected as lateral heating has not been taken into consideration. The
effects of lateral heating and Peltier edge effects are exhibited in the corners of the phase images,
exacerbated for lower frequencies, shown in the steep normalised values on the bottom right
corner. This has been corrected for in the PEFC experiments by ensuring the imaging view was
within the Peltier heating domain. What is evident, is that the lock-in thermography diagnostic tool
can be used as a depth perception tool, proven by the gradual change in peaks of the three circles
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for changing perturbation frequency and the penetration depth equation can be used as an
approximation to select these appropriate frequencies.

Top back
left

Middle

Bottom
front right

Figure 5-4 – Normalised phase shift values of the line profile that passes through each circle at
different lock-in frequencies. The three circles are identified as ‘top back left’, ‘middle’ and
‘bottom front right’, observed with varying intensity at different frequencies.

5.2.

Fuel Cell Performance

A PEFC active area of 9 cm 2 was chosen for this study as it provided a suitable area to image
water production and effectively heat and cool with a Peltier module. Figure 5-5 presents
polarisation curves for the PCB-FC operating under dry and humidified reactant conditions. Fuel
cell operation under dry conditions yield poorer performance at mid to high current densities (>600
mA cm-2) than under humidified conditions due to membrane dehydration with increasing
temperature, as indicated by an earlier onset of cell potential drop above 600 mA cm -2. The
membrane Ohmic resistance, obtained through current interrupt measurements, remain at about
180 mΩ cm-2 from low to mid current densities and start increasing with increasing load, which
suggests cell dry-out at the elevated operating temperatures.

Figure 5-5 – Polarisation and power density curves of the PCB-FC under dry and humidified
conditions.
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5.3.

Comparison of Lock-In Images

Figure 5-6 shows the thermogram from steady-state thermal imaging, amplitude image and phase
image from operating the cell humidified at 100 mA cm -2 with a lock-in frequency of 0.07 Hz. The
thermogram shows the effect of heat propagation from the Peltier module through the fuel cell
and the consequent thermal diffusion around the active area. The amplitude image shows the
dampening of the surface temperature signal to the initial thermal perturbation signal. A higher
amplitude ratio is detected in the outlet flow channel compared to the inlet due to an expected
greater water presence. However, a more detailed analysis of the water distribution is difficult to
obtain and thus amplitude images are more typically used to investigate energy dissipation [158,
243]. On the other hand, the phase image produced using (3-2) shows the flow field and outlet
manifold contrasting the surrounding cell body.

Figure 5-6 – Thermogram of PEFC area of interest, ampligram and phase shift image edited
using (3-2) of humidified operation at 100 mA cm -2 at a 0.07 Hz lock-in frequency.
The clear phase contrast illustrates the practicality of using the phase image to map the internal
structure of the fuel cell, as found in other studies requiring sub-surface structure imaging [163,
244]. The channels are discernible from the lands, due to differing thermal conductivities of the
internal structure along the heating path. Areas of less thermal resistance are indicated by
red/yellow areas in the figure. Additionally, the phase images are more tolerant to non-uniform
heating and are emissivity-independent compared to amplitude images [245]. It is predicted that
any water present in the flow field and manifolds would be detected by the technique, with a
smaller phase-shift compared to the lands, due to the higher thermal conductivity of liquid water
in the channels (0.607 W m-1 K-1) compared to the land areas (0.25 W m-1 K-1) [24, 137].
The spatial resolution of the image is somewhat affected by lateral heat transfer. For FR4, the
higher in-plane thermal conductivity (0.6 W m -1 K-1) compared to the through-plane (0.25 W m -1
K-1), leads to some blurring of the image around the edges [24]. Additionally, the excellent thermal
conductivity of the copper layer and GDL is a disadvantage in this case, as it disrupts the phase
change caused by the anode plate and further disperses the heat flow in the lateral direction,
rendering the cathode flow field unfocused. This analysis was validated by reproducing the lockin experiments on a PEFC shell, without the MEA (Figure 5-7) and the amplitude and phase
images presented a more in-focus flow field image.
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Figure 5-7 – Amplitude and phase images at a perturbation frequency of 0.15 Hz of a PEFC
shell without the MEA, showing a more discernible cathode flow field.

5.4.

Frequency Dependence Analysis

Approximate penetration depths are calculated using (2-36) and the thermal FR4 parameters
listed in Section 5.1 to obtain the frequency range. The perturbation frequency is scanned from
0.02 to 0.07 Hz for the depth analysis from the cathode flow field to the MEA region, which equates
to a rough penetration depth of 0.75 to 1.4 mm from the surface of the cathode endplate.
Figure 5-8 shows phase images across the frequency range 0.02 to 0.07 Hz for humidified
operation at 100 mA cm -2. At 0.07 Hz, corresponding to the least penetration depth of
approximately 0.75 mm, the lock-in signal is ‘focused’ half-way through the cathode flow plate,
such that the intersection between the manifolds and flow field is imaged. The phase shift
exhibited by the cathode outlet manifold is much lower than the rest of the flow field, indicating a
larger water presence in the outlet. The manifold is outside the active area, where heat is
generated, so it is expected to be cooler than the main flow field and consequently water is more
likely to condense in this region. Also, the wider manifold dimensions compared to the flow
channel means that exiting gas can bypass the water droplets and not have the same ‘flushing
out’ effect as in the active flow field. As the penetration depth increases towards the MEA with
decreasing perturbation frequency, the flow field becomes less discernible.
The phase shifts at different frequencies for locations corresponding to the channel, land and
cathode outlet, as labelled in Figure 5-8, are presented in Figure 5-9. With decreasing perturbation
frequency and greater imaging penetration depth, the phase contrast between land and channel
widens, indicating improved thermal conductivity in the channel, due to increasing water
presence. Conversely, the phase shift in the outlet manifold reduces in magnitude for decreasing
perturbation frequency as the ‘layering’ (depth profiling) technique moves away from the manifold
region.
As the Peltier acts to inject (heat) and abstract heat (cool) during the oscillation cycle, there is no
net delivery of heat to the cell. Consequently, the net temperature changing during the experiment
is kept to a minimum and lessens the effect on the water dynamics and electrochemistry, with a
maximum 9 mV variation caused by the temperature oscillation.
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Figure 5-8 – Phase images of humidified operation at 100 mA cm -2 at lock-in frequencies 0.02
to 0.07 Hz. Operational temperature and resultant cell voltage oscillations are provided for each
experiment. Labelled regions of interest are: (1) land (2) channel and (3) cathode outlet.
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Figure 5-9 – Bode plot of the phase shift for the land, channel and cathode outlet at various
lock-in frequencies. A lock-in frequency of 0.02 Hz is equivalent to a penetration depth of 1.4
mm, close to the MEA region. A lock-in frequency of 0.07 Hz equates to 0.75 mm, in the region
of the cathode outlet manifold.

5.5.

Cathode Humidification and Current Density Variation

A lock-in frequency of 0.04 Hz is chosen for the rest of this study to analyse the water distribution
at different current densities under dry and humidified operation, as shown in Figure 5-10. This
frequency is selected based on the results from Figure 5-8, due to a smaller gap in phase shift
between the flow field and outlet without losing the land-channel contrast. The Bode plot in Figure
5-11 compares the response for the channel, land and cathode outlet.
Galvanostatic operation during lock-in mode exhibits equivalent performance to the conventional
polarisation curve in Figure 5-5. The voltage oscillations under constant load are smaller (±0.01
V), due to the small temperature oscillations around the media. Thus, changes in the water
distribution as a result of the variation of these parameters are considered negligible.
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Figure 5-10 – Phase images of a non-operational fuel cell fed with dry, non-heated N2 gas, dry
and humidified operation from 100 to 700 mA cm -2 and humidified operation at 900 mA cm -2.
Operational temperature and voltage oscillations are provided for each experiment.

83

Chapter Five - Lock-In Thermography - Water Distribution Mapping

Figure 5-11 – Bode plot of the phase shift for the land, channel and cathode outlet at a lock-in
frequency of 0.04 Hz for varying current densities under dry and humidified conditions. With
increasing current density, and particularly under humidified conditions, more water is present at
the cathode outlet, detected by a decrease in phase shift (thus greater difference from FR4).

5.5.1. Cell Operation
Comparing the cell operation from 100 to 700 mA cm -2, as expected there is a greater overall cell
water content under humidified gas conditions, with greater pooling in the bends and outlet
channels. This corroborates with neutron radiography based finding of Coz et al. which report
lower temperatures at the edges of the active area than the centre, especially at higher current
densities [184]. Additionally, water accumulation in the bends is common for serpentine
configurations due to flow instability induced at corners and decreased pressure drop caused by
short-circuiting of gas between adjacent channels [30]. At bends, there is little driving force for
liquid water transport either through the diffusion layer or flow channel.
At 700 mA cm-2, the cell temperature increases and results in the onset of cell dry-out at the centre
of the active area. This is exacerbated under non-humidified conditions, although water continues
to accumulate in the cathode outlet due to its lower temperature, leading to condensation, as
suggested by Figure 5-11.
A current density of 900 mA cm -2 could not be reached under dry operating conditions due to low
voltages caused by excessive cell drying. This is evident in the humidified case which shows that
an increase in cell temperature forms large dry zones which have a marked effect on the cell
performance. However, water pooling is still pronounced at the last serpentine bend and outlet
channel due to the amount of water produced from the high current operating conditions.
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5.6.

Discussion

The water distribution of a PEFC constructed with FR4 material has been mapped using lock-in
thermography. The technique works by applying a sinusoidal thermal excitation around a setpoint temperature, which in this study was kept at 40 °C to ensure stable performance during
acquisition. However, there is no constraint on this set-point. Indeed, by operating at different
temperatures, different flow distributions can be imaged.
The theoretical spatial resolution for this study was ~78 μm based on the dimensions of the
imaged area and the thermal camera capability. Nevertheless, the actual resolution is limited by
the dampening of the input perturbation signal propagating through the PEFC due to lateral
diffusion, causing a blurring of the flow field. The surface thermal response captured by the
camera can be improved and thus the resolution, by using more thermally conductive materials,
such as the metallic plates used in conventional PEFC designs, as opposed to thermally
resistance FR4 plates. Higher perturbation frequencies can thus be utilised for shorter
experimental times to capture transient water profiles, as typically employed in other fields of lockin thermography. In-plane imaging requires an imaging resolution less than the width of the flow
field channels or MEA components in order to map the water distribution. The capability is evident
with the technique, but the resolution would need to be greatly improved.

5.7.

