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summary

Proton Exchange Membrane (PEM) Fuel Cells are one of the most promising futures for green energy,
as they provide a sustainable alternative to combustion engines in vehicles. The bipolar plate (BPP) is a
crucial component in the PEM fuel cell, providing mechanical support to the stack as well as ensuring
the even flow of reactants into the cell and waste products out of the cell. Additionally, it is an important
conductive medium for the transfer of electrons through the stack, and any losses occurring in the BPP
will reduce the overall performance of the fuel cell.

Metallic materials for bipolar plates are nowadays favoured for their high conductivity and mechanical
strength. However, given the harsh conditions inside a PEMFC, they will form a protective oxide on
the surface, which reduces the cell performance over time due to an increase in interfacial contact
resistance (ICR). Dissolution of the metal bipolar plate could also result in leaching of harmful metal
ions which cause irreversible damage to the membrane. Therefore, metallic BPPs must be coated with
a conductive and stable material to increase the lifetime and performance of the fuel cell. The current
state of the art coating materials are expensive noble metals or complex multilayer systems.

This thesis explores alternative materials for use as coating materials for BPPs, starting with a new
concept of soldering the gas diffusion layer (GDL) to the BPP using metallic tin (Sn). This involves
forming a thin layer of Sn on a stainless steel BPP using electrodeposition, and then hot pressing the
bipolar plate with the GDL at a temperature close to the melting point of Sn. This process forms
excellent conduction pathways through the BPP to the GDL, drastically reducing contact resistance
and improving fuel cell performance. The Sn coating will oxidise under the conditions present inside a
fuel cell, leading to a protective SnO, oxide layer, which should prevent further corrosion whilst
maintaining conductivity through the soldered GDL fibres. This soldering processleads toa BPP/GDL
system with an excellent performance and longevity inside a fuel cell, using a simple forming method

and low-cost materials.

BPPs produced in this way were optimised to give the lowest contact resistance and best corrosion
resistance, as judged from electrochemical testing in a simulated PEMFC environment. An
optimisation of the deposition and hot pressing was performed and led to the following procedure: A
30 um thick layer of Sn is electroplated onto a stainless steel BPP using a current density of 15 mA cm’
2, before hot pressing with a Freudenberg H23 C6 GDL. The sample was hot pressed at a temperature
of 230 °C, and a pressure of 0.5 bar for 20 minutes, before being slowly cooled to room temperature.
The optimised Sn/GDL BPP was found to perform much better than stainless steel (SS316) alone, with
an ICR of 6.5 mQ cm? and 13.2 mQ) cm? obtained before and after corrosion testing, respectively. The
increase in ICR after electrochemical testing was attributed to the dissolution and precipitation of the
Sn to form a SnO; layer, which was not completely protective.
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Additional modifications to the Sn/GDL system can be made to improve the stability of the protective
oxide layer, and the interface between the Sn and the GDL. The first of these tested was the addition of
bismuth (Bi) as an alloying element to the Sn layer. The electrodeposition of SnBi layers containing less
than 6 % Bi was performed, and these layers were tested in a simulated PEMFC environment. The
amount of bismuth and the hot pressing parameters were optimised to produce a SnBi coating
containing 4.0 % Bi that was hot pressed with a GDL for 8 minutes and then cooled slowly. Adding
more Bi or hot pressing for longer times led to separation of the Sn and Bi phases, which had a
detrimental effect on performance. The optimised SnBi/GDL sample exhibited a reduction in
corrosion current density, smaller oxidation peaks and a lower ICR after electrochemical testing than
the comparable Sn/GDL sample, indicating that the addition of Bi is beneficial for performance.

Indium (In) was also identified as an alloying material due to its low melting point, good conductivity
and the stability of its known oxides with Sn, for example, indium tin oxide (ITO) is a well-known
transparent conducting oxide. The co-deposition of a Snln alloy containing less than 10 % In was
attempted but proved difficult due to the large difference in deposition potentials. Many different
deposition baths, parameters, additives and operating conditions were attempted but a deposit that fit
the requirements for use in a PEMFC was not obtained. Hot-dipping of a SnIn melt onto a stainless
steel substrate was performed successfully, but the scalability and corrosion resistance of such a coating
was unsuitable for testing inside a working fuel cell.

An investigation into the impact of the GDL properties on the Sn/GDL interface was performed. The
presence of a hydrophobic treatment on the GDL fibres was preferential as it led to less contact between
the Sn and the electrolyte and therefore less oxidation. It was also found that GDLs with stiffer fibres
penetrated deeper into the Sn, preserving the conduction pathways and maintaining a low ICR for
longer.

The final modification to the Sn/GDL system involved the addition of a carbon nanolayer to the
interface between the Sn and the GDL. This was hypothesised to improve the conductivity due to a
larger number of contact points. Additionally, carbon is stable in normal PEMFC conditions, and is
used in multiple places within PEMFCs, therefore the addition to the BPP could also be beneficial. The
presence of a layer of multiwalled carbon nanotubes (MWCNT) with an optimised loading of 0.2 mg
cm mitigated the increased ICR after electrochemical testing, with the elongated shape of the carbon
particles being more beneficial than carbon spheres (carbon black) or platelets (graphite).

Three of the different Sn/GDL concept bipolar plates were tested inside a working fuel cell to compare
to standard stainless steel and gold coated stainless steel bipolar plates. All three Sn/GDL, SnBi/GDL,
and Sn/C/GDL BPPs performed better than stainless steel alone, with a higher cell voltage and lower
ICR at all points during the 200 hours (600 drive cycles) of testing. The Sn/GDL performed the best of
the three overall, with a lower degradation rate and small increase in ICR after testing. Although the
SnBiand Sn/C BPPs performed well over the first 500 cycles, the harsh conditions experienced during
the shut down and start-up procedures led to enhanced degradation during the final 100 cycles. It was
predicted that the performance of the Sn/GDL BPP would meet and even surpass the performance of
the Au coated BPP if cycling were to continue.
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Finally, the suitability of the Sn/GDL system on an industrial scale was analysed using a series of
guidelines from the US Department of Energy and Argonne National Laboratory. Sn/GDL as a BPP
material was found to be a much cheaper alternative to Au coated BPPs, with an estimated cost of
7 $ / kW compared to over 100 for gold. This is still more expensive than the industrially produced
BPPs, which cost around 5 $ / kW, but with small improvements in performance and large scale
production, the Sn/GDL BPP could meet the targets outlined by the US DoE. Additionally, a unique
high-throughput joining method to form fuel cell stacks by using the Sn as a solder material is
proposed. This would provide a low-cost manufacturing method and inevitably lead to further cost

reductions.

Therefore, the results in this thesis show that the novel Sn/GDL concept for BPPs is both high
performance and low cost, and represents a promising alternative to traditional coated bipolar plates
for use in PEM Fuel Cells.
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AES Auger Electron Spectroscopy
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Background

1.1. Motivation

Climate change is the most pressing problem faced by today’s society.

Hydrogen is positioned to play a key role in a future where greenhouse gas (GHG) emissions are
reduced to acceptable levels. As an energy carrier, hydrogen has the ability to influence all sectors, from
providing power to large scale industry to replacing natural gas in our homes. In particular, the
transport sector is primed for a hydrogen revolution. According to the International Energy Agency,
transport including shipping, aviation and road travel account for 23 % of global GHG emissions [1].
In Proton Exchange Membrane Fuel Cells (PEM fuel cells; PEMFCs) hydrogen is used as a fuel that
reacts with oxygen in air to produce electricity. PEMFCs can replace traditional internal combustion
engines, and exhibit many of the same advantages without the drawback of high emissions of CO,, NOx
and SO, as well as noise pollution. PEMFC vehicles have long range and quick refuelling times, and
their only by-product is water. Moreover, PEMFCs have a specific energy (Wh/kg) and energy density
(Wh/1) up to 20 times higher than a standard lithium-ion battery [2], and do not have the same
susceptibility to decreased performance in cold environments [3]. This is of particular importance to
long-range vehicles such as commodity trucks, which need to use space for goods transport rather than
large and heavy battery packs.

A transport revolution is already taking place. Worldwide, there are currently over 18,000 fuel cell cars
on the roads, as well as over 2,000 hydrogen powered busses, 30,000 forklifts and numerous trains, boats
and trucks. In just ten years, there are predicted to be more than 11 million fuel cell vehicles globally,
which will be serviced by 12,000 public and even more private filling stations [4].

This large increase in uptake will be possible mainly due to mass production of fuel cell components
which will bring the price down significantly. Nevertheless, further cost reductions are needed before
fuel cells can reach the mass-market, and this must be done through innovations in the development of
high performance, low cost components.

1.2. Aim of Thesis

This work will attempt to aid the implementation of hydrogen fuel cells into society, by increasing the
longevity and affordability of PEM fuel cells. This thesis specifically looks at the bipolar plate (BPP),
which accounts for around 30 % of the cost [5] and up to 55 % of the weight of the fuel cell [6]. The BPP
has many important functions within the fuel cell: it provides mechanical support, as well as distributing
reactants and products across the membrane, electronically connecting individual fuel cells together,



and managing the heat and water produced during the fuel cell’s operation. Finding suitable materials
for the bipolar plate that are inexpensive and durable enough to be used for transport applications is
difficult due to these many requirements. Metals are promising BPP materials, but they are prone to
corrode and form poorly conducting oxides on the surface due to the acidic environment produced by
the membrane. This leads to increases in the contact resistance and worsens performance over time. By
tackling these challenges in a novel way, this thesis will aim to produce bipolar plates that are durable,
affordable and high-performance.

The idea investigated in this thesis is the electrodeposition of a layer of metallic tin (Sn) or a tin alloy
onto a stainless steel bipolar plate substrate, followed by hot pressing with a gas diffusion layer to join
the two together by soldering. This produces an uninhibited conduction pathway through the bipolar
plate to the gas diffusion layer (GDL) due to direct contact with the metallic Sn, whilst any oxide layer
that forms on the outer surface of the Sn provides protection from further corrosion. In this way, the
oxide layer acts as a protective barrier instead of being detrimental to performance, therefore
maintaining the conductivity and increasing the lifetime of the plates.

The main aim of this thesis is therefore to investigate, optimise and finally test this coating technique
against commercial gold-coated stainless steel bipolar plates inside a working fuel cell.

1.3. Outline of Work

This thesis is written as a monograph, starting with an introduction to fuel cells and electrodeposition
and then showing how these two can be combined by the Sn/GDL concept to produce cheap bipolar
plates with an enhanced lifetime.

In chapter two, the basics of PEM fuel cells are introduced, including the current state of the art in
bipolar plates and methods used for coating and testing them. Specifically, electrodeposition can be
used to produce an even coating in an easy way, and chapter two also takes an in-depth look into the
theory of electrodeposition of metals and alloys, including the specific case of tin (Sn).

The experimental methods used throughout this thesis are described in chapter three, starting with the
fabrication of the bipolar plate using electrodeposition and hot pressing. Analysis techniques used on
the bipolar plate include the measurement of interfacial contact resistance, ex-situ corrosion tests and
the setup of an in-situ cell to perform accelerated stress tests and in-situ electrochemistry.

Chapter four describes how Sn can be used as a coating material through soldering the GDL to the
stainless steel bipolar plate substrate for use in PEMFCs. The deposition of Sn was optimised in terms
of Sn layer thickness, hot pressing time, temperature and pressure. A modified version of this chapter
has been published in the International Journal for Hydrogen Energy [7].

After an investigation into the stability of the Sn/GDL system, it was determined that the stability of the
SnO; oxide layer was insufficient, so additional alloying elements should be added to enhance the
stability of the protective Sn oxide layer and improve the longevity of the BPPs. A number of possible



alloying elements were identified, and in chapter five, these elements are evaluated based on criteria
such as stability in a simulated PEMFC environment, melting point, and contact resistance.

In chapter six, the alloying of Sn with bismuth (Bi) is investigated. Firstly, the influence of various
deposition parameters on the bismuth content was investigated, then electrochemical tests were used
to determine the optimum bismuth content. Additional hot pressing parameters were optimised, and
the best combination was tested in-situ.

The influence of indium (In) on the Sn layer was investigated in chapter seven. Several different co-
deposition techniques were attempted, including four types of electrodeposition bath and hot dipping
in a Sn/In melt. However, a reliable coating was not achieved. Therefore, this was not transferred to
bipolar plates, nor was any long-term in-situ testing done.

As well as changing the content of the Sn layer to enhance stability, it was hypothesised that adding a
carbon (C) nanolayer between the GDL and the Sn could increase the conductivity and stability of the
system. This hypothesis was investigated in chapter eight, with different types carbon nanolayer being
sprayed onto the GDL. The experimental work in this section was performed by three bachelor’s
students under the supervision of Katie McCay. Chapter eight also describes work done to determine
the influence of the GDL type on the Sn/GDL system.

In chapter nine, in-situanalysis of all the bipolar plates was performed. The Sn/GDL BPP was compared
against standard gold and stainless steel BPPs, as were the Sn/C/GDL and SnBi/GDL BPPs. Drive cycles
obtained from the European commission [8] were performed for 200 hours, with polarisation curves
and EIS analysis of the samples taken every 50 cycles. Fitting of the EIS data was performed by Frode
Seland. After in-situ cycling for 200 hours, the BPPs were analysed using post-mortem analysis
including ICR and SEM with EDS mapping.

Finally, chapter ten deals with the scaling up of the Sn/GDL system, and how suitable it is for industrial
application. A series of requirements for robust coating materials were identified during a bipolar plate
workshop, organised in 2017 by the U.S. Department of Energy and Argonne National Laboratory [9].
Meeting these requirements is essential to producing commercially viable bipolar plates and fuel cells,
so in order to get some perspective about the position of this thesis in a hydrogen future, the Sn/GDL
concept bipolar plates are assessed in regard to the requirements outlined at the workshop.

Chapter eleven concludes this work and identifies some areas of future interest.






Introduction

2.1. Proton Exchange Membrane Fuel Cells

2.1.1. The Basics

A fuel cell is an electrochemical energy conversion device that continuously converts chemical energy
into electrical energy (and some heat) for as long as it is fed with fuel and oxidant [10]. In a Proton
Exchange Membrane (PEM) fuel cell, the fuel (hydrogen) is separated from the oxidant (oxygen) by a
proton conducting membrane, sandwiched between an anode and a cathode. This assembly is the heart
of a fuel cell and is referred to as the membrane electrode assembly, or simply MEA. Hydrogen is
oxidised at the anode generating protons and electrons. The protons are transported through the
membrane to the cathode side, while the electrons are forced through an external circuit, where work
can be done, to the cathode. At the cathode, electrons and protons are consumed in the reduction of
oxygen producing water, essentially the only product from such a fuel cell. The electrode reactions that
occur ina PEMFC are given in eq. 2.1.1-3 along with the respective standard potential at 2908 K [11]:

Equation 2.1.1: The anodic reaction in the PEM Fuel Cell

H, - 2H* + 2e~ E° =0.00V

Equation 2.1.2: The cathodic reaction in the PEM Fuel Cell

0, + 4e™ + 4H* - 2H,0 E°=123V

Equation 2.1.3: The overall reaction in the PEM Fuel Cell

2H, + 0, » 2H,0 E° =123V

The theoretical output of a single fuel cell at 25°C and standard states is 1.23 V, however this is not
achieved in a real system mainly due to a number of overpotentials that cause the real cell voltage to be
lower than the thermodynamic one. Figure 2.1.1 shows a typical polarization curve of a PEM fuel cell.
These irreversible loss mechanisms can be categorized as activation, ohmic and concentration
overpotentials [10]. At low current densities, the activation overpotential dominates. It arises from the
voltage required to start the reaction, and is influenced by sluggish electrode kinetics and charged
species migration [12]. The activation overpotentials are present at both the anode and the cathode;



however, oxygen reduction is a much slower process than hydrogen oxidation, so the cathodic
overpotential dominates.
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Figure 2.1.1. A typical polarisation curve from a PEM Fuel Cell.

At high current densities, the mass transport or concentration overpotential dominates. The
concentration overpotential occurs when reactant is rapidly consumed at the electrode, establishing a
concentration gradient [10]. As the current density increases, the amount of reactant consumed
increases until the replenishment of it at the surface from diffusion is slower than the consumption of
it. This limits the reaction rate, and if the current density is increased, the overpotential also rapidly
increases [12]. Impeded transport of water out from the catalytic layer can also result in mass transport
limitation due to flooding of the porous structure with liquid water.

The ohmic overpotential is proportional to the current density, as it obeys Ohm'’s law. It arises due to
resistance towards ion transport in the membrane and transport of electrons through interfaces and
bulk components in the cell [10]. Minimising the bulk and contact resistances of cell components is the
most effective way to reduce the ohmic overpotential, as seen in Equation 2.1.4.

Equation 2.1.4: The ohmic overpotential as a function of current density [10]
AVohm = Mg = JR;
where Ri = Ri,i + Ri,e + Ri,C

AVorm = Ohmic overpotential, V Ri;= lonic resistance of cell, 0 cm?
j= Current density, A cm™ R;.= Electronic resistance of cell, 2 cm?
R;=Total cell internal resistance, Q) cm? R;.= Contact resistance of cell, O cm?

The total voltage drop for the cell at any given current density is a combination of the above
overpotentials, however, additional voltage losses in a PEMFC may come from reactant crossover and
internal currents. Reactant crossover describes the transport of hydrogen gas through the membrane
or bipolar plate to the cathode side where it is oxidized or reacts with oxygen gas, lowering both cell
performance and fuel utilization. . These losses are most prevalent at open circuit voltage, OCV. In fact,
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a noticeable activation overpotential at the cathode must be added just to overcome the small
contributions from internal currents (from e.g. carbon or catalyst corrosion) and cross-over of
reactants. This is the reason why the polarization curve starts at 1.0 V or below, significantly lower than
the thermodynamic cell voltage. Electrons may also find a more efficient pathway through the
membrane, short-cutting the external circuit and thereby lowering the voltage produced by the cell, a
process called ‘stray current’ [10]. Though stray currents continue during operation, they are usually
not large enough to impact performance, and if they are, this is an indicator of a larger problem within
the cell, for example a short circuit.

The output from a single, real fuel cell is not substantial enough to be of much practical use, soa number
of fuel cells can be connected in series to produce a workable output. This is called a fuel cell ‘stack’, the
size of which can be tailored to suit the application, and a number of stacks can be connected in series
or parallel depending on the mode of operation [13].

Gas Diffusion Layer Membrane Electrode Assembly
Bipolar Plate / \ \ / \ Membrane Electrode

Gas Diffusion Layer Assembly

Bipolar \ Coolant channel
Plate

¢ 4 Fuel/oxidant
|J channel

Figure 2.1.2: A schematic diagram of a PEM Fuel Cell Stack, and a single cell

The stack as a whole is made up of several single cells, and each of these single cells consists of a number
of components, as seen in Figure 2.1.2. These components are the membrane electrode assembly
(MEA), the gas diffusion layer (GDL) and the bipolar plates (BPP).

The MEA in a PEMFC is made up of a polymer electrolyte membrane and the electrodes with a catalyst
layer mounted on them. The membrane must be highly conductive to protons, but not electrons, and
must be impermeable for hydrogen gas, to avoid fuel crossover and the associated losses [14]. Typically,
membranes are made from Nafion”, a copolymer of PTFE with sulfonic acid branching groups.
Though the PTFE backbone is hydrophobic, the side chains containing sulfonic acid groups are
hydrophilic and cluster around any water molecules present [10]. These membranes can absorb high
amounts of water, and proton conductivity is facilitated through these hydrated regions [15]. The
membrane must be kept well hydrated to maintain proton conductivity, meaning water management
within the cell is particularly important.



Present on both sides of the membrane, the electrodes are the surfaces at which the electrochemical
reactions in the cell occur. They must be permeable to gas and conductive to both electrons and protons
to facilitate the electrochemical reactions. This three-phase boundary must be optimized for best
possible performance [10]. A catalyst is needed in the three-phase boundary to conduct electrons and
lower the activation energy of the reaction. Platinum is the most common catalyst for PEM Fuel Cells,
and is usually supported on carbon [14].

The GDL, usually a carbon cloth or paper, provides a pathway for the reactant gasses to the MEA
surface. It also electrically connects the BPP to the MEA surface, allowing electrons to move to and
from the three-phase boundary [10]. Therefore, it must be conductive to electrons, and also porous
enough to let reactants to the MEA and transport water away to avoid flooding.

These different components provide a conflicting set of requirements and it is therefore difficult to
optimise all parameters within the PEM. One must also take into account the environment within the
cell, and the impact this has on the lifetime of the cell components. Specifically, the sulfonic acid groups
of the membrane produce a slightly acidic environment within the cell, and the PTFE groups may
release fluoride ions which have been shown to locally corrode metal surfaces [16]. Coupled with the
increased temperatures and high relative humidity, this produces a challenging environment for any
corrosion-susceptible materials to survive within. Material selection is therefore very important, but
materials that provide the most longevity are often the most costly. This is one of the current limitations
with PEM technology and the task of reducing the cost of cell components whilst maintaining their
corrosion resistance is one intertwined with their future commercial success.

2.1.2. Bipolar Plates

The bipolar plates are an important part of the fuel cell stack and have several functions. The most
crucial role of the bipolar plate is the conduction of electrons throughout the stack. The bipolar plates
connect each individual cell in series to produce a useable output for the stack. They connect the anode
of one cell to the cathode of the adjacent cell, so electrons can move through the entire stack and then
to the external circuit, therefore they must be highly conductive to avoid ohmic losses [10].

The bipolar plates also distribute and separate the fuel gasses and waste products with a flow field that
has been etched or stamped into each plate to aid this process. Flow fields can be formed in a number
of geometries, including pin-type, parallel, serpentine or interdigitated [17], and should homogenously
distribute reactants over the whole active electrode surface to minimise the concentration
overpotential [18]. The most common flow field type is parallel serpentine, due to its superior
performance, reliability and suitable pressure drop [19]. Sketches of selected flow field patterns are
given in Figure 2.1.3.

With new techniques such as 3D printing, which allow more complex structures to be made, a number
of new flow field patterns for the bipolar plates have been introduced. Biologically inspired tree-like,
leaf-like and lung-inspired bipolar plates have been developed [20-23], as well as meshes and foams
[24,25]. However, due to the complex formation processes, such BPPs are not ready for large-scale
production.
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Figure 2.1.3. A diagram showing the most common types of flow fields for bipolar plates

The bipolar plates also manage heat and water distributions. If there is a local build-up of either water
or heat on the membrane, mechanical stresses cause pinholes to form, leading to fuel crossover and
ultimately cell failure [26].

Due to the large number of roles they play within the PEMFC, the bipolar plates need to have a variety
of properties. They must be both electronically conductive and resistant to corrosion in the PEM
environment. Iftheir corrosion leads to the formation of non-conductive oxides, contact resistance will
increase, and the release of ionic contaminants may poison the membrane, both of which reduce cell
efficiency [27-29]. In addition, they must be mechanically durable for use in transport applications and
must also provide support to the stack. Low weight and volume are also important in such applications,
and gas permeability must be low to avoid fuel crossover. They must also be relatively cheap and easy
to manufacture. Now that PEM technology has become commercially viable, a large volume of bipolar
plates must be manufactured in a cheap and quick way.

Table 2.1.1 Technical Targets: Bipolar Plates for Transport Applications [30]

Characteristic Units 2015 Status 2020 Targets
Cost $/kWhe 7 3
Plate weight kg/kW e <0.4 0.4
H, permeation coefficient ~ Std cm?/(sec cm?Pa) 0 <1.3x10°
Corrosion, anode HA/cm? no active peak <1 and no active peak
Corrosion, cathode HA/cm? <0.1 <1
Electrical conductivity S/em >100 >100
Areal specific resistance ohm cm? 0.006 <0.01
Flexural strength MPa >34 (carbon plate) >25
Forming elongation % 20-40 40




The US Department of Energy has produced a series of guidelines for the manufacture of bipolar plates
[30], with targets for conductivity, corrosion resistance, strength and cost as outlined in Table 2.1.1.

Materials for Bipolar Plates

Commercial bipolar plates are expensive and heavy, contributing up to 30% of the stack cost [5] and up
to 55% of the stack weight [6]. Traditionally made from graphite due to its high corrosion resistance
and electrical conductivity [31,32], they are stable in a PEMFC environment, and suitable for stationary
applications. However, graphite is difficult to manufacture and machine so plates need to be thick and
heavy, inducing a high cost and low power density [33,34]. This high thickness is also important to
minimise fuel crossover and the associated degradation as graphite BPPs are semi-porous. In addition
to their weight, their brittleness means that they are not suitable for transport applications and there is
a drive to produce BPPs that are cheaper and more lightweight with high tolerances to shock.

Metallic bipolar plates provide a suitable alternative to previous graphite versions, as they in general
exhibit excellent mechanical properties, including a low gas permeability and very high conductivities
[35]. The raw materials are cheaper and the plates are easy to mass-produce [36]. A series of uncoated
metallic bipolar plates have been tested for PEM applications, including aluminium, titanium, nickel
alloys and stainless steels.

Table 2.1.2. A summary of the different metals that can be used to form bipolar plates, and their advantages and disadvantages

Material Positives Negatives References

Aluminium  Lightweight, abundant, formable High  thermal  expansion, [37,38]
difficult to coat, oxide formation

Titanium Lightweight, strong Hard to form, oxide formation, [39-41]
expensive
Nickel Alloys  High corrosion resistance, low Very expensive [42,43]

ICR, formable
Stainless Steel ~ Formable, lightweight, low cost ~ Oxide  formation, localised [44-46]

corrosion

In general, despite their many advantages when compared to carbon-based plates, uncoated metallic
bipolar plates are not suitable for use in PEMFCs due to their corrosion properties in a mildly acidic
environment at high positive potentials. When exposed to such an environment, non-conductive
oxide layers are formed, increasing the contact resistance and decreasing the conductivity of the BPP
[44]. In addition, corrosion products such as hydrated metal ions are formed. These can be flushed
through the cell with waste water and poison the membrane by displacing H* ions in the sulfonic acid
networks, permanently reducing the proton conductivity of the membrane and therefore reducing the
performance of the cell [47,48]. AP* ions having three positive charges were shown to have the greatest
effect [27], but almost all metal cations have a greater affinity to the sulfonic acid groups within the
Nafion ™ membrane than protons, meaning any ionic contaminant will have a negative effect on cell
performance [49]. Corrosion products can also precipitate downstream and block the BPP channels
[50]. In order to avoid these undesirable side-reactions, bare non-noble metallic bipolar plates must be
coated with a conductive and corrosion resistant material to extend their lifetime in a PEMFC
environment.



Due to its superior mechanical properties and low cost when compared to other BPP substrates,
stainless steels are the most widely used substrate materials for coated bipolar plates. A review by
Taherian in 2014 compared a number of common bipolar plates through a simple additive weighting
method (SAWM) and concluded that the most favourable material for commercial BPPs was coated
SS316L [51]. It provides both low cost, volume and weight, and preferable corrosion rates, with the
ionic contamination vastly reduced after coating. Therefore, coated stainless steel bipolar plates are a
perfect candidate for future PEM systems and most leaders in the field of fuel cell vehicles (FCEV) have
chosen stainless steel bipolar plates as their substrate material [52].

2.1.3. Coatings

Coatings are the most effective way to improve the corrosion resistance of metallic bipolar plates whilst
still maintaining the desired low resistance, volume and weight. A number of comprehensive reviews
on coating materials for bipolar plates have already been published [47,51-56], with numerous
different coating compositions, methods and processing steps reported in recent literature.

Pre-treatment of substrates

Before coating any surface, pre-treatment is often required. It has been shown that the pre-treatment
of surfaces has a great impact on the morphology, thickness and wettability of coatings [57,58].
Therefore, before coating a surface, it is extremely important that the surface is reproducible. This
means it should be cleaned and roughened to the desired degree, either by mechanical or chemical
means, in a controlled manner.

Cleaning the surface to remove oil, dust and other particles is a necessary step to avoid delamination
and ensure good adhesion. Cleaning should also remove any unwanted non-conductive oxide layers
present on the substrate, which increase the contact resistance between the substrate and the coating as
well as producing a surface with low roughness and low surface free-energy [59].

Roughening, or etching, of the surface can be done mechanically or chemically. Roughening the surface
increases the number of anchor points for coating adhesion, as well as increasing the interaction area
of the coating and substrate[60]. In general, mechanical roughening methods form a good geometrical
structure but do not activate the surface, whereas chemical treatments can selectively remove certain
elements or weakly bonded oxides [61].

$3400 15.0kV 5 3 ST n s34
Figure 2.1.4 SEM images of (a) untreated, (b)
[62]

Mechanical surface treatments, for example sand or glass blasting, provide good surface roughness but
may leave debris behind on the surface, which is detrimental to bonding [63]. In general, mechanical
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methods are outperformed by chemical and electrochemical treatments when tested under harsh
conditions [64]. Work by Husby et al. [62] showed that acid etching was a more effective pre-treatment
for SS316L than glass blasting. Whilst glass blasting roughened the surface of the plates, the acid etching
process corroded intergranular regions and formed deep crevices, which the coating material can
infiltrate and form a strong adhesion, as seen in Figure 2.1.4.

There are, however, environmental concerns with the use and disposal of chromic acid and sulphuric
acid-dichromate (FPL) baths, meaning milder acid treatments or mechanical etching are favoured.

Coating Materials

Coatings for BPPs can be grouped into carbon based, polymer or metallic coatings. Popular research
focus has recently been on carbon composites [65-68], metal nitrides [69-73], noble metals [39,74-
76] and carbides [77-80], as well as multilayer coatings that can combine the advantages of each of the
above.

In general, coatings for BPPs aim to provide a barrier between the bare stainless steel and the PEM
environment in order to prevent corrosion. Any coatings must therefore be dense, without pinholes or
cracks, and adhere to the substrate for the lifetime of the plate [81].

The applied coating must be durable, and able to withstand any post-processing steps. It is more
effective in terms of both lowering ICR and ease of manufacturing to coat an entire sheet of metal and
then form the BPPs through a process such as hydroforming or stamping, compared to forming the
plates and then individually coating them [82]. Any coating must therefore be able to withstand this
mechanical pressure as well as having enough shock-tolerance for it to perform well for transport
applications. This has historically been the main drawback of carbon based bipolar plates and coatings,
which often require large amounts of binder materials to meet the mechanical requirements at the
expense of conductivity [65].

The coating should also be of high conductivity and ideally not form a non-conductive oxide on
exposure to the PEM environment, in order to maintain a low ohmic overpotential. Oxidation of
metals inside the fuel cell is a large problem, and more exotic metals such as tantalum have been
investigated to obtain a stable coating that has a low contact resistance throughout its lifetime [83-85].

Modification of the contact angle of bipolar plates can be done by coating, to increase the
hydrophobicity and improve the water management properties. Such coatings have successfully
reached the corrosion and contact resistance requirements set out by the DoE, though have not been
proven stable during long-term fuel cell operation [86].

If the coating material is not completely inert in the fuel cell environment, corrosion products could
have a detrimental effect on the cell performance. This could occur through poisoning of the
membrane by metal ions, blocking of flow field channels or damaging the catalyst [87].

It is obvious that a number of parameters have to be considered when choosing a suitable coating for
BPPs, and most coating materials do not fulfil all of the requirements set out above. Noble metal
coatings, such as Au, can reach the durability and performance requirements, but are too expensive for
commercial fuel cells [39], and there is now a push from industry to find low cost, high quality bipolar
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plates that are able to be mass-produced for use in the vehicles of the future. In this thesis, a series of
durable, low cost coatings based on Sn and Sn alloys for use in a PEMFC have been investigated, with
focus on whether they can meet the cost, performance and durability criteria.

Coating Methods for Bipolar Plates

There are a huge number of ways of getting a coating onto a bipolar plate, ranging from the simple dip-
coating to the complex and costly vapour deposition methods. The technique used depends on the type
of coating and the desired surface finishes.

Dip coating and spraying are preferred for carbon based coatings, as they provide a cheap way of
coating large surface areas with high volumes of coating. However, they may often produce undesirable
layered microstructures, often with pinholes or other porosity [65]. Heat treating the coating after
application is a way of removing such flaws, and has successfully been utilised to produce BPP coatings
suitable for use on the cathode of a PEMFC [37]. High-temperature thermal spraying can instead be
used for the deposition of metals such as titanium onto the BPP substrate, and has been shown to
produce coatings that have low contact resistance and better water management properties, with good
performance even after 1000 hours of testing [88,89].

Unlike most other coating techniques, ion implantation does not form a continuous coating layer, but
modifies the existing surface up to a depth of up to 0.5 pm through the acceleration of ions towards the
surface. A uniform and stable surface is produced, that exhibits greater corrosion resistance compared
to the bare substrate [53,90]. Similarly, nitriding involves the implantation of nitrogen ions into the
surface of a BPP, activating the surface and improving corrosion resistance [91,92]. These processes
can take long times, and often do not avoid the release of damaging metal ions from the BPP substrate
into the MEA. Stainless steel bipolar plates that are modified by nitriding often struggle to meet the
DoE requirements [70,72,93], and the high processing cost and temperature does not lend itself to
mass-production.

Vapour deposition is a useful technique to form thin, dense films without pinholes and other
imperfections. This density means that the coatings are often highly corrosion resistant and there is no
release of harmful metal ions from the BPP. The vapour deposition techniques involve the vaporisation
of a target made from a certain element inside a vacuum, and then the deposition onto a substrate.
Therefore, they are very versatile and almost any element can be coated onto the substrate. For example,
platinum has been coated onto stainless steel using physical vapour deposition (PVD), and placed
inside a working fuel cell for 1000 hours, where its performance was comparable to the baseline [89].
Carbon coatings can also be deposited using chemical vapour deposition, and both graphene [94] and
carbon nanotube [95] coatings were found to enhance the long-term performance of stainless steel
bipolar plates. The main downside to such techniques is the requirements for expensive equipment,
high vacuums and high temperatures.

The primary method used in this thesis is electrodeposition, which is a popular technique used to apply
pure metal-, alloy- and metal oxide coatings on bipolar plates. Examples of coatings that can be
electrodeposited onto bipolar plates include Cr-C, Ni-Mo-P, Ni-TiN and RuO [96-99], and many of
these BPPs meet the DoE requirements. Electrodeposition is beneficial due to its versatility in terms of
coating material and substrate, as well as its low cost and often low processing temperature. However,
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organic solvents, acids and additives are commonly used and may be difficult to dispose of safely after
deposition.

2.1.4. Testing methods for coatings and bipolar plates

When evaluating the quality of a coating, a number of common test methods are implicated. There are
a series of guidelines set out by the US Department of Energy [30] advising which test methods should
be used, and the performance that should be achieved in both in-situ (inside an operating fuel cell) and
ex-situ (in a simulated fuel cell environment) environments. Some of the most common testing
methods analyse the electrochemistry, material properties, and characterise the surfaces of bipolar
plates, in an attempt to define their performance and longevity inside a fuel cell.

Ex situ electrochemical Methods

The most common ex-situ electrochemical testing methods are performed using standard procedures
that have been outlined by the US Department of Energy, with guidelines on conditions including pH,
temperature, voltage, and impurities to effectively mimic an operating PEMFC [30]. From these tests,
the stability of the bipolar plates and any regions where active corrosion is occurring can be identified,
and the progressions in contact resistance over time can be obtained, indicating the longevity of the
BPP in-situ. Common electrochemical methods for bipolar plates include Open Circuit Potential
(OCP), Cyclic or Linear Sweep Voltammetry (CV or LSV) and Chronoamperometry (CA).

The OCP is the potential between the bipolar plate (working electrode) and the reference electrode (in
a 3-electrode system) when there is no net current flowing in the circuit. The OCP is of limited use for
fuel cell testing, as the system is rarely at open circuit and the degradation mechanisms vary with the
amount of current drawn from the fuel cell.

Slow CV or LSV experiments are performed to mimic the steady state performance of a fuel cell
electrode (bipolar plate) for a range of relevant operating potentials. The bipolar plate is then exposed
to a sufficiently slow linear potential sweep (maximum of 1 mV s) that the current response can be
interpreted as corrosion current from each individual scanned potential. This can be used to identify
reactions occurring at the surface and the potential at which they occur, along with the OCP.

In CA measurements the bipolar plate is exposed to a potential relevant for fuel cell operation after an
immediate jump from a potential where no reaction is occurring. Unlike traditional
chronoamperometry (where you are typically interested in the current transients of the first
milliseconds after the step to look for nucleation and growth mechanisms) the current transient at
longer times, sometimes even for more than 1000 hours, is of most interest for BPPs.

These ex-situ electrochemical methods provide a quick and convenient way of testing bipolar plates,
investigating possible failure mechanisms in an aqueous environment that mimics the conditions of a
real fuel cell. However, these testing procedures may not accurately represent the in-situ environment
experienced by a bipolar plate. For example, it is advised to use a dilute solution of sulphuric acid as an
electrolyte during electrochemical tests, as sulfate ions can leech from the membrane [100]. This leads
to full contact between the bipolar plate and the electrolyte, which may be much harsher than the
reality, which is partial contact with an acidic environment through water droplets.
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Though using harsher conditions may be useful as an accelerated testing method, it has been shown
that pH of the electrolyte has a large impact on the stability of stainless steel [101]. Reducing the pH to
levels below those observed inside a PEM alters the composition and thickness of the oxide layer and
does not represent real conditions [44]. Feng et al [102] tested pH values from 3 to 6, showing changes
in release of metal ions, passive film composition and corrosion potential. In addition, increasing levels
of CI ions beyond those commonly found in a fuel cell initiated pitting corrosion, whereas normal
contents of F and Cl" had no effect on the ICR or polarisation of stainless steel bipolar plates ex-situ
(44].

Commonly, voltages experienced in the ex-situ electrochemical test are much harsher than the actual
voltages in a working fuel cell. Voltages above 1.0 Vi only occur rarely during shut down and start up
procedures, not constantly, as is the case during ex-situ testing at a fixed potential of 1.0 V. The US
DoE recommends ex-situ corrosion testing of BPPs to be performed at 0.6 Vgagar or 0.8 Vg [30].
However, in work by this group, it has been shown that when comparing ex-situ and in-situ testing
methods, higher ex-situ potentials of 0.95 Vi [44] or even 1.4 Vg [103] most closely matches the
level of degradation found in-situ. Despite this, Hinds and Brightman [104] found that the in-situ
potential experienced by the cathode BPP is closer to 0.6 V, regardless of the cell potential. Although
spikes in the observed potential reaching a maximum of 0.8 V were seen under dynamic cycling
conditions. Prolonged exposure to voltages higher than this may alter the surface of the BPP in ways
uncommon during normal operation

Therefore, although ex-situ electrochemical tests are a useful preliminary study to compare different
bipolar plates against one another, they are often not representative of the in-situ testing conditions,
and the most accurate way of determining the performance of a bipolar plate is to place it inside a
working fuel cell.

Surface Characterisation of Coatings

The coating material can be analysed to determine the elemental composition, the presence of oxide
layers and the morphology of the surface.

Scanning Electron Microscope (SEM) analysis with Energy Dispersive Spectroscopy (EDS) mapping is
a popular technique which accelerates a beam of electrons towards a surface to map its topography and
composition. It provides an excellent depth of field and is a useful tool for visualising the morphology
bipolar plates, with areas exposed to corrosion or other surface irregularities easily seen. Cross-
sectional imaging with high-resolution SEM allows for more in-depth observation of the coating and
plate interface, whilst EDS analysis provides elemental mapping of the top approx. 2 um of the surface.

Surface sensitive methods such as Auger Electron Spectroscopy (AES) or X-ray Photoelectron
Spectroscopy (XPS) can provide information about coatings without interference from the metal
substrate. XPS is particularly good for showing the oxidation state of elements in the sample and the
relative amounts, which is important for understanding the oxide layer formation on bipolar plates.



Interfacial Contact Resistance (ICR) Measurements

Contact resistances occur at every interface in the cell, with the most important contribution from the
bipolar plate/GDL interface. Many factors including surface roughness, pressure and any impurity
layers, e.g. oxides, can impact the contact resistance between two surfaces, and minimising this
resistance is crucial to the effective performance of fuel cell stacks.

The measurement of interfacial contact resistance has become a standard method to use when
characterising bipolar plates. This method can obtain the contact resistance between the BPP and the
GDL by applying a fixed current through the sample and measuring the resulting voltage. Ohm's law
gives you the total through-plane resistance of the system directly:

V (mV)

R (mQ cm?) = T

X A (cm?)

where V is the measured voltage, I is the applied current and A is the area of the bipolar plate in contact
with the GDL. The contact resistance between the BPP and GDL can be isolated by removing all other
system resistances from the measured value. These include resistances between the GDL and the top
plate, the bulk resistance of the GDL, and any resistances in the wires and system, and were calculated
by placing a single GDL into the setup and measuring the resistance as a function of pressure.

This method has been standardised by the US DoE [30], primarily adapted from the original work by
Wang et al [105]. It is standard to quote resistances at 140 Ncm, or 1.4 MPa, equal to the standard
compaction pressure in-situ, and in general, resistances below 10 mQ ¢cm? are considered to be
acceptable.

Contact Angle Measurements

The hydrophobicity of coatings can be analysed by measuring the contact angle of a drop of water on
the coating surface. Hydrophobicity is an important property as bipolar plates must be able to transfer
water away from the three-phase boundary and out of the fuel cell. Accumulation of water can lead to
blocked channels, which can result in reduced gas flow, or hot-spots on the membrane which may
cause damage and in the worst case holes. Therefore there have been multiple studies into whether
changing the hydrophobicity of the bipolar plate will have an impact on long-term performance [106—
109].

Hydrophobicity measurements are performed by dropping a water droplet onto the BPP surface, then
measuring the angle between the surface and the water droplet. Any angles below 90° indicate that the
coating is hydrophobic, which may be beneficial to the BPP, and any angles above 90° show that the
coating is hydrophilic, as shown in Figure 2.1.5. Although contact angles are not reported in this thesis,
they can be tuned to optimise BPP performance.
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Figure 2.1.5. An image showing the contact angle of a water droplet on a hydrophobic surface (left) and a hydrophilic surface
(right).