Conclusion

Lock-in thermography has been successfully used to map the water distribution in an operational
PEFC. The technique allows different depths within the cell to be probed (through the flow field,
down to the MEA) by varying the modulation frequency. The water distribution is mapped
successfully under dry and humidified conditions at different current densities. The findings are
consistent with results obtained in the literature using neutron imaging, showing pooling in the
bends of a serpentine flow field configuration and a greater water content in the cathode outlet
compared to the inlet, validating the viability of the technique.
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Chapter Six

Heat-Stimulus Thermo-Electric Impedance
Spectroscopy
Measurement of the various loss mechanisms in electrochemical devices is essential for
understanding their mechanisms of operation and developing improved materials and operating
protocols. Performance, temperature and hydration (membrane and liquid water presence) in a
PEFC is a complex relationship governed by cause-and-effect, where a change in one factor
alters the other. Membrane resistance can be gleaned by CI, where a high resistance suggests a
dry membrane, but the results provide a crude indication of the membrane humidity and do not
elucidate on other transport processes. EIS, which examines the relationship between alternating
current and voltage, is a well-established and powerful technique for the deconvolution of
mechanistic processes with different time constants. However, it can be difficult to categorically
attribute a given loss mechanism if the time constants are not distinguishable. Here, a novel,
complementary transfer function technique is introduced, termed heat-stimulus thermo-electric
impedance spectroscopy (HS-TEIS), which considers the complex relationship between imposed
temperature change and electrical response as a function of frequency.
An outline of the basic hydro-electro-thermal theory is discussed in Section 2.1.6, the HS-TEIS
experimental method and data analysis in Section 3.6 and its application is provided here to the
study of dry and humidified reactant operation in a PCB-FC. The cell is periodically heated and
cooled using a heat stimulus, complementary to the lock-in thermography technique in Chapter
5, establishing a pseudo-steady state condition whilst the PEFC is operated at either OCV or
under load. The oscillating response is captured by the time-varying voltage and Ohmic
resistance, obtained through the CI method. The amplitude ratio of the voltage response to the
thermal stimulation is termed the thermo-electric impedance (TEI) and defines the overall
performance sensitivity to temperature changes. The Ohmic resistance amplitude ratio is termed
the Ohmic thermo-electric impedance (OTEI), which characterises changes in electrolyte
hydration. The contributions from the different behavioural mechanisms are distinguished by
performing a frequency sweep and subtracting the OTEI from the TEI, further isolating the
contributions from kinetic (high frequency) and mass transport (low frequency) processes by their
characteristic thermal time constants.

6.1.

Thermo-Electric Impedance OCV Analysis

Figure 6-1(A) shows the theoretical response, based on the Nernst equation (2-8), to a sinusoidal
temperature variation of 0.04 Hz. It is assumed that liquid water is present in the cell and that the
partial pressures (𝑝𝑖 ) and specific heat capacities (𝑐𝑝,𝑖 ) are constant value parameters at the low
PEFC operating temperatures. The relationship is dominated by the entropic effect and as there
are no time-dependent components to the equation, the voltage decreases with increasing
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temperature, leading to an effective 180° phase shift [44]. Figure 6-1(B) presents the
corresponding experimental results at 0.04 Hz for both dry and humidified gas conditions, which
are both lower than the Nernst OCV. Perturbations in the theoretical Nernstian response is
predominantly linked to entropy, whereas experimental results also include losses such as
hydrogen crossover and mixed potentials, which, unlike the thermodynamic response, are
frequency-dependent. It is expected that humidified conditions would feature a lower OCV due to
a greater water partial pressure [80], but this could be masked by other overpotential contributions
which are exacerbated under dry conditions.
The Bode plots in Figure 6-1(C) present a constant Nernstian TEI of 0.88 mV °C-1 across the
frequency sweep, whilst the experimental TEI present disparaging results, relating to the
contributions of the frequency-dependent hydrogen crossover and side reactions at varying
magnitudes. TEI results at 0.07 Hz are excluded due to limitations in voltage sensitivity in the
experimental equipment.
Deviations in the experimental TEI results across the frequency range (Figure 6-1(C)) highlight
the thermal effect on the different loss mechanisms (hydrogen crossover and mixed potentials)
that are not characterised in the Nernst equation. The disparity in TEI between the Nernstian and
experimental across the frequency sweep is associated with the sensitivity of the different
parasitic mechanisms to thermal perturbations and can be hypothetically separated by their time
constants. The impedance attributed to hydrogen crossover impedance is expected to have a
longer time constant and thus present at low perturbation frequencies compared to the side
reactions at the cathode, due to the slower rate of gas transfer between electrodes compared to
kinetic processes. These side reactions are a direct consequence of the hydrogen crossover,
resulting in mixed potentials which reduce the OCV [246].
Low frequencies (<0.01 Hz) produce higher TEIs for dry gas conditions, as the membrane is more
susceptible to dehydration with the temperature fluctuations due to a reduce water presence and
this greatly alters the hydrogen crossover rate, which is a function of membrane humidity [208].
At mid to high frequencies (>0.02 Hz), where the contributions from mixed potentials are revealed,
humidified reactant conditions produce higher impedances as a greater water presence
exacerbates the carbon support corrosion rate to carbon dioxide and hence increases internal
parasitic losses [247, 248]. Stevens et al. used both in-situ and ex-situ methods to uncover the
significant increase in carbon corrosion when humidity was introduced to the fuel cell [249].
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Figure 6-1 – (A) Theoretical Nernstian response using LHV and (B) experimental OCV
response for both dry and humidified reactant conditions to the oscillating thermal perturbation
at 0.04 Hz (ΔT=6.3 °C). (C) Bode plots for the TEI experimental OCV under dry and humidified
reactant conditions and the theoretical obtained by the Nernst equation for a thermal
perturbation sweep from 0.005 Hz to 0.06 Hz. It is assumed that hydrogen crossover is
dominant at lower frequencies and mixed reactions at higher frequencies, due to their differing
residence times.
Both hydrogen crossover and mixed potential contributions increase for elevated temperatures,
but as dry conditions produce a lower OCV, it is concluded that hydrogen crossover is more
detrimental to performance and is more responsive to temperature changes. It is assumed that
the small temperature variations did not notably affect the vapour partial pressures in the cell and
thus are neglected from the analysis.
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6.2.

Fuel Cell Performance Under Load

Figure 6-2 presents polarisation and Ohmic resistance plots under dry and humidified reactant
conditions at a 40 °C cell temperature. A significant performance decline is exhibited for dry
operation compared to the polarisation analysis of the same PCB-FC architecture in Section 5.2,
due to the impact testing in the summer as discussed in Section 4.1. Operation under dry
conditions exhibits poorer performance at all current densities with considerably larger Ohmic
resistances compared to humidified operation. The sharp voltage drop from OCV to 100 mA cm 2

for dry conditions is due to severe membrane dehydration which significantly reduces proton

conductivity [250], indicated by an Ohmic resistance of 583 mΩ cm 2.

Figure 6-2 – (A) Polarisation and (B) Ohmic resistance plots of the PCB-FC at 40 °C under dry
and humidified inlet gas conditions.
For increasing load, there is a temporary improvement in membrane humidification by the
increased product water, as the resistance plateaus at 200 mΩ cm 2 before increasing again above
500 mA cm-2 caused by elevated operating temperatures dehydrating the membrane [251].
Humidified gas operation attains higher stable current densities with significantly lower Ohmic
resistances across the polarisation range. A voltage drop above 900 mA cm -2, coupled with only
a gradual increase in Ohmic resistance, indicates a mass transport effect due to reactant supply
limitation and/or flooding [71].
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6.3.

Thermo-Electric Impedance Load Analysis

Performance is governed by the cause-and-effect relationship of three main factors: current
(voltage), water (liquid, vapour and within the membrane) and temperature. For example,
increasing the current results in increased water generation (HECII [108]) and increased heat
generation (ETIS [102]), which in turn can evaporate more water and further affect the local
temperature and electrical performance. When one factor is imposed, two other factors are free
to respond and affect each other. Therefore, by controlling different stimuli (temperature) and
measuring difference consequential responses (voltage, Ohmic resistance), it is possible to
assess the time constants of different mechanisms (hydration, dehydration) and provide
additional dimensions of understanding.

6.3.1. Thermo-Electric Impedance as a Function of Frequency
A frequency sweep is applied at different current densities for dry and humidified reactant gas
operation to distinguish the thermal contributions of the different mechanistic phenomena. The
Bode plot presented in Figure 6-3 compare the magnitudes of TEIs, OTEIs and phase shifts and
focus on the frequency range where significant changes occur for dry and humidified reactant
operation. The OTEI provides an indication of the time constant required to hydrate and dehydrate
the membrane based on the heat/cooling cycles. By subtracting the OTEI from the overall TEI
response (Figure 6-4), the effects of kinetic and mass transport processes can be further
delineated.
In all cases, the impedance response for both dry and humidified operating conditions was similar
at the high-frequency limit and exhibit diverging characteristics as the frequency decreases. It is
therefore assumed that impedances obtained at high frequencies are predominantly associated
with kinetic processes, as their response times are fast relative to thermal perturbations. At lower
frequencies and higher current densities (or poorer operating conditions), mass transport
processes dominate the analysis due to the longer intrinsic time in exacerbating or alleviating
flooding in the flow channels, GDL and CL.
For the sake of suitable data representation, the axes in Figure 6-3 are kept fixed for 100 and 300
mA cm-2 and similarly for 500, 700 and 900 mA cm -2. Analysis above 500 mA cm -2 for dry gas
operation and above 900 mA cm -2 for humidified gas operation are excluded, due to instabilities
in holding the current density for the length of acquisition without deviating from the pseudosteady state assumption.
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Figure 6-3 – Bode plots for the TEI (top), OTEI (middle) and phase shift (bottom) at (A) 100 mA
cm-2, (B) 300 mA cm-2, (C) 500 mA cm-2 under dry and humidified reactant conditions and (D)
700 mA cm-2 and 900 mA cm-2 for humidified reactant conditions.
The impedances (TEI and OTEI) for dry reactant operation at 100-500 mA cm-2 are larger than
for humidified operation across the frequency sweep, indicating that temperature variation has
more of an impact on dry gas operation and correlates with the poorer performance in the
polarisation curve in Figure 6-2(A). Decreasing frequencies observe an increase in TEI and OTEI
for dry gas operation, with high OTEI contributions (Figure 6-4(A)) indicative of the sensitivity of
membrane dehydration to temperature. Dry gas operation also exhibits higher impedances at
high frequencies (0.05-0.07 Hz) as a low RH also has an effect on electrode kinetics [87]. A small
decline in TEI across the frequency range and OTEI in the mid-range frequencies are exhibited
for dry operation from 100 to 300 mA cm -2 as more water is produced in the electrochemical
reaction which hydrates the membrane. Dry operation at 500 mA cm -2 exhibits a substantial
impedance upsurge associated with severe membrane dehydration at elevated local

91

Chapter Six - Heat-Stimulus Thermo-Electric Impedance Spectroscopy

temperatures. The OTEI contribution is comparatively low at higher frequencies compared to low
frequencies, suggesting the large impact on kinetic processes from severe dehydration. At mid to
low frequencies, the OTEI contribution reaches a peak at 85%, suggesting membrane
dehydration, as opposed to mass transport phenomena (flooding), ultimately culminating in the
sharp voltage drop seen in the polarisation curve.