In-situ Characterisation

The in-situ analysis of bipolar plates is performed inside a working fuel cell. This is an extremely useful
technique for determining long-term performance of the bipolar plates in the exact conditions they
will be used in, compared to ex-situ testing which attempts to simulate the conditions.

During in-situ testing, it is impractical to use 5000 hours to simulate the ‘normal’ operation of a fuel
cell, so an accelerated testing protocol is often used and coupled with analysis techniques. This testing
protocol has been designed by the European commission to simulate a fuel cell vehicle driving on
European roads [8].
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Figure 2.1.6. A single drive cycle used for in-situ fuel cell testing, consisting of four short urban driving cycles followed by an
extra-urban driving cycle

Each drive cycle, seen in Figure 2.1.6 is designed to simulate both urban and extra-urban driving, with
regions of high and low current density, corresponding to high and low vehicular speeds. These drive
cycles are applied to the fuel cell in sets of 50, with diagnostic analysis including polarisation curves and
Electrochemical Impedance Spectroscopy (EIS) performed before and after each set. The dynamic
nature of the drive cycle, with large jumps between high and low current densities, leads to higher
degradation rates than equivalent constant current operation.
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After 250 drive cycles, the cell is shutdown completely with no gas flowing for at least 17 hours, and
then started up again. Voltages as high as 1.4 Vg can be experienced during these start-up and
shutdown procedures, often leading to accelerated degradation that simulates real-life fuel cell
operation. 500 hours of drive cycles are the equivalent of a vehicle being driven for 16 000 km, with

each single cycle equivalent to a theoretical distance of 11 km driven in 20 minutes.
Polarisation curve

The polarisation curve is an important analytical tool that can provide information about the
performance of the fuel cell as a whole, and specific regions of the polarisation curve can also be used

to determine which parts of the cell are causing any observed performance degradation.

A single polarisation curve is shown in Figure 2.1.7, annotated with the dominating process in three
regions. At low current densities, the cell voltage is dominated by the activation losses, with the ohmic
losses becoming more important at medium current densities, and then the mass transport losses
dominating at the highest current density [10]. With this knowledge, one can compare the different
polarisation curves taken over the lifetime of the fuel cell to determine where the main degradation

modes take place, and how the cell performance is impacted by this degradation.
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Figure 2.1.7. An annotated polarisation curve showing the dominating loss mechanism in each region. The cell voltage in each
region (blue spots) can be mapped over time to determine the fuel cell performance. The resistance of the fuel cell can be
estimated by applying Ohm's law to the linear region of the polarisation curve (in red).

The analysis of the polarisation curves is also shown in Figure 2.1.7, and can be done by estimating the
slope of the linear region that is dominated by ohmic losses to estimate the resistance of the fuel cell
over time. This resistance will include all resistances within the fuel cell, and the change in resistance
over time can show processes such as the formation of oxide layers on the bipolar plate, degradation of

the GDL and conductivity changes within the membrane.

The cell voltages at a chosen current density (obtained from all the polarization curves) can be plotted

over time. Each current density represents a different dominant process, and information about the
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specific losses occurring in the fuel cell can thus be obtained. A typical plot of cell voltage over time
(cycle number) at one specific current density is shown in Figure 2.1.8. As the number of cycles
increases, the cell voltage drops, due to degradation processes in the membrane, electrodes and bipolar
plate. However, after the cell has been shut down overnight, there is an increase in the cell performance,
which occurs due to an expulsion of liquid water in the cell. This corrects the humidification of the
membrane and removes any water droplets that block gas transport to the three phase boundary [87].

This performance recovery after each shutdown is called reversible degradation of the cell.

A
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®
o

Reversible ]
Degradation [ ]

Cycle Number
Figure 2.1.8. A typical response of a fuel cell when plotting the cell voltage against cycle number. Regions of reversible
degradation are shown in grey, and the irreversible degradation is indicated by the blue region.

However, the performance will often not recover completely, and the performance of the cell will
gradually get worse, even after the shutdowns. This drop in cell voltage is called the irreversible
degradation. This degradation is caused by any irreversible changes happening within the fuel cell,
including agglomeration of the catalyst nanoparticles, carbon support corrosion, destruction of the
membrane from the presence of radicals, and oxide layer formation on the bipolar plates [87]. The
slope of the yellow dashed line in Figure 2.1.8 can be used to calculate the irreversible degradation rate

in mV/cycle or hour of operation, and this value can be compared against other fuel cells.

Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a very powerful technique to perform in-situ, as it
provides a quick visualisation of the entire fuel cell and can easily monitor the progression of the
different components over time. During a galvanic impedance measurement, an alternating current of
varying frequency is introduced on top of a constant direct current, and the phase and amplitude of the
resulting signal is monitored and plotted as a function of frequency (Bode plot), or the imaginary and
real responses can be plotted against one another (Nyquist plot) [110]. The different processes within

the fuel cell can be separated from one another by analysis of their time constant.

A Nyquist plot of an impedance measurement performed during fuel cell operation can be seen in
Figure 2.1.9. Each of the features of the curve correspond to a different loss process occurring within

the fuel cell.
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The ohmic losses of the fuel cell are supposedly easy to observe from the intercept of the curve with the
real axis in the high frequency region. Additionally, the anode and cathode activation losses can be
deduced by fitting the curve to a series of semicircles. The first of these at the highest frequency
represents the anode activation losses, which are much smaller than the cathode activation losses
because the hydrogen oxidation reaction is much quicker than the oxygen reduction reaction that takes
place on the cathode [111]. Additionally, the mass transport losses can be deduced from the low
frequency feature of the impedance spectrum [112]. These features can be fitted to an equivalent circuit

to obtain an accurate value for each loss process.
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Figure 2.1.9. An example EIS spectrum, showing the features and the corresponding loss mechanism, adapted from [113] and
[114].

In general, the interpretation of fuel cell impedance data can be difficult [113]. Therefore, the fitting of
impedance spectra to equivalent circuit models should be performed to extract electrochemical

parameters, for example the equivalent circuit shown in Figure 2.1.10 has been used in this work.
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Figure 2.1.10. The equivalent circuit model used to fit EIS data in this work.

By monitoring these parameters and the shape of the impedance curve over time, the losses occurring
during each process can be seen. This can be a very useful diagnostic tool to determine where the
performance losses observed are specifically occurring. However, it is important to be aware that
artefacts due to the cables or connections may be introduced when performing impedance with high
DC loads [111]. Chapter 8 includes more details on the fitting performed and the equivalent circuit

employed in this thesis.
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Additional in-situ techniques

Other common in-situ analysis techniques can specifically focus on characterisation of the catalyst
layer (ECSA), membrane (H. crossover) or the bipolar plate (In-situ ICR), however these have not been

used in this thesis.

The Electrochemical Catalytic Surface Area (ECSA) measurement uses cyclic voltammetry performed
in the hydrogen underpotential deposition (Hurp) region to determine the surface area of the catalyst
[115]. This surface area can be compared before and after cycling for different types of fuel cell to
determine what kind of performance decrease comes from catalyst agglomeration or loss of active area

due to carbon support corrosion.

Hydrogen crossover measurements analyse the permeability of the membrane, detect any pin-holes or
thinning, damage due to radical formation. They involve performing a linear sweep with hydrogen on
the anode and nitrogen on the cathode, and calculating the amount of hydrogen that has crossed over

the membrane from the current density measured [116].

In-situ ICR can also be performed by placing gold wires in the fuel cell and measuring the voltage
through the BPP to the GDL, then converting this to a resistance in the same way as is done ex-situ. It
can be difficult to perform such measurements due to local variations in thickness of oxide layer and
current distribution over the plates, leading to a good but not perfect correlation between in-situ and

ex-situ ICR measurements [117].

2.1.5. Conclusion

The overarching theme of this PhD thesis is to improve the quality of commercial PEM fuel cells
through innovation of the bipolar plate. A new coating method based on the electrodeposition of
metallic Sn will be investigated. The aim is for it to fulfil the criteria for bipolar plates outlined in this
chapter, including the US DoE 2020 targets. The evaluation of the coatings developed in this thesis will
use many of the characterisation techniques outlined above, including SEM and EDS mapping, ICR
analysis, and both ex-situ and in-situ electrochemical testing.
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2.2. Electrodeposition

2.2.1. Introduction

Electrodeposition is a technique that is widely used to create a layer of metal on a conductive substrate,
via the reduction of metal ions from an electrolyte. It provides a simple, highly tuneable method, which
can be applied to a huge variety of metals and substrates, and is the main technique used in this thesis
to create coatings for bipolar plates.

This thesis will specifically look at the case of Sn electrodeposition, which is simple at low pH but may
become challenging when additional alloying elements are added. The feasibility of electroplating Sn
and Sn alloys onto steel substrates for use in bipolar plates in PEM fuel cells is investigated in this thesis
work.

The concept of electrodeposition

Electrodeposition is the reduction of metal ions from electrolytes, with the necessary electrons being
provided by an external power supply or a reducing agent in the solution (known as electroless
deposition) [118]. In aqueous solutions, the following equation (eq.2.2.1) holds:

Mn+ + ne” - Mlattice (2'2'1)

solution

A simple sketch of a standard electrodeposition setup is shown in Figure 2.2.1, where the necessary
components are: Anode (where the oxidation process occurs, often a bulk electrode of the same metal
as being deposited), cathode (where the reduction occurs, hence the substrate that the deposition will
occur on) and the electrolyte (comprised of ions, including metal cations to be deposited on the
cathode), as well as an external power supply that completes the circuit and is needed to drive the
electrodeposition.

Figure 2.2.1. A standard electrodeposition setup, where an external power supply forces the movement of electrons and metal
ions from the electrolyte to the cathode (substrate), where they are reduced to form a layer of metal.
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During electrodeposition, the amount of deposit produced is directly proportional to the amount of
charge passed, and can be calculated using Faraday’s equation for electrolysis (eq.2.2.2, assuming
constant current electrodeposition):

_MIt

= — 222
— (2.22)

, where m is mass of deposit (g), M is the molar mass of the deposit (g mol "), I is the current (A), tis
time or duration of the electrodeposition (seconds), Fis Faraday’s constant (96485 C mol!) and nis the
valency of the ions being deposited (i.e. number of electrons being transferred per deposited metal
atom). However, if some of the current is used to other processes, such as hydrogen evolution, the
deposited metal will be less than expected from the Faraday's equation. Current efficiency, CE, is
defined as the ratio of the actual mass deposited to the theoretical mass from Faraday's equation (eq.
2.2.3) and is an important quantity in electrodeposition of metals.

measured mass
CE

— i -100% (2.2.3)
theoretical mass

The deposition potential and overpotentials

In general, for the electrodeposition reaction to occur, the metal ions must move from the bulk solution
to the electrode, where they adsorb onto its surface and undergo the above reduction reaction (eq.
2.2.1), before being added to the crystal lattice of the deposited metal. The Nernst equation determines
the thermodynamic (minimum) potential, E, needed for this reaction to take place (eq. 2.2.4), where E
is the equilibrium potential at standard states (i.e. all activities equal to 1), n is the number of electrons
being transferred during the reaction, T is the reaction temperature, R is the universal gas constant
(83145 ] K" mol ), Fis the Faraday constant and Q is the reaction quotient.

RT
E=FE°——] (2.2.4)
nF ne

If this potential is reached, the reaction can theoretically take place, but some overpotential is needed
in order to allow the electrode reaction to occur. This overpotential, or kinetic limitation, relies on how
well the surface promotes electron transfer (catalyses the reaction) and kinetic considerations must be
taken into account to determine whether the reaction will actually take place, and how quickly it will
occur [118].

The overpotential (eq. 2.2.5), which is needed to allow the electrode reaction to occur, is the difference
between the actual potential at the electrode (deposition potential) and the equilibrium potential
calculated using the Nernst equation.

n = E(actual) — E (equilibrium) (2.2.5)

The total overpotential is comprised of all hindrances observed in the cell, relating to charge transfer
(ne), diffusion (ng), reaction (1) and crystallisation (), as observed in eq. 2.2.6 [119].
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N= 1N+ Na+ N+ N (22.6)

Each overpotential contributes to slowing down the kinetics of the reaction and describes a physical

phenomenon that occurs when deposition takes place.

The charge transfer overpotential relates to the movement of electrons or charged species
across the electrical double layer at the surface of the electrode. For highly conductive solutions,
as are the norm for electrodeposition, this overpotential is minimal.

The diftusion (also known as concentration) overpotential relates to the concentration
difference between the bulk of the electrolyte and the electrode surface, where the reaction
happens. Movement of species between the bulk solution and the electrode surface can be
slower than the charge transfer kinetics at high overpotentials, creating a concentration
gradient. If all the reactant species are used up immediately as they approach the electrode
surface, the rate of reaction is controlled by the movement of the species to the surface, and
therefore the rate of diffusion. When at high overpotentials (fast kinetics), the reaction is
diffusion controlled, the surface concentration is zero. This limiting current density, ji, can be

used to calculate the diffusion overpotential (eq. 2.2.7):

Ng = Eln <1 - ]—) (2.2.7)

The reaction overpotential accounts for unwanted reactions taking place both in the bulk of
the solution and at the electrodes.
The crystallisation overpotential arises from the energy needed when metal atoms are added

and absorbed into the crystal lattice.

The summation of these overpotentials shows the hindrance of the deposition and describes how

quickly the reaction will take place at a given electrode potential. If the overpotential is extremely high,

the rate of deposition will likely be very slow and challenging, and the likelihood of dominating side-

reactions such as hydrogen evolution increases [119].

The Butler Volmer and Tafel Equations

For a simple one-electron outer-sphere charge transfer reaction with no diffusion limitations, the

current follows a simple equation, where the anodic (j,) and cathodic (j.) current densities both depend

exponentially on the overpotential, n. This relationship is shown in the Butler-Volmer equation (eq.

2.2.8), where jis the overall current density, jy is the exchange current density, a, and a. are the anodic

and cathodic transfer coefficients, respectively, and 1 is the charge transfer overpotential [120]:

J=Jatic

= dnferw () = e (S)] @2
j = Jo|exp(gzn)— exp (1 2
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Electrodeposition involves inner-sphere reactions steps with no general law for the current-potential
relationship. However, often a Butler-Volmer type of relation is found to hold also for such reactions,
for example when the rate-determining step is an outer-sphere electron transfer or an inner-sphere
electron transfer from an adsorbed species to the metal electrode. We will use the Butler-Volmer
equation in the following to conceptually visualize reaction currents at the electrode and current
efficiencies.

For large overpotentials (about 70/n mV), the current response will be dominated by either the anodic
or cathodic current. One can therefore ignore the smaller one and hence the Butler-Volmer equation
reduces to the Tafel approximation[120]. Figure 2.2.2 shows a plot of the logarithm of current density
as a function of overpotential based on the Butler-Volmer equation, with the Tafel approximation
clearly seen as the linear regions at either high anodic or high cathodic overpotential. The slope of this
linear region is called the Tafel slope and together with the exchange current density are the two most

A|09|J'I

important kinetic parameters.

Overpotentlal)

Figure 2.2.2. A visualisation of the Tafel Equation, showing the linear region where the equation is valid, extrapolated to find the
exchange current density.

Extrapolating this linear region to a point of zero overpotential gives the exchange current density, ji.
This is specific to each reaction and electrode material and shows the number of electrons flowing in
the backwards and forwards directions, directly telling the capability of the surface to exchange
electrons. Although there is no overpotential applied (no net current), electron transfer is still
occurring, and the exchange current density describes how active the surface is towards the specific
reaction. If the exchange current density is high, the kinetics of the reaction are favourable and will
likely continue to be favourable at all applied potentials.

It should be noted that the reaction rates for electrodeposition are very dependent on the conditions,
including the substrate, pH, temperature and any additives present that may change the surface. In case
of diffusion limited deposition, altering the convection by agitation also affects the electrodeposition
rate.

Using these parameters is an effective way of comparing the kinetics of multiple reactions happening
at the same electrode, and visualising which reaction will be favourable at certain sets of conditions. For
example, if we take reaction A, which has a certain reversible potential, Er*, and a certain exchange
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current density, jo*, illustrative Tafel plots can be drawn as shown in Figure 2.2.3. This can visually tell
us how the reaction rate changes with applied potential and effect of other electrode reactions occurring
simultaneously.
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Figure 2.2.3. Kinetics diagrams showing the Tafel slopes for various hypothetical reactions. A comparison of reaction A (blue)
with reactions B (yellow) and C (grey) shows that by modifying the applied potential or current, reaction B is favoured over A,
however, reaction C is favoured over reaction A at all potentials.

All reactions taking place on the electrode must be considered, so if the side reaction B (this could be a
secondary metal deposition or a gas evolution reaction) occurs on the same electrode, the Tafel curve
can also be plotted based on its exchange current density and Tafel slope. As shown in Figure 2.2.3, for
these hypothetical reactions A and B, initially the reaction of A is favoured, due to the more positive
deposition potential. However, when forcing the deposition potential to be more negative, the reaction
B becomes more and more favourable, and takes a larger share of the current, hence the current
efficiency towards deposition of A reduces. At some point when the two Tafel curves meet, the reaction
of B becomes more favourable than A, and eventually reaction B is so dominating that almost no A will
be deposited. Therefore, by tuning the deposition parameters, the final deposition product can be
tuned.

However, for some types of reactions, forcing the reaction to take place at a certain potential or current
density will not change the ratio of the products. This occurs when the Tafel slopes are similar or
diverging, for example in Figure 2.2.3, when comparing the behaviour of reactions A and C. Here,
whichever current density or potential the deposition takes place at, reaction C will be favoured over
A, and other parameters such as the temperature or electrode type must be altered in an attempt to
obtain A.

Therefore, it is important to obtain kinetic information about the deposition potentials, exchange
current densities and Tafel slopes of the deposition reaction and any side reactions and their
dependence on bath composition, substrate material and temperature to determine whether the
desired reaction will be favoured at any set of conditions.

Diffusion Limitations

At some point, when the overpotential is very high and the reaction is occurring very quickly, the
current is limited by the rate of mass transport to the surface of the electrode. If the rate of reaction is
quicker than the diffusion of reactants to the reaction site (the electrode surface) then reactants will
become depleted, and the reaction is said to be diffusion limited. This produces a concentration
gradient between the electrode surface and the bulk electrolyte. The area close to the surface that
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contains this concentration gradient is called the diffusion layer and the thickness of the diffusion layer,
d, for a constant current is (not considering natural convection) given in eq. 2.2.9 [121]:

s= [Pt (2.2.9)

A

, where Dis the diffusion coefficient (in cm?s!) of the active species, and tis the time (in seconds) held
at the constant current. The limiting current density, ji, (eq. 2.2.10) occurs when the concentration of
reactants at the electrode surface is zero, and the rate of reaction is controlled by the transport of
reactants to the surface.

. nFDG,
= 5

(2.2.10)

, where ¢, is the bulk concentration (in mol dm?). By combining the contribution from the B-V
equation (eq. 2.2.8) whilst taking into account diffusion limitations, the steady state current density /
potential characteristics for a wide range of overpotentials can be obtained. This is schematically
illustrated in Figure 2.2.4.
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Figure 2.2.4. A characteristic current density profile showing the overpotential regions limited by mass transport (diffusion) and
electron transport (Butler Volmer).

Nucleation and Growth

The first stage in the electrodeposition of a deposit onto a surface is the arrival and adsorption of atoms
onto that surface. Metal ions in solution are hydrated, so must lose their hydration sphere before
adsorbing onto the surface. Once adsorbed onto the surface, the ions undergo a charge transfer
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reaction, to become metallic adatoms. These adatoms can move around the surface by diffusion until
they reach a favourable site, attaching to the crystal and forming clusters or adding onto the edge of
steps [122].
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Figure 2.2.5: The stages involved in depositing an atom from the bulk solution to the lattice of a deposit.

The nucleation of each atom is composed of a bulk energy contribution and an interface energy
contribution. As an atom is added to the surface, the interface energy of the surface increases due to an
increase in the surface area. However, the bulk energy of the surface decreases as ions are transferred
from the solution to the crystal phase. An atom alone on the surface has a very high interfacial energy,
so in order to become energetically favourable it needs to form a cluster to reduce the bulk energy,
reducing the relative surface area compared to the bulk size. The size at which the overall energy of the
cluster starts to decrease is called the critical size, and has a critical radius (r.) of [122]:

_ 20V,
- nkn

(2.2.11)

, where V,, is the molar volume of the atom (L mol™), oits surface energy (J m?) and n the number of
electrons needed to completely reduce it. From this equation, it is clear that at high overpotentials, it is
easier to form a critical nucleus as the critical radius needed becomes smaller. This phenomenon allows
grain size to be tuned by changing the overpotential, however if the overpotential is too high and a
limiting current is reached, a dendritic deposit is likely to form.

There are two types of nucleation, distinguished by the size of the nucleation constant [123]. A high
nucleation constant leads to instantaneous nucleation, where all the nucleation sites are covered almost
immediately. The nuclei then proceed to grow until they contact one another, and a monolayer is
formed. If there is a small nucleation constant, the number of nuclei is a function of time, i.e. they form
and grow gradually, eventually overlapping to form a monolayer with clusters on top. This is called
progressive nucleation. In both cases, nucleation occurs first at the defect sites on the crystal, as they are
energetically preferential.
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Figure 2.2.6: The growth of nuclei in instantaneous and progressive modes.

Each of these nucleation methods can proceed to form multilayers. At low nucleation rates, when the
overpotential is low, layer-by-layer growth is preferred. Atoms energetically prefer to add to a nucleus
instead of forming a new one, creating layers of atoms, like steps that grow along the surface. At high
nucleation rates and high overpotentials, multinuclear growth is preferred. Isolated islands of atoms
grow together to form a linked structure, which is ‘filled in” after further deposition [123]. This growth
type produces deposits that have small grains and are more likely to have voids or dislocations at grain
boundaries.

Kinetics also plays a role in the type of nucleation. There is an energy barrier for atoms to move up or
down steps, and atoms can move around on top of steps, before either adsorbing onto a step edge or
dropping down to alower step. If the amount of movement on top of a step is much larger than the size
of the step, then multinuclear growth will proceed, as atoms add to the top of each step/nucleus and do
not necessarily fill in the whole step first (3D growth). If the amount of movement of the atom is low, it
will quickly adsorb onto the step edge and growth will proceed in a layer-by-layer way (2D growth)
[124,125].

O
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Figure 2.2.7: 2D and 3D growth mechanisms.



2.2.2. The Practicalities of Electrodeposition

The final deposit achieved from electrodeposition is defined by a number of factors. Although the
nucleation and growth modes determine the microstructure and therefore influence the properties of
the final deposit, other parameters must be considered [126]. Primarily, a suitable plating bath
including anode type and substrate material must be identified. Specific metal salts, complexing agents
and other additives are needed to obtain the desired grain size and material properties. Furthermore,
bath variables have a large effect on the deposit and must be tuned. The pH, concentrations, current
density, temperature and agitation amongst others are important and should be specifically tailored to
achieve the correct surface finish and properties.

Most metals have previously been deposited from aqueous solutions, so a simple literature search can
identify a good bath formulation, as well as suitable anodes and substrate materials.

Anodes and Current Distribution
Anodes can be grouped into two types: soluble and insoluble.

e Soluble anodes are made of the same material as is being deposited. For every metal ion
deposited onto the cathode, an ion is dissolved from the anode to maintain the concentration
in the plating bath. However, the anode may react with the bath, generating a parasitic current
and increasing the wear of the anode.

o Insoluble anodes are made from an inert material that is not being deposited and will not react
with the solution. They retain their dimensions and do not produce any suspended particles in
the bath, however, the metal concentration and pH (in case of oxygen evolution at the anode)
of the bath will decrease over time. Therefore, careful monitoring and maintenance of the bath

is needed.

The positioning of the anode is very important to obtain a high quality deposit. The anodes should be
large enough to provide sufficient current for the deposition and should be positioned far from the
cathode to achieve an even current distribution. However, the current distribution will be higher atany
edges and points of the cathode due to the ‘bunching’ of current lines, meaning more deposition will
take place in these areas, and the thickness of the layer will be increased [127]. If necessary, supporting
anodes can be added to even out the current distribution, and any edges on the cathode can be rounded
off. The electroplating solution itself should have a high conductivity and polarizability, and a low
current density should be used to form an even film. The effect of current distribution can be
experimentally studied using a Hull Cell [128].

Additives

Additives have many specific functions including stabilising or complexing ions in solution, and
brightening, refining or reducing stress in the deposit. Additives compete with water and other species
to adsorb on the surface of the cathode, and there is generally a potential range in which the adsorption
of the additive is preferred. Increasing the concentration of additive increases the potential range in
which it is stable, however this only occurs when the surface is at a potential of zero charge. If not, the
adsorption of charged species is preferred. Any absorbate will selectively adsorb on a fraction of the

30



high-energy surface sites, blocking them and reducing the number of sites available for nucleation.
They can therefore slow the growth or alter the morphology of the surface [129].

Specific additives have different functions, for example a uniform deposit can be obtained by adding a
levelling agent to the bath. These agents accumulate at the peaks as they are more accessible under mass
transfer control, thus inhibiting deposition in the protruding areas and producing a more levelled out
deposit. Grain refiners can produce bright surfaces with a small grain size by selectively blocking
deposition onto the large particles, leading to the growth of new and smaller particles. Other additives
can stabilise certain complexes in the solution, favouring the deposition of certain elements in an alloy,
or supress hydrogen evolution to obtain deposition at a greater current range and high current
efficiency.

Additives are not used up in the electrodeposition process; therefore, they must be able to adsorb and
desorb from the surface. If the rate of adsorption/desorption is slow, additive molecules can become
trapped in the deposit, leading to brittle deposits with higher resistance [130]. If the electrode kinetics
become slow, some additives may also undergo unwanted oxidation at the anode.

pH

The pH has an impact on the deposit for a number of reasons. Firstly, the pH can change the deposition
potential of a metal in a way that can be predicted from the Pourbaix diagram. It is common for the
deposition potential to decrease with an increase in pH. It is also possible that the stable species in the
bath can change with a change in pH. This can lead to solid precipitates in the bath, therefore reduced
deposit quality, or a reduced current efficiency due to higher valency ions being deposited [131].

Any deposits that are in oxide form can be rough, dull and have a worse adhesion to the substrate, being
of overall lower quality. This can be seen for the deposition of Sn under different pH, in the SEM images
in Figure 2.2.9. The deposit goes from being bright with small grains at low pH to being dull and rough
at higher pH, with long needles of SnO, obvious in the SEM image at pH 3.0.

Additionally, complexing agents or additives in a bath may be sensitive to small changes in pH, which
can change their stability, solubility or ability to complex certain ions.
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Figure 2.2.9: SEM images of the structure of a Sn layer deposited at various pH: A - pH -1.0; B- pH 0.0; C - pH 1.0; D - pH 2.0;
C-pH3.0.

Temperature

Small fluctuations in temperature can harm the deposit quality and the rate of deposition; however, a
well-formulated bath can operate within a larger range of temperatures. In such baths, increasing the
temperature often increases plating rates [131]. The temperature will also have an impact on the
deposition potential, as predicted by the Nernst equation, and also on the Tafel slope and exchange
current density [132].

In Figure 2.2.10, it can be seen that increasing the deposition temperature increases the roughness of
the surface. This is because at higher temperatures, electrode kinetics are much faster, so the ions add
on top of one another instead of in a layer-by-layer way. Additionally, at higher temperatures it is likely
that the adsorption strength of additives at the surface reduces, so will not have the same levelling effect
that they do at lower temperatures [133].

Figure 2.2.10: SEM images showing structure of a Sn layer deposited at various temperatures: A - 20 °C; B - 40 °C; C - 60 °C;
D-80°C.
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Agitation

Agitation of the bath reduces the thickness of the diffusion layer and therefore increases the limiting
current density. It increases the concentration of metal ions in the diffusion layer, until it approaches
the concentration of the bath, but does not change the bulk properties of the bath. Controlling the
agitation is most important for the deposition of alloys, as it can alter the alloy composition [134]. Due
to the reduction in the size of the diffusion layer, increasing the agitation of the bath leads to a higher
nucleation rate, which decreases the grain size of the deposit, as seen in Figure 2.2.11.

Figure 2.2.11: SEM images of the structure of a Sn layer deposited at various stirring speeds: A - 0 rpm; B- 100 rpm; C - 150 rpm;
D -200 rpm; E - 300 rpm; F - 500 rpm.

Current Density

The current density of the bath has a great impact on the deposit. If the current density is too low, the
deposit may have poor coverage and a low plating rate. However, if the current is too high, hydrogen
evolution can take place, forming uneven deposits due to gas bubbles on the surface, and increasing the
local pH, perhaps including hydroxide impurities in the deposit.

The impact that the current density has on the deposition can be predicted from the Tafel plots, as seen
in Figure 2.2.3. The kinetics of the hydrogen evolution and metal deposition must be compared to
determine the specific effects. However, as the Tafel equation is only valid at lower overpotentials. As
the overpotential increases, the metal deposition reaction will become mass transport limited, but the
hydrogen evolution will not, or not to the same degree, therefore it will eventually dominate. This is
clearly seen from the measured current efficiencies as a function of current density in Figure 2.2.12. ITn
the current density range used here the current efficiency decreased with increased current density due
to a larger contribution to the current from hydrogen evolution.
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Figure 2.2.12: The effect of current density on the current efficiency of deposition, for the deposition of Sn from a sulphate bath
at 25 °C.

Without being excessively high, increasing the current density increases the overpotential and leads to
smaller grain sizes. However, when moving to higher current densities, hydrogen evolution has more
of an impact and a rougher deposit is obtained, because of the presence of hydrogen bubbles on the
surface of the deposit.

2.2.3. Electrodeposition of Alloys

Co-Deposition of Alloys

Two or more different types of metal ion can be co-deposited to form an alloy. Here, the kinetics of the
two deposition reactions are very important to determine whether deposition is possible, and the
impact that changing certain deposition parameters will have. Generally, any factor that impact the
kinetics of the deposition has the potential to change the composition of the alloy produced.

Firstly, in order to co-deposit two different metals, their deposition potentials should be close to one
another, otherwise the more noble metal will deposit exclusively [135]. If the deposition potentials are
not close together, there are some ways by which they can be brought together. Firstly, one can reduce
the concentration of the more noble metal, however, when the concentration of the bath becomes very
low, deposits become unreliable. In general, the dependence between concentration and potential is
logarithmic, meaning very large reductions in concentration need to be made to have a significant
impact on the deposition potential [131]. Therefore, a better way to approximate two potentials is by
using a complexing agent. All metals have a more negative potential when complexed, which crowds
the potentials closer together allowing easier co-deposition [133]. In ‘mixed baths’, multiple different
complexing agents can be used, each of which forms a complex with a different metal. In general,
complexing agents are very useful, however they should not be used with less noble metals as they can
reduce the deposition potential into the hydrogen evolution region, lowering efficiency.

Types of Co-deposition

If co-deposition can be achieved, it will fall into one of five different types of co-deposition, defined by
their response to various bath conditions and control mechanisms [136].
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In regular co-deposition, the bath is under diffusion control, so any changes of metal concentration in
the cathode diffusion layer affect the metal ratio in the deposit. Any parameters that increase the
amount of a metal ion in the diffusion layer will increase the amount of that metal in the deposit, such
as increasing the temperature, agitation of the bath or increasing the total metal concentration in the

bath. All of these favour the metal that was already depositing preferentially, and tend towards the ratio
of the bath.

Irregular co-deposition is controlled more by the metal potentials than the diffusion. This is most likely
to occur in solutions of complex ions of metals with similar static potentials, and metals that can form
a solid solution together. The effects of plating variables on deposit composition are smaller for metals
that co-deposit irregularly than those that do so regularly.

Equilibrium co-deposition is achieved when the ratio of the two metals in the deposit is the same as the
ratio of metals in the bath. The amounts of metal in the diffusion layer are already the same as those in
the bath, and the deposition is in equilibrium, so the effects of temperature and agitation are minimised.
The current density has an unpredictable effect on the deposit composition, dependent on the
individual metals and other bath parameters.

In anomalous co-deposition, the less noble metal deposits preferentially, but only under certain bath
concentrations and operating variables. This type of deposition is rare.

Induced co-deposition is the deposition of alloys containing metals that cannot be deposited alone
(reluctant metals) with metals that induce the deposition. In general, the influence of plating
parameters on the metal content of such alloys is small and inconsistent.

Practical considerations

A number of bath variables can be tuned to deposit an alloy of desired composition [131]. Increasing
the amount of a metal ion in the bath will increase the exchange current density [132], indicating more
active kinetics and favourable deposition. However, as many baths use complexing agents to
approximate the deposition potentials and allow co-deposition, the concentration of any complexing
agent has a great influence on the metal ratio in the deposit. Increasing the complexing of a metal lowers
its deposition potential, so it is less readily deposited. If the complex is the same for both metals in a
bath, little effect is seen, however for mixed baths, the amount of metal in a deposit varies with the
concentration of ‘free’ complexing agent.

Changing the pH has a more specific effect, depending on which complexes the metal ions form in
solution. Simple metal ions are usually unaffected by pH, but the stability of many complex ions can
change with pH. The Pourbaix diagram can indicate whether changing the pH will impact the
deposition potential of any simple ions in the bath. If there are multiple different complexes in a bath,
changing the pH will affect each to a different extent, changing the composition of the deposit.

Temperature has a variety of effects on the bath, some of them competing. Firstly, deposition potentials
can change with temperature, but these effects are specific to certain metals, and hard to predict. The
concentration of the metal ions in the diffusion layer increases with bath temperature, favouring the
metal that was already preferentially deposited. Finally, the cathode current efficiency is affected by
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temperature, in a specific way. Therefore, the effects of temperature are specific to the alloy and bath,
so are hard to predict.

Increasing the current density will firstly impact the kinetics of the deposition as predicted by the Tafel
plots, however once the current density increases to the point of diffusion control, further increases can
encourage the less noble metal to deposit (as the more noble metal is already at its diffusion limit). This
effect reaches a limiting value at some point, and the composition of the deposit tends towards the
composition of the bath. Additionally, side-reactions such as hydrogen evolution may become more
prevalent as the current increases far beyond the diffusion limitations, as indicated in Figure 2.2.12.

Finally, agitation reduces the thickness of the diffusion layer, and increases the concentration of metal
ions in the diffusion layer. This favours the metal that was already preferentially depositing, but the
magnitude of the effect is determined by the type of co-deposition. If the composition changes greatly
with agitation, the system is under diffusion control.

2.2.4. Electrodeposition of Sn

Commercial electroplating of Sn was developed in the 1850s and has become a popular technique due
to its low cost, simplicity and good controllability of coating morphology and thickness. It is very easy
to electrodeposit Sn in acidic media, using soluble anodes of pure (> 99.9 %) Sn. At pH < 1, the
dominating reaction is [137]:

Sn2+ + 2e” - Sn EO = —0.137 VSHE

Under ideal conditions, the current efficiency should be close to 100 %, however side reactions such as
hydrogen evolution can occur. As the pH increases above 1, Sn** becomes the dominating ion in
solution. Although this can be deposited, the amount of current that needs to be passed is twice as
much, reducing the current efficiency by 50 %, so it is preferential to deposit at low pH.

There are many industrial plating baths available nowadays, allowing for a variety of finishes on
different substrates. Sulphate baths are commonly used as they have high current efficiencies at low
current densities. They are also low cost and easy to maintain, in part because they operate at room
temperature and are generally lower toxicity than other acid baths, making waste management easier.
Sulphate baths have a high throwing power, however they can undergo anodic passivation at high
current densities, and are highly susceptible to Cl impurities [137]. Other common Sn deposition baths
are fluoroboric acid, phenolsulphonic acid or hydrochloric acid based.

Tin Whiskers

Whiskers are hair-like single crystal filaments that spontaneously grow from electroplated Sn and Sn
alloys [138]. When a surface is under compressive stress, whiskers can extrude from the surface after a
certain incubation time that can range from days to years, causing problems such as short-circuiting of
electrical equipment. Whiskers usually have very high conductivity and strength, up to 1000 times
higher than other Sn single crystals [137].

It is not entirely well-know how whiskers form. The growth phase of whiskers requires Sn atoms to
diffuse from the bulk to the nucleation sites, so having smaller grains and more grain boundaries leads
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to more diffusion and more whiskers [138]. The interfaces between Sn and its substrate or the air above
it can also lead to the growth of whiskers. It is thought that surface oxide layers that form immediately
after deposition can reduce whisker formation as they act as a physical barrier to stop whiskers erupting
from the surface. However, it has also been said that whiskers propagate through defect sites in the
surface oxides. The whiskers themselves often contain oxygen, which may come from the surface oxide
or from Sn being oxidised after formation. Additionally, the intermetallic compounds that form
between the Sn and the substrate through diffusion can increase the stress in the Sn layer and lead to
whiskers. However, like the surface oxides, if the intermetallic is regular and dense, it can act as a
physical barrier and inhibit the growth of whiskers.

To prevent whiskers from forming, an alloying element can be added to the Sn, which may reduce
residual stress in the coating and stop whiskers from growing. Reflowing the coating after deposition
can also have thiseffect, as can using a barrier layer to stop the formation of intermetallics and the build-
up of stresses. It is only compressive stress that leads to whisker formation, meaning that by
maintaining tensile stress in the deposit also supresses growth.

Tin Alloys

Sn can be alloyed with many different materials for a variety of different purposes. Alloys deposited at
their eutectic point have a lower melting temperature than other compositions, so are widely used as
solder materials. Some examples of these, seen in Figure 2.2.13, are Sn-Cu containing 0.7 % Cu, with a
melting point 0f 227 °C, it is used for low-cost electronics applications. Sn-Ag at 3.5 % Ag has a melting
pointof 221 °Cand exhibits good fatigue resistance, and Sn-Bi eutectic at 57 % Bi has a very low melting
temperature of 139 °C. However, eutectic SnBi can be brittle with low ductility, so the alloy containing
2-3 % Bi is most widely used.
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Figure 2.2.13: Phase diagrams of binary Sn alloys. A, SnAg [139]; B, SnBi [140];.C, SnCu [141].

Compared to Pb, these alloying elements have substantially higher redox potential than Sn, meaning
that to deposit the alloy, complexing agents are needed, or conditions must be kept in the diffusion-
limited region. In this case, the more noble metal does not have time to completely deposit, and a
mixture of the more and less noble metal can be obtained.

2.2.5. Electrodeposition in this thesis

It has been demonstrated that electrodeposition is a powerful technique that can be used to form a thin
layer of a range of metals and alloys onto a conductive substrate of any shape and size. In this thesis,
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electrodeposition in aqueous plating baths was used to create layers of coatings onto bipolar plates for
use in PEM fuel cells. With the information in this introduction chapter, the electrodeposition of tin
and tin alloys can be performed, and the importance of fine control of certain electroplating parameters
is described, thereby allowing specific compositions, surface finishes and microstructures to be
obtained.
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2.3. Tin as a solder material to join the BPP and the GDL

Tin has been in use since as early as 3500 BC, where during the Bronze age it was alloyed with copper
to produce bronze icons, tableware and weapons. In more modern times, tin has been used for several
major applications, including protective coatings for food containers (tin cans), solder materials, in the
glass making process, and in the chemical industry.

Its major use today is as a solder in the electronics industry, where it is suitable due to its high electrical
conductivity, good wettability, low cost and reliability [142,143]. It also has a low melting point,
231.9 °C [144], and has historically been alloyed with lead to increase solderability by reducing this
further, but more recently with elements such as bismuth, copper and silver due to the negative health
effects of lead exposure. Another emerging use of tin is in the same industry, where Indium Tin Oxide
(ITO) is a popular material for LCD screens, anti-icing coatings and solar panels due to its transparent
and conducting nature.

In this thesis, we investigate whether the long history of tin at the forefront of technology could
continue with its use for bipolar plates for PEM fuel cells, and the ushering in of the green revolution
in sustainable technology.

2.3.1. Tin for use in PEMFCs

Firstly, to understand whether tin would be suitable material for use in a PEMFC, it is important to
look at the Pourbaix diagram to determine if it would be stable within the range of operating
conditions. This range for a PEMFC is from around 0 to 1 V, with slightly higher and lower voltages
during start-up and shutdown conditions, and a pH between 3 and 5 [145].
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Figure 2.3.1. The Pourbaix diagram for the Sn / H;O system at 25 °C, reproduced with permission from [146], and modified to
show the operation region of a PEMFC.
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When looking at the Pourbaix diagram for tin [146], it clearly has one stable oxide, SnO,, throughout
this range. This is beneficial as this oxide will passivate the surface and provide a stable barrier to further
oxidation (corrosion), as is also the case for iron-based materials used for BPPs. The SnO; has the added
benefit of being more conductive than similar passivation layers that form on metals like stainless steel,
or aluminium, as seen from the respective metal and metal oxide resistivities in Table 2.3.1.

Table 2.3.1. Resistivity values for several metals and their respective dominant oxides, as identified from the relevant Pourbaix
diagrams.

Metal Metal Resistivity Dominant Surface  Oxide Resistivity
/108 Q cm Oxide(s) /Qcm

Tin 11.5[144] Sn0O; 0.59 [147]
Aluminium 2.71 [144] ALO; 2x10'[144]
Stainless Steel 7200 [144] Cr05 3x10°[148]
(316) Fe,0; 2x 10*[149]
NiO 8x10*[150]
Cr.FeO, 3x10°[151]

However, the Pourbaix diagram does not tell the whole story about whether the Sn oxide will provide
a good protective barrier. Some oxide formation processes involve such a large lattice expansion that
the resulting oxide is pushed away from the metal surface and flakes off, for example iron [152]. Other
oxide formations result in a contraction of the lattice parameter, leading to an oxide that is thin and has
cracks in it, and is therefore not protective, for example Magnesium [152]. This phenomenon can be
described by the Pilling Bedworth Ratio (PBR), and metals with 1 < PBR < 2 should form a protective
oxide [152]. Sn has a PBR of 1.31[153], implying that the oxide formed will remain on the surface and
form an effective barrier. It should be noted, however, that the PBR is not always an accurate measure
of the protective oxide formed on alloys [154].