Figure 6-4 – Bode plots of the OTEI contribution to the overall TEI for (A) dry and (B) humidified
inlet reactant conditions.
Stable thermal performance is exhibited for humidified operation up to 700 mA cm -2, as the TEI
and OTEI show little variance across the frequency sweep. This suggests suitable membrane
hydration and no flooding effects. The OTEI contribution to the TEI is lower than 22% at 100 mA
cm-2 for humidified operation, with the remainder associated with kinetic (high-frequency) and
mass transport processes (low-frequencies). Humidified operation at 700 and 900 mA cm -2 are
presented in Figure 6-3(D). A substantial increase in TEI and OTEI is observed at 900 mA cm -2,

92

Chapter Six - Heat-Stimulus Thermo-Electric Impedance Spectroscopy

corresponding to the beginning of the sharp voltage drop on the polarisation curve. The humidified
TEI at 900 mA cm-2 is still lower than for dry operation at 500 mA cm-2 at mid to low frequencies,
highlighting the non-ideal conditions that dry operation imposes on performance. The Ohmic
resistance plot for humidified operation (Figure 6-4(B)) shows little variance for increasing current
density; however, OTEI contributions across all frequencies for 700 and 900 mA cm-2 are higher
than at lower current densities. The remaining TEI contribution is associated with mass transport
processes, in this case by the onset of flooding and subsequent reactant starvation. In these
conditions, varying the operating temperature can greatly affect performance by mitigating or
exacerbating flooding, which alters the ability of the reactant to access the electrocatalyst.

6.3.2. Phase Shifts
In conventional EIS, phase shifts are exhibited due to the inductive or capacitive behaviour of the
fuel cell and correspond to a ±0-90° shift [98]. The thermal behaviour of these mechanisms are
more intricate and reducing them to a simple electrical circuit analogy is beyond the scope of this
work. An alternative feature in HS-TEIS is detected in the phase shift results, presented at the
bottom of the Bode plots in Figure 6-3, where the phase shift determines if a temperature rise
results in a positive (0 to 180°) or negative (-180° to 0) voltage change. Experimentalists can
deduce from the phase shift whether increasing or decreasing the operating temperature of the
fuel cell at the particular operating point would boost performance.
At high frequencies, the improvement in kinetics results in a positive phase shift for both dry and
humidified reactant operation up to 500 mA cm -2 and for humidified operation a temperature
increase always results in a positive phase shift less than 90°, irrespective of perturbation
frequency. However, dry operating conditions observe the phase shift passing the negative axis
as the frequency is swept, demonstrating that Ohmic contributions are aggravated for increasing
temperature for dry operation. The frequency at which this shift to the negative axis occurs moves
closer to the high-frequency region for higher current densities, highlighting the increasing
electrolyte dehydration dominance on performance.
Humidified operation at 700 mA cm -2 exhibits a positive phase shift at high frequencies, whilst at
lower frequencies, the phase shift moves below 0°. The negative phase shift at low frequencies
could be associated with membrane hydration, surfacing at the low thermal perturbations.
However, the possible alleviation of minor local flooding pockets with increased temperatures
minimises this negative phase shift. A total movement of phase shifts to the negative axis is
exhibited at 900 mA cm-2, which was not even seen with dry operation at 500 mA cm-2, indicating
that even the positive contributions from kinetics are overshadowed by the local membrane
dehydration.

6.4.

Data Presentation in Nyquist Plot Form

Impedance data in EIS is fitted to an equivalent circuit, representative of the physical processes
in the system [252]. However, there can be ambiguity in the interpretation of EIS (Nyquist plot)
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data, especially when the time constants for different processes overlap. The use of a
complementary transfer function measurement offers a means of identifying the origin of different
impedance features. In the case of HS-TEIS, it allows us to focus on processes occurring in the
low-frequency regime that are sensitive to temperature. Whilst a more sophisticated theoretical
framework is required for interpreting the HS-TEIS data, a simple qualitative interpretation of the
shape of the curve and its approximate diameter can indicate if the PEFC is dehydrated, optimally
humidified or flooded.
The plot can be dissected into four quadrants; the positive and negative axis of the real and
imaginary axis, presented in Figure 6-6(A). Results above the real axis (0 to +180°) correlate to
a voltage increase with temperature and vice versa for below the real axis (+180/-180 to +360/0°).
Their exact positioning within each quadrant is dependent on the magnitude and phase of the
TEI. Theoretical results for the Nernst analysis are not included as they are phase invariant and
equivalent to a ±180° phase shift.

Figure 6-5 – Nyquist plots of (A) dry and (B) humidified reactant operation with zoomed-in
humidified results (B, left) between OCV and 700 mA cm -2. Green points correspond to the
lowest perturbation frequency.
OCV results are clustered close to the origin, with the deviation from the negative real axis
predominantly due to phase shifts caused by the thermal impedance of the fuel cell materials.

94

Chapter Six - Heat-Stimulus Thermo-Electric Impedance Spectroscopy

Dry reactant operation results presented in Figure 6-5(A) show a broadening in curve diameter
for increasing current density, starting from quadrant I at high frequencies and sweeping
clockwise to quadrants IV and III at low frequencies. This broadening correlates with the
increasing TEI, as seen in the Bode plots in Figure 6-3, corresponding to increased thermal
contributions from Ohmic mechanisms. Kinetic contributions for all curves are not discernible, as
they congregate close to the origin in quadrant I. Dry results at 100 and 500 mA cm-2 exhibit
poorer membrane humidification to 300 mA cm -2, as explained in Section 6.3 and is graphically
presented in the Nyquist plots, with their curves extending to quadrant III.
Humidified Nyquist plots below 700 mA cm -2 in Figure 6-5(B) exhibit an alternate trend, associated
with an adequately humidified membrane. For increasing current density, the curve diameter also
broadens due to an increase in TEI and rotates clockwise into quadrant IV as membrane hydration
deteriorates. Operation at 700 mA cm -2 marks a juncture where the cell begins to exhibit mass
transport losses caused by flooding. Its curve in quadrant III follows an almost straight line at a
45° angle away from the axis, similar to the Warburg contribution in conventional EIS. Humidified
analysis at 900 mA cm -2 shows the curve move into quadrant III. Its curve takes on a shape similar
to dry operation and indicates local membrane dehydration caused by excessive operating
temperatures.

Figure 6-6 – (A) Phasor diagram presenting the four quadrants (I-IV) attributed to the phase
shift between the thermal perturbation and voltage response (graph inserts) and the locations
where different loss mechanisms exhibit. The general trend of the Nyquist plots for (B) dry and
(C) humidified cell conditions.
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The quadrants associated with the different voltage loss mechanisms and the shape of the curve
can immediately characterise the performance and internal condition of the cell. Figure 6-6(B, C)
are the general Nyquist plot shapes for dry and humidified conditions, respectively and their
general shape can act as a performance indicator for different regimes of operation.

6.5.

Conclusion

Heat-stimulus thermo-electric impedance spectroscopy (HS-TEIS) is a rapid, operando and nonintrusive transfer function technique for studying the direct and complex relationship between
temperature, hydration and performance in a PEFC by observing the electrochemical response
to thermal perturbations. The contributions from the different behavioural mechanisms can be
distinguished by measuring a relatively narrow frequency range that spans kinetic to mass
transfer thermal sensitivity.
Experimental OCV analysis is compared to a simple Nernstian model for the same temperature
perturbations, with differences in impedances attributed to losses such as hydrogen crossover
and mixed potentials, separated at high and low frequencies, respectively, due to their different
thermal time constants. With load analysis, the OTEI is subtracted from the TEI to further highlight
the contributions from kinetic (high frequency) and mass transport (low frequency) processes.
Phase shifts indicate if a temperature rise results in a positive or negative voltage change at the
operating current density or perturbation frequency. Kinetic processes generally produce a
positive phase shift response but their contributions are overshadowed when flooding becomes
the dominant mechanism. Ohmic contributions are prevalent throughout operation, with increases
being directly linked to onset electrolyte dehydration. The generated Nyquist plots provide a
simplified graphical tool for analysing the performance and hydration state based on the shape
and diameter of the impedance curve. Further development of a theoretic framework for HS-TEIS
will aid in interpreting results from the technique.
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Chapter Seven

In-Situ Mapping - Self-Heating and Gas
Flow Orientation
Fuel cell polarisation performance is typically reported under controlled/constant temperature
conditions, as a sign of robust metrology. However, in practice, fuel cells self-heat as they
generate current, which varies the temperature across the polarisation curve and affects
performance. More detail regarding the internal cell operation can be gleaned by current and
temperature distribution mapping. For the case of an unheated cell, ‘self-heating’ increases the
cell temperature and improves performance, resulting in a ‘voltage recovery’ and a more
homogeneous current and water distribution. For actively heated cells, a reduced current is
observed in regions of high temperature and low humidity.
The positioning of the gas manifolds in PEFCs has a decisive impact on the overall performance
by affecting the reactant concentration, humidity and water distribution. Counter- and cross-flow
orientations in a self-heating cell were studied, with a counter-flow orientation with air flowing with
gravity producing the most uniform temperature distribution. At low- to mid-current densities, the
position of the maximum temperature corresponds to the highest local current density, with the
best performance at the cathode inlet region. This is observed irrespective of flow orientation,
with a higher current density skew if the anode and cathode inlets are placed on the same lateral
plane, as with cross-flow orientation. However, temperature heterogeneities are exacerbated at
higher current densities with the centre of the cell becoming the hottest, as heat is more readily
dissipated from the edges of the active area, than the centre.
There is an acute lack of insight into the operation of thermally unconstrained (self-heating) fuel
cells. This work considers the performance of PEFCs without active heating/cooling and
examines the ‘self-heating’ effect on the polarisation curve for different flow orientations.
Localised measurements of current density and temperature are used to map the internal
performance, quantifying the extent of heterogeneity across the MEA which could ultimately lead
to increased degradation rates during long-term operation.

7.1.

Literature

It is customary to report fuel cell polarisation performance quoted at a constant temperature
across the range of operation and with each data point recorded after the system has had time to
equilibrate. This requires an active heating/cooling system and extended periods of data
collection, but does not capture the intrinsic operation of a stand-alone fuel cell. It is questionable
if robust temperature control is always implemented effectively in reported studies, and in any
case, there is likely to be a distribution of current density and temperature within cells such that
true isothermal operation is exceedingly difficult to achieve. In practice, for technological systems,
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fuel cell temperature will vary across the polarisation curve range [134, 253-255] when exposed
to dynamic operation and during start-up [256]. Temperature will be heterogeneously distributed
across cells and throughout stacks and is a complex function of reactant flow [257], current
density distribution [146, 258], flow field design [259, 260], cooling mechanism [261, 262], etc.
Depending on the size of the fuel cell, its application and core design principle, technological fuel
cells may have active heating during start-up, be air or liquid-cooled, or have no active
cooling/heating at all [217, 263, 264]. As such, in addition to the conventional controlled
temperature approach, studies should take account of the fact that fuel cells do not operate
isothermally and consider the polarisation curve where self-heating takes place during operation.
In addition, some fuel cell ‘start-up from cold’ strategies drive the devices hard to generate heat
and raise the temperature [265]. Therefore, self-heating polarisation curves are an important
phenomenon to capture, with heterogeneities possibly leading to accelerated performance
degradation [266, 267] and the results obtained will be sensitive to the size of the cell/stack,
design and flow orientation.
In practice, polarisation curves are often achieved that deviate from the ‘classic’ sigmoidal profile
(kinetic, Ohmic, mass transport). To understand the cause, advanced characterisation should be
performed on systems that are not artificially constrained in temperature, as this is often the cause
of these effects. Temperature affects the electrode kinetics, electrolyte conductivity, mass
transport of species and is particularly impactful on water management within fuel cells [44].
While the polarisation curve is the key measure of fuel cell performance and is the ultimate test
of what a fuel cell can deliver in terms of electrical output, the information it provides is limited in
terms of truly understanding the internal operation of the device. Current and temperature
mapping of PEFCs uncovers crucial spatial and temporal data on the performance distribution
across its active area. Achieving a homogeneous current density distribution during operation is
desirable, which corresponds to, or is a consequence of, its thermal uniformity [132, 268].
However, local performance disparity is common due to operational conditions, such as reactant
concentration, humidification and water distribution [269-271]. This problem is exacerbated during
scale-up, advancing from small lab-scale single cells to large commercial automotive stacks,
where operational heterogeneities encourage large current density and temperature variations,
resulting in varied local degradation rates and inefficient PEFC performance.
One particular design factor concerns reactant gas flow to the cell. The effects of flow field plate
design and gas flow direction on performance have been extensively researched using a variety
of diagnostic techniques. Parallel, interdigitated, single- and multi-channel serpentine
configurations are the most commonly implemented flow field designs [34-36]. However, they are
susceptible to localised flooding at higher current densities or at low temperatures, primarily in
regions of significant pressure drop, which hinders reactant transport to the electrodes [31, 272274] and can cause irreversible damage by locally reversing the polarity in the gas-starved region
[275]. This has catalysed research in innovative flow field design focused on improving water,
flow and pressure distributions [276-278]. Flow orientations have also attracted a great deal of
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research, predominantly in modelling [279, 280], where the direction of gas flow on either side of
the MEA affects the reactant and water distribution.
Water that is produced by the electrochemical reaction and introduced into the cell through gas
humidification plays an important part in determining fuel cell performance. Liquid water can form
and detach from the GDL, coalesce and form ‘slugs’ that flood the flow channels and limits mass
transport [281]. Water detachment and removal are affected by gravity and numerous studies
have found that gas flow from top to bottom greatly improves performance in both reactant
compartments [282, 283]. Conversely, studies on flow arrangement have found that counter- and
cross-flows promote a more uniform current density distribution compared to co-flow
configurations, by improving both the thermal and water management across the entire cell [212,
284-286]. This would then require an upward gas flow against gravity in one of the flow fields.
The effect of flow orientation on the PEFC water distribution was investigated by Kim et al. using
a 25 cm2 cell with a 3-parallel serpentine design [166]. Water distributions were increasingly
skewed along the flow channels towards the outlets, with greater non-uniformity in co-flow (outlets
in the same position). The effects of gravity were not considered in their study; however, studies
by Morin et al. utilising small-angle neutron scattering found that gravity retains water in the cell
when the gas is flowing upwards, which leads to better membrane humidification [190]. A study
by Wu et al., using an unheated 25 cm 2 cell with no active reactant humidification, revealed that
water management is significantly affected by the number of serpentine channels at the cathode
[31]. Single-channel serpentine designs exhibited the best performance and water distribution
uniformity; however, they require a much higher parasitic power to recirculate reactants due to
significant pressure drops in the flow field. Severe flooding was observed in the quad-channel
serpentines which resulted in large voltage fluctuations. Water accumulation was seen in the 180°
bends, skewed towards the cathode outlet and for quad-channel designs, predominantly in the
final bends. With increasing current density above 400 mA cm -2, the total quantity of liquid water
decreased by up to 43% as the effects of self-heating had dried the cell.
Current distribution mapping investigations of PEFCs are abundant in the literature [117, 118],
but their coupling with internal thermal mapping is deficient. Common observations include a
decline in performance downstream in the flow field attributed to reactant concentration reduction
[120, 256], reduced local membrane humidity [127] and gas starvation from flooding [221, 222],
in addition to lower local currents around the 180° bends compared to straight channels due to
trapped water [121]. These results are dependent on operating current density, fuel cell design
and operational parameters, which vary between applications. Combined current density and
thermal mapping have been applied to the central cell of an open-cathode, air-cooled, 5-cell stack
[132]. The cross-flow configuration produced high current density results at the intersection of
both inlets with a gradual drop towards the outlets. The temperature distributions followed the
current density profile, relating to heat generation, except at the inlets where colder dry gas was
introduced. Current and temperature mapping have also been applied to a 250 cm 2, 3 kW closed
cathode stack operated with a cooling system [196]. Current distribution improved with increased
clamping pressure, with high currents passing through areas with greater contact pressure.
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Current density distributions were more sensitive to air flow rate than hydrogen and the
configuration of air-coolant-hydrogen in co- and counter-flow created pocketed areas of high
temperature and low humidity.

7.2.

Effects of Self-Heating on Performance – Overall Cell
Performance

Figure 7-1(A) presents the polarisation plots for heated operation at 50, 60 and 70 °C with
hydrogen humidified at 30% and the case of no active-heating (self-heating) with varied hydrogen
humidification due to a water bath temperature of 30 °C but a varying cell temperature caused by
self-heating. A relative humidity of 30% was chosen for the heated cases as they would exhibit
similar conditions to the unheated case at higher current densities and operating temperatures,
where current density and temperature distributions are expected to be the most varied, with
similar dehydration conditions for the membrane. All experiments were performed in counter-flow
(configuration 1 in Figure 7-3) and the air supply was not humidified.
For the actively heated systems, enhanced polarisation performance was observed with
increasing cell temperature up to 60 °C at low-mid current densities (<600 mA cm -2),
corresponding to improved kinetics and sufficient membrane hydration.
Increasing to 70 °C resulted in degraded performance, suggesting membrane dehydration. A
crude indicator of the heterogeneity in temperature (Figure 7-1(B)) and current density (Figure 71(C)) within the cell can be derived by subtracting the maximum and minimum localised values
across the active area obtained by the mapping device. More detailed current and temperature
maps will be described below. It can be seen that the 70 °C case exhibits significant performance
heterogeneity, indicative of non-optimal performance, ultimately leading to a low limiting current
density of 650 mA cm -2. The limiting current density is defined here as the final current density
obtained through the polarisation analysis prior to a voltage drop to 0 V.
The polarisation performance decline above 650 mA cm -2 for the 60 °C case is linked to its high
operating temperature, resulting in membrane dehydration and increased current density and
temperature heterogeneity across the cell’s active area. The same phenomenon is observed for
the 50 °C case at 1100 mA cm -2, where the magnitude of heterogeneity is equal to the case of 60
°C at 650 mA cm-2.
The polarisation profile for the unheated case is an excellent example of how dynamically varying
the temperature distorts the shape of the curve. The polarisation phenomenon exhibited is
associated with the self-heating operation and subsequent changes in the relative humidity. At
low current density, up to ~600 mA cm -2, poor performance is observed due to the low operating
temperature (<40 °C). Self-heating, as a consequence of operating at a higher current density,
increases the cell temperature and improves performance, resulting in a ‘voltage recovery’ up to
a point that is consistent with the 50 °C case at ~1100 mA cm -2. The lower operating temperature
resulted in higher current density being reached (~ 65 °C at 1300 mA cm -2), as the performance
loss attributed to membrane dehydration was postponed. Operation above 1300 mA cm -2 was
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obtainable for the unheated case, but 1300 mA cm -2 was selected as a suitable operating point
for comparison with the heated cases in terms of current density and temperature heterogeneity.
It is important to note that in order to achieve this voltage recovery, it had been necessary to load
the cell down to a voltage below the normal operational range (typ. >0.5 V); although operation
to these voltages is sometimes used as a means of self-heating of stacks as a cold-start strategy
[265].

Figure 7-1 – (A) Polarisation performance and cell temperature; (B) temperature deviation and;
(C) current density deviation across the active area during polarisation for self-heating operation
with varied RH H2 at a water bath temperature of 30 °C and at 50, 60 and 70 °C with 30% RH
H2. Filled circles for current density and hollow circles for temperature measurements.
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7.3.

Effect of Self-Heating on Performance – Local Current Density and
Temperature Mapping

More detail regarding the internal cell operation can be derived by considering the current and
temperature distribution maps (Figure 7-2). Comparison is made in each case between the
current distribution at an average current density of 100 mA cm -2 and that at the limiting current
density (or 1300 mA cm -2 for the unheated case). Although typical PEFC operation would not
extend to the limiting current density, it has been used in this analysis to accentuate the intrinsic
relationship between temperature and current density by driving the cell to the extreme.
Considering first the profiles for the actively heated cells. At 100 mA cm -2, the current is relatively
evenly distributed, although there are already signs of reduced current in the cathode inlet / anode
outlet zones for the 70 °C case.
For the limiting current density maps, increasing current density heterogeneity is observed with
increasing temperature whilst the limiting current densities attained decreased from 1250 mA cm 2

at 50 °C to 650 mA cm -2 at 70 °C. For the 50 °C case, the difference in local current density

between the cathode inlet and outlet is 425 mA cm -2, with the centre of the cell exhibiting the
highest local current density (1387 mA cm -2) and temperature (71.7 °C).
For increasing temperature, the difference in local current density between the cathode inlet /
anode outlet and the cathode outlet / anode inlet zones widens, exhibiting a ‘see-saw’ effect. This
is linked to both the increasingly high local temperatures at the cathode inlet region and the effects
of no air humidification, which reduces local proton conductivity and results in membrane
dehydration. The water produced by the electrochemical reaction at the cathode electrode is
immediately vapourised and removed by the gas stream, instead of migrating to the membrane.
This is most strikingly presented in the 70 °C case, where the high temperature (75 °C) and lack
of humidification at the cathode inlet has reduced the local current density (130 mA cm -2), which
in turn has resulted in a lower local temperature due to the reduced local heat generation
compared to the outlet. Similar results were obtained by Peng et al. for the middle cell of a 250
cm2, 3 kW stack heated to 70 °C [196], with emphasised membrane dehydration in the inlet region
when both reactants and coolant fluid entered in the same through-plane location. The co-flow
arrangement observed a region of high temperature (inlet gas heated to 70 °C) and low humidity
at the inlet, resulting in low local water content and proton conductivity. Dry regions in the
membrane lead to uneven current density which lowered the local performance. The thermal map
for the 70 °C case at the limiting current density in Figure 3(G) mirrors the current density
distribution in Figure 3(D) (local heat generation variation), with the coolest location near the
cathode inlet and the hottest near the anode inlet.
Conversely, the humidification of the hydrogen gas line and possible liquid water pooling near the
cathode outlet (which maintains local hydration [166]) has resulted in a high local performance at
the limiting current density. Numerous neutron imaging studies have observed the highest liquid
water presence in the final serpentine bend in the cathode flow channels and near the outlet
regions when air is flowing with gravity [189, 287, 288]. If the cell is heated and the reactants
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humidified, overall water mass decreases with current density as rising local temperatures from
self-heating vapourise liquid water predominantly in the channels [77, 289, 290]. For heated
operation with only the hydrogen feed humidified, the input of water humidifies the anode channel
and offsets the membrane dehydration by the dry air stream [291]. In the case of PEFCs operated
unheated and without external humidification, water produced by the electrochemical reaction at
low current densities and low temperatures remains in liquid form and migrates to the serpentine
channel where it accumulates [292]. With increasing current density and rising cell temperatures
from self-heating, liquid water presence declines prior to membrane dehydration [30, 31].
For the unheated case, although its heterogeneity in current density at 1300 mA cm -2 was similar
to the 50 °C case at 1250 mA cm-2, its current density map (Figure 3(A)) exhibited the highest
local current densities in the cathode inlet / anode outlet zones. Local temperatures at the cathode
inlet were almost 10 °C colder for the unheated operation compared to the 50 °C case, resulting
in a better local membrane humidity. Local current densities decreased towards the bottom of the
cell, in the region of the cathode outlet / anode inlet. This effect of a lower cell temperature (~60
°C) and high hydrogen inlet humidification can induce local liquid water pooling, that has been
frequently observed in neutron imaging studies [30, 31, 292]. The greater density of liquid water
accumulation may obstruct the reactant supply to the electrodes, thus reducing its local current
density.