Therefore, according to the Pourbaix diagram, SnO, should be stable within the PEMFC operating
range, and the PBR indicates that it should stick to the Sn surface to form a protective oxide. Despite
this, there are multiple theories on the oxidation of metals, and there have been conflicting reports as
to whether the oxide formed on tin is actually protective. It has been observed that in aqueous,
sulphuric acid media (often used to simulate the PEM fuel cell environment), a two-stage passivation
process, through Sn(IT1)O to Sn(IV)O; occurs [155]. Though passive, this oxide film does not prevent
further dissolution of the underlying metal, possibly due to easy ion diffusion through the film [156].
However, during similar tests in various media including 4 molar sulfuric acid, tin has in fact been
proven to improve the corrosion properties of stainless steels through the formation of a dense SnO,
passive layer, which inhibits further corrosion [157-159]. Although these tests aim to simulate a
PEMFC environment, some major differences in the contact of the electrolyte with the BPP surface
mean that such ex-situ tests are not always accurate. Specifically, when ex-situ testing, the electrolyte is
in full contact with the BPP, however when in-situ, we expect a series of slightly acidic droplets to flow
through the BPP channels. These differences mean that in-situ tests in a working fuel cell are the most
accurate way to determine the long-term performance of Sn-coated bipolar plates.
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The stability of the tin oxide layer is not the only consideration that should be made to determine
whether Sn makes a suitable BPP material. The leaching of metal ions from bipolar plates is a well-
known cause of membrane degradation in PEMFCs, with divalent cations having a strong negative
impact on membrane transport properties, water flux and radical formation [49,160,161]. However,
there have not been any specific studies done on the influence of Sn** ions on membrane degradation,
and in fact Sn and its oxides have found use in multiple different components within the fuel cell [162],
including the catalyst [163], catalyst support [164] and composite membranes. Iwaiet al. [165] reported
no decomposition of nafion membranes when exposed to Sn ions, in fact, the proton conductivity and
Young’s modulus of nafion membranes is improved upon small additions of Sn [166]. It has been
reported that SnO, modified MEAs have improved durability, reduced release of F- ions and retained
a higher Pt loading through the cell lifetime [167,168], indicating that Sn has positive impact on the
catalyst and membrane during operation.

A small number of studies have investigated SnO; as a coating material for bipolar plates. Yang et al.
[169] showed that a SnO, film formed by a sol-gel dip coating method improved the corrosion
performance of 304 stainless steel. Additionally, a thin fluorine doped SnO; film was deposited using
chemical vapour deposition (CVD) on austenitic, ferritic and duplex stainless steels, although to mixed
results [170-172]. Of these studies, only a fluorine doped zinc tin oxide film was tested in-situ, leading
to both improved corrosion performance and lower ICR [173]. However, to our knowledge neither
undoped tin oxide or nor electrodeposited tin have been tested in-situ. Therefore, further testing is
necessary to determine the long and short term properties of tin and tin oxide in PEMFC conditions.

2.3.2. The Sn/GDL Concept

The novel concept in this thesis is to use Sn as a solder material to join the gas diffusion layer with the
bipolar plate. A layer of Sn will be electrodeposited onto the stainless steel bipolar plate, which has been
treated to remove the naturally formed oxide layer. The coated plate is then hot pressed with a gas
diffusion layer, so the fibres of the GDL become embedded into the tin coating of the BPP, as visualised
in Figure 2.3.2.

Stainless Steel

Figure 2.3.2. The Sn/GDL concept, where conductivity is maintained through the GDL fibre, whilst the Tin Oxide provides
protection from further corrosion
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These contacts between the GDL fibres and the tin layer will provide a significantly improved
conduction pathway from the GDL to the BPP, allowing the electrons to more easily conduct through
the coating, resulting in a very low contact resistance. When the system is exposed to the oxidising
environment inside the fuel cell, the surface of the tin layer is oxidised to SnO,. This oxide then protects
the underlying tin from further oxidation, while maintaining free conduction pathways for electrons.
Furthermore, since SnO; is stable within the operating range of the fuel cell, it should in principle
remain intact and enable production of bipolar plate configurations that possess a low contact
resistance over the entire lifetime of the cell.

US DoE targets for BPPs in 2020 are contact resistances of < 10 m) cm [30], measured by placing two
GDLs on either side of a sample between two copper conducting plates. A current is applied between
the plates, and the voltage drop is measured then converted to a resistance. After accounting for the
resistance contribution from the GDL, the contact resistance between the sample BPP and the GDL
can be obtained [105].

The contact resistance between two surfaces arises from the limited area of ‘true contact’ between the
surfaces, due to microscopic surface roughness that leads to only a small number of contact points
[174]. In addition, there may be surface oxides or films present which further reduce the number of
contact points, as electron transfer can only occur through the contact of two conducting surfaces. This
leads to the constriction of the current lines to the points where the conductive surfaces are in contact,
as seen in Figure 2.3.3.
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Figure 2.3.3. A diagram showing how the real surface differs from the apparent surface, leading to a much smaller ‘real’ contact
area and a constrained current flow.

This model can be applied to contact resistance within PEM fuel Cells, and it is well known that the
surface roughness of bipolar plates affects their electron transfer to the GDL [175,176]. If surface of the
BPP is much rougher than the GDL, there are few contact points, but if the BPP surface is too smooth,
the contact area increases, leading to a decrease in pressure and an increase in ICR. It is generally
difficult to make broad conclusions about the most appropriate BPP surface roughness to reduce the
contact resistance as it is heavily dependent on the GDL type and BPP coating [177,178].
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For the Sn/GDL system, the constricted current model used for traditional BPPs becomes problematic.
As seen in Figure 2.3.4, the contact area between the BPP and GDL is much larger for the Sn/GDL BPP
than traditional BPPs, because of the soldering process with the Sn.

GDL fibre GDL fibre

Contact Area
Coating

Stainless Steel Stainless Steel

Figure 2.3.4. A diagram showing the difference in contact area between the GDL and coating for two types of BPP. The soldered
coating has a significantly higher contact area than the traditional coating method.

This leads to a very low or even negligible contact resistance, and the conclusion that the ICR
measurement technique popularised by Wang et.al [105] for use on bipolar plates is not useful as a
comparison between the Sn/GDL system and other bipolar plate types. For the Sn/GDL system, it is
often observed that when the bulk resistances of the GDL and measurement apparatus has been
accounted for, the measured contact resistance is close to zero. However, the technique is still used in
this thesis as a way to quantify the degradation of the BPP/GDL interface over time, as any oxidation
or delamination that takes place will lead to a smaller contact area and an increase in contact resistance.

Therefore, this concept of creating a combined bipolar plate with GDL through soldering with metallic
Sn represents an interesting alternative to conventional metallic bipolar plates. Experimental validation
will be performed throughout this PhD thesis, to determine whether the combined BPP/GDL will
function inside a working fuel cell, and provide a low-cost, high-performance alternative to gold-
coated stainless steel bipolar plates.

2.3.3. Development of the Sn/GDL Concept

Modifications of the Sn/GDL interface can be made in an attempt to improve the performance and
longevity. These modifications can be grouped into three categories, as shown in Figure 2.3.5.

1. Alloying the Sn to form an oxide that has greater protective character and increased durability.

2. Changing the type of GDL, focussing on the structure and wetting properties to form a better
contact with the Sn during soldering.

3. Altering the Sn/GDL interface properties by adding various carbon nanoparticles prior to
soldering.

Each of these modifications are investigated and reported in the upcoming chapters of this thesis.
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GDL type and wetting

Sn-GDL
interface

Sn-based oxide

Figure 2.3.5. A diagram showing the areas of interest when designing modifications to the Sn/GDL system
Alloying

The Sn oxide that forms on the surface of the metallic Sn solder should in theory be protective and
stable in the PEM environment. However, there are ways to increase the oxide stability and one
suggestion is to add an alloying element to the Sn to form a more stable and protective oxide, increasing
the longevity of the system and making a better bipolar plate. Some examples of stable tin-based oxides
are ATO (antimony tin oxide) and ITO (indium tin oxide), both of which have good conductivity and
stability.

When identifying promising alloying elements, certain characteristics are desired. Such characteristics
are:

e Low melting point

e High conductivity

e Stable oxide within the PEMFC operating range

o Able to be co-deposited with Sn as a homogenous metallic layer

Certain alloying elements that seem to fulfil these criteria were identified, and preliminary tests were
performed to determine their contact and corrosion resistance in chapter 5 of this thesis. If promising,
these elements were moved onto the next stage, which is attempting the co-deposition with Sn.
Chapters 6 and 7 of this thesis report the co-deposition of tin with bismuth and indium, respectively,
and the impact these additions have on the coating properties including the suitability and longevity of
the Sn/GDL system.

GDL type

The Sn/GDL system can also be modified by changing the type of GDL. As the Sn is in direct contact
with the GDL, the type of carbon fibres, porosity and pre-treatment (e.g. hydrophobic treatment
and/or added microporous layer) can influence the infiltration, adhesion and corrosion of the Sn/GDL
interface. Firstly, the mechanical strength, flexibility and conductivity of the carbon fibres changes with
the type of carbon paper used. As an example, Toray carbon papers have very stiff fibres that are likely
to protrude more deeply into the Sn layer, whereas the Freudenberg non-woven carbon papers have
flexible fibres that will not go as deeply into the Sn, as demonstrated in Figure 2.3.6.
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Flexible Freudenberg

Stainless Steel Stainless Steel

Figure 2.3.6. A diagram showing how the GDL type can affect the interface between the Sn and the GDL, with the stiff Toray
fibre penetrating deeper into the Sn than the flexible Freudenberg fibres.

The carbon fibres are often treated with PTFE to make them hydrophobic. This aids the water
management in the cell, however it may be detrimental to the adhesion and total contact area between
the Sn and the GDL fibre during hot pressing. If the fibre is hydrophilic, the Sn may adhere better to
the fibre than if it has had hydrophibic treatment in the form of PTFE. This hypothesis is outlined in
Figure 2.3.7.

Hyrophobic

Stainless Steel Stainless Steel

Figure 2.3.7. A diagram showing how the hydrophobicity of the GDL fibre will affect its contact with the Sn, with the hydrophilic
GDL fibre, left, predicted to have better contact with the Sn than the hydrophobic GDL fibre, right.

Chapter 8.1 of this thesis explores how the type of GDL used affects the contact between the Sn and the
GDL, and the impact this has on the performance of the BPP.

Sn/GDL Interface

Finally, the interface between the Sn and the GDL can be modified by the addition of conductive
particles on the nanoscale. This will ideally increase the number of contact points and improve the
adhesion between the Sn and the GDL, and slow down the loss of Sn-oxide at this location, increasing
the longevity of the system.

Chapter 8.2 of this thesis looks at the addition of various types of carbon nanoparticles to the Sn/GDL
interface.
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Experimental Procedure

The experimental procedures performed in each chapter of this thesis are laid out below. The scientific
methods used in this thesis were carefully chosen to ensure reproducibility of coatings and BPPs, and
to provide a thorough analysis of the relevant properties. The synthesis of the samples has varied
depending on the type of metal being deposited, the type of GDL used and the presence of any
additional carbon on the BPP. Additionally, the deposition was varied slightly to produce larger BPPs
for in-situ testing. The detailed procedures for each of these alternatives can be found in chapter 3.1.
The analysis methods used on all samples have been consistent throughout this thesis, and an overview
of the procedures used for each analysis method can be found in chapter 3.2.

3.1. Sample Synthesis

3.1.1. Pre-Treatment

The substrates used for deposition were either a stamped stainless steel BPP (SS316, 13 x 1.2 cm,
ElringKlinger) with a parallel flow field, a flat, square stainless steel coupon (SS316, 3.5 x 3.5 cm,
ElringKlinger), or a large BPP (SS316, 9.5 x 9.5 cm, flow field 7 x 7 cm, ElringKlinger) with a parallel
serpentine flow field. All BPPs, shown in Figure 3.1.1, were provided by ElringKlinger as part of the
STAMPEM European project (FCH JU, 303449).

In-situ Bipolar Plate

Bipolar Plate
13x1.2cm?

Figure 3.1.1. An illustration of the three different substrate types used in this thesis. The standard bipolar plate has parallel
channels, and an elongated shape. The coupon is square with no channel structure, and the in-situ bipolar plate has a larger
channel structure, of a parallel serpentine geometry. The flow field shown above is not identical to the flow field on the in-situ
bipolar plate, which is proprietary. All substrates are made from 316 stainless steel, provided by ElringKlinger.
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The pre-treatment of all the substrates used for electrodeposition was performed as follows:

A solution of 12.5 % HCl was prepared by diluting HCI (30 ml, 37.5 %, Sigma Aldrich) with deionised
water (60 ml, Milli-Q Integral pure water system, 18.2 MQ), and stirring. Immediately before
electrodeposition, the substrate was submerged into the HCI solution for 15 minutes before being
removed, rinsed with deionised water and dried with a lint-free paper towel.

3.1.2. Electrodeposition

Electrodeposition was performed in all experimental chapters of this thesis, from 4 to 8. These
electrodeposition procedures were largely based on the commercial SLOTOTIN bath produced by
Schlétter. To allow the deposition of Sn-based alloys, adjustments to the bath were made, and in the
case of the SnIn deposition, multiple different baths were attempted.

For the different geometries of substrates, the electrodeposition procedure was identical, with
adjustment of the applied current performed to maintain the required current density.

Power Supply

Figure 3.1.2. A diagram of the electrodeposition setup, showing the two Sn anodes, suspended on either side of the stainless
steel substrate, in a sulfuric acid based electrolyte.

Pure Sn samples

The electrodeposition of Sn to form a coating on a stainless steel substrate, as done in chapters 4 and 7
of this work, was performed as follows:

An electroplating solution was made by adding sulfuric acid (100 ml, 98%, Sigma Aldrich) slowly to
deionised water (700 ml, Milli-Q Integral pure water system, 18.2 MQ) whilst stirring. The solution
was left to cool to room temperature before the addition of tin (II) sulfate (36.17 g, purity > 95 %, Sigma
Aldrich), SLOTOTIN 71" (20 ml, Schldtter), then SLOTOTIN 72" (3 ml, Schlétter) with thorough
stirring between each addition. The solution was topped up with deionised water to a total volume of
1 1. A pair of Sn (99.99 % purity, Sigma Aldrich) electrodes were fixed in the bath and connected to the
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positive pole of a power supply to act as the anodes during deposition. Two anodes were used to obtain
an even deposit on both sides of the substrate.

A platinum wire was connected to a pre-treated, pre-stamped stainless steel 316 bipolar plate of surface
area 39.2 cm?® by point-welding. The substrate was immersed in the electroplating solution and
connected to the negative pole of the current source, in the configuration shown in Figure 3.1.2. A
current was applied between the anodes and cathode in order to deposit a layer of Sn. The current
density and deposition time were varied in order to control the structure and thickness of the coating.
After deposition, the plate was removed from the electroplating solution, rinsed with deionised water
and dried with a lint-free paper towel.

SnBi Samples

For the electrodeposition of SnBi samples performed in chapter 5 of this work, the deposition bath was
prepared as above. Before deposition took place, the additive SLOTOLET G53 (1 to 30 ml, Schlétter),
which contains between 25 and 50 % bismuth in the form Bi(SOsCH3);, was added to the bath, which
was thoroughly stirred.

Snin Samples

The investigation of the SnIn samples is described in chapter 6 of this work. As the deposition was
performed using multiple different baths, a summary of all the bath types and their constituents is listed
in Table 3.1.1. All baths are aqueous, and the additives were added to deionised water whilst stirring.

Table 3.1.1. A summary of each deposition bath type with the additives used and the quantities.

Bath Type Additive Supplier Amount
H,SO, Sigma Aldrich 100 ml/1
. SnSO, Sigma Aldrich 36.17 g/l
Slototin bath Slototin 71 Schlstter 20 ml/l
Slototin 72 Schlstter 3ml/l
Slotopas ZNB 62 Schlotter Varied
H,SO, Sigma Aldrich 100 ml/1
SnSO;4 Sigma Aldrich 36.17 g/l
Indium salt bath Slototin 71 Schlotter 20 ml/l
niuns Slototin 72 Schlotter 3ml/l
Iny(SO4)3 Sigma Aldrich Varied
InCl; Sigma Aldrich Varied
Indium salt and Iny(SO4)s Sigma Aldrich 10 g/l
anode bath Na,SO, VWR 10 g/l
Iny(SO4)s Sigma Aldrich 5g/1
CTAB bath CTAB Sigma Aldrich 5/l
SnSO;4 Sigma Aldrich Varied
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After preparation of the bath, the pre-treated substrate (SS 316, 3.5 x 3.5 cm?, ElringKlinger) was
suspended into the solution using a platinum wire secured by point-welding. The substrate was
connected to the negative pole of the current source and the selected deposition parameters were
applied. A testing matrix containing all the different parameters used for each deposition bath type can
be seen in Table 3.1.2

Table 3.1.2. A summary of the parameters used during the deposition of Snin from each deposition bath.

Bath Type  Parameter Studied ~ Unit Values

Amount of additive ~ ml 1 5 10 15 20 30
Current Density mAcm? 3 15 30 60 80
Slototin Temperature °C 20 40 60 80
pH -1.0 0.0 1.0 1.5 2.0 25 3.0
Stirring speed rpm 0 100 150 200 300 500
Indiumsalts ~ Salt type InCls Iny(SO.)s
Current density mAcm? 10 20 30
Indium salts ~ Temperature °C 20 40 60
and anodes Rough Smooth
Substrate
Sn layer No Sn layer
Temperature °C 20 40 60 70
Current Density mAcm? 5 10 20
CTAB Surface roughness Glass blasted ~ As received
pH 0.5 1.0 1.5
Sn content gl! 1 2 5 10

After deposition, the substrate was removed from the electroplating bath, rinsed with deionised water
and dried with a lint free paper towel, before hot pressing it with a GDL.

In-situ Samples

The in-situ BPPs were larger, with an active area of 50 cm?, therefore a larger electroplating bath of the
desired composition (to make Sn or SnBi BPPs) was obtained, containing 3 L of electrolyte. The pre-
treatment process was performed as described above. During deposition, the current was adjusted to
maintain the required current density.

3.1.3. Hot Pressing

Immediately after deposition, the coated bipolar plate was placed on top of a pre-cut H23C6 GDL from
Freudenberg (chapters 4, 5, 6 and 8) or a different GDL from either Toray or Freudenberg (chapter 7).
The BPP and GDL were placed inside a custom made PTFE envelope, then placed inside a pre-heated
hot press, as shown in Figure 3.1.3.
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Steel Plates with Heating Elements

Sample in PTFE Envelope_m

Applied Pressure

Figure 3.1.3. A diagram of the hot press used to solder the GDL to the BPP through heating under applied pressure.

The sample was pressed at a varied temperature, pressure and time, before cooling to room
temperature either slowly under applied pressure or rapidly at atmospheric pressure. The plate was
removed from the Teflon envelope and the GDL trimmed to size, as shown in Figure 3.1.4.

HOt press Cut GDL to
with GDL size

Figure 3.1.4. A diagram of the BPP before hot pressing, after hot pressing with the GDL and after the GDL has been cut to size.

3.14. Hot-Dipping Snin

In chapter six, hot-dipping of a SS316 coupon (ElringKlinger, 3.5 x 3.5 cm) into a Snln melt was
performed.

A mix of pure Sn (109 g, Sigma Aldrich, foil, >99.99 %) and In (5.5 g, Sigma Aldrich, foil, 99.999 %) in
aratio of 19:1 was placed in a glass beaker and heated on a heating plate until a temperature of 230 °C
was reached, whereby both the indium and the tin had melted. The melt was mixed with a glass rod
until homogeneous, then a pre-treated (see section 3.1.1) stainless steel coupon was submerged in the
melt, and slowly removed so that the melt remained on the surface of the coupon.

After cooling on a watch glass, the coupon was heated to 226 °C inside the hot press to melt the surface
and provide an even distribution of coating over the surface. A mould made from PTFE sheets and
aluminium foil was used to keep the SnIn alloy in place on the surface of the coupon. Surface analysis
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of the sample was performed using SEM with EDS to determine the alloy content, before further
analysis of the electrochemical properties. Additional Sn or In was added to the melt to adjust the
composition of the final coating as required.

3.1.5. Spraying of Carbon

The amount of carbon particles needed to achieve aloading 0f 0.25 mg/cm? was calculated and weighed
out. The carbon was suspended in a mixture of isopropanol (8 g, 10.2 ml, VWR) and deionised water
(2 g 2 ml) and placed in an ultrasonic bath for 10 minutes, then further dispersed using an ultrasonic
probe for 5 minutes. The mixture was spray coated by hand using a spray gun (Cocraft) onto the back
side of a 13.5 cm? Freudenberg H23C6 GDL, which was placed on a hotplate pre-heated to 150 °C in
order to promote evaporation of solvents. After all solvent had evaporated, the GDL was hot pressed
with a freshly made BPP.

3.2. Sample Analysis

3.2.1. Interfacial Contact Resistance Measurements

Interfacial contact resistance (ICR) measurements were performed after hot pressing and after each
corrosion test using a setup adapted from Wang et al [105], shown in Figure 3.2.1.

2=\

4 3

Figure 3.2.1. The setup used to measure Interfacial Contact resistance. 1 is the gold-coated copper plate, 2 is the sample (grey
curved line) with GDL (black line), 3 is the gold-coated contact pin, 4 is indicating the presence of a piston used to apply pressure.
The sample was placed between two gold-coated copper plates, and a current of 2 A was passed between
the bottom and top plates. Pressures from 70 to 650 N cm were applied using a piston, and the exact
pressure values were adjusted based on the surface area of the sample. The voltage through the sample,
between the top plate and a spring-loaded gold pin isolated from the bottom plate was measured and
plotted as a function of pressure. All quoted values for ICR are recorded at 1.4 MPa, which is the
standard in-situ compaction pressure of a fuel cell [105].

This technique was used in all experimental chapters of the thesis, from chapter 4 to 8.



3.2.2. SEM Imaging and EDS Mapping

Both before and after corrosion testing, scanning electron microscope (SEM) images of the plates were
obtained. Samples for cross-sectional imaging were prepared by cutting (LABOTOM-5, Struers) to
reveal the Sn/GDL interface.

The samples were mounted inside a Hitachi S-3400 N SEM and probed with an electron beam
accelerated to 15 keV. Energy Dispersive Spectroscopy (EDS) mapping of the samples was performed
ata working distance of around 10 mm to analyse the elemental composition.

SEM imaging and EDS mapping of samples was performed in chapters 4 to 8 of this thesis.

3.2.3. Ex-situ electrochemistry

In chapters 4, 5, 6 and 7 of this work, the bipolar plate specimens were evaluated for their corrosion
characteristics using potentiodynamic and potentiostatic techniques with a Gamry Ref 600
potentiostat. The combined BPP/GDL functioned as the working electrode and was submerged in
Na,SO,(0.1M, Sigma Aldrich), adjusted to pH 3 using HSO.. A Pt coil or mesh was used as the counter
electrode, and a Gaskatel Hydroflex Pt/Pd reference electrode was used as a reversible hydrogen
electrode (RHE) for all experiments. All potentials in this work are recalculated and expressed versus a
standard hydrogen electrode (SHE) unless stated otherwise. Prior to testing, electrolyte was injected
into the channels of the bipolar plate with a syringe. The electrolyte was heated to 80 °C and purged
with nitrogen prior to all testing.

Before all electrochemical measurements, the samples were first stabilised at open circuit, before an EIS
test was performed to identify the internal resistance in the solution and setup. All resulting data were
corrected for 85 % of the solution resistance. For potentiostatic measurements, a voltage of 1.0 Vg was
applied for 1 hour and the current response was measured. For potentiodynamic measurements, a
potential sweep from -0.4 to 1.0 Vg and back was performed at a rate of 1 mV/s. The sweeps were
repeated for either two or three cycles, depending on the experiment, and the final sweep was reported
each time. After the test was complete, samples were rinsed with deionised water and dried with a lint-

free paper towel.

3.24. In-situ Tests

For the in-situ fuel cell tests that were performed in chapter 8, a larger pre-stamped SS 316 bipolar plate
(as received from ElringKlinger) with a parallel-serpentine flow field pattern, area 50 cm? (one side) was
used as a substrate.

The pre-treatment, deposition and hot pressing procedures were performed as described in Chapter
3.1, and the interfacial contact resistance was measured. The Au and SS plates were measured through
a range of pressures from 40 to 240 N cm?, but the Sn/GDL, SnBi/GDL and Sn/C/GDL plates were
initially only measured up to 1.4 MPa. This is to prevent the excessive compression of the GDL, which
could hinder water and gas transport to the MEA and reduce cell performance. After the 600 cycles
were complete, both plates were measured up to 240 N cm.

53



This bipolar plate combined with the GDL was used as the cathode in the cell and assembled into the
fuel cell casing along with a MEA (Gore Primea” FCM with 0.1 and 0.4 mg/cm? Ptloading on the anode
and cathode respectively), a GDL for the anode side (Freudenberg H23 C6), and a gold coated stainless
steel bipolar plate (provided by ElringKlinger) for the anode side, as seen in Figure 3.2.2.

<

Sample BPP (Cathode)
Cathode side GDL

Gaskets

MEA

Anode side GDL
Au coated BPP (Anode)

Figure 3.2.2. A Cross section of the fuel cell for in-situ testing.

The fuel cell was placed inside a custom-made cell housing from ElringKlinger, and a pressure of
1.4 MPa was applied as shown in Figure 3.2.3, using four springs, one in each corner. The cell was then
connected up to a Greenlight G40 test station in counter flow configuration.
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Figure 3.2.3. A cross section of the fuel cell in the cell housing.
A modified set of parameters based on the EU harmonised Automotive Reference Operating
Conditions for Low Temperature PEMFC single cell testing at open end mode in counter flow
configuration [8] was used:

Table 3.2.1. The parameters used for in-situ fuel cell testing

Parameter Value Unit
Nominal cell temperature 80 °C
Anode gas inlet temperature 85 °C
Cathode gas inlet temperature 85 °C
64 °C
Anode relative humidity

50 %
53 °C

Cathode relative humidity
30 %
Anode stoichiometry 2 -
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Cathode stoichiometry 2 -
Anode Inlet Pressure (absolute) 200 kPa
Cathode Inlet Pressure(absolute) 200 kPa

After 17 hours of conditioning the cell at a current density of 1 Acm™, initial cell characterisation was
performed. This consisted of a polarisation curve, with the low current density measurements taken at
0.00, 0.02,0.04, 0.06,0.08 and 0.10 A cm? having a dwell time of 60 seconds and an acquisition time of
30 seconds. Medium current density points were taken at 0.2,0.3,0.4, 0.6,0.8, 1.0 and 1.2 A cm? with
a dwell time of 120 seconds and an acquisition time of 30 seconds. The forward and reverse sweeps of
the polarisation curves were identical. The maximum current density was limited by the size of the load
bank in the test station (60 A).

The polarisation curve was followed by electrochemical impedance spectroscopy with the following

parameters:

Table 3.3.2.2. The parameters used for in-situ EIS measurements

Value Parameter
50 DC Current (A)
30000 Initial Freq. (Hz)
1 Final Freq. (Hz)
10 Points/decade
2,5 AC Current (A rms)
50 Area (cm?)

After initial analysis, a series of 50 drive cycles were performed, as reccommended by the EU reference
testing conditions [8]. After these drive cycles had been performed, the cell was characterised again, as
above. This group of 50 drive cycles plus characterisation was repeated 5 times until a total of 250 drive
cycles had been performed, and then the cell was shut down for a minimum of 17 hours. The cell was
then restarted, characterised and another set of 250 drive cycles performed. A total of 600 drive cycles
were performed on each set of bipolar plates (200 hours of testing), before the cell was again shut down
and dismantled.

Post-mortem analysis of the cell was performed, including SEM/EDS images to determine whether any
metal ions or other contaminants had leeched into the membrane, and ex-situ ICR of the bipolar plates
to determine the specific degradation observed on them.
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Soldering a Gas Diffusion Layer to a
Bipolar Plate Using Tin

4.71. Introduction

As described in chapter 2.3, it has been hypothesised that Sn is a suitable coating material for bipolar
plates in PEM fuel cells due to its stability, conductivity and low cost. This chapter outlines the work
done to investigate whether the novel Sn/GDL technique is suitable for bipolar plates, and the
subsequent optimisation of the deposition and hot pressing process. The system was firstly optimised
with respect to the lowest ICR and then to highest corrosion resistance. A number of different
parameters were identified as possibly having an impact on the final performance of the Sn/GDL
system, including: the hot press pressure, temperature and time, as well as deposition rate and charge
(equal to the coating thickness) and cooling method. Before the Sn/GDL plates could be tested in-situ,
each of these parameters was optimised to increase performance and longevity.

This chapter has been modified from previously published work in the International Journal of
Hydrogen Energy [7].

4.2. Optimisation of the electrodeposition process

The first stage of the BPP construction is the electrodeposition of a Sn layer onto the stainless steel
substrate. This process is highly tuneable and can be optimised with respect to the current density of
deposition, and also the amount of Sn deposited onto the BPP.

4.2.1. Current density

Firstly, the current density of the deposition was investigated. This important parameter determines
the morphology of the deposit and the efficiency of the deposition. The deposition bath used had a
recommended range of current densities, which have been optimised by the manufacturers to produce
a bright Sn coating. For this application of coatings for PEMFCs, the appearance of the coating is not
important, however bright coatings are normally dense with small grains, which may be beneficial here
due to a more even surface coverage and less exposed substrate.

A note on nomenclature of current densities: Given the applied current during all electrodeposition is
negative, when changing the current so that the value of current density becomes more negative, but
the absolute magnitude of the current increases, this shall be referred to as ‘increasing the current
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density’. For example, changing the applied current from 15 to 30 mA c¢m would be increasing the
current density. Similarly, 50 mA cm? will be referred to as a lower current density than 150 mA cm™.

The different current densities used are outlined in Table 4.2.1. As expected, the time taken to produce
a layer of set thickness (30 pm in this case) reduces with increasing current density, and the current
efficiency of deposition reduces with increasing current density for the current densities used here
(from7.5mA cm?to 150 mA cm?). This can be attributed to diffusion limiting the rate of Sn deposition
whilst the hydrogen evolution reaction is continuously increasing and taking a higher percentage of the
current.

Table 4.2.1. A summary of the current densities used for electrodeposition.

Current Density / mA cm?  Plating Time / min  Efficiency / %

7.5 79 95
15 40 94
30 20 75
50 12 40
100 6 9
150 4 5

SEM images of each of the samples were taken to determine the surface morphology before hot
pressing. It can be observed in Figure 4.2.1 that as expected, the current density during deposition has
a clear impact on the obtained surface morphology.

Figure 4.2.1. SEM images of Sn surfaces deposited at varying current densities. a- 7.5 mA cm? b- 15 mA cm; ¢ - 30 mA cm d
-50 mA cm? e - 100 mA cm? f- 150 mA cm™?, all images taken before hot pressing. The yellow circle in figure E emphasises the
features created by gas eruptions from the substrate.

The lower current densities of up to 30 mA cm, as seen in Figure 4.2.1.a, b and ¢, have a dense base
layer of Sn with few pores, and there are no visible gaps down to the substrate. There are some surface
features, more of which appear at higher current densities.
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As described in chapter 2.2, increasing current density too much reduces the current efficiency due to
increasing contribution from hydrogen evolution readily happening at negative electrode potentials.
This gas evolving side reaction can be observed in Figure 4.2.1.¢ and f, whereby in Figure 4.2.1.¢ hollow
features formed by the eruption of gas from the surface can be seen. An example of this is circled in
yellow. The resulting surface is porous, and the tin layer is much thinner than those produced at low
current densities. At the highest current density of 150 mA c¢m, in Figure 4.2.1.f, the amount of gas
evolution is so high that most of the Sn deposited on the surface is removed, and the Sn that sticks on
the surface is rough and unevenly distributed, shown in Figure 4.2.2.

Figure 4.2.2. Zoomed-in SEM images of the sample deposited at 150 mA cm?, with a false colour-EDS image showing the Sn
distribution (in red) and the Fe from the bare substrate (in green).

These samples were hot pressed, in order to melt the Sn layer and determine whether the current
density would have an impact on the final layer, since the morphology should be destroyed during the

melting process. SEM images of the samples after hot pressing are shown in Figure 4.2.3.
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Figure 4.2.3. SEM images of Sn surfaces deposited at varying current densities. a - 7.5 mA cm? b - 15 mA cm™? ¢ - 30 mA cm? d
-50mA cm? e - 100 mA cm? f - 150 mA cm?, all images taken after hot pressing.

As is observed in Figure 4.2.3, although some of the layer is melted during the hot pressing process,
some of the morphological structures remain, indicating that the deposition current density will in fact
have an effect on the final coating. In addition, coatings deposited at the highest current densities do
not completely cover the substrate surface, despite having been melted. This leads to a poor adhesion
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between BPP and GDL, with the exposed substrate having a high ICR and leaching unwanted metal
ions. Therefore, the lower current densities can be seen to make the best coatings.

New BPPs were constructed with a hot pressed GDL, and the ICR of these plates before and after
electrochemical testing at 1.2 Vi for 1 hour was taken to quantify whether the structural differences
seen in the SEM have an impact on the performance of the BPPs. The error bars on this and all
subsequent ICR graphs are from the repetition of a bipolar plate synthesis four times under identical
conditions. A percentage deviation in the ICR measurements before and after corrosion testing was
obtained and applied to all further ICR values obtained.
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Current Density / mA cm™
Figure 4.2.4. Comparison of current density of deposition against the ICR measured before and after ex-situ electrochemical

testing.

The ICR measured in Figure 4.2.4 can be correlated with SEM images, with the lowest current densities
producing the lowest ICR. For the samples measured before electrochemical testing, this is due to a
smoother, homogeneous coating that has lots of contact points to the GDL, and a lower exposed area
of Sn meaning less oxide is formed on the bare substrate.

This trend continues after chronoamperometric at 1.2 Vg for 1 hour tests have been performed on
the BPPs. At the high current densities, the exposed stainless steel substrate further oxidises, causing a
large increase in ICR. The lower the current density, the higher the efficiency and therefore the more
tin on the BPP. This leads to good adhesion between the BPP and GDL, with lots of contact points for
good conduction of electrons, and a suitable amount of Sn to make a good protective oxide layer.

After considering the performance of the BPPs, recommendations for use of the electroplating bath,
and the time taken to make the BPPs, it was decided that 15 mA cm* would be used for all further
depositions.

4.2.2. Thickness of the Sn layer

The second optimised parameter was the thickness of the deposited tin layer, which is important to
determine how much Sn needs to be present to permeate into the GDL and form a good contact. ICR
measurements before and after corrosion testing at 1.2 Vi for 1 hour were done for a series of Sn
thicknesses between 10 and 60 um, and are shown in Figure 4.2.5.
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Figure 4.2.5. A comparison of the ICR of bipolar plates with varying thickness Sn layer hot pressed to a GDL, before and after ex-
situ electrochemical testing for 1 hour at 1.0 Vsie.
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Before corrosion testing, all ICR values were lower than DoE requirements, and decreased with an
increasing tin-plating thickness. The bulk resistance of Sn is low (1.09 x107 Q0 m [144]), so although the
electrons travel through a thicker layer, this resistance contribution is small. The thicker Sn layers also
have a greater permeation into the GDL and therefore increased electrical contact. The initial contact
resistance of the Sn plates was also lower than values obtained from gold and cleaned stainless steel
plates. This is a clear indication that hot pressing the tin-plated BPP with the GDL produces a better
conduction pathway than simply placing the GDL on top of the BPP.

Figure 4.2.6. Cross-sectional EDS images of BPPs & GDL with varying thickness of Sn after ex-situ testing, purple representing
the Fe in the bipolar plate, green the Sn and red the Cin the GDL. The initial thickness of deposits was 10, 20, 30, 40, 50 and 60
um on figure a to f respectively.

After potentiostatic testing for 1 hour at 1.2 Vi, the ICR of the samples increased vastly, up to 560 %
for the thinner coatings. The significant increase in through-plane resistivity could be due to
detrimental oxidation processes occurring during the high potential operation. However, since the
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increase in ICR is dependent on the coating thickness, it cannot be the oxidation alone that causes the
increased ICR. To gain further insight, cross-sectional EDS images were taken (Figure 4.2.6).

It is clear that the corrosion testing led to a significant removal of tin. In fact, in Figure 4.2.6 the
deposited Sn layer (green colour) was reduced from a thickness of 10 pm before any testing to being
non-existent. The GDL (red colour) is also not present, as the removal of Sn during corrosion testing
reduced adhesion between the GDL and BPP enough that the GDL entirely delaminated from the plate.
From Figure 4.2.6 b (20 um), there is also very little of the Sn layer remaining, but just enough to
continue to adhere the GDL to the BPP. The mechanism behind the loss of tin will be explored in the
discussion section of this chapter.

As the thickness of the Sn layer increases, in Figure 4.2.6 ¢, d, e and f, it is visible that there is more Sn
left after corrosion and consequently greater adhesion. Interestingly, the ICR of the thickest coatings,
50 and 60 pm, also increased by a large amount, up to 570 %, after polarization to 1.2 Vi for 1 h. This
can be attributed to an initially larger volume of Sn, which spreads further into the GDL during hot
pressing. This leads to a larger surface area exposed to the electrolyte, and therefore a larger
performance degradation.

From the ICR results in Figure 4.2.5, the best performing bipolar plate was found to have a Sn layer
thickness of around 30 pm, which was then used for all subsequent plates. As seen in the images in
Figure 4.2.6 (c and d), it is obvious that the Sn has permeated into the GDL during the hot pressing
stage, so despite the loss of Sn that took place during the high voltage procedure, there is still a good
conduction pathway and the ICR remains low. The ICR increased by around 260 % after corrosion
testing. Despite this being less than for the other thicknesses, all of which showed better performance
than bare SS316L, there is still a necessity to improve the deposition process and quicken the
passivation of the SnO, layer that is formed after exposure to the PEM environment.

4.3. Optimisation of the hot pressing process

As well as the deposition process, the hot pressing process can be optimised. Parameters such as hot
pressing time, temperature and pressure could have an effect on the adhesion of the Sn to the GDL and
therefore the performance of the BPPs.

4.3.1. Hot press pressure

When hot pressing, the pressure was set at 1.4 MPa, equivalent to the in-situ pressure. There are
negative impacts of either increasing or reducing this pressure, as seen in Figure 4.3.1. Lower pressures
reduce adhesion between the GDL and BPP as permeation of the Sn into the GDL is lessened, reducing
the length of the conduction pathway and the conductivity. At its most extreme, having not enough
pressure during hot pressing leads to no contact between the GDL and BPP, meaning that when placed
in a fuel cell, the top layer of Sn will oxidise between the Sn and the GDL, reducing conductivity.

The opposite phenomenon, hot pressing with too much pressure, can have equally negative effects on
the performance of the BPP [179]. In Figure 4.3.1, we can see that when hot pressed at a too high
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pressure, the GDLis forced into the channel of the BPP, blocking gas and water transport. Additionally,
the presence of GDL fibres hot pressed to the Sn layer inside the channel indicates that the BPP was
completely flattened during hot pressing. This could have a negative impact on the structural integrity
of the BPP, by permanently deforming the BPP, narrowing coolant channels and breaking weld-points.
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Figure 4.3.1. SEM images and figures of BPPs hot pressed at varying pressures.

Therefore, a hot pressing pressure of 1.4 MPawas determined to be optimum. As this is equal to the in-
situ compaction pressure, the BPP substrate is designed to withstand it without deforming, the GDL
will not be crushed and the infiltration of Sn into the GDL is enough to provide good contact.

4.3.2. Hot press temperature

When optimising the hot pressing temperature, those around the melting point of Sn (231.9 °C [144])
were selected to investigate how the degree of melting of Sn could produce a best possible electronic
contact between the metallic plate and the carbon based GDL. Figure 4.3.2 shows the ICR values
recorded after pressing at temperatures between 226 and 232 °C.
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Figure 4.3.2. The correlation between the hot pressing temperature of a BPP and its ICR.

At temperatures above 230 °C, the Sn becomes ductile enough to penetrate the GDL more effectively,
ensuring an increased contact area and a better pathway for current, lowering the average ICR from
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7.7 mQ cm? at 228 °C down to 5.5 mQ cm? at 230 °C. In addition to an improved through-plane
electronic conductivity, the plates prepared with a hot press temperature of 230 °C offered an improved
adhesion due to the infiltration of GDL fibres into the tin, something that did not occur at temperatures
lower than 230 °C.

Raising the temperature even further, up to 240 °C, causes the Sn to melt and run into the channels, as
seen in the picture in Figure 4.3.3. As there is no Sn on the land areas of the BPP, there is no adhesion
to the GDL.

Figure 4.3.3. A picture of bipolar plates hot pressed at 240 °C, where the Sn has collected in the channels.

Following these experiments, a temperature of 230 °C was used for all further plates.

4.3.3. Hot press time

The effect of the time spent in the hot press on the bipolar plates was measured. The bipolar plates were
pressed for times ranging from 1 to 60 minutes, then removed from the hot press and cooled, before
their [CR was measured.
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Figure 4.3.4. A comparison of the ICR of bipolar plates hot pressed for varying amounts of time.

Figure 4.3.4 shows that the effect of hot pressing time on the ICR of the BPPs was minimal. All ICR
values are within the standard deviation of the others, meaning there is no statistically significant
difference in performance obtained from varying the hot press time. As long as the Sn layer has enough
time to reach its desired temperature, allowing soldering to take place, the subsequent time spent in the
hot press does not impact the structure or properties of the combined BPP/GDL.