Figure 7-2 – (A-D) Current density maps at 100 mA cm-2 and the limiting current density for the
heated cells and 1300 mA cm -2 for the unheated case; (E-G) thermal maps at the limiting
current density across the active area during polarisation analysis for self-heating operation with
(A) varied RH H2 at a water bath temperature of 30 °C and (B, E) operation at 50 °C, (C, F) 60
°C and (D, G) 70 °C with 30% RH H2.
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7.4.

Gas Flow Orientation in Self-Heated Mode – Overall Cell
Performance

The overall polarisation performance is displayed in Figure 7-4 for the different flow orientations
(Figure 7-3). Flow configuration 1 and 4 are in a counter-flow orientation and 2 and 3 are crossflow.

Figure 7-3 – The four flow orientations with labelled cathode inlet (CI) and outlet (CO) and
anode inlet (AI) and outlet (AO).
At low current densities (<200 mA cm -2), where performance is dominated by reaction kinetics,
the counter-flow orientations exhibited poorer performance than the cross-flow cases. In the
cross-flow orientation, the reactant inlets flow along the same lateral straight channels but in
opposing directions, promoting a greater reactant concentration in the MEA bisection of the inlets,
resulting in improved kinetics and a higher local current density [86]. In the mid-current density
region (200-800 mA cm-2), a decrease in voltage with a similar gradient fall for all flow orientations
is observed, followed by the voltage recovery phenomenon.

Figure 7-4 – Polarisation performance and heat generation rate of the different flow
configurations.
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Cell performance improves with current density above 600 mA cm -2 for all flow orientations. This
critical interchange is attributed to the self-heating phenomenon, as the higher current density
operation has raised the cell temperature, thus improving reaction kinetics, electrolyte
conductivity and water transport. Between 600-1000 mA cm-2, all flow configurations display
almost identical voltage recoveries irrespective of reactant flow direction, suggesting that the
effects of self-heating has subdued the dominating mass transport mechanisms which draw
attention to the effects of flow orientation.
Above 1000 mA cm-2, the disparity in performance reappears, with a faster performance
deterioration with the cross-flow orientation (2 and 3).

7.5.

Gas Flow Orientation in Self-Heated Mode – Local Current Density
and Temperature Mapping

The current density and temperature maps at 100, 700 and 1300 mA cm -2 are presented for each
flow configuration in Figures 7-5 to 7-8 (A-C). Figures 7-5 to 7-8 (E, F) present the local current
density and temperature profiles for five prominent locations in each flow configuration; cathode
inlet, first cathode bend / anode inlet / anode outlet, centre, final cathode bend / anode inlet /
outlet and the cathode outlet. Figure 9 shows the current density and temperature deviation
across the active area for the complete polarisation curve as a quantification of the extent of
spatial performance heterogeneity. The deviation is defined as the parameter difference between
the maximum and minimum data points collected by the mapping plate across the active area.
The current density and temperature profiles at 100 mA cm -2 are both comparatively uniform for
each of the different flow configurations (< 85 mA cm -2 and < 1.18 °C disparity). Slight gradients
lowering from the cathode inlet towards the cathode outlet were captured, irrespective of flow
orientation or hydrogen flow direction, indicating that even at 100 mA cm -2, reactant and water
distributions impact the spatial performance, despite operating with sufficient air flow [293].
Operation from 700 mA cm-2 marks the approximate onset of voltage recovery, with the current
density deviations (Figure 7-9) reaching a maximum and representing the zone of maximum
temperature and current heterogeneity. This suggests that a greater thermal disparity across the
MEA promotes a more heterogeneous current density distribution, or vice versa. For all
orientations, the highest local current density is detected in the straight channel containing the
cathode inlet, with a larger skew when both reactant inlets are placed in the same lateral plane,
as with the cross-flow orientations (2 and 3). This is due to a higher reactant concentration in this
region [120, 256], which enhances kinetics and increases the local current density [86]. A higher
heat generation rate ensues, raising the local temperature, further improving the reaction kinetics
and so on. The performance gradually diminishes along the flow path towards the cathode outlet,
with a larger affected area encompassing the final serpentine bends where water is expected to
accumulate more readily, as has been identified by modelling [121] and neutron imaging studies
[30, 31, 292]. If the anode inlet is placed on the same lateral plane as the cathode outlet, as with
the counter-flow configurations in 1 and 4, this negative skew towards the cathode outlet is slightly
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improved, resulting in a more uniform temperature and current density distribution. Studies have
attributed this to counter-flow orientations promoting a more uniform water distribution, alleviating
localised pockets of dehydration and flooding [294].
Configuration 3 exhibits the largest temperature variance of 2.65 °C at 700 mA cm-2, with the
hottest region in the top half of the MEA where the inlets are located. Its current density map at
700 mA cm-2 in Figure 7-7 (A, B) corresponds to its thermal distribution in Figure 7-7 (C), with an
overall deviation of 1080 mA cm -2. The deviation is further exacerbated by the cooling effects of
the expected pooled water in the bottom half of the flow field by the downward reactant flow. It
should be noted that the recorded temperature distributions are a proxy for the temperature at the
MEA/electrodes, as they are measured behind the flow plate [220]; however, they are useful in
observing the spatial variations but not the absolute values. The effect of temperature distributions
on local degradation have not been thoroughly investigated in the literature; however, a small
number of modelling studies have alluded to high thermal stresses on the MEA at high current
densities [295-297].
The current density and thermal maps of the counter-flow orientations (1 and 4) at 700 mA cm -2
also exhibit relatively high heterogeneity. Although, at this junction in the polarisation curve, the
counter-flow orientations present a more uniform current density and temperature distribution
compared to the cross-flow orientations. Studies have attributed this to the improved water
distribution with counter-flow orientation [212, 284-286].
The relationship between temperature and current density are tightly intertwined, in the case of
the reactant inlets bisection (top half of the cell), the higher reactant concentration and pressure
could have enhanced the kinetics, which increases the local current density. This leads to a higher
heat generation rate, raising the local temperature, further improving the reaction kinetics and so
on. The current density and thermal maps of the counter-flow orientations (1 and 4) also exhibit
high variances of 860 mA cm -2 and 730 mA cm -2 and 1.86 °C and 1.31 °C, respectively,
demonstrating that the greater the thermal disparity across the MEA, the more heterogeneous
the current density distribution.
At 1300 mA cm-2, a more uniform current density distribution is observed for all flow orientations
compared to 700 mA cm -2. This is attributed to the self-heating phenomenon, where the raised
cell temperature may have homogenised the water distribution, which in turn has homogenised
the current density and heat generation. However, temperature distributions remain high for all
flow orientations with the colder regions near the unheated gas inlets and the hottest at the centre
of the cell where heat is not so easily dissipated by conduction.
In Figure 7-5 to 7-8, the overall current density is defined as the set value on the external
programmable load, as the polarisation curve was implemented galvanostatically. The current
density and temperature maps were obtained towards the end of the 150 s polarisation holds,
when the cell voltage and distribution maps had equilibrated.
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Figure 7-5 – Current density (A, B) and thermal maps (C) at 100, 700 and 1300 mA cm-2 for
flow configuration 1 (D). Local current densities (E) and temperature profiles (F) during
polarisation.
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Figure 7-6 – Current density (A, B) and thermal maps (C) at 100, 700 and 1300 mA cm -2 for
flow configuration 2 (D). Local current densities (E) and temperature profiles (F) during
polarisation.

108

Chapter Seven - In-Situ Mapping - Self-Heating and Gas Flow Orientation

Figure 7-7 – Current density (A, B) and thermal maps (C) at 100, 700 and 1300 mA cm -2 for
flow configuration 3 (D). Local current densities (E) and temperature profiles (F) during
polarisation.
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Figure 7-8 – Current density (A, B) and thermal maps (C) at 100, 700 and 1300 mA cm -2 for
flow configuration 4 (D). Local current densities (E) and temperature profiles (F) during
polarisation.
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Figure 7-9 – Temperature and current density deviation across the active area during
polarisation analysis for each flow configuration.

For counter-flow orientations (1 and 4), higher local current densities are still detected near the
cathode inlet / anode outlet zone and conversely low current densities near the cathode outlet /
anode inlet, with a more homogeneous current density distribution with the descending flow of
air with gravity (configuration 1). This corroborates with the segmented cell study by Weng et
al., who observed a more uniform current density distribution when operating in counter-flow
with air flowing with gravity [285]. Consistent with the thermal maps, configuration 1 observes a
more homogeneous thermal distribution, as the descending air flow has the capacity to
distribute heat and water more effectively than the hydrogen flow [298].
Cross-flow orientations (2 and 3) at 1300 mA cm -2 achieve high temperature heterogeneities
across the active area (3.56 °C and 3.33 °C, respectively), but not the highest spatial current
density disparity (476 mA cm-2 and 804 mA cm -2, respectively). This suggests that factors such
as reactant concentration and water distribution also contribute to the performance variation [173].
Between the two cross-flow orientations, the upward flow of reactants (configuration 2) is
expected to preserve more water within the cell to offset the effects of dehydration [190], which
has resulted in a more uniform current density distribution.
The thermal maps in Figures 7-5 to 7-8(C) for all flow configurations display a growing heat spot
with increasing current density. At low-mid current densities, the location of the maximum
temperature follows the region of higher current density, which at 700 mA cm -2 occurs close to
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the cathode inlet, irrespective of the anode inlet placement. However, if the anode and cathode
inlets are placed on the same lateral place (cross-flow 2 and 3), the thermal distribution is more
heavily skewed. Hakenjos et al. observed high local temperatures in regions of high current
density when no liquid water was present in the cell and low local current densities where
condensed water collected as gas transport in the porous media was restricted [146]. For all flow
configurations, their thermal maps at 1300 mA cm -2 observed local peak temperatures at the
centre of the cell, veering towards the anode outlet. Although these weren’t the locations of the
highest local current density, the heat removal rate is greater around the edges of the active area
than the centre.
Of the four flow configurations, counter-flow orientations promote a greater temperature
homogeneity when operated at higher current densities; however, the descending cathode flow
from top to bottom imposed in configuration 1 greatly aids in excess water removal and heat
ejection, which further stabilises the current density distribution.

7.6.