Therefore, a hot pressing time of 20 minutes was used for all further bipolar plate fabrication, as this
leaves enough time for the temperature in the hot press to stabilise.
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4.3.4. Cooling method

The effect on ICR of cooling the samples using two different methods was investigated (Figure 4.3.5).
The ICRs for both cooling rapidly under atmospheric pressure (fast cool) or slowly under applied
pressure (slow cool) were comparable before corrosion, at 6.8 and 7.1 mQ cm? at 1.4 MPa. After
polarisation to 1.2 Vg for 1 hour, a significantly improved ICR was observed for the slowly cooled
plate, 13.2 compared to 17.9 mQ cm? at 1.4 MPa.
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Figure 4.3.5. Comparison of the quick vs slow cooled plates before and after corrosion testing.

It is widely known that the rate of solidification of a metal has an impact on its microstructure, with the
fastest cooling rates producing the smallest microstructures [180,181]. This is also the case for Sn and
Sn alloys, and it has been shown that Sn films with larger grains have higher ductility and lower overall
strength [182,183]. However, there is little information available on the influence of microstructure on
the corrosion properties of Sn in simulated PEMFC environments.

Generally, oxide formation is preferred at the grain boundaries of metals due to the slightly lower local
densities, allowing the easier penetration of oxygen or electrolyte into the metal matrix [184,185]. This
can lead to the quicker formation of a protective oxide, if such an oxide is formed, or can lead to
enhanced intergranular corrosion if the metal will not passivate. In the case of the Sn/GDL BPP, the
smaller grain size of the quickly cooled BPP leads to a higher ratio of grain boundary to bulk. This
enhances the oxide formation, so a protective layer will be produced more quickly, and BPP should be
more stable.

However, this is not the trend that is observed in Figure 4.3.5. Instead, the slowly cooled plate has a
better corrosion resistance than the quickly cooled plate, and this can be attributed to the pressure
applied during the slow cooling, which forces the Sn to stay in contact with the GDL whilst solidifying.
This produces longer conduction pathways and more contact between the Sn and GDL, so any
oxidation of the Sn affects a smaller portion of the contact points.

It should be noted that for metals with an alloying element, for example stainless steels or Sn-based
solder materials, the corrosion is often localised on the grain boundaries between the metal and the
alloy phases due to galvanic coupling, so larger grains are better for corrosion resistance due to their
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smaller interaction area with the pure metal phase [186-189]. Therefore, decisions about the best
cooling procedure should be made on an individual basis.

44, Discussion

From the results shown in section 4.2 and 4.3, it is clear that the Sn layer is being corroded in the
simulated PEMFC environment, however it is unclear what the exact mechanism of this corrosion is.
Although there are no specific papers dealing with the corrosion of Sn layers in the PEMFC
environment, we can look at the behaviour of Sn in acidic solutions for different applications, including
the use of tinplate in food cans or solders.

Firstly, it should be noted that the direct oxidation of Sn to SnO; is not thermodynamically or
kinetically favourable [190], therefore the initial oxidation hypothesis proposed in this thesis is
incorrect. However, this does not mean that the formation of SnO; in a multi-step mechanism is not
possible, and indeed it is SnO, that has been found to passivate Sn surfaces in acidic electrolytes
[191,192].

Itis generally understood that the passivation of Sn surfaces in acidic solutions occurs via a dissolution-
passivation process [191,192]. Firstly, the oxidation of Sn to Sn*" occurs, leading to the dissolution of
the surface. Further oxidation to Sn** has been reported to only occur at high anodic potentials [193],
however at pH 3, which is the pH of the simulated PEMFC environment, the presence of Sn** is
favoured over Sn** in solution [146]. Therefore, we can assume that full oxidation of Sn to Sn** will
occeur.

Some of this Sn*" is then partially passivated through hydrolysis to form Sn(OH),, which is highly
insoluble and forms a film on the Sn surface, as well as a white precipitate in the electrolyte [192]. The
presence this Sn(OH), does not completely pacify the surface due to the amorphous nature of the layer
[194]. Therefore, for passivation to occur, the dehydration of Sn(OH), to SnO, will take place. This is a
slow process that requires long times and high applied potentials [195], meaning that before the
formation of SnO,, the Sn surface underneath the Sn(OH), will be constantly dissolving to Sn**, leading
to the reduction in thickness of the Sn layer that has been seen earlier in this chapter.

oxidation . oxidation “
n ”Sn < Sn
hydrolysis
Sn(OH),
dehydration
SnO

2

Figure 4.4.1. An overview of the corrosion and passivation processes occurring on a Sn surface in an acidic environment [191].
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A summary of these corrosion processes occurring on Sn can be seen in Figure 4.4.1.

However, after this full passivation of the surface to SnO,, further corrosion can still occur. In the
presence of certain ions such as halides or sulfates, pitting corrosion of Sn has been observed [196,197].
The rupture or detachment of the Sn corrosion product can also lead to additional corrosion through
the exposure of metallic Sn [191,198], and it was found that in deoxidised electrolytes at acidic pH,
complete oxidation of a thick Sn film will occur eventually (in this case, after 20 days of exposure to

citric acid of pH 2-3 [198]). This leads to the conclusion that there is some ion movement through the
film.

In terms of the progression of the Sn/GDL concept, with the optimisation and stabilisation of the oxide
growth, the dehydration step to form SnOs is the slowest, so in order to improve the passivity of the Sn
surface, this step should be sped up. It has been shown that the presence of elements with a greater
valence than Snwill increase the rate of oxide formation when added to SnO [156]. The addition of just
0.1 % bismuth or antimony, amongst others, increased the rate of oxide formation, which should lead
to a faster passivation of the surface and a more protective oxide. Therefore, the addition of certain
alloying elements should improve the long-term performance of the BPPs.

4.5. Conclusions

The novel Sn/GDL soldering concept has proven to be successful in significantly reducing the
interfacial contact resistance of stainless steel bipolar plates, by soldering the bipolar plate and the gas
diffusion layer using metallic Sn. Very low ICR values were obtained before ex-situ corrosion testing,
due to the uninhibited conduction pathways connecting the GDL and BPP through the soldered tin.
However, the ICR increased after corrosion testing due to the dissolution and then oxidation of Sn on
the BPP surface, leading to the breakdown of the conduction pathways. This shows that future
modifications of the Sn/GDL system can be made to improve performance and longevity, including
adding alloying elements to the Sn, or adding a layer of sprayed C between the Sn and GDL.

It was determined that a number of parameters during the deposition and hot pressing process have an
impact on the final performance of the bipolar plates. The optimised conditions for the deposition of
Sn onto the SS316L BPP are as follows: A plating thickness of 30 um was deposited at 15 mA cm™ onto
the pre-cleaned BPP, before hot pressing with a pre-cut Freudenberg H23 C6 GDL at 230 °C for 20
minutes at a pressure of 0.5 bar, then cooling slowly to room temperature. This procedure obtained the
lowest contact resistance of 6.5 mQ cm? at 140 Nem?, well below U.S DoE targets. The contact
resistance increased to 13.2 mQ) cm? at 140 Nem? after ex-situ testing in Na,SO4 at pH 5.5 and 80 °C,
with 1.2 Vg applied for 1 h.

In-situtesting was performed on Sn/GDL bipolar plates and will be discussed in chapter 9 of this thesis.
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A Preliminary Study on the Alloying of Sn

As determined in chapter four of this thesis, Sn alone is not stable enough as a coating material for BPPs
in PEMFCs as its oxide does not form a protective layer fast enough and allows corrosion to continue.
Therefore, there is a need to increase the rate of formation and stability of this oxide, and alloying with
another element is a suitable way to do this.

The alloying metals were initially chosen for different reasons. Some (e.g. indium and antimony) are
known to form stable transparent conducting oxides with tin [199]. Others, e.g. tantalum are known to
be inert metals that are stable under PEMFC conditions, and bismuth is commonly used as an alloying
material for Sn in lead-free solders. It has been found that the addition of bismuth and antimony in
small quantities increases the rate of oxide formation on tin [156], which would hopefully lead to a
more stable oxide and better performance. It has also been found that adding indium to a tin solder
leads to a much better performance, with an increased fatigue resistance over the lifetime [200].

The important parameters for a successful alloying material for this application have been identified as:
low melting point, low ICR after exposure to a PEM environment, and a low corrosion current density
during electrochemical tests where a constant voltage is applied. Additionally, the feasibility of a one-
step co-deposition with Sn should be evaluated. In this part of the thesis, these qualities for each
potential alloying material have been compared against Sn alone, and SS316 to determine whether co-
deposition to form a stable bipolar plate is feasible.

5.1. Melting Point
Firstly, the melting point was used to determine which of the candidate metals were practical for use in
the hot pressing procedure, a summary of which is given in Table 5.1.1.

Table 5.1.1. A summary of the melting points of several metals, and their melting points when alloyed with Sn in a ratio of 95 %
Sn to 5 % other metal.

Pure metal melting point 5 % alloy with Sn melting

Metal /°C point/°C
Sn 232 -
Bi 271 215
In 157 224
Ta 2980 850
Sb 630 242
SS316 1510 -
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Immediately it is clear from Table 5.1.1 that tantalum is not a suitable alloying element, due to its very
high melting point. Even at only 5 % tantalum in an alloy with Sn, the melting point is so high that hot
pressing with the GDL would lead to oxidation of the carbon and destruction of the GDL properties.
All other metals seem to be suitable based on melting point alone.

5.2. Electrochemical Testing

The pure metals were electrochemically tested in a simulated fuel cell environment by applying a
voltage of 1.0 Vg for 1 hour and measuring the current response, which is shown in Figure 5.2.1.
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Figure 5.2.1. The current density response for pure metals exposed to 1.0 Vs for one hour, with the inset showing a zoomed in
section at very low current densities for the last 10 minutes.

Compared to tin, several of the potential alloying materials have a better performance, with a lower
peak current density and a lower current density after one hour. Indium is the only metal that
continuously corrodes without forming a protective oxide that passivates the surface, and consequently
it has a higher corrosion current density throughout the test. Bismuth, stainless steel and tantalum all
have very low corrosion currents, indicating that they are inert and would be stable under PEM
conditions. The melting point of tantalum is too high for use in this application, but bismuth is a
promising alloying element. Antimony also has a relatively low corrosion current and significantly
lower than tin so it may be a useful alloying element.

5.3. Interfacial Contact Resistance

The ICR is one of the most important parameters for the bipolar plate, and any alloying element should
preferably lead to a lower contact resistance than Sn alone. The ICR of each sample before
electrochemical testing has been performed, and after they have been exposed to a voltage of 1 Vi for
1 hour in a simulated PEMFC environment is reported in Figure 5.3.1.
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Figure 5.3.1. ICR of the different samples of metal before and after electrochemical testing at 1.0 Vsxe for 1 hour.

It is obvious from Figure 5.3.1 that most of the samples that are stable under PEM conditions form a
non-conductive oxide that increases the ICR after testing. Of the four most stable metals during the
electrochemical testing, all have significant increases in ICR, however antimony is the only one that has
ahigher ICR than Sn-alone. Due to this large increase, it seems that adding antimony to the tin will not
have a beneficial impact on the performance of the BPP.

Bismuth, which had very good corrosion performance, also has a much lower ICR than tin, so is the
most promising alloying element to start investigating. Indium, despite not performing so well in the
corrosion test, has a very low ICR so may be a beneficial alloying element to the Sn, especially if Sn can
help stabilise In when alloyed as already shown in the very stable ITO.

54. Electrodeposition

Finally, the ability of each metal to be electrodeposited is crucial for success in this project. Although
there are multiple ways to obtain a coating of a material on a stainless steel substrate, electrodeposition
provides a cheap, easy and tuneable way to obtain a thin layer of metal on an irregularly shaped surface
such as a bipolar plate.

Both bismuth and indium have performed well in the electrochemical and contact resistance tests, so a
literature search was performed to determine whether deposition with Sn from an aqueous, ideally
sulfate based bath had been previously performed.

For bismuth, the successful co-deposition of Sn and Bi from a sulfuric acid based bath has been
performed [201,202], with bright SnBi alloys containing less than 5 % Bi being obtained. This is exactly
the type of alloy required for this application, indicating the deposition is feasible.

Similarly, electrodeposition is a popular technique for obtaining layers of indium and its alloys. There
are examples of Sn and In being co-deposited from a sulfate based bath to form Snin alloys with less
than 12 % Indium [203-205].
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5.5. Conclusion

In conclusion, there seems to be two potential alloying elements for the Sn/GDL system, bismuth and
indium. These both have good ICR properties after corrosion, low enough melting points and also
seem to be able to be co-deposited with Sn to form an alloy from a simple one-step electrodeposition
process. Therefore, in the upcoming chapters, SnBi and SnIn alloys will be deposited and tested to
determine their suitability as coating materials for bipolar plates in PEM fuel cells.
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Tin-Bismuth Alloys for Bipolar Plates in
PEM Fuel Cells

6.1. Why Bismuth?

From preliminary studies using pure metals to identify possible co-deposition elements with Sn,
bismuth has emerged as a promising solution. It has a suitably low melting point and exhibits a good
stability in PEM environments whilst maintaining a low ICR.

Alloys of Sn and Bi have long been used as lead-free solders for electronics. SnBi alloys exhibit good
corrosion resistance, low melting temperatures and good solderability [137]. A small addition of Bi has
been shown to reduce the formation of Sn pest (the beta phase), as well as reducing the formation of
whiskers due to a reduction in compressive strain [206]. It has been shown that the addition of Bi can
promote wetting of the alloy, but too much Bi can cause reliability problems [207]. Notably, alloys with
more than 4 % Bi may suffer from phase separation upon cooling, as the solubility of Bi in Sn at room
temperature is only 4 % [208].

The majority of work on SnBi alloys has been done to advance the field of lead-free solder materials,
with focus on the mechanical properties and soldering behaviour. However, little work has been done
on the corrosion behaviour in sulfate -based electrolytes or identification of the electrochemical
properties of SnBi alloys for the application of fuel cells. In one study, bismuth was found to increase
the rate oxide formation on the SnBi surface, as it is of higher valence than Sn [156]. Having an oxide
that forms quicker may produce a thicker protective oxide layer on the Sn BPP, which may increase the
lifetime, although it may also have a detrimental effect on the electrical conductivity. Therefore, this
work will attempt to quantify the effect of Bi on the long-term performance of Sn-based BPPs under
simulated PEM fuel cell conditions.

6.1.1. Electrodeposition of SnBi Alloys

Co-deposition of Sn and Bi is regarded as difficult due to the large differences in deposition potential,
but it is possible with the help of additives.

5n2+ +26_ - Sn EO = —0.13 VSHE
Bi** + 3¢~ - Bi  E°=+0.31 Ve

A literature search into the co-deposition of Sn and Bi showed that there have been many examples of
successful alloy formations from a variety of different bath types, some of which can be seen in Table
6.1.1.
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Table 6.1.1. A summary of the available literature into SnBi co-deposition from aqueous solutions

Study SnSalt Bi Salt Bath Type Anodes Bath Substrate  Deposit
Conditions Composition
[209] SnCl;  Bi(NO;);  Citric Acid Steel 5mA cm? Cu 14t0 75 % Sn
PVA? pHO0.4to6
Betaine
[210] SnCl;  Bi(NO;);  Citric Acid DSA 25°C Cu/Ni 0.5t030%
EDTAP 100 mA cm? Sn
PEG: pH 6
[211] SnSO; Bi(NO;);  Commercial Sn 25°C Cu 2to 15 % Bi
40 - 60 mA
cm? pulsed
[201] SnSO; Bi(NO;);  H.SO, Pt 20°C Cu >3 % Bi
POELE! 2Adm?
[212] SnSO; Bi,O; CH;SOsH Pt 25°C Cu 01039 % Sn
HQ® 18 mAcm?
Gelatine
[202] SnSO; BixSO4);  H.SO, 2to 10 Adm?  Steel 0to1.3% Bi
Sintanol Cu
Formalin

Benzyl alcohol

*PVA = poly(vinyl alcohol) ¢ POELE = polyoxyethylenelaurylether

PEDTA = Ethylenediaminetetraacetic acid ¢HQ = Hydroxyquinone

¢ PEG = Polyethylene glycol
During SnBi deposition, there is a tendency for the Sn anodes to undergo a displacement reaction,
forming a black powdery Bi film which can passivate the anode, unbalance the Bi content in the bath
and/or incorporate into the deposit [137]. To avoid this, different types of anodes or a chelating agent
that binds more strongly to Bi than to Sn can be used, and it can be seen from Table 6.1.1 that insoluble
anodes are indeed often used for SnBi deposition.

Electrodeposition of SnBi from deep-eutectic solvents has also been done [213,214], but for the work
described in this thesis, an aqueous deposition bath at low temperatures is preferred. SnCly salts have
previously been used in aqueous deposition baths, but Cl ions can induce pitting corrosion on stainless
steels [16], so a bath using SnSO, is preferred.

The use of a sulfuric acid based deposition bath has previously been investigated by multiple authors
[201,202]. Additives are required to approximate the deposition potentials of Sn and Bi, but otherwise
the deposition is simple, and can take place at room temperature and with high current densities.
Typically, deposition from sulfate based baths is only suitable for alloys containing less than 10 % Bi
due to precipitation of Bi from the bath at higher concentrations [215]. As the work described in this
thesis attempts to form alloys containing less than 10 % Bi, the sulfate bath was a suitable choice.

Experimental details including the exact composition of the electrodeposition bath used for SnBi
codeposition can be found in chapter 3 of this thesis.
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6.2. Optimising the Deposition of SnBi

As seen in Chapter 5 of this thesis, bismuth is stable under simulated PEMFC conditions. Bismuth
showed improved corrosion performance compared to both tin and SS316 stainless steel, with a lower
contact resistance both before and after testing, as well as a lower corrosion current than Sn during
chronoamperometry at 1.0 Vi for 1 hour at 80 °C. For these reasons, as well as its low melting point
of 271 °C, Bi was deemed a suitable alloying element for Sn and co-deposition was attempted.

6.2.1. Factors affecting the Bi content

The objective of this thesis is to obtain a SnBi alloy with less than 10 % bismuth due to cost restrictions,
melting point and stability in the PEM environment region of the Pourbaix diagrams [146]. Higher
amounts of bismuth present in the SnBi alloy could improve the performance, but a solid solution of
bismuth and tin is required and the solubility of bismuth in tin at room temperature is around 4 %
[216]. The optimum amount of bismuth in the deposit was thus investigated in this work, starting with
identifying the factors influencing the bismuth content of the deposit.

The most simple and effective way of varying the composition of a deposit is to change the metal
content of the deposition bath [131]. Additionally, factors such as the bath temperature, addition
agents, stirring, deposition potential, substrate material and substrate pre-treatment could influence
both the bismuth content and quality of the deposit. However, the sulfate based Slototin bath has
successfully been used to produce uniform Sn deposits on stainless steel substrates, and it is beneficial
to keep using this bath type. Therefore, only certain types of addition agents are suitable without
producing detrimental side reactions that affect the bath stability and deposit quality. For this reason,
a compatible bismuth-containing additive was obtained. This additive has a stability range of 5 to
40 °C, so using elevated deposition temperatures would be difficult. Changing the amount of additive
is therefore the easiest way to alter the Bi content of the bath.

Bath Composition and Stability

Slotolet G53, containing between 25 and 50 % Bi in the form Bi(CH;SOs); was added to the bath in
varying quantities, and the amount of Bi in the deposit was measured. This additive is designed to be
used in the Slototin bath, however only in small quantities (up to 0.3 mL/L bath) as a Sn whisker
suppressant. Adding more of the additive to the bath should increase the amount of Bi in the deposit,
but there could be a stability limit of the additive in the bath.

Figure 6.2.1 shows this relationship, and as more additive is added to the bath, the amount of Bi in the
deposit linearly increases, until around 6 % Bi. After this point, the Bi content levels off, as the
deposition of Bi is limited by the amount of additive adsorbed on the cathode surface. Adding more
additive will increase the concentration in the bath but not necessarily at the surface, due to the
presence of other competing Sn-containing additives.
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Figure 6.2.1. The relationship between the amount of Slotolet additive in the bath and the bismuth content of the deposit.

During this experiment, it was determined that the stability of the bath with respect to the expected and
obtained bismuth content was limited to the first 12 hours after the addition of the Bi additive. All
future deposition was done within this timeframe.

Stirring

Itis hypothesised that the amount of agitation in the bath could impact the structure of the deposit, and
therefore have an impact on the corrosion properties and interaction between the BPP and the GDL.
Increasing the stirring speed should encourage nucleation, leading to a smoother deposit with a smaller
grain size, as well as favouring the deposition of the element that is already preferentially deposited
[134].

SEM images show that the presence or absence of agitation has no notable effect on the morphology or
grain size of the deposit. This can be seen in the SEM images in Figure 6.2.2, along with the
backscattered electron images that clearly show the grain structure of the deposit, with both the deposit
without any stirring and the deposit with 1000 rpm stirring having similar grain sizes. This implies that
the nucleation rate of the majority alloy (Sn) is not affected by the agitation, as a faster nucleation would
lead to more grains and therefore a smaller grain size.

However, the stirring speed of the bath does affect the bismuth content of the deposit. The sample
deposited without stirring has a Bi content of 2.3 + 0.3 %, whereas when agitation of the bath is
occurring the Bi content of the deposit drops to 1.5 + 0.3 %. This implies that the deposition of Sn is
kinetically favoured over the deposition of Bi in this bath, and increasing the stirring speed reduces the
comparative amount of Bi nucleation occurring.
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Figure 6.2.2. SEM images showing the structure of SnBi deposits with varying agitation in the bath during deposition (above)
and SEM images with electron backscatter that show the detailed grain structure of the deposits (below).

Therefore, it can be concluded that the easiest way to change the composition of the SnBi alloy is to
vary the amount of additive in the deposition bath, whilst keeping the stirring speed the same. There is
no notable advantage to using either high or low stirring speeds, due to the similar surface morphology.

6.2.2. Determining the optimum Bi content

The amount of Bi in the deposit was varied by adding varying quantities (between 1 and 30 ml) of the
Slotolet additive, which produced alloys containing between 1 and 6 % Bi, as seen in Figure 6.2.1 above.
In order to fully characterise the SnBi surface and sample without obstruction, these coatings were
deposited on stainless steel substrates, but not hot pressed with the GDL. Therefore, the ICR reported
in this section is not representative of the ICR of the SnBi/GDL system but indicates the stability of the
oxide layer formed.

Four samples of varying Bi content and one sample of pure Sn were tested in a simulated PEMFC
environment using a 3-electrode configuration. Firstly, cyclic voltammetry (CV) was performed within
the operating range of a fuel cell, with a sweep rate of 1 mV/s. Performinga CV is useful in order to map
the potential behaviour of the sample and determine if there are any electrochemical processes
occurring, and in this case, to indicate the effect of Bi on the processes occurring on the Sn/GDL BPP.
Three sweeps were performed on each sample, and the final sweep is shown for all samples in Figure
6.2.3.

The CV for Sn alone is very typical of Sn oxidation, with a large oxidation peak starting at around
-0.1 Vi, which is around the thermodynamic potential of Sn oxidation in acidic medium [146]. As
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seen in chapter 4 of this thesis, the oxidation of Sn does not necessarily produce a stable protective
oxide, so the oxidation current remains high and continues throughout the entire forward and
backwards sweep, until the subsequent reduction of tin oxides. The reduction occurs at potentials
below -0.05 Vi with a small reduction peak at around -0.12 V.
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Figure 6.2.3. Cyclic voltammograms of samples of Sn containing between 0 and 6 % Bi when swept between -0.4 and 1.0 Vsxe

at1 mVs'inNa;SO«/H.SOs at pH 3 and a temperature of 80 °C. Three cycles were performed, and the final cycle for each sample
is shown here.

The addition of any bismuth to the tin seems beneficial, producing a smaller oxidation peak and in
general a lower oxidation current, thereby reducing the total amount of oxide formed. The main
oxidation peak is broadened with a distinct second peak, or shoulder, and shifted to more positive
potentials in line with the incorporation of the more noble bismuth in the tin coating. The increasing
amount of Bi in the samples improves the performance up to 4 %, which consistently performs the best
at all potentials. At Bi content higher than 4.0 %, the performance apparently worsens.

The subtle differences in the potential of the onset of oxidation and peak oxidation are affected by the
amount of Bi but are likely also due to variations in the sample surface and homogeneity of the Bi
distribution. Although the CV measurements are interesting, it is more likely that the potentials
experienced within the fuel cell will be more continuous and at a more positive potential (cathode).
Therefore, the chronoamperometry measurement, which exposes the sample to a constant voltage for
longer times, is likely to be of more use to determine the longevity of the BPP and the actual impact of
Bi addition to the Sn coating.

Chronoamperometry measurements were performed by placing each sample in a simulated PEMFC
environment with a potential of 1.0 Vg applied for a total of one hour. The current response of the
SnBi samples are shown in Figure 6.2.4 with the inset highlighting the last 15 minutes of the current
transients.

For all the samples, the current density is very high initially after 1.0 Vg has been applied, and then
starts to gradually drop after a certain amount of time. As has been shown in Chapter 4 of this work,
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with the pure Sn coatings, the peak in current density comes from the dissolution of the Sn surface to
form Sn(OH), species, which then slowly passivate to form a SnO;, layer on the surface of the sample.
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Figure 6.2.4. The current response from SnBi deposits containing various amounts of Bi, during the application of a voltage of

1.0 Vsie over the course of 1 hour in in Na;SO4/H.SO4 at pH 3 and a temperature of 80 °C. The inset shows a zoom of the final 15
minutes of the current transients.

The amount of time taken to passivate the SnBi layer, indicated by the width of the peak, varies with
varying amounts of Bi. As explained by Boggs et al [156], the addition of small amounts of Bi leads to
faster passivation of the Sn layer, which is likely the reason why the oxidation charge is reduced for
increasing addition of Bi to the alloy, up to 4 %. This is not entirely in-line with the CVs, but the trend
at 1.0 V in the CVs matches the CA response in the final 15 minutes. Furthermore, when the Bi content
increases above 4%, the Bi is no longer soluble in the Sn [208], leading to precipitation and the
formation of Bi rich regions. This has a detrimental effect on performance, possibly because the
accumulation of Bi at the grain boundaries could hinder the oxidation of Sn which occurs more quickly
at the low density grain boundaries [184]. This leads to the longer passivation times, and the higher
final current density, which indicates that the surface is not completely passivated, due to the presence
of Bi,O; which could lead to poorer coverage and more film fracture.

The ICR data (Figure 6.2.5) agree with the conclusions made from the chronoamperometry tests. The
oxide layer for the 4.0 % sample stabilised quickly and remained fairly stable (with the lowest current
density) over the course of the 1 hour corrosion test, and this is reflected in the high ICR value. The
samples with less bismuth present took longer to stabilise, and were therefore dissolving for longer,
leading to a thinned coating which has an inherently lower ICR. Although the samples eventually
stabilised, their higher current density by the end of the constant voltage test implies that the surface
was not completely passivated, and the oxide was not thick and stable.

The sample with higher Bi content took a long time to passivate, and even after 1 hour it did not
passivate completely, as observed from the highest corrosion current density. This constant corrosion
of the surface probably led to a very thin oxide forming, perhaps only on removal of the sample from
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the electrolyte when it is exposed to air. Therefore, the ICR is the lowest of all the BPPs, despite the
poorest corrosion performance.
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Figure 6.2.5. The ICR of samples with varying bismuth content before (blue) and after (yellow) exposure to 1.0 Vsue for T hour in
a simulated fuel cell environment.

From these results, we can conclude that the sample with 4.0 % Bi is in the ‘goldilocks zone” for
beneficial Bi content. It has enough bismuth to quickly passivate the surface, leading to a stable oxide
layer that will form a good protective barrier inside a fuel cell. However, it does not have too much
bismuth, which leads to phase separation and is detrimental to the overall performance.

6.3. Hot pressing the SnBi alloy

After the SnBi alloy has been deposited onto a stainless steel substrate, it is hot pressed together with a
GDL. This process can be tuned, with the hot pressing time and cooling procedure shown to be
important parameters for the Sn/GDL system in Chapter 4. These parameters were therefore optimised
for the SnBi/GDL system.

6.3.1. Optimisation of the hot pressing time

Four identical samples containing 2.5 % Bi were deposited, and then hot pressed for varying amounts
of time to determine the impact this had on the microstructure and electrochemical performance of
the SnBi alloy. The samples were not hot pressed with the GDL in place, in order to be able to visualise
the microstructure and elemental distribution, shown in the SEM images with EDS maps in Figure
6.3.1.

The samples that were hot pressed for up to 8 minutes show an even distribution of Sn and Bi, while an
increase in hot pressing time results in a smoother surface. The 1-minute sample shows some holes in
the coating, possibly because the surface has not fully melted in such a short time. These features are
not present in the 3- and 8- minute samples, which have undergone a complete melting, leading to a
smoother surface and an even distribution of Sn and Bi.
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Figure 6.3.1. SEM images with false-colour EDS maps of SnBi deposits after being hot pressed at 226 °C for A - 1 minute, B - 3
minutes, C - 8 minutes, D - 20 minutes, showing the Sn distribution (in red) and Bi distribution (green).

At hot pressing times longer than 8 minutes, the surface is no longer smooth, and it is clear that hot
pressing for 20 minutes results in phase separation of the Sn and Bi. This leads to both bismuth rich
regions in the sample (seen in green on Figure 6.3.1d), and a depletion of Bi from the remainder of the
deposit. The presence of these Bi-rich regions is detrimental to the overall performance of the BPP, as
observed when the Bi content of the sample is greater than 4 in section 6.2.2. The bismuth-poor regions
of the deposit should also have reduced corrosion performance compared to regions with intermediate
bismuth contents.

The samples were electrochemically tested without a GDL present in a simulated PEMFC
environment, to quantitatively determine the impact of hot pressing time on the corrosion
performance of the SnBi deposits.
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Figure 6.3.2. The current response of SnBi samples that have been hot pressed for various amounts of time without a GDL

present, when exposed to 1.0 Vsue for 1 hour in a simulated PEMFC environment.

Figure 6.3.2 shows that the initial current densities can vary with the hot pressing time. The initial
current is from the dissolution of Sn from the surface of the SnBi alloy, and the hot pressing time can
affect the area of the sample directly exposed to the electrolyte. The one minute sample, which has pin-
holes and surface roughness, has the largest exposed area initially, and thus produced the highest
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currents. Once the Sn and Bi have been dissolved from the surface and begin to passivate to form
oxides, the current drops and partial passivation occurs.

However, when all the SnBi surfaces have become passivated, after approximately 35 minutes, the
corrosion current for each hot pressing time is almost identical. This is because small variations in
surface roughness can be obstructed by the passivating film, and the surface areas of the samples
become similar. Therefore, after the initial dissolution of the SnBi surface, the hot pressing time does
not impact the long-term performance of the samples.

In order to understand how the different hot pressing times affect the adhesion to the GDL, the
experiment was repeated with bipolar plate substrates, which were hot pressed to GDLs for between 1
and 20 minutes. This should provide more insight into the stability provided by the oxide layer and the
adhesion between the GDL and BPP.
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Figure 6.3.3. The ICR of BPPs hot pressed to GDLs for varying amounts of time, before (blue) and after (red) electrochemical tests
at 1.0 Vse for 1 hour.

After chronoamperometric testing at 1.0 V for 1 hour, the ICR for each of the BPPs has increased
(Figure 6.3.3), but the hot pressing time of 8 minutes provides the smallest increase. This implies that
the longer hot pressing time has improved infiltration of the SnBi into the GDL, leading to better
adhesion and therefore a larger amount of conduction pathways for electronic transfer, even after
corrosion testing. The longer hot pressing time of 20 minutes should also perform well for this reason,
however as seen in the SEM images in Figure 6.3.1, phase separation has occurred as the heat treatment
was too long. This leads to poorer corrosion performance including galvanic corrosion, poor
stabilisation of the oxide layer and therefore more removal of the SnBi coating material. This has clearly
affected the ICR negatively, with fewer conduction pathways for electron transfer, and poorer adhesion
between the GDL and BPP.

Therefore, the hot pressing time of 8 minutes was long enough to produce a good adhesion whilst not
being too long to lead to phase separation and the associated negative effects. This hot pressing time
was used for all further samples.
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6.3.2. Cooling procedure

Two cooling procedures were identified for when the BPP is taken out of the hot press. The plate can
either be taken directly out of the hot press and quickly cooled to room temperature, solidifying the
SnBi at atmospheric pressure. Alternatively, the heating elements within the hot press can be turned off
and left to air-cool, with the SnBi coating cooling slowly whilst under pressure. Cooling the BPP slowly
under pressure should produce a coating with greater adhesion to the GDL, in addition to better
infiltration of the SnBi into the GDL, therefore a larger contact area for electron transfer and a lower
contact resistance. This effect has been observed in chapter 4 of this thesis.

However, the slower cooling process will lead to greater phase separation, which could be detrimental
to the long-term performance of the BPP [217]. SnBi solders with up to 5 % Bi were analysed by
Mahmudi et al. [218], and it was determined that the slowly cooled solders had a much larger grain size
and more precipitation of Bi from the Sn phase, which worsened the mechanical properties. Such phase
separation would also be detrimental to the corrosion performance of SnBi alloys, as it would lead to
galvanic coupling between the SnBi and the Bi rich phases due to differences in corrosion potentials.

In order to determine which effect dominates, and therefore which BPP would perform the best,
chronoamperometric testing in pH 3 electrolytes at 80 °C at 1.0 V for 1 or 6 hours was performed. Each
sample was repeated three times with the error bars showing the standard deviation.
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Figure 6.34. The current density of slowly and quickly cooled SnBi BPPs after one hour (blue) or six hours (yellow) of an applied
potential of 1.0 V SHE in a simulated PEMFC environment.

From Figure 6.3.4, it can be seen that the slowly cooled plates have a slightly lower current density after
one and six hours of electrochemical testing, and a smaller standard deviation than the quickly cooled
plates. The results are not completely conclusive, as the current density for the slowly cooled BPP is
within the standard deviation of the fast cooled BPP. However, the slowly cooled plate seems to be more
consistent.

83



140

N M Initial

120 A
g m After Th
E 100 + W After 6h
£ 80 A
=
T 60 -
©
&40 1

T
20 4 1
0 . , [ ]
SnBi slow cool SnBi fast cool

Figure 6.3.5. The ICR for slowly and quickly cooled bipolar plates after pressing (blue), after 1 hour of electrochemical testing
(yellow) and after 6 hours of electrochemical testing (grey).

The ICR results, shown in Figure 6.3.5, also confirm that the slowly cooled BPP performs better over
the first hour of corrosion testing. However, after 6 hours in a simulated PEMFC environment, its ICR
is higher than the fast cool BPP. Again, the slowly cooled plate is more consistent, with a small standard
deviation, and is also within the error bars of the fast cooled plate. Therefore, in this case, the slow
cooling procedure is recommended due to the higher reliability of this method. In general, the two
competing processes of better adhesion but phase separation for the slow cool plate have an opposite
effect and both must be considered when deciding which cooling method to use.

6.4. Conclusions

The successful co-deposition of a SnBi alloy has been performed using an additive containing bismuth
in the form Bi(CH;3S0O;); and a commercial Sn plating bath. It was determined that a SnBi alloy with 4%
Bi, hot pressed with a H23C6 GDL for 8 minutes at 226 °C and then cooled slowly under pressure
provided the best resistance to corrosion in an ex-situsimulated PEM environment. This SnBi BPP was
tested in-situ, and the results are reported in chapter 8 of this thesis.

The results in this work have shown that any treatment of bipolar plates containing alloying materials
should be done in a way that avoids phase separation. In this case, depositing more than 4 % Bi or heat
treating the samples for more than 8 minutes have been shown to negatively affect the performance.
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The Co-deposition of Sn and In for
Bipolar Plates in PEMFCs

7.1, Why Indium?

Indium is a semi-precious metal that was first discovered in 1863 and is generally produced as a by-
product of zinc refinement [219]. Since 1992, the largest application of Indium has been in ITO
(indium tin oxide) thin films used in LCD screens [220]. It was one of the first transparent conducting
oxides discovered and has been widely used due to its stability and good conductive properties.
Although ITO has a much higher indium content than desired for our application due to cost
requirements, its properties indicate that SnIn alloys may be interesting for this application.

Preliminary tests, seen in chapter 5 of this thesis, indicate that pure indium has alow ICR after exposure
to a PEM environment, although the Pourbaix diagram indicates that Indium may only be stable at
higher pH at relevant electrode potentials [146]. Geiger et al. [221] investigated the stability of ITO in
0.1 M H.SO., and found that rapid dissolution of indium and tin occurred above potentials of
2.35 Vi, and even below these potentials, constant dissolution still occurred although at a lower rate.
However, there is currently no information as to whether the dissolution rate of ITO is lower than that
of SnO,, and therefore whether additions of indium could enhance the stability of the Sn/GDL BPP
system.

Other common uses of SnIn alloys have been as low-temperature solder materials at close to eutectic
compositions [222,223], and tin with smaller amounts of In present have been used when alloyed with
other metals such as silver, bismuth and zinc [208]. In addition to reducing the solder melting
temperature, the addition of small amounts of In to a Sn solder can reduce the formation of whiskers
due to a decrease in compressional tension at the solder surface [224,225]. Indium has a similarly low
resistivity as tin (0.83 x107 Q m for In vs 1.09 x1077 Q2 m for Sn), therefore as well as its low melting
temperature, it will provide the low ICR needed for bipolar plate applications.

To our knowledge, there is no literature on the corrosion properties of Snln alloys with between 1 and
10 % indium, in an environment relevant to usage in PEM fuel cells. This thesis chapter will contribute
with new knowledge to fill this apparent gap and attempt to show that the deposition of a thin layer of
a low indium content Snin alloy is possible on a stainless steel substrate, as well as indicating the
corrosion properties of such an alloy in a simulated PEMFC environment.
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7.1.1. Examples of Indium and Tin-indium Deposition

The electrodeposition of indium and indium tin alloys is fairly common, and a number of deposition

baths have been patented since the 1940s [225-228]. Many other papers have reported the deposition
of Snln alloys under various conditions [203-205,229-233].

Some co-deposition of Sn and In at near-eutectic (SnosIngsi) compositions has been performed using

carboxylic acid salts as chelating agents to slow down the Sn deposition [231,232], however none of the

baths used are suitable for industrial electroplating, due to the presence of cyanides [231] or unsuitable

processing conditions [232].

A summary of some of the available literature on Snln or In deposition can be seen in Table 7.1.1.

Table 7.1.1: A summary of the available literature on Indium and InSn alloy deposition.

S Bath D it
Study Insalt " Bath type Anodes o Substrate PO
salt conditions composition
H,
Férsn?;lin Tin, 18-50°C Copperor 0.5-9wt% In
[203]  Inx(SO4); SnSOy Indiumor Agitation PP : ’
Synthanol , Steel 45 - 57 wt% In
. Snlnalloy 1-7Adm?
Butyenediol
H,SO L 0.5-15Adm? Copperor
2 4 . [0 2l N ) 0
[204]  InCl, SnSOy 0C-20 Indium or 20 - 50°C Steel 12 - 78 wt% In
Snln alloy
Platinum,
H,SO, Pt coated 1Adm? .
[205] Inz(SO4)3 SnSO, CTAB Ti or pH 1-3 12 wt% In
graphite
Sn** gflg:t]in agent pH7-11
227]  Intsalt O anoqilf(gmic . 0.1-30 Adm? 40 - 60 wt% In
anos 60 -100°C
acid
A on tomiey
[228] onee NH2NaSO3 Indium PS> Copper  Indium
Bromide Dextr Agitation
Sulfate YOS <10 Adm?
M.ethanesulfomc pH 12
acid Stainless ~ Room tem
[230]  Iny(SO.); SnSOs NaOH ‘ OMIMP  Copper 4~ 10wt% In
. . steel Agitation
Gluconic acid ,
: 2 Adm?
Hydroquinone
18-25°C
BF;, H;BO;, 2 0
[233] In(BFy); SnCl, NH.F. NH,HF, - 2.5-5Adm - Upto 16 % Sn
pH1.0- 1.1
003 - 0.12 A
[234] InCl; - InCl; solution Platinum dm? Steel Indium
35-65°C
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Multiple types of deposition bath have been used for In and Snln deposition. Of the deposition baths
listed in Table 7.1.1, the vast majority are acidic, with the Iny(SO4); and InCl; salts being used most
frequently. Based on the complex deposition baths listed in Table 7.1.1, it is obvious that a number of
additives are needed to obtain a SnIn alloy, although indium alone has successfully been deposited from
a simple chloride bath [234]. The vast majority of depositions took place at room temperature or
slightly above, and at current densities of around 1 A dm™, or 10 mA cm™ Many of the attempts use
insoluble anodes, however the ones that do not, use soluble indium or Snin alloy anodes to plate on
copper or steel substrates.

A sulfate bath has successfully been patented and used for the deposition of a SnIn alloy [203,226], and
performed better than similar baths using Indium chloride salts [204], with a bright finish being
observed. It contained numerous organic additives such as formalin and butynediol and produces
alloys in the range of 0.5 to 57 wt % indium. Low In alloys were obtained when the concentration of the
tin salt was higher than that of the indium salt. When the content of the indium salt is increased, alloys
with between 45 and 57 wt % In were obtained, however they had a narrow range of operating current
density due to the small hydrogen evolution overvoltage for indium deposition which leads to more
hydrogen evolution and therefore lower current efficiencies.

From this literature overview, it can be concluded that deposition of a SnIn alloy containing up to 10
wt% In from a sulfate bath should be possible.

7.1.2. The Kinetics of SnIn Deposition

In general, co-deposition of Sn and In is difficult due to the large difference in standard electrode
potentials, which often leads to the deposition of Sn alone [230].

Sn?t + 2e” - SN E'=-0.13 Vs
n?t + 3e~ > Ingg E’=-0.34 Vg

The approximation of the deposition potentials of Sn and In must be done, and common methods of
achieving co-deposition of two metals with a large difference in deposition potential include changing
the bath composition with respect to metal salt concentrations [131], using additives such as
complexing agents [133], or by tuning the operating variables of the deposition [134]. Additionally, the
electrochemical characteristics of the Sn and In deposition reactions can be identified to determine
what effect tuning certain kinetic parameters will have on the co-deposition.