Conclusion

This work highlights the importance of considering the natural self-heating effect on the
polarisation curve, in addition to conventional isothermal (controlled) temperature fuel cell
operation. This is particularly important for systems without active heating / cooling and for those
that rely on self-heating for cold-start operation. By comparing self-heated cells with actively
heated systems and using localised current and temperature mapping, it is found that the complex
interplay between current, water and temperature can lead to a highly heterogeneous spatial
distribution of performance. At low-mid current densities in unheated cells, insufficient heat is
produced to achieve good performance and their current density profile becomes exceedingly
heterogeneous. The effect of cell flooding and subsequent evaporation with increasing current
density leads to a cell ‘reactivation’ (voltage recovery) event associated with the self-heating
operation.
The effects of flow orientation for a ‘self-heating’ cell was were investigated for counter and crossflow orientations. Depending on the operating regime and flow field design, different orientations
can be advantageous. Between the flow orientations, little difference was observed in their overall
cell performance. However, when observing their spatial heterogeneities in current density and
temperature across the active area, a counter-flow orientation with air flowing with gravity
presented the best homogeneity. Its current and temperature maps show a combined lower
deviation than the other flow configurations, which can slow degradation rates attributed to MEA
stress during the PEFC lifetime. As an example, thermal distributions affect the water-vapour
distribution by condensation and local membrane dehydration, increasing the likelihood of
localised degradation and pin-hole formation [74]. The effect of ‘self-heating’ has shown to present
adequate performance at high current densities after the voltage recovery stage, without requiring
active heating. However, excessive temperatures that may lead to local membrane dehydration
become an issue with increasing current density and active cooling techniques would need to be
applied.
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Chapter Eight

In-Situ Mapping - Degradation
Current density and temperature distribution mapping are coupled with localised CV (ECSA) and
LSV (hydrogen crossover) to study performance degradations in a ‘self-heating’ 100 cm2 fuel cell
when subjected to voltage cycling simulating start-up/shutdown procedures. With increased
cycling, the current density maps at low to mid-current densities (300-800 mA cm-2) become more
heterogeneous, whilst their temperature maps remain relatively uniform. The performance
deviation can be linked to the ‘cold-start’ operation of the PEFC and the poor liquid water removal
capabilities at low temperatures. At higher current densities (~1300 mA cm -2), rising temperature
heterogeneity homogenises the current density profiles. ECSA loss was observed across the
MEA and declines non-linearly with voltage cycling, but most significantly at the final cathode
bend/anode inlet (54.9% after 60k cycles), with no changes in hydrogen crossover rates. The
cathode outlet region observed the greatest performance loss (20.2% at 300 mA cm -2) although
its ECSA loss was the least (38% after 60k cycles). This suggests that deteriorating water
management over ECSA loss from the carbon support corrosion, exaggerated by the low
temperature operation at low current densities, is the main contribution to the performance
deterioration.
Combining conventional electrochemical diagnostic techniques with current and temperature
distribution mapping uncovers a breadth of knowledge when studying mechanisms for
heterogeneous cell behaviour. The results can further augment knowledge on the intricate
relationships between operating conditions and local degradation rates, to aid in design
development. Spatially resolved performance deterioration is monitored in-situ and in-operando,
correlated to the rate of corrosion, without requiring disassembly of the cell for ex-situ studies.
This amalgamation of techniques represents the development and evolution in PEFC testing, as
commercially applicable techniques are desired whilst preserving the high level of valuable
information.

8.1.

Literature

Non-optimal operating strategies have a profound effect on performance stability [44-48].
Automotive demands in particular can inflict harsh operating conditions on the MEA, such as
dynamic load changes and frequent start-up/shutdown procedures [49]. Factors such as the
cathode inlet relative humidity [50, 51], cell temperature [52], cell design [53, 54], cycling
frequency [55], local reactant starvation [56, 57] and air-fuel boundary layers at the electrodes
[58] etc., all play an important role in determining device longevity. Replicating these experiments
in laboratory conditions is challenging and time-consuming and results diversify depending on
imposed conditions. To harmonise the testing protocol, accelerated stress tests (ASTs) are
employed to expedite degradation rates by imposing extreme performance conditions that
antagonise failure and degradation mechanisms, significantly reducing testing time [59, 60].
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Durability can be monitored by the deterioration of MEA subcomponents: carbon support, CL and
membrane etc. Oxidation of the carbon support at the CL to CO and CO2 is typically a slow
process at steady-state PEFC operating conditions but is accelerated at high voltages (>1 V) and
wet conditions [70, 299, 300].
The start-up and shutdown of fuel cells can develop an air-fuel boundary layer at the anode,
generating reactant-starved regions. This prompts a partial current reversal, which increases the
cathode potential above the OCV (~1.4 V), accelerating carbon support oxidation [69] and
weakens the attachment of Pt particles on the support, leading to active Pt catalyst loss [70]. This
loss of carbon support also impacts other factors in fuel cell operation such as water management.
The microporous structure of the carbon support and CL allows gas and liquid water transport
and damage to its structure leads to liquid water accumulation which hinders reactant gas
transport to the CL [301-303]. This is more pronounced at higher current densities, where the
greater water accumulation at the cathode hinders oxygen supply from getting to the
electrode/electrolyte surface, resulting in ‘mass transport’ limitations [71, 304].
Membrane durability can be monitored by measuring hydrogen crossover rates caused by
mechanical, chemical and thermal mechanisms with significant increases at elevated
temperatures and relative humidity [113]. This is particularly crucial in large cells/stacks, where
conditions greatly vary across the active area, creating a distribution of crossover rates [305].
Mixed potentials form at the cathode due to side reactions with the crossover hydrogen, that lower
the open-circuit voltage (OCV) and form hydrogen peroxide radicals, expediting MEA degradation
and further increasing crossover rates [84, 306, 307].
Numerous studies employing in-situ imaging techniques capture morphological changes in the
MEA during start-up/shutdown cycling. Literature findings generally conclude a faster decay rate
at the cathode CL and carbon support than the rest of the MEA [51, 52, 56, 307-310]. Identicallocation X-ray computer tomography (CT) was employed to image the layers in an MEA,
subjected to the same carbon corrosion specific AST as in this study [311]. The CL was found to
thin and crack most significantly at the cathode outlet and within the channels (as opposed to
lands). However, cell reversal is known to occur at the anode outlet when the cell is switched to
OCV, as an air-fuel boundary layer forms, accelerating local carbon support corrosion [312].
Discrepancies in results are predominately caused by limitations in the experimental setup. Both
synchrotron and lab-based X-ray tomography require small active areas to image MEA materials
at high resolution, with inlet/outlet manifolds overlapping each other and thus cannot be
considered representative of larger practical systems [167, 309]. Additionally, PEFCs with large
active areas are highly heterogeneous in temperature, membrane humidity and gas flow,
particularly with different flow field designs, which all contribute to varied rates of local corrosion
[313-315]. Alternative in-situ and non-invasive techniques are required to capture local
degradation rates that can be universally adopted.
Electrochemical voltammetry techniques can be employed for all PEFC sizes to characterise the
performance deterioration during cycling [109, 115, 316]. CVs have been applied to startup/shutdown corrosion studies, with average declining ECSA rates between 0.008-0.158 m2 gPt-1
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cycle-1 [308, 312, 317, 318]. This range in ECSA loss is attributed to different degradation
protocols and active areas sizes, with most studies using cells smaller than 25 cm 2. Investigations
into larger PEFCs that are more representative of real systems in terms of water and reactant
distribution are limited in the published literature.
Linear sweep voltammetry (LSV) can be used to determine the amount of H 2 cross-over by
measuring the electrochemical oxidation of H2 at the cathode [115]. Both CV (ECSA) and LSV
(hydrogen cross-over) provide crucial information on the extent of degradation, but their results
assume a bulk, isothermal and isobaric system with a homogeneous degradation rate across the
cell.
Current and temperature distribution mapping is an effective diagnostic tool that captures
performance heterogeneities attributed to operating conditions and degradation mechanisms
[117-119]. Studies have observed increased parameter deviations due to MEA ageing [120] and
inefficient operating conditions (Chapter 7) [127, 196, 319, 320], local voltage reversal at the
cathode outlet due to fuel starvation [122, 123] and heat generation due to undesirable internal
currents [124]. The high-resolution current measurement capabilities of these devices can be
conveniently coupled with voltammetry techniques to produce spatial ECSA and hydrogen
crossover maps. For example, localised stripping voltammetry has been applied to the study of
CO transient poisoning in a single anode channel of a PEFC [321]. CO was introduced into a
PEFC and local CVs observed a localised current correlated to the established area-specific
charge for saturated CO coverage. A limited number of studies have utilised the coupling
approach of mapping devices with electrochemical techniques, observing higher crossover rates
at the anode inlet [204, 205] and greater ECSA loss at the outlets [206], but provide little critical
discussion. Combining conventional electrochemical diagnostic techniques with current and
temperature distribution mapping uncovers a breadth of knowledge when studying mechanisms
for heterogeneous cell behaviour. The results can further augment knowledge on the intricate
relationships between operating conditions and local degradation rates, to aid in design
development.

8.2.

Overall Cell Performance

The polarisation plots obtained between AST cycling are presented in Figure 8-1(A). Due to the
self-heating nature of this cell assembly, the plots possess a distinct polarisation curve profile.
Plots from BOL to 50k cycles show decreasing cell voltage with increasing current density, from
OCV to ~600 mA cm -2, after which the cell voltage decreases with current density until 1300 mA
cm-2. The origin of this polarisation curve profile has been discussed in Chapter 7, associated with
the self-heating operation and subsequent changes in the relative humidity with dynamic
temperature variations. Therefore, the voltage recovery after ~600 mA cm -2 is attributed to
significantly higher heat generation during the ORR reaction, resulting in self-heating at the higher
current operation and improved performance.
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A greater understanding of the performance degradation with increasing AST cycling can be
obtained by studying the ECSA (Pt activity) (Figure 8-1(B)) and hydrogen crossover (membrane
thinning / degradation) obtained through CVs (Figure 8-1(C)) and LSVs (Figure 8-1(D)),
respectively.
After 10k AST cycles, overall ECSA increased by 8.8% from 36.2 m 2 g-1 at BoL, whilst
performance (cell voltage) dropped by 2.6% in the kinetic region (300 mA cm -2), 2.2% at a midcurrent density (800 mA cm-2) and 6.5% at the limiting current density (1300 mA cm -2). This
corroborates with the study by Zhang et al., on a 16 cm 2 PEMFC heated to 343 K, observing a
linear decrease in cell voltage with AST cycling at low current densities and accelerated voltage
reduction at higher current densities after some period of AST cycling [303]. The performance
decline is attributed to increased oxygen diffusion resistance as a consequence of water
management complications and carbon corrosion. Studies observe early onsets of flooding at
lower current densities caused by the carbon corrosion, due to the deterioration in CL and GDL
structure [70, 223, 322, 323] and stripping of hydrophobic treatment that aid in water ejection from
the pores to the flow channels [181, 324]. These effects are particularly prevalent in self-heating
PEFCs, which may operate at lower temperatures at high current densities, impacting liquid water
removal and subsequently may lead to flooding.

Figure 8-1 – (A) Effect of AST carbon corrosion testing on overall PEFC performance; (B)
change in performance at 300 mA cm -2 (low-current density), 800 mA cm -2 (mid-current density)
and 1300 mA cm-2 (high-current density) and ECSA values from BoL; (C) CV and (D) LSV
analysis.
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The initial ECSA increase at the start of the AST cycling corresponds to the increase in activity
by the activation of more Pt sites. This ‘Pt surface cleaning’ phenomenon is due to the removal
of surface contaminants and is a well-known reported process [325-328].
With increasing AST cycle number, both the overall ECSA (CVs) and performance (polarisation)
decreased (Figure 8-1(B)). The largest performance drop is observed between cycle 40k and 50k,
predominantly in regions contingent on effective water management in cells operating from a
‘cold-start’ (~300 and ~1300 mA cm -2). Comparing BoL and cycle 50k, performance suffers a
24.4% decline in the kinetic region (300 mA cm -2) and 79.7% decline at the limiting current density
(1300 mA cm -2). In the mid-current density range (800 mA cm-2) the performance decline is
significant at 8.6%. The CV curves in Figure 8-1(C), with reported ECSA values, observe a
considerable reduction of the hydrogen adsorption peak region on Pt and a reduction in the
hydrogen evolution peak, indicative of Pt loss. The ECSA experienced a significant loss between
cycle 20k and 30k, 10.5% and 34.5% from BoL, respectively. This suggests a threshold of catalyst
requirement, where although Pt loss is notable after 30k cycles, the performance drop is tolerable
prior to 50k cycles. The ECSA at 50k and 60k cycles is 20.2 m 2 g-1 (44.2% activity loss from BoL),
but the performance decline between them is 9.3% at 300 mA cm -2, with the limiting current
density after 60k cycles terminating at 350 mA cm -2. It is clear that the ASTs result in a loss of
available Pt surface area; however, the loss of performance is significantly higher in the mass
transport region (1300 mA cm -2), suggesting the cause of the performance loss is more than just
catalytic activity loss.
LSV measurements are widely reported to measure the hydrogen crossover from the membrane,
with higher peak current densities indicating more hydrogen leaking into the cathode. These LSV
voltammograms in Figure 8-2(D) show similar results throughout cycling, with maximum current
densities under 2.2 mA cm -2 below 0.2 V, equivalent to a hydrogen crossover rate of 11.3 nmol
cm-2 s-1. While there is a slight trend with increased cycles (particularly at 50k and 60k cycles)
possessing the highest hydrogen crossover above 0.3 V, these are not problematic values and
are well within the guidelines of the DoE target, confirming that the membrane is not significantly
affected by the carbon corrosion AST.

8.3.

Local Current Density and Temperature Mapping

The effects on local performance caused by AST cycling were captured through current and
temperature mapping. Current density maps are presented in Figure 8-2(A-C) at BoL and after
50k and 60k cycles. Disparate performances are observed between each of the current densities,
relating to heterogeneous operation (membrane relative humidity, local temperatures, water
distribution) across the active area. Whilst the general shape of the current density and
temperature maps will be briefly discussed, this study will focus primarily on the distortion of the
maps by AST cycling, with further analysis provided in Chapter 7.
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Figure 8-2 – Current density maps at 100, 300, 800 and 1300 mA cm -2 (A-C) and current
density deviations maps from the average current density at 300 (D-F) and 1300 mA cm-2 (G, H)
obtained before cycling (A, D, G) and after cycle 50k (B, E, H) and 60k (C, F). Gas flow
orientation provided for reference (I).
The maps at 300 and 1300 mA cm -2 were further converted into current density deviation maps
in Figure 8-2(D-F) and Figure 8-2(G, H), respectively, displaying the divergence in local current
density from that of the average current density. Corresponding thermal maps are presented in
Figure 8-3. Local current density profiles are presented in Figure 8-4(A) for five prominent
locations; cathode inlet, first cathode bend/anode outlet, centre, final cathode bend/anode inlet
and the cathode outlet. A crude indicator of the heterogeneity of current density (Figure 8-4(B))
and temperature (Figure 8-4(C)) within the cell can be derived by subtracting the maximum and
minimum localised values across the active area obtained by the mapping device, after a period
of cycling.
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Figure 8-3 – Temperature maps at 300 (A-C) and 1300 mA cm -2 (D, E) obtained before cycling
(A, D) and after cycle 50k (B, E) and 60k (C). Gas flow orientation provided for reference (F).
Considering first the profiles at BoL, at 100 mA cm -2, the current density and temperature
distribution are relatively evenly distributed at 82 mA cm -2 and 1.2 °C. Above 300 mA cm-2,
heterogeneous distributions begin to surface, with higher current densities observed around the
inlet regions at each current density hold due to higher reactant partial pressures [86, 120, 256].
The cathode inlet region has a higher local current density than the anode inlet, although their
local temperatures are the same, indicating possible complications with water management due
to the hydrogen feed humidification and upward flow of anode gas [30, 31, 189, 287, 288, 292].
The outlet regions, particularly the cathode outlet, observe the lowest current densities due to
possible liquid water pooling imposed by the serpentine flow field design and flow of air with
gravity [189, 287, 288]. At 1300 mA cm-2, the cell temperature has risen (~60.9 °C) due to a higher
rate of heat generation, which may have homogenised the water distribution and thus dropped
the current density heterogeneity to 686 mA cm -2. However, the temperature distribution remains
relatively high at 2.6 °C, with colder regions near the inlets and the hotter regions near the centre
of the cell, where heat is not so easily dissipated by conduction.
With AST cycling, the current density maps at 300 mA cm -2 increase in heterogeneity whilst
temperature distributions remain unchanged (maximum deviation of 1.2 °C), suggesting that the
disparity is caused by complications other than variations in local membrane humidity by the
temperature distribution. The current density maps in Figures 8-2(D-F) show the greatest local
performance reduction is near the cathode outlet and anode inlet region (bottom half of the cell)
where liquid water is expected to more readily pool at the low operating temperature (<30 °C) [31,
291, 329] and this is further exacerbated by the carbon corroding AST cycling.
At the mid-current density range (300-700 mA cm-2), the change in current density and
temperature distribution heterogeneity is significant with increasing AST cycling (Figure 8-4(B,
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C)). The cell is afflicted by mass transport effects, which intensifies as the catalyst support is
removed with increasing cycle number.

Figure 8-4 – (A) Local current density profiles at BoL and after 60k cycles; (B) current density
and (C) temperature deviations across the active area during polarisation analysis after different
AST cycles.
At 1300 mA cm-2, the current density distribution (Figure 8-4(B)) shows increasing heterogeneity
with AST cycling from BoL until 50k cycles. A hotspot forms in the centre of the active area
towards the anode outlet and is exacerbated with increasing AST cycling, as shown in Figure 83(D, E). After 50k cycles, the current density distribution homogenises to 446 mA cm -2 compared
to 680 mA cm-2 at BoL. This may be a direct result of the greater temperature deviation (3.5 °C
compared to 2.6 °C at BoL) and higher temperatures (due to greater waste heat generation) in
regions susceptible to liquid water pooling (cathode outlet) (Figure 8-3(D, E)), which possibly
homogenised the water distribution and improved the local performance. Whilst it is beneficial to
have a heterogeneous current density profile, the rising cell temperatures at 1300 mA cm-2 (60.9
°C at BoL to 62.2 °C at 50k) and greater temperature deviations from inefficient performance will
damage the MEA materials.
After cycle 60k, the catalyst support is likely to be severely corroded and the highest potential
electrochemical activity of the CL is reduced with an ECSA of 20.2 m 2 g-1. Polarisation
overpotentials are further increased, resulting in a higher heat generation rate and consequently
operating temperature. The final current density attained by the cell after 60k cycles is 350 mA
cm-2, with an increase in current density and temperature distribution heterogeneity from BoL
(Figure 8-4(B, C)) by 71.9% and 26.1%, respectively.
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To summarise, carbon-corroding AST cycling results in increased heterogeneity in current density
and temperature distributions, irrespective of operating current density. Deviations are linked to
the reduction in carbon support, a collapse of its pore network and deteriorating water
management [69, 70, 330-333]. Performance is more negatively impacted by the performance
drop in regions contingent on effective water management rather than the loss in catalyst (ECSA),
resulting in a premature limiting current density. These local positions can vary depending on
cell/stack design and operation. In this case, operating from ‘cold-start’ relies on raising the cell
temperature by operating at higher current densities to aid in liquid water removal. But if higher
current densities are unobtainable due to severe carbon corrosion and further deteriorating water
management, then effective local thermal management is required to maintain performance.
A greater understanding of the leading cause of local performance fluctuations (operating
conditions/water management vs. catalyst reduction/membrane degradation) can be correlated
with spatial ECSA and hydrogen crossover values by performing localised CV and LSV.

8.4.

Local ECSA and Hydrogen Crossover Mapping

The ECSA and hydrogen crossover maps at BoL and after 20k, 30k and 60k cycles are presented
in Figure 8-5 and Figure 8-6, respectively, with relevant locations provided in the 3D plots in Figure
8-7. Non-uniformity in Pt spraying during manufacturing and uneven carbon support thicknesses
were not considered. Assuming carbon degradation does not affect the water distribution during
electrochemical testing and that all other operating parameters are maintained, changes in ECSA
and hydrogen crossover provide an indication of performance degradation.
The positioning of the inlet manifolds and the gas flow orientation have a significant effect on local
ECSA and hydrogen crossover distribution as a function of AST cycling. This is suspected to be
caused by differences in gas partial pressure/reactant concentration and liquid water presence
along the flow field, resulting in a heterogeneous current density response to the electrochemical
tests. This is demonstrated by results at BoL, recording the highest ECSA values at the anode
and cathode inlet, where gas concentrations are highest in their respective flow field and the
gases are entering humidified (thus membrane well hydrated). This presents a complication with
localised testing, that is also prevalent in single-point techniques, as non-uniform water and
reactant distributions across the active area will result in inevitable variations in the
electrochemical analysis.
Deviations in the ECSA maps (difference between the minimum and maximum ECSA) reduces
with AST cycling, from 18.9 m 2 g-1 at BoL to 11.9 m2 g-1 after 60k cycles. As explained above, the
initial high ECSA deviation at BoL is most likely due to varying reactant/water distributions in the
flow field as opposed to the large difference in catalytic activity across the MEA. Between 30k and
60k cycles, ECSA values stabilise for all locations, corroborating the overall ECSA results in
Figure 8-1(C).
The cathode inlet and centre of the MEA observe similar ECSA loss with AST cycling. The
cathode inlet drops in ECSA from BoL by 13.0%, 31.4% and 46.4% after 20k, 30k and 60k cycles,
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respectively. Similarly, the central region ECSA drop from BoL is 46.3% after 60k cycles. The first
cathode bend/anode outlet drops in ECSA from BoL by 36.8% and 49.3% after 30k and 60k
cycles, respectively. The final cathode bend/anode inlet region observes the greatest ECSA drop
of 54.9% from BoL to 60k cycles, which equates to the local performance drop at 300 mA cm -2 of
11.2%.
The cathode outlet observes the least (but still significant) ECSA loss at 38% after 60k cycles,
although its equivalent local performance loss was 20.2% at 300 mA cm -2. Clearly, the ECSA
does not translate into an equivalent performance loss at this stage of degradation. Studies
observed the most severe structural damage at the cathode outlet, followed by the centre of the
cell and then cathode inlet, with no visible damage to the anode [311]. This implies that whilst the
cathode outlet is the most severely corroded, the carbon support degradation does not cause a
linear relationship between catalytic activity and performance. The structural damage to the
cathode outlet is undoubtedly the cause of the significant local performance loss; however, as the
local ECSA values do not scale linearly with the performance degradation, it can be assumed that
the main factor is poor water management.
The hydrogen crossover maps in Figure 8-6 and Figure 8-7 do not show notable changes in the
membrane condition with AST cycling, with relative uniformity. Higher crossover values are
recorded at the anode inlet region (15% higher at the anode inlet than outlet at BoL), due to a
higher concentration of humidified hydrogen which both improves local kinetic rates and
membrane hydration.
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Figure 8-5 – ECSA maps at the cathode before cycling and after 20k, 30k and 60k cycles. The
flow orientation is provided in Figure 8-2 or 8-3. Cathode and anode inlet/outlets are labelled.
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Figure 8-6 – Hydrogen crossover maps before cycling and cycle 20k, 30k and 60k cycles. The
flow orientation is provided in Figure 8-2 or 8-3. Cathode and anode inlet/outlets are labelled.
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Figure 8-7 – 3D plots of the (A) ECSA at the cathode and (B) hydrogen crossover calculated
from a single point analysis and obtained from the spatial maps at specified locations.
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8.5.