The kinetics of any reaction is very dependent on a number of factors including the substrate, bath
conditions and additive types. When studying the kinetics of tin deposition from an acidic sulfate bath,
Meibuhr et al. [132] found Tafel slopes within the range of 170 to 230 mV decade when using a wide
range of additives. The exchange current density also varied widely with the additive type, with values
of between 0.03 and 2.0 mA cm™ reported. Also in sulfate baths, Tzeng [235] reported Tafel slopes for
Sn deposition of around 105 mV decade™!, with varying additives present.
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For indium deposition, Tafel slopes of between 250 and 300 mV decade! have been reported by
Lovrecek et al. [236] for indium deposition from an acidic indium sulfate solution, but in some cases
slopes up to 480 mV decade! have been found [237]. Changing the electrolyte will have a large impact
on the kinetics. In chloride solutions, a Tafel slope of only 30 mV decade was reported, but this
increased to 120 mV decade in a perchlorate electrolyte, when the dominating species in solution
changed from In(I1I) to In(I) [238].

In general, it can be seen that the Tafel slopes of Sn and In deposition are highly variable depending on
a number of factors. It is difficult to predict the exact kinetics of each reaction in each electroplating
bath, but by tuning the deposition parameters, the relations between the kinetic behaviour of each
metal deposition can be determined.

In this chapter, deposition from sulfate and chloride baths has been attempted, and a large number of
deposition parameters were tuned to try and achieve a Snln alloy that can be used as a coating for
bipolar plates. The surface morphology and composition of Snln deposits were investigated and
optimised to obtain a homogeneous and metallic coating, which was characterised using SEM imaging
with EDS analysis, ICR measurements and chronoamperometry. The experimental procedures can be
found in chapter 3 of this thesis.

7.2. Co-deposition of Snand In
7.2.1. Indium based additive for SLOTOTIN solution.

The simplest way to begin the Snln co-deposition is to continue using the Slototin bath used for the
deposition of Sn and SnBi alloys in chapters 4 and 5. The bath is designed to produce bright Sn-based
coatings on stainless steel substrates, and if a small amount of indium is added to the bath, co-
deposition should be possible. Thereby, SLOTOPAS ZNB 62 additive from Schlétter was obtained.
This additive, which was originally designed for passivation of zinc-nickel deposits, contained between
3 and 5 % indium in the form Iny(SO4)s, and should be compatible with the bath that has successfully
been used to deposit Sn and SnBi alloys on stainless steel.

The amount of indium based additive

Initially, the indium additive was simply added to the bath in varying amounts from 1 to 30 ml and
deposition was performed under the recommended conditions. The plates were then analysed in the
SEM to study the morphology of the deposit and determine whether any indium was co-deposited on
the surface. As can be seen from Figure 7.2.1, it is clear that the amount of additive present in the bath
does not affect the indium content of the deposit.

At 30 ml of additive per L of deposition bath, the approximate ratio of tin to indium ions is 3 : 1. As the
concentration of tin ions is greater than the concentration of indium ions, this should produce a Sn
rich SnIn alloy [203]. However, as seen in Figure 7.2.1, none of the deposits have more than 1 % indium
present, and there is no trend that indicates adding more will increase the indium content. This could
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be due to the large difference in deposition potentials between Sn and In, or the strong complexation
of indium in the additive, meaning there is none available for deposition.
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Figure 7.2.1: The influence of the amount of additive present in the bath on the current efficiency of deposition and indium

percentage in the deposit. The error bars in indium percentage reflects the uncertainty in the EDS measurements.
Therefore, other parameters were used to try and force the indium present in the bath to deposit onto
the surface, preferably as an alloy with Sn.

Current Density

Firstly, the current density of deposition was varied. From the kinetic parameters of the Sn and In
depositions found from literature, the indication is that increasing the current density of deposition
should favour In deposition, as it often has a steeper Tafel slope. Additionally, at low current densities
the deposition rate should be determined by kinetics, however when increasing the current density, the
deposition quickly becomes limited by the diffusion of metal ions to the surface. This should favour the
deposition of the less noble indium, as it is not at its limiting current density yet. However, if the kinetics
of the indium deposition are so slow that a large increase in current density is required, hydrogen
evolution will begin to dominate and a drop in current efficiency is observed.

It is clear from Figure 7.2.2 that this is the case, as increasing the current density did not change the
indium composition of the deposit. Again, less than one percent indium was present in the deposit at
all times, and as the current density increased past 80 mA cm?, the current efficiency of deposition was
so low that there was almost no deposit present.

Therefore, the kinetics of indium deposition are so unfavourable that the current density cannot be
increased enough to deposit indium, before the current efficiency becomes too low due to hydrogen
evolution.
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Figure 7.2.2: The influence of the current density of deposition on the current efficiency of deposition and the percentage of
indium in the deposit.
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Figure 7.2.3: The influence of the temperature of the deposition bath on the current efficiency of deposition and the amount of
indium in the deposit.

Temperature

Next, the temperature of the bath during deposition was altered. The bath is designed to be operated at
room temperature, and the effects of increasing temperature can be very bath-specific and deposit-
specific. Therefore, it is hard to predict what effect changing the temperature will have.

Interestingly, the current efficiency of the Sn deposition increases with temperature, this is because the
overpotential for electrodeposition of tin must be more dependent on the temperature than that of
hydrogen evolution. It has been shown that as the temperature increases, the Tafel slope steepens and
the exchange current density of the metal deposition reaction increases [239], as predicted in the
introductory chapter of this thesis.

Unfortunately, increasing the temperature of the bath did not have any effect on the indium content,
shown in Figure 7.2.3. The current efficiency remained high, and the amount of indium in the deposit
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remained below 1 % at all temperatures. Therefore, the improvements in the kinetics of indium
deposition are not enough to overcome the difference with Sn and allow co-deposition.
Stirring

The stirring speed of the bath was also altered in an attempt to co-deposit Sn and In. Increasing the
stirring speed reduces the thickness of the diffusion layer and will improve diffusion of metal ions to
the surface.
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Figure 7.2.4: The influence of the stirring speed in the bath on the current efficiency of deposition and the amount of indium in

the deposit.

From Figure 7.2.4, it can be seen that initially there is an increase in the current efficiency up to 300 rpm
stirring speed. This is due to enhanced metal deposition kinetics, which occur due to a decreased
diffusion layer thickness increasing the limiting current density (which is diffusion controlled). As the
stirring speed further increases, the current efficiency once again drops, a trend that has previously been
reported [240]. The decrease in current efficiency with increasing stirring speed can be attributed to
enhanced hydrogen evolution kinetics [241].

However, it is clear that the stirring speed has no effect on the amount of indium in the deposit. This
indicates again that indium deposition, or Sn-In co-deposition is not kinetically favourable, perhaps
due to In being strongly complexed in the electrolyte.

pH

Finally, the pH of the bath was also increased in an attempt to allow for co-deposition of both Sn and
In. Inspecting the corresponding Pourbaix diagrams [146], the deposition potential of Sn reduces with
an increase in pH, however the deposition potential of In remains constant within the pH-range
studied here. The In deposition potential is — 0.34 V until around pH 5, whereas Sn reduces from -0.136
at pH -1 to around -0.30 V at pH 3. Therefore, increasing the pH in the electrolyte leads to the
approximation of the thermodynamic deposition potentials so that co-deposition may become
possible.
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Figure 7.2.5: The influence of the pH of the deposition bath on the current efficiency of deposition and the amount of indium
in the deposit.

The electroplating bath consists of numerous additives and it is important to be aware that altering the
pH can also affect the complex formation in the bath, which may differ between the two metal ions.
Since the deposition bath and additives are proprietary, the complexing agents and their
concentrations are unknown, therefore it is impossible to directly predict the effect that changing the
pH will have. Figure 7.2.5 displays the In content in the electroplated layer as well as the current
efficiency as a function of pH.

As the pH increases through the addition of NaOH, the indium content of the deposit also increases.
Above pH 2, the indium content of the deposit increased up to 4 %, the highest seen in any of the
parameter studies. This is probably due to the approximation of the Sn and In deposition potentials, as
predicted from the Pourbaix diagrams. Furthermore, hydrogen evolution kinetics is rapidly decreasing
with increasing pH in this pH interval [242]. This explains the initial increase in current efficiency of
the deposition from pH -1 to 1, due to the slower hydrogen evolution.

Figure 7.2.6. SEM images of Snin alloys deposited at various pH. A=-1.0,B=0.0,C=1.0,D=20,E=3.0.

92



However, there is a very distinct and sharp reduction in current efficiency starting at pH 1, reaching as
low as 30% at pH 2. This can be explained as there is a transition from the deposition of Sn** to Sn*" at
around pH 1. It requires twice as many electrons to reduce each atom of Sn** compared to Sn*,
effectively decreasing the current efficiency. The increase in current efficiency with increase in indium
content from pH 2 to 3 is due to the combined deposition of In (from In**) and Sn (from Sn**), reducing
the average number of electrons needed to reduce each atom in the deposit.

Although the deposition at pH 3 produced an alloy of Sn and In with around 4 % indium, it is clear
from the SEM images in Figure 7.2.6E that the deposit is not smooth and metallic, as required for
coatings on bipolar plates. Instead, the increase in pH has produced a rough, non-homogeneous
deposit that consists of needles of Snln oxide.

The deposit was hot pressed to determine whether the melting and re-solidifying process would
produce a homogeneous layer suitable for use in a bipolar plate. Seen in Figure 7.2.7, the deposit did
not form a suitable layer due to its uneven and porous structure. The layer itself contained a large
amount of impurities including oxygen, carbon and sulphur, and was only around 35% SnIn by weight.

Element Wt%

Sn 31.1
O 249
C 23.1
Na 10.8
S 6.3
In 3.8

15.0kV 9.8mm x200 SE
Figure 7.2.7. A SEM image of a Snin layer deposited at pH 3 then hot pressed at 226 °C, with its composition as determined
through EDS analysis.

Therefore, although interesting, changing the pH of the bath did not produce a viable deposit for use
as a coating for bipolar plates in PEM fuel cells. Further optimization of this coating by plating outside
the pH specification of the Slototin bath was considered outside the scope of this thesis.

Conclusion

[tis clear that producing a homogeneous and smooth Snin alloy deposit that can be applied onto a BPP
and hot pressed with a GDL is not possible using the deposition parameters and bath configurations
employed here. Indium ions in the bath are too heavily complexed, and indium electrodeposition
kinetics are too slow to be available for deposition. This complexation has most likely reduced the
deposition potential of indium below that of hydrogen evolution, and it is only by increasing the pH
significantly that indium can be deposited from this bath. However, by doing this the quality of the
deposit is reduced so it does not form a dense and homogeneous coating, as would be required for this
application. Therefore, alternative bath configurations were attempted.
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7.2.2. Indium salts with Sn anodes + Slototin bath

Given the results of attempting co-deposition with the Slotopas additive as the indium source, it is
hypothesised that indium ions with a less rigid solvation shell (‘free’ indium) may lead to a more
successful deposition, given that they possess a less negative deposition potential. Table 7.1.1, shows
that both chloride and sulfate salts have successfully been used to deposit indium or Sniln alloys.
Therefore, the indium salts InCl; and Iny(SO,); were obtained to be added to the Slototin deposition
bath in addition to Sn.

Soluble anodes are preferred here since they maintain the ion content and pH of the bath [135], and
suitable soluble anodes to deposit a SnIn alloy would be tin, indium or a tin indium alloy. As the desired
alloy composition would be over 90% Sn, the composition of the bath would be easier to maintain if Sn
anodes were used, and indium salt was periodically added.

Sn/InCls bath

Initially, one percent Indium by weight was added to the bath as InCls, and three coupons were
electroplated under identical conditions and analysed in the SEM. The current efficiency of deposition
at 15 mA cm? was 93 + 1%, and it was determined that each sample had around 0.2% Indium present.
A SEM image of one of the samples is shown in Figure 7.2.8, along with a percentage composition
obtained from EDS mapping. Although encouraging that some indium was present, this is not a
statistically significant amount since the EDS analysis is not accurate at such low amounts [243].
Therefore, a higher amount of indium was added to the bath in an attempt to get more indium into the
deposit.

More InCl; was added to the bath until 10 wt% had been obtained, when deposition was tried again.
Again, the current efficiency of deposition was very high, but the amount of indium in the deposit
remained low, less than 1 % in total. Additionally, there were areas of the deposit with oxygen present,
and the microstructure of the deposit had vastly changed compared to that with a lower amount of
InCl; present.

1 wt % Indium 10 wt % Indium

$3400 15.0kV 8.8mm X 20.0um $3400 15.0kV 8.3mm x

Composition / % Composition / %
Sn 99.7 Sn 98.2
In 0.3 In 0.4
@) 0 O 1.4

Figure 7.2.8. SEM images and compositions obtained using EDS of two Snin alloys deposited with 1 wt% (left) and 10 wt% (right)
of InCls salt in the bath.
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From Figure 7.2.8, it can be seen that the deposit has become coarser grained and with a rougher
surface. The bath is designed to produce a small-grained bright Sn deposit, and the addition of too
much chloride has clearly degraded the quality of the deposit produced. This is in agreement with
known consequences of adding chloride to sulfate baths for Sn deposition [137], therefore indium
sulfate salts were obtained and added to the bath instead.

Sn/IN2(SO4); bath

Indium was added to the bath in a ratio of one Indium atom to every ten tin atoms, in order to try and
obtain an alloy with 10 % Indium or less. The initial deposition was performed at a current density of
15 mA cm?, after which it was varied to try and obtain a higher amount of indium in the alloy. The
results are shown in Figure 7.2.9.
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Figure 7.2.9. The influence of current density of deposition on the amount of indium in a Sn deposit and the current efficiency

of deposition.
Each current density was repeated three times, and the standard deviation was calculated and added to
the chart, however the errors in current efficiency are so small that they are not visible.

It can be seen in Figure 7.2.9 that the indium content of the alloy did not change with increasing current
density. However, as shown previously when increasing the current density, the current efficiency
decreased as the deposition becomes mass transport limited, and the rate of hydrogen evolution
increases to a point at which very little deposit was present on the coupon. Based on the knowledge
gained from the extensive study performed using the Slotopas additive in this bath, we can conclude
that the lack on indium at high current densities indicates that the kinetics of indium deposition are
too slow, and Snln co-deposition will not occur. Other bath compositions are therefore investigated.
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7.2.3. Indium anodes with Indium sulfate salt

From the previous deposition attempts, it seems that the biggest problem is getting indium into the
deposit, which has until this point been essentially only Sn at all deposition conditions. Therefore,
literature on pure indium deposition or the deposition of high indium content alloys was reviewed.
Early patents and Russian studies have successfully used indium anodes[203,204,228]; therefore, this
was tried. Initially, attempts to produce a viable layer of Indium on the surface of the substrate were
made using a basic indium sulfate based bath, which has a pH of 2-3. If this is successtul, Sn salts can
be added to the bath to make a SnIn alloy.

As previously, certain parameters that rely on, or should change the deposition kinetics of the
individual reactions in favour of indium deposition over hydrogen evolution were identified and
studied, including the current density, temperature of deposition, and the substrate.

Varying current density

Three different current densities were used for the deposition, 10,20 and 30 mA cm. For all three, the
current efficiency was extremely low, with only 0.001 g of deposit being produced. There was a
significant amount of hydrogen evolution occurring during the deposition, and the electroplating bath
became milky white. The surface of the substrate after electroplating, Figure 7.2.10, shows some small
spheres of indium deposit, and a powdery indium oxide on the surface.

Element Wit Wi
Areal Area2

In 76 51

O 0 25

Fe 16 12

Cr 5 4

Ni 2 2

15.0kV 9.9mm x1.00k SE
Figure 7.2.10. A SEM image of a deposit obtained at 10 mA cm?, with its composition as determined using EDS analysis of two
areas of the sample. Area 1 shows a spherical indium deposit and area 2 a powdery indium oxide.

From this evidence, we can hypothesise that the following is happening: during the initial stages of
indium deposition, small nuclei of indium form on the surface of the substrate. However, since the
deposition potential of indium is very close to the hydrogen evolution potential, a large amount of
current is used for hydrogen evolution. This increases the pH close to the electrode surface, due to the
removal of H* ions. The In** ions have a stability limit of around pH 2.5 and at pH higher than this,
In(OH); and subsequently In,Os is formed [237]. This slows down any further indium deposition, due
to the lack of In** ions close to the electrode surface, and some of the surface is also blocked by the
In(OH);, which is visible on the SEM image in Figure 7.2.10. The white precipitate in solution is also
probably the insoluble In(OH)s.
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Increasing the current density only increases the rate of hydrogen evolution and therefore local pH
increase, leading to the same phenomenon for the other current densities attempted. Indeed, the
deposits produced at 20 and 30 mA cm? were very similar, consisting of a few scattered particles of
indium and indium oxide on the substrate. Therefore, the next step is to reduce the amount of
hydrogen evolution taking place, improving current efficiency.

Sn sublayer

The deposition of a thin layer of Sn onto the stainless steel using the Slototin bath, before deposition
using the SnIn bath with indium anodes was suggested for three reasons. Firstly, the hydrogen
evolution overpotential on Sn is much higher than on stainless steel [244,245], meaning that the
hydrogen evolution reaction will be much slower and more current can be used for indium deposition.
Additional benefits to using a Sn-sublayer could include providing more anchor points for the deposit
as the surface is rougher than stainless steel, as well as promoting the deposition of In if the deposition
potential of In on Sn is less negative than that of In on stainless steel.

Furthermore, if a thin layer of pure indium is deposited on the underlying Sn, then this can be
subsequently heat-treated in the hot press to mix the Sn and In layers and form a SnIn alloy. This is a
common way of making alloys of materials that are difficult to co-deposit [246,247].

For this deposition, a thin layer of Sn was deposited onto stainless steel using the Slototin bath, as
described in chapter 4 of this thesis. The layer was deposited for 60 s at a current density of 3 mA cm?,
leading to a layer of Sn approximately 75 nm thick. After this, the sample was moved to the indium
deposition bath to form alayer of In on top of the Sn. The current efficiency of this deposition was again
very low (less than 1%), and only 0.003 g of coating was deposited onto the substrate. The samples were
imaged in the SEM with EDS to determine whether there was any indium on the surface.

Element Wedk Wesk
Area l Area2

Sn 24 24

In 23 6

O 15 4

Fe 25 45

Cr 8 12

Ni 4 6

15.0kV 9.9mm x1.00k SE
Figure 7.2.11. A SEM image of a deposit consisting of a Sn sublayer with a Snin layer deposited on top. The composition of two
different areas of the samples was determined using EDS analysis, with both area 1 and 2 consisting of an indium hydroxide
layer on a Sn layer on the stainless steel substrate.

The fact that the current efficiency with the Sn sublayer is slightly higher than without proves that the
hydrogen evolution reaction is indeed slightly less dominant, as predicted. However, there is still a large
amount of oxygen present on the surface, indicating that the local pH has increased outside the range
of In** stability, and so In(OH); hydroxide has formed in the bath and is sticking to the substrate.
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The In:O ratio of the different areas of the sample is the same, so the composition of the deposited layer
is consistent over the sample, but the thickness of the layer changes, which is why more Fe is present in
area 2, as the Sn/In layer is thinner and more of the substrate is being analysed. Therefore, the indium
hydroxide must be falling off the substrate, which again was observed as a milky white precipitate in
the solution.

We can estimate from the coupon mass that the total deposit (Sn and In) was less than 2 pm in
thickness. This is not particularly useful for this application given that there needs to be enough coating
present to form a good adhesion between the GDL and the BPP. From chapter 4 of this thesis, a coating
thickness of 30 um was optimum, something that has clearly not been achieved here. Therefore,
alternative ways of getting an indium coating onto the substrate were investigated.

Rough substrate

The substrate was roughened by glass-blasting in order to promote adhesion of the deposit. This led to
a much more uneven substrate, as seen in Figure 7.2.12, whereby there should be more anchor points
for the In to deposit and remain on the surface.

| T — |
25pum

In Lal

15.0kV 10.6mm x1.00k SE

| T |
25um

Figure 7.2.12. A SEM image of a sample of Snin deposited onto a glass-blasted substrate at 20 °C, with EDS analysis showing the
Iron (Fe) and Indium (In) distribution. The yellow box on the SEM image indicates the area analysed by EDS.

With this roughened surface, the current efficiency of deposition went up slightly, to over 1 %, however
this is still very low, to the point that it would be impossible to make a coating of useable thickness. As
seen previously, the deposit consists of indium particles on the stainless steel substrate, shown in Figure
7.2.12. Although not visible in this EDS analysis, there was a significant amount of oxygen in the
sample, indicating once again the formation of In(OH)s.
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Again, this electrodeposition bath does not seem to be producing a viable coating, as the current
efficiency is extremely low, metallic indium is not being deposited. Therefore, the next step is to try and
increase the current efficiency, and one way of doing this is to increase the bath temperature.

Temperature

Whilst continuing to use the roughened substrate, the bath temperature was increased. This should
improve the kinetics of the reaction, reducing the size of the diffusion layer and the mass transport
overpotential, and increasing the exchange current density. This could bring the deposition potential
out the hydrogen evolution range, increase the current efficiency and allow more indium to deposit.

The SEM images of the deposits from the baths at 20 °C (Figure 7.2.12) and 40 °C (Figure 7.2.13) are
very similar, with small indium deposits on the surface of the substrate. The current efficiency for both
bath temperatures is very low, below 2 %, and there is no homogeneous layer of deposit forming on the
substrate.

| T-S— |
25um

In Lal

15.0kV 8.6mm x200 SE

| T-S— |
25um

Figure 7.2.13. A SEM image of a sample of Snin deposited onto a glass-blasted substrate at 40 °C, with EDS analysis showing the
Iron (Fe) distribution in red and the Indium (In) distribution in white. The yellow box on the SEM image indicates the area
analysed by EDS.

At 40 °C, the indium is more finely dispersed over the surface of the stainless steel than at 20 °C,
probably due to the higher nucleation rate at elevated temperature, because of the enhanced nucleation
kinetics. However, given that no or very slow growth of the nuclei is occurring, we can assume that
hydrogen evolution is dominating and stopping the deposition of In**, as seen earlier.

When the bath temperature further increases to 60 °C, the current efficiency increases to over 3 %, the
highest seen from this bath type. It is also clear that an actual layer of deposit has formed, shown in
Figure 7.2.14, implying that the greater number of nuclei that are forming at the higher temperature
are also growing to form a layer of indium. This implies that hydrogen evolution is less impacted by an
increase in temperature than the In deposition, as predicted by the Nernst equation for a two electron
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transfer reaction compared to a three electron transfer reaction. Therefore, a larger share of the current

is going to deposition, and the current efficiency increases.

15.0kV 9.2mm x200

Composition / %
In 42
O 12
S 2
Fe 31
Cr N [ T — 25um !

Figure 7.2.14. A SEM image of a sample of Snin deposited onto a glass-blasted substrate at 60 °C, with EDS analysis showing the
Iron (Fe, red), Indium (In, grey), Sulfur (S, green) and Oxygen (O, yellow) distribution. The yellow box on the SEM image indicates
the area analysed by EDS, and the table shows the percentage composition of the area analysed by EDS.

Looking at the EDS maps of this deposit, we can note that the deposit is thick enough to stop any of the
underlying substrate from being measured by EDS, with only Fe being visible through the cracks in the
deposit. We can also see from the EDS analysis that the deposit contains a large amount of oxide and
other impurities, so it is likely that as was the case earlier, the amount of hydrogen evolution is still high,
causing a local pH increase and the precipitation of indium oxides on the surface.

Although this increase in the amount of deposit is promising, the fact that the current efficiency
remains low and high amount of non-metallic impurities are present means that this coating is not
suitable for use on a bipolar plate.

Conclusion

Many attempts at effectively depositing a coating that consists of a layer of metallic indium on the
stainless steel substrate have not been successful. Although some tuning of deposition parameters led
to increased current efficiency, it overall remained very low due to the prevalence of hydrogen
evolution. Additionally, this hydrogen evolution led to local changes in pH at the electrode surface, and
unwanted side reactions, creating deposits that are largely unsuitable for the application of coatings for
PEM fuel cells. The presence of oxides in the coating can lead to increases in the interfacial contact
resistance and negative impacts on fuel cell performance.

Therefore, the next stage is to move on from this deposition bath configuration and explore alternative
ways for Snln co-deposition.
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7.24. Cetyltrimethylammonium bromide (CTAB) additive

From the previous attempts at forming a Snln layer on a stainless steel coupon, it seems that neither
highly complexed In salts nor ‘free’ In ions are suitable for deposition. In order to co-deposit Sn and In,
the deposition potentials must be approximated, and one way of doing this is to find a complex that
binds to both the Sn and In ions in solution, and therefore allows the deposition of both ion types
together. Additionally, the introduction of new components to the electrodeposition bath can change
the kinetic parameters, meaning the co-deposition could become favourable.

In their review paper on the electrodeposition of indium alloys, F. Walsh and D. Gabe suggested that
cetyltrimethylammonium bromide (CTAB) is a crucial additive for the deposition of Snln alloys from
sulfate baths [205,229], and has also been used for the deposition of other metals such as Co, Ni and
Cu [248]. CTAB, as seen in Figure 7.2.15, is a cationic detergent with quaternary ammonium as the
polar end attached to a negatively charged Br- ion. This acts as a surfactant, which can bind to the
positive metal ions present in the electrolyte, reducing their deposition potential and allowing co-
deposition. Ideally, the deposition potential of indium should not be reduced too much, as a too
negative cathode potential would allow for even faster hydrogen evolution, making deposition very
inefficient and practically impossible.

Figure 7.2.15: The structure of cetyl trimethylammonium bromide.

Deposition using CTAB was tried as suggested by Walsh et al. [229], but due to limited reporting of
experimental details, a parameter study was performed to determine the best operating conditions with
respect to current density, temperature and Sn content of the bath.

Varying current density

Initially, the bath was prepared with 5 g L'! Indium as Iny(SO4)3, 5 g L' of CTAB additive and 1 g L'! of
tin as SnSO4. The pH was set to 2, which is in the middle of the reccommended range of the bath [205].
The first deposition was attempted with a current density of 10 mA cm?, as recommended. However,
the current efficiency of this deposition is very low, at just 3 %, and the deposit was not homogeneous.
The morphology of the deposit was imaged with SEM including EDS analysis, shown in Figure 7.2.16.
The deposit was determined to consist of a thin layer of Sn rich SnIn alloy with a powdery In rich SnIn
oxide on the surface. The adhesion between the coupon and the oxide was poor, with some of the
powder falling off during the rinsing stage.
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Wt % Wt %

Element Area l Area 2
Sn 9 13

In 1 23

O 0 12

Fe 62 35

Cr 16 10

Ni 9 5

15.0kV 9.9mm x1.00k SE

Figure 7.2.16: A SEM image of the deposit obtained at 10 mA cm? with its composition as determined through EDS analysis.
The yellow boxes labelled 1 and 2 are representative of the different types of deposit obtained, where 1 is an area containing a
thin layer of Snin alloy, and 2 is the thicker layer of Snin oxide.

The presence of a thin Snln alloy layer on the substrate surface shows that in the initial stages of
deposition, metal deposition is occurring, and an alloy is being produced. However, given the large
amount of gas evolution that was observed during the deposition, we can hypothesise that there is a
local increase in pH at the surface of the anode as has been seen for other types of deposition bath.

This pH increase changes the stability of the ions in solution, forming indium and tin oxides, which
precipitate on the surface and can be observed in the SEM images (Figure 7.2.16).
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Figure 7.2.17: The influence of the current density of deposition on the current efficiency of deposition and the composition of

the electrodeposited Snin alloy.

By changing the current density, we can change the kinetics of the reaction and the contribution from
hydrogen evolution. Atlow current densities, there is almost no deposit on the surface, but the deposit
there seems to be a SnIn alloy with no oxide. This implies that the hydrogen evolution is still dominant
over metal deposition but has slowed down enough that there is less pH change and oxide conversion
in the bath. This is verified by the SEM images taken in Figure 7.2.18, where it is visible that the layer
deposited at 5 mA cm™ consists of some small balls of deposit on the surface, with no puffy oxide
present.
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Figure 7.2.18. SEM images of Snin samples deposited at A-5,B-10,and C-20 mA cm™.

At a current density of 20 mA ¢m?, the indium content of the deposit increases, as does the oxygen
content. The increasing current density leads to more hydrogen evolution, which in turn increases the
local pH at the electrode surface more quickly and leads to more oxidation of the indium and tin ions
in the bath. This oxide precipitates on the surface (Figure 7.2.18) which leads to the artificially higher
current efficiency but does not produce a useable deposit. Therefore, hydrogen evolution must be
supressed before a suitable deposit can be obtained.

Varying Temperature

As reported earlier in this chapter, changing the temperature of the deposition leads to very bath-
specific effects that cannot easily be predicted. An elevated temperature will speed up the deposition
process, have a slight effect on the deposition potentials and change the electrode-electrolyte interface.
The competitiveness of metal deposition vs hydrogen evolution will also be impacted by the
temperature change.
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Figure 7.2.19. The influence of the bath temperature on the current efficiency of deposition and the alloy composition of a Snin

alloy.

In general, it can be seen from Figure 7.2.19 that increasing the bath temperature leads to a slightly
higher current efficiency. This increases from 3 % at 25 °C to 11 % at 70 °C and is as we expect given
that the two electron hydrogen evolution reaction is less temperature sensitive than the three electron
indium deposition reaction.
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As the temperature increases, the amount of Indium in the deposit increases and the amount of Sn
decreases. At 25 °C, there is approximately 60 % Sn, which quickly reduces to 0 % at 40 °C. The ratio of
indium to tin ions present in the bath is approximately 2:1. As there should be enough Sn ions left in
the bath to form a deposit, we can conclude that the increase in temperature is changing the deposition
potentials of Sn and In to favour the deposition of the indium ions.

As we further increase the temperature to 60 and 70 °C, the amount of Sn increases slightly. This could
be due to poorer interaction with the CTAB additive at higher temperatures, or partial decomposition
of the additive. Without the additive present, the deposition potential of Sn is much less negative than
that of indium, therefore the deposition of Sn is once again favoured, and the amount in the deposit
increases.

A bath temperature of 60 °C resulted in best deposit in terms of current efficiency and the amount
(minimum) of oxygen present. However, the ratio of In to Sn in the deposit was much higher than
desired for this application, so the next step was to take those conditions and increase the amount of Sn
in the bath to increase tin activity in order to obtain a SnIn alloy containing between 1 and 10 % indium.

Sn content

Whilst keeping the bath at 60 °C, which until now had produced the best quality deposit, the Sn content
of the bath was varied. There was initially 1 g/l of the Sn salt SnSO; in the bath at a ratio of I Sn-ion to
every 2 In-ions. This was increased incrementally up to 10 g/I, producing a Sn:In ratio of 5:1, which
should cause a significant change in the composition of the deposit.
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Figure 7.2.20. The influence of the Sn content of the bath on the current efficiency of deposition at 15 mA cm and 60 °C, and

the deposit composition of a Snin alloy.

As can be observed from Figure 7.2.20, this was indeed the case. As the amount of Sn in the bath
increases, so does the amount of Sn in the deposit. This is in agreement with the findings from
Medvedev et al. [203]. Increasing the amount of Sn in the bath also increases the current efficiency to
values close to 100% at 5 g L' and above. This is because the deposition of In occurs at a potential very
close to the hydrogen evolution overpotential, so much of the current passed in the bath is used for
hydrogen evolution. As there is more Sn present, Sn deposition becomes more favourable due to an
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increase in the exchange current density [132] and the deposition potential becomes less negative,
reducing the current efficiency for both hydrogen evolution as well as indium deposition.

At 2 g/l Sn, there is an approximate 1:1 ratio of Sn to In ions in the bath, yet the amount of indium in
the deposit is only 41 %. Again, this confirms that the indium deposition reaction is more difficult and
less efficient, due to both the more negative deposition potential and apparently more sluggish
deposition kinetics, likely due to more electrons needed to deposit In than Sn.

When the amount of Sn in the bath is significantly larger than the amount of indium, at 10 g/l of Sn
salts, the indium content of the deposit drops to just one percent. At this point, the current efficiency is
very high, as to be expected, and the deposit produced is suitable to be used as a coating for a bipolar
plate, given its low oxygen content.

Ideally, the indium content of the deposit should be slightly higher and more easily tuned to adjust the
amount of In in the deposit without greatly affecting the current efficiency or oxygen content.
However, this seems to be very difficult given the large parameter studies that have been undertaken
without success. Therefore, the most suitable deposit obtained from this bath, with the deposition
parameters: 10 g/l Sn, 60 °C, 10 mA cm™? was repeated and then used as the working electrode in a 3-
electrode electrochemical cell.

Electrochemical Testing

Electrochemical testing including ICR was performed on a deposit formed as above, which contained
less than 1 % indium, as measured by EDS after deposition. The sample was placed in a simulated
PEMFC environment and a potential of 1.0 Vi was applied for 1 hour whilst the current response was
measured.

The initial ICR value was very high, even before any testing. This could be due to poor adhesion
between the Snln layer and the GDL, or the presence of organic additives that have incorporated into
the deposit. Additionally, the SnIn deposit was on a flat coupon rather than a bipolar plate, meaning
the GDL could not be hot pressed on the BPP, thereby increasing the contact resistance.

Asseen in Figure 7.2.21, the current density produced by corrosion reactions on the plates differed after
one hour of applying a voltage of I Vgue. As is commonly seen, the stainless steel had a very low current
density after 1 hour, due to the protective oxide layer forming early on and acting as a protective barrier
from further corrosion. Therefore, the stable surface does not undergo very many reactions and so
produces very little current. The Sn-based plates have higher current densities due to the dissolution
and then passivation of the Sn by SnO,, which precipitates on the surface. This leads to partial
passivation, but the SnO; layer can be fractured or incomplete, exposing the underlying Sn which again
dissolves, producing some current. The SnIn has a higher corrosion current because of the contribution
of the indium. As determined in the preliminary tests with pure metals, seen in chapter 5 of this thesis,
the indium alone has a high corrosion current after constant potential testing, leading to the increased
current density of the Snln alloy compared to Sn alone. Conversely, the addition of Bi reduces the
corrosion current density, as Bi increases the rate of the SnO, formation, thereby passivating the surface
more efficiently.
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Figure 7.2.21. The interfacial contact resistance of the Snin coating before (blue) and after (yellow) electrochemical testing as

compared to the bare stainless steel (55316), Sn coated and SnBi coated steel plates, with the final current density (grey) after 1
hour of chronoamperometric testing at 1.0 Vsge.

The ICR for SnIn, shown in Figure 7.2.21, was initially much higher than expected, and also increased
significantly after the electrochemical testing. The ICR for the pure Sn plate increased by around
20 mQ cm?, and the Snin plate increased by 21 mQ cm? The small difference in ICR performance
between the Sn and the Snln plates implies that the addition of small amounts of indium neither
improves nor worsens the quality of the coating. From the increase in ICR we can see that the Snln
layer has oxidised, but without producing a bipolar plate that is hot pressed together with the GDL, we
cannot make any further conclusions. However, the increase in ICR after testing for all the Sn-based
coatings was less than stainless steel alone, which had an increase of 53 mQ cm?

Conclusions

In conclusion, the use of CTAB in the deposition bath has produced the most successful Snln deposits
that could be used for bipolar plates in PEMFCs. Despite this, it has proven very difficult to produce a
series of Snln deposits with varying indium content, as would be required to determine the optimum
alloy content. Additionally, the deposits produced often have low current efficiency which means it will
be difficult to produce a suitably thick coating on a bipolar plate, or may contain impurities such as
oxygen which increase the contact resistance and reduce performance.

Electrochemical testing has been performed on some samples of SnIn. It has both a higher corrosion
current density after 1 hour at a constant voltage of 1.0 Vi than pure Sn does, and a higher contact
resistance before and after testing. However, since no tests were performed on bipolar plates with GDLs
hot pressed onto them, it is difficult to conclude how the BPPs would perform in-situ.
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/7.3. Hotdippingina Snin melt

As a final attempt to obtain a layer of Snln alloy that would be suitable for use inside a PEM fuel cell,
hot dipping of the stainless steel substrate into a molten mix of Sn and In in a mass ratio of 19:1 was
performed. The densities of Sn and In are almost the same, 7.31 g cm™ [144], implying that the two
would mix well in a molten melt, without forming layers of one floating on top of the other. Ideally, this
would produce a thin layer of SnIn alloy with around 5 % Indium onto the coupon, which could then
be analysed using electrochemical techniques and ICR.

During the hot dipping process, there were some difficulties with obtaining a homogeneous layer of
metal on the coupon. Due to surface tension, the molten metal gathered together to form globules
instead of dispersing across the stainless steel substrate, forming a discontinued layer that was very thick
in some places and non-existent in others. For this reason, each coating was re-flowed inside a mould
during hot pressing to flatten it and produce a thin and even layer of SnIn alloy on the stainless steel
substrate.

Figure 7.3.1. Photographs of a Snin layer hot-dipped onto a stainless steel coupon before (left) and after (right) heating to 226
°C. Before heating, bare substrate is visible (yellow circles) and the surface is very rough, but after heating the substrate is
completely covered and the surface is smoother.

Initially, many of the coatings produced had much higher indium content than expected, up to 13 %.
This is unexpected given there was only 5 % indium in the bath but could be due to the slightly lower
melting point of Indium or the higher wettability of indium on many surfaces[219]. Additional
amounts of Sn were added to the melt to obtain SnIn alloys with less indium present. This was partially
successful and a minimum of approximately 5 % indium was obtained.

After the reflowing procedure in the hot press, the sample was imaged in the SEM with EDS mapping
to determine whether the hot pressing procedure had any impact on the coating. The SEM and EDS
images in Figure 7.3.2 show that after the re-flowing procedure in the hot press, although the coating
as a whole is more homogeneous, there is a separation of the Sn and In phases. This leads to indium
rich areas with up to 30 % In, and indium poor areas with only 2 % In present, with the average over the
whole area being around 6 % Indium. These large discrepancies that occur after hot pressing can be
detrimental to performance of the coating.
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Figure 7.3.2. A SEM image of a Snin coupon after re-flowing in the hot press, with EDS mapping showing the Sn and In density
over the imaged area.

7.3.1. Electrochemical testing

After the coupons were hot pressed, a series of electrochemical tests were performed to determine how
they compared to Sn alone. Each coupon was held at a constant potential of I Vi for 1 hour, and the
current density after this hour was plotted against the indium content of the coupon, seen in Figure
7.3.3. The blue circles represent samples that have been hot-dipped, the yellow triangle is an
electroplated sample of Snln, and the red square is an electroplated Sn reference containing no Indium.

10
—e—s

9
£8
<é7 00—
= —et+—+0—1 — &
26 —e—i ——
z
5
(@)
- —e—i
c 4
v
63

2 4 A&

1 ;m

0

0 2 4 6 8 10 12 14

Indium Percentage / %

Figure 7.3.3. The influence of the Indium content on the final current density of a sample after being held at 1.0 Vst for 1 hour.
The blue circles are hot-dipped Snin samples of varying In content, the yellow triangle is an electroplated Snin sample, and the
red square is an electroplated Sn sample.
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Looking at Figure 7.3.3, it can be noted that comparing the two electroplated samples, a small addition
of Indium leads to an increase in the corrosion current density during the ex-situ testing, as seen in the
initial electrochemical tests performed in chapter 5 of this thesis.

When looking at the hot-dipped samples, the Indium content was very variable over each sample (as
seen in the EDS images in Figure 7.3.2), so there is a large uncertainty in the x-axis. Despite this
uncertainty, it seems that increasing the amount of indium in the deposit leads to a lower corrosion
current density at the end of 1 hour at constant current. However, there are a few problems with
drawing this conclusion.

Firstly, the surface area of each sample is not the same. Although reflowing in the hot press improves
the surface coverage of the coating, it is still rough with pin-holes and cracks, as seen on the SEM image
in Figure 7.3.2. Therefore, when normalising the current density for geometric area, it is very hard to
be accurate about the sample area, leading to large uncertainties in the reported current densities, being
significantly higher. This is not the case for the electroplated Snln sample, which has a smooth and
homogeneous surface and therefore the reported current density should be more accurate.

Additionally, it is difficult to know the exact indium content of the 1 cm? area exposed to electrolyte as
the distribution of indium through the samples is not even. The indium content of the samples that is
reported in Figure 7.3.3 comes from SEM images with EDS analysis of three different areas of the
sample, averaged together. As seen from the images in Figure 7.3.2, this ignores local variations in
indium content and therefore is not very accurate.

Finally, the adhesion between the samples and the underlying SS substrate was very poor, meaning
electrolyte could get underneath the coating, increasing the surface area or even completely removing
the Snln coating from the surface, leading to no electrical contact and then the current just coming
from the stainless steel and not the SnIn. Often when removing the samples from the electrolyte and
then rinsing, the SnIn coating was completely removed from the underlying substrate. This is also the
reason that no ICR has been reported for these samples.

These factors combined lead to the electrochemical testing of the hot-dipped SnIn samples being of
limited use in comparing the performance of Snin to Sn alone and SnBi coatings. Again, it can be
concluded that hot-dipping a coating of Snln onto the BPP does not lead to a reliable coating that can
be used for in-situ testing due to the poor coverage and adhesion to the substrate. Proper surface
preparation of the substrate could potentially increase the adhesion between the substrate and hot-
dipped SnIn alloy in the future.

/4. Summary

It has been demonstrated in this chapter that it is almost impossible to obtain a several pm thick and
homogenous Snin alloy coating suitable for BPPs, equivalent to the Sn and SnBi coatings that have
previously been produced in this thesis. Although some Snln alloy coatings were obtained, they were
either powdery and oxidised, or inhomogeneous and deposited with a very low current efficiency,
leading to long deposition times, excessive hydrogen evolution and inevitable bath degradation.
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From the small amount of electrochemical testing that has been performed here, we can conclude that
the presence of Indium in the Sn layer does not improve the performance of the coating with regards
to the corrosion current density, nor ICR. However, the majority of the electrochemical testing has
been performed with hot dipped coatings that were not smooth layers of a constant thickness as the
electrodeposited coatings are. This leads to a varying surface area and therefore it is difficult to compare
the performance of these Snln coatings against Sn or SnBi coatings. Additionally, the hot dipped
coatings had very poor adhesion in that the coating often completely delaminated after ex-situ testing,
meaning that the ICR could not be obtained. As the ICR is an important parameter for bipolar plates,
it is therefore very difficult to quantify how well the SnIn coating performed.

Due to the problems experienced with the electrodeposition of Snin alloys, and therefore the
unsuccessful electrodeposition of a suitable SnIn alloy coating, no deposition onto bipolar plates was
performed, and therefore no in-situ testing occurred.

In the future, the co-deposition of Snin from Cl-based baths could be attempted. Literature also
suggests that the co-deposition of Sn and In using ionic liquids is possible [249-251], however this is
outside the scope of this thesis work.
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The Influence of Carbon on the Sn/GDL
System

8.1. Carbon Materials for PEMFCs

The final adjustments to the Sn/GDL system involve the optimisation and addition of carbon materials
at the Sn/GDL interface. The use of carbon within PEM fuel cells has been occurring for many years
[252]. It can be found in multiple places inside the fuel cell, including in the bipolar plate [253,254], gas
diffusion layer [255,256], and as a support for the platinum catalyst layer [257,258].

Carbon is highly beneficial for use in the PEM environment due to its low cost, high electrical
conductivity and acceptable stability [252]. However, on the cathode side of the fuel cell, carbon-based
materials can be exposed to highly oxidising conditions, with potentials of up to 1.44 V during start-up
and shutdown cycling [259]. If the cell has been incorrectly purged, the presence of hydrogen and
oxygen together at the anode can cause a drop in the potential to -0.59 V, when electrons and protons
from the hydrogen oxidation reaction can combine with oxygen to reduce it to water. This produces a
negative potential, which when the cathode is also exposed to oxygen leads to a high potential
difference and subsequent carbon corrosion. This corrosion process is irreversible as it occurs via the
formation of CO, and subsequent removal out the exhaust [260].

The carbon corrosion mechanism is typically slow under the normal operating conditions of a PEMFC,
but is catalysed by platinum and the presence of water [260]. It is therefore most relevant for carbon
used as a catalyst support, where the removal of a small amount of material can have large negative
effects on the amount and dispersion of the catalyst, leading to large performance losses. For the carbon
based GDL, the main failure mechanisms are often mechanical, with over-compression or a change in
surface hydrophobicity leading to poor water management and performance reductions [8].

For the case of bipolar plates, carbon corrosion leading to material removal can cause changes in
hydrophobicity and small reductions in conductivity but does not constitute a critical failure unless
physical holes or break-up of the bipolar plate occurs. Therefore, carbon is a very durable material for
use in bipolar plates, and additions of carbon to the Sn/GDL system could improve both the
conductivity and longevity of the system.

8.1.1. Carbon in Bipolar Plates

Carbon in the form of graphite has previously been used as a bipolar plate material and is advantageous
due to its high conductivity and stability in a PEM environment. However, bipolar plates machined
from graphite do not have the required mechanical properties for use in transport applications, as they
are brittle, porous and expensive [47].
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Therefore, there has recently been a movement towards moulded carbon or stamped metal bipolar
plates, both of which are advantageous over graphite due to their low cost, high-throughput
manufacturing methods. Carbon composite BPPs have been well researched [254,261,262], and have
become well established commercial products, with Ballard Power Systems amongst others using
carbon based bipolar plates for their fuel cell stacks. They consist of a carbon based filler material (for
example carbon nanotubes, graphite, fibres, platelets or carbon black) of varying shape and size,
suspended in a polymer matrix. Although they have a generally lower conductivity then metallic BPPs,
this is highly dependent on the type and amount of filler material, and the BPP forming and processing
parameters [263]. Additionally, they do not undergo the same increase in ICR over time that metal
plates suffer from.

Alternatively, carbon coated metallic BPPs are suitable for use in PEMFCs for their high corrosion
resistance, good conductivity and ease of manufacturing. There have been numerous studies on the use
of carbon as a coating material for stainless steel bipolar plates [17,47,253], with the major types of
carbon based coatings being amorphous carbon, metal doped carbon and metal carbides [253]. There
are multiple different ways of applying carbon coatings to a BPP, with popular techniques including
spraying [65], CVD [264], sputtering [265] or using a polymer binder [266] amongst others.

The use of carbon in fuel cells and specifically on the bipolar plate is very versatile, indicating that when
used properly, it has the potential to be alow cost and highly stable component. Although carbon is not
used as a bipolar plate material in this thesis, understanding the interface between the Sn coating and
any carbon based components is important for the optimisation of the BPP. The introduction of
carbon to the Sn/GDL interface in the form of a thinly sprayed layer can improve the conductivity of
the BPP by increasing the number of contact points. Additionally, the longevity of the BPP could also
be improved due to the stability of carbon in the PEM environment, which may have a beneficial effect
on the formation of the protective Sn oxide. Therefore, analysing the effect of the GDL type on the
Sn/GDL interface, and the addition of a carbon nanolayer at the same interface are interesting ways to
determine the role of carbon on the Sn/GDL system.

8.2. The Influence of the GDL Type on the Sn/GDL
System

8.2.1. Introduction

In previous chapters of this work, the properties of the Sn layer in the Sn/GDL system have been
optimised, with deposition and hot pressing parameters tuned, and alloying elements introduced into
the system to improve the longevity. However, there is another component that can also be optimised,
the GDL. There are several types of GDL available, with multiple different carbon fibre types,
treatments and additional layers.

Two types of GDL have been identified as being of interest in this work. Firstly, the Freudenberg H23
series of GDL are non-woven carbon papers that are available with or without a hydrophobic treatment
and microporous layer (MPL). Since the MPL is in direct contact with the MEA and not the BPP, the
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presence or absence should not interfere with the Sn/GDL system, although it has been shown to
reduce the conductivity of the GDL as a whole [252].

Two types of Freudenberg H23 GDL have been identified, the C6 carbon paper which has been
hydrophobically treated by impregnation with PTFE, and the C2 paper that is untreated. The structure
of the two papers can be seen in Figure 8.2.1.
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Figure 8.2.1. The two types of Freudenberg H23 papers used in this thesis. The H23 C6 paper that has been given a hydrophobic
treatment to the carbon fibres (left) and the H23 C2 paper that has not received any treatment (right).

This hydrophobic treatment coats the carbon fibres of the GDL, which may have a small influence on
the porosity and flexibility, but largely leaves the microstructure unchanged. The main impact of the
hydrophobic treatment would be on the wetting of the Sn onto the GDL, leading to different
interaction. It is hypothesised that the presence of the PTFE will reduce the wetting properties, leading
to poorer contact between the GDL and Sn, as visualised in Figure 8.2.2. This poorer wetting between
the GDL and Sn could lead to fewer contact points, higher ICR and worse electrochemical
performance. However, the presence of the hydrophobic treatment prevents the adsorption of
electrolyte into the GDL fibres, which would cause oxidation of Sn along the Sn/GDL interface and
could be detrimental to the ICR.

Hyrophobic

Stainless Steel Stainless Steel

Figure 8.2.2. A drawing of the proposed impact of the PTFE treatment on the wetting properties of the GDL to the Sn, with the
hydrophilic GDL having a greater contact area with the Sn than the hydrophobic GDL.

On an in-situ level, a low hydrophobicity can lead to adsorption of water into the GDL fibres, which
reduces gas permeability and leads to an increased mass transport overpotential [252], therefore PTFE
treated GDLs are most commonly used inside operating fuel cells.
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The second type of GDL employed in this work is from Toray (TGP-H-120). It consists of a composite
material of carbon fibre and carbon that has been pressed together at high temperature to form strong,
stiff carbon papers with a high electrical conductivity, good corrosion resistance and high gas
permeability. Two types of Toray paper, one with a hydrophobic treatment and one without, were
identified as being of interest, to be analogous to the two types of Freudenberg paper. They are shown
in Figure 8.2.3.
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Figure 8.2.3. The two types of Toray paper used in this work, one with a hydrophobic treatment (left) and one without such
treatment (right).

In contrast to the Freudenberg GDL fibres, the Toray fibre should extend further into Sn, due to their
more rigid, non-flexible nature. This deeper penetration will increase the contact area with the Sn and
reduce the ICR, as demonstrated in Figure 8.2.4. The more brittle paper will also deform less during the
hot pressing procedure, keeping the pores more open and allowing better gas and water transport
through the lifetime of the cell.

Stiff Toray fibre

Flexible Freudenberg

Stainless Steel Stainless Steel
Figure 8.2.4. A drawing of the hypothesised impact of having a stiffer GDL fibre, with the Toray paper going deeper into the Sn
layer, forming a larger contact area and therefore a lower ICR.
Additional differences between the Toray and Freudenberg GDLs are that the Toray GDLs have a
higher porosity than the Freudenberg GDLs [267]. The porosity of the GDL will have an effect on the
infiltration of Sn and contact with the GDL, as well as the amount of electrolyte that can reach the
surface of the Sn during electrochemical testing.

Therefore, in order to determine which properties are the most important, analysis of the ICR before
and after exposure to a simulated PEM environment, and the corrosion current during exposure can
be performed.
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8.2.2. Electrochemical testing

Each of the GDLs was hot pressed onto a Sn BPP and tested electrochemically by applying a voltage of
1.0 Ve for 1 hour and measuring the current response whilst in a simulated PEMFC environment.
The current density transients are shown in Figure 8.2.5.

500
——Toray hydro 30
Toray non-hydro 25
400 H23 C2 20
k: H23 C6 -
5 15
<
£300 10
2
2 5
5]
© 200 0
o 45 50 55 60
S
(o]
100
0
0 10 20 30 40 50 60
Time / min

Figure 8.2.5. The current density response of different GDL types during exposure to 1.0 Vsie for 1 hour in a simulated PEM fuel
cell environment. The inset shows the final 15 minutes of the test at low current densities.

The main difference between the different GDL types is that compared to the GDLs that have
undergone hydrophobic treatment, the GDLs without hydrophobic treatment take longer to passivate,
and end up with a higher corrosion current density. When the GDLs have no treatment, the electrolyte
can be soaked into the carbon GDL fibres and gradually come into more contact with the Sn surface,
leading to greater oxidation and greater current densities.

The difference between the Toray and Freudenberg type papers seems to be minimal, although the
Freudenberg C6 paper with the hydrophobic treatment passivates most quickly and ends up with the
lowest corrosion current. This could be due to its greater thickness and lower porosity than the
equivalent Tory paper, leading to a smaller contact area between the Sn and the electrolyte.

The ICR before and after electrochemical testing of the BPPs hot pressed with the GDL is shown in
Figure 8.2.6. Before testing, all the ICR values are similar, so the different GDL types must have similarly
good electrical connection to the Sn.

After the CA testat 1.0 Vg for 1 hour, the Toray papers seem to perform better, with alower ICR. This
could be due to the increased penetration depth of the GDL into the Sn layer, which occurs because of
both the higher porosity and the stiffer fibres, which do not bend to remain near the surface during hot
pressing. They remain deep in the Sn layer, so any oxide formed at the surface does not negatively
impact the ICR to a large extent.
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Figure 8.2.6. The ICR for each type of GDL after hot pressing (blue) and after electrochemical testing at 1.0 Vsqe for 1 hour (yellow).

The Freudenberg GDLs are flexible and will have a higher tendency to bend and remain near the
surface of the Sn, which means they are more susceptible to an increased ICR upon Sn removal and
passivation. The H23 C2 GDL without hydrophobic treatment performs particularly poorly after the
CA test as the fibres become saturated with electrolyte, so all Sn in contact with the GDL fibres can
oxidise and the ICR increases.

8.2.3. Conclusions

From the electrochemical testing performed on the different types of GDL, we can conclude that the
presence of a hydrophobic coating on the carbon GDL fibres is beneficial to the performance of the
Sn/GDL system. This coating helps prevent the infiltration of electrolyte to the Sn/GDL boundary,
which reduces the amount of oxidation taking place and the dissolution of the coating. Although these
different types of GDL have not been tested in-situ, the presence of the hydrophobic treatment should
help with the water management in a working fuel cell, allowing the easier movement of water from the
three phase boundary where it is generated, to the outlet of the cell.

The stiffness of the GDL fibres was determined to be a less crucial factor than the presence of
hydrophobic treatment, however the Toray GDL seems to have a lower ICR than the Freudenberg,
probably due to deeper infiltration into the Sn during hot pressing improving the contact between the
GDL and Sn. Despite this, the Toray GDL had a larger corrosion current density during
electrochemical testing, due to the larger interaction area between the GDL and the Sn. The
Freudenberg GDL with the hydrophobic treatment (H23 C6) was therefore used for all in-situ testing.
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8.3. Carbon nanolayer to enhance the Sn/GDL interface

8.3.1. Introduction

It is hypothesised that adding carbon to the interface between the Sn and the GDL will increase the
conductivity and longevity of the BPP. It has been observed that Sn alone is not a successful interface
material due to the continual corrosion of the oxide layer. Although SnO, is mostly stable, it can rupture
or dissolve leading to a reduced thickness and poorer conductivity of the interface with the GDL and a
reduced performance over time.

The addition of a carbon nanolayer between the Sn and GDL can both improve the conductivity of the
interface by providing numerous contact points on the nanoscale to aid electron transfer through an
increase in contact area between the Sn and the GDL, shown in Figure 8.3.1.

Normal GDL

Modified GDL

Figure 8.3.1. A drawing of the Sn/GDL interface, without (top) and with (bottom) carbon nanoparticles present.

The addition of carbon to the Sn/GDL interface can also provide improvements to the longevity of the
system. Firstly, if there are more contact points between the Sn and the GDL, even if some of these are
removed due to oxidation of Sn, there will still be more left than if there were no carbon present, thereby
keeping the ICR as low as possible for longer. Additionally, the carbon layer can act as a barrier. During
the hot pressing procedure, Sn can freely move through the GDL, spreading out and soldering to the
GDL fibres. Although this is beneficial for the conductivity of the BPP, it provides an increased contact
area between the electrolyte and the Sn, leading to more dissolution and performance degradation. If
the carbon layer provides a barrier to this Sn penetration, there is a smaller surface area of Sn exposed
to electrolyte, therefore less oxidation and removal of the Sn and an improved performance over time.
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Normal GDL Modified GDL

Figure 8.3.2. A drawing of the Sn/GDL interface unmodified (left) and modified with carbon (right) to block the movement of
Sn into the GDL and reduce the surface area exposed to electrolyte.

In order to test this hypothesis, three types of carbon were obtained for spraying onto the GDL. These
were carbon black, multi-walled carbon nanotubes, and graphitic carbon. The surface area, density,
bulk conductivity and single particle conductivity of each particle type is listed in Table 8.3.1.

Carbon black is the simplest form of carbon tested, often produced by heating almost any type of
carbon in an anaerobic environment. It often consists of small spheres (around 50 nm in diameter)
which agglomerate to form larger particles of around 250 nm diameter [252]. It is commonly used as a
catalyst support in fuel cells due to its low cost, good electrochemical performance and relatively high
surface area [257]. Although carbon black is widely used, it does undergo some corrosion in a PEMFC
environment, through oxidation to form CO, when large potential differences occur during start-up
and shutdown [260]. This process is catalysed by platinum, but does occur even without Pt present, so
would still be a concern for carbon used in bipolar plates. Therefore, there has been a movement to use
other types of carbon support in PEMFCs for enhanced durability.

Table 83.1. Selected properties of the different types of carbon used in this work, including the surface area [268] and density

[269] of the carbon types, and both the conductivity of a single particle [268], and the bulk conductivity [268] which takes into
account the packing and surface contact between the carbon particles of the same type.

Surface Area  Bulk conductivity Single particle

T Densi 3
Carbon Type /mg! /Sm! conductivity / S m’! ensity / g cm
Carbon Black 57 558 10° 0.4
Graphitic carbon 3 2120 10° 1.8
Multiwalled 272 543 107 0.3

Carbon Nanotubes

It has been observed that increasing the surface area and conductivity of the carbon particles provides
improved performance and longevity within a PEMFC [257], however it is unclear whether the same
properties are required for the carbon layer between the Sn and GDL. Varying the type of carbon to
increase the surface area or conductivity is therefore interesting. Graphitic carbon has a particularly
high bulk conductivity [268] (Table 8.3.1), indicating that their shape leads to a good packing density
with lots of contact points, and the interfacial contact resistance between two graphite particles is low.
This is ideal for a BPP, which requires a very low ICR. It has also been proposed that carbon with a
higher graphite like quality is more stable [258], so the longevity of the BPP should be improved with
the presence of graphitic carbon over carbon black. Graphite particles in general are much larger than
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carbon black [270]. Although there are many types of graphitic particles available, the ones used in this
work have a rough platelet shape of around 1 to 10 um diameter, as seen in [65]. This leads to a lower
surface area than the other, smaller carbon types.

Multiwalled carbon nanotubes (MWCNT) have an extremely high surface area and single particle
conductivity [268], therefore could provide a good interface between the Sn and GDL, with large areas
for the Sn to solder onto, and easy transfer of electrons. Due to their tubular shape, MWCNT may
infiltrate deeper into the Sn during hot pressing, which could further decrease ICR compared to the
other carbon geometries. Additionally, it has been shown that carbon nanotubes are more stable than
carbon black in a simulated PEMFC environment, with a lower corrosion current density and less
surface oxide formation [271].

Therefore, three types of carbon (carbon black, graphitic carbon and multiwalled carbon nanotubes)
were investigated to determine whether the presence of carbon has a beneficial effect on the
performance of the Sn/GDL system, and which type of carbon performs best in a simulated PEMFC

environment.

8.3.2. Determining the correct carbon loading

The Sn/C/GDL BPPs were first optimised to find the carbon loading that produced the lowest ICR.
The carbon loading is an important parameter because a good coverage of the GDL should be obtained,
so each fibre has some carbon present to generate contact points on the nanoscale and reduce the ICR.
However, if there is too much carbon present, the pores in the GDL will be obscured by the carbon
nanolayer, and the tin will not be able to infiltrate during the hot pressing process, leading to fewer
contact points and a higher ICR.
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Figure 8.3.3. The ICR of bipolar plates hot pressed to GDLs with different amount of carbon black sprayed on.

This phenomenon can be observed in Figure 8.3.3, where the ICR goes through a minimum at a carbon
black loading of between 0.15 and 0.25 mg cm™. Although the standard deviation in the weighing
equipment used to calculate the carbon loading is very low, there are some discrepancies in the exact
carbon loading due to local variations in the spraying procedure, which is done by hand. From the
measurements, we can estimate that the optimum loading of carbon black is around 0.2 mg cm? with
an ICR at about 6 mQ cm?.
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However, this optimum does not necessarily apply to the other types of carbon used in this work. Each
type of carbon has a different density (Table 8.3.1), therefore using the same mass of carbon
corresponds to a different volume and can lead to different surface coverages. This can be seen in Figure
8.3.4, which shows light microscope images of a GDL sprayed with aloading 0f 0.2 mg cm™ of each type
of carbon.

Itis clear that the carbon black and nanotubes form a much higher surface coverage than the graphitic
carbon, due to their significantly lower density and therefore higher number of particles. The
underlying GDL is almost completely covered for carbon black and nanotubes, whereas the GDL is

clearly visible under the graphitic carbon layer, which consists of fewer large particles dispersed over
the GDL.

Figure 8.3.4. Light Microscope images of a GDL sprayed with around 0.2 mg cm' of A: Carbon Black, B: Multiwalled Carbon
Nanotubes, C: Graphite.

As described previously, this will have an impact on the ICR and electrochemical performance. The
thick layer of carbon black or nanotubes can block the GDL pores, leading to problems with water
balance and mass transport. Conversely, if there is very little graphitic carbon on the GDL surface, it
will not have a large impact on the ICR and performance, meaning that a higher loading may be more
suitable.

Therefore, the density of the carbon types should be taken into account when determining the correct
loading, and perhaps the coverage of the carbon over the GDL surface is the more important factor
than the mass of carbon present. This should be further optimised when using different types of carbon
in the future.

8.3.3. Comparing the Different Types of Carbon

In order to determine whether the addition of carbon improves performance, and which type of carbon
represents the better choice given the conditions, electrochemical testing in a simulated fuel cell
environment was performed. The samples, including the bare SS 304L substrate and Sn/GDL with no
carbon, were exposed to a potential of 1.2 Vg for 1 hour, and the ICR was monitored before and after
exposure.

Initially before any corrosion testing has been performed, the ICR of each sample with the carbon
nanolayer is much lower than that of the Sn alone. This is as expected, because of the larger contact area
between the Sn and the GDL with the carbon fibres present. The carbon black has the lowest ICR, but
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it is within the standard deviation of the other carbon particle types. The addition of carbon reduces
the initial ICR compared to the Sn/GDL alone, which again has alower ICR than the bare substrate due
to the beneficial hot pressing process.
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Figure 8.3.5. The ICR of the samples before and after exposure to 1.2 Vs for 1 hour in a simulated PEMFC environment.

After the corrosion testing, the ICR of all samples increased. The stainless steel substrate increased
significantly, due to the formation of a stable and poorly conductive surface oxide, confirmed also by
the very low corrosion current density, Figure 8.3.6. For the Sn/C/GDL samples, the ICR after
corrosion testing corresponds well to the shape and size of the carbon types, and therefore the surface
area. The MWCNT have an elongated structure, unlike the more spherical carbon black and graphite
used in this thesis [65]. This means that when hot pressed, the MWCNT infiltrate deeper into the Sn,
leading to an increased contact area and therefore a lower increase in ICR.

After corrosion testing, the carbon black and graphitic carbon modified samples have a similar ICR, 24
and 26 mQ) cm?, respectively, but both now have a slightly higher ICR than the Sn sample, with an ICR
of around 21 mQ cm? The percentage increase is high, perhaps implying that the addition of these
types of carbon is actually detrimental to the corrosion resistance of the BPPs. This could be because
the carbon particles lie between the Sn and the GDL, meaning that when the surface of the Sn is
dissolved and passivated to form Sn(OH)s, the hot pressed particles lying on the surface are cut off
from contact with the Sn. Additionally, if the layer of carbon introduces some porosity to the Sn/GDL
interface, there may be increased contact with the electrolyte and increased dissolution, leading to
worse performance. For the Sn alone, the GDL fibres go deeper into the Sn and conductivity is
maintained despite the presence of surface oxides, which can passivate the surface.

Given that the carbon black and graphite particles are of a similar geometry, it can be determined that
adding rounded particles rather than elongated particles is worse for the long-term ICR performance
of the Sn/C/GDL BPP.

The corrosion current density of each BPP type after exposure to 1.2 Vg for 1 hour in a simulated
PEMFC environment can be seen in Figure 8.3.6. In confirmation of the findings by Wang et al. [271],
the carbon nanotubes have a significantly lower corrosion current than carbon black, and have a lower
ICR after exposure. This is due to the reduced oxidation of the MWCNT themselves, as well as the
suppression of the dissolution and oxide formation of the Sn. This can be confirmed by the EDS
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analysis of the samples after corrosion testing, where the Sn sample with no carbon present contained
17 % oxygen, compared to 7 % for the carbon black, and 0 % for the MWCNT. This reduction in
oxidation of the surface and the stability the MWCNT can explain the smallest increase in ICR after
corrosion testing, and the overall best performance.
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Figure 8.3.6. The corrosion current density of each bipolar plate type after exposure to 1.2 Vsqe for 1 hour in a simulated PEMFC

environment.

The graphitic sample has a lower corrosion current density, which could be due to both the smaller
number and surface area of particles on the surface which can undergo oxidation, as well as the high
stability of graphitized carbon [258,272]. There is little exposure of the carbon to the electrolyte, and
the few graphite particles do not impact the exposure of the Sn surface to the electrolyte, therefore the
corrosion current is similar to that of Sn alone.

8.3.4. Conclusions

The addition of a carbon based layer between the GDL and BPP has been shown to reduce the ICR of
the Sn/GDL system, due to an increased number of electronic pathways. However, this low ICR is not
necessarily sustained after exposure to the PEMFC environment. Spherical particles that do not
infiltrate deeply into the Sn during hot pressing are susceptible to an increase in ICR after
electrochemical testing, due to the growth of an oxide between the Sn and carbon, which blocks the
electron transfer through the Sn/C/GDL system.

The best type of carbon particle investigated in this thesis was the multiwalled carbon nanotubes, which
are both a more stable form of carbon, leading to less surface oxidation, and have a longer contact
pathway deeper into the Sn due to their elongated shape. These two factors mean that the increase in
ICR after exposure to the PEMFC environment is limited, and the bipolar plate is more stable. The
multiwalled carbon nanotubes were then tested in-situ, the results of which can be found in chapter 9
of this thesis.
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In-situ Analysis of Bipolar Plates

9.1. Introduction

During the previous chapters of this thesis, the Sn/GDL type BPPs have been shown to have superior
contact resistance and stability in an ex-situ simulated PEMFC environment when compared to bare
stainless steel. Ex-situ testing is useful, but not always comparable to in-situ testing because of a number
of factors, including: different electrolyte conditions, relative humidity, temperature, acidity not
constant, variable load conditions, interactions with other components, and the release of metal ions
which may affect performance. Additionally, when hot pressed with the GDL, the Sn may change the
mass transport properties of the GDL in a way that should be quantified. Therefore, only in-situ testing
can truly determine the long-term performance of the BPPs inside a working PEM fuel cell.

However, the varying conditions and interactions between different components make determining
the performance of one specific component in-situ challenging. There are some developments in in-
situ analysis of different components, for example an in-situ ICR technique has been developed to
monitor the ICR at specific points in the cell (inlet, outlet, cathode, anode) through the lifetime [273].
However, at the moment, the technology is still in the early stages and is not suitably reliable.

In this thesis chapter, the time evolution of the performance of the Sn BPPs will be compared against
standard BPPs using a testing protocol developed by the European commission [8]. This protocol is
used to determine the long-term performance of bipolar plates inside a working PEM fuel cell, by
applying accelerated stress protocols including drive cycles, polarisation curves, EIS and ex-situ ICR.
Post-mortem analysis of the bipolar plates and membranes were also performed. The specific
methodology used for the in-situ testing including all experimental details can be found in chapter 3.

<

Sample BPP (Cathode)
Cathode side GDL

Gaskets

MEA

Anode side GDL
Au coated BPP (Anode)

Figure 9.1.1. The in-situ fuel cell assembly, consisting of a MEA sandwiched between two bipolar plates, a gold coated stainless
steel BPP on the anode side, and a variable BPP on the cathode.

In order to deconvolute the different processes happening at the anode and cathode bipolar plates, a
standard gold coated stainless steel bipolar plate was used on the anode side, while the plate at the
cathode side was changed depending on the experiment (Sn — from chapter 4, SnBi - from chapter 6
and Sn/C - from chapter 8 as well as gold coated and as-received stainless steel). The cell assembly is as
shown in Figure 9.1.1. In general, the cathode side is expected to have a higher degradation rate due to
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the harsh oxidising conditions [87], so the samples of interest were used on the cathode side. Also, the
reducing atmosphere on the anode side of the fuel cell could degrade the protective Sn oxide which is
formed on the Sn/GDL plates, so they are most suitable for the cathode side of the fuel cell.

This thesis chapter therefore aims to determine whether the Sn/GDL soldering process produces any
significant advantages in performance and longevity of BPPs in an operating PEM Fuel Cell.

9.2. Interfacial Contact Resistance

Before the cell was assembled and started up, the interfacial contact resistance (ICR) of each bipolar
plate was measured ex-situ in the apparatus described earlier in chapter 3 of this thesis.

By looking at the ICR before and after the cycling procedure, we can try and compare the decreases in
cell voltage we see after the fuel cell has been operating for 200 hours and estimate how much of the
performance loss can be attributed to the bipolar plate degradation.

9.2.1. Anode Side Bipolar Plates

Figure 9.2.1 shows the measured ex-situ ICR (at 1.4 MPa) between a GDL and the anode side bipolar
plates from different fuel cell assemblies, both before and after 600 drive cycles of in-situ testing.
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Figure 9.2.1. The ex-situ ICR at 1.4 MPa of bipolar plates placed on the anode side of a fuel cell before and after cycling. Each
plate was gold-coated stainless steel, and the plate on the cathode side of the fuel cell is indicated in brackets. The red dashed
line shows the Dok target for ICR to be reached by 2020.
The ICR values for each cell are similar and in the same range. Before cycling, the average ICR for the 5
cells was around 8.70 mQ cm?, with a deviation of around + 1.5 mQ cm?, while after 600 drive cycles
the average ICR was 9.24 mQ) cm?, an increase of about 6 %. This is within the maximum ICR target for
bipolar plates put forth by the US Department of Energy (DoE) for 2020 (10 mQ cm?). As the bipolar
plate coating at the anode side was comprised of the same material (Au) for all cells, we would indeed
expect the measured ICR to be about the same. Furthermore, the Pourbaix diagram for gold [146]
indicates that gold is stable in the anode environment of the fuel cell, and the similar ICR recorded after
cycling is therefore as expected.
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Itis worth noticing that the observed ICR after 600 cycles of in-situ testing either increased or decreased
slightly, indicating that small local changes in the coating during in-situ testing can change the overall
contact with the GDL. Although gold is supposed to be stable, some changes in the gold coating are
frequently observed when taking the bipolar plates out of the PEMFC (Figure 9.2.2), and minute
changes in the ICR could be due to thinning or removal of the gold coating on the stainless steel. In fact,
gold is known to oxidise when exposed to higher anodic potentials, which may occur in the fuel cell at
certain conditions [274]. Subsequent gold oxide reduction leads to some dissolution and loss of gold,
also roughening of the surface [275]. Cherevko et al. [276] used an ICP-MS with an electrochemical
flow cell and showed that gold dissolution commenced at about 1.3 V vs RHE, coinciding with the
onset of 2D surface oxide formation.

These changes in the gold surface can lead to changes in the ICR of the bipolar plates. A reduced ICR
is hard to explain, but may be a result of a beneficial removal of gold increasing the contact points
between the GDL and bipolar plate, hence reducing the constriction, and this way reducing the ICR
slightly. Contrarily, an increased ICR may be expected if parts of the Au coating are removed, possibly
reducing the number of contact points to the GDL as well as exposing the underlying stainless steel to
the environment with the inevitable formation of lower conductive surface oxide.

Figure 9.2.2. The flow-fields of a gold coated stainless steel bipolar plate, bfore (left) and after (right)200 hours o i—situ testing.
After testing, there is discolouration on the surface and the coating is faded in places, with brown spots along the channels.

[t is important to note that some of the Au-coated BPPs were re-used for multiple in-situ tests, due to
limited availability and the fact that their lifetime should be much greater than 200 hours given their
supposed stability in PEMFC conditions. This cumulative use and degradation could be the reason
behind some small variances in measured ICR (Figure 9.2.1).

In order to determine what impact these changes in contact resistance will have on the overall fuel cell
performance, we can calculate the corresponding cell voltage increase. On average, the ICR has
increased by 0.54 mQ cm? from before to after cycling, which using Ohm’s law can be converted into a
voltage loss at different current densities. Even at the highest current densities of 1.2 A cm?, the
performance loss from the anode side bipolar plate is less than 1 mV. This indicates that the contact
resistance increase from the anode side bipolar plate will play only a minor role in the total fuel cell
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performance degradation. However, this does not consider other degradation that the bipolar plate
might undergo, including reduction in water management due to changes in hydrophobicity, metal
ion leaching due to coating defects or poorer gas transport due to channel blockages.

9.2.2. Cathode Side Bipolar Plates

The bipolar plates on the cathode side of the fuel cell are of more interest, as we can compare the quality
of the custom-made BPPs to two standards, Au coated and bare stainless steel. The ICR values between
a GDL and each BPP are presented in Figure 9.2.3, and measured was taken before being placed into
the fuel cell (blue column), and after 600 drive cycles had been completed (yellow column).

The stainless steel bipolar plate obtained a significantly higher initial ICR than all of the other bipolar
plates. This can be attributed to the formation of a less conductive oxide layer on the stainless steel
surface when being stored before in-situ testing. For the gold plate, no oxide is formed because of its
extremely low reactivity with air [277], hence it has good conductivity and a low ICR. For the Sn-based
plates, the oxide on the stainless steel substrate is removed before Sn electrodeposition, and then
immediately hot pressed with the GDL after electrodeposition, to limit oxide formation between the
GDL and BPP. When the oxide does form, it acts as a protective layer and does not impede the
conduction of electrons, hence the low ICR before in-situ testing.
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Figure 9.2.3. The ICR of bipolar plates placed on the cathode side of the fuel cell, before and after 600 drive cycles. The red

dashed line shows the Dok target for ICR to be reached by 2020.

There is some variation in the initial ICR of the Sn-based BPPs. As seen in chapter 7.2, the addition of
the sprayed carbon layer produces a lower ICR than Sn alone likely due to the higher number of contact
points between the GDL and BPP, whereas the SnBi alloy has a higher ICR than the others because of
its naturally higher resistivity (13 x 107 Q) m compared to 1 x 107 Q m for tin[144]). In general, the ICR
of the Sn based BPPs are higher for the larger area in-situ BPPs compared to the samples tested ex-situ.
This is because the hot pressing process is less accurate on the larger scale, leading to a larger variance
in the applied pressure over the BPP surface. This leads to some areas of the BPP having poorer contact
with the GDL and therefore higher ICR than expected. The outcome of this uneven hot pressing is that
only the Sn/C/GDL plate reaches the DoE targets for 2020 before cycling. After optimisation of the hot
pressing process, the ICR of all the Sn-based BPPs could be lower and similar to the gold coated sample.
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The measured ICR of the cathode BPPs increased for all samples after being exposed to 600 drive cycles
of in-situtesting. In general, the ICR values increased significantly more than the anode side did (Figure
9.2.1). This could be due to harsher conditions on cathode, including the presence of O, and high
positive cell voltages.

The stainless steel bipolar plate exhibits a large increase in ICR of around 7 mQ cm?, or 28 %, after 600
drive cycles of testing. This is comparable to previous work [273] and can be attributed to a thickening
of the non-conductive oxide layer, or to the formation of other corrosion products on the surface of
the BPP. Furthermore, it is a well-known phenomenon that in PEM fuel cell, stainless steel bipolar
plates release Fe* ions which can go on to contaminate the nafion membrane and degrade
performance [87]. In the oxidising conditions at the cathode side of a PEM fuel cell, dissolved metal
ions could also form oxides which can stick to the BPP surface, increasing contact resistance and
reducing performance.

As for the Sn-based bipolar plates, the ICR after the in-situ testing varies quite widely. The BPP with Sn
alone seems most stable, with a small increase in ICR of 24 % after cycling for 200 hours. This increase
is lower than all of the other bipolar plates except for the Au-coated plates, implying that the Sn/GDL
BPP is relatively stable in the PEM environment, with the protective surface oxide remaining in place,
whilst maintaining good conductivity. The increase in ICR could be attributed to growth in the
thickness of this oxide film, when oxygen atoms diffuse through the film and oxidise the underlying Sn.
This would reduce the amount of contact between the Sn and the GDL, with the less conductive SnO,
forming in between.

For the Sn/C/GDL plate, there is a significant increase in ICR after in-situ testing, of 7.2 m Q cm?, or
84 %. This larger increase in ICR can be understood because of possible degradation and delamination
of the multiple interfaces that the electron has to travel through with this type of BPP. Carbon corrosion
will occur quite readily at high potentials, in particular potentials that are experienced during start up
and shutdown [87] as well as starvation conditions [274], which can lead to the removal of conduction
pathways between the BPP and GDL, increasing the ICR. Additionally, oxidation of the Sn underneath
the carbon nanolayer can lead to poorer contact, or adhesion, with the carbon, which reduces
conductivity. The carbon nanoparticles sit on the surface of the Sn whereas the GDL fibres penetrate
much deeper into the bulk, meaning that any changes to the surface oxide of the Sn will affect the BPP
with carbon more than the other types of BPP.

Surprisingly, the SnBi BPP underwent the largest increase in ICR from before to after the in-situ testing
despite the promising ex-situ electrochemical results (Chapter 6). The ICR increased by over 12 Q cm?,
or 104 %. This is a significant increase compared to the Sn/GDL BPP, and the reasoning may be due to
phase separation (as was observed for longer hot pressing times) or selective corrosion in the SnBi alloy
reducing the number of contact points with the GDL. In either case, the adhesion between the BPP and
the GDL was clearly degraded in some way, and the ICR therefore increased.

Finally, the ICR of the Au bipolar plate on the cathode side increased by less than 1 mQ2 cm?, around
6 %, showing that it is relatively stable in the acidic environment of the cathode. This value is within the
expected variance between samples observed on the anode side of the fuel cell, indicating that the gold
coated plates are inert in both the anode and cathode environment. Therefore, we can conclude that
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the increases in ICR for the other BPPs are not due to the harsher conditions on the cathode side, but
rather a worse overall performance.

Overall, we can conclude that from the ICR measurements before and after in-situ testing, the Au BPP
performs best, the stainless steel has the highest absolute contact resistance, and the SnBi/GDL BPP has
the largest increase in ICR after in-situ testing, around 15 m Q cm? This corresponds to a cell voltage
decrease of 18 mV at a current density of 1.2 A cm, which is a very small contribution compared to
the overall performance degradation, as will be seen in the remainder of this thesis chapter.

9.3. Polarisation curves

As outlined in chapter 3.1 of this thesis, a polarisation curve of each fuel cell was performed every 50
drive cycles. Here, a current density of between 0 and 1.2 A cm™ is applied and the cell voltage is
measured. An example of an initial polarisation curve and the changes expected after cycling is seen in
Figure 9.3.1.
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Figure 9.3.1. An example of the progression of polarisation curves with increasing numbers of drive cycles.

There are two main ways to analyse the polarisation curves for each fuel cell. The first is by taking the
cell voltage at two specific current densities (0.2 and 1.0 A cm?), which are thought to represent the
activation and ohmicloss dominating regions of the polarisation curve, respectively. These cell voltages
can be plotted over time to determine a reversible and irreversible degradation in cell performance,
which can be compared to other fuel cells.

Although the thermodynamic cell voltage is close to 1.2 V at the operating temperature, this is never
accessible in an operating fuel cell. Internal currents from reactant cross over or leak currents from Pt
and carbon support corrosion reduces the open circuit voltage to values below 1 V. Furthermore,
voltage performance in the low current density region is dominated by electrode kinetics (activation
losses) and quickly dwarves the effect of internal currents. The activation loss is a result of degradation
of the catalytic layer, or more specifically the 3-phase region where reaction occurs, and is due to loss
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of active area by carbon support corrosion, catalyst particle removal, catalyst dissolution, Ostwald
ripening and agglomeration of small catalyst particles or poisoning/blocking of the catalyst active sites
by fuel contaminants (e.g. CO, SOx or others) [87,278,279]. The cell voltage development in the
medium current density ohmic loss region is more representative of the bipolar plate, with reduction
in performance due to increase in ICR from oxide growth, or poor connection between the GDL and
BPP. However, the cell voltage in the ohmic loss region also includes other losses related to the
membrane as well as losses related to electrode kinetics as before, so it is important to analyse the
performance trends with time in more detail.

Additionally, the linear region of the polarisation curve, in the ohmic loss area, can be used to estimate
the resistance of the fuel cell over time. This again can be compared to other fuel cells to determine the
performance of the bipolar plates, as they dominate the ohmic losses in the fuel cell.

9.3.1. Cell Voltage in the Activation Region

The cell voltage in the activation loss region of each fuel cell, at 0.2 A cm? was extracted from the
respective polarisation curves and plotted against the number of drive cycles run in Figure 9.3.2.
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Figure 9.3.2. The progression of the cell voltage at 0.2 A cm™for each fuel cell as the number of drive cycles performed increases.

The first thing to notice from Figure 9.3.2 is the absolute cell voltages at the beginning of the cycling
procedure. Here, after very little degradation had occurred, the Sn-based BPPs performed a little worse
than would be expected from the ICR values alone. The exact cause for this difference is not readily
extracted from the measurements. It could be related to the hot pressing procedure which led to some
infiltration of Sn into the GDL affecting transport processes within the layer .

All the fuel cells experienced a steady decline in performance with increasing number of drive cycles.
Some of the degradation was then recovered after performing a shut-down and start-up of the cell. The
shutdown was performed after 250 and 500 drive cycles and the recovered voltage divided by the
number of drive cycles is referred to as the reversible degradation rate. Irreversible degradation rate is
given as the difference between the initial voltage and the voltage after the start-up at 500 drive cycles
divided on the number of drive cycles. Both reversible and irreversible degradation rates of the cells in
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Figure 9.3.2 are plotted in Figure 9.3.3. Furthermore, the voltage recovery after the shutdown and start-
up procedures at 250 and 500 drive cycles are summarized in Figure 9.3.4.

The degradation rates of all fuel cells are highest during the final set of drive cycles and were
significantly worse than during the first sets of drive cycles. This is most likely due to the damaging
conditions experienced during the shutdown and start-up procedures. Very high, or even negative cell
voltages can be experienced during shutdown and start-up procedures [87,259], which can lead to
various degradation mechanisms of the MEA and bipolar plate constituents, lowering the performance
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Figure 9.3.3. Average degradation rate of each fuel cell in mV per cycle at 0.2 A cm. Both the reversible degradation rates in
each set of 250 drive cycles, as well as the overall irreversible degradation rate after 500 drive cycles are shown.