Conclusion

Combined current, temperature, ECSA and hydrogen-crossover mapping has been used to
investigate the effect of start-up/shutdown cycling on self-heating PEFCs to expose the effect on
the MEAs locally. This multi-functional diagnostic technique can be utilised in studying
degradation and performance loss in any sized PEFCs including cells within stacks.
With increased carbon-corrosion specific AST cycling, the current density maps at low current
densities (~300 mA cm -2) become more heterogeneous, but with no notable change in the
temperature maps. The change in performance, with significant reductions observed in the region
of the cathode outlet and anode inlet (bottom half of cell), is not linked to the local ECSA loss, but
suspected deteriorating water management from the loss of carbon support. This is further
elucidated by the ‘cold-start’ operation of the PEFC, which relies on heat generation to raise the
cell temperature and homogenise the water distribution. This is seen at higher current densities
(~1300 mA cm -2), where AST cycling exacerbates the temperature map heterogeneity which, in
turn, homogenises the current density distribution. After 60k cycles, the PEFC is severely
corroded and is unable to surpass low current densities from a ‘cold-start, with the cathode outlet
performing the worst.
The assumption that AST cycling degrades the whole cell/electrode evenly has been shown here
to be incorrect. By studying the current density, temperature, ECSA and hydrogen crossover
maps, local performance loss can be mostly attributed to degrading water management from the
carbon corrosion as opposed to reduction in the catalytic activity.
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Chapter Nine

Conclusion and Future Work
Polymer electrolyte fuel cells have been subjected to significant improvements in design,
operation and fundamental understanding in conjunction with their imminent wide-scale
commercialisation. Standards, such as those published by the US DoE, now set ambitious but
attainable targets for PEFC performance. Fundamental understanding of how PEFCs operate, in
particular the complex relationship between performance, temperature and hydration (membrane
and liquid water presence), is critical for achieving performance reliability and longevity. The
studies presented in this thesis and the development of novel diagnostic techniques aims to
investigate the cause-and-effect relationship between performance, temperature, hydration and
fuel cell design. This amalgamation of techniques represents the development and evolution in
PEFC testing, as commercially applicable techniques are desired whilst preserving the high level
of valuable information.
Whilst the initiation of developing novel diagnostic techniques, coupling existing techniques and
demonstration to the application of PEFC studies were presented in this thesis, further work is
required to reflect on the accuracy and applicability of the techniques and test their applicability
to other electrochemical devices.

9.1.

General Characterisation

A general characterisation of fuel cell performance is presented in Chapter 4, studying the effects
of cell compression, operating conditions and design modifications. Numerous diagnostic
techniques were utilised: polarisation analysis, current, temperature and pressure distribution
mapping, current interrupt and electrochemical impedance spectroscopy. Findings included: the
effect of active area size and operating conditions on overall performance and temperature
distribution; effect of cell compression and fuel cell design on the overall pressure distribution in
different locations in the PEFC; effect of operating temperature, humidity and stoichiometry on
performance; and local performance changes (current density and temperature) when a fuel cell
is approaching operational failure.

9.2.

Lock-In Thermography

The lock-in thermography technique was developed for the first time as an in-situ and in-operando
water detection tool in Chapter 5. This presents a lab-based, cost-effective and non-invasive tool
to visualise the water distribution, as an alternative route to neutron imaging, which can be limited
by its accessibility. The approach was validated by mapping the water distribution in a 9 cm 2
PEFC at different current densities and under dry and humidified reactant conditions. The depth
inspection capability of this technique was also investigated and evaluated in both a controlled
testing setup and on an operational PEFC. Findings were consistent with results obtained in the
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literature using neutron imaging, showing pooling in the bends of the serpentine flow field
configuration and a greater water content at the cathode outlet compared to the inlet.
The development of lock-in thermography to capture the in-operando water distribution in a PEFC
was initiated, but further work is required to verify the sub-surface detection capability and verify
water presence in fuel cells. This can be most accurately achieved by repeating the technique
whilst simultaneously capturing the water distribution by neutron imaging and comparing the two
obtained water distributions. The phase shift magnitude, whilst not proven or discussed here,
could be used as an indicator for the local volume of water, as a greater density in the flow
channels compared to air could result in a lower phase shift. A significant limitation with the lockin technique is the acquisition time, and an assumption was made that at constant current
operation, the fuel cell’s water distribution will remain relatively stable, an assumption that can be
verified with the neutron radiographs. The acquisition time and image resolution can be rapidly
optimised by using more thermally conductive fuel cell materials, strengthening the signal of the
thermal perturbation and having an automated process that requires only a few thermal
perturbations to capture lock-in images, similar to the setup employed in impedance techniques.
Theoretically, the depth imaging capability of this lock-in thermography technique can be applied
to fuel cells made of conventional materials (e.g. metallic plates) and large stacks/systems. This
would provide the research field a powerful tool for 3D water distribution mapping in a lab
environment. By performing the technique at different perturbation frequencies and alternate
methods of heating/cooling the system, a ‘slice-by-slice’ image reconstruction could produce a
3D image. Benefits would include the ability to map large active areas, anode and cathode flow
channels and numerous cells in a stack, which are all limitations of neutron imaging.
The lock-in technique could also be utilised to assess the pressure distribution across the active
area, without requiring expensive mapping devices, with areas of good contact indicated by a
path of high heat transfer and thus low phase shifts. An improvement in imaging resolution is
required, which can be achieved by utilising thermally conductive metallic plates and better heat
perturbation sources. The technique can be sequentially validated, by first applying a technique
to a single cell, building up to a stack and then stacks of different materials of construction.
Experimental work would be simultaneously validated by heat transfer modelling and neutron
imaging.

9.3.

Heat-Stimulus Thermo-Electric Impedance Spectroscopy

Heat-stimulus thermo-electric impedance spectroscopy (HS-TEIS) was developed for the first
time and reported in Chapter 6, as a rapid, operando and non-intrusive tool to uncover the direct
relationship between performance, water management and temperature. This complementary
transfer function technique considers the complex relationship between imposed temperature
change and electrical response as a function of frequency. HS-TEIS was demonstrated by
studying the effects of dry and humidified reactant operation. Analysis at OCV detected
differences in impedances attributed to losses such as hydrogen crossover and mixed potentials,
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separated at high and low frequencies, respectively, due to their different thermal time constants.
With load analysis, the impedances attributed to kinetic (high frequency), mass transport (low
frequency) and Ohmic contributions (current interrupt) could be separated, with their thermal
impedances being defined by the operating conditions imposed. This technique should be
demonstrated on the stack level, where the individual cells require only voltage monitoring during
the thermal perturbation, which can be imposed by a large heater or halogen lamp. This could be
used as a powerful and cost-effective diagnostic tool for systems, once the fundamentals of the
technique have been explored.
Further development of a theoretic framework for HS-TEIS will aid in interpreting results from the
technique. The technique should be repeated with PEFCs with known issues, such as a pristine
PEFC and one with known hydrogen crossover issues, mixed potentials, etc. This will verify the
results obtained in that chapter. Additionally, if the experiment is repeated at a neutron imaging
facility, imaging the water distribution can verify the effects of flooding or membrane dehydration
on impedance and phase shift. The use of a Peltier for this application was in conjunction with the
lock-in thermography experiment, but theoretically, any heat source can be used if it is able to
produce a thermal perturbation through the system.

9.4.

Current and Temperature Distribution Mapping

Current and temperature distribution mapping was utilised in Chapter 7 with a 100 cm 2 PEFC, to
capture greater detail of the internal cell operation in-operando. The effects of PEFC self-heating
when operating from ‘cold-start’ was compared to actively heated cells, observing a reduced
current in regions of high temperature and low humidity. This study provides an introduction to
understanding the internal operation of a PEFC operated without active heating, which can be
beneficial to developing technological fuel cells that cannot use heating elements because of the
parasitic impact on efficiency. The positioning of the gas manifolds are found to also affect the
reactant concentration, humidity and water distribution, with a counter-flow orientation with air
flowing with gravity producing the most uniform temperature distribution. Varying the operating
current density detected critical junctures in performance and locally detected causes of failure.
Quantifying the extent of heterogeneity across the MEA suggests increased degradation rates
during long-term operation.

9.5.

Degradation Mapping

Catalytic activity and hydrogen crossover distribution mapping were developed in Chapter 8 by
combining conventional electrochemical diagnostic techniques with current and temperature
distribution mapping. This was coupled with the findings of heterogeneous cell behaviour in
Chapter 7, further augmenting the knowledge on the intrinsic relationship between operating
conditions and local degradation rates. Spatially resolved performance deterioration was detected
in-operando in a self-heating PEFC subjected to voltage cycling simulating start-up/shutdown
procedures, correlated with the rate of corrosion. Corrosion cycling was found to affect the local
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performance (current density and temperature) differently at low, mid and high operating current
densities. The assumption that AST cycling degrades the whole cell/electrode evenly was shown
to be incorrect. By studying the current density, temperature, ECSA and hydrogen crossover
maps, local performance loss can be mostly attributed to degrading water management from the
carbon corrosion as opposed to reduction in the catalytic activity.
Catalytic activity and hydrogen crossover distribution mapping presents an additional benefit to
current mapping that has not been fully explored in the literature. The data presented in this thesis
shows that the technique is viable and powerful; however, the results need to be verified by
investigating the effects of local reactant concentration, local humidity, local temperature and
actual catalytic activity, on the voltammograms.
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Appendix
Table A1 – PEFC parameters used for the modelling equations to provide the ideal polarisation
curve (Figure 2-1) [16].
Temperature, T

80 ºC

Pressure anode, 𝑝𝐴 and cathode, 𝑝𝑐

2 bar, 3 bar

Compositions of H2 at anode, 𝑦𝐻2 and O2 at cathode, 𝑦𝑂2

0.8, 0.15

Transfer coefficient of H2, 𝛼𝐻2 and O2, 𝛼𝑂2

0.5, 0.3

Area-specific resistance, 𝐴𝑆𝑅𝑜ℎ𝑚𝑖𝑐

0.01 Ω cm2

Leakage current density, 𝑗𝑙𝑒𝑎𝑘

0.01 Ω cm2

Limiting current density, 𝑗𝐿

2.00 A cm-2

Constant parameter for mass transport overpotential, 𝑐

0.10 V
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