From Figure 9.3.2 and Figure 9.3.3, the fuel cell with Au BPPs showed consistently the highest cell
voltage, but also the highest reversible degradation rate in the second and third set of cycles.
Additionally, it also showed a very low irreversible degradation rate. This shows that any reduction in
performance was probably caused by reduced hydrophobicity and poor water management that slowly
dried out the membrane during continuous operation, which then was almost recovered after
shutdown that allowed for humidification of the membrane before start-up.

The stainless steel plate showed the second lowest irreversible degradation, and one of the lowest
reversible degradation rates, in particular in the 250-500 drive cycles region. However, it also
consistently showed the lowest cell performance up to 500 drive cycles, indicating that it does not
represent a high quality BPP.

The Sn/GDL BPP showed a relatively good performance, both with respect to reversible and
irreversible degradation. Its final cell voltage after 600 drive cycles was approximately the same as the
Au coated plate, showing that it experienced the lowest drop in cell performance over the complete
cycling procedure at 0.2 A cm™ It seems likely that the Sn/GDL BPP would even surpass the Au coated
BPP if the cycling procedure were allowed to be continued.

The Sn/C/GDL plate showed a similar performance and degradation rate, as the Sn/GDL sample up
to the second shutdown and start-up procedure at 500 drive cycles. After the second start-up, the cell
voltage dropped significantly between 500 and 600 cycles, rendering the overall cell performance worse
than the Sn/GDL and Au coated ones. Although the exact reason for the sudden rapid decline in
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performance after 500 drive cycles is not clearly understood, it may be attributed to corrosion of the
extra carbon sprayed on to the GDL and subsequent deterioration of the interface between the GDL
and the substrate affiliated effects.

For the SnBi/GDL BPP, the performance over the first 500 cycles was good and it obtained both the
lowest degradation and highest cell voltage at 500 cycles, although by a small margin only. However,
the voltage recovery after the second shutdown was much lower than expected and was a mere 2.0 %,
significantly lower than the other cells that obtained an average recovery of 6.0 % (Figure 9.3.4).
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Figure 9.3.4. The recovery of each fuel cell after the first and second shutdowns as a percentage of the initial cell performance.

This was not the case after the first shutdown, where the recovery of the SnBi was also 2.0 %, compared
to the average of 2.4 % for the other cells. This small recovery after the second shutdown is also shown
in the high irreversible degradation rate of the SnBi cell (Figure 9.3.3). This could imply that there is
some problem with the membrane, for example if bismuth ions have entered the membrane and caused
some irrevocable damage. Alternatively, the SnBi cell could have experienced some particularly
challenging conditions during the second shutdown, leading to more carbon corrosion than normal
and therefore poorer performance recovery.

In conclusion, the progression of the cell voltage in the activation region over time tells us that the Au
coated and Sn/GDL BPPs have performed well. As expected, the Au BPP has a very low irreversible
degradation rate, with a consistently high cell voltage. The Sn/GDL BPP also has a fairly low
degradation rate, and it seems that if cycling were continued, it would likely obtain the highest cell
voltage. The addition of carbon or bismuth to the Sn/GDL system does not provide any substantial
beneficial effect on the performance over 600 cycles, but before the second shutdown, each BPP was
performing as well if not better than the Sn alone. Therefore, more frequent shutdown and start-up
cycles may be a better way to identify more durable BPPs.

9.3.2. Cell Voltage in the Ohmic Region

In the same way that the voltage in the activation region can be plotted against drive cycle number, the
voltage in the ohmic losses region, at 1.0 A cm, can be analysed, and is plotted in Figure 9.3.5. The
trends in the voltage progression between the different bipolar plates are very similar to the trends in
the activation region (Figure 9.3.2).
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Figure 9.3.5. The progression of the cell voltage at 1.0 A cm? during cycling for each fuel cell.

Again, at the beginning of the cycling procedure, we can correlate the relative cell voltages with the ex-
situ ICR. The gold coated BPP performed the best and the uncoated stainless steel BPP performed the
worst. All the Sn-based BPPs showed similar performance initially with the Sn/C/GDL slightly higher.
However, the cell voltage degradation rate was also slightly higher for the Sn/C/GDL sample over the
first 250 drive cycles, while the SnBi/GDL showed the lowest and surpassed the former.

The degradation rates of each cell over the groups of drive cycles, are plotted in Figure 9.3.6, including
both reversible and irreversible degradation rates. The stainless steel BPP has an extremely low
degradation rate, and surprisingly even gains performance after the second shutdown. This increase in
cell voltage could be due to several reasons, for instance abnormal electrode potential fluctuations
during the shutdown reducing the contact resistance due to removal of surface oxide, or removal of
water in the channels during the shutdown leading to a better distribution of gasses. The performance
reduction seen during cycling is therefore not due to increasing ICR but could mainly be due to metal
ions leaching into the proton exchange membrane and impeding the proton transport through the

membrane.
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Figure 9.3.6. The degradation rate of each fuel cell during cycling at 1.0 A cm. Both the reversible degradation rate during each
group of drive cycles, and the irreversible rate after the first 500 cycles are shown.
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The Sn based bipolar plates showed similar performance during the first cycles, but after 500 cycles, the
Sn/C/GDL BPP exhibited a particularly high degradation rate, in a similar manner as was observed at
the lower current density (Figure 9.3.2). As explained previously, this was perhaps due to a breakdown
in the conduction between the Sn and the carbon nanoparticles, which are not deeply imbedded into
the Sn. This could be the consequence of oxide formation on the Sn surface, carbon corrosion or
thermal cycling during the start-up and shutdown procedures, which could cause physical
delamination of the carbon from the Sn and deterioration of the interface. These processes are
irreversible, which can explain the higher irreversible degradation rate observed for the Sn/C BPPs as
compared to those with Sn alone.

The SnBi/GDL BPP obtained a high irreversible degradation rate, due to the poor performance
recovery after the second shutdown, again in accordance with the low current density results (Figure
9.3.2). This could be because of an unexpected cell voltage behaviour during the shutdown and start-
up procedure, which could in fact reverse the current in case of incomplete purging; i.e. when the anode
is partially exposed to both hydrogen and air [259]. Alternatively, there could be some delamination of
the GDL from the BPP due to thermal cycling, although it is unclear why this would affect the SnBi BPP
more than the Sn or Sn/C BPPs.

In total, analysing the cell voltage in the ohmic region of the polarisation curve can give some
information about the performance of the bipolar plate, however it is difficult to separate the losses
related to the bipolar plate from other loss mechanisms in the fuel cell, such as the activation losses,
which dominate the degradation rates.

9.3.3. Slope of the Ohmic Region

The slope of the polarization curve in the ohmic region may be used in an attempt to separate out the
impact of the bipolar plate on the fuel cell performance from the activation losses, which should be of
less importance at higher current densities. Resistance values were calculated from the slope of the
polarization curves for every 50 drive cycles for each fuel cell and are provided in Figure 9.3.7.
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Figure 9.3.7. The estimated resistance from the slope of the ohmic region of the polarisation curve for each cell plotted against
the number of drive cycles performed.
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First of all, it is worth pointing out that the calculated resistances are approximately 10 times higher
than the ICR resistances measured ex-situ of the BPPs shown in Figure 9.2.1 (anode side) and Figure
9.2.3 (cathode side). While the ex-situ ICR is measured to a combined value between 15 and
45 mQ cm? (Figure 9.3.8) the estimated resistances from the polarization curves ranges from about 160
(Au) to 370 mQ cm? (SS316) (Figure 9.3.7). This is because the resistances estimated from the
polarisation curves include all other resistance contributions of the fuel cell, including the membrane,
catalyst layers, cell housing and wiring,

Despite this discrepancy, the trend of resistances estimated from the slope of the polarisation curve
agrees with the ex-situ ICR and the cell voltages in the ohmic region, both before and at the end of the
cycling procedure. The Au plates having the lowest resistance and the SS the highest. However, the
trends for each individual set of BPPs do not necessarily agree before and after cycling. From the ex-
situ ICR measurements at the cathode side (Figure 9.2.3) we see that all BPPs have increased their
contact resistance after 600 cycles. In fact, while the Sn-based BPPs showed an increase in their
estimated in-situ resistance values over the duration of the measurements, these resistance values were
surprisingly slightly reduced for both the Au and SS BPPs. This is hard to explain and to fully
understand this, more in-depth analysis is needed. However, this could be due to the impact the Sn-
based BPP would have on the flow field channel geometry, potentially influencing the gas distribution
and water management reducing fuel cell performance to a greater extent than the case would be for
the smoother Au coated and SS BPPs. Some variation may also be attributed to the change in the surface
of the BPPs that occurs when they are removed from the fuel cell and exposed to the atmosphere to
perform the ex-situ ICR test.

45
40 m ICR Before Testing

O ICR After 600 Cycles
0 I H .
Au

Total ICR at 1.4 MPa / mQ cm?
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Figure 9.3.8. The total ICR from the anode and cathode side bipolar plates for each cell, before (blue) and after (yellow) operation.

For the Au coated plates, which are fairly stable in PEM conditions, the surface is not suspected to
corrode heavily within the fuel cell, although some removal of the Au coating may occur leading to
some exposure of the underlying substrate (see section 9.2.1). When stainless steel is actively corroding,
in particular during acidic conditions, an associated reduction in the in-situ ICR can be observed (e.g.
[44]). However, any significant reduction or removal of the surface oxide is not expected during
ordinary fuel cell operation, although shutdown and start-up conditions evidently influences the
estimated in-situ resistance perhaps due to removal of surface oxide. It should be noted that although
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the estimated in-situ resistances decreased slightly during operation for Au-coated and stainless steel
bipolar plates, the overall cell performance still decreased for both BPPs due to degradation of other
cell components.

As already mentioned, there is a steady increase in the estimated in-situ resistance as the number of
cycles increases for all Sn-based BPPs. This could be due to oxidation of the Sn surface, which
eventually produces SnO, with a higher resistance than metallic Sn, or delamination with the GDL due
to dissolution of the oxide before complete oxidation of the surface is reached (see chapter 4). It was
hoped that the addition of carbon or bismuth to the tin would reduce the degradation of the surface,
hence maintain a low ICR and increase the longevity of the bipolar plate. However, it seems that both
additions have increased the rate at which the resistance increases. Deterioration of the Sn/C/GDLICR
is likely because any Sn oxidation that occurs on the surface would break contact between the carbon
and the metallic Sn, having a large negative impact on conductivity. This is not a problem for the
Sn/GDL BPP (without carbon), since the Sn would penetrate deeply into the GDL securing superior
contact, therefore dissolution of the top layer of Sn does not affect the total conductivity as much. For
the SnBi/GDL BPP, the rate of conductivity increase is low, but the usual improvement in performance
seen after shutdown is much smaller for the second shutdown than for the other BPPs. As the
temperature and humidity varies during the shutdown and start-up process, the expansion and
contraction can make contact between the BPP and GDL worse, so although the MEA recovers
performance after the shutdown, the BPP is heavily degraded, leading to poor performance recovery
and a high ex-situ ICR.

From the estimated resistances, we can say that the Au BPP obtained the best performance, as expected,
and the Sn/GDL did not degrade as much as the other Sn-based BPPs. The SnBi BPP was performing
well until the second shutdown. Further optimization of the hot pressing equipment and procedure for
large bipolar plates, in particular for the SnBi/GDL BPPs, are needed to obtain more reproducible in-
situ measurements and to determine the longevity of such plates, preferably including more shutdown
and start-up cycles.

94. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a versatile technique that can be used in-situ as a
diagnostic tool for fuel cell performance [280]. The high frequency intercept of the impedance curve
with the real axis shows the ohmic resistance of the fuel cell [111], commonly referred to as the high
frequency resistance (HFR), and is typically collected from visual inspection of either a Nyquist or Bode
plot. However, the actual real axis intercept may be influenced by high frequency artefacts, leading to
erroneous readings and fitting to an appropriate equivalent circuit or other measurement strategies are
often recommended.

In this work, the impedance spectra typically showed two arcs, one at low frequencies and one at higher
frequencies. In PEMFC these arcs are often ascribed to the cathode (oxygen reduction reaction) and
associated to charge transfer (high frequency) and mass transport (low frequency) [280]. The existence
of a 45° slope towards the high frequency intercept is suggested to be related to the coupling between
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double layer charging effects and proton transport within the porous catalyst layer [8]. This can be
modelled as a one-dimensional transmission line [281]. In addition, a blocking or inductive behaviour
was found at the highest frequencies in some of the spectra, making it difficult to read of the HFR values.
This behaviour was observed for frequencies higher than about 4 kHz, which can be considered to be
above the highest characteristic frequencies in the spectrum, of the electron and proton transport
[282,283]. Additionally, this feature is quite random, implying that it is most likely not a result of fuel
cell processes, but instead stray conductance in the connecting cables.

Here, it was found that an LR(QR)(QR) circuit was needed to fit the data, where the two arcs are
represented by the QR parallel combinations (the second representing the low frequency arc), the HFR
as the first resistor and where the inductive or capacity high frequency behaviour was fitted by adding
an inductor (L) in series. An inductor was added for simplicity in both cases, with a negative value in
the latter case. Zsimpwin with modulus weighting was used to fit the impedance data. For the SnBi and
SS plates, good fits to this circuit were not possible without discarding datapoints above 4 kHz. Good
fits were obtained when double layer capacitance were modelled using constant phase elements (CPE,
admittance Q(iw)®) rather than capacitors. The fitted parameters are summarized in Table 9.4.1 for the
impedance spectra recorded initially and at the end during the in-situ testing and presented graphically
in the respective Nyquist plots along with the experimental data.

Table 9.4.1. The fitted parameters for the impedance spectra of each fuel cell, initially and after 600 cycles.

HFR / R1/ Ql1/ al R2/ Q2/ a2l L/
mQcm? mQcm? mFcm? mQcm? mFcm? mH
Sn initial 112 179 132 0.59 43 1.1E3 1.0 -1.5E-4
+0.8 +9 +16 +0.02 +10 +1.8E2 +0.1 +5E-6
Sn final 85 190 163 0.56 31 1.6E3 1.0 -1.5E-4
+1.1 +14 +27 +0.02 +15 +5.7E2 +0.2 +6E-6
SnBi initial’ 106 169 99 0.63 47 925 1.0 6.9E-5
+1.8 +10 +16 +0.02 +10 +146 +0.01 +5.1E-5
SnBi final’ 94 183 174 0.55 49 (899)° (1.0)? 9.2E-5
+3.1 +13 +35 +0.03 +7.5 (+£207) +7.2E-5
SS initial’ 240 127 74 0.68 45 600 1.0 2.5E-4
+3.5 +15 +26 +0,05 +13 +132 +0.01 +1.1E-4
SS final’ 186 138 83 0.69 50 747 1.0 3.8E-4
+2.9 +16 +26 +0.48 +15 +179 +0.015 +1.0E-4
Au initial 52.8 147 176 0.63 86 575 1.0 -1.8E-4
+0.5 +11 +22 +0.02 +14 +63 +0.01 +4E-6
Au final 47.1 164 204 0.63 141 430 1.0 -1.9E-4
+0.5 +18 +28 +0.02 +22 +43 +0.01 +4E-6

" In most cases, converging fits with reasonable values were only obtained with two QRs although the second CPE exponent
(a2) indicates an equal fit with a pure capacitor instead.

2 Fitted to an LR(QR)(CR) circuit.

The development of the high frequency resistance is of interest in this work, and this value was assumed
to be similar to the real part of the impedance at 1 kHz. Figure 9.4.1 plots the real part of impedance at
1 kHz recorded for every 50 drive cycles. Unfortunately, the impedance spectra for the Sn/C/GDL cell
is not reported here due to a measurement error.
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Figure 9.4.1. The real impedance of each fuel cell at 1 kHz, plotted over cycle number (unfilled shaped). The fitted HFR at 0 and
600 cycles (filled shapes) is also plotted for comparison.
Firstly, it should be noted that the real impedance at 1 kHz corresponds reasonably well with the fitted
HFR. The HFR is lower than the real impedance at 1 kHz, which is expected, but the trends from before
to after the cycling procedure are consistent in both analyses.

It can be seen from Figure 9.4.1 that for all of the fuel cells, the high frequency resistance either
decreased or barely changed over the lifetime of the cell. This is in contrast to what we see from the ex-
situlCR, where all the pairs of bipolar plates increased their contact resistance after cycling and removal
from the fuel cell. However, from the slope of the polarisation curves and now the EIS, it is clear that
the total fuel cell, including all components, undergoes a much smaller change in total ohmic resistance
than the ex-situ ICR implies. Furthermore, it is known that changes in the HFR are indicative that the
membrane is changing resistivity due to differing levels of hydration [110]. Therefore, this process is
offsetting the increasing contact resistance from the BPPs and is difficult to quantify.

In order to observe any changes in the resistance of the other components, the impedance spectra of
each fuel cell can be analysed. The spectra taken initially and after 200 hours of cycling procedure are
shown in Figure 9.4.2 to Figure 9.4.5 with the fitted parameters summarized in Table 9.4.1.

For the Au fuel cell, Figure 9.4.2, the change in the ohmic region (high frequency) of the impedance
spectrum is minimal from before cycling (blue, HFR = 52.8 + 0.5 m{) cm?) to after 600 cycles have been
performed (yellow, HFR =47.1 + 0.5 m{) cm?). However, the activation losses that can be related to the
charge transfer resistance (R1) on the cathode side increased slightly (from 147+11 to 16418 mQ cm?),
while the low frequency resistance associated with mass transport resistance [110] almost doubled,
from 8614 to 141+22 mQ cm? Therefore, the impedance data for the gold coated bipolar plate
indicates a small decrease in ohmic resistance (Rs) but an increase in the charge transfer resistance (R1)
and a larger increase in the mass transport resistance (R2) over 600 cycles, which correlates well with
the performance of the fuel cell based on the polarisation curves and ex-situ ICR.
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Figure 9.4.2. Nyquist plots showing the measured and fitted impedr;lce of the gold coated BPP fuel cell before (blue) and after
(yellow) 600 drive cycles.

Of all the BPPs investigated, the fuel cell with the Au coated BPP showed the lowest HFR change, but
is the only one that showed such a significant increase in mass transport resistance. This has been
shown to indicate poor transport of oxygen to the electrode surface [110], and particularly blockage of
the flow channels by flooding [284], which could be due to changes in surface hydrophobicity of the
BPPs, or over compression of the GDL.
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Figure 9.4.3. Nyquist plots showing the measured and fi;::d impedance of the stainless steel fuel cell before (blue) and after
(yellow) 600 drive cycles.

For the stainless steel BPP fuel cell, the size of each of the features on the impedance spectrum, shown
in Figure 9.4.3 and summarized in Table 1, remains similar from before (R1 = 127 + 15 mQ cm? R2 =
45 + 13 mQ cm?) to after cycling (R1 = 138 + 16 mQ cm?, R2 = 50 + 15 mQ cm?). The main difference
is that the whole Nyquist plot is translated along the real axis to more negative values after cycling,
implying that there has been a quite large reduction in the ohmic resistance of this fuel cell (from HFR
=240 + 4 to 186 = 3 mQ cm?), but not much else changed. Here, a large decrease in ohmic resistance
when correlated with the poor performance observed from the polarisation curves shows that the cell
may be flooding [110,285]. Again, the slight increase in the measured contact resistance from the
stainless steel bipolar plates may be offsetting some of the decreased resistance in the membrane, but
this is difficult to determine from the impedance spectrum alone. It is also unclear why the flooding in
this case effects the membrane resistance but has no impact on the mass transport of oxygen to the
electrode surface at the cathode, as seen for the fuel cell with the gold coated BPPs.
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Figure 9.4.4. Nyquist plots showing the measured and fitted impedance of the Sn/GDL fuel cell before (blue) and after (yellow)
600 drive cycles.

The Sn/GDL fuel cell, Figure 9.4.4, has also undergone a similar negative shift of the Nyquist plot to
lower real impedance values, indicating that the ohmic resistance has decreased (from 112 + I to 85 =
1 mQ cm?), although not as much as the stainless steel fuel cell. This again may be an indication of
increased membrane hydration, but without the increased mass transport resistance. In fact, an
apparent decrease in mass transport resistance was observed for the Sn/GDL fuel cell from 43 + 10 to
31 + 15 mQ cm?, although within the errors of the fits. The other features of the impedance spectra
remained similar, so the main change that occurred in the cell was a decrease in ohmic resistance.
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Figure 9.4.5. Nyquist plots showing the measured and fitted impedance of the SnBi/GDL fuel cell before (blue) and after (yellow)
600 drive cycles.

Finally, the SnBi/GDL cell did also experience a change in impedance after cycling, as seen in the spectra
in Figure 9.4.5. The ohmic resistance was again decreased slightly (from 106 + 2 to 94 £ 3 mQ cm?),
presumably due to increased hydration of the membrane. In this case a small increase in the activation
loss may be seen, reflected in the increase charge transfer resistance (from 169 + 10 to 183 + 13 m{)
cm?) although within the error margins of the fits. If there was some catalyst degradation from e.g.
corrosion of the carbon support, it would explain the increased activation resistance and poorer overall
performance, and particularly the poor performance recovery seen after the second shutdown.

In conclusion, the impedance spectra give us more information about the different processes
happening within the fuel cell, and in many of the cells, we see that the main process occurring is in fact
a decrease in ohmic resistance. From the ex-situ ICR we can determine that this is not coming from the
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BPP, and most likely it is a result of an altered conductivity of the membrane as a consequence of
changing water content.

9.5. Post-mortem Analysis

Post-mortem analysis of the fuel cells was performed after the cycling procedure finished. As reported
in chapter 8.2.1, ex-situ ICR of the BPP is performed and compared against the same measurement that
was taken before cycling. This provides important information about the performance of the bipolar
plate, and how much an altered resistance could affect the cell-voltage. However, the bipolar plate can
also damage the MEA through the leaching of metal ions from degradation mechanisms. In order to
determine whether this happened during the drive cycle procedure, EDS mapping of the cathode side
of each MEA was performed to identify any metal ions from the BPP that may have entered the
membrane.

The SEM and EDS images in Figure 9.5.1 show a section of the MEA, which consists of a platinum
catalyst supported on carbon, and the Nafion membrane, a sulfonated polymer based on PTFE. The
membrane is the source of some of the carbon observed in the EDS, as well as the sulfur, oxygen and
fluorine.

Although there are no unexpected metal ions from the BPPs visible from the EDS analysis in Figure
9.5.1 and Table 9.5.1, it is difficult to conclude whether there is leaching of metal ions into the
membrane. This is a well known phenomenon for stainless steel bipolar plates [87], so the absence of
any Fe or Cr ions in the membrane of the stainless steel fuel cell can imply that the in-situ accelerated
stress tests were not performed for long enough to observe ion leaching and absorption into the
membrane. It should also be noted that the EDS technique is not very accurate for concentrations of
less than 1 %, even of the heavier elements [286], so there could be some ions in the membrane that are
not visible using this analysis method. A technique such as ICP-MS which fully decomposes the sample
into its constituent elements, and then analyses them using mass spectroscopy [287] could be used in
the future. ICP-MS has been used to accuracies of much less than 1 %, however it completely destroys
the sample so no further analysis can be done [287].

Table 9.5.1. The EDS analysis of each MEA from the various fuel cells, showing the elemental composition.

Sample Element / %
C Pt S O F Fe Au Sn Bi
Au 47 36 1 3 12 0 0 0 0
SS 48 38 1 3 11 0 0 0 0
Sn 47 34 1 3 15 0 0 0 0
SnBi 42 45 0 2 10 0 0 0 0
Sn/C 46 34 1 4 15 0 0 0 0
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Figure 9.5.1. A SEM image of the MEA from the Stainless Steel fuel cell (top), with EDS analysis of the area to show the distribution
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Despite this inaccuracy in the EDS measurement, there is also no evidence of any ion leaching from the
Sn, SnBi, or Sn/C BPPs. Therefore, it can be concluded that they have a similar (or at least not worse)
stability to the stainless steel BPPs. Interestingly, the MEA analysis shows that the SnBi sample is slightly
depleted in carbon but enriched in platinum compared to the others. This implies that there has been
some removal of the carbon support during the cycling procedure, which is likely the reason for the
poor performance of this BPP after the second shutdown procedure.

In order to conclusively determine whether the leaching of metal ions into the membrane is a problem
for the Sn/GDL type of BPPs, longer in-situ testing and a more accurate analysis method should be
employed.
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9.6. Conclusions

From these in-situ results, it can be concluded that the Au coated BPP fuel cell had the best overall
performance, but it also had a very high degradation rate. This can be attributed to an increased mass
transport resistance. The Sn based BPP fuel cells performed very similar to each other, with small
variations in degradation rates. The Sn BPP performed best of the three, with the best performance
after 600 cycles, and the smallest increase in ICR. SnBi looked initially very promising but had a poor
recovery after the second shutdown likely due to corrosion of the carbon catalyst support. The Sn/C
BPP also performed poorly, with a large increase in ICR and a larger performance degradation due to
delamination of the carbon from the Sn/GDL interface, breaking conduction pathways. The stainless
steel BPP fuel cell performed worst overall but had a very low degradation rate due to a large decrease
in the ohmic resistance of the cell during cycling.

Post-mortem analysis of the MEA for each fuel cell did not reveal any ion leaching. However, using a
more accurate analysis technique such as ICP-MS, or testing the samples for a much longer time would
provide more information as to whether the ions do in fact eventually leech into the MEA and cause
damage.

The overall increase in the ex-situ ICR of the bipolar plates, which is around 15 mQ cm for the worst
performing SnBi BPP fuel cell, led to the maximum observed performance decrease of 15 mV at
1 A cm™ The corresponding average reduction in performance from cycle 0 to cycle 600 for each fuel
cell was 90 mV at the same current density. Based on this, it can be concluded that an increased ICR at
the bipolar plate / GDL interface plays only a small role in the total performance degradation.

In summary, although in-situ testing is a long process, it provides valuable information about the
continued performance of the bipolar plates. In the future, the in-situ ICR analysis technique would be
valuable to use in order to separate out and monitor the resistance of the individual components more
easily. Finally, for more conclusive results about the performance of the Sn-based BPPs as compared to
the Au, it is suggested to optimise hot pressing procedures to further investigate the SnBi BPP as it has
the most potential.
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The feasibility of Sn/GDL BPPs on an
industrial scale

10.1. Introduction

During the 2017 Bipolar Plate workshop, organised by the U.S. Department of Energy and Argonne
National Laboratory, participants from industry, government agencies, universities and national
laboratories with expertise in the field of bipolar plates for PEM Fuel Cells gathered. In a report
summarising the workshop [9], a number of research and development needs were identified for
metallic bipolar plate materials. These needs are crucial in order to meet the cost and performance
targets set for bipolar plates for the automotive industry by the US Department of Energy [30]. The
most notable challenges in this field are meeting the high annual production rates needed for mass-
production of fuel cell systems and doing so at a low cost. Therefore, new materials and coatings for
bipolar plates that are cheap and easily manufactured are crucial to the future of PEM Fuel Cells in
transport applications.

In this chapter, the novel Sn/GDL bipolar plates that have been developed throughout this thesis are
evaluated against the identified needs for bipolar plates, in order to determine their feasibility on an
industrial scale.

10.2. Requirements for robust coating materials

A summary of the identified needs for robust coating materials are [9]:

1. The coating material and method must enable pre-forming deposition and mitigate coating
defects, such as cracks and delamination, during the stamping process.
The coating must provide self-protection from corrosion/degradation at coating defect areas.

3. The coating must provide chemical stability, particularly the mitigation of leaching of metal
ions which are harmful for other components, e.g. the membrane.

4. The elimination of PGMs or precious metals.

5. The coating method must be amenable to high-throughput manufacturing and joining
processes.

6. The cost for each plate must be under $3 / kW.

Although these targets are not official, they constitute an informed opinion on the limitations of
current bipolar plates, and what is needed to overcome such limitations.
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Looking at each of the identified needs, they can be divided broadly into three groups designed to
increase the durability (targets 2 and 3), decrease the cost (targets 4 and 6) and improve
manufacturability of bipolar plates (targets 1 and 5).

10.2.1.  Durability

The durability of the bipolar plate is crucial for use in large scale transport applications. Busses, for
which PEMFCs are used today, require operation lifetimes of over 25 000 hours. By the end 0f 2018, a
number of fuel cell busses in operation in the USA had reached over 20 000 operational hours without
stack replacement [288]. For smaller scale transport in personal vehicles, the US DoE has identified the
need for over 8 000 hours of fuel cell operation with less than 10 % performance degradation in order
for PEM systems to be commercially competitive [289].

Common failure mechanisms of the PEMFC include membrane degradation from either physical
damage e.g. holes, which can be caused by heat/water build-up, or leaching of metal ions into the
membrane from the BPP or catalyst layers. The metal ions can interact with membrane constituents
forming radicals and destroying the polymer chains [87]. In perfluorosulfonic acid-type ionomer
membranes (e.g. Nafion®) metal ions can also attach to x sulphonic acid groups (where the metal ion
is M**), leaving fewer groups for the H* ions to attach to and therefore lower the proton conductivity of
the membrane and hence the fuel cell performance [49]. Ifeither of these things happen, the membrane
must be replaced, and the cell lifetime is shortened. Therefore, bipolar plates that do not leech metal

ions are required.

Common metallic bipolar plate substrates such as stainless steel and aluminium will build up a surface
oxide layer with low conductivity and potentially leech metal ions over time, so a coating is required to
meet durability targets [51]. This coating should form a barrier between the substrate and electrolyte,
and if the coating is damaged, the underlying metal will be exposed, and corrosion can occur. Thereby,
as target 2 states, any coating on the bipolar plate should either have a self-healing property or provide
cathodic protection of the bipolar plate material to prevent the leaching of unwanted metal ions.

Although self-healing coatings are being developed, they are often organic and have high contact
resistances, or are not truly self-healing as they must be activated by an external trigger [290-292].
Therefore, cathodic protection is preferred for metallic coatings on bipolar plates. This means that if
the coating is damaged and the underlying substrate is exposed, the coating material will be in galvanic
contact with the substrate and should preferentially corrode, acting as a sacrificial anode. As the coating
material is of much greater area than the exposed BPP, the amount of coating that is corroded will be
small overall, and the corrosion products can block the exposed substrate and stop any further
corrosion. This process is visualised in Figure 10.2.1.

If the coating is cathodic in relation to the substrate, then the substrate will preferentially corrode. This
may lead to the release of metal ions, further corrosion of the BPP under the coating surface and
possible pitting corrosion that can completely penetrate the BPP, leading to gas crossover, leaking of
coolant and other problems.
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Figure 10.2.1. The two possible corrosion processes when the substrate is exposed. If the coating is anodic with respect to the
substrate, the coating will start to corrode, producing a corrosion product that passivates the surface. If the coating is cathodic
with respect to the substrate, the coating will not corrode, but the substrate will begin to corrode underneath the coating,
producing a large amount of corrosion products and deep pits.

The corrosion product formed upon breaking of the coating does not necessarily need to be
conductive, as long as there is sufficient coating remaining to provide good electron transport. The

most important factor is that the exposed coating should be passivated.

The second target relating to BPP durability is target 3, which states that the coating must provide
chemical stability, particularly the mitigation of leaching of metal ions which are harmful for other
components, e.g. the membrane. If the coating is anodic in relation to the substrate, then the leaching
of metal ions from the substrate should ideally not occur. Therefore, as long as the coating itself does
not leech any harmful metal ions, this target should be fulfilled.

10.2.2.  Cost

One of the reasons why PEMFCs are not widely prevalent today is that they are expensive compared to
traditional combustion engines, and targets 4 and 6 set out requirements to reduce this cost. Bipolar
plates account for between 18 % and 28 % of the cost of the PEMFC stack, depending on the scale of
production [56], so by reducing the cost of materials and production of BPPs, the overall fuel cell stack
cost can be vastly reduced.

A 2017 report from Strategic Analysis inc. showed that the current BPP target of 3 § / kW for bipolar
plates in 2020 [30] are not being met. The stainless steel substrate alone, which contributes to 54 % of
the BPP cost (29 % of the cost is from the stamping and manufacturing process, and 17 % is from the
TreadStone DOTS-R coating [293]), leads to a cost of 2.9 USD / kW if 500 thousand systems are
manufactured a year [294]. In order to reduce costs, the report suggested moving to a substrate of 304
stainless steel instead of 316, which would produce a cost saving of 0.30 USD / kW, but in order to make
further cost savings, the performance of the stack should be improved. Therefore, the cost and
durability targets are linked.

The coating can contribute significantly to the cost of the bipolar plate. Although platinum group
metals (PGMs) provide corrosion resistant and highly conductive coatings for BPPs, they are extremely
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expensive. Additionally, the environmental considerations of extracting and refining such metals
cannot be ignored. For each kilogram of platinum group metal extracted in South Africa, there is an
energy consumption of over 200 GJ, water consumption of around 400 m?, and CO, emissions of over
40 tonnes [295]. Therefore, for both cost and ethical reasons, PGMs should be avoided.

10.2.3.  Manufacturability

Targets 1 and 5 address the need for bipolar plates that are manufactured in a time- and cost efficient
manner. In general, metallic bipolar plates are produced from large sheets of metal, which are then
stamped or etched to form a flow field before they are cut into a bipolar plate shape. These two processes
can be done in any order, but it is favourable to form the flow field before cutting, as it takes more time
and manufacturing to form a flow field on each individual cut bipolar plate [82]. Therefore, forming
first is cheaper and quicker, both of which are extremely important if mass production of PEMFCs is
to be realised.

In the same way, it is much easier to coat a large sheet of material, and then form bipolar plates from it,
compared to coating each individual bipolar plate after it has already been formed. Therefore, any
coating process and material must be able to withstand the mechanical forces of the forming and
cutting process without causing irreversible damage and defects that affect the performance of the BPP.
This is outlined in target 1, which states that the coating material and method must enable pre-forming
deposition and mitigate coating defects, such as cracks and delamination, during the stamping process.

Target 5 addresses the joining process that occurs when each individual cell is joined to form a fuel cell
stack. During this process, sets of two individual coated plates must be welded together to form a
combined BPP that acts as the cathode on one side facing one MEA and anode on the other side, facing
an adjacent MEA. Given the electron transfer through the BPP, the welding process must not unduly
increase the contact resistance, meaning it is often time-consuming and therefore costly. Target 5 then
states that the coating method for any bipolar plate must be amenable to high-throughput
manufacturing and joining processes, meaning it should not be easily damaged by the joining process.

This stamping/welding process has been identified as the most efficient method, and is anticipated to
be used for stack manufacture for the next generations [294], therefore durable BPPs that can withstand
this processing are crucial.

10.3. Meeting the requirements for robust coating
materials

In this section the Sn/GDL system is evaluated with respect to the criteria explained above, in order to
determine whether it would provide a durable, cost-effective and easily manufacturable BPP for use in
the future generations of PEM fuel cells.
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10.3.1.  Durability

Self-protection in coating defect areas

As identified earlier, for a coating to self-protect in defect areas, it should be anodic with respect to the
substrate. The galvanic potential of SS316 can vary depending on whether the steel is active or passive,
so the exact value, and the relation to tin depends on the environment that it is in and the pre-treatment
of the steel. In both 0.1 M citric acid [198] and 0.1 M NaCl [296] the presence of oxygen has been found
to determine whether tin is anodic or cathodic with respect to the carbon steel substrate. In both cases,
the tin coating is anodic to steel and therefore protective in deaerated solutions, but not in the presence
of oxygen, where the electrolyte moves through the tin and corrodes the underlying substrate.

The high alloy SS 316 steel is significantly more cathodic than both carbon steel and tin when it is in a
passive environment [297], and in this case the Sn will form a good protective layer. However, when in
the presence of acidic or chloride containing media, the SS 316 becomes active, and its galvanic
potential is significantly more anodic [297]. Under these conditions, the galvanic potential of SS 316
can in some cases become more anodic than that of Sn and the layer will no longer be protective.
Therefore, it is difficult to accurately predict whether the coating will be of a protective nature if any
defects form.

The addition of Bi to the Sn/GDL system would not help the self-protection mechanism, as Bi is more
noble than Sn, and may potentially lead to more corrosion of the SS316 substrate. However, indium
would have the opposite effect and would likely lead to better self-protection.

Chemical stability and mitigation of metal leaching

In order to determine whether the BPPs tested in this work exhibit good stability, and mitigate the
leaching of metal ions, post-mortem analysis of the cells that had been cycled in-situ was performed.
After 200 hours of in-situ operation, each cell was disassembled and the membrane electrode assembly
(MEA) was analysed to determine the metal content. Any metal ions from the bipolar plate that enter
the membrane during operation can be identified using SEM imaging with EDS analysis, and it can be
determined whether contamination and damage to the membrane is occurring.

From the EDS analysis shown in Chapter 8 of this thesis, no metal ions were found in the membranes
of any of the samples, indicating that the leaching of metal ions from the Sn-based BPPs is not a
problem. Given the reduced accuracy of the EDS method at low concentrations, leaching cannot be
completely excluded. However, there were no visible signs of corrosion on the stainless steel bipolar
plate. Leaching of metal ions from stainless steel bipolar plates has been previously documented after
long term in-situ operation [87,298], so the lack of ions could be due to an insufficient exposure time
to the PEM conditions. Therefore, it cannot conclusively be said whether leaching of Sn ions into the
membrane is a problem until a longer experiment is performed and a more accurate analysis method
is used.

In general, if the leaching of metal ions does take place, it has been shown in the literature that Fe** ions
are detrimental to membrane performance, and that SS316 under operation in a fuel cell releases such
ions, which contaminate the membrane [49,161]. It has been shown that Sn ions have little effect on
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the performance of membrane materials [165], and that the presence of Sn oxides may in fact improve
membrane performance [166-168]. Therefore, the chemical stability of the Sn BPPs should meet the
required chemical stability targets.

10.3.2.  Manufacturability

Pre-forming Coating

Target 1 states that in order to reduce processing cost and time, it is preferential to coat large sheets of
substrate material with a protective coating before the stamping and cutting process. Any coating
materials must therefore be able to withstand the stamping process, where a large amount of force is
applied to the sheets, leaving the coating susceptible to cracking or delamination from the substrate.

Although the Sn coating is liable to crack during the stamping process, the fact that it should be hot
pressed with the GDL after forming means that any cracks could theoretically be healed by the melting
process. Even if there are cracks in the coating, the addition of the GDL to the land areas does not
necessarily require a 100 % tin coverage. As long as the Sn coating is adhered to the substrate, the GDL
should successfully hot press and form the Sn/GDL soldered BPP.

Although access to stamping machines is difficult, the process can be simulated by bending the Sn-
coated substrate, and then exposing any cracks to the hot pressing temperature to determine how the
coating reacts. A Sn layer of 30 pum thickness was deposited onto a SS 316 substrate, as reported in
Chapter 3 of this work. The substrate was bent at an angle of 90° to simulate the formation of a vertical
channel wall, and then flattened again to allow hot pressing to take place. Ideally, the GDL should be in
place for this, however that would obscure the substrate so was removed for this experiment.

Hot press
P Exposed

Substrate

Roughened
Surface

Figure 10.3.1. A series of photographs of a Sn-coated SS316 coupon, having been bent to crack the Sn surface, then hot pressed
to repair the damage.

As can be seen from the images in Figure 10.3.1, after bending there is a visible crack in the Sn coating.
This crack is somewhat repaired after the hot pressing process, however there is some underlying
substrate visible and the crack has not completely healed. The small exposed areas should not impact
the ICR, as good contact with the GDL will be secured through hot pressing of the majority of the Sn
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surface. However, the presence of exposed substrate is unwanted as it can lead to the leaching of metal
ions from the substrate and negative impacts on the fuel cell performance. It is difficult to say whether
this would still form a functional Sn/GDL BPP without simulating the stamping process in a more
realistic way.

In addition to stamping, the technique of laser etching can be used to form the flow fields in the bipolar
plates. The process involves taking a single sheet of metal, and removing material using a laser to form
a flow field structure. This is interesting for the Sn/GDL concept because electrodeposition onto flat
sheets of metal is very simple, with fewer edge effects than deposition onto uneven structures such as
BPPs.

Bare Substrate

Laser etched BPP

Figure 10.3.2. A diagram of a BPP fabricated by electrodeposition onto the bare substrate, followed by laser etching of the
channels, which leaves the coating on the land area.

The laser etching process does not deform the substrate like the stamping process does, meaning that
there will be no cracks in the coating or delamination from the substrate. The main downside of the
laser etching process is the exposure of the BPP substrate in the channels, which may go on to leech
ions into the membrane and cause other detrimental effects. Additionally, there is a large wastage of
coating and substrate material, as the substrate must be thicker than the stamped BPPs, and a portion
of it is removed during the etching process.

The Sn/GDL BPP could be amenable to the stamping or laser etching processes, however more
experiments should be performed on a larger scale before the best forming method is found.

High throughput manufacturing and joining methods

The Sn/GDL concept provides a fast and simple joining method to form the BPPs into a stack. There is
only a one-step hot pressing process needed to form a unit cell with gas diffusion media, anodic and
cathodic bipolar plates with a coolant channel in the centre, as outlined in Figure 10.3.3. The stack can
then be assembled by simply layering these combined BPP/GDL sets with the MEAs. This removes
many of the welding and assembly steps that are necessary for other bipolar plate materials, making it
a quick (high throughput) and cheap method with the only equipment needed being a hot press. This
technique would also work for both the stamped and laser etched BPPs, as long as there is Sn present
on the land area of each bipolar plate to solder the GDL to the BPP.
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Figure 10.3.3. A summary of the one-step hot pressing procedure used to combine two BPPs and two GDLs to make a single
BP/GDL unit that can be combined with a MEA into a fuel cell stack.

Although the success of this joining technique is hard to quantify on a large scale, we can determine
whether it is effective on a lab-scale by comparing it with the BPPs we use for in-situ testing. These are
mass produced by ElringKlinger and consist of a stamped flow field plate which is laser-welded onto a
back plate. In this process, it is the laser welding that takes up most time as each weld must be
individually made. Therefore, if the back plate can be reliably hot pressed to the flow field using Sn, it
would make the process much cheaper and easier.

The one-step joining process was simulated by electroplating a thin (10 um) layer of Sn onto the back
plate, which was then hot pressed with a Sn coated flow field as described in Chapter 3 of this work, to
form a complete BPP that can be used inside a fuel cell. The ICR of this plate was compared against a
standard laser-welded plate with a Sn coating applied to it, Figure 10.3.4.

10

ICRat 1.4 MPa/ mQ cm?
(00} O

7 A T
Hot Pressed Laser Welded

Figure 10.3.4.The ICR of a commercially prepared welded BPP and back plate, compared to a BPP electroplated with Sn and hot
pressed to a back plate
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Both samples show ICR values below the DoE recommendation of 10 Q cm?, implying that hot
pressing is a technique that can be used to form bipolar plates in this way. The hot pressed sample has
a slightly higher ICR than the laser welded sample, 9.2 + 0.3 0 cm? compared to 8.8 + 0.2 ) cm™
However, this is almost within the error margin, and with some optimisation of the Sn coating
thickness and hot pressing procedure, the hot pressed BPP should perform as well as the laser welded
BPP.

The Sn coated plates produced by this welding technique have not been tested in-situ under high
pressures or for a prolonged amount of time. Additionally, the large-scale hot pressing has not been
attempted in this work, but all of this would be interesting to look at in future work.

10.3.3. Reduced cost

Firstly, the Sn/GDL system does not contain PGMs in any of its iterations, fulfilling target 4. In this
section, a basic cost analysis of the Sn/GDL concept has been performed to determine whether it meets
the $3/kW requirements set out in target 6. It should be noted that the technology is at a low TRL at
this point, and thus not all factors can be included.

The Strategic Analysis report on the cost estimation of PEM Fuel Cell systems [294] is based on the use
of 80 kW stacks containing 379 individual fuel cells, with two coated bipolar plates per cell. This leads
to 758 bipolar plates in total, of which the 316 stainless steel substrate contributes 54 % of the cost. These
bipolar plate substrates have a surface area of 280 cm? [294], so in order to compare directly with the
BPPs used in this thesis, we can calculate the cost of a similar 50 cm? BPP substrate, at varying
production volumes.

Table 10.3.1. A cost estimate of bipolar plates at varying production volumes, showing the cost for a complete stack of coated

BPPs, then the individual BPP, the uncoated substrate, and a scaled 50 cm? substrate, for comparison to the BPPs used in this
thesis.

Systemseach ~ Stack BPP cost  Individual BPP cost ~ Substrate cost 50 cm? substrate cost

year /$ /$ /$ /$

1000 1707 2.25 1.22 0.218
50 000 455 0.60 0.32 0.057
500 000 433 0.57 0.31 0.055

Even at the smallest production volume in Table 10.3.1, the number of bipolar plates produced is very
high due to the hundreds of BPPs present in each stack. Given that the Sn/GDL system is not going to
be mass-produced at anywhere near this scale, we can take the smallest volume of systems, and use the
calculated substrate cost of 0.218 USD to determine how much each coated BPP used in this thesis
would cost and compare them to the commercial BPP.

It is reported that the commercial TreadStone coating contributes 17 % of the total BPP cost [294],
leading to a coating cost of 0.07 USD for a single 50 cm? BPP. This is undoubtedly significantly lower
than the actual cost of processing BPPs on the scale performed in this thesis. However, given how little
we know about coating processes for the TreadStone or gold coated BPPs, the total cost of BPP
production including all equipment, labour and chemicals is very difficult to estimate.
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For the Gold-coated BPP, the cost of the gold layer can be calculated. Although fluctuating, the US
Geological Survey values gold at a cost of around 39 USD / g [299]. The average thickness of a PVD
coating is between 1 and 5 pm, so if the coating is 1 um thick, this gives a volume of 0.005 cm® over a
50 cm? BPP. Therefore, the mass of this coating is 0.09 g, and the cost would be 3.76 USD. Again, the
gold PVD targets and processing costs for coating the BPP are undoubtedly much higher, so this cost

is a low estimate

For the Sn/GDL BPP, we can calculate the cost of the actual Sn material that is deposited onto the BPP.
This is a 30 um thick layer over an area of 50 cm?, leading to a total volume of 0.15 cm?. The density of
Sn is 7.31 g/cm?[144], so the total mass of Sn on the BPP is 1.10 g, and if the cost of Sn is on average
0.02 USD / g [299], then the total cost of this layer of Sn would be around 0.02 USD. This total does of
course not account for the electroplating bath, anodes, processing equipment, power consumption or
manual labour, however, the material cost is immediately much cheaper than the similar gold coating,
and a little cheaper than the commercial coating.

By combining these values with the maximum power density obtained from the polarization curves in
chapter 8, the cost of the total BPP in USD / kW can be calculated (Figure 10.3.5). In this case, the
maximum power for each cell occurs at the maximum current density. However, if the test station were
capable of increased current density, it is clear that the maximum power for some (and perhaps all) of
the cells would increase.

038
07 Au
SS316
0,6
—6—5n/GDL

o
[

Power /W cm?
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N

o
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o

00 0,2 04 06 08 1,0 1,2
Current Density / A cm™?
Figure 10.3.5. The variations on the power of each fuel cell with current density.

As described in the Strategic Analysis report [294], the commercial BPP has a power density of
1095 mW cm?, which is significantly higher than the performance of the BPPs in this thesis.

From Table 10.3.2, it is clear that neither the commercial BPP nor the Sn/GDL BPP meet the cost
requirements set by the US DoE of $3 / kW for BPPs in 2020. However, this cost estimate is based on a
production of 1000 systems a year, and if the number of systems increases, the commercial BPP can
meet the cost requirements. The Sn/GDL system is a cheaper alternative to both the uncoated and the
gold coated BPPs, and if it were sufficiently scaled up it might also reach the target of $3 / kW.
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Table 10.3.2. The calculation of the cost in USD / kW for each BPP type, with the maximum power calculated from the initial
polarisation curves, then converted to a total BPP cost by adding the cost of the coating to that of the BPP substrate and
accounting for the power obtained from each cell.

Max Power/ 50 cm? cell Coating Total BPP BPP Cost

BPPType mW cm? Power / W Cost/ $ Cost/ $ /$ kW!
Au 751 38 3.76 3.98 105
SS316 570 28 - 0.218 7.79
Sn/GDL 652 33 0.022 0.240 7.27
Commercial 1095 55 0.068 0.287 5.22

Additionally, it can be investigated whether a different substrate material could be used for the bipolar
plate. The cost of carbon steel is only 20 % of the cost of SS316 [300], and is easier to stamp than SS316
due to the absence of alloying elements. Since the Sn coating is impervious, the type of substrate should
not impact the final performance of the BPP. As long as the deposition can take place on that substrate,
and it is able to be stamped, this should be feasible. The use of carbon steel leads to a significantly lower
substrate cost, and a total BPP cost of under 2.12 $ / kW. However, this total cost does not consider the
processing costs of the electrodeposition methods, nor any additional performance decrease that may
be associated with using carbon steel instead of 316.

Overall, it can be confirmed that the Sn/GDL concept is a significantly cheaper alternative to Au-coated
BPPs, even if it does not yet meet the specific requirements outlined in this work.

10.4. Conclusions

In conclusion, the Sn/GDL concept bipolar plates meet many of the requirements set out for robust
coating materials for bipolar plates in PEM fuel cells. They are particularly amenable to a cheap, high-
throughput, one-step manufacturing process, which although unproven is unique to this type of
bipolar plate and would be very interesting for further study. In addition, the Sn coating is a low cost
alternative to both bare stainless steel and Au coated BPPs, with an estimated cost of 7.3 § / kW
compared to 8.7 $ / kW for SS316 alone, and 105 $ / kW for Au-coated SS316. Although this does not
meet the cost targets outlined by the US Dok, this could be possible with upscaling of the system.

Therefore, it can be said that the Sn/GDL system is commercially very interesting, and in the future
could be used as a bipolar plate for PEM fuel cells.
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Conclusions and Future Work

The main objective in this work has been to determine whether the electrodeposition of tin is a viable
low-cost coating method for bipolar plates. When electroplated onto a stainless steel substrate and then
hot pressed with a gas diffusion layer, the tin acts as a solder to provide excellent conduction of electrons
through the fuel cell. The conductivity is maintained after exposure to the oxidising conditions within
the fuel cell, as the surface of the tin oxidises, providing a protective barrier against further corrosion
whilst maintaining conductivity through the GDL fibres. This is a completely novel concept for BPPs
in PEMFCs and has never been tried before.

In this thesis, several aspects of tin and tin alloy deposition have been investigated for BPPs in PEMFCs,
to find the optimum deposition and hot pressing parameters, firstly with respect to the lowest
interfacial contact resistance, and then for the highest corrosion resistance in a simulated PEM fuel cell
environment. The bipolar plates were then tested inside an operating fuel cell to determine their long
term performance. Finally, the tin-based bipolar plates were investigated in relation to a set of criteria
outlined in the 2017 Bipolar Plate Workshop to determine whether they meet the requirements for
upscaling to industrially relevant scales.

This work has shown that the electrodeposition of Sn to form a thin layer on a bipolar plate has
successfully been achieved. The deposition and hot pressing processes have been optimised to the
following: A 30 um thick layer of Sn is electroplated onto a stainless steel BPP with a current density of
15 mA cm?, before hot pressing with a Freudenberg H23 C6 GDL. The sample was hot pressed at a
temperature of 230 °C, and a pressure of 0.5 bar for 20 minutes, before being slowly cooled to room
temperature. This procedure resulted in a BPP/GDL system that showed a very low contact resistance
of 6.5 mQ) cm?* at 140 Nem'?, well below U.S DoE targets. Additionally, the Sn/GDL BPPs had lower
resistance compared to uncoated stainless steel after being tested in a simulated PEMFC environment,
with an ICR of 13.2 mQ) cm? being recorded after exposure to 1.2 Vi for 1 hour. This increase in ICR
was attributed to the dissolution of Sn to form the soluble Sn(OH),, leading to reduced contact between
the Sn and GDL. Precipitation of SnO, on the BPP surface leads to passivation and good stability.

Testing of the Sn/GDL BPP in-situ showed that the low-cost coating performed much better than the
uncoated stainless steel substrate, but was not as good as the gold coated BPPs over the duration of the
tests in this thesis. However, looking at the performance degradation, the indications are that the
Sn/GDL BPP will eventually outperform the gold coated BPP, so the conduction of longer term in-situ
tests would be interesting in the future. The in-situ tests performed in this thesis were 200 hours,
corresponding to under 7000 km of real-world driving. The EU harmonised testing protocol
recommends that 500 hours of testing, corresponding to 16000 km or one year of vehicular usage, are
performed. Due to the time limitations of a PhD, it would be unfeasible to perform 500 hours of testing
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on each bipolar plate, but in the future, it would be interesting to determine the performance over
longer periods of time.

A number of variations on the Sn/GDL concept were also investigated, including the alloying of Sn
with Bi or In, and the addition of a carbon nanolayer to the Sn/GDL interface.

The addition of bismuth into the tin layer has been hypothesised to aid in the formation of a protective
oxide by increasing the rate of the Sn(OH), to SnO; passivation step. This should improve performance
due to reduced Sn dissolution which should mitigate the increases in contact resistance. This
hypothesis was proven to be correct, with a SnBi alloy containing 4.0 % Bi exhibiting a lower ICR and
greater stability in a simulated PEM environment compared to Sn samples. It was determined that
increasing the Bi content above 4 % led to phase separation and reduced performance due to
enrichment of Bi in the phase boundary, hindering the oxidation process. Additionally, exposure of the
SnBi alloy to elevated temperature for a prolonged time during hot pressing resulted in similar phase
separation and reduced performance. Therefore, the synthesis of a SnBi/GDL BPP was optimised to
deposit a SnBi alloy containing 4.0 % Bi, then hot pressing for 8 minutes at a temperature of 226 °C and
a pressure of 0.5 bar.

The SnBi/GDL BPP was also tested in-situ, with good performance over the first 500 cycles observed.
The degradation rate was low, with high cell voltages being observed. However, the performance
recovery after the second shutdown was minimal, implying that the irreversible degradation rate was
unusually high. Impedance spectroscopy showed that this was due to an increase in activation
overpotential on the anode side, and EDS analysis of the MEA indicated that the carbon content of the
membrane was lower than expected. Together, these imply that the SnBi cell went into reversal during
shutdown or start-up, leading to corrosion of the carbon catalyst support and poor overall
performance. Given the promising initial performance, it would be interesting to repeat the in-situ
measurement of the SnBi BPP, to more accurately determine the long-term performance.

Due to the well-known stability and conductivity of indium tin oxide, alloys of tin and indium (<10 %
In) were also investigated for BPPs in this thesis. A full parameter study was performed on a multiple
types of deposition bath, but an alloy of Sn and In was not obtained. Although some Snin alloys were
obtained, they either had an extremely low current efficiency due to the favourable hydrogen evolution
kinetics or contained unwanted impurities such as oxygen or sulfur. It would of course be interesting
to obtain a suitable coated SnIn BPP for in-situtesting, and using alkaline, sulfonic acid or borate baths
are possibilities that have been recorded in literature.

Since electrodeposition was unsuccessful, hot-dipping of a stainless steel substrate into a SnIn melt was
performed. A number of varying compositions of SnIn alloys were obtained, and after re-flowing in
the hot press, the coatings were tested in a simulated PEMFC environment. Due to poor adhesion to
the substrate, the Snln coated BPPs did not perform well. It is thus suggested that future work on Snin
coated stainless steel BPPs is focused on the optimisation of the hot-dipping process.

Due to the limited time frame of this PhD, only two different alloying elements for Sn have been
identified and investigated, but additional variations on the Sn/GDL are also possible. Adding dopants
such as fluorine and zinc to tin oxide is a popular choice, and it would be interesting to see how such
elements impact the Sn/GDL system in terms of oxide stability and contact resistance.
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Other than the Sn layer, variations in the type of GDL and the interface between the Sn and GDL were
identified as areas of interest. Two types of GDL with different hydrophobicity and fibre stiffness were
obtained. It was determined that the hydrophobicity of the GDL had a significant impact on
performance, with the presence of the hydrophobic treatment preferable. As well as helping with the
water management of the fuel cell, the hydrophobic treatment prevents infiltration of the electrolyte
into the Sn surface, which reduces the amount of dissolution and maintains the excellent conductivity.
It was also found that GDLs with stiffer fibres penetrated deeper into the Sn, preserving the conduction
pathways and maintaining a low ICR for longer.

The addition of a carbon nanolayer to the Sn/GDL interface was investigated by spraying a thin layer
of different types of carbon nanoparticles onto the GDL, and hot pressing with the Sn. The addition of
multiwalled carbon nanotubes to the interface was shown to reduce the initial contact resistance, due
to a higher number of contact points and electronic pathways. This low ICR was sustained after
electrochemical testing due to a combined effect of carbon nanotubes being a more stable form of
carbon, and also the deeper penetration of the nanotubes into the Sn. This means that any surface
dissolution and oxidation did not break down the conduction pathways, as was the case with the
different geometries of carbon particles. However, after in-situ testing for 200 hours, the Sn/C/GDL
BPP performed worse than the BPP without carbon. This is because prolonged contact with the
PEMFC environment including shutdown and start-up cycles led to more surface dissolution, and
fracture of the interface with the carbon nanoparticles. Therefore, the conduction pathways are broken,
leading to a larger performance decrease.

Finally, in order to place this thesis in context, the industrial suitability of the Sn/GDL BPPs was
investigated. A small study has been performed, comparing the material cost of Sn/GDL BPPs to the
gold coated and bare stainless steel BPPs used in this thesis, as well as an industrial BPP. It was found
that the Sn/GDL BPP was a significantly cheaper alternative to the Au-coated and bare SS BPPs, and
only slightly more expensive than the commercial BPPs. However, with some slight performance
increases, the Sn BPPs will be able to compete with the industrial standards. Additionally, a novel one-
step joining method was proposed for the Sn/GDL BPPs, involving hot pressing multiple BPPs and
GDLs together into a stack. This should provide easy manufacturing, leading to future cost reductions.

When the Sn based coatings have reached a higher TRL level, a more thorough cost and life cycle
analysis should be performed to accurately determine if the US DoE targets are reached. Additionally,
the novel joining method of hot pressing two BPPs together to form an easily stackable fuel cell should
be quantitively investigated. Testing a hot pressed BPP in-situunder high-pressure operation would be
interesting to see whether the long-term performance matches that of the welded BPPs. Also, if the
Sn/GDL BPP does not meet cost targets, the relatively expensive SS 316 substrate can be replaced with
carbon steel. However, a number of ex-situ and in-situ tests must be conducted to determine how
changing the substrate will impact the performance.

Overall, the objectives outlined in the earlier chapters of this thesis have been achieved. A low-cost
bipolar plate consisting of a stainless steel substrate with an electroplated layer of Sn which is hot
pressed with a GDL has been investigated and found to out-perform gold coated and bare stainless steel
BPPs at a much lower cost.
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A novel investigation to decrease the interfacial contact resistance of stainless steel bipolar
plates was performed. A thin layer of Sn was electrodeposited onto a bipolar plate and
subsequently joined with a gas diffusion layer through hot-pressing at a temperature
around the melting point of tin. This procedure was optimised, depositing 30 pm of Sn onto
the stainless steel bipolar plate before hot-pressing at 230 °C and 0.5 bar for 20 min. A
contact resistance of 5.45 mQ cm? at 140 N cm 2
after exposure to both in-situ and ex-situ conditions. The in-situ testing in a fuel cell

was obtained, with low values maintained

produced excellent results, with minor increases in contact resistance from 8.8 to
9.2 mQ cm? and decreases in cell voltage from 0.714 to 0.667 V after 200 h of operation.
These values are comparable to gold plated stainless steel, showing that combining a gas
diffusion layer with electrodeposited Sn through hot-pressing is a promising low-cost
coating for bipolar plates in PEM fuel cells.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

practically feasible for mass implementation, including
intrinsic limitations concerning durability, longevity and
costs.

Inrecent years, a greater demand for substitutes to fossil fuels
has prompted the development of Proton Exchange Mem-
brane (PEM) Fuel Cells. PEMFCs represent highly efficient en-
ergy conversion devices that are a viable alternative to
combustion engines in the automobile industry [1]. Large car
manufacturing companies, such as Toyota, Honda and
Hyundai have set up long term plans to develop and introduce
fuel cell technology for this industry [2—4]. However, a number
of challenges have to be overcome before such electro-
chemical energy conversion devices are economically and

Numerous studies have looked into development of
improved catalysts [5—7], ion conducting membranes [8—10]
and catalytic layers [11—-13] for optimised performance. Over
the last few decades, more attention has been devoted to the
bipolar plate (BPP) which is estimated to contribute 11-45% of
the overall fuel cell cost and 45-80% of the stack weight
[14—17]. BPPs must allow even distribution and separation of
the anode and cathode feeds, facilitate removal of the waste
products, manage heat produced during operation, and
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provide mechanical support for the stack as well as the
membrane electrode assembly (MEA) [17,18]. Due to their
numerous tasks within the cell, the BPP must meet a strict
series of criteria. The plates must be lightweight yet me-
chanically supportive to minimise overall weight, have high
electrical conductivity and low interfacial contact resistance
to both anode and cathode to minimise ohmic losses [19].
They must also be thermally conductive to remove excess
heat, have high corrosion resistance to be long lasting and
avoid contamination of catalyst and electrolyte as well as
being impermeable to the reactant gases to minimise fuel
crossover [20].

Consequently, a vast number of different BPP materials
have been investigated [21-24]. Due to the inherent limita-
tions of graphite [25] and other carbon based BPPs [17], metal
plates are now considered the most promising candidates,
with stainless steel found to be more suitable than titanium
[26], nickel [27] or aluminium [28] alloy plates. Stainless steels
have a significantly lower manufacturing cost and a higher
strength than graphite [29], as well as a high electrical con-
ductivity and low gas permeability. The main drawback of a
metallic BPP is its struggle to maintain both low contact
resistance and high corrosion resistance inside the fuel cell
environment. When undergoing corrosion processes, the
stainless steel releases metal ions that could lead to poisoning
of the membrane and catalyst [17]. Another issue is the non-
conductive oxide layer (e.g. chromium oxide, Cr,0O3) that
forms on the surface of the stainless steel upon contact with
air and water, increasing contact resistance [30]. In order to
limit the formation of such oxides and ions, a series of pro-
tective coatings have been developed for the stainless steel
BPPs. A large amount of research has been done into different
coating materials, including carbon based coatings [31-33],
metal nitrides [34—36], carbides [37—39] and noble metals
[40,41], many of which have improved the corrosion resis-
tance and the Interfacial Contact Resistance (ICR) of the BPP to
the standards set by the US Department of Energy [42]. How-
ever, the coating methods for many of these BPPs, such as
physical vapour deposition (PVD) or plasma nitriding, are
costly, so a cheaper alternative must be found if stainless steel
bipolar plates are to become commercially viable.

Tin is widely used as a solder in the electronics industry
due to its high electrical conductivity, good wettability, low
cost and reliability [43,44]. It is also easy to produce a well-
defined layer of Sn by electrodeposition onto a metallic sub-
strate, a technique that is popular due to its low cost,
simplicity and good controllability of coating morphology and
thickness [45,46]. As similar criteria need to be met for fuel cell
applications, electrodeposition can be considered a good
candidate for further research.

Tin has also been proven to improve the corrosion prop-
erties of stainless steels through the formation of a dense
SnO, passive layer, which inhibits further corrosion [47—-49].
Despite this, Sn has been thought unsuitable for PEM appli-
cations due to the potential poisoning of the membrane and
catalyst by Sn ions. This has proven not to be the case by Iwai
et al., who reported no decomposition of nafion membranes
when exposed to Sn [50], in fact, the proton conductivity and
Young's modulus of nafion membranes is improved upon
small additions of Sn [51]. It has been reported that SnO,

modified membranes have improved durability, reduced
release of F~ ions and retained a higher Pt loading through the
cell lifetime [52,53]. Sn based catalysts have also been used
extensively for methanol oxidation with promoting effects
[54—56], indicating that Sn has no negative impact on the
catalyst or membrane during operation.

In this work we cover stainless steel bipolar plates with a
thin and uniform layer of electroplated Sn in order to exploit
the high electrical conductivity as well as the high corrosion
resistance offered by metallic Sn and Sn oxide, respectively.
The novel idea in this work is to join (solder) the tin-plated
stainless steel bipolar plate with a pre-cut gas diffusion layer
(GDL) through hot pressing at a temperature around the
melting point of tin. This process softens the Sn coating, and
the addition of mechanical pressure forces it into the pores of
the GDL where it cools and solidifies, soldering the materials
together as demonstrated in Fig. 1. This should produce
improved through-plane electrical and thermal conductivity,
yielding extremely low contact resistances.

The BPP will be exposed to operating PEM conditions,
including a slightly acidic environment and voltages up to 1.4
Vsug, that may occur during start up and shut down [57].
During exposure, the outer layer of the deposited Sn will ox-
idise to form a passive SnO, layer [58], as indicated by the
Pourbaix diagram [59]. This layer remains conductive and
protects the underlying Sn and stainless steel substrate from
further oxidation, whilst maintaining a good conductivity and
low contact resistance.

The preparation procedure and quality of the joined BPP/
GDL material are studied with respect to conductivity and
durability through a series of measurements, including
interfacial contact resistance (ICR), ex-situ chro-
noamperometry and electron microscope imaging with
elemental analysis. Finally, long-term in-situ testing in a
simulated fuel cell environment is performed. The produced
plates show good adhesion and low contact resistance, even
after being exposed to a simulated fuel cell environment.
Thus, the method described in this work brings a move to-
wards simple, yet reliable, coating methods for BPPs in PEM
systems.

A

Fig. 1 — The combined Sn/GDL concept. A is the steel
bipolar plate, B the deposited Sn, C the SnO, layer and D
the carbon fibre from the GDL. Electrons can move through
the system without obstruction whilst the SnO, prevents
further oxidation of Sn.
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Experimental

AISI 316L bipolar plates were used as received from Elring
Klinger for all tests. The total surface area of the plates was
39.2 cm?, with a land area of 6.2 cm? for ICR measurements.
Potentiostatic and ICR measurements were recorded ex-situ,
as well as Scanning Electron Microscopy (SEM) and Energy
Dispersive Spectroscopy (EDS) analysis using a Hitachi S-
3400N. In-situ fuel cell testing of the plates was performed
using a Greenlight G-40 Fuel Cell Test Station equipped with a
Gamry Reference 3000 Potentiostat.

Construction of combined bipolar plate with GDL

Prior to all experimental work, the stamped SS316L BPP was
etched in HCI (12.8 wt%, 3.5 M, room temperature, 15 min) to
remove any oxide layer, followed by rinsing in deionized
water and drying under nitrogen at room temperature. A
coating of peel-able Micro super XP 2000 stop-off lacquer was
then applied to the backside of the BPP with a paintbrush.

The electroplating solution was prepared as follows:
Tin(Il) sulfate (36.17 g, purity > 95%, Sigma Aldrich) was
dissolved in 700 ml deionized water (Milli-Q Integral pure
water system). Sulphuric acid (98%, 100 ml, Sigma Aldrich)
was added dropwise, and left to cool. SLOTOTIN 71™
(Schlotter, 20 ml) starter and SLOTOTIN 72™ (Schlétter, 3 ml)
brightener were added to the solution, which was then
diluted with deionized water to a total volume of 1.0 L. The
stainless steel bipolar plate was immersed in the electro-
plating bath and connected to the negative pole of the cur-
rent source. A pair of Sn electrodes were used as the counter
electrode (positive pole) and a current density of 1.5 A dm 3
was applied to obtain a deposition rate of 0.7 um min
assuming 100% current efficiency.

After removal of the plate from the solution, it was
cleaned with deionized water and the lacquer peeled from
the back side. Immediately after, the cleaned plate was
placed on top of a pre-cut GDL (H23C6 GDL, Freudenberg
FFCT) [60], and hot-pressed at a set pressure, temperature
and time before cooling to room temperature either slowly
under applied pressure or rapidly at atmospheric pressure.
This process was repeated for three identical plates to obtain
a standard deviation.

1

Interfacial contact resistance (ICR) measurements

ICR measurements were performed before and after each
corrosion test using a setup adapted from Wang et al. [61] and
identical to the one used in Ref. [62]. The sample was placed
between two gold-coated copper conducting plates, and a
current of 2 A was passed between the bottom plate and the
top plate. The voltage between a spring-loaded gold pin and
the top plate, through the sample, was recorded as the
compaction force was increased from 70 to 650 N cm ™2 All
quoted values for ICR are recorded at 140 N cm ™2, which is the
standard in-situ compaction pressure [61]. It was assumed
that the bulk resistance of the gold and copper plates, as well
as the bulk resistance of the SS316L BPP and GDL were
negligible.

Ex-situ corrosion testing

The bipolar plate specimens were evaluated for their corro-
sion characteristics through potentiostatic measurements
using a Gamry Ref 600 potentiostat. The combined BPP/GDL
functioned as the working electrode, and was submerged in a
Na,SO, (0.1M)/H,SO, mixture adjusted to pH 5.5. A Pt mesh
was used as the counter electrode. Prior to potentiostatic
testing, electrolyte was injected into the channels of the bi-
polar plate with a syringe. A mercury-mercurous sulfate
reference electrode (Hg/Hg,S04/KSO4sat, 0.64 Vgyg) Was con-
nected to the working electrolyte compartment via a salt
bridge. The electrolyte was heated to 80 °C and purged with
nitrogen prior to all testing. All potentials in this work are
recalculated and expressed versus a standard hydrogen elec-
trode unless stated otherwise. For potentiostatic measure-
ments, the samples were first stabilised at open circuit
potential before applying a voltage of 1.4 Vg for 1 h.

In-situ fuel cell testing

A fuel cell test station equipped with a cell of active area of
15 cm® was used. The MEA was a GORE®™ PRIMEA® MEA of
thickness 15 um, Pt content of 0.1 mg cm 2 at the anode and
0.4 mg cm 2 at the cathode. H23C6 GDL (Freudenberg FFCT)
[60] was used throughout this study.

The fuel cell was constructed with two of the combined BPP
and GDL plates, one placed on each side of a membrane
electrode assembly (MEA) with the back side of the steel bi-
polar plates in direct contact with gold current collectors, and
then clamped together. The clamping pressure was piston-
regulated and separated from the sealing pressure at 200 kPa
over the area of the bipolar plate, equivalent to 140 N cm™2.
The cell was operated at 70 °C, with synthetic air supplied in
excess at the cathode (AGA 99.999%, stoichiometry 5) and
hydrogen in excess at the anode (AGA 99.999%, stoichiometry
3). The excess of gas ensured a stable performance and min-
imum variation in reactant concentration throughout the
entire length of the bipolar plate. Backpressures of 20 kPa and
30 kPa were applied to the anode and cathode, respectively.

The catalytic layers and membrane interactions were
activated for 1 h in fully humidified N,, 70 °C, at both the anode
and cathode, followed by cycling for 3 h between 0.7 V and
0.5 V under H,/air.

A cycling procedure of high and low current densities (1.2
and 0.5 A cm~?), interspaced with shut-downs and start-ups,
as seen in Fig. 2, was performed for 170 h.

After completion of the initial 170 h test procedure, the cell
was shut-down and purged with nitrogen overnight before the
test was resumed until a total of 200 h of testing was complete.

Over the course of the in-situ testing, impedance mea-
surements were recorded during high current density opera-
tion, over a frequency range of 10 kHz—100 mHz. The real
value of the impedance recorded at 1 kHz was used as the high
frequency resistance (HFR), and assumed to represent the
ohmic resistance in the circuit. Cyclic voltammetry of the fuel
cell was conducted with H, on the anode and N, on the
cathode to provide an estimate of the change in the electro-
chemical active surface (ECSA) area at the cathode.
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Fig. 2 — The cycling procedure during in-situ testing.

The same procedure was implemented for two control
plates, gold coated SS316L and TiN + C coated SS316L, both
provided by Elring Klinger.

Results & discussion
Optimisation of procedure: combining BPP and GDL with Sn

The procedure for combining the metallic plate with the GDL
through Sn impregnation via hot pressing was optimised
firstly with respect to lowest possible ICR and then to highest
corrosion resistance. The effects on interfacial contact resis-
tance and corrosion rate of various preparation parameters
such as hot press pressure, temperature and time, as well as
deposition charge (coating thickness) and cooling method,
were investigated. Before the Sn/GDL plates could be tested in-
situ, each of these parameters was optimised to increase
performance.

Hot pressing
When hot pressing, the pressure was set at 140 N cm 2
equivalent to the in-situ pressure. Increasing the pressure
could cause flattening of the BPP channels, compromising the
structure. Blocking of the channels by the GDL could also
occur, reducing the cell performance by hindering the trans-
port of reactants into and waste products out of the cell. Lower
pressures reduce adhesion between the GDL and BPP as
permeation of the Sn into the GDL is lessened, reducing the
length of the conduction pathway and the conductivity.
When optimising the hot pressing temperature, those
around the melting point of Sn (231.9 °C [63]) were selected to
investigate how the degree of melting of Sn could produce a
best possible electronic contact between the metallic plate and
the carbon based GDL. Table 1 shows the ICR values recorded

Table 1 — Contact resistance (mQ cm?) at various hot
press times and temperatures.

Press temp (°C) 226 228 230 232
Press time (min)

1 7.9 6.5 6.6 5.4
10 8.3 8.4 5.4 7.6
60 6.0 9.2 4.4 5.6

after pressing at temperatures between 226 and 232 °C. At
temperatures above 230 °C, the Sn becomes ductile enough to
penetrate the GDL more effectively, ensuring an increased
contact area and a better pathway for current, lowering the
average ICR from 8.0 mQ cm? at 228 °C down to 5.4 mQ cm? at
230 °C. In addition to an improved through-plane electronic
conductivity, the plates prepared with a hot press temperature
of 230 °C offered an improved adhesion due to the infiltration
of GDL fibres into the tin, something that did not occur at
temperatures lower than 230 °C. Raising the temperature even
further causes the Sn to run into the channels.

For this reason, a temperature of 230 °C was used for all
further plates.

The time required for hot pressing was also investigated.
Varying the hot-press time from 1 to 60 min produced varia-
tions in contact resistance with no clear pattern, as seen in
Table 1. 20 min was found to be a suitable duration to allow
the Sn to reach the desired temperature.

Cooling method

The effect on ICR of cooling the samples using two different
methods was investigated (Fig. 3). The ICRs for both cooling
rapidly under atmospheric pressure (fast cool) or slowly under
applied pressure (slow cool) were comparable before corro-
sion, at 6.8 and 7.1 mQ cm? at 140 N cm 2. After polarization to
1.4V for 1 h, a significantly improved ICR was observed for the
slowly cooled plate, 13.2 compared to 17.9 mQ cm? at
140 N cm™2 The slow cooling is suggested to result in
increased grain sizes and fewer grain boundaries and

WICRPre

testing
8 HICR Post
testing

ICR / mQ cm?

Slow cool Fast cool

Fig. 3 — Comparison of the quickly vs slowly cooled plates
before and after corrosion testing.
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therefore fewer active sites for corrosion [64]. In addition,
leaving the sample under continuous pressure when being
cooled forces the Sn to stay in contact with the GDL whilst
solidifying.

This shows the importance of precise control of processing
parameters. The slower cooling procedure was used in the
production of all further plates.

Thickness of Sn layer

Itis important that the Sn layer is thick enough to allow the Sn
to permeate into the GDL and form a good contact. ICR mea-
surements before and after corrosion testing were done for a
series of Sn thicknesses from 10 to 60 um (Fig. 4).

Before corrosion testing, all ICR values were lower than
DoE requirements, and decreased with an increasing tin-
plating thickness, most likely due to greater permeation of
the Sn into the GDL and increased electrical contact between
the layers. In addition, the bulk resistance of Sn is low
(1.09 x 1077 @ m [65]), so a thicker layer does not impact
negatively on the conductivity. In fact, the contact resistance
measured initially was lower than values obtained from gold
and cleaned stainless steel plates using the same equipment.
This is a clear indication that hot-pressing the tin-plated BPP
with the GDL produces a better conduction pathway than
simply placing the GDL on top of the BPP.

After potentiostatic testing for 1 h at 1.4 V, the ICR of the
samples increased vastly, up to 560% for the thinner coat-
ings. The significant increase in through-plane resistivity
must be due to detrimental oxidation processes occurring
during the high potential operation. Fig. 5 shows cross-
sectional EDS images for the series of tin-plating thick-
nesses after corrosion testing. It is clear that the corrosion
testing led to a significant removal of tin. In fact, the
deposited Sn layer (green colour) in Fig. 5A (10 um) was
reduced from a thickness of 10 um to being non-existent.
Furthermore, the GDL (red colour) is also not present in
Fig. 5A. The removal of Sn during corrosion testing reduced
adhesion between the GDL and BPP enough that the GDL
entirely delaminated from the plate. From Fig. 5B (20 um),
there is also very little of the Sn layer remaining, but just

20
80
70
60
50
40

30
I
20 Z I

ICR at 140 N cm2 / mQ cm?

enough to continue to adhere the GDL to the BPP. The Sn is
oxidised to SnO, during the corrosion testing, but instead of
providing corrosion protection to the underlying Sn bulk
deposit it delaminates and falls off the plate into the
electrolyte.

As the thickness of the Sn layer increases, in Fig. 5C, D, E
and F, there is more Sn left after corrosion and consequently
greater adhesion. Interestingly, the ICR of the thickest coat-
ings, 50 and 60 um, also increased by a large amount, up to
570%, after polarization to 1.4 V for 1 h. This is possibly due to
the larger volume of SnO, formed during the corrosion pro-
cess. SnO, has a lower conductivity than metallic Sn [63],
contributing to the observed increase in ICR. Additionally, the
SnO, produced after testing has a larger volume than Sn, so
falls off the surface of the Sn and causes delamination be-
tween the remaining Sn layer and the GDL. This excess SnO, is
not visible in the EDS images, as it is removed during the
corrosion testing, as observed by a milky white suspension in
the electrolyte.

From Fig. 4, the best performing bipolar plate was found
to have a Sn layer thickness of around 30 um, which was
then used for all subsequent plates. As seen in the images in
Fig. 5(C and D), it is obvious that the Sn has permeated into
the GDL during the hot-pressing stage, so despite the loss of
Sn that took place during the high voltage procedure, there is
still a good conduction pathway and the ICR remains low.
The ICR increased by around 260% after corrosion testing.
Despite this being less than for the other thicknesses, all of
which showed better performance than bare SS316L, there is
still a necessity to improve the deposition process or stabilise
the SnO, layer that is formed after exposure to the PEM
environment.

In-situ analysis

An in-situ study of the optimised Sn/GDL BPP was performed
and compared to identical tests on Au and TiN + C coated
SS316L BPPs. Both before and after the 200 h cycling proced-
ure, a full series of standard measurements including elec-
trochemical active surface area (ECSA), H-crossover and high

| ICR Pre
testing

ICR Post
I testing

I
'"H o wwowow wl

Sn 10 pm Sn 20 um Sn 30 um Sn 40 pm Sn 50 um  Sn 60 um Au

SS 316

Plate type

Fig. 4 — Comparison of coating thickness against ICR before and after ex-situ testing.
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Fig. 5 — Cross-sectional EDS images of BPPs & GDL with varying thickness of Sn after ex-situ testing, purple representing the
bipolar plate, green the Sn and red the GDL. The initial thickness of deposits was 10, 20, 30, 40, 50 and 60 um on figure A to F
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 6 — Beginning of life performance of the fuel cell
equipped with Au (yellow) TiN + C (black) and Sn/GDL
(blue) bipolar plates. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web
version of this article.)

frequency resistance (HFR) were undertaken to ensure normal
operation of the cell.

Some differences in performance were observed at the
beginning of life, as seen in Fig. 6. The HFR for the Sn/GDL
plate is higher than for the other two plates, and the cell
voltage is lower, 0.630 V at 1 A cm~2 compared to 0.639 V and
0.645 V for Au and TiN + C, respectively. These differences
arise from differing resistances within the cell, which include
all ohmic losses: membrane resistance, electronic resistances
and all contact resistances.

During cycling, the cell voltage and HFR were monitored. A
visible drop in cell voltage and an increase in HFR, as seen in
Fig. 7, occurs for all plates due to the degradation of the
membrane and a reduction in ECSA. The Sn/GDL bipolar plate
is degrading at a slower rate than the other bipolar plates,
despite its initially poorer performance. After 170 h of cycling,
all plates show similar cell voltages. Moreover, after the shut
down and a further 30 h of operation, the Sn/GDL and TiN + C
plates outperform the Au standards, with a higher cell voltage
maintained after a total of 200 h of operation.

There are no indications that any formation of SnO, on the
Sn/GDL plate is affecting performance, as was the case during
potentiostatic ex-situ testing. Cyclic voltammetry confirmed
that there is no adsorption of Sn onto the catalyst, and
although a decrease in catalytic surface area was observed,
this is consistent with the control plates, indicating no nega-
tive effect of Sn on the catalyst. Nor is the Sn affecting the
membrane performance as the HFR after 200 h is equal for all
plates (Fig. 7).

Comparing the voltage performance, the BPP that ended up
with the smallest total drop in cell voltage was the Sn/GDL
BPP, with a drop from 0.714 to 0.667, indicating that it would
have the longest lifetime in the cell. More long term testing is
needed to confirm this.

After testing for 200 h, the plates were removed from the
cell and their ICR was tested ex-situ, as seen in Table 2.

The Sn/GDL combined plate performed well when
compared with the control plates, with a very small increase
in ICR being observed at the anode side. However, a significant
increase was observed on the cathode side of the cell. As no
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Table 2 — Ex-situ interfacial contact resistance

measurements before and after in-situ testing.

Plate ICR before ICR after - Anode ICR after -
(mOhm cm?) (mOhm cm?) Cathode
(mOhm cm?)
Au 7.7 7.2 7.4
TiN + C 8.4 9.3 10.3
Sn/GDL 8.8 9.2 19.7

corresponding sharp increase in HFR was observed in-situ, the
increase observed during the ex-situ ICR could be due to post-
mortem disassembly of the cell, during which the GDL may
slightly delaminate from the Sn-coated BPP.

Conclusions

A novel bipolar plate concept that significantly diminishes the
interfacial contact resistance with the gas diffusion layer was
successfully demonstrated. An optimised electrodeposition
process was developed to produce a combined Sn/GDL pro-
tective layer on an SS316L bipolar plate. Very low ICR values
were obtained before ex-situ corrosion testing, due to the
uninhibited conduction pathways connecting the GDL and
BPP through the soldered tin. If maintained in-situ, these
pathways will provide easy conduction through the lifetime of
the cell. However, the ICR increased after corrosion testing
due to the instability of SnO, on the surface of the coating
leading to the breakdown of the conduction pathways.

The optimised conditions for the deposition of Sn onto the
SS316L BPP are as follows: A plating thickness of 30 um was
deposited onto the pre-cleaned BPP, before hot pressing with a
pre-cut GDL at 230 °C for 20 min at a pressure of 0.5 bar, and
cooling slowly to room temperature. This procedure obtained

the lowest contact resistance of 6.5 mQ cm? at 140 Nem 2, well

below U.S DoE targets, and was tested both ex-situ and in-situ.
The contact resistance increased to 13.2 mQ cm? at 140 Ncm 2
after ex-situ testing in Na,SO, at pH 5.5 and 80 °C, with 1.4 Vgug
applied for 1 h. In-situ testing produced results equivalent to
high-cost PVD coatings, with interfacial contact resistance
values increasing from 8.8 t0 9.2 mQ cm? on the anode side and
19.7 mQ cm? on the cathode side, and the cell voltage
decreasing from 0.714 to 0.667 V over the course of 200 h. No
degradation of the catalyst or membrane caused by the release
of Sn ions from the bipolar plate was observed after 200 h.

Future work must focus on enhancing the stability of the
SnO, oxide layer, and introducing alloying elements to
improve long-term performance.
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